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Introduction

There is a crucial need for noninvasive assessment of spinal cord (SC) perfusion in diagnosing and stratifying the severity of chronic pathology. In most SC compressive injuries (e.g., trauma, degenerative cervical myelopathy), perfusion impairment is the precursor of tissue degeneration leading to axonal loss or demyelination followed by clinical symptoms (e.g., pain, paralysis) [START_REF] Kolenda | Critical levels of spinal cord blood flow and duration of ischemia for the acute recovery of segmental spinal cord responses in cats[END_REF] . As SC decompression implies major and invasive surgery, the surgical benefit has to be accurately evaluated. So far, clinicians' decision relies on clinical presentation and MRI findings such as CSF effacement, cord deformation and T1/T2 hypo/hyperintensity 2 ; however, these markers are indirect, not specific and often limited to establishing irreversible tissue damage [START_REF] Vilaça | Cervical spondylotic myelopathy: what the neurologist should know[END_REF] . In line with ongoing studies evaluating the diagnosis and prognosis performances of quantitative MRI metrics [START_REF] Martin | Monitoring for myelopathic progression with multiparametric quantitative MRI[END_REF][START_REF] Martin | Translating state-of-the-art spinal cord MRI techniques to clinical use: A systematic review of clinical studies utilizing DTI, MT, MWF, MRS, and fMRI[END_REF] , monitoring in-vivo SC perfusion would provide an earlier biomarker of tissue viability and consequently help clinicians in therapeutic orientation and prognosis.

Perfusion imaging techniques successfully applied to the brain face multiple challenges when translated to SC. First of all, SC is a very small structure (~8x13mm 2 ellipse in transverse section [START_REF] Fradet | Morphometrics of the Entire Human Spinal Cord and Spinal Canal Measured From In Vivo High-Resolution Anatomical Magnetic Resonance Imaging[END_REF] ) that requires high spatial resolution. Moreover, multiple physiological sources of signal dropout may hamper the acquisition: CSF pulsation with heartbeat as well as respiration lead to complex movements of the cord, both in inferiorsuperior direction and in transverse plane [START_REF] Figley | Investigation of human cervical and upper thoracic spinal cord motion: Implications for imaging spinal cord structure and function[END_REF] . The longitudinal and tubular shape together with vertebrae protecting the cord, and the proximity of the lungs are additional challenges for both static (B0) and RF (B1 + ) fields homogeneity. Last but not least, perfusion within SC, driven by capillaries (diameter <10µm), is expected to be similar to brain perfusion (according to results in mice [START_REF] Duhamel | Spinal cord blood flow measurement by arterial spin labeling[END_REF] ), i.e. very low compared to other organs such as kidneys [START_REF] Martirosian | FAIR true-FISP perfusion imaging of the kidneys[END_REF] or liver [START_REF] Leporq | Optimization of intra-voxel incoherent motion imaging at 3.0 Tesla for fast liver examination: Optimization of Liver Motion Imaging at 3.0T[END_REF] . High sensitivity of the technique is thus needed.

Global SC perfusion has been probed using contrast agent-based techniques.

Dynamic Susceptibility Contrast (DSC) imaging was performed in patients with cervical stenosis to relate average SC perfusion measurements within a global region to neurological scores and compression degree [START_REF] Wang | Perfusion of Spinal Cord in postoperative patient with Cervical Spondylotic Myelopathy using MR DSC technique[END_REF][START_REF] Wang | Spinal Cord Perfusion is Associated with Diffusion and clinical mJOA score in Preoperative Patients with Cervical Spondylotic Myelopathy[END_REF][START_REF] Ellingson | Spinal cord perfusion MR imaging implicates both ischemia and hypoxia in the pathogenesis of cervical spondylosis[END_REF] but neither mapping of SC perfusion nor distinction between SC regions were performed. Technical feasibility of DCE imaging for perfusion of intradural spinal lesions at cervical level was also assessed at 1.5T and 3T [START_REF] Cuvinciuc | Dynamic Contrast-Enhanced MR Perfusion of Intradural Spinal Lesions[END_REF] but again quantification was performed globally for the whole lesion region, which involved high perfusion levels with respect to healthy tissue.

Given the increasing concerns regarding gadolinium deposition in bone and brain even in patients with normal renal function and intact blood-brain barriers [START_REF] Ramalho | Gadolinium-Based Contrast Agent Accumulation and Toxicity: An Update[END_REF][START_REF] Kanda | Gadolinium-based Contrast Agent Accumulates in the Brain Even in Subjects without Severe Renal Dysfunction: Evaluation of Autopsy Brain Specimens with Inductively Coupled Plasma Mass Spectroscopy[END_REF] , motivation for endogenous contrast mechanisms has risen. Moreover, with endogenous methods, acquisition duration can be traded for SNR, which cannot be done with exogenous techniques where acquisition time and SNR are inherently limited by contrast agent first pass duration and relaxivity. Leveraging SNR is crucial in SC imaging to achieve sufficient resolution.

Arterial Spin Labeling (ASL) is a common endogenous method which has been extensively applied in human brain investigations [START_REF] Alsop | Recommended implementation of arterial spinlabeled perfusion MRI for clinical applications: A consensus of the ISMRM perfusion study group and the European consortium for ASL in dementia: Recommended Implementation of ASL for Clinical Applications[END_REF] . The technique also demonstrated potential in the mouse SC where preclinical scanners enable global tagging strategies [START_REF] Duhamel | Spinal cord blood flow measurement by arterial spin labeling[END_REF][START_REF] Duhamel | Mouse lumbar and cervical spinal cord blood flow measurements by arterial spin labeling: Sensitivity optimization and first application[END_REF] .

Yet, this technique is hardly applicable to human as such tagging strategies are limited by hardware capabilities given the human body size. Furthermore, unlike in the brain, the multiple sources of perfusion of the SC tissue and the complexity and interindividual variability of the vascular network render local tagging strategies nontrivial. Indeed, two groups attempted to map SC perfusion at 1.5 [START_REF] Girard | Perfusion MRI of the Human Cervical Spinal Cord using Arterial Spin Labeling[END_REF] and 3T [START_REF] Nair | Perfusion Imaging of the Human Cervical Spinal Cord[END_REF] with such techniques but experienced poor reliability and reproducibility in their results and no further study was published since then.

7T MRI appears as a promising clinical avenue to increase SNR and improve sensitivity. However, ASL remains problematic at this field strength since labelling pulses require high energy and thus may encounter Specific Absorption Rate (SAR) limits and suffer from B1 inhomogeneity issues. Indeed, the limited efficacy and transmit field homogeneity of the currently available Tx/Rx coils for cervical spine imaging at 7T jeopardizes the efficient initiation of a labelling plane for continuous and pseudocontinuous ASL. Parallel transmission and dielectric pads can alleviate this constraint [START_REF] Wang | Simultaneous multi-slice Turbo-FLASH imaging with CAIPIRINHA for whole brain distortion-free pseudo-continuous arterial spin labeling at 3 and 7T[END_REF] but remain emerging technologies.

Given the major progress in SC diffusion MRI at 7T [START_REF] Massire | High-resolution multiparametric quantitative magnetic resonance imaging of the human cervical spinal cord at 7T[END_REF][START_REF] Massire | Feasibility of single-shot multi-level multi-angle diffusion tensor imaging of the human cervical spinal cord at 7T[END_REF] , Intra-Voxel Incoherent Motion (IVIM) imaging emerges as a promising technique for SC perfusion imaging.

This technique aims at quantifying the signal decrease at low b-values induced by blood water circulation through capillaries mimicking a Brownian motion random-walk at larger scale [START_REF] Bihan | Separation of diffusion and perfusion in intravoxel incoherent motion MR imaging[END_REF] . Sensitivity to perfusion is therefore achieved through diffusion gradients, which does not bring additional challenges at ultrahigh field, unlike ASL relying on the efficacy of the inversion pulse. It also does not rely on in-flow blood labelling or Arterial Input Function to the tissue, which is an asset given the multiple sources of perfusion of the SC. Furthermore, IVIM has already been extensively applied in humans to several organs (e.g., brain [START_REF] Wang | Distribution of intravoxel incoherent motion MRIrelated parameters in the brain: evidence of interhemispheric asymmetry[END_REF][START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF][START_REF] Bertleff | Diffusion parameter mapping with the combined intravoxel incoherent motion and kurtosis model using artificial neural networks at 3 T[END_REF][START_REF] Suo | Stroke assessment with intravoxel incoherent motion diffusion-weighted MRI[END_REF][START_REF] Federau | Intravoxel incoherent motion MRI as a means to measure in vivo perfusion: A review of the evidence[END_REF][START_REF] Maximov | Isotropically weighted intravoxel incoherent motion brain imaging at 7T[END_REF] , kidneys [START_REF] Milani | Image acquisition for intravoxel incoherent motion imaging of kidneys should be triggered at the instant of maximum blood velocity: evidence obtained with simulations and in vivo experiments[END_REF] , liver [START_REF] Leporq | Optimization of intra-voxel incoherent motion imaging at 3.0 Tesla for fast liver examination: Optimization of Liver Motion Imaging at 3.0T[END_REF][START_REF] Gambarota | Eliminating the blood-flow confounding effect in intravoxel incoherent motion (IVIM) using the non-negative least square analysis in liver: NNLS Analysis of IVIM Data in Liver[END_REF][START_REF] Jalnefjord | Comparison of methods for estimation of the intravoxel incoherent motion (IVIM) diffusion coefficient (D) and perfusion fraction (f)[END_REF] , heart [START_REF] Xiang | Evaluation of Regional Variability and Measurement Reproducibility of Intravoxel Incoherent Motion Diffusion Weighted Imaging Using a Cardiac Stationary Phase Based ECG Trigger Method[END_REF] or pancreas [START_REF] Lemke | An in vivo verification of the intravoxel incoherent motion effect in diffusion-weighted imaging of the abdomen[END_REF][START_REF] Barbieri | Impact of the calculation algorithm on biexponential fitting of diffusion-weighted MRI in upper abdominal organs[END_REF][START_REF] Gurney-Champion | Comparison of six fit algorithms for the intra-voxel incoherent motion model of diffusion-weighted magnetic resonance imaging data of pancreatic cancer patients[END_REF] ), but remains unexplored in SC.

In this study, we present a comprehensive protocol for IVIM mapping of the human SC, exploiting increased SNR from ultrahigh field strength. An optimization of data acquisition, processing and parameter fitting is proposed, carefully considering estimation errors on derived IVIM parameters. This work finally showcases, to the best of our knowledge, the first perfusion-related in-vivo maps of the human SC and quantifies the IVIM parameters within SC regions.

Methods

Simulations

Two standard fitting approaches to estimate IVIM parameters were considered: the "two-step segmented" [START_REF] Jalnefjord | Comparison of methods for estimation of the intravoxel incoherent motion (IVIM) diffusion coefficient (D) and perfusion fraction (f)[END_REF][START_REF] Pekar | On the precision of diffusion/perfusion imaging by gradient sensitization[END_REF] approach and the "one-step" [START_REF] Pekar | On the precision of diffusion/perfusion imaging by gradient sensitization[END_REF] approach. Their implementations are sketched in Figure 1. Both fitting pipelines were implemented in Python (2.7), building upon the LMFIT module (lmfit.github.io/lmfit-py), which facilitates distribution and validation of implementation as it is all open-source.

Software and implementations can have a significant impact on accuracy and precision of parameter estimations [START_REF] Wang | Distribution of intravoxel incoherent motion MRIrelated parameters in the brain: evidence of interhemispheric asymmetry[END_REF][START_REF] Suo | Stroke assessment with intravoxel incoherent motion diffusion-weighted MRI[END_REF][START_REF] Federau | Measuring brain perfusion with intravoxel incoherent motion (IVIM): Initial clinical experience[END_REF] regardless of computational speed. Therefore, inspired by the work of Pekar et al. [START_REF] Pekar | On the precision of diffusion/perfusion imaging by gradient sensitization[END_REF] , we performed Monte-Carlo simulations to assess their performance under different physiological and SNR conditions. Ranges of possible values for IVIM parameters were defined according to ranges of values found in brain literature [START_REF] Wang | Distribution of intravoxel incoherent motion MRIrelated parameters in the brain: evidence of interhemispheric asymmetry[END_REF][START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF][START_REF] Bertleff | Diffusion parameter mapping with the combined intravoxel incoherent motion and kurtosis model using artificial neural networks at 3 T[END_REF][START_REF] Suo | Stroke assessment with intravoxel incoherent motion diffusion-weighted MRI[END_REF][START_REF] Federau | Measuring brain perfusion with intravoxel incoherent motion (IVIM): Initial clinical experience[END_REF][START_REF] Federau | Quantitative Measurement of Brain Perfusion with Intravoxel Incoherent Motion MR Imaging[END_REF][START_REF] Bisdas | Intravoxel incoherent motion diffusion-weighted MR imaging of gliomas: feasibility of the method and initial results[END_REF][START_REF] Federau | Perfusion Measurement in Brain Gliomas with Intravoxel Incoherent Motion MRI[END_REF] and typical SC radial and axial diffusivities [START_REF] Massire | Feasibility of single-shot multi-level multi-angle diffusion tensor imaging of the human cervical spinal cord at 7T[END_REF][START_REF] Taso | Tract-specific and age-related variations of the spinal cord microstructure: a multi-parametric MRI study using diffusion tensor imaging (DTI) and inhomogeneous magnetization transfer (ihMT)[END_REF] • Visible microvascular volume fraction fIVIM (%): 1 to 30

• Pseudo-diffusion coefficient D* (mm 2 /s): 3.0´10 -3 to 35.0´10 -3
• Pure diffusion coefficient D (mm 2 /s): 0.3´10 -3 (D^, diffusivity in the SC transverse plane) and 1.5´10 -3 (D||, diffusivity along the SC axis)

The IVIM representation of the signal [START_REF] Bihan | Separation of diffusion and perfusion in intravoxel incoherent motion MR imaging[END_REF] is given by (Eq. 1):
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To assess performance of fitting algorithm, synthetic data were generated using (Eq. 1)

and ranging a large number of b-values inspired by IVIM protocols in brain [START_REF] Wang | Distribution of intravoxel incoherent motion MRIrelated parameters in the brain: evidence of interhemispheric asymmetry[END_REF][START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF][START_REF] Federau | Quantitative Measurement of Brain Perfusion with Intravoxel Incoherent Motion MR Imaging[END_REF][START_REF] Finkenstaedt | The IVIM signal in the healthy cerebral gray matter: A play of spherical and non-spherical components[END_REF] and Diffusion Tensor Imaging practice in SC 45,46 : 5, 10, 15, 20, 30, 50, 75, 100, 125, 150, 200, 250, 600, 700, 800 s/mm 2 . Given that the in-vivo fitted data result from the averaging of multiple repetitions of magnitude images, according to the Central Limit Theorem, the noise distribution in such data can be assumed Gaussian. Therefore, random

Gaussian noise was added to synthetic data with SD matching realistic SNR as described below. Finally, mean absolute estimation error across N=1000 random noise draws was calculated for each fitted parameter according to:
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Three types of simulations were performed:

Figure 1.
Implementation of the two "standard" fitting approaches encountered in literature: "two-step segmented" (left side) and "one-step" (right side) fitting. Each frame represents a fitting process and includes fit details (e.g. parameters initialization) while outbound arrows point to parameter estimates resulting from this fitting process.

Step A employed the Conjugate Gradient optimization method due to its computational speed while steps B and C employed the Differential Evolution method to escape local optima.

For both approaches, a first estimation of D is performed based on high b-values signal (step A). This first estimate is definitive for the "two-step segmented" approach but is only used as initial value for the "one-step" approach along with intercept (S0(1 -fIVIM)init). After step B, all parameters are fitted; step C consists in a fine-tuning of the fit, constraining parameter estimation to [95%; 105%] of the value obtained at previous step. Parameter constraints at step B were defined based on extreme values found in published IVIM studies within the brain white and gray matter [START_REF] Wang | Distribution of intravoxel incoherent motion MRIrelated parameters in the brain: evidence of interhemispheric asymmetry[END_REF][START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF][START_REF] Bertleff | Diffusion parameter mapping with the combined intravoxel incoherent motion and kurtosis model using artificial neural networks at 3 T[END_REF][START_REF] Suo | Stroke assessment with intravoxel incoherent motion diffusion-weighted MRI[END_REF][START_REF] Federau | Measuring brain perfusion with intravoxel incoherent motion (IVIM): Initial clinical experience[END_REF][START_REF] Federau | Quantitative Measurement of Brain Perfusion with Intravoxel Incoherent Motion MR Imaging[END_REF][START_REF] Bisdas | Intravoxel incoherent motion diffusion-weighted MR imaging of gliomas: feasibility of the method and initial results[END_REF][START_REF] Federau | Perfusion Measurement in Brain Gliomas with Intravoxel Incoherent Motion MRI[END_REF] and typical SC radial and axial diffusivities [START_REF] Massire | Feasibility of single-shot multi-level multi-angle diffusion tensor imaging of the human cervical spinal cord at 7T[END_REF][START_REF] Taso | Tract-specific and age-related variations of the spinal cord microstructure: a multi-parametric MRI study using diffusion tensor imaging (DTI) and inhomogeneous magnetization transfer (ihMT)[END_REF] .

1) Estimation errors were assessed with infinite SNR (!K LMHNO = 0) for both fitting approaches and for all parameter values within the defined ranges. These simulations served to verify whether algorithms could retrieve true parameter values on perfect data given the b-value distribution used.

2) Estimations errors were assessed for realistic SNR values of 60, 120 and 180.

These values corresponded to the minimum, mean and maximum across subjects of the average voxel-wise SNR within SC measured in-vivo at b»0.

3) The minimum required SNR for b=0 data to get an error £10% on the parameter fIVIMD* (product of fIVIM and D*, related to blood flow [START_REF] Bihan | The capillary network: a link between ivim and classical perfusion[END_REF] ) was computed for all parameter values within the defined ranges and for the one-step approach.

To get the corresponding required SNR for higher b-values (e.g. b=800s/mm 2 with D=1.5´10 -3 mm 2 /s in the SC for diffusion weighting along inferior-superior direction), one just needs to multiply it by & '#) (i.e. here 0.3), assuming that the microvascular compartment contribution to the signal at such high b-values can be neglected (D*>>D).

SNR of diffusion-weighted images depends on the orientation of the diffusion gradient (as accounted for in the diffusion coefficient D).

Fitting algorithms (Figure 1) were optimized through simulations 1) and 2), especially regarding the fit optimization method (e.g., Trust-Region Reflective least squares, Levenberg-Marquardt, Brute Force).

The Differential Evolution method [START_REF] Storn | Differential Evolution -A Simple and Efficient Heuristic for global Optimization over Continuous Spaces[END_REF] , as implemented in LMFIT module was preferred to avoid local optima solutions and to provide speed and precision in parameters estimation.

Data acquisition

Population and MR setup

The study was approved by the local ethics committee and written consents were obtained from 8 healthy volunteers prior to MR examinations. Two subjects (1 male, 1 female) were dedicated to optimization of acquisition parameters and six (5 males, 1 female, mean age ± SD = 25.0 ± 2.6 years old) were scanned with the optimized protocol.

Acquisitions were performed on a 7T whole-body research system (Siemens Healthcare, Erlangen, Germany) with a commercial 8-channel cervical-spine transceiver surface coil (Rapid Biomedical GmbH, Rimpar, Germany) employed with the 8 Tx-channels hardware-combined into a single transmit system. The complete protocol (see more details in Supporting Information Table S1) included:

-Patient-specific tuning: localizer for slice positioning, coil voltage calibration, local B0 shimming within a ~4×3×5cm (Right-Left×Anterior-Posterior×Inferior-Superior) volume around the cord, B1 + and B0 maps to inspect fields inhomogeneities and shimming performance -Sagittal 2D turbo-spin echo imaging with 0.6×0.6mm 2 in-plane resolution and 2.2mm slice thickness for vertebral levels localization -Pulse-triggered IVIM protocol (further described below)

-Axial 2D high-resolution (0.4×0.4mm 2 in-plane, 5mm slice thickness) multi-echo gradient-echo (MGE) image for gray matter (GM) segmentation

Depending on the subject's heartbeat, total protocol time was 1h10-15min.

IVIM acquisition protocol

IVIM acquisitions were based on a prototype 2D single-shot diffusion-prepared spinecho EPI sequence. Six slices (5-mm thick with 1-mm gap) were centered at C3-C4 intervertebral disk (area minimizing partial volume effects induced by cord curvature in this cohort). C3-C4 coverage was guaranteed for all subjects. Phase was encoded along the R-L axis for robust parallel imaging given the coil configuration (see coil diagram in Massire et al. [START_REF] Massire | High-resolution multiparametric quantitative magnetic resonance imaging of the human cervical spinal cord at 7T[END_REF] ).

As a low spinal cord perfusion level is expected according to brain studies [START_REF] Wang | Distribution of intravoxel incoherent motion MRIrelated parameters in the brain: evidence of interhemispheric asymmetry[END_REF][START_REF] Epha | Measurement of cerebral perfusion with dual-echo multi-slice quantitative dynamic susceptibility contrast MRI[END_REF][START_REF] Laura | Normal cerebral perfusion measurements using arterial spin labeling: Reproducibility, stability, and age and gender effects[END_REF] , sequence parameters were experimentally optimized to maximize SNR (Supporting Information Figure S1-A). Following acquisition parameters were investigated: diffusion scheme, minimal bandwidth, GRAPPA factor, partial Fourier, outer volume suppression with reduced FOV strategy, number of lines for GRAPPA calibration scans and partial Fourier reconstruction algorithm. Regarding diffusion scheme, as SNR decreases with longer TE, only short TE schemes were considered: the standard Stejskal-Tanner scheme (monopolar) and a modified version of it ("monopolar+"), applying diffusion gradients during the entire time between excitation and refocusing pulses, leaving no deadtime [START_REF] Morelli | Evaluation of a modified Stejskal-Tanner diffusion encoding scheme, permitting a marked reduction in TE, in diffusion-weighted imaging of stroke patients at 3 T[END_REF] .

With the optimized parameter set, a minimum TE of 51.6ms (effective d/D=12.2/13.3ms)

and an SNR gain of 27% compared to the "base" protocol were obtained (see Supporting

Information Figure S1-A and Table S1).

To mitigate effects of SC motion and CSF pulsation, acquisitions were synchronized on cardiac beat monitored with a pulse oximeter (no trigger delay). The number of cycles to acquire all slices NRR (determining the effective TR for each slice) was adapted to each subject's heartbeat duration TRR so as to get the highest SNR efficiency (SNR/time unit), which was calculated using the spin-echo signal expression derived from Bloch equations for a single refocusing pulse [START_REF] Diiorio | Large angle spin-echo imaging[END_REF] and SC T1 values from the literature [START_REF] Massire | High-resolution multiparametric quantitative magnetic resonance imaging of the human cervical spinal cord at 7T[END_REF] (Supporting Information Figure S1-B). The resulting effective TR per slice was 2.6s in average.

Considering that the maximum variation of TRR in healthy subjects would be about 0.2s, with a T1 in the SC around 1.25s [START_REF] Massire | High-resolution multiparametric quantitative magnetic resonance imaging of the human cervical spinal cord at 7T[END_REF] , the variations in longitudinal relaxation would be, in the worst case scenario (effective TR variation of 0.6s with NRR = 3), about 6% at max
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W. Moreover, these potential variations would be eventually mitigated by the averaging over multiple repetitions in final data. Consequently, signal relaxation variations due to effective TR variations along acquisition were considered negligible in this study.

Finally, b-value distribution was empirically defined, inspired by IVIM protocols in brain [START_REF] Wang | Distribution of intravoxel incoherent motion MRIrelated parameters in the brain: evidence of interhemispheric asymmetry[END_REF][START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF][START_REF] Federau | Quantitative Measurement of Brain Perfusion with Intravoxel Incoherent Motion MR Imaging[END_REF][START_REF] Finkenstaedt | The IVIM signal in the healthy cerebral gray matter: A play of spherical and non-spherical components[END_REF] and Diffusion Tensor Imaging practice in SC [START_REF] Samson | ZOOM or Non-ZOOM? Assessing Spinal Cord Diffusion Tensor Imaging Protocols for Multi-Centre Studies[END_REF][START_REF] Alley | Consensus acquisition protocol for quantitative MRI of the cervical spinal cord at 3T[END_REF] , so as to focus sampling 

Data post-processing

First, diffusion-weighted data were denoised using the local PCA algorithm developed by Manjón et al. [START_REF] Manjón | Diffusion Weighted Image Denoising Using Overcomplete Local PCA[END_REF] across repetitions, for each b-value and independently for each phase-encoding direction. Second, the sub-pixel shifting method from Kellner et al. [START_REF] Kellner | Gibbs-ringing artifact removal based on local subvoxel-shifts[END_REF] was applied to remove any potential Gibbs-ringing artifact. Third, a dedicated program (sct_dmri_moco) available within the Spinal Cord Toolbox 56 (v3.1.1) was used for correction of cord motion throughout the acquisition. Fourth, EPI readout-related distortions were corrected using the topup program from FSL [START_REF] Andersson | How to correct susceptibility distortions in spin-echo echo-planar images: application to diffusion tensor imaging[END_REF] based on forward and reverse phase-encoded b=0 images and applying the least-square restoration method.

Fifth and final step, all repetitions of equal b-value were averaged, ending up with one volume (6 slices) per b-value and diffusion-encoding direction.

In-vivo SNR and data fitting

As defined by Reeder et al. [START_REF] Reeder | Practical approaches to the evaluation of signal-to-noise ratio performance with parallel imaging: Application with cardiac imaging and a 32-channel cardiac coil[END_REF] , in-vivo SNR was calculated voxel-wise as the ratio of the mean signal across repetitions to the SD across repetitions. Calculation was performed on the lowest b-value images obtained, after the post-processing pipeline was applied. A factor of _ : YOZ was applied to reflect the SNR value of the average across all repetitions, which is used as input data to the fitting algorithm. Voxel-wise SNR was averaged per subject across the entire SC and the minimum, maximum and mean values across subjects served as references for the simulations (section 2.1).

Based on simulation results (section 3.1), in-vivo data were fitted voxel-wise using the one-step approach described in Figure 1. Five IVIM parameter 3D maps (fIVIM, D*, D, S0

and fIVIMD*) were produced for each subject and each diffusion-encoding direction.

Quantification

For group analysis and quantification within regions of interest (ROIs), IVIM maps were registered to the PAM50 template [START_REF] De Leener | PAM50: Unbiased multimodal template of the brainstem and spinal cord aligned with the ICBM152 space[END_REF] and its white matter (WM) atlas [START_REF] Lévy | White matter atlas of the human spinal cord with estimation of partial volume effect[END_REF] using dedicated tools from the Spinal Cord Toolbox 56,61,62 (v3.1.1) as described in Figure 2. Note that the masks of ROIs were eroded at the interface with CSF in order to exclude voxels corrupted by elevated apparent CSF pseudo-diffusion and partial volume effects in IVIM maps (see Figure 7). Algo: registration algorithm.

Results

The one-step fitting approach performs better for the range of IVIM values expected in the human spinal cord

For IVIM parameter values expected in the human SC, the one-step fitting approach showed better estimation performance than the two-step segmented approach, both on perfect (SNR=¥) and noisy data (SNR levels measured in-vivo). This comparison can be found in Supporting Information Figure S2. The higher performance of the one-step approach is observed on all parameters, especially on D, which is due to the low sampling of high b-values (only 3 b-values ≥ 600 s/mm 2 ); the inaccuracy in D then propagates more importantly on the other parameters with the two-step segmented approach.

Consequently, given the b-value distribution used, the one-step fitting approach is more appropriate for IVIM parameters fitting in the human SC.

More in details for the one-step fitting approach (Figure 3), the algorithm perfectly 

High SNR is required for accurate estimation of fIVIMD*

In the range of considered IVIM values, high b=0 SNR (≥70) is required to estimate fIVIMD* within 10% error margins (Figure 4). SNR higher than 400 is needed if fIVIM ≤ 7.4% and/or D* ≤ 3.0´10 -3 mm 2 /s. Of note, increased D requires higher SNR for the same accuracy, which stands as a challenge for IVIM along the SC axis. Information Figure S3). Estimation errors on IVIM parameters for such SNR values are given by Figure 3.

Group-averaged maps (Figure 6-A) show that high SNR values were obtained fairly homogeneously inside the cord, generally at 1-2 voxel distance from the edge (in native space, 2-3 voxels in template space). Finally, the high image quality obtained for singlesubject and single-slice data can be observed on a representative subset of diffusionweighted images (Figure 6-C).

Note that the SNR values reported here refer to the ratio of the mean signal over the unexpected signal variations along repetitions of the same measurement as quantified by the SD across repetitions. Therefore, they represent not (only) the SNR at acquisition but refer to the SNR at the input of the fitting algorithm.

Group averaging was necessary to discriminate between gray and white matter perfusion

In-vivo IVIM maps are presented in Figure 7 8). These Values are substantially lower than before slice-averaging, showing the improved intersubject reproducibility and the common IVIM parameter distribution shared across subjects. Coefficients of variation are not exactly reduced by a factor of !" #$%&' , accounting for the inter-subject variability and potential biases in the model. The groupaveraging further reduces the noise in maps by ! " #()*'&+# = 2.45 and eventually, subtle perfusion differences (measured at ~1% of microvascular volume, Figure 8) can be observed between GM and WM. IVIM parameters exhibit different spatial characteristics: fIVIM is higher in most GM regions, D* is increased in the posterior part whereas fIVIMD*, a surrogate for microvascular blood flow [START_REF] Bihan | The capillary network: a link between ivim and classical perfusion[END_REF] , comes out to be higher only in the intermediate part of GM. Furthermore, a ring of high IVIM parameters values around SC, about one voxel-thick (0.77´0.77mm 2 in-plane in native space) can be noticed both on average and individual maps. This might be due to high-velocity CSF pulsation corrupting signal in voxels at the edge of the cord but could also be attributed to the pial arterial plexus which consists of surface vessels encircling the SC [START_REF] Gillilan | The arterial blood supply of the human spinal cord[END_REF] . For comparison purposes, Figure 7 also shows a diagram of the SC vascularization [START_REF] Martirosyan | Blood supply and vascular reactivity of the spinal cord under normal and pathological conditions: a review[END_REF] derived from a microangiogram of a 3mmthick transverse section of human SC at lumbar level from Hassler [START_REF] Hassler | Blood supply to human spinal cord: a microangiographic study[END_REF] (the latter study also presented a microangiogram at the 6 th thoracic level, which is closer to the cervical levels explored here).

IVIM parameters were quantified on group-and slice-averaged maps and subsequent results are reported in Figure 8. Mean±SD across subjects (within-ROI) in GM and WM were 16.0±1.7 (1.6) % and 15.0±1.6 (1.7) % for fIVIM, 11.4±2.9 (1.4) ´10 -3 mm 2 /s and 11.5± 2.4 (1.4) ´10 -3 mm 2 /s for D*, and 0.93 ± 0.29 (0.16) ´10 -3 mm 2 /s and 0.97 ± 0.27 (0.23) ´10 -3 mm 2 /s for fIVIMD*. fIVIM suggested a slightly higher vascular volume in all GM regions compared to WM (16.0-16.5% vs. 15.0%), except in dorsal horns which are less vascularized than other GM regions [START_REF] Martirosyan | Blood supply and vascular reactivity of the spinal cord under normal and pathological conditions: a review[END_REF] and where high partial volume effects with WM could occur despite the sub-millimetric resolution. fIVIMD* also suggested a higher microvascular flow in GM but mainly within the intermediate GM region. Estimated WM and GM pseudo-diffusion coefficients were of the same order of magnitude. Finally, D values, benefiting from the lowest estimation errors (<1%), were consistent with the underlying microstructure of each region. WM regions showed higher I-S diffusivity than GM (1.58 vs. 1.32 ´10 -3 mm 2 /s) and lower radial diffusivity (0.30 vs. 0.37 ´10 -3 mm 2 /s for DR-L, 0.31 vs. 0.32 ´10 -3 mm 2 /s for DA-P), in agreement with the longitudinal orientation of fibers in WM and the more isotropic microstructure of GM tissue. Furthermore, dorsal horns presented a higher DA-P compared to DR-L (0.33 vs. 0.29 ´10 -3 mm 2 /s), reflecting fibers output along the A-P direction, while DR-L was predominant in anterior (0.41 vs.

0.31 ´10 -3 mm 2 /s) and intermediate GM (0.38 vs. 0.31 ´10 -3 mm 2 /s), which is consistent with fibers crossing through the anterior gray commissure.

Higher microvascular volumes and lower blood velocities along the SC axis are suggested while blood flow would be similar in all directions

The diffusion-encoding direction strongly affects IVIM parameters values (Figure 9)

as could be expected given the anisotropic structure of SC.

The measured difference in fIVIM values (≥20%) between I-S axis and transverse plane (R-L and A-P axes) was higher than the expected errors (~12%) based on simulations (not taking into account the noise reduction with slice-and group-averaging). However for D*, the actual difference between I-S axis and orthogonally to the SC (~8%) was lower than estimation errors (~20%). The higher fIVIM and lower D* along the I-S axis compared to orthogonally to the cord resulted in similar fIVIMD* values along the three axes. 28/43 D*=11.1´10 -3 mm 2 /s, D=0.31´10 -3 mm 2 /s) and I-S (fIVIM=18.9%, D*=10.4´10 -3 mm 2 /s, D=1.47´10 -3 mm 2 /s) directions respectively.

Simulations versus in-vivo data

Figure 10 compares simulated data to in-vivo data extracted from 10 voxels in GM and 10 voxels in WM from the single-subject and single-slice maps presented in Figure 7.

Similar fit quality was observed between simulations and in-vivo data (as evidenced by the coefficient of determination R 2 ), along with robust performances of the fitting algorithm. However, signal decay profiles with b-value clearly differed both between simulated and in-vivo data but also between voxels of a same tissue type for in-vivo data.

In-vivo signal decay as described by the current IVIM model seems to result from more than only the IVIM effect of capillary perfusion, suggesting potential confounding factors. This also reflects in the Akaike Information Criterion corrected for sample size (AICc), which is an index of the amount of information lost by the model for the given dataset [START_REF] Akaike | A new look at the statistical model identification[END_REF] . The AICc was about 1.6 times higher for in-vivo data, supporting that in-vivo data included more information unexplained by the IVIM model than synthetic data which were generated from it. Finally, 3 WM in-vivo voxels stood out with a larger IVIM effect; those voxels are at the edge of the SC and were probably affected by the highvelocity pulsations of CSF. Other WM voxels showed less IVIM effect than GM voxels, as evidenced by the curve curvature. the single-subject and single-slice IVIM maps presented in Figure 7 were fitted. All datasets were normalized by their estimated Sb=0 value. The corresponding IVIM maps were displayed at the top and the selected voxels are delineated by white borders on the maps. Selected voxels were also identified on the anatomic MGE image by color according to their tissue type (GM in red and WM in iris blue). The true IVIM parameter values for simulations were defined by the mean value in GM and WM respectively for this specific slice. Regarding in-vivo WM voxels, 3 voxels were chosen close to the SC edge; those voxels clearly exhibit larger IVIM effect than those in the dorsal column, probably due to the proximity with high-velocity pulsations of CSF. SD: standard deviation.

Discussion

This work proposes a combined numerical and experimental study for noninvasive perfusion imaging of the human cervical SC using IVIM at 7T. Estimation errors and required SNRs were first evaluated for expected in-vivo values. IVIM maps were then derived at multiple averaging scales: from single-subject and single-slice data to the total average. The latter enabled to distinguish regional perfusion differences.

Promises of IVIM imaging in the human SC

While SNR within individual data was limited, averaging maps across slices and subjects provided enough SNR to highlight very small (1% of microvascular volume fraction) regional perfusion differences between WM and GM, offering preliminary results of perfusion-related parameter mapping in the human SC in-vivo.

In this first investigative study, mean values for fIVIM and D* were 15.0% and 11.5´10 -3 mm 2 /s in WM, and 16.0% and 11.4´10 -3 mm 2 /s in GM. Microvascular fraction values were higher than the values of ~5% reported in brain using PET and [START_REF] Ramalho | Gadolinium-Based Contrast Agent Accumulation and Toxicity: An Update[END_REF] O inhalation method [START_REF] Lammertsma | Cerebral blood flow, blood volume and oxygen utilization: normal values and effect of age[END_REF] , but they are in the range of IVIM studies in normal brain GM and WM [START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF][START_REF] Bertleff | Diffusion parameter mapping with the combined intravoxel incoherent motion and kurtosis model using artificial neural networks at 3 T[END_REF] even if the cohort explored here needs to be extended. This potential overestimation can be reduced by taking into account the relaxation rate difference between blood and tissue in IVIM representation as proposed by Lemke et al. [START_REF] Lemke | An in vivo verification of the intravoxel incoherent motion effect in diffusion-weighted imaging of the abdomen[END_REF] ; however this was beyond the scope of the current study. Regarding spatial distribution, also in agreement with brain studies [START_REF] Wang | Distribution of intravoxel incoherent motion MRIrelated parameters in the brain: evidence of interhemispheric asymmetry[END_REF][START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF][START_REF] Laura | Normal cerebral perfusion measurements using arterial spin labeling: Reproducibility, stability, and age and gender effects[END_REF] and anatomical charts [START_REF] Martirosyan | Blood supply and vascular reactivity of the spinal cord under normal and pathological conditions: a review[END_REF] , highest microvascular volumes (on average maps) seem to match with GM location (mainly anterior and intermediate GM). Moreover, the fIVIMD* map suggests highest flow at the location of central arteries (Figure 7) which represent the main blood supply to anterior horns [START_REF] Martirosyan | Blood supply and vascular reactivity of the spinal cord under normal and pathological conditions: a review[END_REF] . Average IVIM maps, and especially the microvascular volume fraction (fIVIM), also nicely compare with the microangiogram of transverse section of human SC at T6 level from Hassler [START_REF] Hassler | Blood supply to human spinal cord: a microangiographic study[END_REF] , even though SC structure varies from thoracic to cervical levels. This microangiogram also illustrates the difficulty to capture the SC perfusion levels from such a sparse capillary network.

While our findings stem from a single-center 7T study, the protocol set up here can easily be translated to different 7T human MR sites as well as to lower clinical field with minor adaptation for potential clinical applications. Indeed, transferring the protocol to 3T could benefit from lower B0 inhomogeneities, improved B1 and reduced susceptibility effects, hence mitigating the lower theoretical SNR at this field.

Independent from field strength, our numerical evaluation also showed that there is a crucial need for standardization, and one potential asset is the growing availability of open-source programs to encourage reproducible research [START_REF] Stikov | Reproducibility and the future of MRI research[END_REF] We provide here the estimation errors associated with our implementation, for given SNRs. Results also depend, to some extent, on the b-value distribution but trends are consistent with those from Pekar et al. [START_REF] Pekar | On the precision of diffusion/perfusion imaging by gradient sensitization[END_REF] who used similar b-values. However, given that literature in healthy WM and GM shows variations as large as 13´10 -3 mm 2 /s for D* [START_REF] Federau | Measuring brain perfusion with intravoxel incoherent motion (IVIM): Initial clinical experience[END_REF] and 13% for fIVIM [START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF] , the present work evaluated the full range of potential IVIM values; and indeed, results revealed a substantial variation in estimation accuracy within this range of values.

Limitations and perspectives

One major limitation in the current setting is that single-subject and single-slice IVIM maps were not reliable enough to clearly discriminate between GM and WM perfusion.

Mean values across subjects (Figure 8) finally revealed less than 10% perfusion difference in fIVIMD* between those two tissues while the estimation error would be at best 9% with the highest voxel-wise in-vivo measured SNRs (180), 13% in average (SNR=120) and 27% at lowest SNRs (60). This poor reliability in single-subject and single-slice maps makes the protocol currently unsuitable for detecting locally restricted abnormalities or for studying variations along the SC axis. So far, the best precision for an individual diagnosis would be the one obtained in slice-averaged maps. However, slice-averaging would mitigate detection of locally restricted abnormalities (e.g., existing on one slice only). Further developments are thus needed to reliably detect local perfusion abnormalities or to study variations along the SC axis.

Furthermore, the theoretical required SNR was reached in-vivo in this study but the method employed to determine estimation errors does not include inaccuracy of the IVIM biexponential model which is based on several assumptions (e.g., randomly-oriented microvascular network, D* >> D, no exchange between intra-and extra-vascular compartments). The comparison of simulated signal decay with b-value to in-vivo profiles (Figure 10) suggests sources of bias in the model that need to be addressed to improve estimation precision. As demonstrated in Novikov et al. [START_REF] Novikov | On modeling[END_REF] , the biexponential model is a signal representation very sensitive to biases. Potential sources of bias could be microscopic non-linear motion within the cord or interstitial fluid adding IVIM effects independent from tissue perfusion. The existence of different vessel functional pools, as introduced by several authors for IVIM in brain [START_REF] Kennan | A general model of microcirculatory blood flow effects in gradient sensitized MRI[END_REF][START_REF] Henkelman | A quantitative interpretation of IVIM measurements of vascular perfusion in the rat brain[END_REF][START_REF] Duong | In vivo MR measurements of regional arterial and venous blood volume fractions in intact rat brain[END_REF][73] , could also be a source of bias.

Besides, the large slice thickness used in this study (5 mm) might mix the different effects within each voxel in a complex manner, adding to the inaccuracies. More sophisticated models have shown better accuracy [START_REF] Wetscherek | Flow-compensated intravoxel incoherent motion diffusion imaging[END_REF][START_REF] Schneider | Assessment of intravoxel incoherent motion MRI with an artificial capillary network: analysis of biexponential and phase distribution models[END_REF] but assessment of the IVIM model was beyond the scope of this article.

Still, IVIM in the SC is highly SNR-demanding as expected, and the technique as used so far will hardly be able to measure very low perfusion levels (e.g. fIVIM <4% for diffusion-encoding in the SC transverse plane, or fIVIM <8% for diffusion-encoding along the SC axis) given the required SNRs (>500) for single-subject and single-slice data. It should also be noted that the IVIM technique is very sensitive to high fluid velocities such as encountered within surrounding pulsatile CSF. This is a non-negligible issue for voxels at the edge of the SC where signal is highly biased by partial volume effect with CSF, resulting in the high value ring that can be observed on fIVIM, D* and more extensively fIVIMD* maps. Similarly, the central canal, which contains CSF, might also be a source of bias in IVIM estimation within intermediate GM as it can widen in some pathologies such as syringomyelia [START_REF] Gardner | Hydrodynamic mechanism of syringomyelia: its relationship to myelocele[END_REF] . Fluid suppression strategies with inversion recovery acquisition might be worth considering. Another avenue would be to adjust the acquisition trigger delay to subjects' cardiac cycle as the latter can vary across population, targeting the quiescent phase of both SC and CSF motion. It might also be judicious to trigger the acquisition at the peak of perfusion flow as fIVIMD* and D* in brain were shown to vary across the cardiac cycle [START_REF] Federau | Dependence of Brain Intravoxel Incoherent Motion Perfusion Parameters on the Cardiac Cycle[END_REF] .

Moreover, this study reports errors and required SNRs for healthy IVIM values but perfusion levels might deviate in pathological cases. In cases like gliomas where perfusion increase can go up by +30´10 -3 mm 2 /s in D* and +10% in fIVIM [START_REF] Bisdas | IVIM analysis of brain tumors: an investigation of the relaxation effects of CSF, blood, and tumor tissue on the estimated perfusion fraction[END_REF][START_REF] Bisdas | Intravoxel incoherent motion diffusion-weighted MR imaging of gliomas: feasibility of the method and initial results[END_REF][START_REF] Federau | Perfusion Measurement in Brain Gliomas with Intravoxel Incoherent Motion MRI[END_REF] compared to healthy values, IVIM fitting errors would be lowered down to 3% on fIVIMD* at SNR=180. In such cases, estimation would be precise enough to discriminate between healthy and pathological tissue. In contrast, in ischemic strokes, fIVIM would be reduced by about -4% [START_REF] Suo | Stroke assessment with intravoxel incoherent motion diffusion-weighted MRI[END_REF] corresponding to an error increase from 9% in healthy tissue to about 20% in ischemic tissue, making ischemia undetectable.

So far, the current acquisition protocol is too long to be used in clinical routine and might be affected by additional movements (e.g., swallowing) associated with patients' discomfort. Nonetheless, multiple avenues for improvement exist. The b-value distribution and repetition numbers were herein defined empirically; they can be optimized to reduce scan time and/or improve parameters estimation. Monte-Carlo simulations can be pushed further or the Cramer-Rao lower bounds can also be used to this purpose [START_REF] Jalnefjord | Optimization of b value schemes for estimation of the diffusion coefficient and the perfusion fraction with segmented intravoxel incoherent motion model fitting[END_REF] . SNR increase can be achieved through multiple ways. Improved hardware like more powerful gradients or design of more efficient high-density coil arrays dedicated to ultrahigh field MRI will hopefully enable to reach higher SNR in shorter time. Alternative k-space sampling schemes such as spiral readout and inner FOV sequences would reduce TE and distortions associated with single-shot EPI. Finally, cutting-edge fitting approaches might be worth considering. For instance, Bayesian methods -which basically maximize the probability density function of parametersshowed more robustness to noise [START_REF] Neil | On the use of bayesian probability theory for analysis of exponential decay date: An example taken from intravoxel incoherent motion experiments[END_REF][START_REF] Ye | Estimation of intravoxel incoherent motion parameters using low b-values[END_REF] , but caution has to be taken as fine perfusion variations could be smoothed when parameter uncertainty is high [START_REF] While | A comparative simulation study of bayesian fitting approaches to intravoxel incoherent motion modeling in diffusion-weighted MRI: Bayesian Fitting Approaches to IVIM Modeling in DWI[END_REF] .

Nonetheless, the IVIM technique was able to provide us with the first perfusionrelated maps of the human spinal cord in-vivo without contrast agent injection, alleviating concerns regarding the use of several gadolinium chelates [START_REF] Ramalho | Gadolinium-Based Contrast Agent Accumulation and Toxicity: An Update[END_REF][START_REF] Kanda | Gadolinium-based Contrast Agent Accumulates in the Brain Even in Subjects without Severe Renal Dysfunction: Evaluation of Autopsy Brain Specimens with Inductively Coupled Plasma Mass Spectroscopy[END_REF] . In addition, along with perfusion information, IVIM provides microstructural information from the diffusion coefficient, which can be useful in the joint assessment of perfusion and tissue integrity in the context of SC injuries.

Conclusion

This study ultimately provides, to our knowledge, the first perfusion-related maps of the human SC, paving the way to in-vivo study of SC micro-vascularization processes, for earlier diagnostic of perfusion abnormalities in a more distant future. Ultrahigh field MRI acquisition developments and numerical simulations were combined to quantify IVIM parameters and related estimation errors for representative in-vivo SNRs. Although the technique did not show sufficient reliability to achieve patient-and level-specific IVIM mapping, the developed method provided preliminary results of SC perfusion mapping highlighting a very small perfusion difference between GM and WM (~1% of microvascular volume fraction) on group-averaged maps. Developments to increase SNR so as to reduce scan time and to address potential modeling biases are warranted.

Intra-Voxel Incoherent Motion at 7T to quantify human spinal cord perfusion: limitations and promises

Simon Lévy [START_REF] Kolenda | Critical levels of spinal cord blood flow and duration of ischemia for the acute recovery of segmental spinal cord responses in cats[END_REF][START_REF] Fehlings | Introduction: Degenerative cervical myelopathy: diagnostic, assessment, and management strategies, surgical complications, and outcome prediction[END_REF][START_REF] Vilaça | Cervical spondylotic myelopathy: what the neurologist should know[END_REF][START_REF] Martin | Monitoring for myelopathic progression with multiparametric quantitative MRI[END_REF] , Stanislas Rapacchi 1,2 , Aurélien Massire 

  on low b-values (≤250 s/mm 2 ) to better probe the fast decaying signal related to perfusion. The number of b-values Nb was also empirically defined in direct relation with the number of repetitions Nrep per b-value, limiting the scan time to a maximum of 1h for the IVIM protocol, which included 3 orthogonal diffusion-encoding directions (right-left, R-L, anterior-posterior, A-P, inferior-superior, I-S), i.e.: : # ⋅ : YOZ ⋅ : RR ⋅ [ RR ⋅ 3 < 1 ℎ5G4 B-values were corrected to include imaging gradient contributions. Eventually, actual bvalue distribution was 5, 10, 15, 20, 30, 50, 75, 100, 125, 150, 200, 250, 600, 700, 800 s/mm 2 with 30 repetitions per b-value, allowing slight variations between subjects and directions as explained above. Furthermore, to correct for EPI readout-related distortions, acquisitions were split into two distinct imaging sets of equal lengths (Nrep/2), in forward (right>left) and reverse (left>right) phase-encoding direction for each diffusion-encoding direction.
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 2343 Figure 2. Template registration pipeline performed for every subject. (1) Data acquired with A-P and I-S diffusion encoding are registered (rigid transformation) to the data with R-L diffusion encoding, based on the mean image across b-values 500s/mm 2 . (2) The R-L diffusion-encoded mean image is registered (rigid transformation) to the RMS of all echoes of the high-resolution MGE image, yielding the Warping Field (WF) WFDWI<>MGE. (3) The template is registered to MGE space based on SC segmentations (SC seg)obtained with sct_propseg 61 and manual corrections when needed -yielding WFPAM50<>MGE(SC). (4) This registration is refined based on the template WM mask registered to MGE space and the WM segmentation (WM seg) performed on MGE image

  retrieves the true values of parameters with infinite SNR and estimation errors increase when SNR decreases. The parameter estimated with highest precision is D, then fIVIM and then fIVIMD*, and the parameter estimated with the largest error is D*, as commonly reported in the IVIM literature. Interestingly, for high D values (D||), the error on D is lower than for low D values (D^) whereas it is higher for fIVIM, D* and fIVIMD*. Indeed, signal decay induced by high D is sharper at high b-values but then, the effect of the other IVIM parameters on the signal is more challenging to extract. Furthermore, errors increase when perfusion levels (fIVIM, D*, fIVIMD*) decrease, as signal decay gets slower and smaller. For instance, with high SNR (180) and low D (0.3´10 -3 mm 2 /s), estimation errors on fIVIM, D* and fIVIMD* exceed 100% (squares above orange levels) when (fIVIM, D*) is lower than (4.2%, 6.6´10 -3 mm 2 /s), (13.9%, 13.7´10 -3 mm 2 /s) and (1%, 6.6´10 -3 mm 2 /s), respectively. Finally, when fIVIM is around 16% and D* around 11.5´10 -3 mm 2 /s (as measured in-vivo, see below) and potentially lower (~10%), the expected error on fIVIM, D* and fIVIMD* is around 15, 30 and 10% with SNR=180, respectively.

Figure 3 .

 3 Figure 3. Estimation errors on each IVIM parameter according to (fIVIM, D*, D) true values for the one-step fitting approach with different SNR levels: ∞ (no noise), 180 (maximum in-vivo SNR), 120 (mean), 60 (minimum). On the y-axis of each graph, fIVIM varies from 1 to 30% while on the x-axis D* varies from 3 to 35 ´10 -3 mm 2 /s (bounds defined according to IVIM literature in brain white and gray matter as described in section 2.1); on the left side, D=0.3´10 -3 mm 2 /s, similar to diffusivity in SC transverse plane (D^), while on the right side D=1.5´10 -3 mm 2 /s, similar to diffusivity along SC axis (D||). Median [min-max] errors are indicated on top of each graph.
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 4 also shows that fIVIM is preponderant over D* in determining the required SNR.

Figure 4 . 3 . 3 .Figure 5

 4335 Figure 4. Top: minimum required SNR to estimate parameter fIVIMD* with less than 10% error with the one-step fitting approach, according to (fIVIM, D*) true values with D=0.3´10 -3 mm 2 /s (D^) and D=1.5´10 -3 mm 2 /s (D||). Bottom: corresponding errors on parameters for the minimum required SNR determined above.
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 5 Figure 5. Representative dataset of b=0* images along the different steps of the post-processing pipeline. For each step -original images at the scanner output (1 st row), after denoising and removal of Gibbs (2 nd row), after distortion correction and averaging across repetitions (3 rd row) -
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 6 Figure 6. (A) Mean SNR maps across slices and subjects (in template space) for b-values ≤35 s/mm 2 , between 100 and 250 s/mm 2 and ≥600 s/mm 2 for each diffusion-encoding direction: right-left (R-L, phase-encoding direction), anterior-posterior (A-P, readoutencoding direction), inferior-superior (I-S, slice-encoding direction). (B) The graph plots

Figure 7 .

 7 Figure 7. Spinal cord IVIM maps of a single subject (top), averaged across the six slices (middle) and averaged across slices and subjects (bottom). Slices spanned C3-C4 levels.

Finally, relating

  in-vivo values to simulations in terms of SNR requirements, to estimate fIVIMD* within 10% error margins using the implemented protocol, a minimum b=0 SNR of 194, 156 and 137 would be needed with diffusion-encoding in R-L (fIVIM=12.3%, D*=12.9´10 -3 mm 2 /s, D=0.33´10 -3 mm 2 /s in whole SC), A-P (fIVIM=15.0%, 26/43

Figure 8 .

 8 Figure 8. Parameters quantification within WM and GM ROIs. Sub-ROIs are depicted on the high-resolution MGE image: corticospinal tracts, dorsal columns (WM sub-ROIs) and anterior GM, intermediate GM, dorsal horns (GM sub-ROIs). DR-L, DA-P, DI-S are the diffusion coefficients in Right-Left, Anterior-Posterior, Inferior-Superior directions respectively.
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 9 Figure 9. Directional IVIM parameter maps (mean across slices and subjects in template space, 0.5´0.5mm 2 ) and quantification of IVIM parameters within GM and WM according to diffusion-encoding direction. R-L, A-P, I-S: right-left, anterior-posterior, inferior-superior directions.

Figure 10 .

 10 Figure 10. Simulations versus in-vivo data. On the left side, 10 voxels with the same noise level and IVIM parameters for gray and white matter were simulated and fitted. On the right side, in-vivo data from 10 voxels pseudo-randomly selected in GM (first row) and WM (second row) on

  

  

  

  

  

Supporting Information Table S1: Acquisition protocol

  [START_REF] Kolenda | Critical levels of spinal cord blood flow and duration of ischemia for the acute recovery of segmental spinal cord responses in cats[END_REF][START_REF] Fehlings | Introduction: Degenerative cervical myelopathy: diagnostic, assessment, and management strategies, surgical complications, and outcome prediction[END_REF][START_REF] Martin | Monitoring for myelopathic progression with multiparametric quantitative MRI[END_REF] , Thomas Troalen 5 , Thorsten Feiweier 6 , Maxime Guye 1,2 , Virginie Callot[START_REF] Kolenda | Critical levels of spinal cord blood flow and duration of ischemia for the acute recovery of segmental spinal cord responses in cats[END_REF][START_REF] Fehlings | Introduction: Degenerative cervical myelopathy: diagnostic, assessment, and management strategies, surgical complications, and outcome prediction[END_REF][START_REF] Martin | Monitoring for myelopathic progression with multiparametric quantitative MRI[END_REF] 
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(A) Experimental optimization of basic acquisition parameters. In a first session, parameters were changed one-by-one starting from a parameter set previously defined on phantom ("base" protocol define in top table). SNR was quantified within SC across 8 repetitions of 4 b-values (5, 150, 600, 800 s/mm 2 ) for each parameter set for images acquired with forward and reversed phase-encoding, after denoising and removal of Gibbs artifacts and after distortion correction. Given the low mumber of repetitions, the "difference" method (as described in Reeder et al. [START_REF] Reeder | Practical approaches to the evaluation of signal-to-noise ratio performance with parallel imaging: Application with cardiac imaging and a 32-channel cardiac coil[END_REF] ) was employed here to quantify SNR. Final images were visually inspected in comparison with the anatomic multi-echo gradient-echo image to assess whether distortion correction was satisfactory or whether unacceptable distortions persisted. Based on those results, an "optimized" parameter set was defined to maximize SNR and was evaluated in a second session (different volunteer), across 24 repetitions of the same b-values. The "optimized" parameter set yielded an SNR increase of 27% compared to the "base" parameter set on b≃0 images. (B) Numerical optimization of NRR (number of cycles to acquire all slices, also called number of concatenations) to maximize SNR efficiency. Based on the large angle spinecho signal equation [START_REF] Diiorio | Large angle spin-echo imaging[END_REF] ("=90º, T1=1251ms in SC at 7T [START_REF] Massire | High-resolution multiparametric quantitative magnetic resonance imaging of the human cervical spinal cord at 7T[END_REF] , TE=51.6ms), the optimal NRR can be calculated for the specific cardiac cycle duration of the subject (e.g., for a cardiac cylce of 900ms, the division of the slices acquisition across 3 cycles yields the higher SNR efficiency).

Supporting Information Figure S2: Comparison of IVIM fitting approaches for the human spinal cord: the two-step segmented approach versus the one-step approach

Estimation errors on each IVIM parameter according to (fIVIM, D*) true values with Dtrue=0.3´10 -3 mm 2 /s (D^, similar to diffusivity in SC transverse plane) for the two fitting approaches and different levels of SNR: ∞ (no noise), 180 (maximum measured in-vivo SNR), 120 (mean), 60 (minimum). On the y-axis of each graph, fIVIM varies from 1 to 30% while on the x-axis D* varies from 3 to 35 ´10 -3 mm 2 /s (bounds defined according to IVIM literature in brain white and gray matter as described in section 2.1). Median [min-max] errors are indicated on top of graphs.

7/8

Estimation errors on each IVIM parameter according to (fIVIM, D*) true values with Dtrue=1.5´10 -3 mm 2 /s (D||, similar to diffusivity along SC axis) for the two fitting approaches and different levels of SNR: ∞ (no noise), 180 (maximum measured in-vivo SNR), 120 (mean), 60 (minimum). On the y-axis of each graph, fIVIM varies from 1 to 30% while on the x-axis D* varies from 3 to 35 ´10 -3 mm 2 /s (bounds defined according to IVIM literature in brain white and gray matter as described in section 2.1). Median [min-max] errors are indicated on top of each graph. 

Supporting Information Figure S3: In-vivo SNR distribution within spinal cord for the cohort studied