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Neuro-axonal degeneration occurs progressively from the onset of multiple sclerosis and is thought to be a significant cause of
increasing clinical disability. Several histopathological studies of multiple sclerosis and experimental autoimmune encephalo-
myelitis have shown that the accumulation of sodium in axons can promote reverse action of the sodium/calcium exchanger
that, in turn, leads to a lethal overload in intra-axonal calcium. We hypothesized that sodium magnetic resonance imaging
would provide an indicator of cellular and metabolic integrity and ion homeostasis in patients with multiple sclerosis. Using a
three-dimensional radial gradient-echo sequence with short echo time, we performed sodium magnetic resonance imaging at 3T
in 17 patients with relapsing-remitting multiple sclerosis and in 13 normal subjects. The absolute total tissue sodium concen-
tration was measured in lesions and in several areas of normal-appearing white and grey matter in patients, and corresponding
areas of white and grey matter in controls. A mixed model analysis of covariance was performed to compare regional tissue
sodium concentration levels in patients and controls. Spearman correlations were used to determine the association of regional
tissue sodium concentration levels in T,- and T,-weighted lesions with measures of normalized whole brain and grey and white
matter volumes, and with expanded disability status scale scores. In patients, tissue sodium concentration levels were found to
be elevated in acute and chronic lesions compared to areas of normal-appearing white matter (P<0.0001). The tissue sodium
concentration levels in areas of normal-appearing white matter were significantly higher than those in corresponding white
matter regions in healthy controls (P<0.0001). The tissue sodium concentration value averaged over lesions and over regions of
normal-appearing white and grey matter was positively associated with T,-weighted (P < 0.001 for all) and T,-weighted
(P < 0.006 for all) lesion volumes. In patients, only the tissue sodium concentration value averaged over regions of
normal-appearing grey matter was negatively associated with the normalized grey matter volume (P=0.0009). Finally, the
expanded disability status scale score showed a mild, positive association with the mean tissue sodium concentration value
in chronic lesions (P=0.002), in regions of normal-appearing white matter (P=0.004) and normal-appearing grey matter
(P=0.002). This study shows the feasibility of using in vivo sodium magnetic resonance imaging at 3T in patients with multiple
sclerosis. Our findings suggest that the abnormal values of the tissue sodium concentration in patients with relapsing-remitting
multiple sclerosis might reflect changes in cellular composition of the lesions and/or changes in cellular and metabolic integrity.
Sodium magnetic resonance imaging has the potential to provide insight into the pathophysiological mechanisms of tissue
injury when correlation with histopathology becomes available.
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Introduction

Neuro-axonal injury and loss are increasingly recognized as impor-
tant features of multiple sclerosis, but the cellular and molecular
mechanisms contributing to neurodegeneration are poorly under-
stood (Bjartmar and Trapp, 2001). Experimental studies have
revealed several mechanisms of delayed neuroaxonal loss that
include demyelination, altered glial biology, aberrant glutamate
homeostasis, production of nitric oxide, ion-channel alteration
(Kalman et al.,, 2007) and impairment of mitochondrial DNA
and enzyme complexes (Dutta et al., 2006).

Recent studies have suggested that intra-axonal sodium accu-
mulation contributes to axonal degeneration by reversing the
action of the sodium/calcium exchanger and thus inducing a
lethal rise in intra-axonal calcium (Waxman, 1977, 2006;
Waxman et al., 1992). The functional relevance of the increased
sodium influx into neurons has been demonstrated by different
studies testing channel blockers such as carbamazepine, phenytoin
and lamotrigine in experimental autoimmune encephalomyelitis.
All these studies reported protection for axons, maintenance of
axonal conduction and significant reduction in axonal degenera-
tion in response to treatment of both monophasic and
chronic-relapsing experimental autoimmune encephalomyelitis
(Lo et al., 2002; Bechtold et al., 2004, 2006; Black et al.,
2007). A trial assessing neuroprotection with lamotrigine in
patients with secondary-progressive multiple sclerosis has just
been completed but failed to meet the primary end-point and
additional trials with other sodium channel blockers are ongoing
or imminent (Kapoor, 2006).

In most biological tissues, sodium is distributed in two compart-
ments: extracellular (~140 mmol/l) and intracellular (~15 mmol/I).
The observed average sodium concentration is composed of the
weighted average of extra- and intracellular sodium content in the
tissue, around 20 and 80%, respectively (Maudsley and Hilal,
1984). Furthermore, the ability of the cell to maintain a sodium
gradient across the cell membrane, or sodium ion homeostasis, can
be used as an operational definition of tissue viability.

Sodium-23 (*3Na) yields the second strongest nuclear magnetic
resonance signal among biologically relevant nuclear magnetic
resonance-active nuclei. However, there remain significant difficul-
ties in forming magnetic resonance images of sodium. The average
concentration of sodium ions in the brain is 1/2000 that of pro-
tons and the sensitivity of the >Na nucleus is ~0.092 relative to
water protons (Maudsley and Hilal, 1984). In living tissues, sodium
has a bi-exponential T, relaxation time: a short component of
~0.5-5.0ms and a long component of 15-30ms, with the short
T, fraction representing 60% of the whole sodium signal. These
factors all lead to intrinsically low signal-to-noise ratios.

2Na MRI of the human brain was first performed >20 years
ago (Hilal et al., 1985), but poor signal-to-noise ratio led to

relatively long imaging times and/or poor spatial resolution com-
pared to proton (*H) MRI. In addition, rapid T, decay makes the
use of the conventional spin warp spatial encoding with echo
times (TEs) of several milliseconds impractical. These limitations,
combined with the sparse availability of MRI scanners with broad-
band capability required for 2Na MRI, restricted its use to only
few research sites. Interest in 2*Na MRI has been rekindled with
the development of ultra-short TE sequences (Boada et al., 1997)
and the availability of ultra-high field magnets (Thulborn et al.,
1999) that permit better spatial resolution with shorter imaging
times and better quantitative measurements of the tissue sodium
concentration (TSC).

The aims of the present study were (i) to assess the presence, if
any, and extent of brain regional total TSC abnormalities in
patients with multiple sclerosis compared with healthy controls
using 2>Na MRI at 3T; (i) to investigate the association between
regional TSC levels and measures of lesion and brain volumes;
and (iii) to determine possible associations between the distribu-
tion of tissue TSC changes and clinical disability from patients
with multiple sclerosis.

Methods
Subjects

Seventeen patients (10 female, 7 male) diagnosed with multiple scle-
rosis according to the McDonald criteria (McDonald et al., 2001) and
presenting a relapsing—remitting (Lublin and Reingold, 1996) course
were prospectively enrolled in the present study. The exclusion criteria
were (i) a current or past medical or psychiatric disorder other than
multiple sclerosis; (ii) current or past substance abuse and/or (iii)
relapse or glucocorticosteroid use in the previous 6 weeks. Disability
was assessed by a single, experienced neurologist who was blind to
the MRI findings, using the expanded disability status scale (EDSS)
score within 1 week of MRI. The patients had a mean age of 38.2
(range 18-53) years, a mean disease duration of 5.8 (range 2-10)
years and a median EDSS score of 2.0 (range 1.0-5.0). All patients
were under immunomodulatory treatment with either interferon
beta-1a (Avonex, Biogen, Cambridge, MA), interferon beta-1a
(Rebif, Serono, Rockland, MA) or glatiramer acetate (Copaxone,
Teva, Petah Tigvah, Israel). Thirteen age- and gender-matched healthy
volunteers (10 female, 3 male) were enrolled as the control group. The
mean age was 36.7 years (range 26-60). Approval for this study was
obtained from the Institutional Board of Research Associates of New
York University Medical Centre, and informed consent was obtained
from all subjects before study initiation.

MRI acquisition

MRI was performed using a 3T system with multi-nuclear option
(MAGNETOM Trio, A Tim System, Siemens Medical Solutions,
Erlangen, Germany) with a dual-tuned 'H/*3Na transmit-receive
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head volume coil (Stark Contrast, Erlangen, Germany). The following
sequences were collected in all subjects during a single MRI session:
(i) 3D radial gradient echo [repetition time (TR) =120ms;
TE=0.05ms; 1440 radial views; flip angle=90°; 5 averages;
bandwidth=130Hz/pixel; field of view =240 x 240 mm?; matrix
size =60 x 60; nominal resolution=4 x 4 x 4 mm3; acquisition
time=16min] (Madelin et al., 2008). Two calibration tubes with dif-
ferent concentrations of sodium (100 and 50 mM) in 4% agar gel
were placed in the field of view as references and allowed quantifica-
tion of the sodium concentration; (ii) dual-echo turbo spin-echo
(TR=4.610ms; TE=10/94ms; 36 contiguous, 4mm thick, axial
slices); (i) 3D Tq-weighted turbo-flash magnetization-prepared
rapid-acquisition gradient echo (TR=2400ms; TE=2.71ms; inversion
time=900ms; flip angle=12°), all slice-encoding locations acquired
in a single slab, covering the whole brain, with an effective thickness
of 1mm; and (iv) post-gadolinium (Gd) T4-weighted spin-echo
(TR=258ms; TE=3.16ms; 36 contiguous, 4 mm thick axial slices).

Image processing and evaluation

All data processing was performed off-line on a PC workstation.
TSC maps were calculated from the 3D radial images on a
pixel-by-pixel basis as described previously (Christensen et al., 1996;
Nielles-Vallespin et al., 2007) using Image J1.36b (http://rsb.info
.nih.gov/ij/download.html). Briefly, the concentration of the calibra-
tion solutions (C4, C;) covered the range expected in the tissue. The
signal intensities for the calibration solutions (/4 ;) obtained from the
23Na images were then used to create a two-point linear calibration
curve by solving the equation pair:

C1 = al1 + b, (1)
Cy=alhb+b (2
for the slope a and the intercept b i.e.
G -G
= 3
s 3)
I — Gl
po Gl =Gl @)
lh—1

In addition, the measured intensities were divided by a correction scale
f=0.98 to take into account the T, relaxation of the calibration tubes
(T1~30ms; TR=120ms). Using the given parameters, this factor was
calculated by the following.

f=1- exp(_T—TR> 5)
1

These factors are then on a voxel-by-voxel basis over the entire
2Na image to produce a TSC map:

TSC =al + b, (6)

where | is the signal intensity from the brain **Na image.
Using standard propagation techniques, the error for the measured
TSC can be estimated as

ATSC = VPAa? + a2 AR + Ab?, )
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Once the parametric maps were derived, TSC was measured in regions
of interest for lesions and in several areas of normal-appearing white
and grey matter. For all patients, lesions were identified by an expe-
rienced observer blinded to the subjects’ identity on the T,-weighted
images displayed on a computer screen. To minimize partial volume
effects, only lesions with a diameter greater than 5mm were entered
into the subsequent analysis. Using post-contrast T;-weighted scans,
these lesions were classified as enhancing or non-enhancing, according
to previously published criteria (Barkhof et al., 1997). Non-enhancing
lesions were classified as Tq-isointense or hypointense. T, hypointensity
was defined as a reduced lesion signal intensity with respect to the
surrounding normal-appearing white matter. First, the standard devi-
ation of the normal-appearing white matter signal intensity was calcu-
lated. Lesions with a signal intensity of 2 SDs lower than the
surrounding normal-appearing white matter were classified as hypoin-
tense; those within 2 SDs were classified as isointense. Then, the
lesions were outlined using a semi-automated segmentation technique
based on local threshold (Jim version 3, Xinapse Systems, UK, http://
www.xinapse.com) (Bermel et al, 2003). The outlined regions of
interest were automatically transferred onto the co-registered TSC
maps, and the mean TSC of each lesion was measured. Finally, for
each patient, the averaged TSC for enhancing lesions, T-isointense
lesions and T4-hypointense lesions, as well as the TSC value averaged
over all lesions, was calculated. In addition, five non-enhancing
hypointense lesions with a diameter of 1cm were identified in five
different patients with multiple sclerosis and the TSC level measured
in the lesion centre and in three locations around the edge using circle
regions of interest of 1 pixel in diameter. For all subjects, TSC values
were measured in regions of normal-appearing white and grey matter.
Anatomical regions of interest were selected on the T,-weighted scans,
and then transferred onto the co-registered TSC maps in order to
measure the corresponding regional quantities. Circle regions of inter-
est of variable size (range 2-8 pixels), depending on the anatomical
region studied, were placed bilaterally in the following areas on two
consecutive slices: splenium of the corpus callosum, white matter of
the frontal and occipital lobes, peri-ventricular and cerebellar white
matter, and grey matter of the frontal, parietal, temporal and occipital
lobes (Fig. 1). The average TSC was calculated for every region of
interest. These TSC values were then averaged over slices and sides
to derive one mean TSC value for each brain region. To assess mea-
surement variation the same observer measured the TSC of the
above-mentioned white matter and grey matter areas from five
healthy controls on two separate occasions, 3 months apart.

Brain volume assessment

For all subjects, normalized brain volume, normalized grey and white
matter volumes were measured on magnetization-prepared
rapid-acquisition gradient echo images using SIENAX as described pre-
viously (De Stefano et al., 2003). SIENAX automatically segments
brain from non-brain matter, calculates the brain volume and applies
a normalization factor to correct for skull size (Smith et al., 2002).
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Figure 1 Location of the white matter and grey matter regions of interest on selected TSC maps in a healthy volunteer. (A) White matter
of cerebellar lobes. (B) Grey matter of frontal, parietal and occipital lobes. (C) Periventricular white matter, splenium of the corpus
callosum, white matter of the frontal and occipital lobes. (D) Grey matter of parietal lobes. See the text for further details.

To correct for misclassification of T-weighted grey matter volume in
the presence of high Tq-weighted hypointense lesion volume
(Nakamura and Fisher, 2009), each T,-weighted hypointense lesion
of each subject was filled with the mean intensity value of the
normal appearing white matter present in the same slice of the lesion.

Lesion volume assessment

For all patients, T,-hyperintense and Tq-hypointense lesion volume
measurements were performed by a single experienced observer,
blinded to the subject’s identity, using a semi-automated segmentation
technique based on user-supervised local thresholding (Jim version 3;
Xinapse Systems, Northants, England) (http://www.xinapse.com). For
the T,-weighted lesion volume classification, lesion borders were
determined on proton density-weighted images using the T,-weighted
images as reference. T,4-hypointense lesions were defined as those
lesions with signal intensity between that of the grey matter and the
CSF on T4-weighted scans (van Waesberghe et al., 1998). In both
T,- and Tq-weighted images, the value of total brain lesion volume
was calculated by multiplying lesion area by slice thickness.

Statistical analysis

Statistical Analysis System version 9.0 (SAS Institute, Cary, NC) was
used for all statistical computations. Mixed model analysis of covar-
jiance was used to compare patients and controls in terms of regional
TSC levels. The TSC assessments constituted the dependent variable
with a separate analysis conducted for each brain region. Subject
group (MS, controls) and gender were included in the model as
fixed classification factors and subject age was included as a numeric
covariate. Group differences were tested using type 3 P-values in order
to assess differences adjusted for age and gender. Mixed model
ANOVA was used to compare brain regions and lesion types in
terms of the TSC value observed for patients. For this analysis, the
TSC levels from all brain regions of patients represented the dependent
variable, and the model included the indicator variable identifying the
brain region or lesion type associated with each observation as a fixed
classification factor. Age and gender were excluded from the model
since brain regions were compared within subjects. In all mixed model
analyses, the covariance structure was modelled by assuming observa-
tions to be correlated only when acquired from the same subject and
by allowing the error variance to differ across subject groups, lesion
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types and brain regions. Unequal variance t-tests were used to assess 50 —
gender differences in terms of the mean TSC value. Analysis of covar-
jiance was used to assess the possibility of a Gender x Group interac-
tion. TSCs in the white matter and grey matter were modelled as
dependent variables in separate analyses and each dependent variable
was modelled as a function of Gender, Group and the Gender x Group
interaction. The analysis allowed the error variance to differ across
groups. Spearman's rank correlation coefficients were used to charac- #
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The mean+SD of TSC values in white and grey matter regions

from healthy controls are reported in Table 1. Among white Figure 2 Box plots dlspla_ymg the 25_‘75% values _ _
matter regions, TSC values in the cerebellum and in the splenium (boxes) +95% values (whiskers), median values (horizontal lines
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) ) ) > healthy controls (A, empty box) and in corresponding
icant differences in TSC levels among grey matter regions normal-appearing white matter (NAWM) and normal-appearing

(P> 0.9). TSC was significantly higher in the grey matter than grey matter (NAGM) regions among patients with relapsing—
in the white matter regions (P<0.0001) (Fig. 2). On two separate remitting multiple sclerosis (B, hatched box). cc = corpus
occasions (3 months apart), the same observer measured the TSC callosum.

Table 1 The mean brain regional tissue sodium concentration level in healthy controls and patients with relapsing—
remitting multiple sclerosis

Brain region Controls Multiple sclerosis patients P-value
Frontal NAWM 19.07 £4.53 25.49+5.44 0.003
Occipital NAWM 19.08 +3.68 25.81+5.62 0.001
Splenium corpus callosum 20.26+£2.35 28.14+£5.23 <0.0001
Periventricular NAWM 17.224+2.70 24.02+£5.45 0.0003
Whole NAWM 19.38+1.65 26.94+3.12 <0.0001
Cerebellum NAWM 21.28+3.62 28.61+5.69 0.0005
Frontal NAGM 30.22+4.77 37.28+6.73 0.005
Occipital NAGM 30.34+6.28 35.93+4.82 0.02
Parietal NAGM 30.00+4.14 34.64+5.64 0.02
Temporal NAGM 31.58+4.30 37.78+4.75 0.002
Whole NAGM 30.54+3.17 3559+4.16 <0.0001
Hypointense lesions (67) = 39.19+8.09 =
Isointense lesions (25) - 30.11+£7.02 -
Gd-enhancing lesions (4) - 40.93+17.15 -

All lesions - 35.34+£9.45 -

TSC values in (mM) + standard deviation. Each P-value is from the mixed model analysis of covariance to compare relapsing—remitting multiple sclerosis patients to healthy
controls in terms of TSC levels adjusted for age and gender. NAWM = normal-appearing white matter; NAGM = normal-appearing grey matter.
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of the above-mentioned white matter and grey matter areas from
five healthy controls. The repeated studies on five controls showed
a coefficient of variation for TSC smaller than 5% and an
intra-class correlation coefficient >0.9 for all the white and the
grey matter regions studied.

TSC levels in lesions and normal-
appearing white matter and grey
matter tissue in patients with
relapsing—remitting multiple sclerosis

The mean+SD of TSC values from lesions, normal-appearing
white matter and grey matter regions of patients are reported in
Table 1 and the regional distribution of TSC values in comparison
to healthy controls is described in Fig. 2. TSC was measured only
in lesions with a diameter >5 mm to minimize partial volume effect
(Fig. 3). Using post-contrast T4-weighted scans, these lesions were
classified as enhancing and non-enhancing; the latter were then

M. Inglese et al.

classified as T4-isointense or hypointense. TSC levels were mea-
sured in 4 Gd-enhancing, 25 isointense and 67 hypointense
lesions. An averaged TSC value over all lesions was also measured.
While the TSC level in Gd-enhancing and hypointense lesions
were statistically indistinguishable, only the latter had significantly
higher TSC when compared to that of isointense lesions
(P<0.0001). TSC level in hypointense lesions was significantly
higher than that in regions of normal-appearing white matter
(P<0.0001) but not different from that in regions of
normal-appearing grey matter (P=0.1) (Fig. 4). The TSC value
of isointense lesions was significantly higher than that of frontal
(P=0.009) and periventricular normal-appearing white matter
(P=0.007). The TSC value of isointense lesions was significantly
higher than that of TSC averaged over regions of
normal-appearing white matter (P=0.03) but the significance
was not retained after Tukey's adjustment for multiple compari-
sons (P > 0.1). In contrast, the TSC level of isointense lesions was
significantly lower than that of normal-appearing grey matter
regions (P<0.0001) (Fig. 4). Finally, the TSC level averaged
over the centre of the five non-enhancing hypointense lesions

Figure 3 Selected brain axial proton density (A), T;-weighted (B), *>Na images (C) and corresponding TSC map (D) from a 29-year-old
patient with multiple sclerosis. The colour bar indicates the TSC values (mM). Note the higher TSC value in the periventricular lesion that

appears hypointense (arrow) on the T,-weighted image (B).
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Figure 4 Box plots displaying the 25-75% values

(boxes) £95% values (whiskers), median values (horizontal lines
within boxes) and outliers (asterisk) of the mean TSC value
distribution in Gd-enhancing (Gd 1; 4), hypointense (Hypo 1;
67), isointense (Iso 1; 25) lesions and in normal-appearing white
matter (NAWM) and normal-appearing grey matter (NAGM)
regions among patients with multiple sclerosis (hatched box) and
in the corresponding white matter (WM) and grey matter (GM)
regions among healthy controls (empty box). Note that the TSC
level of Gd-enhancing and hypointense lesions was statistically
indistinguishable. The TSC level in hypointense lesions was sig-
nificantly higher than that in isointense lesions (P<0.0001) and
that in regions of normal-appearing white matter (P<0.0001)
but not different from that of normal-appearing grey matter
regions (P=0.1). In contrast, the TSC level of isointense lesions
was significantly lower than that of normal-appearing grey
matter regions (P<0.0001) but not statistically distinguishable
from that of TSC averaged over normal-appearing white matter
regions after Tukey's adjustment for multiple comparisons
(P=0.1).

with a diameter of 1cm was 51.4+6.0mM, whereas the TSC
level averaged over the lesion edge was 38.8+4.8mM.
Although the TSC values in the cerebellum and in the splenium
of the corpus callosum were significantly higher than that in peri-
ventricular normal-appearing white matter (P=0.007 and
P=0.02), the significance was not retained after Tukey's adjust-
ment for multiple comparisons (P > 0.1). There were no significant
differences in terms of TSC levels among normal-appearing
grey matter regions (P > 0.3), whereas the TSC value in the
regions of normal-appearing grey matter was significantly higher
than that in regions of normal-appearing white matter
(P<0.0001).

Comparison between normal-appearing
white matter, normal-appearing grey
matter and corresponding TSC levels

No significant associations were found between age or gender
and the mean TSC levels in either patients (P=0.8) or
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controls (P=0.9). Likewise, no significant Gender x Group interac-
tion was found in terms of either white matter TSC (P=0.2) or
grey matter TSC (P=0.4). In healthy controls, the mean+SD of
TSCs in the white matter and grey matter were 19.37 +1.79 and
30.30+ 1.37 mM, respectively, in the males, and 19.38 +1.69 and
30.64 +£3.79mM, respectively, in the females. In patients, the
mean+SD of TSC in the white matter and grey matter were
28.15+4.19 and 36.65+5.62mM, respectively, in the males
and 26.09+1.90 and 34.84+2.87mM, respectively, in the
females. After adjusting for age and gender, significant differences
in TSC levels were found between patients with relapsing-remit-
ting multiple sclerosis and the healthy controls in regions of both
white matter (range <0.0001-0.0003) and grey matter (range
0.002-0.03). All P-values except three (normal-appearing grey
matter of parietal, temporal and occipital lobes) remained signifi-
cant after a Bonferroni correction. Results of group comparisons
with respect to average regional TSC are reported in Table 1.

Correlations among brain TSC values,
lesion and brain volumes

In patients, the T,-weighted lesion volume was 6.124+7.90 ml
and the T,-weighted lesion volume was 2.66+5.40ml. The TSC
value averaged over lesions was positively associated with the
Ty-weighted (r=0.44, P=0.0001) and the T;-weighted (r=0.44,
P=0.0001) lesion volume. In particular, the TSC averaged

over hypointense lesions was positively associated with
the Tq-weighted lesion volume (r=0.47, P=0.0003).
Likewise, the TSC value averaged over regions of

normal-appearing white matter and normal-appearing grey
matter was positively associated with the T,-weighted (r=0.41,
P=0.0001 and r=0.37, P=0.001, respectively) and the
T4-weighted (r=0.31, P=0.0002 and r=0.28, P=0.006, respec-
tively) lesion volume.

The patients had a significantly lower normalized brain volume
(1533.1+1169ml; P=0.009) and grey matter volume
(832.6+84.4ml; P=0.007), but only a trend for lower white
matter volume (694.0+52.4ml; P=0.06) compared with
healthy controls (normalized brain volume: 1634.8+59.0ml;
grey matter volume: 901.8+58.4ml; white matter volume:
732.9+61.8ml).

In patients, the TSC value averaged over regions of
normal-appearing grey matter was negatively associated with
the grey matter volume (r=-0.23, P=0.0009) but not with
the normalized brain volume (P=0.3) whereas TSC averaged
over regions of normal-appearing white matter was associated
neither with the white matter volume nor with the normalized
brain volume (P=0.1 for both). In control subjects, the
TSC values averaged over regions of white matter and grey
matter were inversely associated with the normalized brain
volume (r=-0.20, P=0.001; r=-0.43, P=0.0001, respectively)
but they did not show any significant association with the cor-
responding white matter or grey matter volume (P=0.1
for both).
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Correlations among TSC values, disease
duration and EDSS

Neither the TSC level in lesions (P=0.6) nor that in
normal-appearing white matter (P=0.5) and grey matter
(P=0.1) was significantly associated with disease duration. With
respect to the EDSS score, a mild, positive correlation was found
with the mean TSC value in the T;-weighted hypointense lesions
(r=0.22, P=0.002), the mean TSC value in the normal-appearing
white matter (r=0.20, P=0.004) and the mean TSC value in the
normal-appearing grey matter (r=0.20, P=0.002).

Discussion

One of the most challenging aspects of multiple sclerosis is to
understand the nature and mechanism of tissue injury.
Conventional and advanced MRI techniques have had an enor-
mous impact in enabling early diagnosis, evaluation of treatment
regimens and enhancing the understanding of multiple sclerosis
pathophysiology (Miller et al.,, 2004; Bakshi et al., 2008).
However, MRI methods for exact identification and quantification
of mechanisms of tissue injury in vivo are lacking and the study of
degeneration remains limited by the paucity of pathological data
from the early stage of the disease. To our knowledge this is the
first application of 2>Na MRI in a group of patients with multiple
sclerosis. 2>Na MRI can provide an indicator of cellular and met-
abolic integrity and ion homeostasis in vivo and has already been
employed to study neurological disorders such as ischaemic stroke,
brain tumours and Alzheimer's disease (Thulborn et al., 1999;
Ouwerkerk et al., 2003; Mellon et al., 2009).

In the present study, the brain TSC distribution of healthy con-
trols was quite homogeneous among regions of white matter
(except for lower values in the periventricular area) and among
regions of grey matter. The TSC of grey matter regions, however,
was significantly higher than that of white matter regions, in line
with the findings of previous studies in healthy subjects (Perman
et al., 1986; Thulborn et al., 2005). The brain TSC distribution of
patients with multiple sclerosis revealed the highest levels of TSC
in Gd-enhancing and T4-hypointense lesions, whereas the TSC of
T4-isointense lesions was lower than that of T;-hypointense lesions
but higher than that of regions of normal-appearing white matter.
An increased TSC, albeit to a lesser extent, was also found in
regions of normal-appearing white matter when compared with
corresponding regions of white matter from healthy controls.

Since TSC represents the weighted average of extracellular and
intracellular sodium in the examined tissue, the increased value
observed in patients with multiple sclerosis could reflect both an
increase of extracellular space due to vasogenic oedema and/or
cell loss and demyelination as well as an increase of the intracel-
lular sodium due to inflammatory-related over-expression of cel-
lular membrane sodium channels and/or hypercellularity. Since
persistent Tq-hypointense lesions are characterized by severe
tissue destruction (Bruck et al., 1997; van Walderveen et al.,
1998; van Waesberghe et al., 1999), the increase of extracellular
sodium is likely to play a major role in chronic lesions, where most
of the lost tissue has been replaced by fluid. This is partially
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supported by the positive association found in our study between
TSC averaged over Tq-hypointense lesions and the T,-weighted
lesion volume. The association, however, was only moderate, sug-
gesting that mechanisms other than an increase of the extracel-
lular fluid subsequent to myelin and axonal loss accounts, at least
partially, for the observed increase of TSC. It is well known that
T4-hypointensities are quite heterogeneous (Barkhof et al., 2003)
and due to the cross-sectional design of our study we were not
able to distinguish permanent from temporary T;-hypointense
lesions. Furthermore, although the small number of examined
lesions precluded a statistical analysis, the TSC levels measured
in the centre of chronic lesions were higher than those measured
at lesion edge, which in turn were higher than the TSC levels
measured in regions of normal-appearing white matter. This sug-
gests the presence of TSC gradient from the centre to the periph-
ery of lesions that might reflect underlying increase of the
extracellular space in the necrotic centre and the presence of
higher cellularity with few surviving axons, astrocytic processes
and sparse remyelination at the edge (Lassmann, 2008).

An increase in extracellular sodium is also likely to play a major
role in Gd-enhancing lesions, at least until the resolution of
oedema (Turski et al, 1986) and inflammation. We speculate
that additional contribution to the increased TSC found in acute
lesions might be provided by the increase in cellular volume frac-
tion due to the presence of inflammatory cells. Unfortunately, the
small number of Gd-enhancing lesions found in our group of
patients prevented an evaluation of any associations with
T,-weighted lesions and brain volumes. Serial studies on a larger
number of new Gd-enhancing lesions with 2>Na MRI are needed
in order to clarify the value of such observations, especially after
the resolution of inflammation.

Particular attention in terms of providing a pathophysiological
interpretation of our findings should be paid to recent studies
demonstrating  sustained intra-axonal sodium accumulation
through voltage-gated sodium channels. As a consequence of
the intracellular Na overload, the action of sodium/calcium
exchanger is reversed, inducing a lethal rise of calcium and
calcium-mediated processes after the axons are exposed to insults
such as anoxia and demyelination (Waxman, 2006). It has been
demonstrated that demyelinated axons can develop a
higher-than-normal density of sodium channels along the axon
membrane (Waxman, 1977; Foster et al., 1980; England et al.,
1991; Moll et al., 1991). Although the expression of some sodium
channel isoforms may have an adaptive role in restoring conduc-
tion interrupted by the loss of myelin, other isoforms such as
Na,1.6 (Craner et al., 2004b) may have a maladaptive role con-
tributing to axonal degeneration. Specifically, since Na,1.6 chan-
nels produce a larger persistent current than other sodium
channels, co-expression of Na,1.6 channels and the sodium/cal-
cium exchanger (Herzog et al., 2003) would be expected to pre-
dispose demyelinated axons to import injurious levels of calcium.
Using triple-immunofluorescent labelling, Craner and colleagues
have provided evidence that the coexpression of sodium channel
Na,1.6 and the sodium/calcium exchanger are associated with
axonal injury within acute lesions in experimental autoimmune
encephalomyelitis and post-mortem multiple sclerosis tissue
(Craner et al., 2004a, b). The link between sodium channels and
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axonal degeneration in neuroinflammation is supported by the
demonstration that the sodium channel blockers phenytoin, flecai-
nide and lamotrigine have protective effects in experimental auto-
immune encephalomyelitis by reducing axonal degeneration,
maintaining the ability of axons to conduct impulses and improv-
ing clinical outcome (Lo et al., 2002; Bechtold et al., 2004, 2006).
Furthermore, it has been shown that nitric oxide produced in
inflammatory lesions can reduce cellular ATP production by inter-
fering with mitochondrial electron transport (Smith and Lassmann,
2002). ATP depletion, in turn, induces a failure of the sodium/
potassium-ATPase with an increase of the intracellular sodium
concentration and changes in the resting potential of the neuronal
membrane that trigger axonal degeneration (Smith et al.,, 2001)
that can be prevented by pharmacological blockade of sodium
channels (Kapoor et al., 2003).

Altogether, these observations might explain increased TSC in
the absence of increases in extracellular water and sodium.
Although any attempt to interpret the underlying substrate of
TSC changes is speculative and could only be confirmed by a
post-mortem examination, we believe that unlike in T4-hypoin-
tense lesions, increases in intracellular sodium might explain, at
least partially, our findings in Gd-enhancing Tq-isointense lesions
and regions of normal-appearing white matter. Several studies
have reported that multiple sclerosis lesions are frequently initially
hypointense, with around a third reverting back to isointensity at
follow-up (Dousset et al., 1998; Rovira et al., 1999; Bitsch et al.,
2001). Other studies have shown that isointense lesions have sig-
nificantly higher magnetization transfer ratio values than severely
hypointense lesions (Barkhof et al., 2003). A more recent patho-
logic—radiological study performed with patients who underwent
brain biopsy for diagnostic reasons found that lesions in the stage
of early remyelination showed a tendency to develop from
hypointense initially to more isointense over time (Bitsch et al.,
2001). Although the speculation that the increase of TSC in iso-
intense lesions might be related to reparative mechanisms is intri-
guing, only a serial MRI study (Barkhof et al., 2003) will help
clarify the pathophysiological significance of lesional changes of
TSC. Finally, in a recent report, Craner et al. (2005) found that
sodium channels are also present in macrophages and microglial
cells, and that the expression of Na, 1.6 channels is increased in
activated microglia and macrophages in post-mortem multiple
sclerosis tissue and experimental autoimmune encephalomyelitis
(Craner et al., 2005). Moreover, it is now well-established that
astrocytes can express sodium channels, in some cases in densities
high enough to support action potential generation if resting inac-
tivation is removed (Sontheimer and Waxman, 1992), and there is
evidence suggesting that sodium channel activity may be essential
for the viability of astrocytes (Sontheimer et al., 1994). Thus, the
increase of TSC we found in multiple sclerosis lesions could be of
glial and axonal origin.

Another interesting finding of our study is the observed increase
of TSC in regions of normal-appearing white matter. It is well
known that normal-appearing white matter, as defined by MRI,
is abnormal in the majority of cases (Allen et al, 2001).
The pathological basis of these abnormalities includes
astrogliosis, vascular hyalination, reduced myelin density, remyeli-
nation, axonal loss, perivascular inflammation and microplaque
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formation (Allen and McKeown, 1979; Gay and Esiri, 1991;
Bjartmar et al., 2001). The increased TSC observed in our study
might be explained by increased extracellular space due to demye-
lination and axonal loss that are present in normal-appearing
white matter. However, a relationship between increased intracel-
lular sodium and TSC elevation cannot be excluded. In keeping
with this perspective, we did not find any significant association
between the TSC values averaged over normal-appearing white
matter regions and the normalized white matter volume. Another
interesting speculation has been provided by Deluca et al. (2006)
who found only a weak correlation between axonal loss and
plaque load in post-mortem multiple sclerosis tissue, raising the
point that demyelination might not be a prime determinant of
axonal degeneration in multiple sclerosis. The sodium/calcium
exchanger is in fact present at intact nodes where Nav1.6 chan-
nels are aggregated in normal white matter. Therefore, if the inad-
equacy of ATP supply described by Dutta and colleagues (2006) in
multiple sclerosis occurs in neurons in which axons are not demye-
linated, the axons may be poised to undergo calcium-mediated
injury.

Disappointingly, we found only a modest correlation between
the increase of TSC in lesions and normal-appearing white matter
and grey matter, and the EDSS score. However, in addition to the
well-known limitations of the EDSS scale (Balcer, 2001) and the
narrow range of EDSS scores of our patients, it is possible that TSC
reflects, at least in part, a dynamic pathological process rather
than tissue damage per se and as such it might serve better as
a predictive factor of clinical outcome. Future studies will focus on
the entire range of clinical stages including patients with clinically
isolated syndrome and patients with secondary and primary pro-
gressive multiple sclerosis.

This study has a number of limitations. First, due to the rela-
tively small patient sample, our findings have to be regarded as
preliminary and their interpretation has to be cautious. It is impor-
tant to confirm these findings in a larger patient group, examined
serially from the early stage of the disease. Second, the available
23Na MRI method did not allow discrimination between extra- and
intracellular tissue sodium that would have provided more physi-
ologically relevant information. Technical implementations of triple
quantum filtered *Na MRI, ongoing at our centre at high mag-
netic field strength, will enable separate investigations of the intra-
and extracellular sodium compartments. Third, the effect of immu-
nomodulatory treatment on brain TSC is not known. Therefore,
23Na studies in patients with multiple sclerosis before and after
immunomodulating therapy are needed in order to assess for a
possible effect of treatment. Finally, only lesions with a diameter
>5mm were studied due to the relatively low resolution of *Na
images. This problem will be partially overcome by the future use
of high-sensitivity coil arrays, higher field strength and by the
acquisition of more averages.

In summary, we report here the results of the first study asses-
sing brain TSC distribution in patients with relapsing-remitting
multiple sclerosis. Increases in TSC were observed in lesions and,
to a lesser extent, in the normal-appearing white matter and grey
matter of patients, in comparison to healthy controls. An inverse,
weak correlation was found between the increase of TSC in grey
matter and measures of grey matter volume. This is very
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interesting in the light of the findings of a study of sodium ima-
ging in patients with Alzheimer's disease (Mellon et al., 2009). In
this preliminary study, the increase in sodium signal intensity was
found to correlate inversely with hippocampal volume but the
sodium signal intensities differences could not be explained
entirely by changes in hippocampal volumes. Although our find-
ings in grey matter TSC suggest that 2>Na MRI can provide com-
plementary information on tissue injury at a cellular level, the
association between grey matter volume and grey matter TSC
could be equally explained by the partial volume effect. By con-
trast, no significant association was found between the increase of
TSC averaged over regions of normal-appearing white matter and
measures of white matter volume, suggesting that TSC might rep-
resent an earlier marker of tissue injury.
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