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Abstract

Background Despite recent progress in the field of genetics, sporadic late-onset (>40 years) cerebellar ataxia (SLOCA)
etiology remains frequently elusive, while the optimal diagnostic workup still needs to be determined. We aimed to com-
prehensively describe the causes of SLOCA and to discuss the relevance of the investigations.

Methods We included 205 consecutive patients with SLOCA seen in our referral center. Patients were prospectively inves-
tigated using exhaustive clinical assessment, biochemical, genetic, electrophysiological, and imaging explorations.

Results We established a diagnosis in 135 (66%) patients and reported 26 different causes for SLOCA, the most frequent
being multiple system atrophy cerebellar type (MSA-C) (41%). Fifty-one patients (25%) had various causes of SLOCA
including immune-mediated diseases such as multiple sclerosis or anti-GAD antibody-mediated ataxia; and other causes,
such as alcoholic cerebellar degeneration, superficial siderosis, or Creutzfeldt—Jakob disease. We also identified 11 genetic
causes in 20 patients, including SPG7 (n=4), RFC1-associated CANVAS (n=3), SLC20A2 (n=3), very-late-onset Friedre-
ich’s ataxia (n=2), FXTAS (n=2), SCA3 (n=1), SCA17 (n=1), DRPLA (n=1), MYORG (n=1), MELAS (n=1), and a
mitochondriopathy (n=1) that were less severe than MSA-C (p <0.001). Remaining patients (34%) had idiopathic late-onset
cerebellar ataxia which was less severe than MSA-C (p <0.01).

Conclusion Our prospective study provides an exhaustive picture of the etiology of SLOCA and clues regarding yield of
investigations and diagnostic workup. Based on our observations, we established a diagnostic algorithm for SLOCA.
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Introduction

Cerebellar ataxia (CA) is a disorder of balance and coordi-
nation due to cerebellum and/or cerebellar pathways dys-
function that may impact activities of daily living [1]. The
causes underlying this heterogeneous neurological disorder
are numerous, and vary according to the age of onset, the
rapidity of installation, the clinical picture, and the presence
of familial medical history [2].

Sporadic late-onset cerebellar ataxias (SLOCA), defined
by the occurrence of CA after 40 years of age without fam-
ily history of CA, represent a challenging subgroup, since
the diagnosis remains unknown in many cases [3], despite
the recent advances in genetic diagnosis techniques, the
increasing availability of next-generation sequencing, and
the discovery of new CA-associated genes such as RFCI [4]
or SPG7 [5]. Some hierarchical diagnostic approaches and
diagnostic algorithm have been proposed [6, 7], although no
study aiming to prospectively assess the relevance and the
performance of the different explorations has been reported
so far.

The objective of the present study was to describe the
etiology of SLOCA in a cohort of consecutive patients
recruited in Strasbourg University Hospital and to evalu-
ate the relevance of the different investigations performed,
including imaging, electrophysiology, and genetic testing.

Materials and methods
Population

Patients successively seen for SLOCA in our referral center
for neurogenetic disease and movement disorders were
included in a prospective study aiming to investigate the
underlying etiology. The inclusion criteria were (i) CA
beginning after 40 years, (ii) a chronic and progressive evo-
lution for at least 3 months, and (iii) the absence of doc-
umented family history of CA. Patients with a follow-up
below 1 year were excluded from the analysis. Informed con-
sent was obtained from all individual participants included
in the study. Strasbourg University Hospital local ethics
committee approved the study.

Clinical examination

A thorough general and neurological examination was per-
formed at baseline then every 6 months including assessment
of SARA (Scale for the Assessment and Rating of Ataxia)
[8], UPDRS-III (United Parkinson Disease Rating Scale)
[9], and SDFS (Spinocerebellar Degeneration Functional

Score) [10]. We measured the SARA, UPDRS-III, and SDFS
scores at inclusion, and calculated the SARA/DD, UPDRS/
DD, and SDFS/DD by dividing the respective scores by the
estimated years of disease duration at inclusion to estimate
disease progression rate. We also calculated the ASARA as
the difference between the most recent SARA score available
and the SARA score at inclusion divided by the duration
between the two scores. We calculated the AUPDRS and
ASDFS in the same way.

Dysautonomia was evaluated through anamnesis (erectile
dysfunction, urinary urgencies, or incomplete bladder emp-
tying, etc....), bladder scan (abnormal if urine residual vol-
ume > 100 mL), and orthostatic hypotension test (considered
positive if diminution of at least 20 mmHg of systolic blood
pressure or of at least 10 mmHg of diastolic blood pressure).
We also paid attention for diminution of a least 30 mmHg of
systemic blood pressure or of at least 15 mmHg of diastolic
blood pressure within de first 3 min of the test to diagnose
probable MSA. Clonidine test was applied to search for an
absence of growth hormone peak as previously described
[11]. Clinical examination also included the screening of
extrapyramidal symptoms, oculomotor disorders, dysphagia,
dysarthria, pyramidal syndrome, and peripheral neuropathy.
Cognitive decline was also searched for using Montreal Cog-
nitive Assessment (MoCA) or Mini-Mental State Examina-
tion (MMSE).

Imaging and electrophysiology

Brain MRI was performed at baseline then every year using
1,5-T or 3-T MR scanners using sagittal T1-weighted, axial
T2-weighted, axial T2-proton density-weighted, axial T2
FLAIR-weighted, axial DWI-weighted, and axial T2*-
weighted sequences, as previously described [12]. (I1123)-
FP-CIT-SPECT was performed at baseline then every year
as previously described [13]. Body CT-scan was performed
at baseline and repeated every 6 months if disease duration
was under 3 years, to investigate a hypothetical paraneoplas-
tic syndrome. If the suspicion of paraneoplastic syndrome
was strong and the body-CT-scan negative, a PET-scan was
further performed. EMG and EEG were performed at least
once during the first year.

Laboratory

Biological explorations included copper, ceruloplasmin,
homocysteine, vitamins B1, B6, B9 and B12, vitamin E,
cholestanol, very-long-chain fatty acid (VLCFA), hexosa-
minidase, arylsulfatase, alpha-foeto-protein (AFP), phytanic
acid dosages, search for autoimmune disease by assay of
antineuronal (DOT-blot for anti-Hu, anti-Yo, anti-Ri, anti-
CV2, anti-amphiphysine, anti-Ma2 antibodies), antinu-
clear, antiganglioside, antiphospholipid, anti-glutamic acid
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decarboxylase (GAD), anti-thyroid peroxidase (TPO), and
anti-transglutaminase antibodies in serum. Lumbar puncture
with search for oligoclonal bands, protein 14-3-3, antineu-
ronal antibody, and PCR for T. whipplei was done in all
patients at inclusion. If diagnosis was not established 1 year
after the inclusion and if the phenotype was compatible with
a mitochondrial disorder, a muscular biopsy was performed.

Genetic analysis

The following genes were investigated for all patients: FMR]
(Fragile X tremor and ataxia syndrome: FXTAS) and FXN
(Friedreich ataxia). In case of early death of one parent or if
the clinical and imaging picture was compatible, testing for
genes associated with SCA 1, 2, 3, 6, 7, 17 and DRPLA were
performed. According to the phenotype, we also searched
for mitochondrial encephalomyopathy, lactic acidosis and
stroke-like episodes (MELAS), myoclonic epilepsy with rag-
ged-red fibers (MERRF), and genes implicated in Primary
Familial Brain Calcifications (PFBC), i.e., XPRI, PDGFB,
PDGFBR, SLC20A2, and MYORG.

If this first-tier analysis was negative, we performed the
sequencing of a panel including 392 genes (whose list can
be found in Online Resource 1) related to CA and movement
disorders and we screened patients for biallelic expansion
in RFCI [14].

We calculated for each ancillary exploration the number
of abnormal exams divided by the number of performed
exams and estimated the relevance based on the number
of patients whose exam had contributed to the diagnosis
divided by the number of performed exams (the latter being
defined as the yield of investigation).

Statistical analysis

We used pvalue.io software (Medistica) to perform the sta-
tistical analysis. For categorical variables, we used Chi-2 and
Fisher’s exact test to test for differences between groups. For
quantitative data, we used Welch test to test for differences
between groups, except for of MMSE and MoCA for which
we calculated the median and used therefore Mann—Whitney
test to compare the groups because of non-normal distri-
bution. The p values <0.05 were considered as statistically
significant. After adjustment with Bonferroni-Holm correc-
tion, the p values <0.001 were considered as statistically
significant.

Results
From January 2013 to December 2019, 205 patients were

included in this monocentric, prospective study. Out of
them, 76 patients were previously reported by Gebus et al.

@ Springer

with shorter follow-up [15]. The mean duration of follow-up
was 32.3 +20.8 months.

The mean age of onset was 57.9+9.7 years. The mean
age at inclusion was 62.6 +9.4 years with a mean disease
duration at inclusion of 4.7 +5.2 years. Sex ratio M/F was
1.30. There was no history of consanguinity among our
patients.

Diagnosis was established for 135 patients (66%) with 26
different diseases; 84 patients (41%) with multiple system
atrophy cerebellar type (MSA-C) according to the 2008 cri-
teria [16] (including 37 (18%) with probable and 47 (23%)
with possible MSA-C) and 51 (25%) with other diagnosis.
The 70 (34%) remaining patients without diagnosis despite
investigations were gathered in the idiopathic late-onset cer-
ebellar ataxia (ILOCA) group (Fig. 1).

The main clinical and explorations outcomes as well as
the comparison between MSA-C, ILOCA, and patients with
a genetic diagnosis, including Bonferroni—-Holm corrections,
are detailed in Table 1.

The diagnosis, main clinical, and explorations outcome
of the patients are summarized in Table 2.

Three patients were diagnosed with biallelic expansions
of RFCI. Those patients were positive for AAGGG PCR
and negative for AAAAG and AAAGG PCR. One patient
underwent videonystagmography showing bilateral sym-
metric vestibular hyporeflexia. Two patients had sensitive
neuropathy compatible with a ganglionopathy and one
had sensorimotor neuropathy with predominant-sensitive
involvement. Ninety-five patients were tested with our gene
panel for late-onset cerebellar ataxia. We found pathogenic
variants in 4 patients (4 SPG7 with biallelic mutations, thus
included in the “genetic” group) and variants of uncertain
significance (VUS) in 7 patients. There were also possibly
causative variants in 24 patients which could not be retained
as pathogenic, because the segregation analysis of asympto-
matic relatives excluded variants pathogenicity or the clini-
cal picture was incompatible with the expected phenotype
related to the mutated gene. VUS can be found on Online
Resource 2.

We diagnosed a single patient with cerebellar type of Pro-
gressive Supranuclear Palsy despite the lack of both well-
validated criteria and pathological confirmation, because the
clinical and imaging data were compatible with this diag-
nosis [17].

Out of the two patients diagnosed with Sjogren’s syn-
drome, one fulfilled AECG criteria of 2002 [18]. The other
patient received Sjogren’s syndrome diagnosis because of
positive salivary gland biopsy, positive antinuclear antibody
at 1/1280, and dry mouth. Three patients were diagnosed
with alcoholic cerebellar degeneration, although one of those
patients also presented anti-MAG neuropathy, which could
have participated to the ataxic phenotype. Four patients were
diagnosed with functional neurological disorders, because
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Vascular leucoencephalopathy
Essential tremor Post-traumatic
Arnold-Chiari Post-radiotherapy
Superficial siderosis ACD
Functional disorders Others
acquired / Multiple sclerosis
D causes
PSP-C Immune-
Others mediated AR paohe
SPG7 disorders Anti-GAD encephalitis
Auto-immune encephalitis

ILOCAs

Fig. 1 Diagnosis distribution. MSA-C multiple system atrophy cer-
ebellar type; ILOCAs Idiopathic late-onset cerebellar ataxias, CJD
Creutzfeldt-Jakob disease, PSP-C progressive supranuclear palsy cer-
ebellar type, MD mitochondrial disease, PFBC primary familial brain

investigations were negative and especially because of atypi-
cal features such as distractibility or sway of the trunk with
stable lower limbs when performing Romberg test.

Two patients were positive for anti-GAD antibody in
serum but only one also had intrathecal anti-GAD antibody
and thus diagnosed with anti-GAD encephalitis.

We showed in Fig. 2 some brain MRI features associated
with CA-causes found in our cohort. We detailed in Table 3
the results, relevance, and diagnostic yields of laboratory
investigation, imaging, muscle biopsy, and genetic analysis.

Discussion

We reported here the diagnosis work of 205 patients with
SLOCA. Eighty-four patients (41%) were diagnosed with
MSA-C, which was the most frequent cause by far. In a
previous study, Gebus et al.[15] reported 36% (n=29) of
patients suffering from MSA-C including probable (n=16)
and possible (n=13) MSA-C. Of the 13 possible MSA-C
reported by Gebus et al., nine converted to probable MSA-C
in this study. This result was in accordance with the gath-
ering of possible MSA-C with probable MSA-C in our
study. The proportion of probable MSA-C remained simi-
lar in this study (18%). Giordano et al. found about 40% of
probable MSA-C in a multicentric cohort of 295 patients
with SLOCA after the exclusion of established acquired
causes of ataxia, which explain the smaller proportion of
probable MSA-C in our cohort [19]. In the same article by
Giordano et al., the annual progression of SARA for MSA-C

Coeliac disease

Paraneoplastic

Post-infectious
VvLOFA
FXTAS

RFC1

MD

PFBC SCA

calcifications, SCA spinocerebellar ataxia; FXTAS Fragile X tremor/
ataxia syndrome, vVLOFA very-late-onset Friedreich ataxia, ACD alco-
holic cerebellar degeneration

patients was 3.3 +3.2 [19] which is similar to the ASARA
(2.00 £ 3.05) but not to the SARA/DD (6.05+4.95) in our
study. This could be explained by the fact that SARA/DD
is based on the disease duration at inclusion as reported by
the patient. On the other hand, the difference between two
SARA scores for one patient does not only depend on the
progression of the disease, but also for instance of the inter-
or intra-operator variability, the fluctuation of the patient’s
condition according to the fatigue or even the effect of physi-
cal therapy. These two ways of measuring the progression
of MSA-C patients are of interest and seem reliable, since
they both indicate a faster progression in MSA-C patients
than in ILOCA patients.

Twenty patients had a genetic diagnosis. Those patients
had a slower disease course with disease duration at inclu-
sion being longer and UPDRS/DD, SARA/DD, and SDFS/
DD being lower than MSA-C patients. They were also asso-
ciated with sensory neuropathy, MRI features including atro-
phy of cervical spinal cord, hyperintensity of the splenius
of corpus callosum, and calcifications when compared with
MSA-C or ILOCA patient. These clues are of interest to
distinguish possible genetic causes in patients with SLOCA.

Four patients (1.9%) had CA due to SPG7 mutation.
SPGY7 initially reported as a frequent cause of autosomal
recessive hereditary spastic paraparesis was then described
in up to 19% of undiagnosed CA notably the p.Ala510Val
variant [5]. On brain MRI, three of our patients with SPG7
mutations presented a cerebellar atrophy and one showed
a peculiar hyperintensity of the dentate nucleus, both fea-
tures being previously reported [20]. (I1123)-FP-CIT-SPECT
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Table 1 Main comparative clinical and paraclinical data between MSA-C, ILOCAs, and genetics diagnosis

B

%

MSA-C (n=84) ILOCAs(n=70)  Genetics (n=20) p p p
Sex ratio (M/F) 1.05 1.41 1.86 0.36 0.27 0.6
Age of onset, mean +SD 58.2 (+£8.90) 58.7 (x11.2) 57.4 (+10.3) 0.59 0.75 0.63
Age at inclusion, mean+ SD 61.5 (+8.68) 63.7 (+10.7) 65.6 (+9.06) 0.17 0.071 0.59
DD at inclusion, mean+ SD 3.39 (+3.65) 5.07 (£5.29) 8.25 (+7.09) 0.027 <0.001* 0.035
SARA at inclusion, mean + SD 13.0 (£5.71) 10.2 (£4.26) 12.0 (£5.15) <0.001*% 0.31 0.19
SARA/DD, mean + SD 6.05 (+4.95) 4.06 (+3.60) 243 (+1.73) <0.01 <0.001%  0.11
ASARA, mean+SD 2.00 (+3.05) 0.31 (x£2.31) 0.803 (+1.69) <0.001* 0.081 0.39
SDFS at inclusion, mean + SD 3.53 (=1.31) 3.13 (=0.97) 3.21 (+0.89) 0.073 0.42 0.76
SDFS/DD, mean + SD 1.42 (£1.21) 1.27 (= 1.29) 0.648 (£0.535) 0.081 <0.01 0.056
ASDFS, mean+SD 0.70 (= 1.94) 0.16 (£0.69) 0.37 (£0.596) <0.01 0.79 0.067
UPDRSS3 at inclusion, mean + SD 19.4 (+11.6) 13.5 (£9.71) 14.1 (£6.90) <0.001* 0.013 0.8
UPDRS/DD, mean + SD 9.20 (+8.97) 5.01 (£6.91) 3.53 (£3.77) <0.001* <0.001* 0.5
AUPDRS, mean +SD 5.35(x11.0) -1.76 (£7.09) 2.17 (£4.63) <0.001*% 0.21 0.097
Dysarthria, n (%) 68 (81%) 36 (51%) 14 (70%) <0.001% 0.36 0.14
Dysphagia, 1 (%) 38 (45%) 17 (24%) 7 (35%) <0.01 0.41 0.34
Parkinsonism, n (%) 64 (76%) 12 (17%) 8 (40%) <0.001*  <0.01 0.063
Action Tremor, n (%) 65 (77%) 38 (54%) 12 (60%) <0.01 0.11 0.65
Pyramidal syndrome, n (%) 53 (63%) 26 (37%) 10 (50%) <0.01 0.28 0.3
Reduced or absent deep tendon reflexes, n (%) 16 (19%) 16 (23%) 8 (40%) 0.56 0.073 0.13
Autonomic dysfunction, n (%) 75 (89%) 33 (47%) 17 (85%) <0.001% 0.7 <0.01
Genitourinary disorders, n (%) 65 (77%) 30 (43%) 17 (85%) <0.001* 0.56 <0.001*
Erectile dysfunction, n (%) 22 (26%) 8 (11%) 3 (15%) 0.021 0.39 0.7
Abnormal bladder scan, n (%) 31 (37%) 2 (2.9%) 2 (11%) <0.001*  0.026 0.2
Orthostatic hypotension, n (%) 49 (58%) 12 (17%) 7 (35%) <0.001*  0.06 0.12
Clonidine stimulation test, n (%) 44 (52%) 23 (33%) 8 (40%) 0.015 0.32 0.55
Oculomotor disorders, n (%) 67 (80%) 41 (59%) 17 (85%) <0.01 0.76 0.029
Cognitive impairment, n (%) 33 (40%) 27 (39%) 7 (37%) 0.88 0.81 0.89
MOCA Score, mean + SD 22.1 (%5.12) 22.7 (+6.19) 22.6 (+6.62) 0.67 0.57 0.89
Abnormal CSFE, 1 (%) 15 (22%) 22 (38%) 2 (17%) 0.058 1 0.2
Abnormal brain MRI, n (%) 79 (96%) 60 (91%) 19 (95%) 0.19 1 1
Cerebellar atrophy, n (%) 73 (89%) 52 (79%) 18 (90%) 0.088 1 0.34
Atrophy of the pons, n (%) 48 (59%) 8 (12%) 5(25%) <0.001* <0.01 0.17
Atrophy of cervical spinal cord, n (%) 0 (0%) 0 (0%) 3 (15%) 1 <0.01 0.011
HCB sign in FLAIR-weighted sequence, n (%) 26 (32%) 0 (0%) 0 (0%) <0.001* <0.01 1
Hyperintensity of the MCP in FLAIR-weighted sequence, n 29 (35%) 1(1.5%) 3 (15%) <0.001* 0.078 0.038
(%)
Hyperintensity of the SCC in FLAIR-weighted sequence, n 11 (13%) 8 (12%) 8 (40%) 0.82 0.011 <0.01
(%)
Putaminal Hypointensity in T2*-weighted sequence, n (%) 16 (20%) 2 (3%) 1 (5%) <0.001*% 0.18 0.55
Calcifications, n (%) 2 (2.4%) 1(1.5%) 6 (30%) 1 <0.001*  <0.001*
Abnormal (1123)-FP-CIT-SPECT, n (%) 39 (46%) 7 (10%) 9 (45%) <0.001*% 091 <0.01
Abnormal EEG, n (%) 8 (14%) 3(7.3%) 3 (23%) 0.35 0.42 0.14
Abnormal EMG, n (%) 24 (32%) 20 (33%) 11 (61%) 0.92 0.022 0.031
Sensory axonal neuropathy, n (%) 8 (11%) 9 (15%) 9 (50%) 0.5 <0.001* <0.01
Abnormal body-CT-scan, n (%) 12.1%) 4 (13%) 0 (0%) 0.072 1 1
Probable MD at muscle biopsy, n (%) 6 (24%) 5(28%) 3 (50%) 1 0.34 0.43

The statistically significant values after Bonferroni correction are in bold

DD disease duration, SARA Scale of Assessment and Rating of Ataxia, SDFS Spinocerebellar Degeneration Functional Score, UPDRS3 United
Parkinson’s Disease Rating Scale 3, MOCA Montreal Cognitive Assessment, CSF cerebrospinal fluid, MD mitochondrial disease, HCB hot-cross
bun, MCP middle cerebellar peduncle, SCC splenium of the corpus callosum, /LOCA Idiopathic late-onset cerebellar ataxia, MSA-C multiple

system atrophy cerebellar type

*Denotes for significant results after Bonferroni correction

p' denotes for p values of comparison between MSA-C and ILOCA

p* denotes for p values of comparison between genetics and MSA-C

p® denotes for p values of comparison between genetics and ILOCA
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Table 2 Diagnosis found in the cohort
Diagnosis Sex Age of onset SARA at SARA/DD (I123)- ENMG  Brain MRI
inclusion FP-CIT-
SPECT
MSA-C (n = 84) 1.05 58.2 13.0 6.05 46%* 32%* 89%*
Genetics
vLOFA (n =2) M 41 11.5 1 Normal Normal Abnormal
M 48 8 0.9 Normal Abnormal Normal
FXTAS (n=2) M 62 9 3 Normal Normal Abnormal
M 72 8 4 Normal Normal Abnormal
SCA3(n=1) F 67 12 6 Abnormal  Abnormal Abnormal
SCA17(n=1) F 74 11.5 2.9 Normal Abnormal Abnormal
DRPLA (n=1) F 65 15 5 Normal Abnormal Abnormal
PFBC (n=4) MYORG F 60 10.5 1.3 Abnormal  Normal Abnormal
SLC20A2 M 51 11.5 1.1 Abnormal  Abnormal Abnormal
SLC20A2 M 54 11.5 3.8 Abnormal  Abnormal Abnormal
SLC20A2 M 69 19 2.5 Abnormal  N/A Abnormal
Mitochondrial Disease MELAS F 56 10.5 53 Abnormal  Abnormal Abnormal
Other MD*® F 58 7.5 1.1 Normal Abnormal Abnormal
CANVAS (n =3) M 60 N/A N/A Abnormal  Abnormal Abnormal
M 50 27 1.3 Normal Abnormal Abnormal
M 73 N/A N/A Abnormal  Abnormal Abnormal
SPG7 (n=4) M 46 5 1.3 Abnormal  N/A Abnormal
F 41 18.5 1.2 Normal Normal Abnormal
M 50 11 0.4 Normal Normal Abnormal
M 50 9 1.5 Normal Abnormal Normal
Degenerative
PSP-C(n=1) M 65 11.5 5.75 Abnormal  Abnormal Abnormal
Immune mediated disease
Progressive MS (n=5) F 57 13.5 1.7 Normal Normal Abnormal
F 68 10.5 5.3 Normal Abnormal Abnormal
M 56 11 5.5 Normal N/A Normal
M 60 14 2.3 Abnormal ~ Abnormal Abnormal
F 49 22.5 5.6 N/A Normal Abnormal
Sjogren’s syndrome (n = 2) F 51 5 5 Normal Normal  Normal
M 77 7 3.5 Normal Abnormal Normal
Anti-GAD encephalitis (n = 1) F 54 4.5 4.5 Normal Abnormal Abnormal
Auto-immune Encephalitis (n M 64 20 10 Normal Normal  Abnormal
= 1)
Paraneoplastic syndrome (n = 2) M 50 3 0.1 Normal Normal  Normal
F 69 16 16 Normal Normal Abnormal
Post-infectious cerebellitis (n = 1) M 57 10.5 3.5 Normal Abnormal Abnormal
Coeliac disease (n = 1) F 53 21 14 Normal Abnormal Abnormal
Others
Creutzfeldt-Jakob disease (n = 1) M 61 21 21 Normal Normal Abnormal
Hemosiderosis (n = 2) M 52 10.5 0.8 Normal Normal Abnormal
M 50 19.5 19.5 Normal N/A Abnormal
Arnold-Chiari (n = 2) F 43 8 8 Normal Normal Abnormal
M 52 6 3 Normal Normal  Normal
Alcoholic cerebellar degeneration F 43 12 0.5 Normal Abnormal Abnormal
(n=3)
M 49 10 1.3 Normal Abnormal Abnormal
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Table 2 (continued)

Diagnosis Sex Age of onset SARA at SARA/DD (I123)- ENMG  Brain MRI
inclusion FP-CIT-
SPECT
M 63 10 10 Normal Abnormal Abnormal
Essential tremor with cerebellar M 54 3.5 1.8 Normal Normal N/A
ataxia (n = 2)
M 51 6.5 0.9 Normal Abnormal Abnormal
Functional disorders (n = 4) F 47 7 7 Normal Normal Normal
M 65 5 2 Normal Abnormal Abnormal
F 57 6.5 1.6 Normal Normal Abnormal
F 54 16 4 Normal Normal N/A
Vascular leuco-encephatolopathy M 50 6 6 Normal Normal Abnormal
(m=1)
Post-radiotherapy (n = 1) M 63 5.5 5.5 Normal Normal N/A
Post-Traumatic (n = 1) M 53 0.5 Normal Abnormal Normal

vLOFA very late onset Friedreich Ataxia; FXTAS Fragile X Tremor/Ataxia Syndrome; SCA Spinocerebellar Ataxia; DRPLA Dentatorubral-Pal-
lidoluysian Atrophy; PFBC Primary Familial Brain Calcification; MELAS Mitochondrial Encephalopathy, lactic acidosis and stroke-like epi-
sodes; CANVAS Cerebellar Ataxia with Neuropathy and Vestibular Areflexia Syndrome; MSA-C, Multiple System Atrophy cerebellar type; PSP-

C Progressive Supranuclear Palsy cerebellar type; MS Multiple Sclerosis

*: patients (%) with abnormal exam; $: patient with a mutation in the mitochondrial gene MT-TI

can be abnormal SPG7 patients [21], as found in one of our
patient, although no parkinsonism was noted, showing the
importance of this imaging not only to diagnose MSA-C
but also to identify patients affected with SPG7-related CA.

Three patients (1.4%) had biallelic pathogenic expansion
of RFCI. Expansion of RFCI is assumed to be a frequent
cause of SLOCA with a prevalence of 1/20 000 in general
population and of 0.7% for heterozygous carrier. In a cohort
of 911 adult-onset sporadic cerebellar ataxia, Syrina et al.
found 29 (3.2%) patients with biallelic pathogenic expan-
sion in RFCI [4, 22]. Interestingly, two of our patients also
had an abnormal (1123)-FP-CIT-SPECT. The phenotype of
RFC1l-related disorders is expanding with several studies
reporting parkinsonism in patients with biallelic expansion
of RFCI [23, 24] and a case report of a dopa-responsive
parkinsonism and presynaptic dopaminergic denervation in
a patient with biallelic expansion of RFCI[25]. The link
between MSA-C and RFC1 biallelic pathogenic mutations is
still controversial [26, 27]. Search for RFC1 biallelic expan-
sion should be systematically performed facing a patient
presenting with sporadic or presumed recessively inherited
late-onset cerebellar ataxia including when dysautonomia is
part of the phenotype.

Three patients had a spinocerebellar ataxia (SCA),
namely one with SCA3, one with SCA17, and one with
DRPLA. For two of these patients, there was a history of
early death of one parent but the lack of family history of
CA. It is important to specifically search for triplet repeat
expansion-related SCA in ataxic patients with a history of
early death of a parent or with a suggestive clinical and

@ Springer

imaging picture, because genes panel do not allow to detect
triplet repeat expansions.

Herein, 70 patients (34%) remained undiagnosed despite
investigations (ILOCA group) including numerous gene
analysis. The gene panel performed in 95 patients found 4
SPG7. Some of these ILOCA patients could carry mutations
in genes that were not explored by our CA gene panel or not
yet reported in CA. For such patients, whole-exome or even
whole-genome sequencing could be of interest to improve
the diagnostic yield.

This study confirms and further precises the results of
the previous work of Gebus et al. concerning the relevance
of investigations.

The most relevant investigation with the highest yield
(38%) was MRI. Some exams also appeared relevant
regarding their yields, namely orthostatic hypotension
test, bladder scan, and clonidine test, although the inter-
est of the latter remains controversial [11]. (I123)-FP-CIT-
SPECT also had a good relevance. We thus consider that
(I123)-FP-CIT-SPECT should be performed systematically
facing a SLOCA, since it gives hint for MSA-C which is
the most common cause of SLOCA, and also for genetic
diagnosis. Indeed, it has been shown that dopaminergic
denervation can occur in several genetic diseases, such
as SPG7, FXTAS, or biallelic expansion of RFCI [21,
25]. Since parkinsonism is not easily identified in a patient
with cerebellar ataxia an abnormal (1123)-FP-CIT-SPECT
could also lead to test the efficacy of levodopa.

Despite having lower yields, CSF analysis and EMG
remain interesting exams which should be performed in
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Table 3 Investigations performed in patients and their relevance
Patients Patients with Relevant for diagnosis Yield, %
tested, n abnormalities,
n (%)

Imaging
MRI 197 182 (92%) 74 (35 probable MSA-C; 17 possible MSA-C; 1 PSP-C ; 5 MS ; 4 38%

PFBC ; 2 superficial hemosiderosis ; 2 Arnold-Chiari ; 1 SCA 3 ; 1

DRPLA ; 1 vLOFA ; 2 FXTAS ; 1 SPG7 ; 1 MELAS ; 1 CID
Body CT-scan 101 12 (12%) 2 paraneoplastic (lung cancer and lymphoma) 2%
Nuclear medicine
(1123)-FP-CIT-SPECT 202 57 (28%) 40 (30 probable MSA-C; 9 possible MSA-C ; 1 PSP-C) 20%
PET-scan 22 4 (18%) 1 paraneoplastic (lymphoma) 5%
Electro-physiology
EMG 181 67 (37%) 7 (3 CANVAS; 1 Sjogren’s syndrome; 3 ACD) 4%
EEG 132 18 (14%) 1CID <1%
Bed-side tests
Orthostatic hypotension 204 75 (37%) 49 (29 probable MSA-C ; 20 possible MSA-C) 24%
Bladder-scan 203 37 (18%) 31 (20 probable MSA-C ; 11 possible MSA-C) 15%
Laboratory
Clonidine 204 85 (42%) 44 (23 probable MSA-C ; 21 possible MSA-C) 22%
CSF 164 55 (34%) 9 (5 MS; 1 Sjogren’s syndrome; 1 anti-GAD encephalitis; 1 autoimmune 5%

encephalitis; 1 paraneoplastic)
VLCFA 144 2 (1%) 0 0%
Cholestanol 121 0(0%) 0 0%
Hexosaminidase 107 0 (0%) 0 0%
Arylsulfatase 98 0(0%) 0 0%
Phytanic acid 144 0 (0%) 0 0%
Vitamin E 191 0 (0%) 0 0%
Anti-neuron antibody 194 6 (3%) 1 paraneoplastic (anti-Sox) <1%
Anti-TPO antibody 174 9 (5%) 0 0%
Anti-gangliosides antibody 134 4 (3%) 0 0%
Anti-GAD antibody 178 2 (1%) 1 anti-GAD encephalitis <1%
Antitransglutaminase antibody 174 2 (1%) 1 coeliac disease <1%
AFP 177 13 (7%) 0 0%
Copper 153 4 (3%) 0 0%
Ceruloplasmin 163 15 9%) 0 0%
Acanthocyte 151 1(<1%) 0 0%
Muscle Biopsy 53 46 (87%) 3 (2 SPG7; 1 MD) 6%
Genetics
SCA 130 3 (2%) 1 SCA3; 1 SCA17; 1 DRPLA 2%
FXTAS 178 2 (1%) 2 1%
Friedreich 177 2 (1%) 2 1%
RFCI 152 3 (2%) 3 2%
MERRF 31 0 (0%) 0 0%
MELAS 30 1 (3%) 1 MELAS 3%
PMD-A gene panel 95 35 37%) 4 SPG7 4%

MSA-C Multiple System Atrophy cerebellar type; MS Multiple Sclerosis; VLCFA Very Long Chain Fatty Acids; MD Mitochondrial disease;
PFBC Primary Familial Brain Calcification; CJD Creutzfeldt-Jakob disease

all patients. The first one gives hint for immune-mediated
ataxias which belong to the treatable causes of SLOCA
and are not to be missed. One may consider that deeper
investigations devoted to gluten ataxia with antigliadin

antibodies or to the search for primary autoimmune cer-
ebellar ataxia could have been helpful to find more autoim-
mune causes of SLOCA that could be treated with immu-
nosuppressive drugs [28]. EMG is useful to be aware of
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A.MSA-C
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J. FXTAS

M. Superficial siderosis

Fig.2 Brain MRI abnormalities identified in our cohort. MSA-C
(a—d). Axial FLAIR-weighted MRI: Hot-cross bun sign (white arrow)
and middle cerebellar peduncle hyperintensity (white dotted arrow)
(a). Axial T2*-weighted MRI: bilateral putaminal hypointensity
(black arrow) (b). Sagittal FLAIR-weighted MRI: severe atrophy of
the pons and the cerebellum (c¢). Axial T2-weighted MRI: putaminal
rim sign (black arrows) (d). PSP-C: Sagittal FLAIR-weighted MRI
showing the humming bird sign (white arrow) (e). vVLOFA: Sagittal
FLAIR-weighted MRI showing the atrophy of cervical spinal cord
(black arrow) (f). DRPLA: axial FLAIR-weighted MRI showing
diffuse cerebral atrophy and extensive leukopathy (g). SCA3: Axial
proton density-weighted MRI showing the hot-cross bun sign (h).

axonal sensory neuropathy which could prompt genetic
testing as it was found out to be associated with genetic
disease in our study.
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FXTAS: Axial FLAIR-weighted MRI showing hyperintensity of the
middle cerebellar peduncles (white dotted arrow) (i) and hyperinten-
sity of the splenium of the corpus callosum (j). PFBC: Axial T2*-
weighted MRI showing calcifications as hypointensity of dentate
nuclei (k) and the basal ganglia (I). Superficial siderosis: Axial T2*-
weighted MRI showing hemosiderin deposits by peri-axial hypoin-
tensity (m). SPG7: Axial FLAIR-weighted MRI showing bilateral
hyperintensity of dentate nuclei (white arrow) (n). Progressive mul-
tiple sclerosis: axial FLAIR-weighted MRI showing multiple periven-
tricular white matter lesions (0). CANVAS: sagittal FLAIR-weighted
MRI showing cerebellar atrophy (p)

Furthermore, some exams had a high yield, but were per-
formed only on selected patients, including PET-scan which
was performed on patients suspected of paraneoplastic
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I Sporadic late-onset cerebellar ataxia |
Exclude acguired causes of late-onset cerebellar ataxia:
* Brain MRI £ Spine MRI
Acquired late-onset cerebellar * Laboratory including ANA, antineuronal, antiganglioside,
ataxia: MS; Sjogren’s antiphospholipid, anti-TG, anti-GAD, anti-TPO antibodies, ACE,
syndrome"superﬁcial - copper, ceruloplasmin, cholestanol, vitamins B1, B6, B9, B12 and E,
hemosiderosis; Arnold-Chiari; and phytar.\nc add . . ,
anti-GAD antibody mediated * CSF analysis : protein level, bacteriology, oligoclonal bands,
ataxia; gluten ataxia; PCD... antineuronal and anti-GAD antibodies
! ! * HTO; bladder-scan; clonidine test
e AULFP-CIT-SPECT
* EMG
* + Body CT scan £ PET-scan (if suspicion of paraneoplastic syndrome)
Clinical features
Suggestive Suggestive
of genetic
§ -
of MSA-C disease
Follow-up and/or exclusion
Criteria for No of MSA look-alikes G'“R_Q’:.‘Is
probable MSA-C = *
fulfilled ? - Possible MSA C — * Friedreich’s ataxia
* FXTAS
* SCA1L,2,3,6,7,17, DRPLA
Yes (if necessary)
* Gene panel including SPG7
* + PFBC genes (if brain
Probable calcifications)
MSA-C :
‘ Negative
Qnly if mitochondrial disease
issyspected ;

Fig.3 Algorithm for sporadic late-onset cerebellar ataxia. ANA anti-
nuclear antibodies, 7G transglutaminase, ACE angiotensin-converting
enzyme, GAD glutamic acid decarboxylase, TPO thyroid peroxidase,
CSF Cerebrospinal fluid, HTO orthostatic hypotension test, MS mul-

syndrome, or for the genetic testing for MERRF and muscle
biopsy which were performed on patients suspected of mito-
chondrial disease. For the latter exam, the result was often
abnormal but only orientated the diagnosis in a few cases.
Regarding laboratory exploration, the analysis of VLCFA,
cholestanol, hexosaminidase, arylsulfatase, phytanic acid,
vitamin E, AFP, and acanthocytes did not lead to any diag-
nosis. Except for cholestanol, vitamin E, and phytanic acid

* Muscle biopsy
*  Genetic testing for MELAS
and/or MERRF

tiple sclerosis, MSA-C multiple system atrophy cerebellar type, ACD
alcoholic cerebellar degeneration, PCD paraneoplastic cerebellar
degeneration, PFBC primary familial brain calcifications, HCB hot-
cross bun, SCC splenius of the corpus callosum

which orientate the diagnosis toward scarce but treatable
causes of CA, these exams should not be performed sys-
tematically. EEG appeared not relevant but for the diagnosis
of Creutzfeldt-Jakob disease, and should not be performed
systematically.

Based on the elements discussed above, we propose a
diagnostic algorithm (Fig. 3). The first-line exams include
brain MRI, (I123)-FP-CIT-SPECT, lumbar puncture,
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laboratory explorations including the treatable causes of
SLOCA, search for autonomic failure with orthostatic hypo-
tension test, and bladder scan. If available, a clonidine test
can also be proposed in first line of exams, since it has a 75%
negative predictive value, although its sensitivity remains
low in early stages of MSA-C patients [11]. Body CT-scan
and the PET-scan should be performed only if a paraneo-
plastic syndrome is suspected. This step aims to investigate
most of the acquired causes of SLOCA as well as to find
arguments for MSA-C or genetic causes.

The second line of exams includes genetic testing with
search for RFCI/CANVAS, Friedreich ataxia, FXTAS, as
well as, if necessary SCA 1, 2, 3, 6, 7, 17 and DPRLA and
gene panel to search for SPG7, if there are arguments for a
genetic cause based on the features detailed Table 1 or if
the criteria for probable MSA-C are not fulfilled. A muscle
biopsy should be performed only when facing mitochondrial
disease suspicion and if the former explorations are negative.

The strengths of our study include its prospective nature,
the large cohort of patients, extensive laboratory, and imag-
ing investigations and genetic analysis as well as a long fol-
low-up period. We included in our cohort many causes of
late-onset CA and gave a comprehensive view of the under-
lying etiologies. Nevertheless, our study has several limita-
tions. First, we do not have pathological data to support the
diagnosis of MSA-C. Finally, about 40% of ILOCA patients
did not benefit from the CA-related gene panel sequencing.

In conclusion, we diagnosed 135 (66%) of our patients
with 26 heterogeneous etiologies of late-onset cerebellar
ataxia -MSA being the most frequent by far—including 11
genetic causes that need to be searched for, possibly based
on the algorithm we propose. When compared with MSA-C,
genetic causes were associated with slower disease evolu-
tion, cervical spine atrophy hyperintensity of the splenius
of corpus callosum, and calcification on brain MRI and a
sensory neuropathy on EMG. Expansion of the cohort and
further work are warranted to better clarify the underlying
cause of ILOCA.
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