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INTRODUCTION

Friedreich ataxia (FA) is an inherited autosomal recessive mitochondrial disorder and the most frequent inherited ataxia. It is characterized by progressive spinocerebellar ataxia, auditory and visual neuropathy, scoliosis and extra neurological effects such as diabetes, and cardiomyopathy. First symptoms often occur during adolescence or occasionally later in life.

FA is in most cases caused by a homozygous guanine-adenine-adenine (GAA) trinucleotide expansion in the frataxin (FXN) gene, which encodes frataxin, a mitochondrial protein involved in iron metabolism. [START_REF] Durr | Clinical and genetic abnormalities in patients with Friedreich's ataxia[END_REF][START_REF] Campuzano | Friedreich's ataxia: autosomal recessive disease caused by an intronic GAA triplet repeat expansion[END_REF][START_REF] Reetz | Biological and clinical characteristics of the European Friedreich's Ataxia Consortium for Translational Studies (EFACTS) cohort: a cross-sectional analysis of baseline data[END_REF] Longer GAA expansions are associated with earlier symptom onset and increased severity of the neurologic and cardiac disease. [START_REF] Reetz | Biological and clinical characteristics of the European Friedreich's Ataxia Consortium for Translational Studies (EFACTS) cohort: a cross-sectional analysis of baseline data[END_REF][START_REF] Reetz | Progression characteristics of the European Friedreich's Ataxia Consortium for Translational Studies (EFACTS): a 2 year cohort study[END_REF] Cardiac disease is the major cause of premature mortality in FA: congestive heart failure and supraventricular arrhythmia are the most frequent cardiac complications. [START_REF] Tsou | Mortality in Friedreich ataxia[END_REF][START_REF] Pousset | A 22-Year Follow-up Study of Long-term Cardiac Outcome and Predictors of Survival in Friedreich Ataxia[END_REF][START_REF] Weidemann | The heart in Friedreich ataxia: definition of cardiomyopathy, disease severity, and correlation with neurological symptoms[END_REF]. Left ventricular ejection fraction (LVEF) has been shown to be an independent predictor of prognosis in FA. [START_REF] Pousset | A 22-Year Follow-up Study of Long-term Cardiac Outcome and Predictors of Survival in Friedreich Ataxia[END_REF] Assessment of myocardial deformation using two-dimensional (2D) speckle tracking echocardiography has emerged as a method for the assessment of myocardial function. Global longitudinal strain (GLS) that reflects the longitudinal percentage deformation of all myocardial segments in the apical views has been validated as an index for global LV function. [START_REF] Marwick | Myocardial Strain in the Assessment of Patients With Heart Failure: A Review[END_REF][START_REF] D'elia | Normal Global Longitudinal Strain: An Individual Patient Meta-Analysis[END_REF] Subtle LV dysfunction can be detected by this technique in a number of circumstances, even when LVEF is normal. [START_REF] Brown | Use of myocardial strain to assess global left ventricular function: a comparison with cardiac magnetic resonance and 3-dimensional echocardiography[END_REF] Furthermore, GLS appeared to be a stronger predictor of outcome compared to LVEF in different diseases, particularly in individuals with preserved ejection fraction. [START_REF] Stanton | Prediction of all-cause mortality from global longitudinal speckle strain: comparison with ejection fraction and wall motion scoring[END_REF] In FA, reduced LV long axis function has been reported using Tissue Doppler imaging [START_REF] Mottram | Early changes in left ventricular long-axis function in Friedreich ataxia: relation with the FXN gene mutation and cardiac structural change[END_REF], and longitudinal strain in adult subjects with a normal LVEF [START_REF] Dedobbeleer | Normal left ventricular ejection fraction and mass but subclinical myocardial dysfunction in patients with Friedreich's ataxia[END_REF], and has also been reported in cohorts of adults and children which included subjects with a reduced LVEF. [START_REF] Weidemann | The heart in Friedreich ataxia: definition of cardiomyopathy, disease severity, and correlation with neurological symptoms[END_REF][START_REF] St John Sutton | Longitudinal strain in Friedreich Ataxia: a potential marker for early left ventricular dysfunction[END_REF] The objective of the present study was to compare the prognostic value of longitudinal strain and of LVEF in a large cohort of adult FA patients. 

METHODS

Population

Outcome of interest

Follow-up data were obtained in May 2018 by clinical visits, or telephone interviews with the patient or relative, or by mail. Death, cardiac arrhythmia, heart failure and stroke were recorded.

When contact with a patient or the family was not possible, the date of death was obtained from the French national registry of deaths. All-cause mortality was the endpoint.

Neurological evaluation

Neurological assessment was performed by a neurologist within three months of cardiac evaluation, and was assessed using the SARA score (Scale for the Assessment and Rating of Ataxia), a semi-quantitative scale developed to assess ataxia with values from 0 (no ataxia) to 40 (most severe ataxia) [START_REF] Marelli | Annual change in Friedreich's ataxia evaluated by the Scale for the Assessment and Rating of Ataxia (SARA) is independent of disease severity[END_REF] and eight items assessing stance, sitting, speech disturbances, finger chase, dysmetria, nose-finger test, tremor, fast alternating hand movements, and heel-shin slide.

Cardiac evaluation-including clinical evaluation, standard 12-lead electrocardiography, and standard transthoracic echocardiography-was performed on the same day.

Electrocardiogram (ECG)

A 12-lead surface resting ECG was recorded at 25mm/s and 10mm/mV and analyzed blinded to the echocardiographic data by one experienced cardiologist (LL). Repolarization was considered abnormal in the presence of negative T waves (≥ 0.1mV) or flat T waves in at least two leads, except V1 and V2 in the absence of bundle branch block.

Echocardiography

All studies were performed on standard commercially available echocardiographic systems (Acuson C256, Siemens Company, Mountain view, USA), Vivid 7 and E9 (General Electric Company, Horten, Norway) by the same expert cardiologist (FP) blinded to genetic data.

Standard techniques were used to obtain M-mode, 2-dimensional, and Doppler measurements in accordance with the recommendations of the American Society of Echocardiography. Each measure was the mean of three measurements. [START_REF] Lang | Recommendations for chamber quantification: a report from the American Society of Echocardiography's Guidelines and Standards Committee and the Chamber Quantification Writing Group, developed in conjunction with the European Association of Echocardiography, a branch of the European Society of Cardiology[END_REF] Left ventricular (LV) end diastolic diameter (LVDD), LV end systolic diameter (LVSD), septal wall thickness (SWT), and posterior wall thickness (PWT) were obtained in the parasternal long axis view from an M-mode acquisition.

Relative wall thickness (RWT) was defined as SWT+PWT/LVDD, and a concentric remodeling pattern as RWT>0.42. [START_REF] Foppa | Echocardiography-based left ventricular mass estimation. How should we define hypertrophy?[END_REF] Left ventricular mass index (LVMi) was obtained from M-mode and normalized for body surface area (ASE convention). Left ventricular ejection fraction (LVEF) was calculated using the bi-plane Simpson's disk method. [START_REF] Lang | Recommendations for chamber quantification: a report from the American Society of Echocardiography's Guidelines and Standards Committee and the Chamber Quantification Writing Group, developed in conjunction with the European Association of Echocardiography, a branch of the European Society of Cardiology[END_REF] The peak E and A waves were measured from the pulsed wave Doppler signal obtained at the mitral valve leaflet tips.

Strain analysis

We used the TOMTEC Imaging Systems (Image Arena 4.6.3, Unterschleißheim, Germany) that is independent of ultrasound machines. The reliability of TOMTEC software for the measurement of LS on digitally stored images has been validated. [START_REF] Risum | Variability of global left ventricular deformation analysis using vendor dependent and independent two-dimensional speckle-tracking software in adults[END_REF][START_REF] Sugimoto | Echocardiographic reference ranges for normal left ventricular 2D strain: results from the EACVI NORRE study[END_REF] Acquired images were stored in DICOM format. All analyses were performed by a single experienced cardiologist (CH) blinded to clinical, genetic, LVEF, and outcome data. Longitudinal strain (LS) assessments of the LV were performed in the apical 4 chamber view, because cine loops in 3 or 2 chamber views were not available in the oldest exams. First, the cardiac cycle with the best image quality was selected and cardiac cycles were defined by the positioning of R waves.

After manual tracing of three points designated by the software in the left ventricle on an endsystolic frame, the software automatically traced the endocardial border. Segments that failed to track were manually adjusted by the operator. Any view in which two or more segments could not be tracked was not included in the analysis. Peak systolic longitudinal strain was computed automatically, generating regional data from six segments (apical, mid, proximal) and an average value for the 4 chamber view (Figure 1).

The intra-and inter-observer variability for LS measurement was assessed in 22 participants of the study. For intra observer variability (CH), analyses were repeated blinded to the initial results on the same cardiac cycles. Inter-observer variability was tested by a second observer (LL) blinded to the results of the first observer.

Statistical analysis

Continuous variables are presented as mean and standard deviations (SD) or median (interquartile range). By definition, LS was a negative number, but the absolute value of LS was used in the study. To measure the strength of association between LS and the other variables, Pearson's correlation was used for normally-distributed data; in case of non-normally data, Spearman's correlation was used. Baseline characteristics of the population were compared between living and deceased people using Student's t-test when Gaussian distribution occurred, or Mann-Whitney tests for non-Gaussian distribution. Categorical variables are presented as numbers and percentages, and are compared using Chi-square test p-values, or Fisher's test p-values when there were few events. Kaplan-Meier curves were constructed and compared using the log-rank test.

Associations between any death and baseline parameters were assessed by using a multivariate Cox regression model. Unadjusted and adjusted models were performed for death; we included LVEF and GLS. Candidate covariables were selected for use in the multivariable model based on previous mortality studies and the rule of number of events per variable.

The two-sided significance level was fixed at 5%. All tests were performed with SAS version 9.4 statistical software (SAS Institute Inc., Cary, NC, USA).

RESULTS

Clinical characteristics of the population

We identified 156 patients with standard echocardiogram and images digitally stored in 2D DICOM file format. Among these patients 140 had Longitudinal Strain (LS) and LVEF: LS was not available in 15 patients because of poor image quality [START_REF] St John Sutton | Longitudinal strain in Friedreich Ataxia: a potential marker for early left ventricular dysfunction[END_REF], and persistent atrial fibrillation (1) and LVEF was not available in 1 patient. Characteristics of the 140 patients are presented in Table 1. Five patients carried point mutations in one of the two alleles. The shorter allele correlated with the larger allele (r=0.50 p<.0001). As in previous studies, age at onset correlated with the length of the shorter GAA (r=-0.56 p<.0001) and of the longer GAA (r=-0.42 p<.0001), but in multivariate analysis the correlation was independent only for the shorter allele (p<.0001).

Nine patients (6.4%) had previous paroxysmal or persistent atrial fibrillation, 4 (2.9%) had previous symptoms of heart failure, and 1 (0.7%) had previous stroke. At baseline, there were 7 (5.0%) subjects with a diagnosis of diabetes and 11 (7.9%) with a diagnosis of hypertension.

The mean SARA score was 19.5 ranging from 9 to 39 for 21 (15%) patients. At baseline, 20 (14.3%) patients were on beta-blockers, 15 (10.7%) on angiotensin converting enzyme inhibitors or angiotensin receptor blockers, 7 (6%) on oral anticoagulants (vitamin K antagonist or new oral anticoagulant), 4 (2.9%) on aspirin, 7 (5%) on amiodarone, 4 (2.9%) on diuretics, 2 (1.4%) on spironolactone, and 1 (0.7%) on digoxin.

ECG

Cardiac involvement assessed by ECG was present in 89% of the patients with abnormal repolarization, and 27/140 (19%) had a right bundle branch block (complete or incomplete).

Echocardiographic variables

Echocardiographic parameters are shown in Table 1. Left ventricular structural abnormalities, were observed with a concentric pattern assessed by a mean RWT of 0.50 ± 0.13, 105 (75 %) patients had RWT >0.42. Only 14 patients had SWT or PWT ≥13 mm, and 2 patients ≥15 mm.

Mean LV mass index was 99 ± 24 g/m²: 91 ± 20 g/m² in 72 women and 108 ± 26 g/m² in 68 men; LVMI was increased in 54/140 (39%) patients: 25/68 men had a LVMI >115g/m² and 29/72 women had a LVMI >95g/m². Left ventricle outflow tract obstruction was not observed.

Mean LVEF was 64 ± 8 % and ranged from 26 % to 80 %.

Longitudinal strain

The intra-observer coefficient of variation (CV) for longitudinal strain was 5.8% and the interobserver CV was 6.3%. Mean LS was 19.9 ± 5.0 % and ranged from 5.9 % to 31.2 % (Figure 2). No relationship was found between LS and the SARA score. LS negatively correlated with the length of the shorter GAA repeats (r=-0.23, p=0.0059) and with the length of the longer GAA repeats (r=-0.25, p=0.0027), but the correlation was not independent in multivariate analysis for both alleles. LS correlated with LVEF (r=0.31, p= 0.0002) in total population and in patients with LVEF >50% (r=0.26, p=0.003). The 131/140 (84%) patients with LVEF>50 % had a mean LVEF of 65 ± 5 % and a mean LS of 20.4 ± 4.6 %. The 9/140 (6%) patients with a LVEF ≤50 % had a mean LVEF of 41 ± 7 % and a mean LS of 12.0 ± 3.7%.

LS correlated with the echographic parameters reflecting hypertrophy: SWT (r=-0.27, p=0.001) and LVMi (r=-0.18, p=0.034), but no significant correlation was found with PWT, RWT, LVDD, and LVSD.

Follow up

After a mean follow up of 7.4 ± 3.9 years ranging from 0.4 to 14.7 years, 14 (10%) patients died at a mean age of 33.0 ± 7.8 years: 10 from cardiovascular origin, 4 from unknown origin.

No patient was lost to follow-up. During the follow-up, atrial fibrillation occurred in 12 (8.6%) patients, heart failure in 6 (4.3%), and stroke in 2 (1.4%). No ventricular arrhythmia was reported. Patients who died during the follow up had younger age of disease onset and larger GAA repeats on the shorter allele, and they had at baseline lower LVEF and lower LS (Table 1).

Survival analysis

In the univariate Cox analysis all-cause mortality was associated with smaller LS (HR 0.83; 95% CI 0.75-0391, p=0.0002) and smaller LVEF (HR 0.30; 95% CI 0.19-0.48, p<0.0001). The other prognostic factors are shown in Table 2. Parameters reflecting the diastolic function, mitral peak A wave, the ratio E/A, and the left atria area were significantly associated with allcause mortality. In multivariate Cox analysis, LVEF was the only independent factor associated with all-cause mortality (HR 0.41; 95% CI 0.23-0.74, p=0.0029). If LVEF was not included as covariate, LS and shorter GAA were significantly associated with all-cause mortality: HR 0.87; 95%CI, 0.79-0.96 p=0.0066 and HR 1.23; 95%CI, 1.04-1.45 p=0.0164 respectively. If the multivariate model included the covariates LS and LVMi, only LS was associated with allcause mortality HR 0.85; 95%CI, 0.77-0.94 p=0.0009.

In this population, the optimal cut-off of LS was -15.4% and was determined based on the LS value that yielded the maximum value of Youden index. When dividing the population according to this cutoff value, 23 patients had LS ≤15.4% (11.8 ± 2.8%) and 117 patients had LS>15.4% (21.5 ± 3.6%). Patients with LS ≤15.4% had a worse outcome (p<0.0001) compared with patients with LS >15.4% (Figure 3). When LVEF and LS were included in the multivariate analysis as subgroups (LS≤15.4% and LVEF≤45%), LVEF (HR 6.35; 95% CI, 1.49-27.07, p=0.0125).was associated with all-cause mortality but not LS (HR 3.40; 95% CI, 0.86-13.47, p=0.0821).

Among the 131 patients with LVEF >50 %, 8 deaths occurred during the mean follow up of 7.6 ± 3.8 years. LS was not different between patients who died and the others: 17.1 ± 7.8 % and 20.6 ± 4.3 % respectively, p=0.28. In univariate Cox analysis, LS was not significantly associated with all-cause mortality: LS (HR 0.89; 95%CI, 0.79-1.02, p=0.0899). Similar results were obtained when we studied the 133 patients with LVEF>45% with 9 (6.8 %) deaths observed during the follow up.

Discussion

This study is the first to evaluate the prognostic value of longitudinal strain (LS) assessed by two-dimensional echocardiography in a large cohort of Friedreich's ataxia adult patients. We demonstrated that LS was a strong prognostic factor in univariate analysis, but was not an independent predictor of all-cause mortality when LVEF was included in the analysis. In the present study the superiority of LVEF could be explained by the significant correlation between longitudinal strain and LVEF, and by the larger amplitude of variation of LVEF between FA patients who died and surviving patients. These results are not in accordance with previous studies where longitudinal strain appeared to provide stronger prognostic information than LVEF in different diseases. [START_REF] Stanton | Prediction of all-cause mortality from global longitudinal speckle strain: comparison with ejection fraction and wall motion scoring[END_REF][START_REF] Kalam | Prognostic implications of global LV dysfunction: a systematic review and meta-analysis of global longitudinal strain and ejection fraction[END_REF] It was especially demonstrated in individuals with preserved ejection fraction. [START_REF] Kalam | Prognostic implications of global LV dysfunction: a systematic review and meta-analysis of global longitudinal strain and ejection fraction[END_REF][START_REF] Hiemstra | Global Longitudinal Strain and Left Atrial Volume Index Provide Incremental Prognostic Value in Patients With Hypertrophic Cardiomyopathy[END_REF] In the 131 FA patients with LVEF>50 %, LS tended to be associated with all-cause mortality, but too few events occurred in this group of patients to confirm the prognostic value of longitudinal strain in FA patients with preserved ejection fraction.

An important finding of this study is that LS appeared to be significantly correlated with the length of both alleles of the FXN gene: greater genetic severity might be associated with lower strain values. Such a relation was previously suggested by St John Sutton et al. [START_REF] St John Sutton | Longitudinal strain in Friedreich Ataxia: a potential marker for early left ventricular dysfunction[END_REF] We can hypothesize that decreased longitudinal strain may reflect lack of frataxin and impaired mitochondrial function in the heart. However the weak correlation between GAA repeats and LS suggested that others factors are involved in LS value of these patients.

Cardiac remodeling is thought to represent a compensatory process to mitochondrial dysfunction in FA. In the present study, LS was weakly negatively correlated with septal wall thickness and left ventricular mass index. However the relations between myocardial hypertrophy and longitudinal strain remain unclear in the disease. It was previously reported in 27 FA children that LS was similar in patients with septal wall thickness smaller or larger than 12 mm. [START_REF] St John Sutton | Longitudinal strain in Friedreich Ataxia: a potential marker for early left ventricular dysfunction[END_REF] Dedobbeleer et al demonstrated that global longitudinal strain was reduced (15.3 ± 2.1%) in a small group of 20 FA patients with a typical concentric remodeling pattern and normal LVEF, compared to age and sex matched healthy individuals. [START_REF] Dedobbeleer | Normal left ventricular ejection fraction and mass but subclinical myocardial dysfunction in patients with Friedreich's ataxia[END_REF] In our study, mean LS assessed in apical four chamber was lower (19.9 ± 5.0%) than the mean reference values (22.6 ± 3%) reported in healthy subjects in the European NORRE study, but remained in the normal range defined by this study. [START_REF] Sugimoto | Echocardiographic reference ranges for normal left ventricular 2D strain: results from the EACVI NORRE study[END_REF] Patients who died during our study had significantly lower LS and LVEF compared to the survivors: 12.9% versus 20.6% and 59% versus 64% respectively. In the MICONOS study performed in 205 FA patients, Weidemann et al reported lower levels of longitudinal strain in FA subjects with more severe disease: -16.4 ± 2.9 % in patients classed as not having a cardiomyopathy with normal LVEF of 65% and normal wall thickness (mean septal wall thickness of 0.89 cm), -15.3 ± 3.1% in patients with mild cardiomyopathy with a normal LVEF of 65% and mild hypertrophy (SWT of 1.11cm), -13.3 ± 3.4% in patients with intermediate cardiomyopathy with normal LVEF of 65% and intermediate hypertrophy (SWT of 1.38 cm), and -12.8 ± 3.9 % in patients with severe cardiomyopathy with altered LVEF (53%). [START_REF] Weidemann | The heart in Friedreich ataxia: definition of cardiomyopathy, disease severity, and correlation with neurological symptoms[END_REF] In Friedreich's ataxia, the rate and nature of progression to left ventricular dysfunction and heart failure are highly variable. Therefore longitudinal strain is likely to reflect left ventricular dysfunction, while longitudinal function is primarily involved before the alteration of LV ejection fraction. Longitudinal strain could be proposed as an early parameter to follow to detect subtle LV dysfunction in these patients.

We can speculate that in FA, longitudinal strain decreased when myocardial fibrosis appeared, as was demonstrated in hypertrophic cardiomyopathy. [START_REF] Haland | Strain echocardiography is related to fibrosis and ventricular arrhythmias in hypertrophic cardiomyopathy[END_REF] The presence of myocardial fibrosis is likely to be an important feature during the progression of the cardiac disease and may play a role in prognosis in these patients.

This study did not provide evidence for an association between neurologic and cardiac involvement assessed by longitudinal strain.

Limitations

We did not assess global radial and circumferential strain analyses, because they are not sufficiently reproducible for routine clinical work, despite demonstrated utility in research studies in FA. [START_REF] St John Sutton | Longitudinal strain in Friedreich Ataxia: a potential marker for early left ventricular dysfunction[END_REF] In this study, retrospective LS analysis in apical 4 chamber view was possible in only 90% of the patients for technical reasons. Longitudinal strain measurement is dependent on high quality 2D images and appropriate imaging settings, and could not be performed in all FA subjects. Strain analysis was assessed from stored DICOM images, but storing images does not significantly compromise analysis of global strain measurements. [START_REF] Risum | Variability of global left ventricular deformation analysis using vendor dependent and independent two-dimensional speckle-tracking software in adults[END_REF] LS values reported in this study cannot be assumed to apply to other echocardiographic platforms.

In this retrospective study, we were able to assess longitudinal strain in single apical 4 chambers view, because apical 2 or 3 chamber views were not available for all patients. It would have been of particular interest to study the inferolateral wall, which may be affected at an earlier stage than other walls in FA. [START_REF] Weidemann | The heart in Friedreich ataxia: definition of cardiomyopathy, disease severity, and correlation with neurological symptoms[END_REF] Although there is a good correlation in diffuse process between GLS using the 3 chamber apical long axis views and single view longitudinal strain measurement [START_REF] Thavendiranathan | Single Versus Standard Multiview Assessment of Global Longitudinal Strain for the Diagnosis of Cardiotoxicity During Cancer Therapy[END_REF], GLS calculated from 3 apical views should actually remain the preferred method for evaluation of longitudinal strain in FA.

In conclusion,

Left ventricular strain analysis by 2D echocardiography speckle tracking is a simple and feasible method available in standard ultrasound machines and is now routine practice in many echocardiographic laboratories. Longitudinal strain assessed in one single view provides prognostic information, but LVEF remains a stronger prognostic factor in Friedreich's Ataxia.

Moreover, serial measurements are needed to characterize the temporal course of longitudinal strain and the relationship to the evolution of LVEF. Longitudinal studies are necessary to confirm the prognostic value of global longitudinal strain in FA and to clarify the most appropriate cut-off values that predict greater risk. These additional studies could allow for definition of the role of longitudinal strain in the management of FA in clinical practice. 

  We studied unselected genetically confirmed FA subjects evaluated from February 2003 through November 2017 in the Department of Cardiology (Pitié-Salpêtrière University Hospital, Paris, France), who had digitally-acquired baseline echocardiographic images, stored in 2D DICOM file formats to retrospectively assess myocardial strain. If a patient had several exams, the oldest was studied. The Institut National de la Santé et de la Recherche Médicale (INSERM) approved the study. Informed written consent was given in accordance with the law and local ethical regulations.

Figure 1 :

 1 Figure 1: Longitudinal strain (LS) measurement from 4-chamber apical view with Tomtec software(a) Example of tracking for the segments measured. (b) Peak longitudinal strain value (%) for each segment measured and the average is Longitudinal Strain (LS). (c) Peak strain in each segment is presented graphically.

Figure 2 :Figure 3 :

 23 Figure 2: Distribution of Longitudinal strain (LS) in 140 patients with Friedreich ataxia median LS = 20.2 % (17.2-22.7)

Table 1 :

 1 Baseline characteristics of 140 patients with Friedreich ataxia

	Population	Death	Alive	P value
	N=140	N=14	N=126	

Table 2 :

 2 Survival analysis in 140 patients with Friedreich ataxia and factors associated with all-cause mortality

	Univariate Cox model	Multivariate Cox Model
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