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Supplementary material

This section describes the data processing steps performed to estimate MTR, MTgy,

T, and MTV maps (see introduction section in the main manuscript for definitions) and to

register those maps to the MNI-Poly-AMU template [1] and WM atlas [2].
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1. Metric calculation

Analysis was performed using the Spinal Cord Toolbox (SCT) version 2.2.3 [3]. The
four FLASH images were first corrected for motion as follows: the image with flip angle
20° was used as target for the three other images which were first registered using
translations constrained in the z direction (2 degrees of freedom) and then slice-by-slice

regularized translations [4]. Each metric was then computed as follows.

1.1. MTR
The MTR (%) map was computed voxel-wise using the 3D FLASH images with 10°

flip angle with (MT,,) and without (MT,) off-resonance saturation pulse according to

the formula:

MT,;; - MT,,

MTR =
MT,ss

x 100

1.2. MTsat

The MTs, map was computed according to the method described in Helms et al. [5]

using the 3D FLASH image with 10° flip angle and off-resonance saturation pulse for the
MT-weighted image, and the 3D FLASH images (without off-resonance saturation) with

4 and 20° flip angles as the PD- and T;-weighted images respectively.

1.3. T,

The T; map was obtained using the Variable Flip Angle (VFA) method, analytically
resolving the steady-state signal of the FLASH sequence according to the exact solution
derived in Ganter [6]. This method accounts for incomplete spoiling and was shown to
reduce the usual T, overestimation of the VFA method [7] when compared to the gold-
standard inversion recovery method in the brain WM [8]. Briefly, it models the steady-

state signal as:
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TR
sin(a) - (1 — A*)|with E; = exp (— T_)

1

Ey

S(a) =K - |—i

D is a function of the flip angle a, E; and A, while A is defined by a continued fraction
expansion [6].

The flip angle a was corrected for transmit field inhomogeneities by computing a B,
map. This map was obtained using the double angle method [9-11] based on the 2D
segmented spin-echo EPI with flip angles of 60° and 120°; a strong smoothing (kernel of
25x25 voxels) was finally applied in plane in order to account for the low frequency
profile of the transmit field.

A depends on T,. Therefore prior knowledge of the T, value is necessary to solve the
equation. As the T, values of WM and GM are relatively close, a value of 73 ms was used

for the whole cord. For CSF, a T, value of 2500 ms was used [12].

1.4. PD and MTV

In the previous equation, K is a proportionality factor that includes the proton density,

the coil gain and the T, relaxation time; it can be modeled as K = MO - exp (— ;—E) where
2

MO = g - PD with g the coil gain and PD the water proton density. Thus, once T; and K
are determined, we can obtain M0 using T, values of 50 and 120 ms for the cord and CSF
respectively [13,14] (T, relaxation has a very small impact on the determination of M0
given the very short TE). Then, we use the M0 estimate to derive g and PD. To do so, the
method of analytical estimation of g [15] was adapted to the spinal cord. This method
consists of 5 general steps:

1- Splitting the cord into 2 clusters (WM and GM) using a k-means clustering

algorithm based on T, values,
2- Parceling the region of interest (ROI) into 3D boxes of 10x10x50 mm with a 50%

overlap between adjacent boxes,
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3- Discarding the boxes that do not include enough voxels (according to the
clustering made at step #1),

4- In each box, repeating the following steps six times:

B
T

a. Estimating PD based on the T; map and the empirical relation % =A+
[15-17] with initial values for the constants A and B taken from the
literature (0.916 and 436 respectively),

b. Estimating g as g = MO/PD,

c. Smoothing the estimated g by fitting a 3D 3™ order polynomial basis,

d. Calculating the new value of the constants A and B with the new g and the

MO
new PD = 7

5- Calculating a global gain from the local gains (g;) estimated in each box:
a. Calculating a scale factor (f;;) between adjacent boxes i and j in the
overlapping regions by resolving the multilinear system of minimization

equations:

I}lin{|gi — g, fij|} foreveryi,j €[12,..,nlandi #j
ij

b. Joining all the g; using the scale factors calculated previously to get a
global gain (g) in the cord,
c. Fittinga 3D 3 order polynomial basis to g in order to get an estimation of
the global gain in the whole image.
Finally, the PD needs to be calibrated by its value in CSF, assuming that CSF is only

made of liquid protons. To do so, the peak of the voxel values distribution in the CSF was

used to normalize the PD map: PD := P;D

The MTV is defined as the complement of

CSF

the free proton density, i.e. MTV =1 — PD.
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2. Template registration and metric estimation

For metric estimation within ROIs, the MNI-Poly-AMU template [1] and WM atlas
[2] were registered to the FLASH images. To do so, the warping field WFemplate  anat from
the template to the sagittal anatomic image, which shows a high contrast between cord
and CSF, was first estimated by registering the template to the sagittal image. Then, the
warping field WFanae  rLasn from the sagittal anatomic image to the FLASH images was
estimated based on the template WM probabilistic map (registered to the sagittal image)
and the GM segmentation made on the MT-weighted FLASH image (MT,,,), allowing us
to take into account the subject’s GM shape. Finally, the warping fields WF emplate yanat and
WFanat rLasn were concatenated to get a global warping field WFemplate ;rrasu from the
template space to the FLASH images space. Applying this global warping field to the
WM atlas enables to get a fairly good estimation (robust to noise and partial volume
effects) of each metric value in the different WM pathways using a Maximum A
Posteriori approach, as proposed in Lévy et al. [2].

To study the metrics variations across WM regions, metrics were estimated within
three sub-regions of the WM (right and left gathered) based on the spinal cord WM atlas
proposed by Lévy et al. [2]:

- The dorsal column (DC): fasciculus gracilis, fasciculus cuneatus;

- The lateral funiculi (LF): lateral corticospinal tract, spinocerebellar tract,

rubrospinal tract, lateral reticulospinal tract, spinal lemniscus;

- The ventral funiculi (VF): spino-olivary tract, ventrolateral reticulospinal tract,

lateral vestibulospinal tract, ventral reticulospinal, ventral corticospinal tract,

tectospinal tract, medial reticulospinal tract, medial longitudinal fasciculus.
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