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Introduction
A non-invasive, quantitative measurement of spinal 
cord pathology would be clinically valuable, given 
its critical involvement in motor, sensory, and auto-
nomic deficits in multiple sclerosis (MS). One prom-
ising quantitative magnetic resonance imaging (MRI) 
approach is myelin water imaging (MWI), which can 
be performed using multi-component T2 relaxation 
analysis to quantify the magnetic resonance (MR) 
signal from different water environments within each 
voxel.1 Healthy central nervous system tissue typi-
cally demonstrates two components, intra- and 

extracellular water (T2 ~70 ms) and myelin water 
located between myelin bilayers (T2 ~15 ms).1 The 
myelin water fraction (MWF) is defined as the frac-
tion of MR signal from myelin water to the total 
water.1 MWF has been histopathologically validated 
as an in vivo marker of myelin and applied to study 
myelin abnormalities in various neurological dis-
eases including MS.2–4

While the majority of publications have focused on 
the brain, recent studies have shown robust myelin 
measurements in the spinal cord of healthy volunteers 
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and disease pathology using MWI.5,6 In this study, we 
investigated the myelin heterogeneity index (MHI), 
calculated as the MWF standard deviation divided by 
the mean within a region of interest (ROI). MHI 
increases during demyelination, as both the variabil-
ity of MWF increases and the mean MWF decreases, 
providing superior sensitivity in distinguishing mye-
lin abnormality from normal inter-individual variabil-
ity. We investigated whether (1) cervical cord myelin 
was more variable in MS compared to healthy con-
trols (HCs) and (2) the degree of cervical cord myelin 
heterogeneity reflected clinical symptoms within 
ROIs.

Methods

Study participants
Forty-one relapsing-remitting multiple sclerosis 
(RRMS), 38 progressive multiple sclerosis (ProgMS), 
and 31 age- and sex-matched HC participants with no 
previously known neurological disorders participated 
in the study. All MS participants fulfilled the 2017 
revised McDonald diagnostic criteria.7 Participants 
were excluded if they had active infectious disease or 
a history of neurological conditions other than MS. 
RRMS participants treated with fingolimod or mono-
clonal antibodies at the time of baseline scan were 
excluded from the study. MS participants, who were 
treated with glatiramer acetate, dimethyl fumarate, 
teriflunomide, interferon beta, or steroids at the time 
of visit, were included in the study. Participants were 
recruited either online, via advertisement on local 
health authority websites, or in person through the 
University of British Columbia Hospital MS Clinic. 
All participants provided written informed consent 
prior to participation. This study was approved by the 
clinical research ethics board at the University of 
British Columbia (H17-00866).

Clinical assessments
Kurtzke’s Expanded Disability Status Scale (EDSS) 
score8 was evaluated by a trained neurologist, who 
completed Neurostatus training. Timed 25-foot 
walk (T25W) assessed ambulation by measuring the 
amount of time required for walking a distance of 
25 feet as quickly as possible.9 Nine-Hole Peg Test 
(9HPT) assessed upper limb function by measuring 
the amount of time required to individually insert 
pegs into each of the nine holes then removing 
them.9 Disease duration was defined as the period of 
the disease course since the onset of first 
symptoms.

MRI data acquisition
MRI data were acquired on a Philips Achieva 3.0 T 
scanner (Philips Medical Systems, Best, The 
Netherlands) using a 6-channel spine coil at the 
University of British Columbia MRI Research 
Center. T2 relaxation MWI data were obtained using 
a 3D gradient and spin echo (GRASE) sequence (32 
echoes, TE = 10 ms, TR = 1500 ms, eight slices 
acquired at 0.75 × 0.75 × 5 mm3 reconstructed to 16 
slices at 0.63 × 0.63 × 2.5 mm3, field of view 
(FOV) = 180 × 150 × 40 mm3, SENSE factor = 2, 
acquisition time = 8.5 min) in the cervical spinal 
cord.10 A high-resolution T2*-weighted multi-echo 
fast gradient echo (mFFE) sequence (5 echoes, 
TE1 = 6.5 ms, ΔTE = 8.2 ms, TR = 809 ms, 16 slices, 
acquired at 0.8 × 0.8 × 2.5 mm3 reconstructed to 
0.3 × 0.3 × 2.5 mm3, FOV = 150 × 150 × 44 mm3, acqui-
sition time = 5 min) was acquired for tissue segmenta-
tion and image registration. Axial scans were centered 
at the level of the C2/C3 intervertebral disk with the 
image plane perpendicular to the longitudinal axis of 
the cord.

Data analysis
The 32-echo GRASE T2 decay curves were analyzed 
using regularized non-negative least squares with the 
extended phase graph algorithm and stimulated echo 
correction to obtain voxel-wise T2 distributions (40 
logarithmically spaced T2 values from 15 to 
2000 ms).1,10,11 Signal with a T2 relaxation time under 
40 ms was attributed to myelin water. Voxel-wise 
MWF maps were computed as the ratio of the myelin 
water signal to the total water signal.1 T2 analysis was 
performed using in-house software code (analysis 
program available from this URL: https://mriresearch.
med.ubc.ca/news-projects/myelin-water-fraction/) 
developed at the University of British Columbia.12

Image registration and tissue segmentation were per-
formed using the Spinal Cord Toolbox (SCT) 3.2.7.13 
The spinal cord and gray matter were segmented 
using sct_deepseg_sc and sct_deepseg_gm tools, 
respectively. SCT 3.1.0 was used for sct_register_
graymatter. Whole cervical cord and global white 
matter (WM) masks were extracted from the mFFE 
image. Three isolated ROIs of the dorsal column, lat-
eral funiculi, and ventral funiculi were obtained using 
an iterative, non-linear registration to transform the 
PAM50 spinal cord template from standard space to 
mFFE space (Figure 1).14 This provided probabilistic 
ROIs, which were thresholded to only include voxels 
with probability greater than 0.5 to reduce partial vol-
ume effects. ROIs were then visually inspected to 
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ensure high-quality registration, absence of pulsation 
artifacts from cerebrospinal fluid (CSF) flow and cor-
rect anatomical coverage. For our purposes of assess-
ing global myelin abnormalities in each ROI, ROIs 
included both lesion and normal-appearing white 
matter (NAWM) tissue. MHI (myelin heterogeneity) 
was calculated within each ROI for the 10 middle 
slices due to potential wrap-around artifact in the fur-
thest rostral or caudal slices of the imaging volume.

Statistical analysis
A one-way analysis of variance (ANOVA) with Tukey 
post hoc test for multiple comparisons was performed 
to compare MHI in the cervical cord between RRMS, 
ProgMS, and HC. Spearman’s rank correlation coef-
ficient was used to assess relationships between MHI 
and clinical disability. P ⩽ 0.05 was reported as sig-
nificant. Statistical analyses were conducted in R ver-
sion 3.3.3.

Results
Table 1 displays the participant demographic and 
clinical information including sex, age, disease dura-
tion, EDSS, 9HPT, and T25W. Data from six RRMS, 
eight ProgMS, and three HC were excluded due to 
imaging artifacts, resulting in the including of 

imaging data from 35 RRMS, 30 ProgMS, and 28 
HC. EDSS data were unavailable for two participants 
due to time restrictions. 9HPT and T25W data were 
unavailable for 8 and 13 participants, respectively, as 
they could not perform these tasks due to their disabil-
ity (e.g. wheelchair dependent) or time restrictions.

Compared to HC, ProgMS MHI was higher in the 
whole cervical cord (+9.5%, p = 0.04), global WM 
(+19%, p = 0.0009), dorsal column (+31 %, 
p < 0.0001) and lateral funiculi (+17 %, p = 0.01; 
Figure 2). ProgMS did not differ from HC in MHI of 
the ventral funiculi. ProgMS had a higher MHI com-
pared to RRMS in global WM (+13%, p = 0.02) and 
dorsal column (+26 %, p < 0.0001), with trends in 
whole cervical cord and lateral funiculi (Figure 2). 
RRMS was not significantly different from HC in any 
region.

As seen in Figure 3, when all MS participants were 
included, MHI correlated with EDSS in global WM 
(r = 0.35, p = 0.005), dorsal column (r = 0.36, 
p = 0.004), and lateral funiculi (r = 0.33, p = 0.009). 
MHI also correlated with 9HPT in whole cervical 
cord (r = 0.40, p = 0.002), global WM (r = 0.47, 
p = 0.0002), dorsal column (r = 0.52, p < 0.0001), and 
lateral funiculi (r = 0.32, p = 0.02). Finally, MHI cor-
related with disease duration in global WM (r = 0.31, 
p = 0.01), dorsal column (r = 0.24, p = 0.05), and 

Figure 1. An example of cervical cord images at the C2/C3 level of a progressive multiple sclerosis participant. Images include multi-echo fast gradient 
echo (mFFE), gradient and spin echo (GRASE), myelin water fraction (MWF) map, and regions of interest on PAM50 standard template space.

Table 1. Clinical and demographic information of the participants.

Group Sex (% 
female)

Mean age 
(range) (years)

Mean disease duration 
(range) (years)

Median 
EDSS (range)

Mean 9HPT 
(range) (seconds)

Mean T25W 
(range) (seconds)

HC (n = 28) 10M/18 F (64) 45 (27–65) N/A N/A N/A N/A

RRMS (n = 35) 9M/26 F (74) 44 (26–61) 11 (0.3–48) 2.5 (1.0–6.0) 20.1 (14.2–31.6) 4.4 (3.2–6.4)
ProgMS (n = 30)
PPMS (n = 11)
SPMS (n = 19)

11M/19 F (63) 57 (48–65) 22 (1–43) 4.0 (2.0–7.5) 25.4 (17.1–47.7) 6.7 (3.1–13.3)

RRMS: relapsing-remitting multiple sclerosis; ProgMS: progressive multiple sclerosis; HC: healthy control; PPMS: primary-progressive multiple sclerosis; 
SPMS: secondary-progressive multiple sclerosis; EDSS: Expanded Disability Status Scale; N/A: not applicable.
From the original study cohort of 41 RRMS, 38 ProgMS, and 31 HC, 6 RRMS, 8 ProgMS, and 3 HC were excluded in the analysis due to imaging artifacts.
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lateral funiculi (r = 0.30, p = 0.02). RRMS alone 
showed no significant correlations. ProgMS had 
stronger correlations when RRMS were removed 
between MHI and EDSS in whole cervical cord 
(r = 0.52, p = 0.004), global WM (r = 0.42, p = 0.02), 
and lateral funiculi (r = 0.46, p = 0.01) and between 
MHI and 9HPT in whole cervical cord (r = 0.48, 
p = 0.01), global WM (r = 0.45, p = 0.02) and dorsal 
column (r = 0.52, p = 0.005). No significant correla-
tions were found between MHI and T25W.

Discussion
In this study, we used a novel myelin-related MRI 
metric to characterize the degree of myelin abnormal-
ity in the cervical cord of RRMS and ProgMS, and 
probe if that myelin abnormality was related to clini-
cal measures. We found a higher MHI in ProgMS 
compared to RRMS and HC. There were significant 
correlations between MHI and clinical disability, as 
measured by EDSS and 9HPT, that were best appreci-
ated in ProgMS. The correlations were not being 
driven by a bi-modal distribution with separate 
clumps of patient groups. In order to determine a suf-
ficient sample size to have detected a significant dif-
ference in MHI between RRMS and HC for each 
ROI, we performed power analyses using the MHI 
mean and standard deviation from Table 2. Using the 
G*Power program (version 3.1.9.3), a sample of 112 
(lateral funiculi), 153 (whole cervical cord and global 
WM), 255 (ventral funiculi) and 527 (dorsal column) 
in each group would be needed to achieve 80% power 
using a two-sample independent t-test with alpha at 
0.05.

A previous study by Kolind et al.15 using another mye-
lin-sensitive technique (mcDESPOT) reported a simi-
lar association between mean MWF in cervical cord 

and EDSS (r = –0.53, p = 0.04) and 9HPT (r = 0.49, 
p = 0.06) in primary ProgMS. Since the lateral corti-
cospinal tract is responsible for motor control of the 
limbs, a correlation between lateral funiculi MHI and 
EDSS and/or 9HPT is expected. High MHI in the dor-
sal column could be associated with reduced dexterity 
(cuneate fasciculus) and balance (gracile fasciculus), 
reflecting demyelination in large, heavily myelinated 
fibers of the ascending proprioceptive pathways. 
Previous studies using animal models have found that 
damage to cuneate fasciculus of the dorsal column dis-
rupted fine movement control of fingers and impaired 
response to tactile stimuli of the hand.16,17 The absence 
of a significant correlation with disability in RRMS 
participants despite a wide range of MHI could be due 
to a shorter disease duration or greater capacity to 
repair in RRMS. It could also reflect that a certain 
threshold of damage to myelin is required before com-
pensatory mechanisms start to fail.

Although myelin abnormality can be studied by com-
paring mean MWF (myelin content) between groups, 
there is substantial biological variation of myelin con-
tent between individuals.18,19 This confounds whether 
a lower mean MWF value, for example, in an MS 
patient, can be attributed to myelin loss from disease 
processes rather than natural inter-individual varia-
tion. The MWF variance (myelin heterogeneity) 
within an ROI may help mitigate this limitation. MHI 
incorporates both the mean and variance of MWF. 
Either low mean MWF or high MWF variance would 
result in a high MHI, indicative of myelin abnormal-
ity. Partial demyelination along a tract would decrease 
the mean MWF and increase the heterogeneity. Since 
MHI captures a change in mean and variance, it is 
more sensitive to myelin damage than using mean 
MWF alone, particularly in cross-sectional studies 
with limited sample size. Recently, Abel et al.20 

Figure 2. Myelin heterogeneity index (MHI) was compared between healthy controls (HCs), relapsing-remitting multiple sclerosis (RRMS), and 
progressive multiple sclerosis (ProgMS). Regions of interest included whole cervical cord, global white matter, dorsal column, lateral funiculi and 
ventral funiculi.
Significant differences are indicated with *p < 0.05, **p < 0.005, ***p < 0.0005. Please note that to keep a uniform y-axis scale, one data point (MHI = 1.19 in an 
RRMS participant) from the Ventral Funiculi plot is not shown.
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showed that MWF variance was higher in MS and 
more consistent between healthy individuals than 
mean MWF. They also found an inverse relationship 
between myelin heterogeneity and cognitive process-
ing speed performance in MS, which was not signifi-
cant using the mean MWF.20 Furthermore, Wearn  
et al.21 proposed that T2 heterogeneity in the brain 
may be a superior measure than mean T2 to predict 
cognitive decline and to be used as an early marker of 
Alzheimer’s disease pathology. These past findings 

support that MHI may be a more sensitive metric to 
detect subtle alterations in cervical cord myelin that 
may not be evident with mean MWF measures alone.

Despite the importance of the spinal cord involve-
ment in MS, fewer MRI studies have been performed 
in the spinal cord than the brain due to inherent  
technical challenges.22 Specifically, the spinal cord  
has small cross-sectional dimensions and is prone  
to artifacts due to motion, flow, and magnetic 

Figure 3. Correlations between MHI and EDSS (left column), 9-Hole Peg Test (9HPT) (middle column) and disease duration (right column) in 
(from top to bottom) whole cervical cord, global white matter, dorsal column, lateral funiculi, and ventral funiculi at C2/C3 level across relapsing-
remitting MS (blue) and progressive MS (red).
Spearman coefficients are reported for all MS (solid black), relapsing-remitting MS (dashed blue), and progressive MS (dotted red) and marked with an asterisk (*) 
if p < 0.05. Please note that x-axes are uniform, except 9HPT versus ventral funiculi MHI plot.
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susceptibility.22 However, recent technical advance-
ments have made spinal cord MRI possible with clin-
ically feasible quality and acquisition time.6

Although magnetization transfer (MT) imaging and 
diffusion tensor imaging (DTI) have also been used to 
study spinal cord myelin in vivo, they are less patho-
logically specific than MWI.15,23,24 MT contrast is 
generated by the exchange of magnetization between 
mobile (free) water protons and immobile (restricted) 
protons bound to macromolecular proteins and lipids 
such as in myelin.25 However, MT can also be affected 
by edema, inflammation, and axonal density.26 In a 
previous study, MT metrics in the spinal cord had a 
weak correlation with EDSS.27 DTI evaluates the 
directionality and magnitude of diffusivity of water 
molecules to provide information about neuron orien-
tation and WM tissue integrity.28 DTI measures have 
been shown to reflect myelin, fiber coherence, axonal 
density, and membrane permeability.29,30 In MS, 
radial diffusivity and fractional anisotropy were found 
to relate to 9HPT, T25W, and EDSS in the dorsal col-
umn and lateral funiculi, which supported our find-
ings except for the T25W.31

Lesions were not removed from our regions since a 
correlation between MHI and the clinical measures 
should reflect the integrity of the whole tract includ-
ing both normal-appearing and lesional tissue. 
Furthermore, previous work with MWI had shown lit-
tle effect of removing lesions from analysis due to the 
relatively small volume and heterogeneous nature of 
the amount of demyelination in various lesions.32 
However, inclusion of lesion volume/count and cord 
volume may increase sensitivity to disability meas-
ures and will be assessed in future studies with longi-
tudinal data.

In this study, our data were collected at a single site 
using a single scanner, which may limit the generaliz-
ability of our results. However, previous MWI studies 

demonstrated good intersite (mean MWF coefficient 
of variation (COV) = 4.68 %) and inter-vendor (mean 
MWF COV = 2.77 %) reproducibility.18,33 This sup-
ports the feasibility for multicenter studies to use 
MWI to further improve our understanding of the 
pathological processes in MS that may contribute to 
clinical disability. In addition, we included a hetero-
geneous population from different parts of the MS 
spectrum to represent a wide range of the real-world 
MS population. While the HC group was matched by 
sex and age to the MS group as a whole, the RRMS 
and ProgMS groups differed in terms of age, EDSS, 
and disease duration by the nature of the phenotypes. 
While sex and age (within this age range) have been 
shown to play only minor or negligible roles in MWF 
in healthy brain,34 disease duration appears to play a 
more important role in ProgMS than RRMS in our 
cohorts (Figure 3); understanding the impact of these 
different characteristics of the groups warrants further 
exploration in a larger cohort. Another factor worthy 
of consideration is that we scanned the cervical cord, 
particularly C2/C3 level, rather than the whole spinal 
cord. While this may be considered a limitation, pre-
vious studies have shown that focal spinal cord dam-
age (lesional tissue) in MS was most often found in 
the cervical region.35 Restricting the imaging FOV to 
the cervical spine allows for higher image resolution 
and shorter acquisition time, which in turn helps to 
minimize motion artifacts and patient discomfort. The 
increased amount of vertebral bone lower in the tho-
racic spinal cord exacerbates artifacts from magnetic 
field inhomogeneity, such as signal loss and image 
distortion. The cervical cord, particularly the ventral 
funiculi region, is substantially smaller than the brain, 
making it more prone to partial volume effects. 
Therefore, MWI results from ventral funiculi should 
be interpreted with caution. Furthermore, while 
axonal loss and cord atrophy are clinically relevant, 
their presence indicates that tissue destruction has 
already taken place. Therefore, it would be clinically 
useful to measure myelin, which has the capacity to 

Table 2. Inter-participant mean, SD, and COV for the MHI within each region of interest.

HC (n = 28) RRMS (n = 35) ProgMS (n = 30)

 Mean SD COV Mean SD COV Mean SD COV

Whole cervical cord MHI 0.49 0.07 0.15 0.51 0.07 0.14 0.54 0.07 0.14

Global white matter MHI 0.40 0.07 0.18 0.42 0.07 0.17 0.47 0.08 0.17

Dorsal column MHI 0.33 0.07 0.22 0.34 0.06 0.18 0.43 0.13 0.29

Lateral funiculi MHI 0.41 0.09 0.22 0.44 0.09 0.21 0.48 0.10 0.20
Ventral funiculi MHI 0.48 0.09 0.20 0.51 0.17 0.33 0.48 0.10 0.21

SD: standard deviation; COV: coefficient of variation; MHI: myelin heterogeneity index; RRMS: relapsing-remitting multiple 
sclerosis; ProgMS: progressive multiple sclerosis; HC: healthy control.
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repair and remyelinate, to determine the critical time 
window of opportunity to intervene to delay disease 
progression and prevent permanent disability.

Our findings support the efficacy of using GRASE-
derived MWI metrics, acquired with a clinically fea-
sible acquisition time of about 8 min, to study myelin 
pathology in the cervical spinal cord of MS. MWI 
provides an in vivo marker of myelin that can indicate 
the presence of myelin abnormality in the spinal cord 
of MS. This measurement supplements conventional 
(clinical) MRI findings by providing additional infor-
mation about biological changes within normal-
appearing and lesional tissue. Therefore, MWI could 
serve as a valuable tool for monitoring therapeutic 
effects, disease progression, tissue repair, and neuro-
protection in MS and other diseases involving myelin 
pathology.
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