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Background: Associations between brain total sodium concentration, disability, and disease progression have recently
been reported in multiple sclerosis. However, such measures in spinal cord have not been reported.
Purpose: To measure total sodium concentration (TSC) alterations in the cervical spinal cord of people with relapsing–
remitting multiple sclerosis (RRMS) and a control cohort using sodium MR spectroscopy (MRS).
Study Type: Retrospective cohort.
Subjects: Nineteen people with RRMS and 21 healthy controls.
Field Strength/Sequence: 3 T sodium MRS, diffusion tensor imaging, and 3D gradient echo.
Assessment: Quantification of total sodium concentration in the cervical cord using a reference phantom. Measures of spinal
cord cross-sectional area, fractional anisotropy, mean diffusivity, radial diffusivity, and axial diffusivity from 1H MRI. Clinical assess-
ments of 9-Hole Peg Test, 25-Foot Timed walk test, Paced Auditory Serial Addition Test with 3-second intervals, grip strength,
vibration sensitivity, and posturography were performed on the RRMS cohort as well as reporting lesions in the C2/3 area.
Statistical Tests: Multiple linear regression models were run between sodium and clinical scores, cross-sectional area, and
diffusion metrics to establish any correlations.
Results: A significant increase in spinal cord total sodium concentration was found in people with RRMS relative to healthy
controls (57.6 ± 18 mmol and 38.0 ± 8.6 mmol, respectively, P < 0.001). Increased TSC correlated with reduced fractional
anisotropy (P = 0.034) and clinically with decreased mediolateral stability assessed with posturography (P = 0.045).
Data Conclusion: Total sodium concentration in the cervical spinal cord is elevated in RRMS. This alteration is associated with
reduced fractional anisotropy, which may be due to changes in tissue microstructure and, hence, in the integrity of spinal cord tissue.
Level of Evidence: 1
Technical Efficacy Stage: 2
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MULTIPLE SCLEROSIS (MS) can affect the whole cen-
tral nervous system, including the brain, optic nerves,

and the spinal cord, and is characterized by neu-
roinflammation leading to demyelination and neuronal
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damage. The metabolic mechanisms behind the neu-
rodegeneration remain poorly understood. Recently, studies
have suggested that the neuronal loss maybe driven by an
accumulation of sodium in tissue, resulting from a distur-
bance in the delicate balance of the Na+/K+ pump, leading to
a toxic increase in intra-axonal Ca2+.1,2

With the emergence of ultrashort echo-time
(TE) sequences, using sodium (23Na) magnetic resonance imag-
ing (MRI) for noninvasive measures of sodium in vivo has
become clinically feasible.3 The quantitative assessment of total
sodium concentration (TSC) in healthy and MS subjects has led
to new in vivo evidence on the involvement of sodium ion accu-
mulation in MS.4-8 A TSC increase in the brain has been corre-
lated with disability in relapsing–remitting MS (RRMS)
patients.4,5 However, the mechanisms of TSC changes in the
spinal cord and their clinical relevance in MS is unclear.

23Na-MRI in the spinal cord remains a challenge
mainly due to the small cross-sectional area (CSA) of the cord
and inherent limitations of sodium imaging, such as low
signal-to-noise ratio and ultrashort T2 relaxation components
of the sodium signal (<5 msec).9

To overcome these drawbacks, we have proposed an
alternative approach using instead 23Na MR spectroscopy
(23Na-MRS), which has proven successful in healthy sub-
jects.10 Using this method, a single large voxel is acquired
covering a portion of the cervical spinal cord to maximize the
measurable signal.

In this work we measured TSC alterations in the cervi-
cal spinal cord of people with RRMS and a control cohort
and investigated the associations with cross-sectional area, dif-
fusion metrics, lesion presence, and clinical scores.

Materials and Methods
All subjects provided written informed consent and the study was
approved by the Institutional Research Ethics Committee. Inclusion
criteria were no known neurological conditions (except MS for RRMS
group), age 18–65, and no contraindications for an MRI study. Also,
the ability to comfortably get off the scanner bed with the aid of a step.

Subjects
Ambulatory patients with RRMS attending MS clinics at the National
Hospital for Neurology and Neurosurgery (London, UK) were invited
to take part in the study. A total of 19 people with an RRMS diagno-
sis11 and 21 healthy controls (HCs) were recruited (mean age [SD]:
46 [10] years, 17 female and 34 [9] years, 9 female, respectively).

Group sizes were determined based on previous work in HC
(10) and the reported TSC in RRMS normal-appearing white matter
(NAWM) brain tissue 6) (power 0.8, P = 0.05), which determined a
sample size of n = 16 per group. Groups were larger to manage any
potential data rejection.

MRI
Volunteers underwent MRI on a 3T Achieva TX system (Philips
Healthcare, Best, The Netherlands). The Q-Body coil was used to

acquire 1H T2-weighted turbo spin echo (2D T2w-TSE) images of
the cervical cord in the sagittal and coronal planes to facilitate posi-
tioning of the 23Na-MRS voxel.

A fixed tuned transmit-receive sodium coil (Rapid, Germany)
was used for acquiring 23Na-MRS. Subjects were positioned so the
C2/3 level was covered by the sensitive area of the coil. An image-
selected in vivo spectroscopy (ISIS) sequence was used to select a
voxel (9 × 12 × 35 mm3), centered on the C2-3 intervertebral disc
(Fig. 1).10 To ensure minimal contamination from cerebrospinal
fluid (CSF) and bones, inner-volume saturation pulses (slabs) were
positioned in the anterior–posterior and right–left directions. Given
that ISIS is susceptible to motion, the sodium exam was kept very
short (4 minutes for the sodium MRS), and cardiac triggering was
not employed; this meant a shorter relaxation time (TR) (300 msec)
was achievable. Additionally, a neck brace was used to eliminate
motion during the scan. In all, 800 averages were collected with a
sweepwidth of 6000 Hz and 1024 samples.An identical 23Na-MRS
scan was acquired on an external calibration reference phantom con-
taining 44.8 mM NaCl, with similar loading to the human head, for
quantification.10

23Na Quantification
Data were processed using jMRUI12,13 and underwent phasing,
apodization (20 Hz), and zerofilling (2048), using the AMARES
algorithm. Differences in T1 and T2 values between phantom and
tissue were also accounted for, as previously reported, using relaxa-
tion rates from healthy brain tissue.14,15 The ratio of the two
corrected signals was then used to quantify the sodium concentration
for each volunteer.10 As phantom loading was similar to a human
head, no corrections for loading were performed for either group.

1H MRI

MEASUREMENT OF CSA. 1H gradient echo images, covering
the same area as the MRS voxel, were acquired using a 16-channel
neurovascular coil. 3D fat-suppressed fast field-echo (3D-FFE) scans
were acquired in the axial plane consisting of 10 contiguous slices
(0.5 × 0.5 mm2 resolution, 5-mm slice thickness, TR / echo time
[TE] = 23/5 msec, flip angle = 7�, 180 × 240 mm2

field of view),
scan time 14 minutes.

CSA was computed automatically from the 3D-FFE for each
subject using a spinal cord (SC) segmentation algorithm,16 which
uses an external and independent database of spinal cord images and
their associated segmentations to extract a spinal cord mask for each
slice (Fig. 2). These masks were then used to find the average CSA
corresponding to the 23Na-MRS voxel.

DTI. A reduced field-of-view echo-planar (ZOOM-EPI) diffusion
tensor imaging (DTI) sequence was acquired, with 30 evenly distrib-
uted diffusion gradient directions at b = 1000 s/mm2 and three
non-diffusion-weighted (b = 0) volumes.17,18 The DTI was cardiac
triggered at 4RR, 1 × 1mm2 resolution, 5-mm slice thickness,
TE = 52 msec, field of view = 64 × 48 × 50 mm3, 10 slices, SENSE
factor 1.5, and a total scan time of 8 minutes.

Each diffusion-weighted image was corrected for eddy current-
induced distortions and subject movements using NiftiReg.19 The
NiftyFit toolbox was used to compute standard DTI metrics,20

2

Journal of Magnetic Resonance Imaging



including fractional anisotropy (FA), radial diffusivity (RD), mean
diffusivity (MD), and axial diffusivity (AD).

Using the b = 0 images from the diffusion-weighted scans,
masks of the spinal cord were manually drawn in FSLview (https://
fsl.fmrib.ox.ac.uk/fsl/); the masks were subsequently eroded in-plane
by one voxel to reduce partial volume effects between tissue and the
surrounding CSF; slices beyond the 23Na-MRS voxel were excluded
from the mask (Fig. 3). These masks were used to extract mean FA,
RD, MD, and AD values for each subject.

LESION COUNT. Lesion count was considered by noting lesions
on the 3D-FFE slices, which covered the 23Na-MRS voxel by two
experienced raters independently (M.Y., 10 years’ experience and
B.S., 3 years’ experience). We recorded 1) if diffuse lesions were pre-
sent; 2) if focal lesions were present; and 3) any type of lesion was
present in addition to the percentage of slices affected by lesions.

Clinical Assessments
The following assessments were carried out on the RRMS cohort
only, on the same day as the MRI examination: Multiple Sclerosis
Functional Composite (MSFC), grip strength, vibration sensitivity,
and posturography as part of the research. The expanded disability
status scale (EDSS) score was gathered from the most recent clinical
exam (0–12 months from date of scan).

MSFC. RRMS patients were asked to perform the 9-Hole Peg Test
(9-HPT),21,22 25-Foot Timed walk test (TWT),23 and Paced Audi-
tory Serial Addition Test with 3-second intervals (PASAT-3).24 The
z scores were calculated for 9-HPT and TWT, and the three tests
were used to find the MSFC for each subject using the task force
database.22,23

GRIP STRENGTH AND VIBRATION SENSITIVITY. Mean grip
strength from the upper and lower limbs was measured using the

FIGURE 1: (a) 2D T2-weighted turbo spin-echo (2Dw-TSE) scan in the sagittal plane showing the 23Na magnetic resonance
spectroscopy voxel positioning (red) and the placement of the saturation slabs (dashed blue with orange contour and midline), and
(b) representative spectra from in vivo and phantom scans.

FIGURE 2: 1H MRI of the cervical cord in the axial plane, covering the same volume as the 23Na MR spectroscopy voxel, showing (a)
an example slice through cervical 2/3 level of a healthy control, (b) the binary mask corresponding to the cross-sectional area, and (c)
the presence of a lesion (shown in a patient).
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Jamar hydraulic dynamometer (Sammons Preston, Boling-
brook, IL).25

Vibration perception thresholds (VPTs) were measured from
all four limbs at the lateral malleoli and ulna styloid processes using
the biosthesiometer (Bio-Medical Instrument, Newbury, OH).
Mean VPTs were calculated and used in the analysis.

POSTUROGRAPHY. A 3D orientation sensor (MTx: Xsens,
Enschede, NL), attached below the shoulder blades, measured the
motion in the trunk in the anteroposterior (pitch) and mediolateral
(roll) planes and was sampled at 100 Hz.26 Postural stability was
assessed by asking subjects to stand facing a blank wall at a distance
of 1 m, for 40-second intervals. Three trials of each of four condi-
tions, consisting of two stance widths (inter-malleolar distance of
32 cm and 4 cm) and two visual conditions (eyes either open or
closed), were recorded. The means of the three trials per condition
were used for statistical analysis.

Statistical Analysis
To assess interobserver lesion count agreement between raters, the
intraclass correlation coefficient (ICC) was calculated for focal, dif-
fuse, and total lesion percentage.

Multiple linear regression models were built with Stata/SE
14.2 (StataCorp, College Station, TX) used to investigate differences
in TSC between RRMS and HC groups. In these models, TSC was
considered the dependent variable and cohort (patient/control) was
considered an independent variable. These models were adjusted for
potential confounders such as age, gender, CSA, and the presence of
lesions in the spinal cord. As a secondary analysis, differences in
CSA between patients and controls were also assessed through linear
regression in a similar way.

Multiple linear regression models were also built to identify
associations between TSC and CSA and DTI metrics in RRMS
patients. In these models, TSC was considered the dependent vari-
able and CSA or a DTI metric (one at a time) was considered the
explanatory variable. Similar models were also built to investigate
whether TSC is affected by the presence of lesions by including
lesion presence as the main explanatory variable. These models were
also adjusted for potential confounders.

Finally, to investigate the relationship between TSC and clini-
cal scores, a new set of multiple linear regression models were built,
where the clinical score (one at a time) was considered the depen-
dent variable and TSC an independent variable, together with poten-
tial confounders. A significance level of 0.05 was used. As we were
testing for multiple null hypotheses, no correction was made for
multiple comparisons, as the error for this would be reported with
every test.27,28

Results
MSFC scores were found to range between −2 to 0.9. Mean
disease duration was 12.8 years, range 1.7–42 years. All
patients except two had lesions present in the area covered by
the MRS voxel. On average, 23% of the slices covering the
voxel contained focal lesions (range 0–90%), and 37% con-
tained diffuse lesions (range 0–80% of slices).

TSC
Table 1 summarizes the MRI measures for each group. TSC
was rejected in five HC and four RRMS participants due to
large motion and/or other artifacts. TSC in the cervical cord
was significantly higher in the RRMS group relative to HC

FIGURE 3: Reduced field-of-view echo-planar imaging examples of a b0 image and fractional anisotropy (FA), mean diffusivity (MD),
and radial diffusivity (RD) maps
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even when adjusted for age and gender (F3,25 = 6.57, adjusted
R2 = 0.38 mmol, beta = 10.98 mmol, P = 0.038 with a 95%
confidence interval [CI] of [0.6, 21.3]), and when corrected
for CSA, the relationship remained largely unchanged
(F4,24 = 4.78, adjusted R2 = 0.35, mmol beta = 10.64 mmol,
P = 0.053), albeit with a loss in significance. No association
was found between CSA and TSC (P = 0.082) and this
remained the case when corrected for age (P = 0.37), gender
(P = 0.88), and cohort (P = 0.727).

Diffusion Metrics
FA in the RRMS group was significantly reduced relative to
HC after adjusting for age and gender, (F3,35 = 5.52, adjusted
R2 = 0.26, beta = −0.03, P = 0.044, and 95% CI [−0.05,
−0.0008]). There were no significant differences between
groups when comparing AD (P = 0.45), MD (P = (0.842), or
RD (P = 371) when taking into account age and gender. We
also checked if these changed when adjusted for the presence
of lesions, which also proved to have no significance
(P > 0.05 for all). When CSA was taken into account, FA
and AD were significantly different between groups
(F2,35 = 7.06, adjusted R2 = 0.2469, beta = −0.04,
P = 0.005, and F2.34 = 7.19, adjusted R2 = 0.2972
beta = −.00008, P = 0.008, respectively) and a trend was seen
in MD (P = 0.07).

We found that increased TSC was also associated with
reduced FA (F1,26 = 5.03, adjusted R2 = 0.13,
beta = −122 mmol, P = 0.034) (Fig. 4). No associations were
found between TSC and MRI markers.

Lesions
Lesion presence scores were in total agreement between the
two raters (lesion percentage ICC > 0.98).

No association was detected between TSC and the
percentage of focal or diffuse lesions (P = 0.310 and

P = 0.402, respectively). When exploring associations
between TSC and the percentage of slices containing any
type of lesion (P = 0.862), no significant association was
found either.

Clinical Scores and MRI Biomarkers
Posturography reports were acquired on 11 of the 19 scanned
patients. A significant association between posturography
measures and TSC in the spinal cord was found: higher roll
with eyes closed (REC_4cm) was associated with higher TSC
levels in the spinal cord F1,9 = 5.78, adjusted R2 = 0.3234,
beta = 0.006 P = 0.040, Table 2). This correlation was still
present if the presence of lesions was also taken into account,
(F2,8 = 4.28, adjusted R2 = 0.3963, beta = 0.007 mmol−1,
P = 0.025). This association was also reinforced by a trend in
the decline of roll with foot stance 4 cm and eyes open
(P = 0.075). When the presence of diffuse lesions was taken

TABLE 1. Summary of the Mean Total Sodium Concentration (TSC), Cross-Sectional Area (CSA), Fractional
Anisotropy (FA), Radial Diffusivity (RD), Mean Diffusivity (MD), and Axial Diffusivity (AD) in Healthy Controls and
People With Relapsing−Remitting Multiple Sclerosis (RRMS)

Healthy controls RRMS Uncorrected P value Corrected P value**

TSC (mmol) 38.0 � 8.6 57.6 � 18** <0.001 0.038

CSA mm2 82.4 � 6.4 76.8 � 8.2* 0.021 0.182

FA 0.69 � 0.03 0.65 � 0.04* 0.003 0.044

RD 0.00049 � 0.00006 0.00050 � 0.00006 0.663 0.371

MD 0.0010 � 0.00008 0.0009 � 0.00005* 0.044 0.842

AD 0.0018 � 0.00009 0.0017 � 0.00008* 0.001 0.453

*Statistically significant.
**Corrected for age and gender.

FIGURE 4: Unadjusted association between increased total
sodium concentration (TSC) and reduced fractional anisotropy
(FA) (F1,26 = 5.03, R2 = 0.16, beta = −122 mmol per unit FA,
P = 0.034 for the unadjusted model).
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into account, both REC_4 cm and roll with eyes open
(REO_4cm) correlated with sodium concentrations (F2,8 = 4.08,
adjusted R2 = 0.3811, beta = 0.006 degrees per mmol,
P = 0.033, and F2,8 = 6.19, adjusted R2 = 0.5092, beta = 0.005
degrees per mmol increase in sodium, P = 0.031, respectively)
(Table 4).

All 19 subjects successfully underwent measures for
MSFC. CSA was associated with MSFC: this was explained

by its association with the inverse of 9-HPT and supported
by a significant association with recorded EDSS (Table 3).
FA was also found to be significantly correlated with post-
urography measures REC_4cm, F4,10 = 1.79, adjusted
R2 = 0.1838, beta = −1.70 degrees per unit FA, P = 0.044
when corrected for age, gender, and CSA; however, when any
lesion presence was also added as a covariant, this became
nonsignificant (P = 0.075).

TABLE 2. Association Between Increase in Total Sodium Concentration (TSC) and Clinical Scores

Regression coefficient 95% CI P value* P value**

z 9HPT 0.00022 −0.00050, 0.00095 0.50 0.367

z TWT .0017 −0.0016, 0.0051 0.28 0.219

PASAT-3 0.32 −0.52, 1.16 0.402 0.228

MSFC 0.02 −0.03, 0.07 0.40 0.207

Grip 0.12 −0.19, 0.42 0.42 0.534

VPT wrist −0.049 −0.20, 0.10 0.483 0.465

VPT ankle −0.018 −0.88, 0.53 0.584 0.393

Posturography

32 cm eyes open

Roll 0.004 −0.003, 0.011 0.208 0.193

Pitch 0.006 −0.007, 0.017 0.342 0.401

Sway 0.007 −0.007, 0.022 0.282 0.322

4 cm eyes open

Roll 0.005 −0.0018, 0.012 0.127 0.084

Pitch 0.0017 −0.008, 0.011 0.687 0.564

Sway 0.005 −0.007, 0.017 0.377 0.283

32 cm eyes closed

Roll 0.003 −0.01, 0.016 0.596 0.541

Pitch −0.0009 −0.026, 0.024 0.937 0.989

Sway 0.0012 −0.030, 0.032 0.927 0.861

4 cm eyes closed

Roll 0.0065 −0.0008, 0.0138 0.052 0.045*

Pitch 0.003 −0.005, 0.011 0.382 0.396

Sway 0.007 −0.004, 0.018 0.178 0.178

Lesions unadjusted

% with focal 12.319 −13, 37 0.310

% with diffuse −11.36 −40, 17 0.402

Total % 1.52 −17, 20 0.862

*P value when adjusted for age and gender.
**P adjusted for gender and cross-sectional area (CSA).
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The %focal lesion was found to be most sensitive to
clinical measures with associations found for MSFC
(supported by associations with inverse TWT, inverse
9-HPT, and PASAT-3) as well as VBT in the ankle, and
again posturography measures REC_4cm. When focal lesions
were accounted for, it was found that 9HPT, MSFC, and
PASAT-3 were all correlated with sodium concentrations
(Table 4).

Discussion
Our exploratory study reports differences in in vivo spinal
cord TSC obtained in a cohort of healthy controls and
patients with RRMS. TSC in the cervical cord was found to

be statistically significantly higher in RRMS than in HC. We
explored possible correlations between TSC increase and a
range of structural features and assessed the relevance of TSC
for a number of clinical biomarkers.

We found that the increase in TSC is associated with a
reduced FA and clinically with poorer mediolateral balance.
23Na-MRS has shown that a 50% increase in TSC in the cer-
vical spinal cord is present in RRMS patients, independently
of CSA, once age and gender have been taken into account.
This increase in TSC promises to be a potential sensitive
imaging biomarker, given its large effect size. The increased
TSC could be associated with two processes involved in the
pathology of MS: demyelination and axonal loss, which

TABLE 3. Associations Between 1H MRI Measures: Axial Diffusivity (AD), Mean Diffusivity (MD), Fractional
Anisotropy (FA), Radial Diffusivity (RD), and % Number of Slices With Focal Lesions (% w Focal Lesions) With
Clinical Scores Corrected for Age and Gender

MRI biomarker Clinical score Regression coefficient 95% CI P value

CSA EDSS −0.12 −0.22, −0.02 <0.03

z-9HPT 0.0007 0.000, 0.001 0.03

MSFC 0.05 0.001, 0.01 <0.05

FA Roll eyes closed_4cm −1.59 −3.17, −0.01 0.048

% w focal lesion EDSS 4.2 1.3, 7.1 0.009

z-TWT −0.11 −0.18, −0.02 0.016

z-9HPT −0.02 −0.04, −0.007 0.009

Average ankle VBT 22 5.6, 38.4 0.012

PASAT −26 −48.7, −2.8 0.031

MSFC −1.6 −2.84, −0.43 0.012

Roll eyes closed_4cm 0.28 0.008, 0.548 0.048

TABLE 4. Significant Associations Between Increase in Total Sodium Concentration (TSC) and Some Clinical Scores,
Adjusted for Age, Gender, and Presence of Focal Lesions

Sodium

Corrected for focal lesions Corrected for diffuse lesions

P value Beta [95% CI] P value Beta [95% CI]

z 9HPT 0.048 0.0007 [0.0001, 0.001] 0.452

PASAT-3 0.032 0.873 [0.1, 1.6] 0.307

MSFC 0.022 0.071 [0.01, 0.12] 0.256

Roll 4 cm eyes open 0.225 0.031 0.005 [0.0006, 0.01]

Roll 4 cm eyes closed 0.089 0.033 0.006 [0.0006, 0.01]

Notably, some clinical tests were also found to be significantly correlated with sodium when corrected for the presence of diffuse lesions;
these have also been included. However, significance diminished when age, gender, and CSA were added as covariants.
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would increase the extracellular space, which has a much
higher sodium concentration (145 mM vs. 10−12 mM intra-
cellular)29,30 and dysfunction in sodium channels, causing an
increase in intracellular sodium.31 It is, however, difficult to
differentiate between both explanations using the current
state-of-the-art technology.

We found no association between the increase in TSC
and spinal cord CSA, and hence atrophy. This could be taken
as meaning, if atrophy is a sign of axonal loss, the increase in
TSC in our cohort cannot be explained simply by an increase
of extracellular sodium due to axonal death. We should also
take into consideration that while RRMS CSA was lower on
average than in HC, in contrast to numerous studies, it was
not significantly different between the two groups once age
and gender were corrected for, possibly due to a limited sam-
ple size.32-35 Our sensitivity to this difference could also be
impaired by the low EDSS of our patient cohort
(median = 2.5), which was a prerequisite for inclusion in the
study due to some of the physical challenges of the MRI pro-
tocol at the time. Moreover, there was a disparity in matching
age and gender between our groups, which might have
affected results despite the applied statistical correction.

Reduced FA was found in the RRMS patients, in
agreement with previous studies.36,37 Reduced FA is seen
when pathological processes disrupt the coherence of white
matter (WM) fibers. However, our data has shown that
while TSC is associated with reduced FA, it is not associ-
ated with the presence of lesions; and it has been previ-
ously reported that a reduction in FA in the normal-
appearing spinal cord tissue is consistent with nonlesional
diffuse damage in the cord.36

No associations were seen with RD, which has been
proposed as a marker for demyelination,38 nor with MD,
which increases in the presence of lesions and inflamma-
tion.39 Together this suggests that the increase in TSC is not
due only to an increase in extracellular space and supports the
hypothesis that an increased intracellular sodium concentra-
tion may also contribute to the elevated TSC. This is further
corroborated by the fact that no associations were seen
between an increase in TSC in patients and the percentage of
slices including focal, diffuse, and any kind of (total) lesions,
which would have supported a role of inflammation and tis-
sue disruption on the results. This is not surprising, though,
given the narrow distribution of the clinical scores reflecting
the mild MS severity of this cohort.

Interestingly, increased TSC was also found to be asso-
ciated with a poorer mediolateral balance at 4 cm
(REC_4 cm and REO_4cm) when the presence of diffuse
lesions was accounted for. While other posturography rates
were not found to be significantly associated with increased
TSC, regression coefficients showed a trend between
increased TSC and poorer balance across the posturography
measures. Accounting only for focal lesions did not provide a

significant correlation. Diffuse lesions had a larger impact on
posturography scores, perhaps due to the fact that they
affected more of the spinal cord. 9HPT, MSFC, and
PASAT-3 were found to be significantly correlated with
sodium when focal lesions were accounted for. Focal lesions
at C2/3 are likely to affect 9HPT and MSFC, as both involve
the upper limb motion. However, the correlation to
PASAT-3 was surprising, given that it is commonly used to
test cognitive function.40 This could be related to an overall
increase in sodium in the CNS or the fact that a focal lesion
in the spinal cord may be indicative of lesions in cognitive
areas of the brain too. Interestingly, for these tests and
REO_4 cm the significance diminished if corrected for the
presence of any lesion.

Our results suggest the sensitivity of TSC to pathologi-
cal changes may also be useful for studying other types of
MS. For example, it has been reported that metabolic changes
(glutamate-glutamine [Glx] and N-acetyl-aspartate [tNAA])
in the same area of the spinal cord of people with primary
progressive MS (PPMS, n = 21) were associated with an
increase in postural sway.26 Sodium accumulation could trig-
ger the release of excess glutamate, leading to lethal neuro-
excitotoxicity, which could in turn lead to decreases in tNAA.
Additionally, increased q-space imaging-derived perpendicular
diffusivity of the cervical spine was reported to be associated
with increased sway in the same PPMS study.26 This result is
similar to what we have found in the present RRMS cohort
using DTI metrics, where there was an association between
FA and roll at 4 cm.

Our results show TSC in the spinal cord is similar to
values measured in the cortical gray matter (GM) (36 mmol)
for HCs.6 However, the spinal cord TSC value in RRMS
patients are much higher than both NAWM (34 mmol) and
lesions in the brain (42.1 mmol).6 This could be explained in
part by the large MRS voxel, which includes varying fractions
of WM, GM, lesion, and central canal fluid. Images with
adequate resolution to perform segmentation were not feasi-
ble to acquire in the scan session; hence, such tissue fractions
were not accounted for in our model.

In contrast to the prior study,10 here we chose to omit
cardiac triggering, as this reduced the scan time from
13 minutes to 4 minutes, giving a more feasible overall scan
time. In addition to this difference in restraint were also used
whereby the prior study used polystyrene sphere filled vac-
uum bag, which may have allowed more subject movement.
The shimming routines were also changed from FAS-
TERMAP in the previous study to an iterative shim in the
current one, as this was found to be more robust due to fail-
ure of the shim convergence in the FASTERMAP routine on
a number of the subjects. It is also worth noting that the pre-
vious study had a more moderate sample number of just six
subjects, but the values in this study and the previous do
overlap for the healthy cohort.10
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Limitations
In this study, 19 ambulatory patients with RRMS attending
the MS clinics were recruited to test the sensitivity of sodium
MRS to changes in sodium concentration in the cervical spi-
nal cord. Ambulatory patients were able to get on and off the
MRI bed easily, to enable a straightforward change of coil
and to test tolerability; this resulted in a low EDSS and physi-
cal disability range over the cohort, and may not fully repre-
sent the full spectrum of RRMS patients. The EDSS score
used in the analysis was also taken from patient records;
future studies could benefit from a measure taken on the day
of the scan, which would have been more accurate.

Based on our data, we calculated a sample size of 39 sub-
jects to detect a 20% change in sodium (power 0.8, P = 0.05).
Given the detected sensitivity to changes, future work should
include all MS phenotypes, ie, patients with clinically isolated
syndrome and/or secondary progressive MS, recruited according
to the latest diagnostic criteria.11 The larger sample size calcu-
lated with respect to our initial estimate is due largely to a
greater standard deviation of sodium concentration in RRMS
than in the control group, a variation that was not available to
us before this study. Our small sample number may have
reduced the power of this study to detect weak correlations, and
thus the results should be interpreted with caution.

The presence of lesions could affect both sodium con-
centration in the spinal cord and FA. While our measure of
lesion presence shows that this is not correlated with the
changes in TSC and FA, in future studies one should also
acquire a dedicated scan for lesion delineation and lesion vol-
ume assessment for a better estimate of the effect of lesions.

Here we corrected the signal from T1 and T2 of sodium
from healthy brain because values for the spinal cord have
not been reported. However, the short TR and TE used
should minimize any impact if these change in spinal cord tis-
sue or changes resulting from pathology.

Additionally, a phantom designed to have similar load-
ing to the head and neck was used for quantification. Scans
to measure and correct for the loading factor per subject
would yield more accurate concentrations; however, given the
low EDSS of our patient cohort, this would affect the control
and RRMS group equally and, therefore, is unlikely to affect
our findings. Future studies of more progressive patients with
higher lesion loads may require added corrections for the
loading factor.

To the best of our knowledge, there is no gold standard
for the measurement of sodium in the spinal cord in healthy
subjects, nor in disease to validate our findings and values
could only be discussed against brain results.

Conclusion
TSC in the spinal cord was measured to be increased in
RRMS subjects relative to controls and associated with

reduced FA and poorer posturography scores. TSC in the spi-
nal cord was also found to be higher than previously reported
in NAWM in the brain for RRMS. Longitudinal studies with
larger cohorts and high-resolution scans for tissue-specific seg-
mentation are needed to fully understand the origin of ele-
vated TSC, in addition to its effect on disease progression
and disability.
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