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Abstract While Friedreich's ataxia (FRDA) and ataxia
telangiectasia (AT) are known to be the two most frequent
forms of autosomal recessive cerebellar ataxia (ARCA),
knowledge on the other forms of ARCA has been obtained
only recently, and they appear to be rarer. Little is known
about the epidemiological features and the relative frequen-
cy of the ARCAs and only few data are available about the
comparative features of ARCAs. We prospectively studied
102 suspected ARCA cases from Eastern France (including
95 from the Alsace region) between 2002 and 2008. The
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diagnostic procedure was based on a sequential strategic
scheme. We examined the clinical, paraclinical and molec-
ular features of the large cohort of patients and compared
features and epidemiology according to molecular diagno-
sis. A molecular diagnosis could be established for 57
patients; 36 were affected with FRDA, seven with ataxia
plus oculomotor apraxia type 2 (AOA2), four with AT,
three with ataxia plus oculomotor apraxia type 1 (AOAL),
three with Marinesco—Sjogren syndrome, two with autoso-
mal recessive spastic ataxia of Charlevoix—Saguenay
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(ARSACS), one with ataxia with vitamin E deficiency
(AVED) and one with autosomal recessive cerebellar ataxia
type 2 (ARCA?2). The group of patients with no identified
mutation had a significantly lower spinocerebellar degen-
eration functional score corrected for disease duration
(SDFS/DD ratio; p=0.002) and comprised a significantly
higher proportion of cases with onset after 20 years
(»<0.01). Extensor plantar reflexes were rarer and cerebel-
lar atrophy was more frequent in the group of patients with
a known non-Friedreich ARCA compared to all other
patients (p<0.0001 and p=0.0003, respectively). Lower
limb areflexia and electroneuromyographic evidences of
peripheral neuropathy were more frequent in the Friedreich
ataxia group than in the group with a known non-Friedreich
ataxia and were more frequent in the later group than in the
group with no identified mutation (p=0.0001 and p=0.01,
respectively). The overall prevalence of ARCA in Alsace is
1/19,000. We can infer the prevalence of FRDA in Alsace
to be 1/50,000 and infer that AT is approximately eight
times less frequent than FRDA. MSS, AOA2 and ARSACS
appear only slightly less frequent than AT. Despite the
broad variability of severity, Friedreich ataxia patients are
clinically distinct from the other forms of ARCA. Patients
with no identified mutation have more often a pure
cerebellar degenerative disease or a spastic ataxia pheno-
type. It appears that ARCA cases can be divided into two
major groups of different prognosis, an early-onset group
with a highly probable genetic cause and an adult-onset
group with better prognosis for which a genetic cause is
more difficult to prove but not excluded. ARCAs are rare,
early-disabling and genetically heterogeneous diseases
dominated by FRDA. Several of the recently identified
ARCAs, such as AVED, ARSACS, AOA1l, AOA2 and
MSS, have a prevalence close to AT and should be searched
for extensively irrespective of ethnic origins. The strategic
scheme is a useful tool for the diagnosis of ARCAs in
clinical practice.

Keywords Ataxia - Cerebellar - Genetics

Introduction

Autosomal recessive cerebellar ataxias (ARCAs) are a
heterogeneous group of inherited neurodegenerative disor-
ders that affect the cerebellum, the spinocerebellar tract
and/or the sensory tracts of the spinal cord. They are
characterised by prominent progressive cerebellar ataxia in
association with other neurological or extra-neurological
signs. In the past 15 years, there has been extensive
progress in the knowledge of ARCA [1, 2], with more
than ten genes identified. Friedreich's ataxia (FRDA) and
ataxia telangiectasia (AT) were reported to be the two most
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frequent forms of ARCA [3—6]. The other forms of ARCA
are rarer [1]. Several pathological pathways appear to be
shared by different ARCAs, such as defect in DNA break
repair [AT, ataxia with oculomotor apraxia type 1 (AOA1),
ataxia with oculomotor apraxia type 2 (AOA2), ataxia
telangiectasia-like disorder (ATLD) and spinocerebellar
ataxia with axonal neuropathy (SCANI1)] [5, 7-12] or
defective mitochondrial homeostasis [(FRDA, sensory
ataxic neuropathy with dysarthria and ophthalmoplegia
(SANDO), infantile onset spinocerebellar ataxia (IOSCA),
ARCA type 2 (ARCA2)] [13-16]. Drugs have been
reported to have potential efficacy in treating some ARCA
such as alpha-tocopherol in ataxia with vitamin E deficien-
cy (AVED) [16-22] or idebenone in FRDA [23-25].
Despite the recent progress, little is known about the
epidemiological features and the relative frequency of the
ARCA [6, 26-34]. Moreover, only few data are available
about the comparative features of ARCA. We prospectively
studied all cases of suspected recessively inherited ARCA
in Alsace, Eastern France between 2002 and 2008 in order
to examine the clinical, paraclinical and molecular features
of a large cohort of patients and to compare features and
epidemiology according to molecular diagnosis.

Materials and methods

From 2002 to 2008, we prospectively included in our study
all patients, irrespective of their ethnic origin, affected with
suspected ARCA and who were referred to the Departments
of Neurology or Pediatrics of the two major Alsace regional
hospitals, Strasbourg and Mulhouse. A detailed phenotype
was obtained following complete clinical examination and
laboratory, imaging, electrophysiological and molecular
investigations.

Inclusion criteria for suspected ARCA were: predomi-
nant cerebellar ataxia and onset before the age of 60 years
(because FRDA may occur until this age). Particularly
suggestive of autosomal recessive inheritance were the
presence of similar cases in the sibship and/or consanguin-
eous union of the parents. All patients with suspected
ARCA who were referred to one of the local centres were
included in the cohort. Exclusion criteria were: congenital
ataxia or ataxia associated with prominent cerebral involve-
ment or leucoencephalopathy, other identified aetiologies
(multiple sclerosis, multiple system atrophy, virus, drug
intoxication, paraneoplastic syndrome...) and knowledge of
dominant inheritance in the family.

According to published criteria and our clinical experi-
ence [1-06, 8, 10, 11, 13, 16, 37, 38, 47, 48], we used a
diagnostic procedure based on a strategic scheme that
sequentially integrates clinical, laboratory (including the
FRDA GAA expansion test), imaging, electrophysiological
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and finally sequencing data (Fig. 3).The following clinical
items were noted: date of birth, origin, family history, age at
onset of the disease, disability stage [spinocerebellar
degeneration functional score (SDFS)] from 0 (no cerebel-
lar sign) to 7 (bedridden), pyramidal signs, motor deficien-
cy, deep tendon reflexes, vibratory sense, visual acuity,
movement disorders, oculomotor features including oculo-
motor apraxia (OMA) [35], foot deformities or scoliosis
and mental retardation. Laboratory investigations included
(Table 1): vitamin E, alpha-foetoprotein, glycaemia, phy-
tanic acid, cholesterol, triglyceride, albumin, lipoproteins,
protein electrophoresis, lactic acid, creatin kinase, acantho-
cytes, amino acidemia and very long-chain fatty acids of
the serum, urinary oligosaccharides, leukocytic enzymes,
lysosomal enzymes, karyotype, cerebrospinal fluid analysis,
skin biopsy and muscle and/or nerve biopsy. Imaging
investigations consisted of cerebral tomodensitometry and/
or cerebral magnetic resonance imaging and echocardiog-
raphy. Electrophysiological investigations included electro-
neuromyography, electroencephalography, oculography,
sensory evoked potentials and visual evoked potentials.
Genetic analysis included (Table 1): FRDA [4], AVED [16,
18], AOA1 [10, 36], AOA2 [8], AT [5], Marinesco—Sjogren
syndrome (MSS) [37], autosomal recessive spastic ataxia of
Charlevoix—Saguenay (ARSACS) [38], ATLD [11], reces-
sive ataxia associated with coenzyme Q10 deficiency
(ARCA2) [13], dominant spinocerebellar ataxias (SCAs 1,
2, 3,6, 7 and 17) [39, 40], dentato-rubro-pallido-luysian
atrophy [41, 42], Huntington disease [43] and choreoacan-
thocytosis (ChAc) [44]. Except for the expansion disease
genes, all other genes (AOA1, AOA2, AVED, AT, MREI11,
ARSACS, ARCA2, MSS and ChAc) were tested by
sequencing of all coding exons

Statistical analysis

Patients’ data were collected in a computerised database
and analysed using the statistical software package Statis-
tical Analysis System (SAS) for Windows, release 9.1.3
(SAS Institute, Cary, NC, USA). Categorical variables were
analysed with the chi-square test and Yates' correction or
Fisher's exact test when necessary. Non-parametric statisti-
cal methods were used for analysis, as most analysed
quantitative variables could not meet the assumption of
normality. Such variables are presented as the median
(Q1:25th—Q3:75th percentiles), whilst categorical variables
are presented as frequencies (percentage of patients).

We used Wilcoxon rank-sum test (two groups) and
Kruskal-Wallis test (more than two groups) for all
comparisons of quantitative variables across groups. Spear-
man correlation coefficients were computed in order to
assess the strength of linear relationship between two
quantitative variables. Three groups were compared: FRDA

patients (group 1), non-FRDA patients with a genetically
established diagnosis (group 2) and patients without a
diagnosis (group 3). The “spinocerebellar degeneration
functional score/duration of the disease” (SDFS/DD) ratio
was used in this study to evaluate the severity of the disease
progression, but is not yet validated. All of the statistical
tests were two-sided, and statistical significance was
inferred when p<=0.05.

Results

One hundred and two patients were included in our study
(Table 2). The mean age at onset of the disease was 16.1
years £13.4 SD, mean age at last examination was 32.8
years +15.6 SD, mean disease follow-up was 16.7 £11.9 SD,
and mean SDFS/DD ratio was 0.45+0.42 SD. Forty-nine per
cent of patients were women. The disability stage at last
examination was 6/7 (i.e. wheelchair-bound) in 34% of
patients and 3/7 (i.e. able to walk without help, but not able
to run) in 29%. We compared three groups of patients: FRDA
patients (n=36, group 1), patients with another diagnosis
(including four AT, seven AOA2, three AOALI, three MSS,
two ARSACS, one AVED and one ARCA2, n=21, group 2)
and patients without diagnosis (n=45, group 3). The 45
patients of group 3 were not tested for all disease genes, but
only for the strongly suspected or compatible genes (Table 1
and Fig. 3): All patients from group 3 were tested for FRDA,;
25 were tested for AOA1, 12 for AOA2, three for AT, two
for ARSACS, one for MSS, 11 for ARCA2 and two for
MRELL.

The mean, median, standard deviation, minimum,
maximum, Q1 and Q3 of the age at onset, disease duration
and SDFS/DD score in each group and for each type of
diagnosis are presented in Fig. 1 and Table 3. For the
FRDA patients (36 patients including 30 treated with
idebenone), the size of the shorter GAA repeat expansion
extended from 0.4 up to 3.6 kb (mean, 1.95), whereas the
size of the larger GAA repeat expansion extended from 0.5
up to 4.6 kb (mean, 2.8). The size of the shorter GAA
repeat expansion was negatively correlated with the age at
onset (r=—0.7, p<0.0001) as well as associated with
scoliosis (p=0.02), pes cavus (p=0.03), loss of deep tendon
reflexes (p<0.05) and low vibration sense (»p=0.01), but not
with electroneurographic evidences of polyneuropathy. No
significant association was found between the size of the
shorter GAA repeat expansion and the occurrence of
cardiomyopathy, diabetes, extensor plantar reflexes, move-
ment disorders or the SDFS/DD ratio at last examination.
The proportion of non-FRDA ARCA for which a genetic
diagnosis could be established was higher for cases with a
disease onset before 20 years of age (42%) than for cases
with later onset (0%; x*=9.86, p=0.001). As a result, age at
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Table 1 Summary of the molecular, pathological, morphological, electrophysiological and laboratory tests performed in the cohort for both

aetiological and differential diagnosis

Genetic study
FRDA

AOALl

AOA2

AT

AVED
ARSACS
MSS

ARCA2
MRE11

Spinocerebellar ataxias (SCAs 123 6 7 17)
Charcot Marie Tooth (PO, PMP22, Connexin 32)

Mitochondrial DNA
Huntington Disease
Laboratory examination
Fundus

Oculography
Alpha-foetoprotein
Vitamin E

Phytanic acid
Immunoglobulin dosage
LDL cholesterol
Triglyceride
Albuminemia
Acanthocytosis
Lipoproteinemia

Lactic acid

Creatine kinase
Hexosaminidase A and A+B
Morphological tests
Brain MRI

Echocardiography
Electrophysiological tests
Electromyography
Electroencephalography
Visual evoked potential
Somesthesic evoked potential
Karyotype

Very long chain fatty acid
Amino acidemia
Pathological Study
Cerebrospinal fluid analysis
Skin biopsy

Muscle biopsy

Nerve biopsy

Number of tested patients
97

28

19

7

Number of tested patients
42
45
68
71
54
43
69
68
53
53
42
44
55
15
Number of tested patients
75

62
Number of tested patients
65

Number of affected patients
36

O OO O O = W= B~ OW

Number of patients with abnormalities

5 (2 ARSACS, 1 MSS, 2 ND%)
39

15 (7 AOA2, 4AT, 4 ND with 7<AFP<10pg/mL)

1 (AVED)
2 (ND, RD excluded)
3 (3 AT)

18 elevated LDL cholesterol (1 AOA1, 17 ND)

8 elevated triglyceride level (8 ND)
1 low albuminemia level (AOA1)
0

3 elevated lipoproteins level (3 ND)
4 (1 AOA2, 3 ND despite muscular biopsy)
10 (3 MSS, 2 AOA2, 1 FRDA, 4 ND)

0

Number of patients with abnormalities

67 (7 FRDA, 3 AOAL, 4 AOA2, 1
3 AT, 2 ARSACS, 45 ND%)

19 (17 FRDA, 2 ND)

AVED, 2 MSS,

Number of patients with abnormalities
45 (11 FRDA, 3 AOAI1, 4 AOA2, 1 AVED, 2 ARSACS, 24 ND%)

38 5 (1 ARSACS, 1 AOAL, 3 ND)

27 8 (2 FRDA, 1 AOA2, 5 ND)

36 25 (7 FRDA, 2 AOA2, 16 ND?)

11 3 (3 ATY)

22 0

27 0

Number of tested patients Number of patients with abnormalities
36 6°

10 1* (ARCA2)

22 9% (4 ND, 1 FRDA, 1 ARSACS, 1 AOA2, 1 MSS)
2 2% (1 ND, 1 ARSACS)

ND no diagnosis

#The abnormality was not specific of a precise diagnosis

® Presence of translocation on several mitoses, suggestive of A-T
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Table 2 Number of patients affected with each type of ataxia in the complete cohort and number of patients, percentage and exact confidence

limit for each type of ataxia for Alsatian patients

Complete cohort (N=102)

Alsatian patients (N=95)

N N Percentage ECL (%)
ND 45 45 47.1 37-57.9
FRDA 36 36 39 28.1-48.4
AOAIL 3 1 1.1 0.3-5.7
AOA2 7 2 2.1 0.3-7.4
AVED 1 1 1.1 0.3-5.7
ARSACS 2 2 2.1 0.3-74
AT 4 4 4.2 1.2-10.4
MSS 3 3 32 0.7-9
ARCA2 1 1 1.1 0.3-5.7

N number of patients, ECL exact confident limit, ND no diagnosis, FRDA Friedreich ataxia, 4OA4 ataxia with oculomotor apraxia type 1, 4042
ataxia with oculomotor ataxia type 2, AVED ataxia with vitamin E deficiency, ARSACS autosomic recessive spastic ataxia from Charlevoix—
Saguenay, AT ataxia telangiectasia, MSS Marinesco—Sjogren syndrome, ARCA2 autosomal recessive cerebellar ataxia type 2

onset was lower in group 2 (median=8.0 years, Q1=2, Q3=
15) than in groups 1 (median=13.5 years, Q1=10, Q3=21)
and 3 (median=14 years, Q1=7, Q3=25, p = 0.01; Fig. 1
and Table 4). Inversely, the SDFS/DD ratio was signifi-
cantly lower in group 3 (median=0.20, Q1=0.13, Q3=
0.43) than in groups 1 (median=0.52, Q1=0.32, Q3=0.75)
and 2 (median=0.38, Q1=0.27, Q3=0.60, p=0.002),
suggesting that prognosis of ARCA is better when a genetic
cause has not been identified despite appropriate inves-
tigations (Table 4). Extensor plantar reflexes were rarer in

group 2 (27.8%) than in groups 1 (93.8%) and 3 (78.0%;
x* = 26.6, p<0.0001). Lower-limb areflexia and electro-
neuromyographic evidences of peripheral neuropathy were
more frequent in group 1 (83.9% and 86.4%, respectively)
than in group 2 (63.2% and 69.2%, respectively) and in
group 2 than in group 3 (34.2% and 48.6%, respectively;
x*=18.2, p=0.0001 and x*=8.57, p=0.01, respectively).
Similar results were found regarding axonal neuropathy
(x*=9.84, p<0.01), but no difference was found between
the three groups with respect to demyelinating neuropathy.

Fig. 1 Age at onset of the three 60
groups of patients (group 1=
FRDA, group 2=others, group T -
3=ND) and of each type of
ARCA [median, mean (+), Q1, 50
Q3, minimum, maximum]
40 -
A
9 30
e
20
+ + E
+
10 -
—
I == -
0 - T T T T T T T T T T
FRDA ND others AOA1 AOA2 AVED ARSACS AT MSS ARCA2

Diagnosis type
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Table 3 Distribution of clinical

variables for each type of Diagnosis Variable Min. Med Mean SD Max.
ARCA and of GAA expansion

size for FRDA ND (N=45) Age at onset 1.00 14.00 18.47 15.12 55.00

SDFS/DD ratio 0.06 0.20 0.37 0.47 3.00

FRDA (N=35) Disease duration 1.00 17.00 19.49 13.87 60.00

Size min. expansion® 0.40 2.20 1.95 0.76 3.60

Size max. expansion® 0.50 2.90 2.84 0.82 4.60

Age at onset 3.00 13.50 17.81 12.65 55.00

SDFS/DD ratio 0.07 0.52 0.56 0.39 2.00

Disease duration 2.00 12.50 14.47 10.46 43.00

AOA1 (N=3) Age at onset 3.00 17.00 12.33 8.08 17.00

SDFS/DD ratio 0.38 0.40 0.41 0.04 0.46

Disease duration 10.00 13.00 13.00 3.00 16.00

AOA2 (N=7) Age at onset 13.00 15.00 15.00 2.08 18.00

SDFS/DD ratio 0.29 0.35 0.61 0.46 1.50

Disease duration 1.00 16.00 11.71 7.52 19.00

AVED (N=1) Age at onset 9.00 9.00 9.00 9.00

SDFS/DD ratio 0.14 0.14 0.14 0.14

Disease duration 21.00 21.00 21.00 21.00

ARSACS (N=2) Age at onset 2.00 2.50 2.50 0.71 3.00

SDFS/DD ratio 0.19 0.23 0.23 0.06 0.27

Disease duration 22.00 24.50 24.50 3.54 27.00

AT (N=4) Age at onset 2.00 4.50 4.75 2.75 8.00

SDFS/DD ratio 0.60 0.62 0.65 0.07 0.75

Disease duration 4.00 5.00 6.25 3.20 11.00

SDFS/DD ratio spinocerebellar MSS (N=3) Age at onset 1.00 1.00 1.00 0.00 1.00

gifsgsiag‘lj?h?‘;f;‘;zzlrzl‘;re/ SDFS/DD ratio 0.21 0.21 0.27 0.11 0.40

min. minimal, max. maximal, ND Disease duration 10.00 19.00 16.00 5.20 19.00

no diagnosis, N number of ARCA2 (N=1) Age at onset 2.00 2.00 2.00 2.00

patients, Med median, SD standard SDFS/DD ratio 0.11 0.11 0.1 0.11

deviation Disease duration 28.00 28.00 28.00 28.00

2 GAA expansion size in kilobase

Pure sensory neuropathy was more frequent in group 1
(55%) than in groups 2 (7.7%) and 3 (14.3%; x> = 13.82,
p=0.001). Pure motor neuropathy was identified in only
one patient of group 3 and never in the other groups
(Table 4). Interestingly, movement disorders were not
uncommon and were noted in 32.5% of the 102 patients,
including tremor (16.7%), myoclonus (7.8%), dystonia

(12.8%), chorea (5.9%) and tics (2.9%), without any
difference between the three groups of patients. Magnetic
resonance imaging (MRI) cerebellar atrophy was more
frequent in group 2 (86.7%) than in group 3 (68.4%) and in
group 3 than in group 1 (15.4%; x*=16.55, p=0.0003). No
difference was found regarding diffuse cerebrospinal
atrophy and pons atrophy. Brain MRI in FRDA was

Table 4 Main comparative data
of the three groups of patients

N number of patients, SDF'S/DD
spinocerebellar degeneration

functional score/duration of the
disease, polyneuropathy electro-
neurographic evidences for pol-
yneuropathy, cerebellar atrophy

Group 1 (N=36) Group 2 (N=21) Group 3 (N=45) p value
Age at onset (median) 13.5 8 14 0.01
Onset prior 20 years (%) 68.8 100 64.4 0.007
SDFS/DD ratio (median) 0.52 0.38 0.20 0.002
Oculomotor apraxia (%) 0 57.0 14.3 0.002
Extensor plantar reflex (%) 93.8 27.8 78 <0.0001
Polyneuropathy (%) 86.3 69 48.5 0.01
Cerebellar atrophy (%) 15.4 86.7 68.4 0.0003
Elevated AFP level (%) 16.0 61.1 10.5 0.0002
Elevated CPK level (%) 16.7 41.7 8.1 0.02

cerebellar atrophy on magnetic
resonance imaging
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consistent with spinal cord atrophy. Repeated MRI during
the course of FRDA allowed detecting the onset of a
progressive mild cerebellar atrophy (Fig. 2). A moderate
cerebellar atrophy similar to that encountered in FRDA was
found in our AVED. MRI of ARSACS showed a
predominantly vermian cerebellar atrophy as well as linear
hypointensities on T2 and T2 fluid-attenuated inversion
recovery-weighted images in the pons (Fig. 2), as described
by Martin et al. [45]. Cerebellar atrophy was marked in AT,
AOA1 and AOA2 patients (Fig. 2).

VNN

Fig. 2 Brain magnetic resonance imaging (MRI) of patients at
different times of disease duration. a-h Sagittal T1-weighted MRI, i
axial T2-weighted brain MRI. a Patient 16 affected with FRDA since
1 year. No cerebellar atrophy. b Patient 16 affected with FRDA since
10 years. Mild cerebellar atrophy and moderate cervical spinal
atrophy. ¢ Patient 16 affected with FRDA since 20 years. Moderate
cerebellar atrophy and marked cervical spinal atrophy. d Patient 85
affected with AT since 6 months. Severe diffuse cerebellar atrophy. e

Obviously, cardiomyopathy and diabetes were more
frequent in group 1 (61% and 26%, respectively) than in
the other groups (x*=25.39, p<0.0001 and x*=6.72, p=
0.03, respectively). Elevated AFP and elevated CK were
more frequent in group 2 than in groups 1 and 3 (x*=17.00,
p=0.0003 and \*=7.45, p=0.02, respectively; Table 4).
The higher incidence of elevated serum AFP levels in
group 2 was accounted by the AT and AOA2 patients, even
though one FRDA patient and three patients of group 3 also
had elevated AFP levels. AT was clinically excluded and

h. ARSACS B\, §

»

Patient 8 affected with AOAL1 since 6 years. Severe diffuse cerebellar
atrophy. f Patient 20 affected with AOA2 since 15 years. Marked
diffuse cerebellar atrophy. g Patient 25 affected with AVED since
19 years. Moderate cerebellar atrophy. h Patient 45 affected with
ARSACS since 27 years. Marked cerebellar atrophy mainly located on
anterior upper part of the cerebellum. i Patient 45 affected with
ARSACS since 27 years. Linear bilateral hypointensities in the pons
are indicated by arrows
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Recessive or sporadic progressive cerebellar ataxia

< 5years: AT, ATLD, AOA1, FRDA, ARCA2, IOSCA, ABL, MSS, CTX

5 years < age at onset < 10 years: AOA1, AT, FRDA, AVED, ARCA2, CTX

> 10 years: AOA2, FRDA, RD, AVED, ARCA1, SANDO, AOA1, CTX

Age at onset

> 40 years: SANDO, FRDA, ARCA1

Pyramidal signs: ARSACS, CTX > FRDA, AVED > AOA2
Choreodystonia: AT, AOA1, AOA2, ATLD, AVED, IOSCA
Oculomotor apraxia: AT, AOA1, ATLD > AOA2

Retinitis pigmentosa: RD, ABL > AVED

Optic atrophy: FRDA, IOSCA

Skeletal deformities: FRDA, AVED, ARSACS, RD, AOA1

A

v

Frequent signs «—— clinical findings—— > Specific signs

Telangiectasia: AT

Epilepsia: IOSCA > SANDO > ARCA2
Gastro-intestinal involvement: ABL > CTX
Head tremor: AVED > FRDA, AOA2
Strabismus: AOA2

Cataract : MSS, CTX

Tendon xanthomas: CTX

GAA expansion, Glycemia: FRDA
AFP: AT*, AOA2*

Vitamin E: AVED*, ABL*

Phytanic acid: RD*

LDL cholesterol: elevated: AOA1, SCAN1, decreased: ABL
Albuminemia: decreased: AOA1, SCAN1

4
laboratory tests

Creatin kinase: MSS* > AOA2

Lactic acid, muscle Coenzyme Q10: ARCA2
Acanthocytosis, Lipoproteins: ABL
Immunoglobulins, Karyotype: AT

Cholestanol: CTX*

Hexosaminidase: late onset Tay-Sachs*, Sandhoff*

- sensory neuropathy + cerebellar atrophy: SANDO

- sensory neuropathy + posterior column:
FRDA, AVED, ABL, IOSCA

- sensorimotor neuropathy + cerebellar atrophy:
AOA1, SCANT, RD > AT, AOA2, ARSACS, ATLD

- pure cerebellar ataxia: ARCA1, ARCA2

Fig. 3 Algorithm for ARCA diagnostic procedure in clinical practice.
The frequent signs are signs observed in several ARCAs and may
orientate the diagnostic procedure, whereas the specific signs may
discriminate a precise diagnosis. FRDA Friedreich ataxia, CTX
cerebrotendinous xanthomatosis. Since detection of the FRDA GAA
expansion is a simple molecular test that has broad implication for the

AOA2 was molecularly excluded in these three patients.
The only patients who had low serum albumin or vitamin E
levels were affected with AOA1 and AVED, respectively.
The patients affected with juvenile cataract (onset between
4 and 6 years of age) had MSS, whilst one patient from
group 3 had congenital cataract and another had adolescent
onset cataract. Fundus examination revealed prominent
retinal myelinated fibres in the two patients affected with
ARSACS.

In group 2, we report four cases of AT including the
following mutations: patient 83, ¢.3712 3716del5 (exon 27)
leading to p.Leul238Stop and ¢.7327C>T (exon 52) leading
to p.Arg2443Stop; patient 85, ¢.3802delG (exon 28) respon-
sible for p.Val1268Stop and ¢.8624A>G (exon 61) leading to
p-Asn2875Ser; patient 86, ¢.782delC (exon 9) responsible for
p-Thr2611lefs15Stop and c.6203T>C (exon 45) leading to p.
Leu2068Ser. The AVED case in this study bears a new
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4
paraclinical tests: MRI, EMG,‘SEP —+—» synthesis

sequencing of the strongly suspected gene(s)
l negative
sequencing of the compatible gene(s)
negative

follow up, REAPPRAISAL
(including metabolic screening, CSF analysis, skin and/or muscle biopsy)

diagnosis of ARCA, it was included in the early laboratory tests.
Paraclinical tests include tests that, in practice, require longer delay for
completion. SEP somesthesic evoked potentials, EMG electromyog-
raphy, CSF cerebrospinal fluid. Asterisk indicates a biomarker that is
always altered in the specified ARCA

homozygous mutation, 552+3A>T, that affects the donor
splice site of exon 3. The three patients (65, 72 and 73)
affected with MSS were reported by Anttonen et al. [37]
(families M16 and M11 in this reference). The three patients
with AOAI, the seven patients with AOA2 and the two
patients with ARSACS were reported in [46-48], respectively.
We describe in group 2 a patient affected with ARCA2 due to
the following heterozygous compound mutations in ADCK3:
¢.993C>T (exon 8) and c¢.1645G>A (exon 14) leading to
skipping of exon 14 (p.Lys314_Glu360del) and p.Gly549Ser,
respectively [13]. The patient had progressive cerebellar ataxia
which appeared at 2 years of age and is associated with
dysarthria, bilateral sensorineural deafness, brisk reflexes in
the lower limbs, mental retardation (intellectual quotient, 54)
and pes cavus. Scale for Assessment and Rating Ataxia
(SARA) score was 13/40, SDFS was 3/7 at 30 years of age,
adiadoscore was moderately altered, Ashworth score was 1,
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ambulatory score was 0 and PATA test score was 11. Fundus,
electroencephalogram, electromyogram, brain computer to-
mography and laboratory examinations, including serum
lactate, were normal.

For epidemiological purposes, we considered only the 95
patients living in the main recruiting administrative region,
Alsace (Table 2), since we had a bias in the recruitment of
the rare AOA1 and AOA2 forms from the neighbouring
Lorraine region (AOA1 and AOA2 patients from this region
were referred to the Strasbourg Neurology Department at the
time of gene identification of these two disorders in
Strasbourg [47, 48]. The overall prevalence of ARCA in
Alsace is 1/19,000 (95 patients out of 1,800,000 individuals)
or 5.3/100,000. Distribution of each type of ARCA among
the Alsatian patients is presented in Fig. 3. As expected,
FRDA and AT are the most and second most frequent
ARCAs, respectively. We can infer the prevalence of FRDA
in Alsace to be 1/50,000 (36 cases out of 1,800,000
individuals) and infer that AT is approximately eight times
less frequent than FRDA. MSS, AOA2 and ARSACS
appeared to be only slightly less frequent than AT.

Discussion

Few comparative epidemiological data are available for the
different forms of ARCA, mostly due to the recent
availability of the corresponding molecular tests. We report
here a prospective multicentric study of a large cohort of
ARCA from Alsace, Eastern France, which allowed
inferring directly the prevalence of the most frequent forms
of ARCA. We found that the overall prevalence of ARCA
in Alsace is 1 in 19,000 or 5.3/100,000. The difference with
the recent estimate of 2.2/100,000 for ARCA prevalence
in the Oslo County [26] may reflect a real difference
between the two regions or may be due in part to the fact
that some of our presumed ARCA patients without a
molecular diagnosis do not have an inherited form of
ataxia. We found that the prevalence of FRDA is 1/50,000
in Alsace, a figure in good agreement with the frequency of
carriers in the general population (1/90) [49, 50] that
predicts an incidence of 1/32,400. The difference between
prevalence and incidence is readily accounted by the
presymptomatic individuals and the shorter life expectancy
of the most severe FRDA cases. The prevalence in Alsace
appears higher than in the Padua province, Italy where a
prevalence of 6/1,000,000 (1/170,000) has been reported
[28]. The higher prevalence of FRDA in the upper Rhine
valley may explain why it was first recognised there by
Nicholaus Friedreich in 1863. AT incidence is estimated
between 1/40,000 and 1/100,000 in the USA [6], whilst it
was very low in the Padua study, as was AVED incidence
[28]. Our study is the first comparative epidemiological

study of FRDA, AT, AVED, AOAI, AOA2, ARSACS,
ARCA2 and MSS. It confirms that AT is the second most
prevalent ARCA, though with a prevalence of 1/450,000
(or 2.2/1,000.000), a figure closer to the Padua prevalence.
AOA2 has been suspected to be the second most frequent
cause of ARCA in adults, after FRDA [31]. Despite a very
broad confidence interval, our study suggests a prevalence
of 1/900,000, a figure in agreement with the prevalence of
AOA2 in the neighbouring Lorraine region [five patients
(two families) out of 2,400,000 inhabitants].

A molecular diagnosis was established in 56% of our
patients, representing eight distinct forms of ARCA. Our
strategic scheme therefore appears to be effective for the
clinical practice when ARCA is suspected. For practical
reasons, including cost and hurdles to sequence large genes
(such as ATM and SETX which contain 66 and 24 exons,
respectively) or scarcity of some ARCAs such as ATLD
and IOSCA, it is not effective to sequence all genes in all
non-FRDA patients. We believe that our sequential scheme
reasonably minimises the risk to miss rare atypical
presentations. No differential diagnosis was identified in
our series possibly due to the selection criteria that
excluded patients with white matter changes.

A third of the patients of this study were wheelchair-
bound after a median disease duration of 14 years and
less than a third could still walk without assistance.
However, for most of the patients, the age at which
ambulation was lost was not available. The SDFS at last
examination, even when corrected by disease duration, is
probably not sufficient to discriminate for disease
progression between the different ARCAs. Further
studies using SARA [51, 52], Friedreich Ataxia Rating
Scale [53], International Cooperative Ataxia Rating Scale
[53] or Composite Cerebellar Functional Severity score
[54] would be needed in the future. For clinical
comparisons, we defined three patient groups for practi-
cal purposes. The FRDA group, which accounts for one
third of the patients, is a well-defined group by itself.
Group 3 consists of patients that share a negative
exhaustive aetiologic investigation, and group 2 is the
smallest and most heterogeneous group that comprises
the patients affected by a rare form of ARCA. Despite
these somewhat arbitrary criteria, it appears that the three
groups are clinically distinct from each other. Group 2
consists of early-onset, severe ataxic patients, whilst
group 3 mostly consists of adult-onset ataxia patients
with a milder disease. Group 1 is intermediate between
groups 2 and 3 due to the broad clinical variability seen
in FRDA, which correlates with the smaller GAA
expansion [our series included six cases of late-onset
(>26 years) FRDA (LOFA)]. In group 2, AOA1 has a
broad distribution of age at onset which correlates with
previously reported heterogeneous phenotypes [48],
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whereas the distribution of age at onset for AOA2 is very
narrow due to a homogeneous phenotype [47].

The three groups are also distinct when compared for
clinical features. Group 2 shares features of cerebellar
involvement (with cerebellar atrophy on MRI) frequently
associated with OMA and peripheral neuropathy, and only
occasionally with pyramidal signs, whilst group 3 also
shares features of cerebellar involvement but frequently
associated with pyramidal signs and less often with
peripheral neuropathy (Table 4). Group 3 therefore seems
to represent forms of pure cerebellar degenerative disease
or of spastic ataxia phenotype. Despite a large variability in
severity, group 1 stands by itself, in accordance with the
classical clinical criteria for FRDA (primary spinal cord
involvement, sensory neuropathy and extensor plantar
reflexes). Cerebellar atrophy is not a common feature of
FRDA [34, 55], but was suggested to be more frequent in
LOFA [56]. However, no cerebellar atrophy was found in
our four LOFA patients who underwent brain MRI. As
expected, cardiomyopathy and diabetes were more frequent
in group 1 with 61% and 26%, respectively, which is close
to the 63% and 32% previously reported [3]. The
occurrence of pes cavus and scoliosis was correlated with
the size of the shorter GAA expansion, as were loss of deep
tendon reflexes and low vibratory sense. However, electro-
neurographic evidences of polyneuropathy were not corre-
lated with the size of the smaller expansion, probably
because the majority of FRDA patients with infraclinical
neuropathy already have electric signs upon recording.

After exclusion of the FRDA cases, which is now
performed as a first diagnostic step in a clinical settings [2],
it appears that ARCA cases can be divided into two major
groups of different prognosis, an early-onset group with a
highly probable genetic cause and an adult-onset group
with a better prognosis and for which a genetic cause is
more difficult to prove but not excluded. In our series, all
non-FRDA patients with onset of the disease after 20 years
of age remained undiagnosed. The recent successful
attempts to identify an ARCA cause to adult-onset cases
[57, 58, 59] are likely to change the diagnostic strategies in
the future.

Eight types of ARCA are represented in our series,
which underlines the genotypic heterogeneity of the
ARCAs, including the recently described ARCA2 [13].
ARSACS, for which two cases were included in this study,
is most frequently described in the region of Charlevoix—
Saguenay, Quebec, but has also been reported elsewhere
[47, 60-63]. Head tremor, reported in nearly 30% of AVED
patients, lead in our case to investigate for vitamin E levels
and to make the diagnosis of AVED for the patient reported
in this study. Thus, movement disorders, affecting nearly a
third of the patients in our series, may be helpful for
diagnostic strategy. Elevated low-density lipoprotein (LDL)

@ Springer

cholesterol was not helpful to discriminate for AOA1 due to
the frequency of this laboratory finding, whilst hypoalbu-
minemia was a more accurate AOA1 marker, although it is
known to occur late in the course of the disease.

In conclusion, ARCAs are rare, early-disabling and
genetically heterogeneous diseases dominated by FRDA.
Several of the recently identified ARCAs, such as AVED,
ARSACS, AOA1, AOA2 and MSS, have a prevalence
close to AT and should be searched extensively, irrespective
of ethnic origins. Our strategic scheme, including bio-
markers such as AFP, serum vitamin E and albumin, as well
as MRI investigations appeared to be very useful for the
diagnosis of these forms of ARCA.
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