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Abstract

Magnetic Resonance Imaging (MRI) is a tool with an unquestionable role in the study of neurodegenerative disorders,
both for diagnostic purposes and for its ability of providing imaging-derived biomarkers with a growing central role as
reliable outcomes in clinical trials. This is even more relevant when dealing with rare disorders such as the Autosomal
Recessive Spastic Ataxia of Charlevoix-Saguenay (ARSACS), in which the search of diagnostic and prognostic biomarker
is crucial. Due to the rarity of this condition, a comprehensive knowledge of MRI signs observed in ARSACS is lacking.
Furthermore, many domains remain still unexplored in ARSACS, especially with reference to the application of advanced
imaging techniques that could shed light on the pathophysiological mechanisms of brain damage in this disorder. In this
review, after a brief introduction on the major conventional and advanced MRI techniques that can used for diagnostic
and research purposes, we present current neuroradiological knowledge in ARSACS. Having discussed strength and weak
points of conventional and advanced imaging findings, we also suggest possible future research in this neurologically
complex clinical condition.
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Abbreviations MRI Magnetic Resonance Imaging

ARSACS Autosomal recessive spastic ataxia of SCP Superior Cerebellar Peduncles
Charlevoix-Saguenay WM White Matter

CST Corticospinal tract

DTI Diffusion Tensor Imaging

FLAIR Fluid Attenuated Inversion Recovery Introduction

MCP Middle Cerebellar Peduncles

Autosomal Recessive Spastic Ataxia of Charlevoix-
Saguenay (ARSACS) is a rare genetic disorder caused by
mutations in the SACS gene [1]. Initially described in a clus-
ter of families in the Charlevoix-Saguenay-Lac-Saint-Jean
region of Quebec [2], where a common mutation reaches
an incidence at birth estimated at 1 in 1,932 [3], ARSACS
has now been described worldwide and it is considered
the second more common form of inherited ataxia after
Friedreich ataxia [4]. ARSACS is associated with loss-of-
function variants in the SACS gene [5], leading to depletion
of sacsin, a ~520 kDa large multidomain protein widely
expressed in layer 5 corticospinal neurons, anterior com-
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phenotypic variability between Quebecois and non-Quebec
patients [8]. The age of onset typically occurs between 12
and 18 months of age, although late infantile, juvenile and
early adult onset have also been described [9, 10]. The clas-
sic phenotype present a triad of manifestations consisting in
a slowly progressive cerebellar ataxia, lower limb spasticity
and peripheral neuropathy, although the absence of one of
these features do not contradict the diagnosis [9—11]. Fur-
thermore, features as hearing loss, intellectual disability and
myoclonic epilepsy have been observed in addition to these
classic symptoms [12—14]. In Quebecois, hypermyelination
of retinal fibres on ophthalmologic examination and optical
coherence tomography (OCT) scans represents a constant
feature, but it may be absent in non-Quebec patients [15].

Although the clinical suspect of ARSACS is corroborated
by genetic testing and the final diagnosis relies upon iden-
tification of biallelic loss-of-function variants in SACS [4],
Magnetic Resonance Imaging (MRI) of the brain represent
a crucial step in the diagnostic flowchart. Indeed, the iden-
tification by neuroradiologist of typical features can signifi-
cantly shorten the diagnostic process by prioritizing genetic
tests [16]. MRI is the only technique able to capture and
reliably evaluate in-vivo information of cerebral macro- and
microstructures or the neurochemical profile as disease pro-
gresses via the application of several advanced techniques
[17-19] and it represent a potential tool for imaging-derived
biomarkers to serve as outcomes to the clinical trials that
will emerge in the near future [20].

Given this background, aim of this work is to review cur-
rent knowledge on brain MRI findings in ARSACS. We first
introduce the main sequences currently used for diagnos-
tic purposes (and how these should be applied in clinical
practice), and the major advanced imaging techniques with
a likelihood to investigate the pathophysiology of neuro-
degeneration in ARSACS. Afterwards, the most relevant
conventional and advanced imaging features of ARSACS
are presented, with the final aim of providing useful insight
for neuroradiologists and physicians and stimulate future
research increasing our knowledge of the pathophysiology
underlying this rare disease.

Conventional and advanced MRI sequences
for the study of ARSACS

The first step for an accurate MRI evaluation of a patient
presenting with clinical symptoms suggestive of an inherited
ataxia is the acquisition of a proper protocol. Acquisitions
should be performed using scanners of at least 1.5 Tesla (T).
Scanners of 3T magnetic field intensity are preferable, given
that the high field strength allows for an increased sensitiv-
ity able to capture small alterations due to the higher spatial
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resolution [20]. A proper MR protocol should include a
3D-T1-weighted sequence with a voxel resolution of at
least 1 mm isotropic, that allows reconstruction of images
on the three different plans via Multiplanar Reconstruction
(MPR) analysis, to thoroughly evaluate the entire morphol-
ogy of the brain and atrophy. If this sequence is not avail-
able on the scanner, a Spin Echo (SE) T1-weighted acquired
on the sagittal plane is suggested, preferably with a slice
thickness not superior to 3 mm, to allow for an accurate
evaluation of the anatomy of pons and cerebellar vermis.
Along with T1-weighted sequences, to detect the peculiar
signal abnormalities described in these patients, a MR pro-
tocol in ARSACS must include T2-weighted sequences and
Fluid Attenuated Inversion Recovery (FLAIR) sequence,
being the most sensitive sequence for the detection of brain
signal changes. It is noteworthy to mention that one of the
major limitations of FLAIR imaging is represented by the
presence of artefacts from the inflow of non-inverted cere-
brospinal fluid and from pulsatile motion [21, 22], which
might be even more evident in the infratentorial compart-
ment, producing false-positive or false-negative interpreta-
tion of signal changes in FLAIR images [23]. Volumetric
3D-FLAIR sequences, that are virtually unimpaired by these
artifacts [24], leveraging other advantages such as MPR and
volume measurements [25] and are therefore suggested in
the MR protocol of ARSACS patients compared to their 2D
counterparts. Finally, Diffusion (DWI) and Susceptibility
Weighted Imaging (SWI) sequences are also mandatory, to
detect possible areas of cytotoxic edema and microbleeds
respectively, both infrequent findings in ARSACS but cru-
cial information in the overall neuroradiological diagnostic
workup of patients presenting with ataxia symptoms.

In a research setting, several advanced MRI sequences
can be used, to investigate the different aspects of the patho-
physiological changes occurring in ARSACS. In particular,
diffusion MRI (dMRI), based on the anisotropic diffusion of
water molecules in tissues and therefore, allow for the eval-
uation of the integrity of white matter (WM) bundles [26,
27]. Different biophysical models can be applied to dMRI
to extract information on WM microstructure, with Diffu-
sion Tensor Imaging (DTI) that represents the most widely
used model [28]. From the application of this model several
parameters can be extracted, including the fractional anisot-
ropy (FA), a scalar value that indicates how much the diffu-
sion of water in a tissue deviates from the expected isotropic
condition, the mean diffusivity (MD), inversely correlated
to FA and often used as a proxy of the presence of oedema,
as well as radial (RD) and axial (AD) diffusivities used as
indices of demyelination and axonal damage, respectively
[29]. Along with brain macro- and microstructure, its func-
tion can also be investigated in-vivo via the application of
advanced MRI sequences such as functional MRI (fMRI),
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that employs subtle changes in local blood oxygenation
levels induced by neuronal activation following a motor
or cognitive task, or due to their spontaneous fluctuations
signal over time without the need of an active task [30].
Finally, the MR spectroscopy (MRS) is the only technique
able to non-invasively quantify endogenous neurochemical
profiles of neurodegeneration, such as membrane metabo-
lism, oxidative stress, neuronal integrity, glial activation,
and energy deficits [31].

Recent guidelines to facilitate and harmonize advanced
MRI data acquisition for clinical research and trial readiness
in inherited ataxias have been recapitulated by the MRI Bio-
markers Working Group of the Ataxia Global Initiative [20].

Conventional MRI imaging in ARSACS

Current knowledge about the typical conventional MRI
features of ARSACS is derived from single-case studies or
reports of small series of patients, a common theme in rare
diseases. Among the abovementioned studies, there are few
imaging features common to all ARSACS patients, such as
the occurrence of cerebellar atrophy, with a more promi-
nent, significant and in some cases selective involvement
of the superior vermis [9, 32—42]. Atrophy of this cerebel-
lar area, best seen on coronal or midline sagittal images,
results from a neuroradiological perspective in a widening
of the cerebellar fissures with an increased representation
of the cerebrospinal fluid spaces following the loss of nor-
mal cerebellar architecture. Nonetheless, it is noteworthy
to mention that atrophy of the cerebellar hemispheres has
also been described and can be observed in these patients
[36, 38, 43-45]. Along with this relatively selective area
of atrophy, another volumetric hallmark of ARSACS is the
“bulky” appearance of the pons, increased in volume and
coupled to a thickening of proximal portion of the middle
cerebellar peduncles (MCP) [9, 33, 34, 36, 37, 39, 40, 42].
The combination of these two neuroradiological signs,
and in particular their ratio, has been recently described
as the Magnetic Resonance Index for the Assessment and
Recognition of patients harboring SACS mutations (MRI-
ARSACS), a novel diagnostic tool for the early identifica-
tion of patients undergoing an MRI scan [46]. Additional
volumetric changes affecting the infratentorial compartment
reported in some literature cases are the thinning of the
superior cerebellar peduncles (SCP) [33] and the medulla
oblongata [33, 40], along with a reduced antero-posterior
diameter of the cervical [34, 38, 40, 47-49] or dorsal [37,
50] spinal cord. Finally, a relatively frequent association
with the presence of a posterior fossa arachnoid cysts has
also been described [9, 39, 51, 52].

Along with volume changes, also signal modifications
of the infratentorial compartment have been reported in
ARSACS, and similarly to the volumetric counterpart
mainly affecting the pons. Indeed, the evidence of paral-
lel T2-weighted or FLAIR hypointense stripes in the pons
on either side of the midline, better appreciated in the axial
planes, has been frequently described in a vast majority of
ARSACS patients and undergo the name of “pontine stripes”
[9, 3238, 40, 42]. These stripes are in some cases coupled
to T2-weighted or FLAIR hyperintensity of the lateral part
of the pons [9, 33, 39, 40, 42, 47]. Although these have to
be considered, to date, a typical MRI finding of ARSACS,
it is noteworthy to highlight they are not described in all
patients in the literature [41, 53-56]. Furthermore, there
is no real agreement on which is the best MRI sequence
for an adequate assessment of this signal alteration of the
pons, being documented by some authors only in FLAIR
[9] or T2-weighted images [35-37, 42], and rarely in both
sequences [32-34, 38, 40]. For this reason, future studies
should aim to define which sequence should be used in
clinical routine practice, the real incidence of these sig-
nal changes, and their diagnostic accuracy compared to
the other signs already present in literature [46]. Along
with these pontine stripes (and the associated T2-weighted
hyperintensity of the lateral portion of the pons), a mild
T2-weighted hyperintensity of dentate nuclei [33, 37] has
been anecdotally reported as an additional signal change
affecting the infratentorial compartment.

The degree of involvement extends beyond the infraten-
torial areas, with the occurrence of alterations of the supra-
tentorial compartment in ARSACS patients detectable with
conventional MRI. These include the occurrence of a dif-
fuse cortical atrophy [57], with an apparent more selective
bilateral parietal cerebral atrophy described in many reports
[9, 47, 52]. Furthermore, volumetric changes in the supra-
tentorial WM have also been reported, with a thinning of
the corpus callosum [33, 57], especially in its posterior mid-
body component [9, 38, 39, 47, 52]. Volumetric changes
in the corpus callosum have also been recently reported in
a murine model of the disease, showing a selective early
involvement of the genu and a significant thinning of the
splenium in later stages of disease [58].

Finally, signal changes of the supratentorial compart-
ment are less common than their infratentorial counterparts,
mostly characterized by a well-defined thin T2-weighted
hyperintense rim along the lateral margin of the thalami,
that can be described as “thalamic rim sign” [33, 38, 39],
and hypothesized to be related to degeneration of fibres of
the external thalamic lamina and reticular thalamic nucleus.

Examples of the main volumetric and signal changes
reported in ARSACS are shown in Figs. 1 and 2, respectively,
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Fig. 1 Patterns of atrophy detectable via conventional MRI in
ARSACS. A sagittal midline T1-weighted image (A) showing in an
ARSACS patient the typical occurrence of superior vermis atrophy
(black arrow) along with a “bulky” appearance of the pons (white
star). Other imaging findings include a thinning of the mid-posterior
segment of corpus callosum (white arrowhead), a mild atrophy of the
upper cervical cord (white arrow) and the evidence of a posterior fossa

while a summary of key conventional imaging findings in
this condition is shown in Table 1.

Advanced MRI imaging in ARSACS

Application of advanced neuroimaging techniques in
ARSACS is a field almost completely unexplored. Indeed,
only few studies are currently present in the literature,
mainly dealing with DTI and tractography applications in
single subjects [57, 59, 60] or in relatively small groups of
patients [33, 36, 49, 61, 62]. Based on the knowledge arising
from the major findings observed on conventional imaging,
these studies have been mainly focused on the alterations of
the corticospinal tract (CST) and the infratentorial compart-
ment, and in particular of the pons, with the aim of shed-
ding light on the pathophysiological significance of these
observed changes.

From a macrostructural perspective, the major DTT find-
ing described is represented by the prominent occurrence, at
the level of the pontine basis and tegmentum, of latero-lat-
erally oriented fibers, which have been interpreted by some
authors as hypertrophic transverse pontine fibers [33, 36,

GRO @ Springer

arachnoid cyst (white asterisk), with the latter finding also visible in
the axial multiplanar reconstruction in (B), where is also possible to
appreciate the thickening of middle cerebellar peduncles (white arrow-
heads). Finally, a coronal multiplanar reconstruction (C) confirming
the occurrence of a significant superior vermis atrophy (black arrows),
coupled to a mild degree of cerebellar hemispheres (black arrowheads)
and, more pronounced, biparietal (white arrows) atrophy

42,57, 60] or, more probably, as pontocerebellar fibers [49,
61, 62]. This finding has been also observed in combination
with a thin and abnormally placed portion of the CST at the
pons [42, 57], as well as an abnormally thick MCP [33, 49,
59-62]. These findings were confirmed also when tractogra-
phy images were reconstructed from diffusion data, showing
a relative thinning of the CST in the midbrain and medulla
oblongata, also coupled to a possibly artefactual interrup-
tion of the CST at the pons [36, 62]. These features also
combine with a normal size and location of the pyramids at
the medulla, and a large number of pontocerebellar fibers at
the basis and tegmentum of the pons and MCP compressing
the CST [33, 49, 61].

From a microstructural perspective, prominent latero-
laterally oriented fibers detected at the level of the pons
revealed higher FA [33], lower RD and higher AD values
[36] in ARSACS compared to healthy controls, with these
changes likely implying axonal hypertrophy (or possibly
hypermyelination phenomena) of the specific fibers. Fur-
thermore, the CST portion in the brainstem seemed to reveal
a significantly lower FA values, coupled with an increase
in RD and MD in the same individuals [36], whereas the
portion of CST cranial to the midbrain level showed a
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Fig. 2 Patterns of signal changes detectable via conventional MRI in
ARSACS. Axial multiplanar reconstruction (A) of a 3D Fluid Attenu-
ated Inversion Recovery (FLAIR) sequence showing in an ARSACS
patient the occurrence of the “pontine stripes” (black arrows). Axial
(B) image of 2D FLAIR (left panel) showing a mild hyperintensity in
the lateral portion of the pons merging in middle cerebellar peduncles,

Table 1 Conventional MRI findings reported in ARSACS

confirmed evaluating the turbo spin echo T2-weighted sequence (right
panel). On both images, is possible to observe the thickening of mid-
dle cerebellar peduncles (white arrows). An axial T2-weighted image
(C) shows the presence of a bilateral hyperintensity of lateral thalami,
described as “thalamic rim sign” (white arrowheads)

Volume changes Signal changes Other significant
MRI changes
Infratentorial Cerebellar atrophy, with a more prominent, significant and  “Pontine stipes”, described as parallel ~Reported high

in some cases selective involvement of the superior vermis

“Bulky” appearance of the pons
Thickening of proximal portion of the MCP

Thinning of SCP and medulla oblongata less frequently

reported

Supratentorial Some degree of cortical atrophy, with a more selective
bilateral parietal involvement
Thinning of corpus callosum, with a prominent involvement
of the posterior mid-body portion

Spine Cervical and dorsal spinal cord atrophy might be observed

association with
posterior fossa
arachnoid cysts

T2-weighted or FLAIR hypointense
stripes in the pons on either side of the
midline

T2-weighted or FLAIR hyperintensity
of the lateral part of the pons
T2-weighted hyperintensity of DN
anecdotally reported

T2-weighted hyperintense rim along
the lateral margin of the thalami

No additional sig-
nificant associations
reported to date

No signal changes reported to date No additional sig-
nificant associations
reported to date

DN=dentate nuclei; MPC=middle cerebellar peduncles; SCP=superior cerebellar peduncles

reduced FA bilaterally (and an increase in MD only for the
right CST) [33]. As the lack of recognizable decussation
of the SCP has been reported only in one study, coupled
to a marked FA reduction and increased MD in SCP [33],
this finding need to be further corroborated as specific of
ARSACS. Furthermore, microstructural alterations in pon-
tocerebellar fibers, connecting pontine nuclei to the granular

layer of the cerebellar cortex, have been hypothesized as
possibly leading to an excessive amount of glutamate deter-
mining excitotoxic phenomena within the cerebellar cortex,
thus resulting in neuronal death [49, 61] and ultimately WM
loss, as demonstrated by alteration in FA and RD in cerebel-
lar WM and vermis [36]. Together, these phenomena may
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account, at least in part, for the early onset of spasticity and
progressive ataxia observed in ARSACS patients.

Macro- and microstructural changes detectable via
dMRI have been interpreted as the counterpart of the signal
changes detailed in conventional imaging, and put forward
a possible neurodevelopmental hypothesis in ARSACS
[61]. Indeed, it has been hypothesized an early role of sac-
sin in guiding neurogenesis and a later progressive impact
on the process of neurodegeneration. Accordingly, it has
been proposed that the increase representation of ponto-
cerebellar fibers, potentially present since the embryonic
period, and the consequent mechanical compression of CST
bundles might explain early-onset spasticity found in most
ARSACS patients [33]. If this hypothesis were correct, we
might expect an almost invariable early representation of
abnormal signal intensity while performing natural history
studies (NHS), and a possible secondary degeneration of
CST (as currently only suggested by the microstructural
damage of CST bundles observed right above and below
the pons). A multicenter multimodal longitudinal NHS will
help to offer proper answers [63]. To date, only few studies
have explored possible alterations of the WM microstruc-
ture of the supratentorial compartment [33, 36, 64], report-
ing reductions in FA and increased MD in different major
brain fiber bundles, such as the forceps minor and major,

the superior longitudinal fasciculum and the cingulum [33].
Furthermore, extensive reductions in FA, accompanied by
increased RD and reduced AD were also reported, via tract-
based-spatial statistics analysis, affecting the entire corpus
callosum and other major WM tracts such as the inferior
fronto-occipital fasciculi, the corona radiata or internal
capsules [36]. These findings suggest that widespread
WM changes might occur in ARSACS, mainly sustained
by demyelination, which extends beyond motor pathways
and involve key associative WM bundles. These findings
were recently confirmed in a study involving a large cohort
of ARSACS patients from the internation collaborative
research project PROSPAX [63] which showed severe and
widespread WM involvement, both at a macrostructural and
microstructural level, with a more pronounced involvement
of the commissural fibers [64].

Finally, very scattered evidences are available in literature
about possible neurochemical changes in ARSACS [49, 65].
Indeed, to date only two studies have investigated possible
neurochemical changes in this condition, both failing to find
significant alteration in the infratentorial compartment [49,
65], while an apparent increase in myoinositol concentra-
tion at the level at the frontal lobe has been reported in a
small group of four ARSACS patients [65].

Fig. 3 An example of advanced imaging findings in ARSACS. Trac-
tography reconstruction from a diffusion MRI sequence using a proba-
bilistic approach of the corticospinal tract (A) and of the bundles at the
level of the pontine region (B), with the latter image showing an over-
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representation of the latero-laterally oriented fibres that fill nearly the
whole pons (red), along with thickened middle cerebellar peduncles
(green) in an ARSACS patient
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Table 2 Advanced MRI findings reported in ARSACS

Infratentorial

Supratentorial

dMRI  Macrostructure Microstructure

Prominent latero-laterally oriented
fibers at the level of the pontine basis
and tegmentum

Abnormally thickened MCP
Thinned CST at the level of the pons,
compressed by pontocerebellar fibers

pontine fibers

the CST

Decreased FA of the CST cranial to

the midbrain

Increased FA and AD, and decreased
RD, in latero-laterally oriented

Decreased FA, with increased RD
and MD, in the brainstem portion of

Widespread WM changes, mainly sustained by
demyelination, extending beyond motor pathways and
involving key associative bundles

Decreased FA and AD, and increased RD, in the
entire corpus callosum, the corona radiata and internal
capsules

Decreased FA and increased MD in forceps minor and
major, superior longitudinal fasciculum and cingulum

Changes in FA and RD values at the
level of cerebellar WM and vermis

MRS  Two studies using single-voxel MRS failed to prove significant neurochemical Only one study using single-voxel MRS showed an

alterations of the pons

increase in [ml] in the left frontal lobe

AD=axial diffusivity; CST=corticospinal tract; dMRI=diffusion MRI; FA=fractional anisotropy; fMRI=functional MRI; MCP=middle
cerebellar peduncles; MD=mean diffusivity; MRS=MR spectroscopy; RD=radial diffusivity; WM =white matter; [mI]=myoinositol concen-

tration

On the other hand, no fMRI studies have ever been per-
formed in ARSACS, leaving unanswered questions about
the possible functional counterparts of the observed macro-
and microstructural changes, phenomena often occurring in
other inherited ataxias [66—72].

An example of the application of advanced MRI tech-
nique for the study of ARSACS is shown in Fig. 3, while a
summary of advanced imaging findings in these patients is
shown in Table 2.

Conclusion

We provided a comprehensive review of the conventional
and advanced MRI findings in ARSACS. Although this is a
rare disorder, a clear knowledge of neuroimaging findings is
crucial in this condition, given that some highly suggestive
(i.e., superior vermis cerebellar atrophy), almost pathogno-
monic (i.e., “bulky” appearance of the pons), MRI findings
have been described in this condition and thus might be
very useful at the time of diagnosis. On the other hand, the
application of advanced imaging techniques has only partly
expanded our knowledge about the physiopathology of this
condition, strengthening a neurodevelopmental hypothesis
of ARSACS coupled to signs of neurodegeneration reflected
by significant and widespread WM damage, mainly sus-
tained by demyelination. However, different domains still
remain widely unexplored in ARSACS, with the application
of other advanced imaging techniques that should fill the
gap in knowledge in the future years by integrating multi-
modal imaging techniques. At the very end, this collective
knowledge may inform clinical management planning, look
over progression with the ambition to halt or delay neuronal
death, and support new outcomes in the development of tar-
geted engagement interventions.

Author contributions A.S.: Writing of the Manuscript; Tables prepa-
ration. D.N.: Writing of the Manuscript; Figures preparation. C.S.:
Writing of the Manuscript; Figures preparation. F.M.S.: Writing of the
Manuscript; Literature review. S.C.: Conceptualization; Writing of the
Manuscript; Literature Review. All Authors reviewed the Manuscript.

Funding Open access funding provided by Universita degli Studi di
Napoli Federico II within the CRUI-CARE Agreement.
No funding has been received for this Manuscript.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Bagaria J, Bagyinszky E. An SSA genetics of autosomal reces-
sive spastic ataxia of Charlevoix-Saguenay (ARSACS) and role
of Sacsin in neurodegeneration. Int J Mol Sci. 2022;23:552.

2. Bouchard JP, Barbeau A, Bouchard R, Bouchard RW. Autosomal
recessive spastic ataxia of Charlevoix-Saguenay. Can J Neurol
Sci. 1978;5:61-9.

3. De Braekeleer M, Giasson F, Mathieu J, Roy M, Bouchard JP,
Morgan K. Genetic epidemiology of autosomal recessive spastic

@ Springer GRO


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

91

Page 8 of 10

The Cerebellum (2025) 24:91

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

ataxia of Charlevoix-Saguenay in Northeastern Quebec. Genet
Epidemiol. 1993;10:17-25.

Vermeer S, van de Warrenburg BP, Kamsteeg E-J, Brais B, Syn-
ofzik M et al. ARSACS. In: Adam MP, Feldman J, Mirzaa GM,
Pagon RA, Wallace SE, Bean LJ, editors. GeneReviews®. Seattle
(WA): University of Washington, Seattle; 1993 [cited 2024 May
28]. Available from: http://www.ncbi.nlm.nih.gov/books/NBK12
55/

Engert JC, Bérubé P, Mercier J, Doré¢ C, Lepage P, Ge B, et al.
ARSACS, a spastic ataxia common in Northeastern Québec, is
caused by mutations in a new gene encoding an 11.5-kb ORF. Nat
Genet. 2000;24:120-5.

Parfitt DA, Michael GJ, Vermeulen EGM, Prodromou NV, Webb
TR, Gallo J-M, et al. The ataxia protein sacsin is a functional
co-chaperone that protects against polyglutamine-expanded
ataxin-1. Hum Mol Genet. 2009;18:1556-65.

Louit A, Beaudet M-J, Blais M, Gros-Louis F, Dupré N, Ber-
thod F. In vitro characterization of motor neurons and Purkinje
cells differentiated from induced pluripotent stem cells generated
from patients with autosomal recessive spastic ataxia of Char-
levoix-Saguenay. Hayashi Y, editor. Stem Cells International.
2023;2023:1-11.

Aida I, Ozawa T, Fujinaka H, Goto K, Ohta K, Nakajima T. Auto-
somal recessive spastic ataxia of Charlevoix-Saguenay without
spasticity. Intern Med. 2021;60:3963—7.

Synofzik M, Soehn AS, Gburek-Augustat J, Schicks J, Karle KN,
Schiile R, et al. Autosomal recessive spastic ataxia of Charlevoix
Saguenay (ARSACS): expanding the genetic, clinical and imag-
ing spectrum. Orphanet J Rare Dis. 2013;8:41.

Baets J, Deconinck T, Smets K, Goossens D, Van Den Bergh P,
Dahan K, et al. Mutations in SACS cause atypical and late-onset
forms of ARSACS. Neurology. 2010;75:1181-8.

Shimazaki H, Takiyama Y, Sakoe K, Ando Y, Nakano I. A phe-
notype without spasticity in sacsin-related ataxia. Neurology.
2005;64:2129-31.

Breckpot J, Takiyama Y, Thienpont B, Van Vooren S, Vermeesch
JR, Ortibus E, et al. A novel genomic disorder: a deletion of the
SACS gene leading to spastic ataxia of Charlevoix—Saguenay.
Eur J Hum Genet. 2008;16:1050-4.

McMillan HJ, Carter MT, Jacob PJ, Laffan EE, O’Connor MD,
Boycott KM. Homozygous contiguous gene deletion of 13q12
causing LGMD2C and ARSACS in the same patient. Muscle
Nerve. 2009;39:396-9.

Briand M-M, Rodrigue X, Lessard I, Mathieu J, Brais B, Coté
I, et al. Expanding the clinical description of autosomal reces-
sive spastic ataxia of Charlevoix-Saguenay. J Neurol Sci.
2019;400:39-41.

Bouhlal Y, Amouri R, El Euch-Fayeche G, Hentati F. Autosomal
recessive spastic ataxia of Charlevoix—Saguenay: an overview.
Parkinsonism Relat Disord. 2011;17:418-22.

Scaravilli A, Tranfa M, Pontillo G, Brais B, De Michele G, La
Piana R et al. CHARON: an imaging-based diagnostic algorithm
to navigate through the sea of hereditary degenerative ataxias.
Cerebellum. 2024 [cited 2024 May 28]; Available from: https:/li
nk.springer.com/10.1007/s12311-024-01677-y

Huang P, Zhang M. Magnetic resonance imaging studies of neu-
rodegenerative disease: from methods to translational research.
Neurosci Bull. 2023;39:99-112.

Afzali M, Pieciak T, Newman S, Garyfallidis E, Ozarslan E,
Cheng H, et al. The sensitivity of diffusion MRI to microstruc-
tural properties and experimental factors. J Neurosci Methods.
2021;347:108951.

Oz G, editor. Magnetic resonance spectroscopy of degenerative
brain diseases. Cham: Springer International Publishing; 2016
[cited 2024 May 28]. Available from: https://link.springer.com/10
.1007/978-3-319-33555-1

GRO @ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

0Oz G, Cocozza S, Henry P-G, Lenglet C, Deistung A, Faber J et
al. MR imaging in ataxias: consensus recommendations by the
Ataxia Global Initiative Working Group on MRI Biomarkers.
Cerebellum. 2023 [cited 2024 Jan 15]; Available from: https://lin
k.springer.com/10.1007/s12311-023-01572-y

Kallmes DF, Hui FK, Mugler JP. Suppression of cerebrospinal
fluid and blood flow artifacts in FLAIR MR imaging with a
single-slab three-dimensional pulse sequence: initial experience.
Radiology. 2001;221:251-5.

Naganawa S, Koshikawa T, Nakamura T, Kawai H, Fukatsu H,
Ishigaki T et al. Comparison of flow artifacts between 2D-FLAIR
and 3D-FLAIR sequences at 3 T. Eur Radiol. 2004 [cited 2024
May 28];14. Available from: http://link.springer.com/10.1007/s0
0330-004-2372-7

Adams JG, Melhem ER. Clinical usefulness of T2-weighted
fluid-attenuated inversion recovery MR imaging of the CNS. Am
J Roentgenol. 1999;172:529-36.

Lummel N, Schoepf V, Burke M, Brueckmann H, Linn J. 3D
fluid-attenuated inversion recovery imaging: reduced CSF arti-
facts and enhanced sensitivity and specificity for subarachnoid
hemorrhage. AJNR Am J Neuroradiol. 2011;32:2054—60.

Chagla GH, Busse RF, Sydnor R, Rowley HA, Turski PA. Three-
dimensional fluid attenuated inversion recovery imaging with
isotropic resolution and nonselective adiabatic inversion provides
improved three-dimensional visualization and cerebrospinal fluid
suppression compared to two-dimensional flair at 3 Tesla. Invest
Radiol. 2008;43:547-51.

Jellison BJ, Field AS, Medow J, Lazar M, Salamat MS, Alexan-
der AL. Diffusion tensor imaging of cerebral white matter: a pic-
torial review of physics, fiber tract anatomy, and tumor imaging
patterns. AJNR Am J Neuroradiol. 2004;25:356—69.

Assaf Y, Pasternak O. Diffusion tensor imaging (DTI)-based
white matter mapping in brain research: a review. J Mol Neurosci.
2008;34:51-61.

Alexander DC, Dyrby TB, Nilsson M, Zhang H. Imaging brain
microstructure with diffusion MRI: practicality and applications.
NMR Biomed. 2019;32:¢3841.

Soares JM, Marques P, Alves V, Sousa N. A hitchhiker’s guide to
diffusion tensor imaging. Front Neurosci. 2013 [cited 2024 May
28];7. Available from: http://journal.frontiersin.org/article/https:/
/doi.org/10.3389/fnins.2013.0003 1/abstract

Glover GH. Overview of functional magnetic resonance imaging.
Neurosurg Clin North Am. 2011;22:133-9.

Krahe J, Binkofski F, Schulz JB, Reetz K, Romanzetti S. Neuro-
chemical profiles in hereditary ataxias: a meta-analysis of mag-
netic resonance spectroscopy studies. Neurosci Biobehavioral
Reviews. 2020;108:854-65.

Biswas A, Varman M, Yoganathan S, Subhash PK, Mani S.
Teaching Neurolmages: Autosomal recessive spastic ataxia of
Charlevoix-Saguenay: Typical MRI findings. Neurology. 2018
[cited 2024 May 28];90. Available from: https://www.neurology.
org/doi/10.1212/WNL.0000000000005252

Prodi E, Grisoli M, Panzeri M, Minati L, Fattori F, Erbetta A,
et al. Supratentorial and pontine MRI abnormalities characterize
recessive spastic ataxia of Charlevoix-Saguenay. A comprehen-
sive study of an Italian series. Eur J Neurol. 2013;20:138-46.
Pedroso JL, Braga-Neto P, Abrahdo A, Rivero RLM, Abdalla C,
Abdala N, et al. Autosomal recessive spastic ataxia of Charlev-
oix-Saguenay (ARSACS): typical clinical and neuroimaging fea-
tures in a Brazilian family. Arq Neuro-Psiquiatr. 2011;69:288-91.
Gerwig M, Kriiger S, Kreuz FR, Kreis S, Gizewski ER, Timmann
D. Characteristic MRI and funduscopic findings help diagnose
ARSACS outside Quebec. Neurology. 2010;75:2133-2133.
Oguz KK, Haliloglu G, Temucin C, Gocmen R, Has AC, Doer-
schner K, et al. Assessment of whole-brain white matter by DTI


https://link.springer.com/10.1007/s12311-023-01572-y
https://link.springer.com/10.1007/s12311-023-01572-y
http://link.springer.com/10.1007/s00330-004-2372-7
http://link.springer.com/10.1007/s00330-004-2372-7
http://journal.frontiersin.org/article/
https://doi.org/10.3389/fnins.2013.00031/abstract
https://doi.org/10.3389/fnins.2013.00031/abstract
https://www.neurology.org/doi/10.1212/WNL.0000000000005252
https://www.neurology.org/doi/10.1212/WNL.0000000000005252
http://www.ncbi.nlm.nih.gov/books/NBK1255/
http://www.ncbi.nlm.nih.gov/books/NBK1255/
https://link.springer.com/10.1007/s12311-024-01677-y
https://link.springer.com/10.1007/s12311-024-01677-y
https://link.springer.com/10.1007/978-3-319-33555-1
https://link.springer.com/10.1007/978-3-319-33555-1

The Cerebellum

(2025) 24:91

Page9of 10 91

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

53.

in autosomal recessive spastic ataxia of Charlevoix-Saguenay.
AJNR Am J Neuroradiol. 2013;34:1952-7.

Tzoulis C, Johansson S, Haukanes BI, Boman H, Knappskog
PM, Bindoff LA. Novel SACS mutations Identified by whole
exome sequencing in a Norwegian Family with autosomal reces-
sive spastic ataxia of Charlevoix-Saguenay. Toft M, editor. PLoS
ONE. 2013;8:¢66145.

Shah CT, Ward TS, Matsumoto JA, Shildkrot Y. Foveal hypopla-
sia in autosomal recessive spastic ataxia of Charlevoix-Saguenay.
J Am Association Pediatr Ophthalmol Strabismus. 2016;20:81-3.
Ashrafi MR, Mohammadi P, Tavasoli AR, Heidari M, Hossein-
pour S, Rasulinejad M, et al. Clinical and molecular findings of
autosomal recessive spastic ataxia of Charlevoix Saguenay: an
Iranian case series expanding the genetic and neuroimaging spec-
tra. Cerebellum. 2023;22:640-50.

Shimazaki H, Takiyama Y, Honda J, Sakoe K, Namekawa M,
Tsugawa J, et al. Middle cerebellar peduncles and pontine T2
hypointensities in ARSACS. J Neuroimaging. 2013;23:82-5.
Shimazaki H, Sakoe K, Niijima K, Nakano I, Takiyama Y. An
unusual case of a spasticity-lacking phenotype with a novel
SACS mutation. J Neurol Sci. 2007;255:87-9.

Divya KP, Cherian A, Dhing HK, Kumar S, Thomas B, Faruq
M. Widening the clinical, radiological and genetic spectrum of
autosomal recessive ataxia of Charlevoix-Saguenay in Indian
patients. Acta Neurol Belg. 2024;124:475-84.

Sharma R, Aravindhan A, Puente C, Veerapandiyan A. Autoso-
mal recessive spastic ataxia of Charlevoix—Saguenay due to novel
mutations in the SACS gene. J Investig Med High Impact Case
Rep. 2022;10:232470962211396.

Bouchard J-P, Richter A, Mathieu J, Brunet D, Hudson TJ, Mor-
gan K, et al. Autosomal recessive spastic ataxia of Charlevoix—
Saguenay. Neuromuscul Disord. 1998;8:474-9.

Anheim M, Fleury M, Monga B, Laugel V, Chaigne D, Rodier G,
et al. Epidemiological, clinical, paraclinical and molecular study
of a cohort of 102 patients affected with autosomal recessive pro-
gressive cerebellar ataxia from Alsace, Eastern France: implica-
tions for clinical management. Neurogenetics. 2010;11:1-12.
Scaravilli A, Negroni D, Senatore C, Ugga L, Cosottini M, Ricca
I et al. MRI-ARSACS: an imaging index for Autosomal Reces-
sive Spastic Ataxia of Charlevoix-Saguenay (ARSACS) identi-
fication based on the multicenter PROSPAX study. Movement
Disorders. [cited 2024 Jun 7];n/a. Available from: https://online
library.wiley.com/doi/abs/https://doi.org/10.1002/mds.29871
Al-Ajmi A, Shamsah S, Janicijevic A, Williams M, Al-Mulla
F. Novel frameshift mutation in the SACS gene causing spastic
ataxia of charlevoix-saguenay in a consanguineous family from
the Arabian Peninsula: a case report and review of literature.
WICC. 2020;8:1477-88.

Takiyama Y, Sacsinopathies. Sacsin-related ataxia. Cerebellum.
2007;6:353-9.

Gazulla J, Benavente I, Vela AC, Marin MA, Pablo LE, Tessa
A, et al. New findings in the ataxia of Charlevoix—Saguenay. J
Neurol. 2012;259:869-78.

Mohan M, Qavi A, Kulshreshtha D, Maurya PK, Singh AK.
Early-onset spastic ataxia due to a novel mutation of the SACS
gene— a case report from North India with a review of Indian lit-
erature. Ann Indian Acad Neurol. 2023;26:836-8.

Petrov 1. Novel mutation in SACS gene in a patient with autoso-
mal recessive spastic ataxia Charlevoix-Saguenay. Mov Disord
Clin Pract. 2021;8:963-5.

Rezende Filho FM, Parkinson MH, Pedroso JL, Poh R, Faber
I, Lourengo CM, et al. Clinical, ophthalmological, imaging and
genetic features in Brazilian patients with ARSACS. Parkinson-
ism Relat Disord. 2019;62:148-55.

Kamada S, Okawa S, Imota T, Sugawara M, Toyoshima I. Autoso-
mal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS):

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

novel compound heterozygous mutations in the SACS gene. J
Neurol. 2008;255:803-6.

Ogawa T, Takiyama Y, Sakoe K, Mori K, Namekawa M, Shima-
zaki H, et al. Identification of a SACS gene missense mutation in
ARSACS. Neurology. 2004;62:107-9.

Takiyama Y. Autosomal recessive spastic ataxia of Charlevoix-
Saguenay. Neuropathology. 2006;26:368-75.

Vermeer S, Meijer RPP, Pijl BJ, Timmermans J, Cruysberg JRM,
Bos MM, et al. ARSACS in the Dutch population: a frequent cause
of early-onset cerebellar ataxia. Neurogenetics. 2008;9:207-14.
Burguéz D, Oliveira CMD, Rockenbach MABC, Fussiger H,
Vedolin LM, Winckler PB, et al. Autosomal recessive spastic
ataxia of Charlevoix-Saguenay: a family report from South Bra-
zil. Arq Neuro-Psiquiatr. 2017;75:339—44.

Gigliucci V, Huang S, Boschetti G, Scaravilli A, Castoldi V,
Podini P, et al. Longitudinal imaging biomarkers correlate with
progressive motor deficit in the mouse model of Charlevoix-
Saguenay ataxia. Ann Neurol. 2025;97:425-34.

Stevens JC, Murphy SM, Davagnanam I, Phadke R, Anderson G,
Nethisinghe S, et al. The ARSACS phenotype can include supra-
nuclear gaze palsy and skin lipofuscin deposits. J Neurol Neuro-
surg Psychiatry. 2013;84:114-6.

Wagner F, Titelbaum DS, Engisch R, Coskun EK, Waugh JL.
Subtle imaging findings aid the diagnosis of adolescent hereditary
spastic paraplegia and ataxia. Clin Neuroradiol. 2019;29:215-21.
Gazulla J, Vela AC, Marin MA, Pablo L, Santorelli FM, Bena-
vente I, et al. Is the ataxia of Charlevoix—Saguenay a develop-
mental disease? Med Hypotheses. 2011;77:347-52.
Garcia-Martin E, Pablo LE, Gazulla J, Vela A, Larrosa JM, Polo
V, et al. Retinal segmentation as noninvasive technique to demon-
strate hyperplasia in ataxia of Charlevoix-Saguenay. Invest Oph-
thalmol Vis Sci. 2013;54:7137.

PROSPAX - an. integrated multimodal progression chart in
spastic ataxias. PROSPAX. [cited 2024 Feb 8]. Available from:
https://www.prospax.net/

Scaravilli A, Gabusi I, Mari G, Battocchio M, Bosticardo S,
Schiavi S et al. An MRI evaluation of white matter involvement
in paradigmatic forms of spastic ataxia: results from the multi-
center PROSPAX study. J Neurol. 2024 [cited 2024 Jun 25];
Available from: https://link.springer.com/10.1007/s00415-024-1
2505-y

Viau M, Marchand L, Bard C, Boulanger Y. (1)H magnetic
resonance spectroscopy of autosomal ataxias. Brain Res.
2005;1049:191-202.

Stefanescu MR, Dohnalek M, Maderwald S, Thiirling M, Min-
nerop M, Beck A, et al. Structural and functional MRI abnor-
malities of cerebellar cortex and nuclei in SCA3, SCA6 and
Friedreich’s ataxia. Brain. 2015;138:1182-97.

Cocozza S, Sacca F, Cervo A, Marsili A, Russo CV, Giorgio
SMDA, et al. Modifications of resting state networks in spinocer-
ebellar ataxia type 2. Mov Disord. 2015;30:1382-90.

Harding IH, Corben LA, Storey E, Egan GF, Stagnitti MR, Pou-
del GR, et al. Fronto-cerebellar dysfunction and dysconnectiv-
ity underlying cognition in Friedreich ataxia: the IMAGE-FRDA
study: cognitive networks in Friedreich Ataxia. Hum Brain Mapp.
2016;37:338-50.

Hernandez-Castillo CR, Galvez V, Mercadillo RE, Diaz R, Yes-
cas P, Martinez L, et al. Functional connectivity changes related
to cognitive and motor performance in spinocerebellar ataxia type
2. Mov Disord. 2015;30:1391-9.

Vavla M, Arrigoni F, Nordio A, De Luca A, Pizzighello S, Petac-
chi E, et al. Functional and structural brain damage in Friedreich’s
ataxia. Front Neurol. 2018;9:747.

Cocozza S, Costabile T, Tedeschi E, Abate F, Russo C, Liguori A,
et al. Cognitive and functional connectivity alterations in Fried-
reich’s ataxia. Ann Clin Transl Neurol. 2018;5:677-86.

@ Springer GRO


https://www.prospax.net/
https://link.springer.com/10.1007/s00415-024-12505-y
https://link.springer.com/10.1007/s00415-024-12505-y
https://onlinelibrary.wiley.com/doi/abs/
https://onlinelibrary.wiley.com/doi/abs/
https://doi.org/10.1002/mds.29871

91 Page 10 of 10 The Cerebellum (2025) 24:91

72. Van Der Horn HJ, Meles SK, Kok JG, Vergara VM, Qi S, Cal- Publisher’s Note Springer Nature remains neutral with regard to juris-
houn VD et al. A resting-state fMRI pattern of spinocerebellar dictional claims in published maps and institutional affiliations.
ataxia type 3 and comparison with 18F-FDG PET. Neurolmage:

Clinical. 2022;34:103023.

GRO @ Springer



	﻿Current and future applications of brain magnetic resonance imaging in ARSACS
	﻿Abstract
	﻿Introduction
	﻿Conventional and advanced MRI sequences for the study of ARSACS
	﻿Conventional MRI imaging in ARSACS
	﻿Advanced MRI imaging in ARSACS
	﻿Conclusion
	﻿References


