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ABSTRACT: Background: Autosomal recessive spas-

tic ataxia of Charlevoix-Saguenay (ARSACS) causes

unique retinal abnormalities, which have not been sys-

tematically investigated.

Objective: To deeply phenotype the retina in ARSACS in

order to better understand its pathogenesis and identify

potential biomarkers.

Methods: We evaluated 29 patients with ARSACS,

66 with spinocerebellar ataxia (SCA), 38 with autosomal

recessive cerebellar ataxia (ATX), 22 with hereditary

spastic paraplegia (SPG), 21 cases of papilledema, and

20 healthy controls (total n = 196 subjects). Participants

underwent visual acuity assessment, intraocular pressure

measurement, fundoscopy, and macular and peri-

papillary optical coherence tomography (OCT). Macular

layers thicknesses in ARSACS were compared with

those of age-matched healthy controls. Ophthalmolo-

gists analyzed the scans for abnormal signs in the differ-

ent patient groups. Linear regression analysis was

conducted to look for associations between retinal

changes and age, age at onset, disease duration, and

Scale for the Assessment and Rating of Ataxia (SARA)

scores in ARSACS.

Results: Only patients with ARSACS exhibited peripapillary

retinal striations (82%) on fundoscopy, and their OCT scans

revealed foveal hypoplasia (100%), sawtooth appearance

(89%), papillomacular fold (86%), and macular microcysts

(18%). Average peripapillary retinal nerve fiber layer (pRNFL)

was thicker in ARSACS than in SCA, ATX, SPG, and con-

trols; a cut-off of 121 μm was 100% accurate in diagnosing

ARSACS. All macular layers were thicker in ARSACS when

compared to healthy controls. RNFL thickness in the inferior

sector of the macula positively correlated with SARA scores.

Conclusions: Retinal abnormalities are highly specific for

ARSACS, and suggest retinal hyperplasia due to abnor-

mal retinal development. OCT may provide potential bio-

markers for future clinical trials. © 2021 International

Parkinson and Movement Disorder Society
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Autosomal recessive spastic ataxia of Charlevoix-
Saguenay (ARSACS; OMIM 270550) is a neurodegener-
ative disease comprising cerebellar ataxia, spasticity, and
peripheral neuropathy.1 In 2000, researchers identified its
causative gene, SACS, on chromosome 13q12.12.2 This
allowed molecular confirmation of ARSACS3-7 revealing
it as an important cause of autosomal recessive ataxia,
possibly second only to Friedreich’s ataxia in frequency.8

All ARSACS patients in the original published series
exhibited increased visibility of the retinal nerve fibers on
fundoscopy.1 Further assessment using optic coherence
tomography (OCT) showed thickening of the peri-
papillary retinal nerve fiber layer (pRNFL).9,10 pRNFL
thickening is usually seen in conditions associated with
optic disc edema, including ischemic or inflammatory
optic neuropathies and papilledema.11-13 However, in
ARSACS the optic disc is not swollen, and the pathogen-
esis of the pRNFL thickening remains unknown. Axonal
edema14,15 or hyperplasia16,17 have been proposed as
possible mechanisms, but to date no pathological report
of a retinal specimen from a patient with ARSACS has
been published. Although specific ocular phenotypes are
seen in several forms of neurogenetic disorders displaying
ataxia (eg, optic atrophy in ATX-FXN, fundus
flavimaculatus-like in SPG11,18 and cone−rod dystrophy
in SCA719), pRNFL thickening appears to be unique to
ARSACS and is not seen in other conditions.6

In addition to pRNFL thickening, other retinal changes
have been described. These include abnormal foveal mor-
phology (interpreted either as thickening of the inner reti-
nal layers9,14 or as foveal hypoplasia20) and prominent
vascular tortuosity.3 A Brazilian study also reported
papillomacular retinal folds, and a dentate appearance in
the outer retina and macular microcysts.7 Fovea-to-disc dis-
tance (FDD) is known to influence retinal architecture,21,22

but it has not been investigated in ARSACS.
The prevalence of these various retinal architecture

abnormalities in ARSACS, and their specificity to this
type of ataxia, are unknown. In this study we have used
spectral domain OCT (SD-OCT) to achieve both quan-
titative and qualitative retinal architecture analysis in
28 patients with molecularly confirmed ARSACS. We
compared these results with those obtained from age-
matched healthy controls, patients with other inherited
ataxias, and patients with papilledema to identify
which of these changes are unique to ARSACS. We use
these data to draw tentative conclusions regarding the
pathogenesis of ARSACS, and to identify potential bio-
markers for future clinical treatment trials.

Patients and Methods

Study Participants

Subjects were recruited from 2008 to 2019 at the
Ataxia Centre of the National Hospital for Neurology

and Neurosurgery (London, UK), and from the Neurol-
ogy and Neurosurgery Department of the Federal Uni-
versity of S~ao Paulo (Brazil). The London Brent
Research Ethics Committee and the Ethics Committee
of the Federal University of S~ao Paulo approved this
study (reference codes 12/LO/1291 and 61538516.
9.0000.5505, respectively), which complied with the
Declaration of Helsinki. We assessed 196 individuals:
29 patients with molecularly confirmed ARSACS;
126 patients with other hereditary ataxias or spastic
paraplegias (66 autosomal dominantly inherited spi-
nocerebellar ataxias [SCA], 38 autosomal recessive
cerebellar ataxias [ATX], and 22 hereditary spastic
paraplegias [(SPGs]); 20 age-matched healthy controls;
and 21 patients with papilledema. All patients (or legal
guardians) and healthy controls gave informed consent.
All participants had measurements of best-corrected

visual acuity and intraocular pressure, and underwent
fundoscopy. In the ARSACS cases, age at onset, disease
duration, and Scale of the Assessment and Rating of
Ataxia (SARA) score were recorded.
The exclusion criteria were: any other disease affect-

ing retinal architecture, intraocular pressure greater
than 20 mm Hg, cup-to-disc ratio >0.5, high refractive
errors (�5 diopters equivalent sphere or �2 diopters
astigmatism), and ocular media opacities precluding
examination.

Retinal Imaging

This study followed APOSTEL23 and OSCAR-IB24

recommendations for OCT studies. Retinal color pic-
tures were taken using standard fundus cameras. Under
dim light and cycloplegia, 870 nm SD-OCT devices
(Spectralis, Heidelberg Engineering, software version
6.8.1, Heidelberg, Germany) acquired peripapillary cir-
cular B-scans (3.5 mm in diameter) to measure RNFL
thickness in superior, inferior, nasal, and temporal
quadrants, and calculate average RNFL thickness. The
devices also obtained 25 macular horizontal B scans
comprising 768 A scans each (15.77 mm2 area, axial
resolution of 3.87 μm/pixel). Foveal hypoplasia was
graded using the system proposed by Thomas,25 and
vascular tortuosity, papillomacular fold, and sawtooth
appearances were classified as absent, mild, or severe.
RNFL thickness was defined as abnormal if greater
than the 95th percentile of the Spectralis proprietary
normative databank. Papilledema was graded using the
Frisèn scale.
We used ImageJ (available at http://rsbweb.nih.gov/ij/;

www.nih.gov, National Institutes of Health, Bethesda,
MD), to measure the distance from the fovea to the
optic disc center (FDD) in Spectralis® red-free fundus
photographs. A rectangle fitting to the height and
width of the optic disc was drawn, and the point of
intersection of the rectangle diagonals defined the disc
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center. The fovea was located using the foveal reflex
on fundus photographs and the foveal pit, outer
nuclear layer (ONL) widening and/or lengthening of
the photoreceptors external segment on OCT imaging.

Segmentation of the Retinal Layers on OCT

Images

Automated retinal segmentation (right eye) using
Orion™ software (Voxeleron LLC, Pleasanton, CA)
was performed in 20 patients with ARSACS and
20 age-matched healthy controls, and then manually
checked by an ophthalmologist (J.M.F.S.). The software
subsequently measured the thickness of the following
seven layers in each sector of the macular Early Treat-
ment Diabetic Retinopathy Study (ETDRS) grid (con-
centric ring diameters of 1, 3, and 6 mm): RNFL,
ganglion cell layer-inner plexiform layer (GC-IPL),
inner nuclear layer (INL), outer plexiform layer (OPL),
ONL, photoreceptor layer (PR), and retinal pigmented
epithelium/Bruch membrane (RPE-BRU). We excluded
all ETDRS sectors in which retinal segmentation could
be affected by sawtooth appearance, which prevented
automated and manual layer demarcation. Thus the
outer ETDRS ring was not evaluated and macular out-
come measures were only obtained from the inner circle
of the ETDRS map (IC-ETDRS). A detailed description
of this procedure can be found in supplementary
materials.

Statistical Analysis

We used IBM SPSS Statistics for Windows, version
21.0 (IBM Corp., Armonk, NY, 2012) and Microsoft
Excel (2010) for statistical analysis. Differences
between ARSACS and healthy controls in age, sex,
pRNFL, and macular layers thicknesses were evalu-
ated employing Student’s t test (normal distribution)
or Mann−Whitney U test (non-normal distribution).
We applied analysis of covariance (ANCOVA) and
Bonferroni correction in the comparison of average
pRNFL and macular measurements in the different
patient groups and healthy controls. Associations of
retinal measurements (average pRNFL and macular
layers thicknesses) and retinal findings (grade of vas-
cular tortuosity, papillomacular fold, sawtooth
appearance, foveal hypoplasia) with age, age at
onset, disease duration, and SARA scores were
sought using linear regression and ordinal regression,
respectively. Age-adjusted correlations were also
determined applying linear regression. Spearman cor-
relation coefficient assessed the association between
retinal layer thicknesses and qualitative abnormalities
of different grades.

Results

Participants

We excluded one patient with ARSACS (dense cata-
racts) and another with SCA3 (chorioretinitis). The
remaining 194 participants underwent the full study pro-
tocol. Details of the number of participants in each com-
parator group and their ages are shown in Table S1.
There was no significant mean age difference between
ARSACS and any of the remaining groups, but partici-
pants with SCA were older than those with ATX
(ANOVA P < 0.05) and SPG (ANOVA P < 0.01).
Among the 28 (11 women) ARSACS patients, age

at onset ranged from 1 to 48 (mean 14.5 � 18.6)
years, and disease duration from 9 to 44 (mean 24.5
� 10) years. Sixteen individuals had their first symp-
toms within the first decade of life (64%). SARA
scores varied from 5 to 26 (mean 12.5 � 5.9). All
cases had gait difficulty as the presenting feature, and
disclosed cerebellar ataxia, lower limb spasticity, and
signs of peripheral neuropathy. The 21 participants
with papilledema had disc swelling judged as Frisen
grade 2 in 8 patients, grade 3 in 5, grade 4 in
13, and grade 5 in four patients. The cohort of
healthy control subjects (N = 20, 13 women) were
recruited from the medical staff of the Neurology and
Ophthalmology Departments of the Federal University
of S~ao Paulo.

Ophthalmological Evaluation

In both eyes of all participants visual acuity was 6/9
or better, intraocular pressure ranged from 8 to 18 mm
Hg, and there were no abnormalities in anterior seg-
ment biomicroscopy. Fundus examination findings in
ARSACS patients are described below. Apart from
optic atrophy in the Friedreich’s ataxia cohort and
optic disc swelling in the papilledema cohort, fundus
examination was unremarkable in all non-ARSACS
participants.

Qualitative Analysis of Retinal Architecture

Fundoscopy

Twenty-three patients with ARSACS (82%) had
increased visibility of retinal nerve fibers on
fundoscopy, which was more prominent near the optic
disc and along the superotemporal and inferotemporal
arcades (Figure S1). Abnormal vascular tortuosity
occurred in 19 patients with ARSACS (68%), appe-
aring in all four quadrants but most apparent in the
proximal third of the temporal arcades (arteries more
than veins); it was graded as mild in 14 (74%) and
severe in 5 (26%) individuals.
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OCT

Foveal hypoplasia, as defined by the incursion of
inner retinal layers anterior to the foveola, occurred in
all eyes (100%) of ARSACS patients (half had grade
1, the other half grade 2) (Fig. 1). Twenty-five of these
patients (89%) also exhibited a “sawtooth” appearance
of pointed folds involving the inner nuclear, outer plex-
iform, and ONLs adjacent to the temporal sector of the
optic disc; this was graded as mild (indentations < 1/3 of
total retinal thickness) in 12 (43%) individuals, and
gross (indentations > 1/3 of total retinal thickness) in
13 (46%) patients. A radial “papillomacular” fold was
identified in the area between the fovea and optic disc
in 24 cases (86%), which was most easily observed in
OCT 3D reconstructions of the macula or in the peri-
papillary circular scans. This fold consisted of thick-
ened inner retinal layers, and was graded as absent in
four patients (14%), mild (height < 1/4 of total retinal
thickness) in 12 patients (43%), and gross (height > 1/4

of total retinal thickness) in 12 patients (43%). Five
patients (18%) from three different families had bilat-
eral macular microcysts, consisting of round/oval-
shaped hyporeflective spaces measuring 50−170 μm in
their longest axis and visible in two or more adjacent
scans. These microcysts were located both within the
inner nuclear and ganglion cell layers in four patients
but only in the INL in one patient. We performed
follow-up OCTs in seven patients with ARSACS (after
3–5 years) and found no qualitative changes in their
retinal architecture over time.
In contrast to the ARSACS group, fundoscopy and

OCT in the SCA, ATX, and SPG groups did not reveal
any patients with the findings described above. Five
cases of papilledema exhibited macular microcysts
exclusively in the INL and seven had retinal folds – but
mostly annular rather than radial (‘Paton’s lines’), peri-
papillary, and affecting predominantly the RNFL (six
cases). One eye with papilledema had choroidal folds
and another had folds extending from the INL to RPE,
but they did not resemble the sawtooth morphology
found in ARSACS. No case of papilledema had absence
of the foveal depression or a radial papillomacular fold.

Quantitative Analysis of Retinal Architecture

pRNFL

All ARSACS participants had thickened pRNFL. The
average pRNFL ranged from 122 to 231 (mean 174.44)
μm (Fig. 2). A pRNFL thickness above the Spectralis
databank’s 95th percentile occurred most often in the
nasal (93%), followed by the inferior (81%), superior,
and temporal (74% each) sectors. In 63% of patients
all sectors were abnormally thickened. Supplementary
Table S1 provides average pRNFL thickness for all
comparator groups. Age-adjusted ANCOVA with
Bonferroni correction for multiple tests (see Table 1)

showed that the mean average pRNFL: (1) was thicker
in ARSACS in comparison to all other groups
(P < 0,001) and (2) was thinner in the ATX group when
compared to normal controls (P < 0.001) and to SCA
(P < 0.05) groups. The lowest value for average pRNFL
thickness in ARSACS patients (122 μm) was higher than
the highest value for average pRNFL found in any other
group, providing an absolute differentiation between
ARSACS, other neurogenetic disorders, and controls.
Sectoral pRNFL thickness measurements in ARSACS
overlapped the ranges of the other groups, and were less
accurate in diagnosing ARSACS than average pRNFL.

FDD and Macular Measurements in ARSACS

Versus Age-Matched Healthy Controls

A summary of FDD and macular measurements in
both cohorts is shown in Table S2. FDD was signifi-
cantly shorter (P < 0.001) in patients with ARSACS
than in healthy controls. The differences between total
macular thickness in patients with ARSACS and age-
matched controls were significant for all sectors of the
IC-ETDRS, except the temporal sector. All retinal layers
in the nasal sector (except for RPE-BM) were thicker in
ARSACS; in the foveal subfield, all layers were thicker
apart from ONL and RPE-BM. All differences men-
tioned above remained significant after FDD-adjusted
ANCOVA using Bonferroni correction (P < 0.001).

Regression Analysis

Among participants with ARSACS, age and age at
onset correlated negatively with average pRNFL and with
all averages of macular layers apart from OPL, PR, and
BM (ie, the youngest patients had the greatest degree of
abnormal retinal layer thickening) (Fig. 3). There were no
significant associations between SARA scores or disease
duration with macular or pRNFL measurements on linear
regression. However, after adjusting for age, inferior
RNFL showed a positive correlation with SARA scores.
FDD directly correlated with age and inversely corre-

lated with the grades of papillomacular folds, sawtooth
appearance and vascular tortuosity, mean nasal total
macular thickness, and the average total retinal thick-
ness. FDD inversely correlated with average pRNFL
among healthy controls, but not in ARSACS. There
was no significant association of FDD with SARA, age
at onset, or disease duration.
The grade of sawtooth appearance and papillomacular

fold exhibited an inverse correlation with age and age at
onset, but no association with SARA or disease duration.
Vascular tortuosity inversely correlated with age at onset.
The grade of papillomacular folds and sawtooth appear-
ance positively correlated with average pRNFL, temporal
pRNFL, average total macular thickness, and nasal total
macular thickness. Foveal hypoplasia grade did not
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associate with average macular measurements or average
pRNFL.

Discussion

We have analyzed retinal architecture in 28 patients
with ARSACS, the largest series published to date. The

classical fundoscopic finding of increased visibility of

retinal fibers1 occurred in 82% of our cohort, but

pRNFL thickening in SD-OCT affected all individuals

confirming the superiority of SD-OCT in the evaluation

of suspected ARSACS cases. We also segmented macu-

lar scans to evaluate the thickness of other retinal layers

in ARSACS cases and in 20 age-matched healthy

FIG. 1. Optical coherence tomography (OCT) findings in autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS). I. Foveal hypoplasia,

as defined by the incursion of inner retinal layers anterior to the foveola, whose location is confirmed by the widening of outer nuclear layer (ONL) and

lengthening of external segment of photoreceptors (asterisk). Horizontal macular B-scans (right eye) depict partial absence of foveal pit in an 18-year-

old man, indicating grade 1 foveal hypoplasia (IA), and complete absence of foveal pit in a 30-year-old man, implying grade 2 (IB). II. Horizontal macular

B-scans (right eye) showing macular microcysts, which consist of hyporeflective round or oval-shaped lesions located in the ganglion cell layer (arrow-

head) and in the inner nuclear layer (INL) (arrow). The scans are from a 26-year-old woman (IIA) and her 30-year-old brother (IIB). III. Horizontal macular

B-scans (right eye) disclosing pointed retinal folds involving the INL, outer plexiform layer (OPL), and ONL close to the temporal edge of the optic disc,

which create a sawtooth appearance. This abnormality was mild in a 32-year-old woman (IIIA) and gross in a 16-year-old woman (IIIB). IV. The

papillomacular fold, consisting of thickened inner retinal layers, is seen in the temporal region of peripapillary circular scans (white arrowheads). It was

gross in a 21-year-old man (IVA) and mild in a 31-year-old man (IVB), and is clearly seen on Spectralis® 3D reconstruction of retinal tissue (arrow; IVC).
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controls, as there is no normative database for these
measurements. Our results show that the abnormal
thickening is not confined to the RNFL but affects all
retinal layers in ARSACS. Although some measure-
ments in particular sectors and layers were normal, all
patients with ARSACS showed abnormal thickening of
all retinal layers in at least one sector of the IC-ETDRS.
OCT has also revealed other retinal changes occurring
at different frequencies in our cohort: foveal hypoplasia
in 100%, sawtooth appearance in 89%, papillomacular

fold in 86%, vascular tortuosity in 68%, and macular
microcysts in 18%.
To determine the specificity of these retinal changes,

we investigated patients with other types of inherited
ataxia, SPG, and papilledema. In contrast to ARSACS,
none of the patients with other neurogenetic conditions
had any of the retinal abnormalities mentioned above.
Participants with ARSACS also exhibited average
pRNFL measurements invariably greater than 121 μm,
while all those with other hereditary ataxias, SPG, or

FIG. 2. Quantitative analysis of retinal architecture and diagnostic accuracy of peripapillary retinal nerve fiber layer (pRNFL). A. pRNFL thickness by

quadrant and average pRNFL in autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) and age-matched controls. B. Box-and-whisker

plots of macular layers thicknesses in the nasal sector of the inner circle of the Early Treatment Diabetic Retinopathy Study (IC-ETDRS) map in

ARSACS and age-matched controls. C. Box-and-whisker plots of average optical coherence tomography (OCT) measurements of pRNFL thickness in

healthy controls, ARSACS, SCAs, SPGs, and autosomal recessive cerebellar ataxias (ATXs). D. Receiver operating characteristic curves representing

the accuracy of each quadrant of pRNFL measurement and average pRNFL in differentiating ARSACS from SCAs, SPGs, and other ATXs. pRNFL, peri-

papillary retinal nerve fiber layer; ARSACS, autosomal recessive spastic ataxia of Charlevoix-Saguenay; SCA, spinocerebellar ataxia; SPG, hereditary

spastic paraplegia; ATX, recessive ataxia.

TABLE 1 P values for ANCOVA adjusted for age with Bonferroni correction in the comparison of average peripapillary retinal nerve fiber layer (pRNFL)

in autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS), other neurogenetic disorders, and controls

ARSACS SCA SPG ATX Controls

ARSACS − <0.001 <0.001 <0.001 <0.001

SCA − 1.0 0.036 0.339

SPG − 1.0 0.09

ATX − <0.001

Controls −

ARSACS, autosomal recessive spastic ataxia of Charlevoix-Saguenay; SCA, spinocerebellar ataxia; SPG, hereditary spastic paraplegia; ATX, autosomal recessive ataxia.
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controls had lower average pRNFL values. This sug-
gests that among patients with hereditary ataxia or
SPG, the average pRNFL can diagnose ARSACS with
100% accuracy. Our SD-OCT findings are similar to
those reported by Parkinson et al, who found that a
time domain OCT (TD-OCT) pRNFL threshold of
119 μm provided a sensitivity of 100% and a specificity
of 99.4% in the differentiation between ARSACS and
other hereditary ataxias.6 Our study demonstrates for
the first time that SD-OCT is also accurate in dis-
tinguishing ARSACS from SPGS. This is important in
clinical practice since the neurological phenotypes of
these disorders significantly overlap: complicated SPGs
often display a combination of spasticity, cerebellar
ataxia, and peripheral neuropathy,26 whereas ARSACS
may exhibit isolated pyramidal signs resembling
uncomplicated SPGs.27

Are the other retinal changes seen in ARSACS “epi-
phenomena” secondary to thickened RNFL? To answer
this, we have evaluated patients with RNFL thickening
due to papilledema. Although vascular tortuosity may
be seen in both conditions, in our cohort foveal hypo-
plasia, sawtooth appearance, and papillomacular fold
only occurred in ARSACS. When present, peripapillary
retinal folds in papilledema are usually annular and not
radial. Moreover, macular microcysts in ARSACS

occur in both INL and ganglion cell layer (GCL),
whereas in papilledema and optic neuropathies they are
only found in INL.28 It seems most of the retinal
changes in ARSACS are primary abnormalities directly
caused by SACS mutations.
In healthy subjects FDD inversely correlates with

RNFL21 and macular22 measurements, but this has not
been considered previously in ARSACS. Our ARSACS
patients had a significantly shorter FDD when com-
pared to healthy controls. The mean FDD in our
ARSACS cohort (3.74 mm) was also 21% less than
that reported for a large population-based study with
3468 participants.29 This will have contributed to the
abnormal retinal measurements in ARSACS because a
shorter FDD implies less retinal area to accommodate
retinal tissue. Indeed, our data show an inverse correla-
tion between FDD and severity of papillomacular fold
and sawtooth appearance and total macular thickness.
However, FDD does not fully explain the retinal thick-
ening in ARSACS; in our linear regression analysis, all
the differences between RNFL and macular layers mea-
surements in ARSACS and controls remained signifi-
cant after adjusting for FDD.
Our results therefore show that the retinal abnormali-

ties in ARSACS are present in all layers and are not
‘epiphenomena’ due to thickened RNFL or shortened

FIG. 3. Correlations between retinal architecture and clinical data in autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) patients.

Ordinal regression plot depicts the correlation between the grade of sawtooth appearance and age at onset (A) (P < 0.05; R2 = 0.607). Linear regression

plots show the associations between: average pRNFL thickness and age at onset (B) (P < 0.05; R2 = 0.491); average GC-IPL thickness and age at

onset (C) (P < 0.05; R2 = 0.591); and SARA score and predicted SARA score adjusted by age and inferior RNFL thickness (D) (P < 0.05; R2 = 0.01).

pRNFL, peripapillary retinal nerve fiber layer; GC-IPL, ganglion cell-inner plexiform layer; SARA, Scale for the Assessment and Rating of Ataxia.
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FDD. What is the likely mechanism involved?
Nethisingue et al proposed that thickened RNFL might
be due to abnormal axoplasmic transport in the unmy-
elinated portion of retinal ganglion cell axons, leading
to increased fiber diameter.14 Another group speculated
that axoplasmic stasis and edema could be due to
disrupted mitochondrial transport since sacsin localizes
to mitochondria.15 A different mechanism was pro-
posed by Gazulla et al17 who stated funduscopic
changes in ARSACS probably resulted from an
increased number of retinal nerve fibers, implying reti-
nal hyperplasia. Our study has extended these observa-
tions to demonstrate abnormal thickening of all the
retinal layers, suggesting an excess of all neural tissue
in the ARSACS retina. Given the limited retinal area,
this excess tissue is likely to have led to a “folding” pro-
cess, explaining the sawtooth appearance, papillo-
macular folds, and vascular tortuosity. In support of
this concept of hyperplastic retina, tractography in
ARSACS revealed thickening in the transverse fibers of
the pons, also thought to be due to hyperplasia.17

Our youngest ARSACS patient was 16 years old; we
are therefore unable to say if these retinal changes are
present at birth. However, indirect evidence suggests
they are. First, foveal hypoplasia has only ever been
described in congenital rather than acquired condi-
tions.30-33 Second, we found an inverse correlation
between age and measurements of retinal layer thick-
ness. Third, in five of our ARSACS cases serial mea-
surements of RNFL thickness for up to 5 years showed
no progression. Finally, the FDD in ARSACS is abnor-
mally short; FDD usually increases with age, but only
by 11% from infancy to adulthood,34 so the abnormal
FDD in ARSACS is probably lifelong. We therefore
propose that the retinal changes seen in ARSACS are
congenital and reflect an effect of SACS mutations on
prenatal retinal development. Interestingly, ganglion
cells are the first to differentiate and migrate in develop-
ing retina, so failures in this process could create abnor-
mal architecture.35 In particular, insufficient
programmed cell death would result in a greater num-
ber of ganglion cells and their axons, implying thicker
GCL and RNFL, and provide molecular signals pro-
moting survival of other retinal layers. It is likely that
sacsin also has a role in foveal development, which nor-
mally involves centrifugal migration of cells from the
inner retinal layers creating the foveal depression
between 25 weeks of gestation and 15 months of age.36

This study has identified quantifiable OCT abnormal-
ities in ARSACS, which might be useful as biomarkers
for future clinical trials. OCT measurements are being
proposed as biomarkers in Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis, and other neuro-
logical conditions.37 Moreover, RNFL has been shown
to correlate with disease severity in Friedreich’s ataxia38

and SCA3.39 Parkinson et al have demonstrated age at

onset inversely correlated with average RNFL in
ARSACS.6 Herein, we found that in addition to pRNFL
thickness, macular measurements of RNFL, GC-IPL,
INL, and ONL also inversely correlate with age at
onset in ARSACS, as do the grades of vascular tortuos-
ity, papillomacular fold, and sawtooth appearance.
More importantly, age-adjusted inferior RNFL posi-
tively correlated with SARA scores, so this may be the
most promising disease progression biomarker in
ARSACS.
There are limitations to this study. We could not

include all variables likely to influence retinal architec-
ture in ARSACS in a multivariate analysis due to the
sample size, and we did not investigate the correlation
of retinal measurements with other potential bio-
markers such as brain magnetic resonance imaging and
neurofilament levels. Furthermore, we only analyzed
the right eye of our patients, which reduced statistical
power. Maximum OCT follow-up was 5 years, and so
data on progression over time are limited.
In conclusion, retinal structure in ARSACS suggests it

has a neurodevelopmental pathogenesis. Several of the
retinal abnormalities seen on OCT are unique to
ARSACS. The association of inferior RNFL thickness
with SARA scores suggests OCT may provide relevant
disease progression biomarkers for future clinical
trials.
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