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Friedreich ataxia, an autosomal recessive mitochondrial disease, is the most frequent inherited ataxia. Many studies have attempted to identify cognitive and affective changes associated with the disease, but conflicting results have been obtained, depending on the tests used and because many of the samples studied were very small. We investigated personality and neuropsychological characteristics in a cohort of 47 patients with genetically confirmed disease. The neuropsychological battery assessed multiple cognition domains: processing speed, attention, working memory, executive functions, verbal memory, vocabulary, visual reasoning, emotional recognition, and social cognition. Personality was assessed with the Temperament and Character Inventory, and depressive symptoms were assessed with the Beck Depression Inventory. We found deficits of sustained attention, processing speed, semantic capacities, and verbal fluency only partly attributable to motor deficit or depressed mood. Visual reasoning, memory, and learning were preserved. Emotional processes and social cognition were unimpaired. We also detected a change in automatic processes, such as reading. Personality traits were characterized by high persistence and low self-transcendence. The mild cognitive impairment observed may be a developmental rather than degenerative problem, due to early cerebellum dysfunction, with the impairment of cognitive and emotional processing. Disease manifestations at crucial times for personality development may also have an important impact on personality traits.

Introduction

Friedreich ataxia (FRDA) is an autosomal recessive disease and the most common inherited form of ataxia. Clinical presentation includes cerebellar and sensory ataxia, associated with pyramidal signs (extensor plantar response and spasticity), an absence of tendon reflexes in the legs, deep sensory loss, and foot deformity. Mean onset of symptoms is around puberty, even if late-onset cases exist [START_REF] Parkinson | Clinical features of Friedreich's ataxia: classical and atypical phenotypes[END_REF]. Cardiomyopathy is typically found and is the most common cause of death [START_REF] Pousset | A 22-year follow-up study of long-term cardiac outcome and predictors of survival in Friedreich ataxia[END_REF]. Other clinical features, reminiscent of those seen in other mitochondrial diseases, include optic atrophy, deafness, and diabetes. FRDA results from the abnormal expansion of a GAA (guanine, adenine, adenine) triplet repeat in a non-coding region of both alleles of the frataxin (FXN) gene, resulting in the production of only small amounts of frataxin, a small mitochondrial protein [START_REF] Campuzano | Friedreich's ataxia: autosomal recessive disease caused by an intronic GAA triplet repeat expansion[END_REF][START_REF] Campuzano | Frataxin is reduced in Friedreich ataxia patients and is associated with mitochondrial membranes[END_REF]. In less than 2% of cases, the GAA expansion in one allele is associated with a point mutation [START_REF] Cossée | Friedreich's ataxia: point mutations and clinical presentation of compound heterozygotes[END_REF] or an exonic deletion in the other allele [START_REF] Anheim | Exonic deletions of FXN and early-onset Friedreich ataxia[END_REF]. Age at onset depends partly on expansion size, and onset may occur late, at or beyond the age of about 40 years, in some individuals with short expansions (< 500 GAA repeats) [START_REF] Dürr | Clinical and genetic abnormalities in patients with Friedreich's ataxia[END_REF][START_REF] Lecocq | Delayed-onset Friedreich's ataxia revisited[END_REF]. Neuronal loss begins in the dorsal root ganglia, with T cell degeneration explaining the observed areflexia. Dentate nucleus lesions cause atrophy of the superior cerebellar peduncle, but the Purkinje cell axons are usually preserved [START_REF] Koeppen | Friedreich ataxia: neuropathology revised[END_REF]. Patients suffer a loss of coordination and gait disorders due to spinal cord degeneration, cerebellar atrophy, or both. FRDA therefore differs from other inherited cerebellar ataxias in which the lesions are found principally in the cerebellum, pons, and cortex.

In addition to its role in motor control, the cerebellum also contributes to non-motor functions. Schmahmann described a cerebellar cognitive affective syndrome (CCAS) consisting of cognitive and affective deficits due to cerebellar disease [START_REF] Schmahmann | The cerebellar cognitive affective syndrome[END_REF][START_REF] Manto | Schmahmann's syndrome-identification of the third cornerstone of clinical ataxiology[END_REF]. CCAS, or Schmahmann syndrome, is characterized by multimodal disturbances, including executive and visuospatial deficits, linguistic impairment, and personality changes [START_REF] Schmahmann | The neuropsychiatry of the cerebellum-insights from the clinic[END_REF]. The cerebellum has been shown to play a key role in social cognition, the cognitive processes required to understand, generate, and regulate social behavior [START_REF] Fiske | Social cognition: from brains to culture[END_REF]. Hoche et al. showed that patients with cerebellar disorders find it difficult to attribute emotions to faces [START_REF] Hoche | Cerebellar contribution to social cognition[END_REF]. The recognition of emotions is essential for appropriate social functioning and is a key element of social cognition. Van Overwalle et al. conducted a meta-analysis on social cognition and the cerebellum [START_REF] Van Overwalle | Social cognition and the cerebellum: a meta-analysis of over 350 fMRI studies[END_REF]. They found robust clusters of activation in the cerebellum that were recruited during these social-cognitive processes. A meta-analytic connectivity analysis suggested a key role for the cerebellum in social cognition [START_REF] Van Overwalle | Social cognition and the cerebellum: a meta-analytic connectivity analysis[END_REF]. Van Overwalle et al. showed that the pattern of activation differed between understanding actions (reading body language) and mentalizing (Bmind-reading^), two different aspects of social cognition. Thus, lesions in the cerebellum may cause difficulties with social cognition.

Subtle cognitive and psychiatric abnormalities have been described in FRDA patients [START_REF] Mantovan | Exploring mental status in Friedreich's ataxia: a combined neuropsychological, behavioral and neuroimaging study[END_REF][START_REF] Nieto | Cognition in Friedreich ataxia[END_REF][START_REF] Nieto | Cognition in late-onset Friedreich ataxia[END_REF][START_REF] Wollmann | Neuropsychological test performance of patients with Friedreich's ataxia[END_REF][START_REF] De Nóbrega | Differential impairment in semantic, phonemic, and action fluency performance in Friedreich's ataxia: possible evidence of prefrontal dysfunction[END_REF]. A first study of 13 patients showed a higher than normal frequency of personality traits such as increased irritability, poor control over impulses, poor self-presentation, and cognitive dysfunctions characterized by impaired learning processes and verbal fluency. It also showed that mean IQ was lower in FRDA patients than that in controls, this difference being observed for both verbal and performance IQ scores. GAA expansion size was not correlated with neuropsychological performance [START_REF] Mantovan | Exploring mental status in Friedreich's ataxia: a combined neuropsychological, behavioral and neuroimaging study[END_REF].

Other studies highlighted impairments in verbal fluency [START_REF] Nieto | Cognition in Friedreich ataxia[END_REF][START_REF] Nieto | Cognition in late-onset Friedreich ataxia[END_REF][START_REF] Wollmann | Neuropsychological test performance of patients with Friedreich's ataxia[END_REF], particularly for tasks requiring major executive processing [START_REF] De Nóbrega | Differential impairment in semantic, phonemic, and action fluency performance in Friedreich's ataxia: possible evidence of prefrontal dysfunction[END_REF]. Some authors have also reported an impairment of conceptual thinking in FRDA patients [START_REF] Nieto | Cognition in Friedreich ataxia[END_REF]. These findings suggest that these patients present prefrontal function deficits. Verbal fluency and working memory deficits have recently been confirmed in a cohort of 22 patients, together with an impairment of social cognition [START_REF] Dogan | Cognition in Friedreich's ataxia: a behavioral and multimodal imaging study[END_REF].

Long-term follow-up of FRDA patients at the French national reference center for rare diseases defined a recognizable clinical pattern, with increased irritability and poor control of impulses, with consequences for family and social life. We therefore investigated personality and neuropsychological characteristics in a large cohort of patients with genetically confirmed FRDA, through a battery of personality and neuropsychological tests.

Materials and Methods

Participants

Between 2012 and 2014, 50 patients with genetically confirmed FRDA were enrolled in the EFACTS (European Friedreich's Ataxia Consortium for Translational Studies, ongoing prospective and longitudinal study, NCT02069509) consortium study. Informed consent was obtained from all individual participants included in the study. Two patients refused to participate and one could not be evaluated due to marked impairment in oral and written communication.

Genetic and Clinical Assessments

We recorded the number of GAA repeats in each allele (the second allele is the longer allele). Age at onset was assessed retrospectively, according to information provided by patients and their families concerning the first symptoms. Disease duration, in years, was calculated as the interval between age at onset and age at examination. Clinical examinations included the determination of a functional disability score ranging from 1 (no functional handicap but signs at examination) to 7 (confined to bed), and SARA (Scale for the Assessment and Rating of Ataxia) score ranging from 0 to 40.

Personality Assessments

The Temperament and Character Inventory (TCI) was used to assess the personality dimensions of participants [START_REF] Cloninger | The Temperament and Character Inventory (TCI): a guide to its development and use[END_REF][START_REF] Pélissolo | Normative data and factor structure of the Temperament and Character Inventory (TCI) in the French version[END_REF]. This 226-item questionnaire deals with seven dimensions of personality traits: four temperament dimensions and three character dimensions. The temperament dimensions considered are novelty seeking (score range 0-40), harm avoidance (score range 0-36), reward dependence (score range 0-24), and persistence (score range 0-8). Novelty seeking targets the tendency of the patient to become excited when presented with novel stimuli. Harm avoidance is the inhibition or cessation of behavior in the face of adverse stimuli (such as pessimistic worry, passive dependent behavior). Reward dependence is a tendency to respond by sentimentality, social attachment, or dependence to signals associated with rewards. Persistence is the tendency to persevere in a particular pattern of behavior despite frustration or fatigue. The character dimensions investigated are self-directedness (score range 0-44), cooperativeness (score range 0-42), and self-transcendence (score range 0-33). Self-directedness is to the ability to control, regulate, and adapt behavior in accordance with personal goals and values. Cooperativeness is the degree of maturity and social tolerability. Self-transcendence relates to spiritual ideas.

Neuropsychological Assessments

Our neuropsychological battery comprised eight different tests in their French-validated versions:

1. A visual reasoning test was used to measure global cognitive efficiency. The test used was Raven's Progressive Matrices (PM38, SPM), which has been identified as the best instrument for measuring the Bg^factor strongly correlated with general mental ability. PM38 is a 60-item non-timed test, in which each item presents a pattern problem to resolve [START_REF] Raven | Raven's progressive matrices and vocabulary scales[END_REF]. 2. A vocabulary test was used to assess semantic capacities.

The test used was the Mill-Hill part B test [START_REF] Raven | Raven's progressive matrices and vocabulary scales[END_REF][START_REF] Deltour | Echelle de vocabulaire de Mill Hill de JC Raven[END_REF].

Participants were asked to select the synonym of the target word from a list of six words. They were presented with 44 target words of increasing difficulty during the test. This multiple choice test was considered to be the most appropriate as it requires a smaller contribution of executive function than part A. Vocabulary is known to increase with age and education level, whereas reasoning ability is considered to be independent of schooling.

Verbal learning and memory were assessed with the

Hopkins Verbal Learning Test (HVLT) [START_REF] Rieu | Adaptation française du «Hopkins verbal learning test[END_REF]. This test consists of a list of 12 words from three semantic categories (4 words per category). Participants undergo three learning trials each followed by free recall. After the third recall and an interval of 20-25 min, a last recall is performed, followed by a yes-/no-delayed recognition trial. 4. Attentional skills were assessed with the Paced Auditory Serial Addition Test [START_REF] Gronwall | The psychological effects of concussion[END_REF][START_REF] Naegele | Test d'attention auditive soutenue PASAT modifié[END_REF], which evaluates sustained attention, short-term memory, working memory, and inhibitory control. Single-digit numbers were presented to the participant at 4-s intervals. The participant had to give the sum of the last two digits before being presented with the next digit. This test had a total duration of 5 min. We evaluated effects on sustained attention, by separating the test into three equal parts and counting the incorrect responses for each part.

Focused attention was assessed with the Golden version

of the Stroop test, including word reading, color naming, and interference conditions (non-matching words and colors) [START_REF] Golden | Stroop color and word test[END_REF][START_REF] Stroop | Studies of interference in serial verbal reactions[END_REF]. The performance of the Stroop test also requires inhibitory control, and this test can therefore be considered to assess executive functions too. The number of correct responses in 45 s was recorded. 6. We assessed mental flexibility, by asking participants to give as many words as possible beginning with the letter P (P-fluency test) in a 2-min period. The total number of correct words was recorded.

The mini Social Cognitive and Emotional Assessment

(SEA) was used to evaluate social cognition and emotional recognition. Social cognition abilities, including theory of mind, in particular, were evaluated with the short version of the Faux-Pas-Recognition test [START_REF] Gregory | Theory of mind in patients with frontal variant frontotemporal dementia and Alzheimer's disease: theoretical and practical implications[END_REF][START_REF] Stone | Frontal lobe contributions to theory of mind[END_REF][START_REF] Funkiewiez | The SEA (Social cognition and Emotional Assessment): a clinical neuropsychological tool for early diagnosis of frontal variant of frontotemporal lobar degeneration[END_REF]. Ten stories were proposed and the participant was asked to explain, for each, whether or not it contained a faux-pas. 8. Emotional recognition was assessed on the basis of the identification of [START_REF] Ekman | Pictures of facial affect[END_REF] Ekman facial expressions: fear, anger, happiness, surprise, disgust, sadness, neutral [START_REF] Ekman | Pictures of facial affect[END_REF].

Finally, we checked that neuropsychological performances were not driven by possible depressive symptoms, by assessing the intensity of such symptoms with the Beck Depression Inventory (BDI-II), a 13-item self-administered questionnaire [START_REF] Beck | Inventaire de dépression de Beck[END_REF].

Data Analyses

For demographic characteristics and BDI, categories were compared in χ 2 tests and means were compared in t tests. The Kolmogorov-Smirnov test was used to evaluate the normality of dependent variables in the whole sample. Three variables did not follow a normal distribution: age at onset (d = 0.25, p < 0.01, Lilliefors p < 0.01), disability score (d = 0.29, p < 0.01, Lilliefors p < 0.01), and HVLT discrimination (d = 0.48, p < 0.01, Lilliefors p < 0.01). One-sample t tests were conducted to compare the mean value for the patient with the reference value. For the personality questionnaire, mean TCI scores for the French population (n = 602) were used as reference values. We limited the risk of false-positive results due to the performance of multiple independent statistical tests, by applying Bonferroni correction systematically, to adjust the p values (p = 0.05/7 = 0.007). For neuropsychological characteristics, individual scores were compared with French population norms for age and education level. The results were converted into standard scores (Z scores; i.e., number of standard deviations above or below the mean) as follows: {[individual score]-[population mean]/[standard deviation of the population]}. Standard scores took into account gender, age, and educational level. Z scores were then compared with the reference value of 0. Bonferroni correction was also applied to adjust the p values for multiple analyses (p = 0.05/13 = 0.003).

We performed stepwise multiple regression analyses, to explain the possible effects of clinical characteristics on personality and neuropsychological profile. Regression analyses were therefore conducted only when measured values significantly differed from reference values. The following clinical variables were entered into the model as independent variables: age, sex, level of education, age at onset, disease duration, disability score, SARA score, GAA repeats in the shorter allele only (as the smaller allele determines the amount of residual protein and, thus, severity), BDI score. Dependent variables were defined on the basis of the results of onesample t tests with Bonferroni correction. The best multiple regression model was selected by a stepwise approach. The alpha risk threshold was set at 0.05. Finally, we analyzed the correlation between neuropsychological assessment and personality scores.

Results

Participants

In total, 47 patients (29 women and 18 men) gave informed consent for participation in the study. The demographic and clinical characteristics of the participants are presented in Table 1 and Fig. 1 for age at onset distribution. Education level is the number of years spent in education; in France, the Baccalauréat, corresponding to 12 years of education, is the equivalent of the American high-school diploma. Disease manifestations first appeared at or before the age of 16 years in 62% of patients (29/47). Psychotropic medication was noted in one third of the patients, including six with SSRI, three with anxiolytics, three took both. One took lithium and another one neuroleptics in conjunction with SSRI. This is comparable to the psychotropic drug use in the French population (32% in the report of the French National Agency for Drug Security, ANSM).

Personality Assessments

FRDA patients had higher scores for persistence temperament (t = 5.38; p < 0.005), but lower scores for the selftranscendence character (t = -3.13, p < 0.005) than those of the French general population. No difference between FRDA patients and the general population was observed for other temperament and character dimensions (see p values in Table 2). Self-transcendence and persistence were not 

Neuropsychological Assessments

FRDA patients performed less well than the French general population in the Mill-Hill B test: they had a significantly lower vocabulary level (t = -7.53, p < 0.001). Attention was found to be impaired: six of the patients failed the training trials for the Paced Auditory Serial Addition Test (PASAT) and therefore did not perform the full test. The other participants made more errors in the last third of the PASAT (t = -4.07; p < 0.001) than in the preceding PASAT trials. Stroop test scores were significantly lower in patients than those in the general population for color (t = -8.85; p < 0.001) and word reading (t = -9.53, p < 0.001), but there was no interference effect (t = 1.15, p = 0.26). We took the cerebellar dysarthria likely to interfere with Stroop test performances into account by assessing the correlation between the SARA dysarthria item and the scores for the three parts of the Stroop test. Dysarthria was negatively correlated with the scores for all three parts of the Stroop test: color (r = -0.34; p = 0.028), word reading (r = -0.41; p = 0.007), and interference (r = -0.32; p = 0.042).

All other neuropsychological functions, as assessed with Raven's test, and the HVLT, P-fluency, emotional recognition, and faux-pas tests, were similar in patients and in the general population. The results of the neuropsychological assessments are reported in Table 2.

Multiple Regression Analyses

Regression analyses were conducted to assess the influence of clinical variables on the observed differences. The low Mill-Hill B Z scores obtained were related to sex, age at onset, education level, and BDI score (F = 4.68, R 2 = 0.48, p < 0.05). The beta-values, indicative of the direction and strength of the relationship between each independent variable and Mill-Hill B Z scores, were -0.54 for the proportion of women, 0.38 for age at onset, 0.23 for education level, and 0.18 for BDI score. Thus, a more extensive vocabulary was associated with a later age at onset, a higher education level, and also a higher level of depression. In order to inspect the correlation on possible outliers, the correlation with age at onset is shown in Fig. 2a.

Attention performances were related to age (Fig. 2b), sex, disability score, and disease duration (F = 3.14, R 2 = 0.42, p < 0.05). Attention in the third part of the test was poorer only in the younger patients (b = 0.28), with greater disability (b = -0.73).

In the Stroop test for color, performances were correlated with disability score, disease duration (Fig. 2c), and the number of GAA repeats in the smaller allele (F = 8.17, R 2 = 0.48, p < 0.05). The best performances were obtained for patients with lower levels of disability (b = -0.22), shorter disease duration (b = -0.41), and smaller numbers of GAA repeats in the smaller allele was (b = -0.31). For the Stroop word test, performances were correlated with disability score, disease duration (Fig. 2d), and the numbers of GAA repeats in both alleles (F = 7.55, R 2 = 0.56, p < 0.05). The best performances for the Stroop word test were obtained for the patients with the lowest disability scores (b = -0.19), the shortest disease duration (b = -0.43), and the smallest numbers of GAA repeats (b = -0.32). 

Discussion

This study in a large cohort of FRDA patients assessed personality and neuropsychological profiles and included the first assessment of theory of mind and emotional processes. A comparison of the neuropsychological testing results for 47 FRDA patients with those for the general population revealed deficits in sustained attention, processing speed, semantic capacities, and verbal capacities. Visual reasoning, memory, and learning were preserved. Emotional processes and social cognition were also unimpaired. Deficits in sustained attention, assessed with the PASAT, were linked to disability score, indicating a direct link to disease severity. Previous studies have given conflicting results concerning volitional sustained attention: one study [START_REF] Nieto | Cognition in Friedreich ataxia[END_REF] suggested that sustained attention was preserved, whereas others have shown it to be impaired in FRDA patients, with this deficit not due to articulatory deficits [START_REF] Mantovan | Exploring mental status in Friedreich's ataxia: a combined neuropsychological, behavioral and neuroimaging study[END_REF][START_REF] Klopper | The test of everyday attention reveals significant sustained volitional attention and working memory deficits in Friedreich ataxia[END_REF]. Our study goes one step further, by separating the PASAT into three parts. Those patients able to perform the whole test succeeded in the first two parts of the PASAT, suggesting that these patients have an efficient working memory and a normal capacity to maintain a high level of cognitive effort. Nevertheless, we show here that sustained attention is impaired in FRDA patients, as their time-dependent attention skills were poor.

The Stroop test revealed that patients performed significantly less well than the general population in the color and word tests, whereas there was no difference for the interference test. The results of the three parts of the Stroop test were correlated with dysarthria, suggesting that this condition may account for these results. Our findings confirm that FRDA patients have slower information processing, linked to cerebellar dysarthria [START_REF] Wollmann | Neuropsychological test performance of patients with Friedreich's ataxia[END_REF]. Despite this link between dysarthria and the three parts of the Stroop test, patients were able to perform the interference test as well as the general population, whereas they performed poorly in the color and word tests. This very specific pattern in FRDA patients suggested that dysarthria cannot entirely explain the poor performances of these patients in the Stroop test. In the general population, individuals take longer to respond in the color test than in the word test, and their response times increase still further when faced with a color name printed in an incongruent color (e.g., the word Bblue^printed in red ink) due to a conflict between the naming of the color and word reading. Indeed, in the general population, reading mechanisms are more automatic than color naming. This conflict seems to be reduced in FRDA patients, allowing them to perform normally in the interference test, despite their dysarthria. Previous studies have demonstrated a link between the cerebellum and reading. Vlachos and colleagues reported such a link, particularly in individuals with reading disabilities [START_REF] Vlachos | Cerebellum and reading[END_REF]. Travis et al. reported an association between reading skills and cerebellar white matter pathways, and, more specifically, with the microstructure of the cerebellar peduncles [START_REF] Travis | Cerebellar white matter pathways are associated with reading skills in children and adolescents[END_REF]. Based on the results reported here and published findings, we suggest that the ability to activate automatisms, such as reading, is altered in patients with FRDA.

As expected, semantic capacities were linked to education level. However, comparison with the French general population revealed mild impairment in terms of vocabulary. FRDA patients have been shown to present a deficit in the acquisition of verbal information [START_REF] Nieto | Cognition in Friedreich ataxia[END_REF]. This deficit may reflect the effects of articulatory deficits on verbal communication, leading to poorer exchanges and vocabulary acquisition. Nevertheless, the lower verbal and IQ levels in FRDA patients suggest a more global deficit [START_REF] Mantovan | Exploring mental status in Friedreich's ataxia: a combined neuropsychological, behavioral and neuroimaging study[END_REF]. We found a positive link between Mill-Hill score and age at onset. Semantic capacities were lower in patients with earlier onset disease, but were unrelated to disease duration, consistent with a significant contribution of the cerebellum to the development of cognitive abilities.

We found a trend towards lower verbal fluency in FRDA patients. It might be possible to establish a link with information processing speed capacities by considering the time dependence of the test. However, dysarthria is not the only cause of the decrease in processing speed [START_REF] Mantovan | Exploring mental status in Friedreich's ataxia: a combined neuropsychological, behavioral and neuroimaging study[END_REF][START_REF] Nieto | Cognition in Friedreich ataxia[END_REF][START_REF] Wollmann | Neuropsychological test performance of patients with Friedreich's ataxia[END_REF][START_REF] Dogan | Cognition in Friedreich's ataxia: a behavioral and multimodal imaging study[END_REF][START_REF] De Nóbrega | Differential impairment in semantic, phonemic, and action fluency performance in Friedreich's ataxia: possible evidence of prefrontal dysfunction[END_REF][START_REF] Nachbauer | Friedreich ataxia: executive control is related to disease onset and GAA repeat length[END_REF]. The impairment of phonemic and action fluencies may, therefore, be better explained by the strong executive component of these tasks requiring shifting abilities, because semantic fluency was unimpaired [START_REF] De Nóbrega | Differential impairment in semantic, phonemic, and action fluency performance in Friedreich's ataxia: possible evidence of prefrontal dysfunction[END_REF][START_REF] White | Neuropsychologic and neuropsychiatric characteristics of patients with Friedreich's ataxia[END_REF].

The neuropsychological profile of the FRDA patients in this study was associated with a specific personality presentation characterized by enhanced persistence and reduced selftranscendence. A limitation of questionnaires is that selfreport may obscure impairments of socioemotional functioning due to lack of self-insight. The fact that the patients score lower on self-transcendence may hint towards this. Typically, socioemotional problems arise in the context of social interactions or daily life activities. Observational scores from, for example, family or friends may be a better way to capture problems in this domain. Nevertheless, our study is the first exploring both, social cognition and emotional recognition, and there was no impairment of theory of mind in FRDA. This allowed us to take into account the low scores of selfrated transcendence. The personality assessment revealed that patients were more likely to persevere in the face of fatigue or frustration than members of the general population. Selftranscendence is a personality trait relating to the experience of spiritual aspects of the self. It is seen as an identification of the self with a unified whole. FRDA-induced uncertainty about the future, disability, and shortened life expectancy may bring out feelings of otherness, making this identification with a unified whole more difficult. Previous studies have shown that self-transcendence is associated with self-wellbeing and adaptation [START_REF] Cloninger | Personality and the perception of health and happiness[END_REF][START_REF] Cloninger | A psychobiological model of temperament and character[END_REF]. Some authors have reported that high scores for the self-transcendence trait characterize individuals open to unusual and divergent feelings, thoughts, and behaviors [START_REF] Kaasinen | Mapping brain structure and personality in late adulthood[END_REF]. However, persistence and transcendence were not correlated with clinical characteristics and neuropsychological data. It should be borne in mind that disease manifestations often begin during adolescence. The diagnosis of a chronic disease at this crucial age may influence personality development [START_REF] Jokela | Personality change associated with chronic diseases: pooled analysis of four prospective cohort studies[END_REF]. However, contrary to our findings, chronic diseases have consistently been shown to be associated with high levels of harm avoidance and low self-directedness and cooperativeness [START_REF] Boz | Effect of serotonergic antidepressant therapy on temperament and character scales in patients with chronic tension-type headache[END_REF][START_REF] Conrad | Temperament and character personality profiles and personality disorders in chronic pain patients[END_REF][START_REF] Kahraman | Temperament and character profiles of male COPD patients[END_REF], suggesting that the personality changes observed here are more specific to FRDA. We can therefore assume that the observed changes are also linked to the FRDA-related lesions of cerebellar pathways. This idea is consistent with the cognitive and affective functions of the cerebellum [START_REF] Schmahmann | The cerebellar cognitive affective syndrome[END_REF][START_REF] Dolan | A cognitive affective role for the cerebellum[END_REF]. A close relationship between cerebellar volumes and personality traits in a healthy population has been reported, suggesting a role for the cerebellum in personality development [START_REF] Picerni | New evidence for the cerebellar involvement in personality traits[END_REF][START_REF] Laricchiuta | Linking novelty seeking and harm avoidance personality traits to cerebellar volumes[END_REF][START_REF] Petrosini | Cerebellum and personality traits[END_REF]. However, further studies are required to assess specifically the putative relationship between personality changes and cerebellar lesions in FRDA.

The main limitation of this study was the absence of a control group matched for age, sex, and number of years spent in education. However, this bias was minimized by comparing our results with mean values for a very large French general population for the TCI, and with standardized scores for neuropsychological measures. This strategy involved the use of multiple independent statistical tests, potentially increasing the risk of false-positive results. We therefore systematically applied Bonferroni correction, the most conservative method for controlling for the risk of type I error. However, it should be acknowledged that the lack of impairments was due to type II errors. As an example, the significant lower fluency did not survive correction but we felt that the difference was clinically important. In addition, our population had an older mean age at onset than reported (20.4 ± 13.7 versus 15.5 ± 10.4 in a 2year cohort study [START_REF] Reetz | Progression characteristics of the European Friedreich's Ataxia Consortium for Translational Studies (EFACTS): a 2 year cohort study[END_REF] that makes generalization of our results more hazardous. In fact, patients with onset after 25 years may have different phenotypic and brain structural features compared to classical FRDA [START_REF] Rezende | Structural signature of classical versus lateonset friedreich's ataxia by multimodality brain MRI[END_REF].

The cognitive impairment and the specific personality profile in FRDA patients demonstrated here provide additional evidence concerning the role of the cerebellum in cognitive and affective processing and personality development. Compared to other ataxias, such as SCA3, similar cognitive processes are impaired in FRDA, such as attention, processing speed, and executive functions [START_REF] Braga-Neto | Cerebellar cognitive affective syndrome in Machado Joseph disease: core clinical features[END_REF]. The neuropsychological dysfunctions in FRDA are clearly milder despite a higher motor disability. Imaging comparison between SCA3 and FRDA showed that volume of the cerebellum is not reduced in FRDA compared to that of SCA3 [START_REF] Stefanescu | Structural and functional MRI abnormalities of cerebellar cortex and nuclei in SCA3, SCA6 and Friedreich's ataxia[END_REF]. Therefore, attribution of FRDA-related cognitive deficits exclusively to CCAS is difficult, even though there were functional MRI abnormalities in the cerebellar cortex in both groups.

Conclusion

In conclusion, FRDA patients had a specific personality and neuropsychological profile. Our findings highlight the presence of very mild cognitive impairment in a large cohort of patients with a genetically confirmed diagnosis. The neuropsychological profile was characterized by a low vocabulary level, changes in automatisms, such as reading, and deficits in sustained attention, and processing speed. The FRDA-related personality traits, characterized by high persistence and low self-transcendence, may be linked to this particular neuropsychological profile.

Fig. 1

 1 Fig. 1 Age at onset distribution of patients with Friedreich's Ataxia (n = 50). The mean age at onset was 20.4 ± 13.7 years

Fig. 2

 2 Fig. 2 Correlation scatterplots of four neuropsychological tests (Mill-Hill B, PASAT, Stroop color, and Stroop word) in Friedreich's ataxia. A more extensive vocabulary was associated with a later age at onset (r 2 = 0.156) (a); attention in the third part of the PASAT was poorer in

Table 1

 1 Demographics and clinical characteristics of FRDA patients (n = 47)

	Mean SD	Range

Table 2

 2 Personality evaluation and neuropsychological test performances of FRDA patients

		n	Mean SD t	p
	Psychopathological evaluation				
	BDI-II	33	9.8	8.3 -	-
	Personality evaluation (TCI)				
	Novelty seeking (0-40)	42	18.3	5.8 2.10	0.04
	Harm avoidance (0-36)	42	18.6	7.5 2.14	0.04
	Reward dependence (0-24) 42	15.1	3.7 1.61	0.11
	Persistence (0-8)	42	5.4	1.7 5.38	< 0.005*
	Self-directedness (0-44)	42	32.8	5.2 1.00	0.32
	Cooperativeness (0-42)	42	32.8	5.2 1.39	0.17
	Self-transcendence (0-33)	42	10.8	5.9 -3.13 < 0.005*
	Neuropsychological test performance			
	Z scores				
	Mill-Hill B	47 -1.7	1.6 -7.53 < 0.001*
	Raven's	4 1 -0.3	1.3 -1.44 0.16
	HVLT total	47	0.3	1.0 1.84	0.07
	PASAT 1/3	40 -0.5	1.4 -2.32 0.03
	PASAT 2/3	40 -0.7	1.7 -2.64 0.01
	PASAT 3/3	40 -1.3	2.0 -4.07 < 0.001*
	P-fluency	46 -0.6	1.4 -2.88 0.006
	Emotional recognition	41 -0.1	1.0 -0.72 0.47
	Faux-pas	44	0.2	1.1 1.26	0.22
	Mini SEA	41	0.1	1.2 0.59	0.56
	T scores				
	Stroop color	46	38.7	8.5 -8.85 < 0.001*
	Stroop word	46	36.8	8.9 -9.53 < 0.001*
	Stroop interference	46	40.1	9.9 1.15	0.26

SD standard deviation, FRDA Friedreich's ataxia, BDI Beck Depression Inventory, TCI Temperament and Character Inventory, HVLT Hopkins Verbal Learning Test, PASAT Paced Auditory Serial Addition Test, SEA Social Cognition and Emotional Assessment *Significant after Bonferroni correction
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