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Generic acquisition protocol for quantitative MRI of the spinal cord

Quantitative spinal cord (SC) magnetic resonance imaging (MRI) presents many challenges, including a lack of standardized imaging protocols. Here we present a prospectively harmonized quantitative MRI protocol, which we refer to as the spine generic protocol, for users of 3T MRI systems from the three main manufacturers: GE, Philips and Siemens. The protocol provides guidance for assessing SC macrostructural and microstructural integrity: T1-weighted and T2-weighted imaging for SC cross-sectional area computation, multi-echo gradient echo for gray matter crosssectional area, and magnetization transfer and diffusion weighted imaging for assessing white matter microstructure. In a companion paper from the same authors, the spine generic protocol was used to acquire data across 42 centers in 260 healthy subjects. The key details of the spine generic protocol are also available in an open-access document that can be found at https://github.com/spine-generic/protocols. The protocol will serve as a starting point for researchers and clinicians implementing new SC imaging initiatives so that, in the future, inclusion of the SC in neuroimaging protocols will be more common. The protocol could be implemented by any trained MR technician or by a researcher/clinician familiar with MRI acquisition.

Introduction

Quantitative MRI (qMRI) aims to provide objective continuous metrics that specifically reflect the morphology, microstructure and/or chemical composition of tissues1,2, thereby enabling deeper insight and understanding of disease pathophysiology. While qMRI techniques have been successfully implemented in the brain for several decades, they remain largely underutilized for spinal cord (SC) imaging in both clinical and research settings, mostly as a direct consequence of the many challenges that need to be overcome in order to acquire good-quality data3,4.

For the past 20 years, researchers have been developing methods to overcome the challenges around SC imaging, including more sensitive coil arrays5,6 and advanced pulse sequences for mitigating motion and susceptibility artifacts4,7. As a result, it is now possible to acquire SC qMRI data that have a strong potential for providing new insights into SC anatomy and function. However, a remaining issue is that there is no clear consensus within the imaging community for acquiring SC qMRI data, leading to (i) wasted time and money spent on pilot scans for every new SC research initiative, and (ii) large variability in imaging parameters for multisite, multimanufacturer studies, hampering statistics for assessing biomarkers.

Development of the protocol

The present study gathered a consortium of international SC researchers to provide a prospectively harmonized consensus protocol for acquiring high-quality qMRI of the human cervical SC at 3 Tesla (T) across the three main MRI manufacturers (GE, Philips and Siemens). We call this the spine generic protocol. qMRI techniques covered in the spine generic protocol (illustrated in Fig. 1) include:

SC cross-sectional area (CSA)

The CSA of the whole SC has been shown to be a sensitive biomarker in multiple sclerosis (MS)8-11, amyotrophic lateral sclerosis (ALS)12-16, X-linked adrenoleukodystrophy with myelopathy17, as well as both traumatic and nontraumatic SC injury18,19. Additionally, SC segmentation is useful for atlas-based analysis20.

CSA of the SC gray matter (GM)

GM CSA is relevant for diagnosis21 and prognosis in ALS16. Additionally, delineating the GM is relevant for quantifying pathologies juxtaposed with the GM (e.g., MS lesions), for functional MRI (fMRI) applications, and for atlas-based analysis.

Diffusion tensor imaging (DTI)

DTI is a technique that is based on multidirectionally encoded diffusion-weighted images (DWI). DTI can quantify microstructural integrity and has been deemed sensitive to degeneration and demyelination of SC white matter (WM) tracts in a variety of diseases3,22-25 and after SC injury19, 23. In nontraumatic SC injury, DWI appears to be a promising approach that is sensitive to presymptomatic microstructural changes26,27.

Magnetization transfer (MT)

The MT technique has been shown to be sensitive to demyelination28 and has been applied in various SC diseases, such as adrenomyeloneuropathy29 and MS30, as well as in SC injury22,31. To demonstrate the practical implementation and reproducibility of the proposed protocol, singlesubject and multi-subject datasets were acquired across multiple centers. Relevant qMRI metrics were calculated using a fully automatic analysis pipeline, and those metrics were compared within site, across sites (for the same manufacturer) and across different manufacturers. Details of the datasets, processing pipelines and generated normative values are available in a companion Data Descriptor paper published in Scientific Data32. When optimizing protocols across manufacturers, a key question is: should we minimize the differences in acquisition parameters across manufacturers, or should we optimize image quality on each platform? The spine generic protocol was designed to reach a compromise between these two key aims: minimizing protocol differences in order to facilitate the interpretation of multimanufacturer studies, but at the same time we optimized parameters for each manufacturer separately when the hardware or software enabled it. For example, on the DWI protocol, the echo time (TE) was always minimized in order to maximize signal-to-noise ratio (SNR), which minimally affects the diffusionspecific signal (the b-value was kept the same). Given that platforms are equipped with different gradient nominal strength capabilities (ranging from 40 mT/m to 80 mT/m for current clinical systems), this yielded very different TEs depending on the platform. These aspects were taken into consideration when designing the spine generic protocol, resulting in a protocol with a high SNR regime that is hence less sensitive to changes in the TE. As illustrated in the companion data paper32, fractional anisotropy values across Siemens sites equipped with gradient systems varying from 40 to 80 mT/m (TEs ranging from 55 to 99 ms), produced an intersite coefficient of variation of 3.5%, which was smaller than the intrasite coefficient of variation of 4.24%. The intersubject variability was thus higher than the intersite variability, despite the large changes in TEs. Another important consideration is that different TEs across manufacturers/models will likely result in different diffusion times. This may be an additional source of intermanufacturer variability, as it has been shown that common DWI metrics such as DTI radial diffusivity can exhibit diffusion time dependence, especially in anatomical regions containing large axons33. Similarly, some software versions were limited with respect to the minimum achievable repetition time (TR) on MT sequences; again, here the TR was optimized for each system separately, yielding full MT protocols (GRE-MT1/MT0/T1w) that varied from 5.4 min to 8.9 min, depending on the platform. However, in this case, magnetization transfer ratio (MTR) and magnetization transfer saturation (MTsat) were impacted by TR. This partly explains the discrepancies observed between GE and the two other manufacturers (see ref. [START_REF] Cohen-Adad | Open-access quantitative MRI data of the spinal cord and reproducibility across participants, sites and manufacturers[END_REF]. Because hardware and pulse sequence environments vary across manufacturers, it will never be possible to obtain the exact same acquisition configuration across manufacturers. Even for the same manufacturer, some variability could exist owing to the different specifications for different models and the adjustment and maintenance status of individual scanners (acoustic resonances, helium levels, eddy currents, software patches, etc.). From a practical standpoint, as in the case for the T1w versus T2w SC CSA (see Fig. 11 in ref. [START_REF] Cohen-Adad | Open-access quantitative MRI data of the spinal cord and reproducibility across participants, sites and manufacturers[END_REF], the relationship between qMRI metrics obtained from different manufacturers/models/sites can be modeled as fixed or random effects34. The spine generic protocol has been used (fully, in part or with modifications) in the following applications: imaging methods35, methods development in healthy subjects20,36-49, fMRI50,51, MS52-54, mucopolysaccharidoses55, adrenoleukodystrophy17, ALS16,56, spinal muscular atrophy57,58, degenerative cervical myelopathy26,27,59-61 and stroke62.

The spine generic protocol has also been recommended in recent guidelines24,63-66 and was adopted by multicenter initiatives such as the INSPIRED67 and the CanProCo54 studies, respectively dealing with cervical myelopathy and MS populations.

Applications

The proposed protocol is not geared towards a specific disease, and it is suitable for imaging WM pathology (demyelination and Wallerian degeneration via axon/myelin-sensitive techniques), GM pathology (ALS, via GM CSA quantification), and traumatic and nontraumatic SC injury (structural scans to assess compression and/or to quantify atrophy above/below lesions or injury). Additional clinical scans (e.g., 2D FLAIR, STIR) that are specific to particular diseases and/or are part of the clinical routine can be added at the discretion of the researcher/clinician. Potential clinical uses of this protocol include improved diagnosis of pathology, monitoring of disease progression or recovery, and/or prediction of outcomes.

Experimental design

Sequences

The required sequences are illustrated in Fig. 2. Justifications for the sequence type and their pros and cons are summarized in Table 1. The manufacturer-specific sequence names are listed in Table 2.

Shimming

Shimming refers to homogenizing the static magnetic field (B0) and is a necessary step for recording reliable images, especially in regions that are prone to large B0 inhomogeneities, such as the SC. Without proper shimming, fat saturation does not work effectively, slice excitation profiles are not accurate and echo planar imaging (EPI) data are prone to distortions and signal dropout, with the latter being particularly prevalent in gradient echo (GRE) imaging often used in fMRI studies. The very first 'active' attempt to mitigate susceptibility artifacts is usually performed just before starting an MRI scan via a procedure called active shimming. This procedure consists of estimating a field map and then computing a set of 'shim coefficients', i.e., the amount of current that needs to go into each gradient and shim coil in order to minimize the static magnetic field inhomogeneity in a specified 'shim adjust volume'.

Slice orientation

For 3D acquisitions with isotropic resolution (T1w and T2w), we recommend sagittal acquisition for an efficient superior-inferior (S-I) coverage with the minimum number of slices required to cover the cord (on the T2w). Note that typical clinical 2D scans use thick sagittal slices, which is popular for diagnosis with T1/T2/STIR/PDw contrasts, but these should not be used for measuring CSA or for template-based analysis due to the poor right-left (R-L) resolution.

For qMRI methods that produce microstructural metrics (MT, DWI), we recommend axial orientation (orthogonal to the SC) with high in-plane resolution and thick slices. This approach takes advantage of the (quasi-) coherently oriented fibers along the S-I direction to increase slice thickness and thus gain SNR. The high in-plane resolution, ideally submillimetric, is important for minimizing the partial volume effect between adjacent internal structures (WM tracts, GM), thereby ensuring accurate quantification of metrics. For 2D multislice sequences, if the sequence allows, each individual slice should ideally be orthogonal to the cord68. If not possible, slices should be oriented such that the region of most interest is orthogonal to the cord (leaving other regions with larger partial volume effects). Alternatively, if time allows, slices may be separated into several pseudocontiguous slabs, each orthogonal to the cord and containing three to five slices. Note that using thinner slices mitigates the partial volume effect, although this comes at the cost of lower SNR. Thinner slices also mitigate intravoxel dephasing due to inhomogeneities in the static magnetic field, which lead to signal dropout on GRE imaging69. Axial acquisitions with thick slices are also recommended for measuring GM CSA.

Phase-encoding direction

There are a few considerations to be made when choosing the phase-encoding direction. For transverse (perpendicular-to-the cord) image orientation, one advantage of R-L phase encoding is that the SC is less curved along this axis, allowing for a smaller field of view (FOV) (only if using outer-volume suppression technique) and thus fewer k-space lines, yielding faster acquisition times in single-line readout schemes and fewer distortions on EPI. R-L phase encoding also allows for greater robustness in the presence of poor fat suppression (due to the fat in the posterior neck region) and less ghosting due to swallowing and pulsatile vessels. Alternatively, when using EPI, anterior-posterior (A-P) phase encoding will not create an R-L asymmetry, which could be problematic in some study designs where the R-L symmetry of the cord is part of the underlying study hypotheses (e.g., comparing diffusion metrics between the left and right corticospinal tract). A-P phase encoding is also less prone to peripheral nerve stimulation (although this also depends on the manufacturer, and how oblique the slices are).

Thoracolumbar cord

While the present protocol is optimized and validated for the cervical cord, most of the sequences proposed here could be ported to the thoracolumbar region with minimal or no adjustments. The amount of modification required mostly depends on the radiofrequency (RF) receive coil that is available. One notable advantage of the cervical region is the possibility of having coil elements around the neck, which provides better performance for accelerated acquisitions (GRAPPA, SENSE) and higher SNR. When imaging the lower cord, coil elements are typically arranged in a flat fashion, reducing acceleration and SNR. Hence, sequences already suffering from low SNR might need modifications, e.g., a larger voxel size. In general, the T1w, T2w and MT sequences could likely be applied to the lower cord without modifications. The DWI protocol may require additional averaging and/or larger in-plane voxels to increase the SNR. Furthermore, using saturation bands for inner FOV DWI acquisitions may be much more challenging or even impossible owing to specific absorption rate (SAR) and saturation band thickness limits. The multi-echo (ME)-GRE sequence is feasible70 but may require additional averaging71, and/or the use of navigator echoes to compensate for respiration-related ghosting. Protocol optimization could be aided by the use of advanced SC phantoms made of 'tissue-like' materials that mimic respiration-related dynamic changes in the B0 field, such as the one proposed by De Tillieux et al. [START_REF] De Tillieux | A pneumatic phantom for mimicking respiration-induced artifacts in spinal MRI[END_REF].

Other field strengths

While the spine generic protocol was optimized and validated at 3T, only slight modifications would be required to adapt the protocol to 1.5T systems. Depending on what researchers would like to do (CSA measurements, lesion quantification, etc.), the SNR and contrast-to-noise ratio would need to be adjusted by finding the right tradeoff between spatial resolution and acquisition time. Relaxation parameters also change at lower and higher fields. For example, tissue T1 is shorter at 1.5T, which could help reduce TR in T1w sequences. Fortunately, SAR is also lower at 1.5T, which allows one to reduce the TR in SAR-intensive sequences, such as the MT protocol or the T2w sequence (including the DWI sequence). Another advantage of 1.5T is that susceptibility distortions on DWI EPI data are reduced. At 7T, parameters would likely require greater changes than those needed to adapt to 1.5T. While SNR is higher at 7T, allowing one to reduce the voxel size, susceptibility effects are also increased. This is particularly problematic for the EPI-based DWI protocol (increased image distortions)73 and the long TE GRE sequences used for the T2* protocols74. Additionally, SAR is higher at 7T, which leads to challenges when using SAR-intensive sequences such as the MT protocol, the DWI sequence or the T2w sequence.

More challenges exist when moving between field strengths, including B1+ effects, dynamic B0 changes, changes in T1, T2 and T2*, local versus body RF transmit coils, and different safety profiles. Further investigations are therefore needed to properly adapt the spine-generic protocol to other field strengths.

Future directions

The spine generic acquisition protocol is a major milestone for the SC qMRI community. It provides a starting point for researchers and clinicians implementing new SC imaging initiatives. We would like to stress that the protocol will evolve with new MR hardware and software releases, as well as with research advances such as protocol optimizations and novel pulse sequence developments. Moreover, in future releases, the protocol will also be available for other manufacturers (e.g., Canon). For this reason, we suggest that researchers using and publishing with this protocol always refer to its release number (https://github.com/spine-generic/protocols/releases). The SC MRI community has initiated a forum (https://forum.spinalcordmri.org/) to encourage discussions about the generic protocol, how to use it, and how we could further improve it. In the Supplementary Information, we discuss alternative techniques to those included in the main procedure (such as advanced shimming, navigator echoes, B1+ mapping, phase-sensitive inversion recovery, reconstruction, interpolation and filters), some of which are still at the research stage but could eventually be added to the protocol. In addition, we discuss additional equipment that can be used to immobilize the subject, including cervical collars and custom tight-fitting helmets. We would like to reiterate that the spine generic protocol is not geared towards a specific disease. Researchers are at liberty to tune the proposed protocol by modifying parameters and/or adding/ removing sequences as needed. A recent example is the development of a standardized brain and SC MRI protocol for patients with MS75. The present study also comes with two publicly available datasets (single-and multisubject)32. To the best of our knowledge, these are the first 'large-scale' multicenter qMRI SC datasets ever acquired and made public. The multisubject dataset could be used to create normative qMRI values, serving as age-matched healthy control references. More generally, these datasets could be used for developing new image processing tools dedicated to the SC, and the fact that they are publically available makes it possible for researchers to compare tools with the same data. At a time when reproducibility of scientific results is a major concern76, the proposed consensus acquisition protocol, along with publicly shared datasets and transparent analysis pipeline, aims to provide a basis for research reproducibility and study harmonization.

Materials

Equipment

• MRI scanner: a whole-body GE, Philips or Siemens 3T MRI scanner.

• Coils: image quality is largely affected by the receive coil. While most 1.5T and 3T systems use the integrated body coil for RF transmission to ensure adequate homogeneity, also referred to as the B1+ profile, reception can be done with various other coils, each having specific performance characteristics in terms of their sensitivity profile, which defines SNR, and g-factor, which describes the parallel imaging capability; i.e., how much one can accelerate (in the phase-encode and slice-select directions)5. The receive coils recommended for specific parts of the spine are listed in Table 3.

• Sequences: the required sequences are illustrated in Fig. 2, and manufacturer-specific sequence names are listed in Table 2. All the recommended sequences are available as a product; however, old software versions might not have all up-to-date product sequences, and there may be research sequences that are equivalent. When applicable, this information is mentioned within this manuscript. The protocols (pdf + import files) are freely available at https://github.com/spinegeneric/ protocols

Procedure Equipment setup • T m 2 min

Install coil 1 Select the coil depending on your manufacturer and application (Table 3). ? TROUBLESHOOTING

Subject and equipment preparation • T m 5-10 min

Positioning and immobilization strategies 2 Carefully position the subject to optimize image quality. Try to have the cervical SC as straight as possible, so that axial slices are orthogonal to the SC centerline. This minimizes partial volume effects with the surrounding cerebrospinal fluid (CSF). Reducing neck curvature also helps to improve field homogeneity because the shim volume (i.e., the 3D box centered over the region of interest where the MR system computes the optimal shim coefficients) is less likely to contain air-tissue interfaces. To minimize cervical lordosis, ask the subject to tilt their head slightly towards their chest. Placing some cushions below the head can help, as illustrated in Fig. 3. However, subjects should not be too uncomfortable and still be able to swallow in a way that minimizes motion. For thoracolumbar acquisitions, leg support helps minimize lumbar lordosis and provides more comfort for the subject.

3 Verify that the subject is aligned in the left-right direction, and ensure alignment of the spine with the sagittal plane whenever possible. ? TROUBLESHOOTING 4 Pad/clamp the subject's head tightly with cushions to avoid head motion. Note that, while doing this has the merit of not requiring additional purchases (e.g., cervical collar77 or specialized immobilization apparatus), this setup is not easily reproducible and depends on the MR technician. It also does not ensure that subjects are always positioned in the same way for longitudinal experiments. Therefore, it is important that researchers specify the type of cushions used and, ideally, take a photograph showing how to position those cushions while the subject is in the coil. 5 Tell the subject that their neck/spine will be imaged and that if they move, image quality may be severely compromised. Mimic how not to swallow by exaggerating head and swallowing motions.

Asking subjects not to swallow at all can sometimes lead to more motion due to the swallowing reflex that is triggered once a large volume of saliva is accumulated. This can also pose a choking risk, given that subjects are in a supine position. As a compromise, notify the subject when they can swallow between scans. Ask the subject to breathe normally and to avoid taking deep breaths. Breathing pattern affects image quality owing to the dynamic B0 variations78 that result from respiration. The latter can cause ghosting on GRE data and pixel displacement on EPI sequences. ? TROUBLESHOOTING

Pulse oximeter

6 Install the pulse oximeter on one of the participant's fingers. The pulse oximeter will monitor the cardiac pulse, which will be used for cardiac gating on the DWI scan.

Positioning the isocenter (laser marking)

7 For thoracic/lumbar applications, set isocenter (laser) around the region of interest. If you are doing brain and cervical cord imaging, mark the isocenter right below the nose. This will ensure that the localizer will cover the desired region. Note that, for all other sequences, the table will move so that the center of the FOV is acquired at the scanner's isocenter (to ensure maximal gradient linearity).

Image acquisition • T m 20-30 min

c CRITICAL STEP Before starting the acquisition, make sure the coil elements are properly selected. If you are using a coil that corresponds to the saved protocol (Table 3), the correct elements should be automatically selected. If you are not using a default coil, or if you are acquiring in the thoracolumbar region, then you will need to select the elements corresponding to the FOV. For some manufacturers and platforms, the elements will be automatically selected depending on the location and size of the FOV (mode 'auto select' or 'SmartSelect'), but regardless, it is always important to double check. c CRITICAL STEP It is extremely important that you check each image right after its acquisition, not wait until the end of the imaging session. For example, if you notice that the wrong coil was used, fix the problem for the rest of the images (and reacquire the image if there is still time). Or if you spot excessive subject motion, talk to the subject before acquiring the next image.

T1w scan 8 Adjust the FOV so that it includes the whole head, as shown in Fig. You can check on the console if the field was modified appropriately, by looking at the 'image header', after reconstruction. You should get: (0 Å~ 0028, 0 Å~ 0010) = 192; (0 Å~ 0028, 0 Å~ 0030) = 1\1. 13 Acquire the T2w scan. Further details of interest about the parameters used in the T2W scan can be found in Box 2. ? TROUBLESHOOTING DWI scan 14 Use ZOOMit (Siemens), Zoom Diffusion (Philips) or FOCUS (GE), if available. Otherwise, use saturation bands for aliasing suppression (Fig. 6).

15 Center the FOV in the cord at the level of C3/C4 disc (Fig. 6). Rotate the FOV such that slices are orthogonal to the SC, in both the sagittal and coronal planes. c CRITICAL STEP Phase-encode should be A-P. [START_REF] Paquin | Spinal cord gray matter atrophy in amyotrophic lateral sclerosis[END_REF] Adjust the shim volume such that it covers the FOV, in both the sagittal and coronal planes (green box). 17 (Optional) For GE users only: click on 'shim volume', and then center on the SC. If you cannot modify the size of the shim box, do not worry. 18 (Optional) For GE users only: when tilting the slice, the TE might increase by a few ms.

If you wish to use the same TE throughout an entire study, try tilting the FOV in the coronal and sagittal plane, and report what the minimum TE is. The more you tilt, the longer the TE will be (hence, lower SNR) but the more conservative you will be in keeping a fixed TE throughout the entire study. 

Troubleshooting

Troubleshooting advice can be found in Table 4.

Anticipated results

In this section, we show images of the same subject acquired across the three manufacturers. Additional examples of good-quality data with interactive 3D visualization are shown in the spine generic website (https://spine-generic.rtfd.io/en/latest/data-acquisition.html#example-of-datasets).

The interactive embedding in the website is powered by Brainsprite (https://brainsprite.github.io/).

Good-quality T1w scans (Steps 8-10)

Figure 9 illustrates what good-quality T1w scans for all three manufacturers look like. All scans are devoid of any motion artifacts, and the signal is homogeneous throughout the SC. The SC is nicely visible in the medial sagittal plane.

Good-quality T2w scans (Steps 11-13)

In Fig. 10, we show good-quality T2w scans for all three manufacturers. All scans are devoid of any motion artifacts, and the signal is homogeneous throughout the SC. Like for the T1w scans, the SC is nicely visible in the medial sagittal plane.

Good-quality DWI scans (Steps 14-20)

In Fig. 11, we show good-quality DW scans for all three manufacturers. These DW images correspond to a diffusion gradient vector fairly orthogonal to the cord axis, hence the visible SC. When the diffusion gradient is oriented quasi-parallel to the cord, the signal in the cord almost vanishes. Notice the different noise patterns across the manufacturers, which is due to the different types of filters applied. These filters were present in the old version of the protocol but removed in the latest version.

Good-quality MT scans (Steps 21-25)

Figure 12 illustrates good-quality MT0, MT1 and T1w scans for all three manufacturers. Notice the slight motion artifact on the Philips MT0 scan. Also notice the strong signal intensity at the periphery of the tissue on the Siemens scans, which is due to the inactivation of the intensity bias filter. This filter is not relevant when computing qMRI metrics such as MTR or MTsat.

Good-quality ME-GRE scans (Steps 26-30)

In Fig. 13, we show good-quality ME-GRE scans for the three manufacturers. The contrast between GM and WM is good, and there is no visible ghosting or signal dropout. 

FIGURES

Fig. 1 -Illustration of the MRI metrics that could be extracted from the spine generic protocol. The top panel 'Cross-sectional area (CSA) measurements' shows morphometric measures of the spinal cord and its gray and white matter. The bottom panel 'Atlas-based analysis' on the left shows axial views of qMRI maps: MTR, fractional anisotropy (FA) and mean diffusivity (MD), with an overlay of four spinal tracts of general interest: the descending corticospinal tract (CST) and the ascending cuneatus, left (L) and right (R). The 'Atlas' image corresponds to the white matter atlas82, which includes 30WMtracts that could be used for computing metrics within specific tracts of interest. This atlas also includes six parcellations of the GM. The table presents average values of each metric in the corresponding tract.

Fig. 11 -Axial views of good quality data for DWI scans at b = 0 s/mm2 (top row) and b = 800 s/mm2 (bottom row). The DW image corresponds to a diffusion gradient vector fairly orthogonal to the cord axis, hence the visible spinal cord. Notice the different noise patterns across the manufacturers, which is due to the different types of filters applied across manufacturers; these filters were present in an older version of the protocol, but have been removed

in the latest version of the protocol in order to minimize differences across manufacturers. 

TABLES Table 1 -Purpose, pros and cons of sequences of the spine generic protocol Table 2 -Sequences included in the spine generic protocol Table 3 -Recommended receive coils for SC imaging for the GE, Philips and Siemens systems Table 4 -Troubleshooting table
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 49 Optional) For GE users only: to have the images reconstructed at the proper matrix size, click on 'Save Rx' → 'Scan', then click on 'Research' → 'Download'. Then click on 'Research' → 'Display CVs'. Then, modify the following control variables (CVs) accordingly: rhimsize = 320, rhrcxres = 320, rhrcyres = 256. You can check on the console if the field was modified appropriately, by looking at the 'image header', after reconstruction. You should get: (0 Å~ 0028, 0 Å~ 0010) = 192; (0 Å~ 0028, 0 Å~ 0030) = 1\1. 10 Acquire the T1w scan. Further details of interest about the parameters used in the T1W scan can be found in Box 1. ? TROUBLESHOOTING T2w scan 11 Center the FOV at C3-C4 as shown in Fig. 5. Align along the spine (see coronal view). 12 (Optional) For GE users only: to have the images reconstructed at the proper matrix size, click on 'Save Rx' → 'Scan', then click on 'Research' → 'Download'. Then click on 'Research' → 'Display CVs'. Then, modify the following CVs accordingly: rhimsize = 320, rhrcxres = 256, rhrcyres = 256.

Fig. 2 -Fig. 3 -Fig. 4 -Fig. 5 -Fig. 6 -Fig. 7 -Fig. 8 -Fig. 9 -Fig. 10 -

 2345678910 Fig. 2 -Sequences included in the spine generic protocol (in black) with possible applications (in red). The total acquisition time is 20-30 min, depending on the manufacturer/model.

Fig. 12 -Fig. 13 -

 1213 Fig. 12 -Axial views of good-quality data for MT0, MT1 and T1w scans. Notice the slight motion artifact on the Philips MT0 scan. Also notice the strong signal intensity at the periphery of the tissue on the Siemens scans, which is due to the inactivation of the intensity bias filter. This filter is not relevant when computing qMRI metrics such as MTR or MTsat.

  

  

  

  

  

  19 (Optional) For GE users only: to have the images reconstructed at the proper matrix size, click on 'Save Rx' → 'Scan', then click on 'Research' → 'Download'. Then click on 'Research' → 'Display CVs'. Then, modify the following CVs accordingly: rhimsize = 96, rhrcxres = 86, rhrcyres = 43. You can check on the console if the field was modified appropriately, by looking at the 'image header', after reconstruction. You should get: (0 Å~ 0028, 0 Å~ 0010) = 192; (0 Å~ 0028, 0 Å~ 0030) = 1\1. c CRITICAL Before starting the acquisition, make sure the PulseOx trigger is working (see Fig.7for an example). 20 Acquire the DWI scan. Further details of interest about the parameters used in the DWI scan can be found in Box 3. Make sure that the FOV center and orientation are the same as for the DWI scan. Normally, if you imported the full protocol, the FOV should be copied automatically from the DWI scan. If not, please do 'copy parameters' (center of FOV and orientation). 27 Adjust the shim box so that it follows the spine as closely as possible (Fig.8). 28 (Optional) For GE users only: to avoid confusion with regard to the slice orientation, save the protocol as 'axial'. Click on 'oblique' to rotate the slice in the sagittal and coronal planes. CVs'. Then, modify the following CVs accordingly: rhimsize = 448, rhrcxres = 224, rhrcyres = 224. 30 Acquire the GRE-ME scan. Further details of interest about the parameters used in the GRE-ME scan can be found in Box 5. ? TROUBLESHOOTING

	? TROUBLESHOOTING
	GRE-MT1/MT0/T1w scans
	21 Make sure that the FOV center and orientation are the same as for the DWI scan.
	Normally, if you imported the full protocol, the FOV should be copied automatically from
	the DWI scan. If not, use 'copy parameters' (center of FOV and orientation). Use 'auto'
	mode for shimming.
	22 (Optional) For GE users only: to avoid confusion with regard to the slice orientation, the protocol is
	saved as 'axial'. Please click on 'oblique' to be able to rotate the slice in the sagittal and coronal
	planes.
	23 (Optional) For GE users only: to match the RF frequency of other manufacturers, modify the CV
	off_rfmt.
	24 (Optional) For GE users only: to have the images reconstructed at the proper matrix size,
	click on 'Save Rx' → 'Scan', then click on 'Research' → 'Download'. Then click on 'Research' →
	'Display CVs'. Then, modify the following CVs accordingly: rhimsize = 192, rhrcxres = 172,
	rhrcyres = 172. You can check on the console if the field was modified appropriately, by looking at
	the 'image header', after reconstruction. You should get: (0 x 0028, 0 x 0010) = 192; (0 x 0028,
	0 x 0030) = 1\1.
	c CRITICAL STEP If you get a SAR limitation on the MT scan, increase the TR to the
	minimum suggested (e.g., going from 35 ms to 36 ms). If the TR is increased, it is very
	important that you also change the TR on the GRE-MT0 sequence (TR should be the same on the
	MT1 and MT0 scans).
	25 Acquire GRE-MT1/MT0/T1w scan. Further details of interest about the parameters used in the
	GRE-MT1/MT0/T1w scan can be found in Box 4.
	? TROUBLESHOOTING
	GRE-ME scan
	26

29 (Optional) For GE users only: to have the images reconstructed at the proper matrix size, click on 'Save Rx' → 'Scan', then click on 'Research' → 'Download'. Then click on 'Research' → 'Display
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