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MRI shows the three archetypal patterns of CNS volume loss underlying progressive ataxias in vivo, namely spinal
atrophy (SA), cortical cerebellar atrophy (CCA) and olivopontocerebellar atrophy (OPCA). In line with the
neuropathological discoveries of the XIX and XX centuries, MRI confirms today that there are three fundamental
distribution patterns of CNS atrophy underlying progressive ataxias in vivo. They are SA, CCA and OPCA and can
be inherited or acquired. Although the present trend driven by molecular genetics advances is to split progressive
ataxias into hundreds of sometimes very rare conditions, a simple clumping of them according to the MRI-based
CNS atrophy pattern is possible and might help diagnosis, possibly improve physiopathology understanding and

may even cause future studies to rethink therapies for these uncommon but disabling diseases.

ataxia MRI CNS

| 1. Definite CNS Atrophy—Etiological Relationship

The SA pattern was exclusively observed in FRDA. The CCA pattern was observed in several acquired ataxias
(alcoholic cerebellar degeneration, gluten ataxia, anti-glutamic acid decarboxylase ataxia, paraneoplastic
cerebellar degeneration and sporadic adult-onset ataxia/idiopathic late-onset cerebellar ataxia), in many dominant
ataxias (SCA5, SCA6, SCA8, SCA10, SCA11, SCA12, SCA13, SCA14, SCA15/16, SCA19/22, SCA20, SCA21,
SCA26, SCA27, SCA28, SCA31, SCA35, SCA37, SCA38, SCA42, SCA43, SCA44, SCA47 and SCA48), all
recessive ataxias with the exception of Boucher—Neuhauser Syndrome (BNS) and SCAR7 and in one X-linked
ataxia (SCAX1).

The OPCA pattern was identified as MSA-C in a few dominant ataxias (SCA1-3, SCA7, SCA34, SCA36, DRPLA),

two recessive ataxias (BNS and SCAR7) and the X-linked ataxia associated with the PRPS1 gene mutation.

| 2. Pontocerebellar Hypoplasia

MRI showed pontocerebellar hypoplasia in all three recessive diseases characterized by progressive ataxias and
mental retardation with/out quadrupedal locomotion type 1-3 (CAMRQ1, CAMRQ2 and CAMRQ3). On the other
hand, unfortunately, in some instances, the term “hypoplasia” was used to describe MRI findings of probable CAA
as in SCAR25, SCAR28, SCAR31 and SCAX1.

| 3. Uncertain CNS Atrophy—Etiological Relationship
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The CNS atrophy pattern was uncertain in 11 progressive ataxias. A small number of patients were examined with
MRI in SCA40, SCA45, SCAR12 and SCAR15, and heterogeneous and non-specific MRI findings were observed

or reported in SeSAME syndrome, spastic ataxia type 2 and spastic paraplegia 5A.

More articulated are the reasons for the inclusion of four further progressive ataxias in the category of uncertain
CNS atrophy patterns, namely EOCA, AVED, SCAR27 and CANVAS. EOCA is recognized as a heterogeneous
sporadic condition that was initially considered separated from FRDA. However, FRDA patients can present with an
EOCA phenotype Q. Initially, a CCA pattern was described in patients with EOCA, possibly contributing to the
differentiation with FRDA [2. However, subsequent reports described atrophy of the brainstem and spinal cord B!,
AVED is a recessive condition for which relatively few data on CNS morphology are available. No brain MRI
abnormality was observed in some patients, whereas cerebellar atrophy was reported in others Bl. Moreover, in the
only AVED patient examined with spinal MRI, no abnormality was found (8, but a decreased size of the upper
cervical cord was apparent in a case shown by Heidelberg et al. [J. Hence, despite the reasonable assumption of a
SA pattern in AVED reflecting the sensory ataxia and the clinical similarity with FRDA I8 no definitive evidence of
it has been provided so far. In the original description of SCAR27, a CCA pattern was recognized in two unrelated
patients 19, However, in a further patient, it was accompanied by atrophy of the pons and midbrain [111. CANVAS is
a recessive condition with marked clinical heterogeneity that has recently been recognized as responsible for
apparently sporadic progressive ataxia 12131141151 CANVAS showed a pronounced heterogeneity concerning the
distribution of the CNS atrophy in inherited progressive ataxia. In fact, the CCA pattern was observed in the
majority of patients with CANVAS 18171 pyt it was combined with atrophy in the spinal cord in some patients who

were examined with cervical spine MRI 12, and also an OPCA pattern was reported in a few patients [13(24],

| 4. Progressive Ataxias Characterized by MRI Signal Changes

Some progressive ataxias are characterized by signal changes better demonstrated by T,-weighted images, which,
irrespective of the CNS atrophy severity and distribution patterns, can considerably help in identifying them. These
include acquired and inherited causes. The signal changes in the acquired forms have been reviewed elsewhere
(18]19]120] The inherited forms include two dominant ataxias, namely ataxia-pancytopenia syndrome (OMIM 159550
(21 and SCA20 (OMIM 608687) 22 seven recessive ataxias, hamely cerebrotendinous xanthomatosis (CTX)
(OMIM 213700) [28 2-hydroxic glutaric aciduria (OMIM 236792) 24 hypomyelinating leukodystrophy type 2
(HLD2) (OMIM 608804) 23, hypomyelinating leukodystrophy type 4 (OMIM 612233) (28] |eukoencephalopathy with
brainstem and spinal cord involvement and lactate elevation (LBSL) (OMIM 611105)24, leukoencephalopathy with
ataxia (OMIM 615651) 28] sensory ataxic neuropathy, dysarthria and ophtalmoparesis (SANDO) (OMIM 607459)

(29 SCAR4/SCA24 (OMIM 607317)BY and the X-linked fragile-X tremor ataxia syndrome (FXTAS) (OMIM 300623)
Ei)

The signal in T,-weighted images is symmetrically increased in the majority of these inherited ataxias, variably
involving the cerebral WM, basal ganglia and thalami, cerebral peduncles, cerebellar peduncles, cerebellar WM,
brainstem and spinal cord. The distribution is characteristic in HLD2 (OMIM 608804) 22 (LBSL) (OMIM 611105)
(271 Jeukoencephalopathy with ataxia (OMIM 615651) 28] (SANDO) (OMIM 607459) 29 SCAR4/SCA24 (OMIM
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607317)% and X-linked fragile-X tremor ataxia syndrome (FXTAS) (OMIM 300623) 1. More distinctive is the
symmetrically decreased signal in T2 or T2*-weighted images reflecting iron deposition in the surface of the brain
in siderosis 18 and calcification of the dentate nuclei in SCA20 (OMIM 608687) [22],

| 5. Clinical, Diagnostic and Other Implications

As expected, the distribution of the loss of bulk matching one of the CNS atrophy patterns is in line with the
constellation of clinical symptoms and signs in patients with progressive ataxias 2233, For instance, most of the
so-called pure cerebellar dominant ataxias (ADCA type IIl) show a CCA pattern, whereas dominant ataxias with
additional extra-cerebellar symptoms and signs (ADCA type |) show an OPCA pattern. FRDA, in which there is

prominent sensory involvement, shows a SA pattern and spinal cord atrophy.

Overall, there is the relationship between the MRI CNS atrophy pattern and etiologies in progressive ataxias 24!,
Changes with respect to the 2008 classification include the displacement of SCA13 from the OPCA to CCA pattern
following the report by Subramony et al. 33 in a large family and three index cases, and displacement of SCA17

from CCAto a generalized CNS atrophy pattern.

Obviously, for diagnostic purposes, the relationship between the MRI CNS atrophy pattern and etiologies in
progressive ataxias must be integrated with other clinical and laboratory data and, in the case of inherited
progressive ataxias, with ethnicity and geographical distribution [I2€. However, before this use for the diagnosis in

a single patient, two notes of caution are worthy.

First, it is conceivable that in advanced stages of different ataxias, generalized atrophy of the CNS, including
cerebellum, brainstem, spinal cord and cerebrum, takes place as a result of secondary axonal and trans-synaptic
degeneration with the waning of differences between SA, CCA and OPCA patterns. This possibility is confirmed by
the occurrence of cerebellar cortex atrophy in advanced cases of FRDA, the prototype of SA B7, atrophy of the
spinal cord in SCA1 and SCA3 that are typical examples of OPCA [B8l3d and of pontine atrophy in SCA13 and
SCAZ36, two conditions characterized by CCA in the early phases [B3l[4041] |n addition, the correlation in CANVAS
between disease duration and MRI evidence of brainstem atrophy is in line with this hypothesis 14, However, the
proposed relationship is generally valid for the early and full clinical manifestation of diseases, and data in pre-
symptomatic patients with dominantly transmitted ataxia show that early loss of bulk involves the cerebellum and
pons in SCAL and SCA2, two examples of OPCA pattern 42 but the cerebellum alone in SCA48 43l that is an
example of CCA.

Second, theoretically, in line with the known phenotype and genotype heterogeneity of inherited ataxias [&, it

cannot be excluded that different CNS atrophy patterns can correspond to the same disease entity.

Beyond the diagnostic purpose, two additional potential consequences of awareness of the relationship between
the three MRI-based CNS atrophy patterns and the etiologies of progressive ataxias can be envisioned. First, it

may contribute to identifying shared cellular targets or metabolic pathways for diseases exhibiting the same
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archetypal CNS atrophy pattern, thus improving the understanding of physiopathological mechanisms of
progressive ataxias €. Second, from a therapeutic perspective, it may facilitate the repurposing of drugs or enlarge
indications for inherited or acquired ataxia diseases sharing the same MRI atrophy distribution pattern (and similar

distribution of neuronal systems damage) and corresponding patients (&, as was attempted in cases of CCA [44],
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