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INTRODUCTION

Early and accurate diagnosis of parkinsonism including Parkinson's disease (PD), progressive supranuclear palsy (PSP), and multiple system atrophy (MSA) remains challenging despite its importance for patient care and for recruiting patients into disease-modifying clinical trials. Clinical criteria were reported to have suboptimal overall accuracy for the diagnosis of MSA (62-79%) [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF][START_REF] Koga | PD, and PSP masquerade as MSA: an autopsy study of 134 patients[END_REF] and PSP (14-83%) [START_REF] Respondek | Accuracy of the national institute for neurological disorders and stroke/society for progressive supranuclear palsy and neuroprotection and natural history in Parkinson plus syndromes criteria for the diagnosis of progressive supranuclear palsy: PSP Diagnostic Criteria[END_REF][START_REF] Höglinger | Movement Disorder Societyendorsed PSP Study Group, Clinical diagnosis of progressive supranuclear palsy: The movement disorder society criteria[END_REF] at the first visit. The diagnostic criteria for MSA were recently revised by the Movement Disorder Society and introduced a new category of clinically established MSA in which at least one brain MRI marker is required [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF]. In the cerebellar variant of MSA (MSAc), MRI qualitative biomarkers include atrophy in the pons, cerebellar peduncles and cerebellum as well as increased T2/proton density signal in the middle cerebellar peduncles and the hot-cross-bun sign in the pons [START_REF] Chougar | Update on neuroimaging for categorization of Parkinson's disease and atypical parkinsonism[END_REF].

In the parkinsonian variant of MSA (MSAp), qualitative markers combine atrophy, signal decrease in iron-sensitive images and signal increase in diffusivity maps predominantly in the posterior putamen [START_REF] Chougar | Update on neuroimaging for categorization of Parkinson's disease and atypical parkinsonism[END_REF]. The cerebellar and parkinsonian patterns are often associated in patients. A number of quantitative MRI markers derived from the analysis of the same regions were also proposed in a research setting for the differentiation of MSA from PSP and PD. For MSAp, these markers include increased apparent diffusion coefficient or mean diffusivity (MD) using diffusion imaging, reflecting microstructural alterations due to cell death and myelin changes, and increased R2* relaxation rate, which is a proxy for iron deposition within tissues [START_REF] Chougar | Update on neuroimaging for categorization of Parkinson's disease and atypical parkinsonism[END_REF]. Changes were reported in MSAp versus PD [START_REF] Seppi | Topography of putaminal degeneration in multiple system atrophy: a diffusion magnetic resonance study[END_REF][START_REF] Pellecchia | Diffusion-weighted imaging in multiple system atrophy: a comparison between clinical subtypes[END_REF][START_REF] Tsukamoto | Significance of apparent diffusion coefficient measurement for the differential diagnosis of multiple system atrophy, progressive supranuclear palsy, and Parkinson's disease: evaluation by 3.0-T MR imaging[END_REF], but results were less consistent between MSAp and PSP patients in the entire putamen with overlapping diffusivity [START_REF] Seppi | Diffusion-weighted imaging discriminates progressive supranuclear palsy from PD, but not from the parkinson variant of multiple system atrophy[END_REF][START_REF] Nicoletti | Apparent diffusion coefficient measurements of the middle cerebellar peduncle differentiate the Parkinson variant of MSA from Parkinson's disease and progressive supranuclear palsy[END_REF] and iron deposition [START_REF] Focke | Differentiation of typical and atypical Parkinson syndromes by quantitative MR imaging[END_REF][START_REF] Sjöström | Quantitative susceptibility mapping differentiates between parkinsonian disorders[END_REF]. Measurements targeting the posterior putamen may be more discriminative [START_REF] Tsukamoto | Significance of apparent diffusion coefficient measurement for the differential diagnosis of multiple system atrophy, progressive supranuclear palsy, and Parkinson's disease: evaluation by 3.0-T MR imaging[END_REF]. Morphometric measurements including the midbrain to pons area ratio [START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF] and the Magnetic Resonance Parkinsonism Index (MRPI) [START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF][START_REF] Quattrone | MR imaging index for differentiation of progressive supranuclear palsy from Parkinson disease and the Parkinson variant of multiple system atrophy[END_REF][START_REF] Quattrone | A new MR imaging index for differentiation of progressive supranuclear palsy-parkinsonism from Parkinson's disease[END_REF] were shown to be efficient in distinguishing MSAc from healthy subjects, progressive supranuclear palsy (PSP) and PD with accuracy values usually greater than 0.90 [START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF]. These measurements were less efficient to categorize MSAp from PD with accuracy values around 0.74 [START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF][START_REF] Quattrone | MR imaging index for differentiation of progressive supranuclear palsy from Parkinson disease and the Parkinson variant of multiple system atrophy[END_REF]. Previous studies have reported that combining markers in a multiparametric approach could improve the classification accuracy [START_REF] Péran | MRI supervised and unsupervised classification of Parkinson's disease and multiple system atrophy[END_REF][START_REF] Du | Combined Diffusion Tensor Imaging and Apparent Transverse Relaxation Rate Differentiate Parkinson Disease and Atypical Parkinsonism[END_REF]. However, these methods are not yet usable in clinical practice.

In an effort to provide a transferable approach to clinical practice, we evaluated the value of combining clinically feasible standard brainstem morphometric measurements with manual measurements of R2* relaxation rates and mean diffusivity (MD) in subcortical regions to improve the differentiation of patients with MSA (and particularly MSAp), PSP and PD.

MATERIAL & METHODS

Population

Participants were prospectively and consecutively enrolled between 2017 and 2020 in the movement disorders clinic of the Pitié-Salpêtrière Hospital, Paris. Inclusion criteria were probable or possible diagnosis of PD [START_REF] Postuma | MDS clinical diagnostic criteria for Parkinson's disease[END_REF], PSP [START_REF] Höglinger | Movement Disorder Societyendorsed PSP Study Group, Clinical diagnosis of progressive supranuclear palsy: The movement disorder society criteria[END_REF], and MSA according to the previous consensus criteria [START_REF] Gilman | Second consensus statement on the diagnosis of multiple system atrophy[END_REF] established by movement disorders specialists. Patients with MSA were subsequently evaluated according to the new Movement Disorder Society diagnostic criteria [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF]. They were separated into parkinsonian (MSAp) and cerebellar (MSAc) subtypes depending on the clinically predominant subtype at diagnosis. Patients with a mixed pattern were assigned to the MSAp group. The clinical examination included the Unified Parkinson's Disease Rating Scale Part III (UPDRS III) scores. Healthy controls (HC) with no history of neurological or psychiatric disease were included. Subjects were excluded if they had any additional neurological disorder. Local institutional review boards approved the study (CPP Ile-de-France VI, 08012015).

MRI acquisition

Participants were scanned under clinical conditions for diagnostic purposes in the Neuroradiology Department of the hospital using a 3T Siemens Skyra system with a 64-channel head coil. The MRI protocol included three-dimensional (3D) high-resolution T1-weighted gradient-recalled echo sequence (magnetization prepared rapid acquisition with gradient-recalled echo, MPRAGE, 0.9-mm isovoxel size), diffusion tensor imaging (DTI) with 32 gradient-encoding directions (voxel size: 2x2x2.6) and gradient echo T2 acquisition with nine echo times (from 4.0 to 50.0ms, voxel size: 0.8x0.8x2.4) for R2* relaxometry. Acquisition parameters are provided in supplementary Table S1. Quality control was performed by visual inspection and images with significant motion artifacts or image distortions were discarded.

Data analysis

MD and R2* maps were calculated by the Siemens scanner as part of the routine clinical examination with no further image post-processing. Data were subsequently analyzed in the Picture Archiving and Communication System (PACS) system of the hospital. MD and R2* maps were reformatted in the intercommissural plane. Measurements were performed in standardized rounded shape regions of interest (ROIs) of 8-mm 2 surface area. ROIs were manually drawn by an experienced radiologist blinded to the clinical status on six bilateral subcortical gray matter structures including the posterior putamen (PuP), the anterior putamen (PuA), the head of the caudate nucleus (CN), the globus pallidus (GP), the medial thalamus (Th) (row A) and the red nucleus (RN) as this region was shown to be particularly affected in PSP [START_REF] Sjöström | Quantitative susceptibility mapping differentiates between parkinsonian disorders[END_REF]. The regions were placed on the slice that best showed the structure of interest (i.e. with the largest area), avoiding Virchow-Robin spaces (supplementary Fig. S1). The ratios of midbrain to pons sagittal areas and MRPI were measured on 3D T1-weighted images as previously explained [START_REF] Quattrone | MR imaging index for differentiation of progressive supranuclear palsy from Parkinson disease and the Parkinson variant of multiple system atrophy[END_REF]. Measurements (R2*, MD, MRPI) were performed twice by the same observer on two different sessions to assess the intra-rater reliability and by a second observer to assess the inter-rater reliability.

Statistical analysis

All statistical analyses were performed using R version 3.6.1 (R Core Team 2019).

Clinical data

Clinical and demographic data were compared between groups using the Kruskal-Wallis test, followed by pairwise Dunn's tests with Bonferroni correction, or the Fisher's exact test.

Reproducibility analysis

For each imaging modality (MD, R2*, MRPI), intraclass correlation coefficients (ICCs) were calculated to assess intra-(ICC [START_REF] Respondek | Accuracy of the national institute for neurological disorders and stroke/society for progressive supranuclear palsy and neuroprotection and natural history in Parkinson plus syndromes criteria for the diagnosis of progressive supranuclear palsy: PSP Diagnostic Criteria[END_REF][START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF]: two-way mixed effects, absolute agreement, single rater) and inter-rater reliability (ICC [START_REF] Respondek | Accuracy of the national institute for neurological disorders and stroke/society for progressive supranuclear palsy and neuroprotection and natural history in Parkinson plus syndromes criteria for the diagnosis of progressive supranuclear palsy: PSP Diagnostic Criteria[END_REF][START_REF] Koga | PD, and PSP masquerade as MSA: an autopsy study of 134 patients[END_REF]: two-way mixed effects, absolute agreement, multiple raters) using the psych package (v2.0.9). ICCs values of reliability were reported with 95% confidence interval (95% CI), and were interpreted as follows: < 0.50, poor; 0.50 to 0.75, moderate; 0.75 to 0.90, good; > 0.90, excellent.

Between-group comparisons R2* and MD measurements were compared between groups using linear mixed-effect models (LMMs, one model for each biomarker) with covariate adjustment for age and sex. In these models, the predictors of interest included Group (disease groups), Region (ROIs), Side (left or right hemisphere), and their interaction terms as fixed effects, while the subject identifier was assigned as a random (intercept) effect to account for the repeated measurements acquired in both sides of the ROIs for the same subject.

We also considered the relatives values of MD and R2* measurements in the posterior putamen to each of the other regions (PuP/PuA, PuP/GP, PuP/CN, PuP/Th, PuP/RN) to test whether they might be more sensitive in detecting between-group differences compared with the absolute values in the posterior putamen. These ratios were compared between groups using a different LMM All LMMs were fitted using restricted maximum-likelihood estimation (REML) from the function lmer in the lme4 package (v1. . Significance for the main effects and the interactions was assessed based on Type II Wald chi-square tests using the function Anova in the car package (v3.0-7). Post hoc pairwise comparisons were performed on a significant interaction or main factor effect with the emmeans package (v1.4.5) to further determine where the differences occurred across the study groups and the ROIs. All p-values from the post hoc tests were obtained using Kenward-Roger's approximation for degrees of freedom (df), and after adjustment for multiple testing by Tukey's method. For each fitted model, the assumptions of normality and constant variance of residuals were checked afterwards. The level of statistical significance was defined as a two-sided p-value or adjusted p-value < 0.05 for all tests.

Classification performances

Using either binary or multinomial logistic regression, we studied the classification performance of each individual biomarker and combinations of selected biomarkers for separating two (MSAp vs PD, MSAp vs PSP, PD vs PSP, MSAc vs PD, MSAc vs PSP) or three classes (MSAp vs PD vs PSP and MSA vs PD vs PSP). Receiving operating curves (ROC) were generated and area under the curve (AUC), sensitivity, specificity and balanced accuracy (BA) were used as performance metrics. For the three-class classification, we used a multiclass definition of AUC called "AU1U" as defined by Ferri et al [START_REF] Ferri | An experimental comparison of performance measures for classification[END_REF]. Differences between AUCs (two classes) and BAs (three classes) were tested following the method described in Robin et al. [START_REF] Robin | pROC: an open-source package for R and S+ to analyze and compare ROC curves[END_REF] with 100 times repeated 5-fold cross validation to compute the mean differences between all pairs of AUCs or BAs, and bootstrap standard-error estimates of these differences calculated from 200 bootstrap samples. For each imaging marker, an optimal cutoff value that best discriminated the different groups was determined from the point on the ROC curve that is closest to the top-left corner. Performance evaluation was carried out with the pROC (v1.16.2) and caret (v6.0-86) packages in binary classification and with the nnet (v7. [START_REF] Respondek | Accuracy of the national institute for neurological disorders and stroke/society for progressive supranuclear palsy and neuroprotection and natural history in Parkinson plus syndromes criteria for the diagnosis of progressive supranuclear palsy: PSP Diagnostic Criteria[END_REF][START_REF] Höglinger | Movement Disorder Societyendorsed PSP Study Group, Clinical diagnosis of progressive supranuclear palsy: The movement disorder society criteria[END_REF][START_REF] Chougar | Update on neuroimaging for categorization of Parkinson's disease and atypical parkinsonism[END_REF][START_REF] Seppi | Topography of putaminal degeneration in multiple system atrophy: a diffusion magnetic resonance study[END_REF][START_REF] Pellecchia | Diffusion-weighted imaging in multiple system atrophy: a comparison between clinical subtypes[END_REF][START_REF] Tsukamoto | Significance of apparent diffusion coefficient measurement for the differential diagnosis of multiple system atrophy, progressive supranuclear palsy, and Parkinson's disease: evaluation by 3.0-T MR imaging[END_REF][START_REF] Seppi | Diffusion-weighted imaging discriminates progressive supranuclear palsy from PD, but not from the parkinson variant of multiple system atrophy[END_REF][START_REF] Nicoletti | Apparent diffusion coefficient measurements of the middle cerebellar peduncle differentiate the Parkinson variant of MSA from Parkinson's disease and progressive supranuclear palsy[END_REF][START_REF] Focke | Differentiation of typical and atypical Parkinson syndromes by quantitative MR imaging[END_REF][START_REF] Sjöström | Quantitative susceptibility mapping differentiates between parkinsonian disorders[END_REF][START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF] and mlr (v2.19.0) packages in three-class classification.

A further analysis was performed at the subject level. Diagnostic predictions defined as the most frequent predicted group over the 100 cross-validation iterations using the three-class classification were compared to the clinical diagnosis, and, for patients with MSA, to the new diagnosis according to the recently published criteria [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF].

Multivariate analysis

Visualization of subject group separation based on the most discriminative imaging markers was performed using a sparse partial least squares discriminant analysis (sPLS-DA) with the mixOmics package (v6.10.9) [START_REF] Lê Cao | Sparse PLS discriminant analysis: biologically relevant feature selection and graphical displays for multiclass problems[END_REF]. sPLS-DA is a supervised machine learning approach allowing for dimension reduction, feature selection and multiclass classification. The model based on sPLS-DA then consists of a small number of orthogonal components, where each component is calculated as weighted sums of the manifest variables under a covariance maximization criterion with the group labels. The "sparse" approach used by the method allows setting the least significant weights of each component to zero, thus selecting only the most relevant biomarkers. The weight values (or loadings) on the resulting components are also indicative of the importance of each variable for group discrimination on the different dimensions. Optimal number of components and imaging variables to keep per component in the final model was determined using the "tune.sPLS-DA" function to minimize the balanced error rate for group classification with 20×5-fold cross-validation.

RESULTS

Participants demographic and clinical characteristics

In total, 93 participants were analyzed, including 22 HC, 25 patients with PD, 19 with PSP (16 probable PSP with Richardson syndrome (PSP-RS), 3 possible with pure gait freezing (PSP-PGF), 21 with MSAp (16 probable, 5 possible), and 6 with MSAc (3 probable, 3 possible). There was a difference in age (Kruskal-Wallis test, p<0.001), PSP patients being older than other groups (all p<0.024). There was no significant difference in terms of sex, UPDRS III scores or disease duration (Table 1).

Measurements reproducibility

Intra-rater agreement was moderate for MD (ICC 0.77; 95% CI: 0.74-0.79), good for R2* measurements (0.87; 0.86-0.89), excellent for the midbrain-to-pons ratio (0.97; 0.91-0.99) and excellent for the MRPI (0.99; 0.98-1). Inter-rater agreement was moderate for MD (ICC 0.77; 0.74-0.81), good for R2* measurements (0.82; 0.78-0.85), good for the midbrain-to-pons ratio (0.94; 0.80-0.98) and excellent for the MRPI (0.96; 0.86-0.99).

Between-group comparison of biomarkers

For both MD and R2* biomarkers, there was a significant effect of the Group (p<0.001) and Region (p<0.0001) factors, with a Group by Region interaction (p<0.0001), without effect of the Side factor.

Thus, means of the right and left values were used in the subsequent analyses.

MD values were significantly higher in the posterior putamen in MSAp patients versus all groups (p<0.0001) and in PSP vs HC (p<0.05), in the globus pallidus in PSP patients versus all other groups (p<0.0001) and in PD vs HC (p<0.05), in the red nucleus in PSP patients versus HC (p<0.0001) and PD (p<0.01) (Fig. 1). All ratios were higher in MSAp patients vs all other groups (p<0.001). R2* values were significantly higher in the posterior putamen in MSAp patients versus all groups (p<0.001), in the anterior putamen in MSAp versus PD (p<0.05) and in the red nucleus in PSP versus HC (p<0.001) and PD (p<0.05) (Fig. 1). All ratios were higher in MSAp patients vs all other groups (p<0.001).

PSP patients had significantly higher MRPI (p<0.0001) and lower midbrain to pons area ratio values (p<0.01 vs PD, p<0.0001 vs other groups).

MSAc patients had higher midbrain to pons ratio values than MSAp (p<0.05) and all other groups (p<0.0001). MSAp patients also had higher midbrain to pons ratio than PD (p<0.05) (Fig. 1).

For all models, a visual inspection of the residual distributions did not show any important deviation from the normality and variance-variance assumptions.

Classification performances

Results are provided in supplementary Table S2. For all classifications, there was no difference in AUC values for both MD and R2* measurements between values measured in the posterior putamen and the different ratios (PuP/PuA, PuP/GP, PuP/CN, PuP/Th, PuP/RN). Similarly, there was no difference between the MRPI and the midbrain to pons area ratio.

For "MSAp vs PD", both MD (AUC: 0.886) and R2* (AUC: 0.894) in the posterior putamen performed better than morphometry (MRPI, AUC: 0.540; midbrain to pons ratio, AUC: 0.623) (all p<0.01). There was no difference between MD and R2* measurements.

For all other binary classifications, morphometric markers showed the best performance: "MSAp vs PSP", MRPI, AUC: 0.951, ratio, AUC: 0.940; "MSAc vs PD", MRPI, AUC: 0.823, ratio, AUC: 0.750; "PSP vs PD", AUC: 0.889, ratio, AUC: 0.893; "MSAc vs PSP", MRPI, AUC: 0.988, ratio, AUC: 1.

For all binary classifications, combining two or more markers did not improve diagnostic performance.

For the multi-class classification "MSAp vs PD vs PSP", the combination of MD and R2* in the posterior putamen with morphometric biomarkers (AUC: 0.853, BA: 0.806) improved the overall accuracy compared to each marker separately (midbrain to pons ratio, AUC: 0.714, BA: 0.631, p<0.01; MRPI, AUC: 0.693, BA: 0.580, p<0.01; R2* in the posterior putamen, AUC: 0.778, BA: 0.576, p<0.001; MD in the posterior putamen, AUC: 0.804, BA: 0.683, p=0.10). Combining three or more biomarkers gave higher accuracy values than the two-biomarker classifiers (MRPI and MD in the posterior putamen, AUC: 0.752, BA: 0.750; midbrain to pons ratio and R2* in the posterior putamen, AUC: 0.759, BA: 0.742), although the difference did not reach significance. Results were similar for the "MSA vs PD vs PSP", although slightly lower.

Diagnostic cutoff values for the binary classifications are provided in supplementary Table S3.

Multivariate analysis

The optimization step of the sPLS-DA parameters led to a model with two components. Component 1 separated patients with PSP from all other groups and those with MSAc from HC, PD and PSP, whereas Component 2 separated patients with MSAp from those with HC, PD and MSAc. PD subjects were not distinguishable from HCs (Fig. 2A, supplementary Table S4).

Component 1 was correlated with four variables (in descending order: MRPI, midbrain to pons area ratio, MD in the globus pallidus, age) and Component 2 was correlated seven variables (in descending order: R2* and MD in the posterior putamen, R2* and MD in the anterior putamen, R2* and MD in the red nucleus and R2* in the thalamus) (Fig. 2B), in line with the above results using the logistic regression model. Loading values for each variable are given in supplementary Table S5 and supplementary Fig. S2.

Discordance between clinical status and diagnostic predictions at the individual-level

Concordance between imaging-based diagnostic prediction and clinical diagnosis was improved when the new international criteria for MSA [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF] were used as compared with the previous criteria [START_REF] Gilman | Second consensus statement on the diagnosis of multiple system atrophy[END_REF]. Using the previous criteria [START_REF] Gilman | Second consensus statement on the diagnosis of multiple system atrophy[END_REF], clinical diagnoses and imaging-based predictions were discordant in 11 out of 71 patients (15.5%), including five patients with PD (5/25, 20%), three with PSP (3/19, 15.8%) and three with MSA (3/27, 11.1%). Compared with the new criteria for MSA [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF], clinical diagnoses and imaging-based predictions were discordant in nine patients only (9/71, 12.7%), including the same five patients with PD (5/25, 20%), two with PSP (2/19, 10.5%) and one MSA (1/27, 3.7%) (Fig. 2A, Table 2).

The most frequent discordance was observed between PD and PSP with two PD patients according to the clinical criteria classified as PSP using imaging (subjects 1 and 2 in Table 2 and Fig. 2A) and two PSP patients classified as PD (subjects 6 and 8). In all four patients, the midbrain to pons ratio and the MRPI were close to the pathological threshold. There were seven discrepancies involving MSA with three patients with clinical PD (subjects 3, 4 and 5) and one with PSP-PGF (subject 7), classified as MSA using imaging and three patients with clinical MSA classified as PSP (subject 9) or PD (subjects 10 and 11) using imaging. Using the new diagnostic criteria [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF], three of these seven patients were clinically reclassified as predicted using imaging. One patient diagnosed MSA according to both previous and new criteria was classified as PD using imaging and had cerebellar atrophy, but no crossbun sign, which might be compatible with early MSAc at visual reading of the images (subject 11).

DISCUSSION

This is the first study to compare the diagnostic performances of R2*, MD, morphometry and their combination using an approach that can be used as part of a routine clinical assessment. The main results of this study may be summarized as follows. Firstly, manual measurements of MD and R2* in the posterior putamen performed better than brainstem morphometric measurements to distinguish MSAp from PD, but not from PSP. Secondly, brainstem morphometric biomarkers were the most efficient to distinguish PSP and MSAc from all other groups. Thirdly, combining the three biomarkers improved the classification performances for the three-group comparison. Finally, we showed an improvement in diagnostic categorization when the new diagnostic criteria for MSA [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF] were used.

Our results confirmed that morphometric markers reflecting midbrain atrophy were the best markers for the differentiation of PSP from the other groups [START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF][START_REF] Quattrone | MR imaging index for differentiation of progressive supranuclear palsy from Parkinson disease and the Parkinson variant of multiple system atrophy[END_REF]. In our work, the MRPI did not perform better than the midbrain to pons area ratio in line with a previous study [START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF].This is likely due to the small size of the superior and middle cerebellar peduncles, limiting inter-and intra-rater reliability [START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF]. Another study showed that the MRPI was more accurate than the midbrain to pons ratio in differentiating patients with possible PSP from those with PD, but not with probable PSP [START_REF] Nigro | Magnetic Resonance Parkinsonism Index and midbrain to pons ratio: Which index better distinguishes Progressive Supranuclear Palsy patients with a low degree of diagnostic certainty from patients with Parkinson Disease?[END_REF]. Morphometric measurements, which also reflect atrophy in the pons and middle cerebellar peduncles, discriminated well MSAc from PD and PSP as shown previously [START_REF] Möller | Manual MRI morphometry in Parkinsonian syndromes[END_REF]. As expected in MSAc, MD and R2* measurements in the putamen did not improve the classification accuracy which is consistent with the mostly normal visual aspect of the putamen in patients with a pure cerebellar phenotype.

Conversely, morphometric biomarkers performed poorly in differentiating MSAp and PD. Unlike MSAc, most patients with MSAp have little pontocerebellar atrophy whereas they show marked putaminal alterations that predominate in the posterior part [START_REF] Chougar | Update on neuroimaging for categorization of Parkinson's disease and atypical parkinsonism[END_REF][START_REF] Seppi | Topography of putaminal degeneration in multiple system atrophy: a diffusion magnetic resonance study[END_REF][START_REF] Pellecchia | Diffusion-weighted imaging in multiple system atrophy: a comparison between clinical subtypes[END_REF]. In our study, MD and R2* measurements in the posterior putamen yielded the best discrimination between MSAp and PD. These measurements also showed good performance for the separation of MSAp from PSP subjects although slightly lower than the MRPI. Several studies have shown that MSAp can be distinguished from PD based on putaminal diffusivity [START_REF] Schocke | Trace of diffusion tensor differentiates the Parkinson variant of multiple system atrophy and Parkinson's disease[END_REF][START_REF] Seppi | Progression of putaminal degeneration in multiple system atrophy: a serial diffusion MR study[END_REF][START_REF] Barbagallo | Multimodal MRI assessment of nigro-striatal pathway in multiple system atrophy and Parkinson disease[END_REF][START_REF] Péran | Magnetic resonance imaging markers of Parkinson's disease nigrostriatal signature[END_REF], some studies targeting the posterior putamen [START_REF] Seppi | Progression of putaminal degeneration in multiple system atrophy: a serial diffusion MR study[END_REF], with a metaanalysis showing an overall sensitivity of 90% and an overall specificity of 93% [START_REF] Bajaj | Diffusionweighted MRI distinguishes Parkinson disease from the parkinsonian variant of multiple system atrophy: A systematic review and meta-analysis[END_REF]. For MSAp versus PSP, results were less clear, a few studies showing a good separation [START_REF] Nicoletti | Apparent diffusion coefficient measurements of the middle cerebellar peduncle differentiate the Parkinson variant of MSA from Parkinson's disease and progressive supranuclear palsy[END_REF], especially when focusing on the posterior putamen [START_REF] Tsukamoto | Significance of apparent diffusion coefficient measurement for the differential diagnosis of multiple system atrophy, progressive supranuclear palsy, and Parkinson's disease: evaluation by 3.0-T MR imaging[END_REF], while others did not [START_REF] Seppi | Diffusion-weighted imaging discriminates progressive supranuclear palsy from PD, but not from the parkinson variant of multiple system atrophy[END_REF][START_REF] Focke | Differentiation of typical and atypical Parkinson syndromes by quantitative MR imaging[END_REF]. Using relaxometry, MSAp could be distinguished from PD using R2* [START_REF] Focke | Differentiation of typical and atypical Parkinson syndromes by quantitative MR imaging[END_REF][START_REF] Barbagallo | Multimodal MRI assessment of nigro-striatal pathway in multiple system atrophy and Parkinson disease[END_REF] and quantitative susceptibility mapping (QSM) [START_REF] Sjöström | Quantitative susceptibility mapping differentiates between parkinsonian disorders[END_REF]. Again, results were discordant between MSAp and PSP, some studies showing between-group differences [START_REF] Focke | Differentiation of typical and atypical Parkinson syndromes by quantitative MR imaging[END_REF] while others did not [START_REF] Sjöström | Quantitative susceptibility mapping differentiates between parkinsonian disorders[END_REF].

Our study showed that the combination of MD, R2* and morphometric markers improved the performances of the three-class classification. Automated extraction of MD, fractional anisotropy (FA) and R2* measured in striatal, midbrain, limbic and cerebellar regions allowed good differentiation of parkinsonian syndromes in a previous study [START_REF] Du | Combined Diffusion Tensor Imaging and Apparent Transverse Relaxation Rate Differentiate Parkinson Disease and Atypical Parkinsonism[END_REF]. Their combination improved the classification of PD and MSAp, but not PD and PSP or MSAp and PSP [START_REF] Du | Combined Diffusion Tensor Imaging and Apparent Transverse Relaxation Rate Differentiate Parkinson Disease and Atypical Parkinsonism[END_REF]. The combination of R2* and MD allowed 95% discrimination between MSAp and PSP [START_REF] Barbagallo | Multimodal MRI assessment of nigro-striatal pathway in multiple system atrophy and Parkinson disease[END_REF]. In another study, 95% accuracy was reached for MSAp vs PD using a combination of grey matter, MD and FA changes in several brain regions [START_REF] Péran | MRI supervised and unsupervised classification of Parkinson's disease and multiple system atrophy[END_REF]. Patients with MSAc were distinguished from those with PD using grey matter, MD and R2* in the cerebellum, and R2* in the left cerebral peduncle [START_REF] Péran | MRI supervised and unsupervised classification of Parkinson's disease and multiple system atrophy[END_REF]. Diagnostic accuracies obtained in a previous study using diffusion measurements in the entire putamen were low for the categorization of MSAp versus PD and PSP patients and did not significantly improve the performances when combined with volumetry [START_REF] Chougar | Automated Categorization of Parkinsonian Syndromes Using Magnetic Resonance Imaging in a Clinical Setting[END_REF].

Relatives values of MD and R2* measurements in the posterior putamen to each of the other regions did not improve the categorization performance. These ratios were tested to determine if they could be more sensitive in detecting between-group differences compared to the absolute values in the posterior putamen. Indeed, values being higher in the posterior putamen in subjects in MSAp and higher in the red nucleus in those with PSP, we hypothesized that the posterior putamen to red nucleus ratio could perform better that the posterior putamen alone, which was not the case in our study. Nevertheless, these ratios could be interesting to normalize the data to limit the scanner-effect in multicenter studies.

As expected, the new international diagnostic criteria for MSA improved the agreement between the clinical diagnosis and the imaging-based prediction by reclassifying three out of seven subjects with disagreement. Two participants with a diagnosis of MSA according to the previous criteria were excluded using the new criteria, in favor of an alternative diagnosis, and one participant with a clinical diagnosis of PSP-PGF was classified as MSA by the new criteria, which was in agreement with the imaging-based prediction for all three subjects. On the other hand, our model misclassified one participant with clinical MSAc as PD (despite the presence of pons atrophy) and three with PD as MSA (because of pons atrophy in two cases). Therefore, although morphometry was effective in differentiating of MSAc from PD, these results suggest that other biomarkers such as diffusivity in the cerebellum, middle cerebellar peduncles and pons may help improve this differentiation. Regarding the classification PD vs PSP, subjects misclassified had borderline morphometric values with midbrain to pons area ratios and MRPI values close to the pathological thresholds. For these discordant subjects, only a longitudinal follow-up would confirm the diagnosis in the absence of brain pathological examination. Lastly, although age was included as a covariate of no interest in our logistic regression model, it could still be a confounding factor explaining, for instance, disagreement between the clinical diagnosis of PD and the imaging prediction of PSP in an elderly patient. Indeed, midbrain atrophy occurs during normal aging and threshold values may not apply at this age [START_REF] Ruiz | Normative Data for Brainstem Structures, the Midbrain-to-Pons Ratio, and the Magnetic Resonance Parkinsonism Index[END_REF].

Our study had some limitations. Analyses were restricted to six subcortical regions that are small and where measurements are easy to perform in clinical practice. Other regions could have been interesting such as the dentate nucleus and the superior cerebellar peduncles for PSP and the white matter of the cerebellum and middle cerebellar peduncles for MSAc [START_REF] Chougar | Update on neuroimaging for categorization of Parkinson's disease and atypical parkinsonism[END_REF]. We used manually drawn ROI, which may vary depending on the experience of the examiner, but are suitable for clinical practice. In the future, methods using fully automated extraction of biomarkers might become accessible for a clinical use.

Cutoffs values provided are usually scanner-specific. Multicenter studies using a standardized MRI protocol are needed to derive normalized cutoff values that would be applicable on a large scale. Finally, there was no neuropathological confirmation of the diagnosis.

In conclusion, this study provides accurate quantitative biomarkers usable in clinical routine for the differentiation of parkinsonian syndromes. R2* and MD measurements in the posterior putamen are robust biomarkers for the discrimination of MSAp, and their combination with brainstem morphometry increases the performance of multiclass classification. Our study also confirms that the joint use of clinical criteria and imaging data improves diagnostic accuracy. The correlation circle (B) shows that Component 1 was correlated with four variables (in descending order: MRPI, midbrain to pons area ratio, MD in the globus pallidus, age) while Component 2 was correlated with seven variables (in descending order : R2* and MD in the posterior putamen, R2* and MD in the anterior putamen, R2* and MD in the red nucleus and R2* in the thalamus). Colors indicated which disease group tends to have a higher probability of prediction with increasing values of the selected biomarker. Loading values for each variable are given in supplementary Table S5 and supplementary Fig. 2.

Abbreviations: GP, globus pallidus; MD, mean diffusivity; PuA, anterior putamen; PuP, posterior putamen; RN, red nucleus; HC, healthy control; MSAc, cerebellar form of multiple system atrophy; MSAp, parkinsonian form of multiple system atrophy; PD, Parkinson's disease; PSP, progressive supranuclear palsy; sPLS-DA, sparse partial least square discriminant analysis.

Tables Table 1. Clinical characteristics.

There was a difference in age (Kruskal-Wallis test, p=0.001), PSP patients being older than other groups (p<0.024). There was no significant difference in terms of gender, UPDRS III scores or disease duration.

Disease duration was calculated using the date of first symptoms as the starting point. Of note, UPDRS III scores and disease duration were compared between the patient groups only (HC excluded). p values corresponding to the Kruskal-Wallis tests are reported. * p ≤ 0.05 Abbreviations: F, female; M, male; HC, healthy control; MSAc, cerebellar form of multiple system atrophy; MSAp, parkinsonian form of multiple system atrophy; PD, Parkinson's disease; PSP, progressive supranuclear palsy; SD, standard deviation; UPDRS III, Unified Parkinson's Disease Rating Scale Part III.

Table 2. Discordance between imaging-based prediction and clinical diagnosis at the individuallevel.

Subjects with discordance between clinical diagnosis and imaging-based prediction were numbered from 1 to 11 (see also Fig. 2A).

a Diagnosis of MSA according to the previous consensus criteria [START_REF] Gilman | Second consensus statement on the diagnosis of multiple system atrophy[END_REF] b Diagnosis of MSA according to the new consensus criteria [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF] c MRI sign of PSP (exclusion criterion for MSA according to the new diagnostic criteria [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF]) d Presence of anosmia (exclusion criterion for MSA according to the new diagnostic criteria [START_REF] Wenning | The Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy[END_REF]) e Presence of cerebellar atrophy without cross-bun sign Abbreviations: MD, mean diffusivity; CE, clinically established; HC, healthy control; MSA, multiple system atrophy; MSAp, parkinsonian form of multiple system atrophy; MSAc, cerebellar form of multiple system atrophy; PD, Parkinson's disease; PSP, progressive supranuclear palsy; PSP-PGF, PSP with pure gait freezing; PSP-RS, PSP with Richardson syndrome.

Supplementary material

Fig. S1. Definition of the regions of interest.

T1-weighted images (left), R2* (middle) and MD (right) maps were reformatted in the intercommissural plane. Measurements were performed on R2* and MD maps in standardized rounded shape regions of interest (ROIs) of 8-mm 2 surface area that were manually drawn on six bilateral subcortical gray matter structures including the posterior putamen (PuP), the anterior putamen (PuA), the head of the caudate nucleus (CN), the globus pallidus (GP), the medial thalamus (Th) (A) and the red nucleus (RN) (B). 
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 S2 Fig. S2. Loading plots from the sPLS-DA model.
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Loading plots indicate the importance of each biomarker to define the Component 1 (A) and Component 2 (B). Colors show which disease group tend to have a higher probability of prediction with increasing values of the selected biomarker.

Abbreviations: CN, caudate nucleus; GP, globus pallidus; MD, mean diffusivity; MRPI; magnetic resonance imaging parkinsonism; MSA, multiple system atrophy; MSAc, cerebellar form of MSA; MSAp: parkinsonian form of MSA; PSP, progressive supranuclear palsy; PuA, anterior putamen; PuP, posterior putamen; RN, red nucleus; sPLS-DA, sparse partial least square discriminant analysis; Th, thalamus.

Table S1. MRI acquisition parameters.

Abbreviations: MPRAGE, magnetization prepared rapid acquisition gradient-recalled echo; DTI, diffusion tensor imaging; TE, echo time; TR, repetition time.

Table S2. Performances of the logistic regression model for the classification.

Classification performances of individual biomarkers and combinations of biomarkers in binary (two disease groups) and three-class (three disease groups) classifications. Combinations of biomarkers included MD and R2* values measurements in the posterior putamen and morphometry.

Abbreviations: MD, mean diffusivity; MRPI; magnetic resonance imaging parkinsonism; MSA, multiple system atrophy; MSAp, parkinsonian form of multiple system atrophy; MSAc, cerebellar form of multiple system atrophy; PD, Parkinson's disease; PSP, progressive supranuclear palsy; AUC, area under the ROC curve; BA, balanced accuracy; Se, Sensitivity; Sp, specificity.

Table S3. Cutoff values for binary classifications

Cutoff values for biomarkers associated with greatest sensitivity and specificity in the ROC analyses (highest proximity of the ROC curve to the top-left corner).

Abbreviations: MD, mean diffusivity; PuP, posterior putamen, MSA, multiple system atrophy; MSAc, cerebellar form of multiple system atrophy; MSAp, parkinsonian form of multiple system atrophy; PD, Parkinson's disease; PSP, progressive supranuclear palsy. Abbreviations: CN, caudate nucleus; GP, globus pallidus; MD, mean diffusivity; MRPI; magnetic resonance imaging parkinsonism; anterior putamen; PuP, posterior putamen; RN, red nucleus; Th, thalamus; sPLS-DA, sparse partial least square discriminant analysis.

Table S4. Coordinates of subjects in the two
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