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14.1  Friedreich’s Ataxia

Friedreich’s ataxia (FA) is an autosomal recessive slowly progressive neurodegen-
erative disorder starting usually in young adulthood or childhood [1]. FA is charac-
terized by spinocerebellar and sensory ataxia with absence of deep tendon reflexes, 
dysarthria, hypertrophic cardiomyopathy and scoliosis [2]. FA is due to a GAA 
triplet expansion in the first intron of the frataxin gene (FXN) on chromosome 
9q13-q21.1. A minority of FRDA patients are compound heterozygotes for the 
GAA triplet expansion and a point mutation [3].

Frataxin is a mitochondrial protein with a crucial role in the insertion of Fe-S 
cluster in different enzymes of the mitochondrial respiratory chain and in particular 
complex I, II and III and aconitase [4, 5]. The abnormal function of FXN leads to 
dysregulation of cellular iron metabolism with mitochondrial accumulation [6]. 
Evidence of mitochondrial defective respiration has been demonstrated in the heart 
and muscle of FA patients [7, 8]. Recent studies demonstrated that mitochondrial 
dysfunction induced by frataxin is also related to abnormal calcium handling in the 
mitochondria leading to increased autophagy [9]. Overall, frataxin deficiency leads 
to abnormal iron homeostasis [10] and increased oxidative stress [11, 12].
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Visual system involvement is well characterized in FA [13]. In particular, abnor-
malities of the visual efferent system such as fixation instability (square wave jerks), 
saccadic dysmetria, disrupted pursuit, and vestibular abnormalities have been 
reported [13]. Moreover, optic neuropathy, optic radiation abnormalities and retini-
tis pigmentosa have been described in FA patients [14–19].

The optic neuropathy described in FA is usually asymptomatic and does not 
affect central vision [16]. The most severe visual phenotype has been associated 
with large GAA expansion of the FTX gene and with compound heterozygous 
mutations [16]. Visual evoked potentials demonstrated delayed latency and reduced 
amplitude of the cortical responses [15, 16]. Visual field defects may vary from 
small paracentral or arcuate to diffuse and generalized defects [16]. Only rarely FA 
patients present an acute loss of visual acuity, which resembles Leber’s hereditary 
optic neuropathy (LHON) [16].

A few optical coherence tomography (OCT) studies are available for 
FA. These described a diffuse reduction of the retinal nerve fiber layer (RNFL) 
thickness without a preferential involvement of the temporal quadrant [16–19], 
unlike mitochondrial optic neuropathies [20]. The severity of optic atrophy can 
be variable and usually is not associated with a subjective visual complaint [15, 
16]. Specifically, time-domain OCT studies reported a generalized RNFL thin-
ning in FA patients [16–18]. Interestingly, in the largest OCT series (63 FA 
patients) available to now, the only sector with a significant RNFL thinning was 
the superior [18] (Table 14.1).

Retinal nerve fiber layer thinning significantly correlated with age at onset 
and International Cooperative Ataxia Rating Scale (ICARS) in the series 
(n = 26) by Fortuna and coauthors [16]; with ICARS score, disease duration, 
visual acuity (VA) and low-contrast letter VA in the series (n = 23) by Noval 
and coauthors [17] and with VA, GAA repeat length, Friedreich’s Ataxia Rating 
Scale (FARS) and age at onset in the series (n = 63) by Seyer and coauthors 
[18] (Table 14.1).

The only spectral domain (SD) OCT study available to date documented a reduc-
tion of the average RNFL thickness and in all four optic disc sectors in 10 FA 
patients [19]. Moreover, ganglion cell thickness was significantly reduced in supe-
rior and inferior macula [19] (Table 14.1).

Macular thickness has been reported as normal in one study [17], significantly 
reduced [19] and below the 1st percentile of controls in 20.7% of the FA patients 
examined in another series [18] (Table 14.1).

Correlation of OCT measurement with VA is not consistent across the studies 
and the degree of VA loss is reported as variable, but usually not clinically signifi-
cant [16, 17]. Differently, low contrast visual acuity is significantly reduced in FA 

C. La Morgia and M. Carbonelli



291

patients [17]. Fundus oculi abnormalities are detected only in a small percentage of 
the FA subjects with loss of retinal nerve fibers documented by OCT [17].

Overall, OCT measurements in FA are able to detect subclinical optic neuropa-
thy in the large majority of FA cases (about 70%) being a more sensible measure of 
optic nerve degeneration than other metrics (visual acuity, visual fields and/or fun-
dus examination). It is not clear yet why the papillomacular bundle is not primarily 
affected in FA, even if a mitochondrial dysfunction is well known in FA.

In line with OCT data, visual evoked potentials (VEPs) documented an increased 
P100 latency and reduced amplitude of cortical responses [15, 16] in the large 
majority of patients. These electrophysiological and anatomical data suggest a 
slowly progressive degeneration of the anterior and posterior optic pathway, as 
proved also by the increased diffusion in optic radiations demonstrated in FA 
patients by magnetic resonance imaging studies [16].

Examples of swept-source OCT images and fundus oculi pictures are provided for 
two FA patients presenting, respectively a mild and severe optic atrophy (Fig. 14.1).

Table 14.1 OCT findings in Friedreich’s ataxia

OCT
N. of 
pts Main findings Correlations

Fortuna 
et al. [16]

TD-Stratus 26 ↓ avg RNFL
↓ RNFL in all 4 sectors

ICARS, age at onset

Noval et a. 
[17]

TD-Stratus 17 ↓ avg RNFL in 75%
Temporal RNFL thickness 
normal
Normal Macular morphology 
and thickness

ICARS, disease duration, 
VA, low-contrast VA

Seyer 
et al. [18]

TD-Stratus 63 ↓ RNFL (52.7% of eyes below 
5th percentile of controls)
Only superior thickness 
significantly lower

VA, GAA expansion, age 
at onset, FARS

Seyer 
et al. [18]

SD-Cirrus 23 Macular thickness below the 1st 
percentile of controls in 20.7%

Not significant

Dağ et al. 
[19]

SD 10 ↓ avg RNFL
↓ RNFL in all 4 quadrants
↓ Peripapillary and foveal 
retinal thickness
Choroidal thickness not 
significant
↓ GC thickness in superior and 
inferior macula

VA, ICARS (RNFL 
thickness)
Disease duration (foveal 
thickness)

RNFL retinal nerve fiber layer, avg average, ICARS International Cooperative Ataxia Rating Scale, 
FARS Friedreich’s Ataxia Rating Scale, VA visual acuity
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14.2  Jansky-Bielschowsky Disease (CLN2)

Jansky-Bielschowsky disease (JBD) is a late infantile neuronal ceroid lipofuscino-
sis (LINCL) disorder due to mutation of the CLN2 gene (cr 11p15), which encodes 
for the tripetidylpeptidase 1 protein [21, 22]. Similarly to other Neuronal Ceroid 
Lipofuscinosis (NCL) JBD is a lysosomal storage disease characterized by the 
accumulation of autofluorescent material in the cytoplasm of neurons [23]. JBD 
disease is characterized by mental and motor retardation, psychomotor regression, 
ataxia, seizures and visual dysfunction [23].

Visual dysfunction is common in NCL and usually manifests early in juvenile forms 
and later in the LINCL [24]. The typical ocular manifestation of NCL is retinal degen-
eration of variable severity (from mild pigmentary changes to Bull’s eye maculopathy 
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Fig. 14.1 (Friedreich) (a) This is a 20 year-old female who suffered ataxic gait since she was 
15 years. She does not complain specific visual disturbances. Her visual acuity is 12/10 bilaterally 
and visual fields showed a small nasal step in the RE and a small superior defect in the LE. OCT 
shows a mild superior RNFL thinning and a small GCC defect. Fundus oculi showed mild tempo-
ral pallor bilaterally. (b) This is a 43 year-old female who presented gait ataxia since she was 
13 years old. She started complaining visual loss since she was 38 years and her visual acuity 
progressively worsened over time. Her visual acuity is now 1.6/10  in the RE and 0.5/10  in the 
LE. Visual fields showed generalized defect with relative central sparing bilaterally. OCT shows 
generalized RNFL thinning with relative nasal sparing and diffuse GCC loss. Fundus oculi showed 
diffuse pallor more evident on the temporal sector
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to severe outer retina atrophy) [24]. Retinal changes in LINCL have been documented 
by fundus oculi examination, histopathology and electrophysiological studies [24–27]. 
Furthermore, the presence of inner retina and optic nerve degeneration has been dem-
onstrated in different animal models of NCL [28–31]. Besides outer retina degenera-
tion, optic atrophy is a frequent finding in LINCL [25, 32]. The only OCT study 
available to now in JBD applied a comprehensive ophthalmologic evaluation in 25 
LINCL patients with mutations in the CLN2 gene [33]. The protocol included fundus 
oculi, spectral domain macula OCT, fluorangiography (FA) and indocyanine green 
angiography (IGA) and was carried out under anesthesia. The results obtained were 
used to generate a Weill Cornell LINCL Ophthalmologic Severity Scale score. 
According to the degree of pigmentary changes at fundus oculi examination, FA and 
IGA and the severity of outer retina degeneration documented by OCT the patients 
were graded as score 0–5 (from normal to severe changes). The average score in this 
case series was 2.6. This score correlated strongly with the neurological score suggest-
ing that the retinal involvement is parallel to the neurological deterioration. Interestingly, 
the authors failed to document any abnormality in the anterior segment, at difference 
with other lysosomal storage diseases. The posterior segment showed variable degrees 
of optic nerve and retinal atrophy. In particular, retinal degeneration typically starts 
from the fovea in which the first pigmentary changes are visible expanding to the far 
periphery [33]. The OCT was able, in this case series, to detect subtle abnormalities not 
visible at fundus examination or with FA. The OCT changes documented by Orlin and 
coauthors for the 5 stages were: Stage 1: normal; Stage 2: Normal retinal layers imme-
diately adjacent at fovea; immediately outside fovea, outer retinal/photoreceptor atro-
phy; Stage 3: Outer retinal atrophy/photoreceptor loss extending to 1.0 disc diameter 
from fovea; retinal layers appear normal outside fovea; Stage 4: Early buildup of outer 
retinal hyper-reflective material in macula; more extensive outer retinal abnormalities 
extending 1.0–2.0 disc diameters from fovea; beyond 2.0 disc diameters, outer retina 
appears normal; Stage 5: Severe retinal thinning with generalized loss of photorecep-
tors and outer retina, involving the entire macula; extensive clumps of outer retinal 
hyper-reflective material; thickness map shows central thinning with paracentral thick-
ening, with outer ring of further thinning (with bull’s eye appearance); outer retinal 
changes also found outside the macula [33]. The majority of patients in this case series 
presented normal or mildly abnormal ocular findings (32% stage 0, 24% stage 1, 8% 
stage 3, 24% stage 4 and 12% stage 5) [33].

14.3  Juvenile Neuronal Ceroid Lipofuscinosis-Batten  
Disease (CLN3)

Juvenile neuronal ceroid lipofuscinosis (JNCL) is the most frequent form of the 
NCL disorders due to biallelic mutations in the CLN3 gene [34]. Visual loss is usu-
ally the earliest symptom of the disease manifesting between 4 and 8 years of age. 
The ophthalmological features of CLN3 patients include optic nerve pallor, bull’s- 
eye maculopathy, and intraretinal pigmentation, associated with abnormalities at 
electrophysiological testing. Neurological features include mental retardation, 
extrapyramidal symptoms and seizures.
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Ku and coauthors extensively investigated the clinical phenotype of retinal 
degeneration in CLN3 patients [35]. In this case series OCT demonstrated in 
patients with preserved visual acuity and late-onset disease a focal preservation of 
the ellipsoid zone and outer nuclear layer in the fovea, despite the presence of macu-
lar edema. At difference, in patients with decreased visual acuity and early-onset 
disease, a moderate-severe foveal outer nuclear layer and ellipsoid zone loss were 
evident, in association in some patients with hyperreflective deposits at the level of 
the retinal pigment epithelium. Electroretinography showed a rod-cone pattern of 
dysfunction in 6 patients and were completely undetectable in 2 patients [35]. 
Ophthalmoscopic findings included macular edema, mild intraretinal bone spicule 
migration, and significant macular atrophy. Fundus autofluorescence imaging 
showed central retinal hypoautofluorescence.

In CLN2 the opthalmological findings include a complete retinal atrophy starting 
from bull’s eye maculopathy and optic nerve pallor. OCT show a centripetal degen-
eration of the outer layers starting from the parafoveal region in the ellipsoid zone 
and developing into the fovea and outward to the periphery. In CLN3 patients with 
relatively short disease duration, Preising and coauthors [36] described by SD-OCT 
a general reduction of the entire retinal thickness resulting mostly from photoreceptor- 
associated and the inner nuclear layers (first and second neurons). At difference, the 
retinal nerve fiber layer (RNFL) and the ganglion cell layer (GCL+) were described 
as within normal thickness values, even though the presence of gliosis and irregular 
inner limiting membrane (ILM) suggest a degeneration of retinal ganglion cells 
(RGCs) constituting the optic nerve. The retinal pigmented epithelium (RPE) layer 
thickness is described as within normal values. This pattern is different from macu-
lar dystrophies like ABCA4-associated cone-rode dystrophy (CRD) where the first 
neuron layer is affected before the second neuron layer and the third neuron is pre-
served. The preservation of the first neuron outside the macula suggests in the 
youngest CLN3 case a centrifugal progression of the retinal degeneration, which 
corresponds to the later stages of CLN2 retinal degeneration. In the later stages of 
the disease, also the optic nerve is affected showing neuronal loss [37].

14.4  DNMT1 Disease

DNA (cytosine-5)-methyltransferase 1 (DNMT1) disease is a complex neurodegen-
erative disorder due to autosomal dominant mutations in the DNMT1 gene (DNA- 
methyltransferase 1) [38].

Two distinct phenotypes have been described in association with mutations in the 
DNMT1 gene: the autosomal dominant cerebellar ataxia, deafness and narcolepsy 
(ADCA-DN) [39] associated with mutations in exon 21 of the DNMT1 gene and the 
hereditary sensory autonomic neuropathy with dementia and hearing loss type IE 
(HSAN IE), described in association with mutations in exon 20 [38]. Recently, our 
group demonstrated that the boundaries between these two distinct entities are less 
pronounced [40]. In fact, both diseases share the presence of narcolepsy as a promi-
nent feature [40]. Moreover, we demonstrated that subclinical optic atrophy is a 
common finding to both phenotypes [40].
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Visual acuity was normal in all five DNMT1 patients included in the study (two 
with the ADCA-DN and three with the HSAN IE phenotype). Fundus oculi dis-
closed temporal pallor in one ADCA-DN case, diffuse pallor in the other ADCA-DN 
and mild temporal pallor of the optic disc in all three HSAN IE subjects. Pattern 
VEPs were abnormal in both ADCA-DN probands, showing increased latency and 
decreased amplitude of cortical responses, whereas they were normal in HSAN IE 
patients [40]. OCT showed reduction of the RNFL thickness more evident in the 
temporal than in the superior and inferior quadrants with nasal sparing in one 
ADCA-DN patient, more diffuse in the other ADCA-DN patient with nasal sparing. 
In the HSAN IE cases OCT disclosed a diffuse reduction of retinal nerve fiber layer 
thickness in one case, a diffuse reduction with nasal sparing in the second case, and 
temporal and less evident superior/inferior quadrants thinning in the third case.

Macular ganglion cell layer (GCL) analysis disclosed diffuse atrophy in both 
ADCA-DN probands and diffuse thinning in all three HSAN IE subjects [40].

Examples of swept-source OCT (RNFL and macular GCL) and fundus oculi 
images are reported for two DNMT1 patients carrying respectively the p.Glu575Lys 
mutation at exon 21 and the p.Pro507Arg mutation at exon 20 [40] (Fig. 14.2).

GCL + Macula G Sector Grid GCL + Macula G Sector Grid GCL + Macula G Sector Grid GCL + Macula G Sector Grid

OD(R) OS(L) OD(R) OS(L)
RNFL Thickness RNFL Thickness

µm
200

100

0

µm
200

100

0
N S T I N N S T I N

(%)
95
5
1

(%)
95
5
1

S

I

S
T T T

I
T N

78 74
49

44 4143

53 55

41

48
75 129 94

69

99

63

46

87

95 106 84

58

42

47

85122

56

85
961118285 85 79

57

50

1118758

4951

6410097

43

41

66

85

N
S

I

S

I
N N

a b

Fig. 14.2 DNMT1. (a) This is a 49-year old female carrying the p.Glu575Lys mutation at exon 
21 in the DNMT1 gene. Visual acuity is 10/10 bilaterally. OCT shows a diffuse optic nerve fiber 
thinning, as demonstrated also by the diffuse GCC defect. Fundus oculi image show increased 
optic disc excavation and mild temporal pallor. (b) This is a 38-year old male carrying the p. pro-
507Arg mutation at exon 20. Visual acuity is 12/10 bilaterally. OCT shows temporal RNFL thin-
ning, as well as fundus oculi reveals a mild temporal pallor
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Interestingly, optic atrophy was previously reported in the ADCA-DN pheno-
type [41, 42] but never described in the HSAN IE phenotype. OCT investigation 
in our DNMT1 case series revealed a subclinical optic nerve involvement in all 
cases with a prevalent involvement of the temporal sector and relative nasal spar-
ing that resembles the pattern observed in mitochondrial optic neuropathies [20]. 
The mitochondrial pattern of optic nerve degeneration may be explained by the 
possible effect of defective methylation of nuclear DNA on nuclear encoded 
mitochondrial proteins [43] or a direct effect on DNA methylation of the mito-
chondrial-targeted isoform of DNMT1 [44, 45]. At this regard, interestingly 
DNMTs including DNMT1, through epigenetic regulation, may play a role in the 
development and homeostasis of photoreceptors and other retinal neurons within 
the mammalian retina [46].

14.5  Hereditary Spastic Paraplegia Due to SPG7 Mutations

Hereditary spastic paraplegias (HSP) are a heterogeneous group of neurodegenera-
tive disorders characterized by a variable phenotypic expression, which includes a 
pure spastic paraparesis or “uncomplicated” and a “complicated” form. The genetic 
basis of HSP is heterogeneous including autosomal dominant, autosomal recessive, 
X-linked, or maternally inherited (mitochondrial) inheritance [47].

More than 56 HSP loci and 41HSP-related genes have been identified [47].
Mutations in the SPG7 gene are responsible for autosomal recessive SPG7- 

HSP.  The first SPG7 mutation was identified in 1998 [48, 49]. SPG7 gene 
encodes for paraplegin, which is a metalloprotease protein belonging to the 
AAA (ATPase associated with various cellular activities) proteins. Paraplegin 
is a mitochondrial protein localized to the inner mitochondrial membrane and 
it assembles with the paralogous AFG3L2 protein in the mAAA protease com-
plex [50–53]. Mitochondrial dysfunction has been described in SPG7 pedi-
grees including OXPHOS defects in muscle biopsy [48]. Interestingly, mAAA 
protease like paraplegin plays also a role in the processing of the OPA1 protein 
[54]. Given the mitochondrial pathogenesis of SPG7 HSP, the presence of optic 
atrophy is expected, but not systematically investigated. Optic atrophy has 
been reported in the first identified pedigrees [48, 49, 53]. Klebe and coauthors 
extensively described the phenotype of 23 SPG7 families [55]. In a subgroup 
(n = 10) investigated by OCT, RNFL thinning was detected in 100% of cases 
even if it was symptomatic only in one case, associated with reduced visual 
acuity in 40% and with optic disc pallor at fundus examination in 50% of cases. 
These data suggest that the OCT investigation may detect subtle abnormalities 
in SPG7 patients and the presence of optic atrophy in the context of an 
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autosomal recessive spastic paraplegia should point to the SPG7 gene. In this 
case series one French pedigree positive for the SPG7 mutation presented with 
an isolated autosomal dominant early onset (first decade of life) progressive 
optic atrophy. Electroneurography disclosed in this pedigree also the presence 
of mixed peripheral polyneuropathy [55].

On the basis of the clinical findings of this cohort the authors proposed that SPG7 
gene should be screened in autosomal recessive or sporadic HSP patients with 
middle- age onset particularly if spastic paraplegia is associated with cerebellar atro-
phy/signs and/or optic neuropathy (also if detected only with OCT).

Van Gassen and coauthors, in another large SPG7 Dutch case-series (n = 49), 
demonstrated the presence of a severe optic atrophy with childhood onset in 
two siblings carrying a homozygous missense mutation (p.Arg470Gln, exon 
10) SPG7 mutation and in one case with compound heterozygous (p.Arg485_
Glu487 and p.Leu706fs) SPG7 mutation. For one of the p.Arg470Gln mutation 
carriers, postmortem tissues including the optic nerve were available. In this 
case a severe optic atrophy was documented. Interestingly, the p.Arg470Gln 
mutation was located in the ATPase AAA core domain and the authors hypoth-
esized that the severe optic nerve involvement can be explained by a possible 
deleterious interaction of SPG7 with OPA1. Unfortunately, for these patients 
OCT data were not available [56].

Moreover, Marcotulli and coauthors have recently described a 43-year-old male 
SPG7 case presenting with severe congenital optic atrophy. This patient developed 
spastic paraparesis at 30 years of age. OCT documented reduced RNFL and macu-
lar thickness [57].

Overall, these data suggest that optic neuropathy is a common finding in SPG7- 
related HSP and the use of OCT screening in large cohort of HSP patients might be 
a useful tool to reveal subclinical optic atrophy and guide the diagnostic process.

Interestingly, Wiethoff and coauthors conducted an OCT study on 28 HSP 
patients including “pure” (n = 22) and “complicated” (n = 6) HSP demonstrat-
ing a significant reduction of the RNFL only in the “complicated” group. The 
case series included also 3 SPG7 cases and two of them, presenting a compli-
cated phenotype, manifested a global RNFL thickness reduction, especially in 
the temporal quadrant [58].

We recently had the opportunity to diagnose the presence of compound het-
erozygous SPG7 mutations in a 24 year-old female who presented ophthalmo-
logical features (Fig. 14.3) indistinguishable from OPA1 patients. Neurological 
examination was unremarkable except for the presence of optic nerve temporal 
pallor and specifically did not reveal any sign of spastic paraparesis. This case 
highlights the possibility that SPG7 mutations might be associated to pure 
optic atrophy cases.
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14.6  CADASIL

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) is an autosomal dominant disorder characterized by the 
occurrence of juvenile subcortical ischemic events, migraine, epilepsy, psychiatric 
disturbances and cognitive impairment in variable combinations [59]. Brain MRI 
typically shows T2 hyperintensity involving the white matter of the temporal pole 
and/or the external capsulae, but the severity of white matter involvement can be 
highly variable evolving into most cases to a diffuse bilateral subcortical leukoen-
cephalopathy [60].
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Fig. 14.3 SPG7. 24 year female carrying compund heterozygous mutations- c.524T>C (p.LI75P) 
+ c1968_69 ins A (p.165NfsX22) in the SPG7 gene. Visual acuity is 20/32 (0.63). Fundus oculi 
reveals bilateral temporal optic nerve pallor. Visual fields showed small central scotoma bilaterally 
and OCT demonstrated temporal RNFL thinning bilaterally. Brain MRI, somatosensory and motor 
evoked potentials were normal. Neurological examination did not show the presence of spastic 
paraparesis
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CADASIL is due to mutations of the NOTCH3 (Neurogenic locus notch homolog 
protein 3) gene, located on chromosome 19 [61]. Notch3 is a protein mainly 
expressed in vascular smooth cells with a crucial role in the control of vascular tone 
[62]. Cerebral vasculopathy is the main hallmark of the disease, due to the degen-
eration of the vascular smooth muscle cells with deposition of granular osmiophilic 
material, but also retinal vascular changes have been described in CADASIL [63–
65]. These changes include retinal arteriolar narrowing, arteriovenous nicking and 
arteriolar sheating [64, 66]. Moreover, electrophysiological [67], histological [68] 
and OCT studies [66, 69, 70] documented a specific neurodegeneration of the neu-
roretina in CADASIL.  In particular, Parisi and coauthors demonstrated by time- 
domain OCT a diffuse reduction of the RNFL thickness involving all the quadrants 
in 6 CADASIL patients (three asymptomatic mutation carriers) [69]. The authors 
interpreted these findings as secondary to the chronic vascular changes character-
izing the disease. Similarly, Rufa and coauthors demonstrated with time-domain 
OCT a diffuse RNFL thinning in all optic nerve quadrants except the nasal one in 
17 CADASIL patients. In particular, this thinning was more evident in the superior 
sector [70]. Fundus oculi examination revealed neuroretinal rim pallor in 41% and 
a crowded optic disc in 18% of the 34 CADASIL patients described by Pretegiani 
and coauthors [66]. The optic nerve involvement in CADASIL is also confirmed by 
histological findings in a postmortem study, which demonstrated diffuse demyelin-
ation in the optic nerve and chiasm with loss of nerve fibers [68]. The loss of fibers 
in the optic nerve is usually not associated with a reduction of the visual acuity and 
can be associated with variable visual field defects [66].

OCT studies are also particularly relevant for highlighting the vascular compo-
nent of retinal changes in CADASIL patients. In particular, OCT-angiography stud-
ies demonstrated reduced vessel density in the deep retinal plexus (DRP) of 
CADASIL patients [71]. These abnormalities may reflect pericyte dysfunction in 
retinal capillaries secondary to NOTCH3 mutations and hypoperfusion in the DRP 
may cause nutritional deficiency in the synaptic connections of the retinal elements. 
In this case series choroidal vessels are affected in CADASIL patients [71]. These 
results are in line with previous OCT studies demonstrating increased wall thick-
nesses and outer diameters of arterial and venous retinal vessels [72]. Interestingly, 
retinal vessel changes may be correlated to brain MRI findings, highlighting the 
possible role of retinal changes as biomarker of the disease [73]. These results, 
pointing to a reduced retinal vessel density in CADASIL, are a confirmation of 
previous studies demonstrating by fractal analysis a reduced retinal vessel branch-
ing in CADASIL [74].

14.7  Wolfram Syndrome

Wolfram syndrome (WS) was first described in 1938 [75]. It is a rare neurodegen-
erative disorder characterized by the occurrence of diabetes mellitus and optic atro-
phy starting in childhood and a variable association of diabetes insipidus, other 
endocrinopathies, deafness, cerebellar ataxia, neurogenic bladder, cardiomyopathy 
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and psychiatric disturbances [76]. In fact, it is also known as DIDMOAD (Diabetes 
Insipidus, Diabetes Mellitus, Optic Atrophy) [77, 78]. Usually diabetes is the first 
sign of the disease. Optic atrophy appears in the first-second decade of life and it is 
in most cases severe [77, 79]. Wolfram’s disease is due to mutations in the wolfra-
min gene (WFS1) [80] and in the large majority of cases is inherited in an autosomal 
recessive fashion, but autosomal dominant inheritance has also been reported [81]. 
In these latter cases optic atrophy can be milder [81] and can be associated with 
deafness without diabetes [82]. Autosomal dominant mutations in the WFS1 gene 
have been associated also with non-syndromic deafness [83], diabetes [84] and 
cataract [85]. Neuropathological studies reported atrophy of the optic nerve, chi-
asm, lateral geniculate nucleus, optic tracts and occipital cortex in WS [86–90].

A few OCT studies are available for WS. In a case report, spectral domain OCT 
documented a diffuse optic atrophy more evident in the superior and inferior quad-
rants in a 21 year-old male [91]. Bucca and coauthors reported time-domain find-
ings in a 13 year-old female showing loss of retinal nerve fibers in the temporal 
quadrant [92]. More recently, Grenier and coauthors reported OCT findings in a 
case series of 15 WS cases carrying both autosomal recessive-ar (11 cases, 8 with 
diabetes and 3 without diabetes) and 4 autosomal dominant-ad WFS1 mutations 
with hearing loss. Using SD-OCT, the authors showed that RNFL loss was more 
profound in the group with syndromic ar-WS compared to the WS cases without 
diabetes, especially in the inferior sectors. The comparison of ar-WS cases with 
ad-WS cases by time-domain OCT revealed a more severe RNFL thinning in the 
ar-WS group in both the superior and inferior quadrants [93].

In a pediatric case series of 12 genetically confirmed WS cases, the authors 
reported a significant reduction in the WS cases compared with individual with type 
1 diabetes and controls of OCT parameters (including average and single quadrants 
RNFL thickness, macular full-thickness and macular ganglion cell layer/inner 
plexiform layer) especially in the superior and inferior sectors and brain MRI visual 
pathway measurements (intraorbital and intracranial thickness of the optical nerve, 
as well as the optic chiasm and visual tracts). Interestingly, in this case series some 
optic nerve parameters measured by MRI such as the thickness of the intraorbital 
parts of the optic nerves in WS cases correlated with superior RNFL thickness of the 
optic nerve evaluated by OCT [94].

Another interesting OCT finding in 8 ad-WS cases compared to 6 ar-WS cases is 
the presence of an abnormal reflectivity (lamination) of the outer plexiform layer, 
which may be related to the high wolframin expression in the retinal Müller cells 
[95]. This finding needs to be confirmed by larger clinical series.

Moreover, OCT parameters can be used as a marker of disease progression, as 
showed by a recent paper evaluating OCT changes over time in a group of 12 WS 
cases compared to type 1 diabetes patients. In this paper the WS cases were re- 
evaluated after a follow-up period of about 2 years and OCT measurements, includ-
ing total thickness of the RNFL, average retinal thickness and total retinal volume, 
significantly decreased compared to the baseline investigation [96].

Finally, a postmortem study documented a specific pattern of optic atrophy pre-
dominantly involving the temporal and inferior quadrants, i.e. the papillomacular 
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bundle of the optic nerve, in a WS case. This pattern resembles that described in 
mitochondrial optic neuropathies [90].

We here show the OCT findings of two WS patients (Fig. 14.4). A brief summary 
of their clinical history is reported below and ophthalmological findings are illus-
trated in Fig. 14.4.

14.7.1  Case 1

This is a 18 year-old female, born from consanguineous parents, started complaining 
visual loss during childhood. She did not suffer diabetes. Genetic analysis revealed 
the presence of the homozygous c.1553T>A mutation (p.M518K) in the WFS1 gene. 
Lactic acid levels after standardized exercise were abnormally elevated. Muscle 
biopsy was histologically normal. Brain MRI and spectroscopy were normal.
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Fig. 14.4 (Wolfram) (a) This is a 18 year-old female, born from consanguineous parents, started 
complaining visual loss during childhood. She did not suffer diabetes. Visual acuity is 4/10 in RE and 
3.2/10 in LE. Visual fields show a generalized defect (inf > nasal). OCT reveals diffuse RNFL thin-
ning with relative nasal sparing and perimacular inner nuclear layer cysts. Fundus oculi images show 
a diffuse optic nerve pallor. (b) This is a 27-year-old female. She suffered diabetes mellitus since she 
was 10 year now on insulin therapy. Optic atrophy was noticed when she was 15 years. Visual acuity 
is 2.5/10 in the RE and 4/10 in the LE. OCT demonstrates diffuse RNFL thinning, as evident also at 
GCC. Fundus oculi images show bilateral temporal pallor
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14.7.2  Case 2

This is a 27 year-old female. She presented growth hormone deficiency at 8 years of 
age and diabetes mellitus at 10 year-old. She suffered from migraine since the age 
of 17. Genetic analysis showed the presence of compound heterozygous mutations 
c.409_426dup16 and c.2104 G>A in the WFS1 gene. Brain MRI at 22 years showed 
microstructural degenerative cerebellar changes (middle cerebellar peduncles and 
emispheres). Optic atrophy was noticed when she was 15 years.

14.8  Autosomal Recessive Spastic Ataxia of Charlevoix- 
Saguenay (ARSACS)

Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a com-
plex hereditary neurodegenerative disorder characterized by early childhood-onset 
cerebellar ataxia [97], peripheral neuropathy [98] and pyramidal tract signs [99, 
100].

The name of the disease derives from its high prevalence, as a result of a founder 
effect, in the French-Canadian population of the Charlevoix-Saguenay region in the 
northeast of Quebec. After these initial reports ARSACS was also described in other 
countries and ethnic groups worldwide [101, 102].

ARSACS is due to mutations in the SACS gene, which were first identified by 
Engert and coauthors in 2000. The SACS gene is located on chromosome 13q12.12 
and encodes the protein sacsin with a chaperone activity [102–105]. Sacsin is 
required for normal mitochondrial dynamics, and loss of function of this protein can 
result in an altered balance between mitochondrial fusion and fission [105, 106].

Furthermore, a recent study on a sacsin-knockout mouse model described a dis-
ruption of mitochondrial fission/fusion dynamics [106].

The majority of ARSACS patients show early ocular signs including the altera-
tion of smooth ocular pursuit (horizontal gaze-evoked nystagmus) and the presence 
of prominent myelinated fibers radiating from the optic disc. These myelinated 
fibers are visible ophthalmoscopically and were considered the main clinical mani-
festations of ARSACS. However, there is phenotypic variability and the presence of 
myelinated fibers was rarely described in non-Quebec patients [107–114].

In the original characterization of ARSACS the authors described yellow streaks 
of hypermyelinated fibers that focally embed the retinal vessels, emanating radially 
from the edges of the optic disc [101]. In recent years, with the advent of new and 
more sophisticated quantitative retinal imaging technologies, the nature of the 
myelinated fibers in ARSACS has been debated.

In 2011, different OCT studies demonstrated that the typical ophthalmoscopic 
appearance in ARSACS patients is due to the increased hyper-reflectivity and thick-
ness of the peripapillary RNFL and not to the presence of myelinated fibers [115–
117]. Vingolo and coauthors [115] showed that the absence of shadowing behind the 
fibers in the OCT of ARSACS patients differentiates them from subjects with per-
sistent myelinated fibers. In the latter, in fact, OCT clearly revealed a posterior 
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shadowing, due to the hyper-reflectivity and consequent “shield-effect” of the 
myelinated areas, which does not allow the OCT infrared laser to enter into the 
retina (Fig. 14.5).

The thickening of the retinal fibers can overcome the peripapillary region and 
reach the macula. Thus, the average macular thickness (mainly in nasal quadrant) 
and the average foveolar thickness may be increased in ARSACS patients [117]. 
Moreover, in 2016, by means of Spectral Domain-OCT (SD-OCT), Shah and coau-
thors, describing the characteristics of the fovea in an ARSAC patient, detected the 
incursion of inner retinal layers upon the foveal region leading to the lost of pit, 
exactly resembling the abnormality of development as seen in grade 2 foveal hypo-
plasia [118] (Fig. 14.6).

Also the OCT Angiography (Angio-OCT) of the ONH highlights the increase of 
vessel density in the radial peripapillary capillary plexus (RPC) probably due to the 
increased metabolic demand of the hypertrophic fibers (Fig. 14.7).

Recently Parkinson and coauthor, studying a large cohort of ARSACS patients 
found an inverse correlation between peripapillary RNFL thickness and both age at 
examination and age at onset; however, a significant correlation between the aver-
age peripapillary RNFL thickness and disease duration was not found [119].
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Fig. 14.5 OCT findings in persistent myelinated fibers. (a) Fundus photography of peripapillar 
myelin fibers. (b, c) Thickening of the peripapillar retinal fibers hiding the deep layers of retina 
(red arrow)
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Typically, visual acuity is normal or rarely slightly reduced, without any central 
visual field defects (only mild and peripheral visual defects are reported). These 
findings overall support the absence of myelin deposition in the retina of these 
patients, given that the presence of myelin, would have caused more evident visual 
field defects as blind spot enlargement [120].

Concerning the ARSACS asymptomatic carriers, the results of two recent studies 
have been inconsistent and it is unclear whether or not there is some degree of RNFL 
hypertophy in individuals carrying heterozygous SACS gene mutations [119, 121].

Thus, it is preferable to use the term “retinal nerve fiber hypertrophy” [116] to 
define the retinal aspect of patients with ARSACS. In fact, the recent OCT findings, 
at least among non-Quebec patients, suggest that retinal hypermyelination has been 
used inappropriately to describe the striated appearance of a thickened RNFL 
around the optic discs in ARSACS patients [122]. Yu-Wai-Man and coauthors in 
2013 have proposed the speculative hypothesis that the RNFL thickening in 
ARSACS could be related to the axoplasmic stasis within the long axons of the reti-
nal ganglion cells as they converge to form the optic nerve in the anatomically tight 
region of the lamina cribrosa [122].
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Fig. 14.6 OCT findings in a ARSACS patient. This is a 25-year old female carrying mutations in 
the SACS gene located on chromosome 13q12.12p. Visual acuity is 10/10 bilaterally. (a, b) Color 
and red-free fundus photograph. (c, d) OCT scans through the fovea reveal the hypertrophia of the 
nerve fiber layer (red arrows) and the incursion of inner retinal layers upon the foveal region as 
seen in grade 2 foveal hypoplasia (e) Increased thickness of peripapillar RNFL predominant in 
upper and lower temporal sectors
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14.9  Spinocerebellar Ataxias (SCAs)

Spinocerebellar ataxias (SCAs) are a genetically heterogeneous group of autosomal 
dominant neurodegenerative disorders characterized by ataxia, ocular motor abnor-
malities, and variable other neurological features, such as pyramidal tract, basal 
ganglia or brainstem dysfunction [123, 124]. The SCAs are classified on the basis 
of the genotype and currently include up to 40 genetically distinct entities [125]. 
SCA1, 2, 3, and 6, the most common ones, are caused by a trinucleotide CAG repeat 
expansion encoding glutamine in four unrelated proteins. SCA1, 2, and 3 are char-
acterized by cerebellar degeneration and variable degrees of involvement of other 
central nervous system regions, whereas SCA6 is associated with a nearly pure 
cerebellar atrophy [123].

Abnormal afferent visual testing and optic atrophy have been described as a fea-
ture of SC1, SCA2 and SCA3 [126, 127]. Rarely, SCA2 is also associated with reti-
nitis pigmentosa, most notably in the infantile form with extremely expanded CAG 
repeats [128], and pigmentary retinopathy has been reported in a patient homozy-
gous for a pathological repeat expansion in the SCA6 gene [129].

a

b

Fig. 14.7 AF and Angio-OCT findings in a ARSACS patient. (same patient as in Fig. 14.6). (a) 
Fundus autofluorescence with superimposed the ETDR thickness map shows a shadowing of the 
AF signal and a thickening in the OCT map in the area of the RNFL hypertrophy. (b) Angio-OCT 
of the ONH shows an increase of the numbers of the radial peripapillary capillaries (RPC)
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Unlike other SCAs, patients with SCA7 exhibit a spectrum of severity of retinal 
disease from mild to severe dysfunction. Early functional abnormalities occur in 
both cones and rods, but greater centrally than peripherally [130, 131].

14.10  Spinocerebellar Ataxia Type 2-3-6 (SCA2-3-6)

Pula et al. in a spectral-domain OCT study reported in 29 SCA and cerebellar mul-
tisystem atrophy patients (SCA1-2-3-6 and MSA-C) a significant reduction of the 
peripapillar RNFL thickness for SCA2 and SCA3 patients only. This RNFL thin-
ning correlated with the severity of the disease (Scale for the Assessment and Rating 
of Ataxia, SARA score) [132].

Another study by Alvarez and colleagues [133] demonstrated a significant reduc-
tion of the average RNFL thickness in nine SCA3 patients compared to age- and 
sex-matched controls. There was a reduction in the RNFL thickness in all quadrants 
except the temporal one, preserved in all eyes. Therefore, papillomacular bundle 
probably is not primarily involved in SCA-3 and consequently visual acuity is pre-
served in these patients (mean BCVA 20/25 and normal colour vision in all patients, 
except for the one with congenital dyscromatopsia). RNFL thickness was inversely 
correlated to SARA score. The mean macular thickness was lower compared to the 
control group only in two eyes (11.11%). In four patients, (eight eyes) OCT studies 
were performed with an average follow-up of 14.25  months, and in five eyes 
(62.50%) there was a trend towards a RNFL thickness reduction. Thus, the authors 
concluded that the pattern of the optic nerve involvement in SCA-3 is more similar 
to that observed in Alzheimer’s and Parkinson’s disease than to SCA-1 and toxic or 
mitochondrial optic nerve diseases where there is a preferential involvement of the 
papillo-macular bundle [133].

14.11  Spinocerebellar Ataxia Type 1 (SCA1)

Spinocerebellar ataxia type 1 (SCA1) is an autosomal dominantly inherited, late- 
onset neurodegenerative disease primarily affecting the cerebellar cortex and brain-
stem. Affected patients suffer from disturbed motor coordination, slurred speech, 
dysphagia, spasticity, extrapyramidal movements such as dystonia or chorea, cere-
bellar oculomotor disturbances, ophthalmoparesis, saccade slowing and cognitive 
impairment [134].

SCA1 is due to a CAG-repeat expansion of variable length reaching between 39 
and 83 repeats encoding for a prolonged polyglutamine chain in the ATXN1 gene on 
chromosome 6p23 encoding for the ataxin1 protein [134].

In SCA1 patients, besides the well-described cerebellar oculomotor abnormali-
ties, there is also evidence of ocular pathology. There is evidence of visual acuity 
reduction, color vision impairment and central scotoma or contraction of visual 
fields [135, 136]. In some case series there is evidence of worsening of ocular symp-
toms with disease duration [137, 138]. The reduced visual acuity in SCA1 has been 
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attributed to optic atrophy, which was first described at fundus examination [138]. 
Optic nerve involvement was also suggested by abnormal VEP findings in SCA1 
patients [139, 140]. However, VEPs were normal in 40–50% of SCA1 patients and 
retinal or optic nerve pathology was not consistently reported in SCA1 [141].

Stricker et al. [142], in a series of 9 SCA1 subjects compared to age- and sex- 
matched controls, demonstrated with OCT a pattern of temporal atrophy of the 
RNFL in most of the patients, suggesting a preferential involvement of the papillo- 
macular bundle. Segmentation analysis of the retina confirmed temporal RNFL 
thickness reduction whereas there was no significant difference in the average gan-
glion cell layer, inner and outer plexiform layer, photoreceptor layer and pigment 
epithelium. SCA1 patients showed a reduction in visual acuity and average RNFL 
thickness compared to healthy controls (84.0 μm vs. 97.2 μm). RNFL thinning was 
predominant and significant in temporal sectors (p < 0.001,) and was not found in 
nasal sectors. OCT findings were correlated with disease duration and disease sever-
ity measured by SARA score. The patient with the longest disease duration and 
highest SARA score showed additional severe macular atrophy, indicating that, at a 
later disease stage, nerve fiber atrophy could lead to ganglion cell degeneration and 
consecutively to macular volume reduction. Differently, VEP P100 latencies were 
not significantly different between SCA1 patients and controls [142].

The authors speculated that the selective temporal RNFL involvement could be 
explained by a differential vulnerability of the parvocellular axons to mutated 
ataxin1. In fact, the pattern of temporal RNFL thinning seen in these SCA1 patients 
could be due to localized oxidative dysfunction, which does not involve the magno-
cellular ganglion cell axons and the photoreceptors [142].

In 2013, two different groups [135, 136] simultaneously described a case series 
of six SCA1 patients presenting with progressive maculopathy and retinal dysfunc-
tion. The patients exhibited bilateral, progressive painless visual loss with macular 
drusen and mild pigmentary alterations at fundus examination.

In particular, Vaclavik and coauthors [136] showed two genetically confirmed 
SCA1 patients with bilateral areas of hypopigmented retinal pigment epithelium 
within the macula. Autofluorescence imaging revealed a central macular hyperauto-
fluorescence surrounded by a ring of hypoautofluorescence. Spectral-domain OCT 
disclosed bilateral hyporeflective “foveal cavitation” corresponding to loss of the 
highly reflective inner segment/outer segment junction, as well as thinning of the 
outer nuclear layer. Outside the macula, the retina was within normal range. 
Fluorescein angiography showed small areas of patchy hyperfluorescence in the 
macula, corresponding to areas of depigmented retinal pigment epithelium without 
any leakage at later stages. Goldmann kinetic manual perimetry revealed a relative 
central scotoma bilaterally. The retinal function was tested using full-field ERG 
which was within normal limits under photopic and scotopic conditions. Multifocal 
electroretinography (mfERG) was not performed [136].

Two other patients with bilateral foveal cavities had OCT features similar to 
those reported previously in achromatopsia [143], and cone dystrophy [144], 
whereas RNFL thickness was not evaluated. Similarly, Lebranchu and coauthors 
reported a SCA1 family with maculopathy [135]. Four SCA1 patients showed 
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central scotoma in most of the eyes at visual field examination and visual acuities 
ranged between 20/20 and 20/200. Central retinal thinning with disorganized pho-
toreceptor layers or foveal cavitation were found at OCT. Two patients showed 
mild temporal optic disc pallor at fundoscopy and thinning of the temporal RNFL 
at OCT, confirming the involvement of the papillomacular bundle [135]. In one 
patient, multifocal electroretinography (mfERG) revealed central retinal dysfunc-
tion. In these patients, OCT demonstrated alterations of the external layers of the 
fovea, suggesting a loss of structural integrity of the photoreceptors. The authors 
suggested that foveolar cavitation associated with the thinning of the whole macu-
lar area (including the surrounding perifoveolar retina) could be related to a cone 
dystrophy, as supported by the fact that a cluster of genes (GUCA1A, PRPH2) 
involved in macular diseases is located in a chromosome region (6p21.1) near the 
SCA1 gene [135].

14.12  Spinocerebellar Ataxia Type 7 (SCA7)

Spinocerebellar ataxia type 7 (SCA7) is a progressive ataxia that is characterized by 
a high prevalence of retinal photoreceptor abnormalities. Recent studies suggest 
that the retinopathy of SCA7 is a cone-rod dystrophy [130, 131]. This degenerative 
retinopathy initially affects cones, and then progresses to cone–rod dystrophy [130]. 
Fundus examination demonstrates macular pigmentary changes, sometimes associ-
ated with mild temporal optic disc pallor [145]. The gene encodes for a protein 
(ataxin-7) widely expressed in the human retina [146]. This protein may interact 
with the function of CRX (cone–rod homeobox), a known transcription factor 
implicated in human cone–rod dystrophy [147].

In the last 10 years, with the advent of high-resolution spectral domain optical 
coherence tomography (SD-OCT), many studies demonstrated the presence of dif-
ferent grade of outer retinal atrophy with loss of the outer nuclear layer and ellipsoid 
zone in the central macula in SCA7 patients. Thus, the loss of the subfoveal ellip-
soid zone corresponds to loss of cone photoreceptor cells which may be the earliest 
clinical sign of cone-rod dystrophy associated with SCA7 [148–152].

Manrique et al. [150] have described a case series of 7 patients with SCA7 in 
which the subjects with mild disease showed retinal thinning only at the fovea and 
subjects with more advanced disease tended to present retinal thinning also in the 
outer zone of the macula. Mean peripapillary RNFL thickness was decreased in all 
patients with sparing of the temporal quadrant until the advanced phases of the 
disease.

Furthermore, another study by Ahn et al. [151], using OCT and mfERG, revealed 
that retinal thinning extended outside the visible atrophic lesions and that the areas 
of functional deficits were greater than those of anatomic deficits.

Additionally, at a later stage of disease the maculopathy can evolve into a “bull’s 
eye” pattern [149]. The sparing of the temporal sector has been discussed as a pos-
sible result of the relative sparing of the inner macula around the central fovea associ-
ated with normal ganglion cell layer thickness at an earlier disease stage [151, 153].
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14.13  Spinocerebellar Ataxia Type 10 (SCA10)

SCA 10 is caused by a pentanucleotide (ATTCT) repeat expansion on chromosome 
22q13-qter. The SCA10 patients can present a purely cerebellar syndrome or a cer-
ebellar syndrome concomitantly with epilepsy, polyneuropathy, and hematologic 
heart and liver conditions [154]. SCA10 shows a less aggressive clinical course than 
SCA3.

In 2017, Spina Tensini and coauthors used OCT to compare peripapillary RNFL 
and macular GCL thickness in patients with SCA3 and those with SCA10. They 
confirmed the reduction of the RNFL thickness in all quadrants but the temporal one 
in SCA3 patients and moreover they found RNFL thicker in SCA10 (p > 0.05) with-
out any correlation between size of expansion, Scale for the Assessment and Rating 
of Ataxia (SARA), and RNFL or GCL thickness in SCA10 patients. These OCT 
structural findings are in accordance with the clinical course of SCA10, less aggres-
sive than other SCAs [155].

14.14  Conclusions

In summary, OCT is a useful tool for investigating optic nerve and retinal involve-
ment in many rare neurological disorders. Up to now, only a limited number of 
diseases have been extensively studied, as reported in this chapter. Single case 
reports with OCT findings are available for other rare neurological disorders such as 
Charcot-Marie-Tooth type 2A [156], and the X-linked adrenoleukodystrophy [157]. 
Thus, the application of this technique to larger case series will allow a better char-
acterization of the ocular phenotype in these and other neurological diseases.
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