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SANDI-AMICO: an open-source toolbox for fast Soma And Neurite Density Imaging (SANDI) with AMICO

Over the last decades, many techniques have been proposed to infer brain tissue microstructure from the diffusion-weighted MRI (dMRI) signal [START_REF] Novikov | Quantifying brain microstructure with diffusion MRI: Theory and parameter estimation[END_REF]. Most of them assume geometrical configurations that are specific to white matter and are widely used also in clinical applications [START_REF] Alexander | Imaging brain microstructure with diffusion MRI: practicality and applications[END_REF]. Recently, the Soma And Neurite Density Imaging (SANDI) (3) has been proposed to estimate MR apparent neurite and soma density in grey matter. However, the estimation of these parameters from dMRI measurements is challenging (4) and time consuming when using conventional fitting methods based on non-linear least square (NLLS) minimization.

Here, we overcome these limitations by proposing SANDI-AMICO: a new implementation of SANDI inside the Accelerated Microstructure Imaging via Convex Optimization (AMICO) framework [START_REF] Daducci | Accelerated Microstructure Imaging via Convex Optimization (AMICO) from diffusion MRI data[END_REF]. We demonstrate the performance of SANDI-AMICO in simulations and in vivo data from mouse and human brains. The SANDI-AMICO toolbox is available at https://github.com/daducci/AMICO. https://ww4.aievolution.com/hbm2101/index.cfm?do=abs.viewAbs&subView=1&abs=2028

Methods:

SANDI assumes that soma (cell bodies) and neurites can be approximated as two non-exchanging compartments, modeled as spheres of certain size and cylinders of zero radius ("sticks"), respectively. Under these assumptions, the normalized direction-averaged dMRI signal (Savg) is:

Savg(b)/S(0)=fnSn(b,Dn)+fsSs(b,Ds,Rs)+(1-fn-fs)Se(b,De) [START_REF] Novikov | Quantifying brain microstructure with diffusion MRI: Theory and parameter estimation[END_REF] where fn is the neurite signal fraction, Dn the intra-neurite diffusivity; fs the soma signal fraction, Rs the apparent soma radius, Ds=3 µm /ms, and De the extra-cellular diffusivity (3). Sn, Ss and Se are computed as in [START_REF] Palombo | SANDI: A compartment-based model for non-invasive apparent soma and neurite imaging by diffusion MRI[END_REF].

SANDI-AMICO rewrites eq. [START_REF] Novikov | Quantifying brain microstructure with diffusion MRI: Theory and parameter estimation[END_REF] as linear system Ax=y, where A is a matrix containing simulated signals of each compartment, y the vector of measured signals, and x the unknown contributions. To build A, we searched for the combination of sphere radii and diffusivities that produced sufficiently different signals according to the specific acquisition protocol. The elements of x are then estimated using a non-negative least square with Tikhonov regularization.

We used analytical simulations to compare the performance of AMICO and NLLS estimations under controlled conditions. We generated 2,500 different synthetic signals using random combinations of the SANDI model parameters and eq. [START_REF] Novikov | Quantifying brain microstructure with diffusion MRI: Theory and parameter estimation[END_REF], according to the mouse data protocol and adding Gaussian noise with SNR=100, similar to the data. We assessed the accuracy and precision of both AMICO and NLLS implementations by comparing the percent error and deviation of the estimated model parameters with the ground-truth values, known by design.

The in-vivo dMRI data from one healthy mouse brain was acquired with a PGSE-EPI sequence at 9.4T (Bruker/Biospec) with: TE/TR= 36.8/4000 ms; δ/Δ=5.5/20 ms; b=0,1,2.5,4,5.5,7,8.5,10,12.5 ms/μm ; 40 gradient directions each, resolution 0.12x0.12x0.4 mm .

We tested the quality of the fitting also using one human subject from the MICRA dataset, acquired at 3T (Siemens/Connectom). Acquisition details can be found in [START_REF] Koller | MICRA: Microstructural image compilation with repeated acquisitions[END_REF]. We used Freesurfer [START_REF] Fischl | Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain[END_REF] to project the SANDI-AMICO fs map onto the midpoint cortical surface.

Results:

From the simulation study, we found that AMICO outperformed NLLS in terms of precision (~10% higher), showing higher robustness to noise with only minimal loss in accuracy (<5%) (Fig. 1A).

On the mouse data, the AMICO fit was much faster than NLLS (23 s vs 943 s) and the estimated parametric maps of much higher quality (Fig. 2B). In particular, fn and fs mirrored well the known myelo-and cytoarchitecture of the mouse brain (Fig. 1B).

The SANDI-AMICO fn and fs maps from the human data showed a remarkable contrast, matching the expected myelo-and cyto-architecture of the human brain (Fig. 2A). Furthermore, the variations of fs values over the midpoint cortical surface followed the expected cyto-architectonics of several Brodmann's areas (Fig. 2B), confirming previous observations (3).