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Introduction

Multiple system atrophy (MSA) is a rare progressive neurodegenerative synucleinopathy characterised by various combinations of autonomic failure, parkinsonism and cerebellar ataxia. Depending on the predominance of the symptoms, two forms are distinguished, i.e. MSA-P with predominant parkinsonism and MSA-C with predominant cerebellar impairment.

The prognosis is poor with a median survival between 6 and 10 years [START_REF] Meissner | Multiple System Atrophy: Recent Developments and Future Perspectives[END_REF][START_REF] Foubert-Samier | Disease progression and prognostic factors in multiple system atrophy: A prospective cohort study[END_REF].

The Unified Multiple System Atrophy Rating Scale (UMSARS) was developed in 2004 for the quantitative assessment of disease severity in MSA patients [START_REF] Wenning | Multiple System Atrophy Study Group, Development and validation of the Unified Multiple System Atrophy Rating Scale (UMSARS)[END_REF]. The scale is composed of four sub-scales: UMSARS I is a functional score based on 12 questions that evaluate activities of daily living. Each question is scored from 0 to 4, with a higher score indicating a lower functional status; UMSARS II is a motor examination comprising 14 questions also scored from 0 to 4; UMSARS III consists of the measurement of supine and standing blood pressure; UMSARS IV is a disability scale which ranges from 1 (no disability) to 5 (severe disability). UMSARS I and II were used to describe disease progression in natural history studies in MSA and as primary endpoints in treatment trials [START_REF] Meissner | Multiple System Atrophy: Recent Developments and Future Perspectives[END_REF].

Despite the use of this scale in MSA for almost 20 years, some essential aspects are still unknown such as the contribution of the different items to the total score and their progression during different disease stages [START_REF] Palma | Limitations of the Unified Multiple System Atrophy Rating Scale as outcome measure for clinical trials and a roadmap for improvement[END_REF]. Hence, the main objective of this study was to identify UMSARS I and II subscale items that best describe MSA progression over time. We also estimated the minimum sample size required for treatment trials according to these items.

Methods

Study design and population

Data of 557 MSA patients who were enrolled at the Bordeaux and Toulouse sites of the French MSA Reference Centre between 2008 and December 2019 were analyzed. Diagnostic procedures and annual follow-up assessments (including UMSARS) of the cohort were described in detail elsewhere [START_REF] Foubert-Samier | Disease progression and prognostic factors in multiple system atrophy: A prospective cohort study[END_REF]. All patients met current consensus criteria for a diagnosis of probable or possible MSA and were examined by a movement disorder specialist [START_REF] Gilman | Second consensus statement on the diagnosis of multiple system atrophy[END_REF]. All patients provided written informed consent and the cohort is registered with the CNIL (Commission Nationale Informatique et Liberté).

Statistical analyses

To identify which items of UMSARS I and II subscales best describe MSA progression, we analyzed the repeated measures of the 26 items using an Item Response Theory (IRT) model extended to handle repeated measures over time [START_REF] Proust-Lima | Analysis of multivariate mixed longitudinal data: a flexible latent process approach[END_REF][START_REF] Baker | Item Response Theory: Parameter Estimation Techniques[END_REF]. IRT models assume that all items measure the same continuum, the severity of the disease, and assess the location and discrimination ability of each item along this continuum. The extension to a longitudinal setting further analyzes the trajectory of the underlying disease severity according to time since the first visit in a linear mixed model. To better translate the severity continuum in a concrete disease course scale, we defined five stages of disease progression according to the UMSARS IV disability subscale (stage 1: completely independent, essentially normal; stage 2: not completely independent, needs help with some chores; stage 3: more dependent, help with half of chores; stage 4: very dependent, does a few chores alone or begins alone; and stage 5: totally dependent and helpless) and assessed the information carried by each item represented by a percentage of information each stage (using the Fisher information) [START_REF] Magis | A Note on the Equivalence Between Observed and Expected Information Functions With Polytomous IRT Models[END_REF]. The most informative items were determined as those providing the highest information percentage at most UMSARS IV stages.

We completed the analysis by estimating the minimum sample size required for treatment trials according to UMSARS I and II total scores or subscores derived from selected items by using Monte Carlo simulations and by assuming a linear mixed model for the statistical analysis of change. We fixed the power of detection for a difference between two treatment groups at 80% and the effect size at 30%. We considered UMSARS data every 6 months and accounted for the high risk of death by generating a dropout of 5% at each visit.

We performed the calculation of the sample size estimates on the entire cohort and on an early disease subpopulation of our cohort relevant for disease-modification trials in MSA, i.e. disease duration since symptom onset less than 3 years and UMSARS IV score ≤ 3.

Results

Demographics

A total of 557 MSA patients were included with a mean follow-up of 2.3 years (maximum of 10.5 years); 418 (75.0%) met consensus criteria for probable MSA and 378 (67.9%) had MSA with predominant parkinsonism (MSA-P) (Table e-1). The study population included 270 (48.5%) male patients. Mean age at the first visit was 64.5 ± 8.3 years and mean disease duration since symptom onset was 4.7 ± 2.7 years. A total of 1545 UMSARS I and II assessments (mean 2.8 per subject) and 1533 UMSARS IV assessments (mean 2.7 per subject) were available for the analysis. Among the 557 MSA patients, 266 (47.8%) died during follow-up.

Progression of UMSARS I and II items over time

The majority of items progressed substantially with disease duration (Figure 1a and1b), with the exception of items I.9 (orthostatic symptoms), I.10 (urinary dysfunction), II.3 (ocular motor dysfunction) and II.4 (tremor at rest) which showed only slight to moderate impairments during follow-up, as well as item I.11 (sexual function), which showed almost maximum impairment at the first visit. Among the progressing items, the first reached maximum impairment after 6 years (e.g., II.11 (arising from chair)).

Progression of UMSARS I and II items at different disease stages

Worsening was progressive across UMSARS IV stages 1 to 4 (Figure 2) for the majority of items. In other words, worsening of the majority of UMSARS I and II items was linked to the increasing disability from UMSARS IV stages 1 to 4. Stage 5 was reached by only 51 patients (9.1% of the cohort), because the majority died before reaching this stage or were unable to come to the hospital for the annual assessment because of disease severity. By UMSARS IV stage 4, 17 items had reached the maximum score of 4. Some items did not follow this progression with disability stages, such as item I.11 (sexual function) which reached maximum scores before UMSARS IV stage 2, or items I.9 (orthostatic symptoms) and II.4 (tremor at rest) which reached moderate to severe levels only at UMSARS IV stage 5.

Most informative items across disease course stages

The information carried by each item at each of the five UMSARS IV stages differed substantially (Figure e-1, and Table e-2 for the stage-specific ranking of the items).

The most informative items at UMSARS IV stage 5 were very different from those at UMSARS IV stages 1 to 4, with the exception of item I.1 (speech) which explained roughly 5% of the information at all stages. Across the first four UMSARS IV stages, seven items consistently appeared among the 10 most informative: I.1 (speech), I.4 (cutting food and handling utensils, stage-specific Information percentage range (I-range)=5.4-9.0%), I.5 (dressing, I-range=7-9.1%), I.6 (hygiene, I-range=6.4-9.3%), I.7 (walking, I-range=6.7-8.7%), II.14 (gait, I-range=7.5-8.6%) and II.9 (leg agility, I-range=4.4-6%). Four additional items brought substantial information, especially at UMSARS IV stages 1-4: II.2 (speech, I-range=4.8-6.4%), II.8 (finger tapping, I-range=3.6-6.0%), II.13 (body sway, I-range=4.3-5.2%) and II.11 (arising from chair, I-range=2.7-9.1%). In total, these 11 items carried 64.8%, 74.3%, 74.6%, 71.3% and 30.1% of information at UMSARS IV stages 1, 2, 3, 4 and 5, respectively.

Sample size estimates

To detect an effect size of 30% with a power of 80% in a linear mixed model at one year for a parallel group trial, the necessary sample size by randomisation arm would be 157 subjects when using the UMSARS I + II score, and 162 subjects with the 11 selected items. For the early disease population (n=227) that is relevant for disease-modification trials in MSA, the necessary sample size would be 100 subjects based on the UMSARS I + II score and 110 subjects with the 11 selected items using the linear mixed model.

Discussion

Based on our cohort of 577 patients with long-term follow-up, we showed that the majority of UMSARS I and II items substantially progressed with disease duration and disability, in both early and advanced stages. We identified 11 items which best described the progression in terms of disability, with a roughly equivalent minimum sample size required for clinical trials.

Most of these 11 items correspond to activities of daily living (ADL) such as walking/gait, speech, dressing, hygiene, and cutting food. Our results are in agreement with a recent study on the limitations of UMSARS based on a smaller sample of 70 MSA patients [START_REF] Palma | Limitations of the Unified Multiple System Atrophy Rating Scale as outcome measure for clinical trials and a roadmap for improvement[END_REF]. In line with the latter [START_REF] Palma | Limitations of the Unified Multiple System Atrophy Rating Scale as outcome measure for clinical trials and a roadmap for improvement[END_REF], we further observed that UMSARS I and II do not well capture changes in symptoms related to autonomic dysfunction such as orthostatic hypotension or sexual function, as was also reported for orthostatic symptoms during scale development [START_REF] Wenning | Multiple System Atrophy Study Group, Development and validation of the Unified Multiple System Atrophy Rating Scale (UMSARS)[END_REF][START_REF] Palma | Limitations of the Unified Multiple System Atrophy Rating Scale as outcome measure for clinical trials and a roadmap for improvement[END_REF]. This could either be because of an inaccurate construct of these items or because autonomic symptoms are the consequence of interrelated mechanisms including the severity of OH, its treatment and the severity of motor disability. Indeed, the level of supine blood pressure unlikely explains the lack of progression of orthostatic symptoms since we observed only a weak correlation for the first two years of follow-up (Table e-3). In addition, we found a moderate correlation between orthostatic symptoms and the drop in diastolic/systolic blood pressure during the first three years of follow-up (Table e-3 andTable e-4), and a weak correlation with body sway and gait items at baseline, one and three years of follow-up (Table e-5). This finding may also suggest a sort of ceiling effect for the impact of OH; once the patient reaches the later disease stage, being frequently wheelchair bound, OH may lose part of its functional impact. At the same time, the severity of orthostatic hypotension did not progress significantly over time, independently of the presence of anti-hypotensive treatment (Table e-4), in line with our previous observation [START_REF] Foubert-Samier | Disease progression and prognostic factors in multiple system atrophy: A prospective cohort study[END_REF]. Taken together, these observations suggest that the item referring to orthostatic symptoms is complex and depends on several factors including the severity of orthostatic hypotension but also motor disability.

Similarly, the progression of urinary dysfunction was not well captured by the UMSARS I subscale. The item used to evaluate urinary dysfunction refers to drug treatment or catherization and merges incontinence and retention. The most severe score for this item refers to the presence of an indwelling catheter which could be due to the patient's motor disability or the severity of urinary dysfunction itself. It is well known that retention, as reflected by increasing post-void residual volume, progresses with motor disability and that detrusor hypocontractility is associated with the risk of death through infections [START_REF] Xing | Neurogenic lower urinary tract dysfunction predicts prognosis in patients with multiple system atrophy[END_REF][START_REF] Ito | Incomplete emptying and urinary retention in multiple-system atrophy: When does it occur and how do we manage it?[END_REF][START_REF] Yamamoto | The severity of motor dysfunctions and urinary dysfunction is not correlated in multiple system atrophy[END_REF]. An item evaluating urine retention would be useful to follow urinary dysfunction and related patient disability. The lack of an accurate evaluation of these dysautonomic features by the UMSARS may explain why the impact of autonomic dysfunction on disease progression or survival was not consistent across different studies [START_REF] Foubert-Samier | Disease progression and prognostic factors in multiple system atrophy: A prospective cohort study[END_REF][START_REF] Low | Natural history of multiple system atrophy in the USA: a prospective cohort study[END_REF][START_REF] Watanabe | Progression and prognosis in multiple system atrophy: an analysis of 230 Japanese patients[END_REF][START_REF] Wenning | European Multiple System Atrophy Study Group, The natural history of multiple system atrophy: a prospective European cohort study[END_REF].

The UMSARS has been used as primary endpoint in all but one recent randomized, controlled treatment trials [START_REF] Meissner | Multiple System Atrophy: Recent Developments and Future Perspectives[END_REF]. Here, we have identified 11 items which carried the most relevant information for each of the five UMSARS IV disability stages. Most of them represent ADL such as walking/gait, speech, dressing, hygiene, and cutting food, which are also reflected in the items assessing movement (arising from chair, leg agility and finger tapping). Some of these items (hygiene, walking, speech, leg agility, arising from chair, gait) were also identified in the recent study [START_REF] Palma | Limitations of the Unified Multiple System Atrophy Rating Scale as outcome measure for clinical trials and a roadmap for improvement[END_REF]. We note a few differences, for example for handwriting, which could be due to our longer follow-up (one year in the recent study vs. up to 10 years in our). Using the 11 identified items for an abbreviated UMSARS would allow to more directly capture a treatment effect on patient-centered symptoms, with an equivalent sample size compared to the UMSARS I + II score. In this line, the use of a primary endpoints reflecting the patient perspective is an increasing request by regulatory authorities such as the Food and Drug Administration. Having said this, a validation study incorporating these 11 items or the seven directly reflecting relevant activities of daily living plus additional patientcentered outcomes into a scale will nevertheless be necessary.

In conclusion, our study provides novel insights into the construct of the UMSARS, its sensitivity to change and future directions for its improvement. These will be essential for the recently established MDS UMSARS Revision Task Force which aims to develop a scale for the assessment (i) of the full spectrum of symptoms and their severity (e.g. for natural history studies) and (ii) of critical patient-centred outcomes in an abbreviated version that may serve as primary outcome for intervention trials and that satisfies the expectations of regulatory authorities. Black lines represent the transition to a higher level of UMSARS IV.
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 1 Figure 1: Evolution of each UMSARS I and II item score since the first visit (n=557 MSA

Figure 2 :

 2 Figure 2: Evolution of each UMSARS I and II item during the different disease stages (n=557).
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