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Supplementary material 
 

Alternative techniques not included in the protocol 
In this section we discuss alternative techniques to those included in the proposed protocol. These 
may include techniques that are still at the research stage but could eventually be added to the 
protocol.  

Advanced Shimming 

The default shim coils that are integrated in the MR system are usually not sufficient for 
compensating for the high spatial variations of the magnetic field across the SC axis, which has 
motivated the development of custom high-order shim coils [1,2].  

Another approach to further minimize B0 inhomogeneities is dynamic shimming, wherein shim 
coefficients are set for each slice independently. This approach only works for 2D imaging, but is 
particularly useful for axial EPI acquisitions. In the case of fieldSC imaging where axial slices are 
relatively thick (3-5mm), the dominant effect of field inhomogeneity is along the z direction 
(superior-inferior axis). Researchers have thus proposed to only correct for induced gradient fields 
along this axis, naming the approach z-shimming [3,4]. This technique has shown substantial 
improvement in image quality for gradient-echo EPI, notably by reducing  signal dropout, which 
is typically observed at the vicinity of intervertebral discs. For more details on shimming strategies 
for SC imaging, see [5]. 

Another important effect to consider is the dynamic nature of the B0 field, as it varies throughout 
respiration. This effect is particularly problematic when imaging close to the lungs, e.g. around 
vertebral levels C7-T1. B0 variation can be up to 70 Hz at 3T [6] and 110 Hz at 7T [7], causing 
voxel displacement in EPI readout and ghosting in EPI and non-EPI imaging. To tackle this issue, 
real-time shimming can be used, which consists in varying the shimming gradients during the 
subject’s breathing, as was demonstrated in the brain at 7T [8] and for the spinal cord at 3T [2]. 
All these advanced techniques are being actively developed, so there is hope that vendors will 
rapidly translate some of these innovations into widely-available products. 

Navigator echoes 

Navigator echoes can be used to measure drift in the B0 field, which can then be used to adjust 
the excitation frequency and/or the filling of k-space. This technique notably helps reduce ghosting 
and is important to ensure proper reconstruction of readout-segmented EPI sequences [9]. 
Navigators are effective for brain scans where most of the region of interest occupies the acquired 
volume. However, when applied to the SC area, they can create spurious phase offsets. This is 
because the SC represents a small portion of the acquired volume, shows a relatively poor shim, 
and is prone to multiple non-linear motions (e.g. muscles move independently of the cord), leading 

https://paperpile.com/c/BoJ3cy/pW9YZ+gevB5
https://paperpile.com/c/BoJ3cy/9O7Z6+mxJgJ
https://paperpile.com/c/BoJ3cy/3zP7j
https://paperpile.com/c/BoJ3cy/LumXQ
https://paperpile.com/c/BoJ3cy/aEFZ8
https://paperpile.com/c/BoJ3cy/6oeQQ
https://paperpile.com/c/BoJ3cy/gevB5
https://paperpile.com/c/BoJ3cy/92JHm
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to complex spatio-temporal phase distributions. One approach that seems promising is that of 2D 
or 3D navigators [10], whereby only a portion of the volume is selected to estimate phase 
dynamics. 2D or 3D navigator echoes could potentially be incorporated into the DWI sequence 
that is part of the spine generic protocol.  

B1+ mapping 

RF transmit field (B1+) maps are used in qMRI to correct for B1+ inhomogeneity-induced signal 
intensity variation. This can be particularly useful for obtaining accurate T1 [11] and MT 
measurements [12] and has recently been incorporated within the MTsat protocol [13]. B1+ maps 
can also be used for shimming the RF field in parallel transmit systems [14], which is of particular 
interest at ultra-high field strengths where dielectric artifacts present significant challenges for 
qMRI. B1+ maps can be obtained using a standard product double angle EPI sequence [12]. 
Some other commonly used methods include magnetization prepared TurboFLASH [15], spin-
echo/stimulated-echo acquisition [16], actual flip angle imaging [17], the DREAM sequence [18] 
and the Bloch Siegert method [19]. B1+ mapping is not currently included in the spine generic 
protocol but the protocol could be extended to do so.    

Phase sensitive inversion recovery (PSIR) 

In the last decade, sagittal turbo spin echo phase sensitive inversion recovery (PSIR) protocols 
have been successfully applied to SC imaging of MS patients and those with radiologically 
isolated syndrome (RIS) for lesion detection [20–22]. In 2013, an axial 3D gradient echo PSIR 
protocol was successfully applied for the first time in the SC of MS patients using a Philips 
scanner, showing very good gray matter/white matter/lesion contrast [23,24]. A clinically feasible 
gradient echo 2D PSIR protocol (about 2 minutes to acquire a single slice) was developed in 2015 
on a Siemens 3T scanner [25]. That 2D PSIR protocol has been assessed between the three 
major MRI vendors [26] and used to measure in vivo GM and WM areas at multiple SC levels 
(cervical and thoracic) in MS patients [27,28], motor neuron disease patients [29] and healthy 
controls [30,31]. 

Reconstruction, interpolation, filters 

Interpolation (e.g., via zero filling) is not recommended because it (i) can be done during post-
processing, (ii) takes more physical space for MRI raw data, and (iii) can introduce confusion as 
to what is the native resolution when sharing NIfTI data or publishing results. Related to this point, 
it is important to bear in mind that the true, Fourier resolution may be in general lower than the 
image spatial resolution (i.e. the nominal, physical pixel spacing), owing to point spread function 
blurring in k-space. This effect may be stronger for sequences featuring long echo trains, as for 
example fast spin echo (for T2w anatomical imaging) or EPI (for diffusion). 

https://paperpile.com/c/BoJ3cy/o7K31
https://paperpile.com/c/BoJ3cy/JjEc7
https://paperpile.com/c/BoJ3cy/yxiyL
https://paperpile.com/c/BoJ3cy/0YCkB
https://paperpile.com/c/BoJ3cy/WLxaO
https://paperpile.com/c/BoJ3cy/yxiyL
https://paperpile.com/c/BoJ3cy/AuQTr
https://paperpile.com/c/BoJ3cy/j5sHv
https://paperpile.com/c/BoJ3cy/eOQju
https://paperpile.com/c/BoJ3cy/CNqll
https://paperpile.com/c/BoJ3cy/tYMPF
https://paperpile.com/c/BoJ3cy/IasOG+H2HDJ+P9tH0
https://paperpile.com/c/BoJ3cy/NBXu9+jjEDJ
https://paperpile.com/c/BoJ3cy/PuW61
https://paperpile.com/c/BoJ3cy/EyXc5
https://paperpile.com/c/BoJ3cy/JXHOO+jMISV
https://paperpile.com/c/BoJ3cy/wOleE
https://paperpile.com/c/BoJ3cy/ZwKhS+jOroU
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Procedure 

Subject preparation 

Positioning and immobilization strategies 

A cervical collar is effective for reducing motion [32]. However, some disadvantages include that 
it may: (i) not fit in the coil (e.g., 64ch), (ii) increase the natural cervical cord lordosis, (iii) create 
discomfort for some subjects.  

Custom tight-fitting helmets, such as the CaseForge (https://caseforge.co/), are personalized 
helmets that fit perfectly in specific coil models. Their use has been shown to lead to highly 
reproducible positioning throughout longitudinal studies [33], however, they require customization 
and, hence, are not a viable solution for large-scale multi-center studies. 

 

Troubleshooting 
 
Figure S1. Illustration of 
the effect of not using the 
appropriate coil and/or 
not selecting the 
appropriate elements. On 
the left, the head coil 
elements (shown in red) 
were inactive during 
acquisition of the T1w 
scan (step 6), resulting in 
insufficient signal in the 
head region. On the right, 
the elements 
corresponding to the 
lower c-spine were 
inactive, resulting in low 
signal in this region.  

 

https://paperpile.com/c/BoJ3cy/Hl0Wb
https://caseforge.co/
https://caseforge.co/
https://paperpile.com/c/BoJ3cy/OdYGx
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Figure S2. T1w MPRAGE taken in the same subject (from the single-subject database) at two 
different sites on a Siemens Prisma system. The slightly larger cervical lordosis on the left likely 
induced more pronounced CSF flow and SC motion resulting in the artifact shown in the axial 
view. 

 

 
Figure S3. Illustration of the effect of subject motion on T1w (step 6), ME-GRE (step 8) (zoomed 
view) and ME-MT0 scans (step 9) (zoomed view). 
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Figure S4. T2w images illustrating a subject improperly aligned in the scanner (left). The effect 
could have been mitigated by rotating the FOV to align it with the medial plane (right). Left and 
right panels show views of the sagittal plane, coronal plane and a coronal plane with all slices 
averaged to highlight the orientation of the spine. 

 

 
Figure S5. T2w scans showing signal 
drops in the CSF likely due to a poorly-
recovered CSF signal combined with flow 
effects. These two subjects were acquired 
with FA = 180° instead of the 
recommended 120°, which likely explained 
the presence of those artifacts. A TR 
shorter than the recommended value would 
produce a similar artifact, due to insufficient 
T1 recovery in the CSF. 
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Figure S6. The left panel shows 
a GRE-MT image overlaid on a 
T1w image. The green cross is 
at the center of the FOV of the 
GRE-MT image. The right panel 
shows the T1w image without 
the overlay. There, we can see 
that the GRE-MT FOV is 
centered at the C2 vertebrae, 
whereas the requested FOV 
center was at the level of the 
C3-C4 intervertebral disc (step 
9). 

 
 

 
Figure S7. (a) Mean DWI scan from a Philips site (left) with a concatenated acquisition wherein 
odd slices are acquired during the first half of the entire acquisition (spanning all b-vectors) and 
the even slices are acquired during the second half. In the event of subject motion between those 
two acquisition sub-sets, apparent motion will be visible between the odd and even slices. When 
odd and even slices are acquired closer in time (in ascending/descending mode, or interleaved 
but sequentially within the same b-vector), this artifact is not visible (right). Such an artifact could 
be problematic for image registration with regularization along the S-I axis, or for performing 
diffusion tractography. (b) b=0 image from a DWI scan acquired with poor shimming and resulting 
signal dropout. (c) Another example of poor shimming resulting in sub-efficient fat saturation, with 
the fat being aliased on top of the SC. Here we show the mean DWI scan of a subject. (d) Effect 
of pulsatile effects on a non-cardiac gated acquisition. Diffusion-weighted scans (sagittal view) 
acquired at three b-vecs fairly orthogonal to the SC (i.e., diffusion-specific signal attenuation 
should be minimum in the SC), showing abrupt signal drop at a few slices (red arrows), likely due 
to cardiac-related pulsatile effects. 
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