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Introduction

Multiple sclerosis (MS) is a complex disease [START_REF] Lublin | Defining the clinical course of multiple sclerosis: The 2013 revisions[END_REF] still not well understood. While MRI plays an important role in its diagnosis [START_REF] Thompson | Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria[END_REF], there is still a clinical-radiological paradox [START_REF] Healy | Characterizing clinical and MRI dissociation in patients with multiple sclerosis[END_REF][START_REF] Barkhof | The clinico-radiological paradox in multiple sclerosis revisited[END_REF] in which handicap scores evolution is not correlated with MRI observations. This may come from the fact that the explored measures are not specific enough: all lesions are not equivalent depending on their position with respect to major fiber bundles and on the severity of the microstructural damage. To investigate this aspect, many studies have looked at diffusion MRI for its potential to reveal the brain microstructure [START_REF] Filippi | Diffusion tensor magnetic resonance imaging in multiple sclerosis[END_REF]. However, diffusion MRI in MS has still not proven efficient yet for patient-specific follow-up. This comes first from the fact that current methodologies are often targeted at group analysis [START_REF] Lepore | Generalized tensor-based morphometry of HIV/AIDS using multivariate statistics on deformation tensors[END_REF][START_REF] Rovaris | Diffusion MRI in multiple sclerosis[END_REF][START_REF] Whitcher | Statistical group comparison of diffusion tensors via multivariate hypothesis testing[END_REF][START_REF] Raffelt | Investigating white matter fibre density and morphology using fixel-based analysis[END_REF]. Another reason is that although several methods have looked at along tract analysis [START_REF] Smith | Tract-based spatial statistics: Voxelwise analysis of multi-subject diffusion data[END_REF][START_REF] Chamberland | Beyond lesion-load: Tractometry-based metrics for characterizing white matter lesions within fibre pathways[END_REF][START_REF] Chamberland | Tractometry-based anomaly detection for single-subject white matter analysis[END_REF], all methods are most often limited to simple models such as the tensor or to direction-based models that do not incorporate microstructure information. There is thus a need for patient, bundle specific measures of disease burden on directly interpretable parameters of the microstructure.

We propose a new framework for patient, bundle specific analysis of microstructural burden of neurodegenerative diseases. To do so, we propose an atlas-based approach to compute microstructural disease burden on major bundles with advanced diffusion compartment models (DCM) [START_REF] Panagiotaki | Compartment models of the diffusion MR signal in brain white matter: a taxonomy and comparison[END_REF]. We evaluate this approach with a proof-of-concept analysis of optic radiations of MS patients with acute optic neuritis [START_REF] Miller | Walsh and Hoyt's clinical neuroophthalmology[END_REF], showing different microstructural burden patterns depending on the patient.

Materials

Data from 22 control subjects and 6 MS patients with acute optic neuritis were acquired on a Siemens 3T Prisma scanner. For each subject, T1 and T2-weighted images (3D isotropic, 1 mm 3 ) were acquired as well as diffusion images with a CUSP sequence [START_REF] Scherrer | Parametric representation of multiple white matter fascicles from cube and sphere diffusion MRI[END_REF] (6 b 0 , 60 directions with b-values in between 670 and 2000 s.mm -2 , 2x2x2 mm 3 voxels). Data were preprocessed to remove distortion using a reversed phase encoding image [START_REF] Hédouin | Block-matching distortion correction of echo-planar images with opposite phase encoding directions[END_REF] and DCM (three anisotropic tensors plus one free water and one isotropic restricted water compartments [START_REF] Panagiotaki | Compartment models of the diffusion MR signal in brain white matter: a taxonomy and comparison[END_REF]) were estimated [START_REF] Stamm | Comprehensive maximum likelihood estimation of diffusion compartment models towards reliable mapping of brain microstructure[END_REF].

Methods

The overall pipeline of our method is composed of two parts: an offline part to compute a DCM enriched fiber atlas from controls (Fig. 1) performed once for all patients, and an online part performed for each patient (registration and comparison, Fig. 2).

Figure 1: DCM enriched fiber atlas creation pipeline. From DCM images of controls, an atlas is created using tensor registration [START_REF] Suarez | Automated delineation of white matter fiber tracts with a multiple region-of-interest approach[END_REF] and an unbias atlas creation [START_REF] Guimond | Average brain models: A convergence study[END_REF]. At the same time, TractSeg [START_REF] Wasserthal | Tractseg -fast and accurate white matter tract segmentation[END_REF] is used to get bundles endings segmentations on each subject. These endings are then merged onto the atlas using majority voting. They are then used together with tractography [START_REF] Weinstein | Tensorlines: advection-diffusion based propagation through diffusion tensor fields[END_REF] to get the major bundles on the atlas. Finally, the bundles are enriched with microstructural information along tracts extracted from DCM.

The offline part starts by the construction of a control DCM atlas [START_REF] Guimond | Average brain models: A convergence study[END_REF]. Then, fibers are extracted over the whole atlas [START_REF] Weinstein | Tensorlines: advection-diffusion based propagation through diffusion tensor fields[END_REF] and filtered using regions obtained through TractSeg [START_REF] Wasserthal | Tractseg -fast and accurate white matter tract segmentation[END_REF] to get 72 different bundles. These bundles are then enriched with DCM information from each subject of the atlas. To do so, the DCM compartment most collinear to the fiber at a given point is selected and properties from it are extracted: mean diffusivity (MD), fractional anisotropy (FA), parallel and perpendicular diffusivities (d , d ⊥ ); as well as water fractions of isotropic compartments fractions: free (FW) and isotropic restricted water (IRW) fractions.

The online part uses the control atlas as a reference for comparison. The patient DCM image is registered on the atlas [START_REF] Suarez | Automated delineation of white matter fiber tracts with a multiple region-of-interest approach[END_REF]. Along the atlas bundles, information on patient microstructure is extracted from the patient DCM image and a statistical test of abnormality is computed at each point [START_REF] Commowick | Diffusion MRI abnormalities detection with orientation distribution functions: A multiple sclerosis longitudinal study[END_REF]. After correction for multiple comparisons [START_REF] Benjamini | Controlling the false discovery rate: A practical and powerful approach to multiple testing[END_REF], we compute disease burden scores S b,p for each bundle b and microstructure property p illustrating the abnormal fraction of the bundle:

S b,p = 100 M i=1 Ni j=1 b i,j M i=1 N i (1)
with M number of fibers in bundle, N i number of points in i-th fiber of bundle, b i,j = 1 if the point j of fiber i in bundle b is abnormal (i.e. the statistical test performed on that point indicates a significant difference).

Figure 2: Fiber-specific disease burden computation for a patient DCM image. From the controls atlas and the DCM image of the patient, the patient is first registered on the atlas [START_REF] Suarez | Automated delineation of white matter fiber tracts with a multiple region-of-interest approach[END_REF]. Then, the bundles of the atlas are enriched with microstructural information from the patient DCM image. Statistical tests [START_REF] Commowick | Diffusion MRI abnormalities detection with orientation distribution functions: A multiple sclerosis longitudinal study[END_REF] are performed at each fiber point to compare the patient's along fiber microstructure to the controls. After correction for multiple comparisons [START_REF] Benjamini | Controlling the false discovery rate: A practical and powerful approach to multiple testing[END_REF], disease burden scores are computed for each bundle illustrating its level of abnormality for a given microstructure parameter.

Results

Fig. 3 presents results over the optic radiations of two patients suffering from acute optic neuritis related to MS, for two different microstructure parameters. It illustrates well the abnormalities that may be seen in those two patients, closely related to the presence of lesions. However the lesions seem to create different microstructural damage. This can be seen from Tables 1 and2 where disease burden scores are higher for d ⊥ and MD for patient 4, whereas it is higher for FW for patient 6. Moreover, at the time of acute optic neuritis, the higher disease scores for those two patients do not seem to be linked to the side of optic neuritis. No burden score is indeed above 10% on the right optic radiations. 1: Disease burden scores on left optic radiations for several along fiber microstructural properties: d : parallel diffusivity, d ⊥ : perpendicular diffusivity, MD: mean diffusivity, FA: fractional anisotropy, FW: free water fraction, IRW: isotropic restricted water fraction. Bold numbers denote burden scores above 10%. Side denotes which optic nerve suffers from optic neuritis.
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Discussion and conclusion

We have proposed a new framework for the patient specific analysis of fiber bundles microstructural damage linked to a disease. We have derived the whole pipeline based on advanced compartmental models of diffusion, enabling the in-depth study of microstructural damage along major fiber tracts. Applied to MS patients suffering from acute optic neuritis, we have highlighted differences located primarily inside lesions but showing different microstructural differences depending on the patient, in line with the high variability of the disease. The code for this framework is available open-source [START_REF]Anima software -RRID:SCR_017072[END_REF]. Further works will study the influence of registration on the results, especially the need or not for advanced diffusion images registration; as well as other disease burden scores based on individual comparisons and their correlation with handicap scores. 
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 32 Figure 3: Results on two MS patients for two different microstructural properties. First line: patient 4 MD abnormalities along tracts. Second line: patient 6 FW abnormalities along tracts. (a,d): Axial view superimposing T2-weighted image and colored tracts, (b,e): zoom on the left optic radiation area, (c,f): 3D view of the T2-weighted image and colored optic radiations. On all images, red is a local significantly different abnormality, while blue is not.
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