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Abstract

The evidence suggesting a role of extensive cortical demyelization and atrophy in progressive
multiple sclerosis (MS) is rapidly increasing. While conventional magnetic resonance imaging
(MRI) has had a huge impact on MS by enabling an earlier diagnosis, and by providing surrogate
markers for monitoring disease response to antinflammatory/immunomodulatory treatments, it is
limited by the low pathological specificity and the low sensitivity to both diffuse damage in
normal-appearing white matter (NAWM) and focal and diffuse damage in gray matter (GM).
Advanced MRI techniques can partially overcome these limitations by providing markers more
specific to the underlying pathologic substrates and more sensitive to the structural and functional
“occult” brain tissue damage in patients with MS. This review describes brain and spinal cord
imaging studies of MS with particular emphasis on GM imaging in both secondary- and primary-
progressive MS, discusses the clinical implications of GM damage and outlines current MRI
developments at high and ultra-high magnetic field strength.
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Approximately 80-85% of patients with multiple sclerosis (MS) present with a relapsing-
remitting (RR) course characterized by acute relapses followed by remissions (1). The
progressive course of multiple sclerosis (MS) includes the secondary progressive (SP),
progressive-relapsing (PR) and the primary-progressive (PP) subtypes (1). SP-MS develops
over time in patients with RR-MS and it is characterized by a gradual clinical worsening
independent of relapses; patients with PP-MS present a steady progression of the disease
processes since the onset in absence of exacerbations; in PR-MS, patients follow a PP-MS
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course and then experience relapses with continuous progression between exacerbations.
Although very little is known about the mechanisms of disease progression, a recent
histological study has demonstrated that both patients with SP-MS and PP-MS are
characterized by extensive demyelination of the cortex and more diffuse rather than focal
injury in normal-appearing white matter (NAWM). Clinical magnetic resonance imaging
(MRI) is of great value in supporting MS diagnosis and in providing more sensitive outcome
measures in clinical trials (2,3); the lack of pathological specificity of routine MRI
techniques, however, precludes the assessment of the neurodegenenerative features of the
disease. Furthermore, while conventional MRI outcomes such as the number of Gadolinium-
enhancing lesions and the number of new T2 lesions are useful in monitoring the efficacy of
antinflammatory/immunomodulatory treatments, they are of limited utility in monitoring
neuroprotective treatments, especially in the progressive phase of the disease (4). Advanced
MRI techniques have made possible to visualize GM lesions in vivo and to quantify
structural and functional damage of the cortical and sub-cortical GM (5). We will first
review brain and spinal cord imaging studies that assessed GM damage in both secondary-
and primary-progressive forms of MS. We shall then discuss the clinical implications of GM
damage especially with regard to cognitive performance and the role of GM imaging in
monitoring neuroprotective treatments. We will conclude with a discussion on high and
ultra-high field MRI and its potential in elucidating the mechanisms of neuro-axonal damage
in MS.

GRAY MATTER PATHOLOGY IN MULTIPLE SCLEROSIS

Cortical and sub-cortical GM pathology in MS has been neglected for long time due to the
predominant interest in WM inflammatory demyelination and the difficulty in visualizing
GM lesions with both conventional histochemical staining and MRI methods. In a series of
brain pathology studies published in 1962, the authors found that 26% of the MS lesions
were located in the cortical and subcortical GM (6). A subsequent correlative MRI-
histological study confirmed the high prevalence of demyelination in GM areas (7). More
recently, Kutzelnigg et al. (8) assessed NAWM and the cortex from the post-mortem tissue
of 52 patients with acute, RR-MS, PP-MS, or SP-MS and from healthy controls. PP-MS and
SP-MS patients were characterized by extensive demyelination of the cortex and more
diffuse rather than focal injury in NAWM suggesting that progressive MS patients share a
common pathology that might be different from that of RR-MS patients characterized by the
prevalence of focal injury.

[Callout] In a recent post-mortem study, patients with primary progressive or
secondary progressive multiple sclerosis (PP-MS or SP-MS, respectively) were
characterized by extensive demyelination of the cortex and more diffuse rather than
focal injury in normal appearing white matter (NAWM), suggesting that
progressive MS patients share a common pathology that may differ from that of
relapsing remitting multiple sclerosis (RR-MS) patients characterized by the
prevalence of focal injury.

Furthermore, the lack of correlation among cortical demyelination, number of white matter
lesions and the diffuse damage in normal appearing white matter (NAWM) suggested that
these pathological processes occur, at least in part, independent from one another.

One of the systems proposed for the classification of cortical demyelination feature three
patterns: Type | lesions are contiguous with subcortical WM lesions; type 1l lesions are
intracortical and often perivascular; type 111 lesions extend from the pial surface to cortical
layers 3 or 4 (9). Unlike WM lesions, GM lesions are characterized by demyelination and, to
a lesser extent, microglial reaction whereas lymphocyte infiltration and blood-brain barrier
(BBB) disruption are not usually found (10,11). Axonal transection, neuronal, glial, and
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synaptic loss, may be found in a minority of cortical lesions. In addition to the presence of
lesions, the cerebral cortex of patients with MS may also be affected by atrophy and
neuronal apoptosis (10).

Sub-cortical GM is not spared by the MS pathological processes. Histophatological studies
have demonstrated demyelination in the thalamus, basal ganglia, hypothalamus,
hippocampus, cerebellum, and spinal cord of MS patients (8,12,13) Compared to cortical
lesions, hypothalamic and, to a lesser extent, spinal cord GM lesions show a stronger
inflammatory profile than intracortical lesions, and are characterized by the presence of
activated microglia and macrophages (13). In contrast, hippocampal lesions that are very
common in chronic MS autopsy cases present a pathological profile more similar to that of
intra-cortical lesions (14).

CONVENTIONAL BRAIN AND SPINAL CORD MAGNETIC RESONANCE

IMAGING

Clinical MRI of the brain and the spinal cord is of great value in the diagnosis of MS (2).

[Callout] Clinical magnetic resonance imagine (MRI) of the brain and the spinal
cord is of great value in the diagnosis of MS.

Typically, patients with PP-MS have fewer new T2 lesions or Gadolinium-enhancing lesions
than patients with other MS subtypes including those with SP-MS (15). However, a study
using triple-dose enhanced MRI has demonstrated the presence of active lesions in 19 out of
45 PP-MS patients (42%) suggesting that inflammation can be substantial in subgroups of
patients with early disease (16). Lesions of the spinal cord are relatively common in MS
patients and occur more frequently in the cervical cord (17). In spite of the fact that
locomotor disability is very common in PP-MS, the frequency of lesions found in the spinal
cord of these patients is not greater than that of other MS subtypes suggesting that
mechanisms other than lesions formation lead to clinical deficits (17). Conventional MRI
can also demonstrate atrophy in both the brain and spinal cord of MS patients (3). Despite
these advantages, however, clinical MRI is of limited utility for GM lesions detection, and
lacks specificity to the pathological substrate of the disease and sensitivity to the diffuse
microscopic damage in NAWM and in NAGM (3,5).

[Callout] Despite these advantages, however, clinical MRI is of limited utility for
GM lesions detection, and lacks specificity to the pathological substrate of the
disease and sensitivity to the diffuse microscopic damage in NAWM and in
NAGM.

MAGNETIC RESONANCE IMAGING OF CORTICAL AND SUB-CORTICAL
GRAY MATTER LESIONS

Cortical lesions are poorly detectable on routine MRI sequences such as T2-weighted (T2-
W) spin echo and fluid-attenuated inversion recovery (FLAIR) due to potential several
reasons: 1) smaller lesions size; 2) smaller difference in T1 and T2 relaxation times between
lesions and surrounding tissue in GM than in WM; 3) low inflammatory infiltration of
cortical lesions and the less frequent association with blood brain barrier (BBB) breakdown;
4) partial volume effect resulting from the CSF of adjacent cortical sulci. It has been shown
that an improvement in cortical lesion detection in MS can be achieved by using a double
inversion recovery (DIR) (18) sequence. DIR imaging consists of two adiabatic non-
selective inversion pulses applied before a Turbo Spin Echo sequence, in order to suppress
the signal from two tissues with different longitudinal relaxation times simultaneously. In
the brain, DIR is used to selectively image the GM by nulling the signal from WM and
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cerebrospinal fluid (19) (Fig. 1). DIR imaging increases cortical lesion detection rates per
patient by an average of 152% when compared with FLAIR imaging and 500% when
compared with conventional T2-W MRI, (20).

In a DIR study of a large patient population, cortical lesions were detected in the majority of
patients with RRMS (64%) and SPMS (70%), as well as in 37% of patients with clinically
isolated syndrome (21). This finding indicates that although cortical lesions are present in all
MS phenotypes, the occurrence of cortical inflammation in this disease is an early
phenomenon. Importantly, patients with cortical lesions were shown to have higher
expanded Disability Status Scale (EDSS) scores, a greater white matter T2 lesion load and a
reduced brain volume than patients with MS who did not have cortical lesions. A 3 year
longitudinal follow-up study demonstrated that the number and volume of cortical lesions
increased over time at a significantly greater rate in patients with clinical progression than in
patients who were clinically stable (22). Interestingly, the accumulation rate of new cortical
lesions was shown to be similar in 76 patients with RR-MS and 31 patients with SP-MS (0.8
per year versus 1.0 per year), suggesting that the greater number of cortical lesions observed
in patients with SP-MS probably reflects the fact that they have had the disease over a
longer period of time and that the overall cortical lesion burden might affect disability
progression in patients with MS. Cortical lesions have also been observed in up to 80% of
patients with PP-MS and have been shown to be positively correlated with disease duration,
higher EDSS scores and increased cortical atrophy and disability (23).

[Callout] Cortical lesions have also been observed in up to 80% of patients with
PP-MS and have been shown to be positively correlated with disease duration,
higher scores on the expanded disability status scale (EDSS) and increased cortical
atrophy and disability

A large proportion of cortical lesions, however, remain undetected even when DIR imaging
is used. Only 10-20% of the cortical lesions that are identified by immunohistological
techniques are also detected on DIR images (24). The combination of DIR with other MRI
sequences, such as a T1weighted three dimensional spoiled gradient recalled echo (25) and
phase sensitive inversion recovery (26) will, hopefully, further increase the cortical lesion
detection rate.

GRAY MATTER ATROPHY

Apart from visualizing cortical lesions, GM damage can be assessed by using atrophy (Fig.
2) and cortical thickness measurements (27,28). GM volume loss has been reported in
patients with different clinical phenotypes of MS and occurs since the earliest stages of the
disease (29-35). Measures of GM atrophy are clinical relevant as shown by several MRI
studies that have linked GM atrophy with clinical impairment, including physical disability
and cognitive dysfunction (36-39). Interestingly, compared with white matter, GM atrophy
is more extensive and occurs at a faster rate in the MS brain. In a longitudinal study, Fisniku
et al. (40) evaluated tissue-specific atrophy in a cohort of seventy-three MS patients initially
presenting with a clinically isolated syndrome (CIS) who were followed for 20 years, with
clinical and MRI evaluations. The investigators found that the extent of GM atrophy in the
MS patients was greater than that of WM atrophy after 20 years of disease, and that there
was significantly more GM atrophy, but not WM atrophy in SP-MS versus RR-MS patients,
as well as in RRMS versus CIS patients. Not only did GM atrophy correlate with disability
but it also proved to be a stronger predictor of disability than focal WM lesion load and WM
atrophy.

[Callout] Not only does gray matter (GM) atrophy correlate with disability but it
has also proven to be a stronger predictor of disability than focal WM lesion load
and WM atrophy.
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In another study, Fisher et al., (41) measured the rate of GM and WM atrophy in a large
group of MS patients who were followed over 4 years. They found that, although WM
atrophy rate remained constant at threefold normal across all disease stages, a 3.4-fold
increase of GM atrophy rate was seen in CIS patients converting to RRMS, whereas a 14-
fold increase was measured in SP-MS patients. In a longitudinal MRI study of patients with
PP-MS, a 1.49 % decrease in GM fraction was observed over 1 year follow-up, whereas a
decrease in WM fraction was reported only in a subgroup of PP-MS patients with high
Gadolinium-enhancing lesions load (16).

NON CONVENTIONAL MAGNETIC RESONANCE IMAGING AND “OCCULT”
INJURY IN NORMAL-APPEARING GRAY MATTER

In addition to detection of cortical lesions and atrophy, GM pathology can be assessed in
vivo using advanced quantitative MRI techniques such as magnetization transfer imaging
(MTI), diffusion tensor imaging (DTI), and proton MR spectroscopy (*H-MRS). While
these techniques are more sensitive to pathology in the normal-appearing GM (NAGM),
they have a poorer spatial resolution than conventional MRI, which makes it difficult to
distinguish between lesional and non-lesional GM damage.

MT]I allows the calculation of an index, the magnetization transfer ratio (MTR), which, when
reduced, indicates a diminished capacity of the protons bound to the brain macromolecules
to exchange magnetization with the surrounding free water protons, thus providing an
estimate of the extent of tissue disruption (42). MTR values in the brain GM were found to
be reduced in patients with different MS phenotypes, although they were more pronounced
in patients with PP-MS or SP-MS than in those with RR-MS. Furthermore, in patients with
PP-MS, GM MTR decline reflected the rate of clinical deterioration during 3 years (43)

DTI enables the random diffusional motion of water molecules to be measured, thus
providing metrics, such as mean diffusivity (MD) and fractional anisotropy (FA), which
allow quantification of the size and geometry of water-filled spaces (44) DTI studies
confirmed the presence of GM damage in MS and showed that the extent of such damage
differs among the various disease phenotypes, being more severe in patients with SP-MS
(44).Longitudinal DTI studies (44) have demonstrated a worsening of GM damage with time
in patients with RR-MS, SP-MS, and PP-MS. In the latter GM diffusivity was also found to
predict accumulation of disability during a 5-year period (45).

1H-MR spectroscopy allows to quantify chemical markers of the pathologic changes
occurring in the brain (46) Several studies have found metabolite abnormalities, including
reduced concentrations of NAA, a marker of neuroaxonal integrity and viability, and Cho, a
marker of membrane turnover, and increased concentrations of myo-inositol, a marker of
astrogliosis in the cortical and subcortical GM tissue (47-49) of patients with MS. While
these studies could detect NAA decrease in early RR-MS and in patients with CIS
suggesting that neuro-axonal injury occurs since the early stages of the disease, other studies
(50,51), found a significant decreases of Cho, creatine, and NAA concentrations in the GM
of patients with the progressive forms of the disease, but not in those with RR-MS. NAA
reduction has also been demonstrated in the thalamus of patients with SP-MS and RR-MS
(48) and in the cerebral cortex of patients with PP-MS (52).

NON-CONVENTIONAL MAGNETIC RESONANCE IMAGING OF THE SPINAL

CORD

The spinal cord is a common site of pathology in multiple sclerosis (53)and spine MRI is of
great value, in addition to brain MR, for the diagnosis of the disease (2). The majority of
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cord lesions are located peripherally in the cervical and thoracic segments of the cord and
are limited to one to two spinal cord segments (54). Unlike in RR-MS patients who are
characterized by focal abnormalities, in patients with SP-MS, cord abnormalities tend to be
extensive and confluent (55) and in those with PP-MS, diffuse abnormalities are more
frequent compared with the other MS phenotypes (56). Likewise, spinal cord atrophy seems
to be more severe in PP-MS and SP-MS patients and to correlate with the appearance of
diffuse abnormalities and locomotor disability (57). Thus, suggesting that mechanisms other
than focal demyelination may be responsible for spinal cord atrophy. Conventional spine
MRI is very sensitive to the presence of lesions (17), but it is unable to grade the extent of
tissue injury within macroscopic lesions, as well as to detect and quantify the “occult”
damage known to occur in the normal-appearing cord of patients with MS (58).
Development in hardware and pulse sequences has made possible the application of
quantitative MR techniques in the spinal cord for the quantification of “occult” damage in
the normal-appearing cord tissue. Patients with PP-MS and SP-MS are characterized by
lower cord MTR values than those with RR-MS and cervical cord MTR histogram measures
are independent predictors of locomotor disability (59). A large brain and spinal cord MTI
study of patients with progressive MS showed that the extent of diffuse spinal cord tissue
damage measured by means of MTR in PP-MS patients matched that of SP-MS patients
with similar levels of disability despite the fact they had higher MRI-visible lesion burden
(60). In addition, patients with RR-MS, SP-MS and PP-MS have MD and FA histogram
characteristics suggestive of diffuse cord injury (61). When patients with PP-MS are
compared with those with other MS phenotypes, cord fractional anisotropy decrease is found
but not differences in mean diffusivity or cord cross-sectional area (62). More recently, the
feasibility of 1H-MRS in spinal cord has been shown and compared with brain and clinical
findings (63,64). A 32% decrease of NAA was detected in spinal cord, and correlated with
the cerebellar subscore of the neurologic assessment. Ciccarelli and colleagues (64), have
demonstrated that the combination of MR spectroscopy and diffusion MRI of the cervical
cord not only provide measures that are sensitive to the tissue damage occurring in this area
but enable a more comprehensive assessment of spinal cord and clinical disability.

GRAY MATTER INJURY AND PHYSICAL DISABILITY

While the correlation between WM T2 lesion volume and the Expanded Disability Status
Scale (EDSS) score ranges from weak to moderate, imaging markers of GM injury show a
better association with clinical disability (3). For instance, MS patients with both RR and
progressive course who presented DIR detected cortical lesions were shown to have higher
EDSS scores (22,23). Furthermore, in a longitudinal study of MS patients, GM atrophy
proved to be a stronger predictor of disability than focal WM lesion load and WM atrophy
(40).

GRAY MATTER INJURY AND COGNITION

Cognitive impairment affects 40-65% of patients with MS, with most frequent deficits of
memory, abstract reasoning, sustained attention, and information processing speed (65).
Although traditionally categorized as characterized by a “sub-cortical pattern” of cognitive
dysfunction, MS patients seem to be characterized by both cortical and sub-cortical
pathologies as supported by the presence of injury in the cortex and deep gray matter (12).
Although cognitive decline has been observed from the early stages of the disease, it is more
frequent and pronounced in the progressive forms of the disease and tends to worsen over
time (66,67).

[Callout] Although cognitive decline has been observed from the early stages of the
disease, it is more frequent and pronounced in the progressive forms of the disease
and tends to worsen over time
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Camp et al. carried out the largest survey published to date, including 63 patients with PP-
MS (68) and reported cognitive dysfunction in 29% of them. In a subsequent 2-year study of
PP-MS, they observed that while mean performance did not change significantly over time,
in terms of individual changes, 37% of patients showed significant cognitive decline.

While earlier MRI studies focused on the impact of WM lesion burden and location, recent
studies have suggested that several pathological features of MS pathology, including GM
injury are likely to contribute to the presence and worsening of cognitive deficits in MS.
Amato et al. (37) found that cortical atrophy is present only in cognitively impaired patients
with early RR-MS and it is correlated with a poor performance on several
neuropsychological tests. A 2.5-year follow-up of a subgroup of these patients showed a
progressive cortical atrophy in those individuals with a deteriorating cognitive performance
(69). Moreaver, an increase in cortical and hippocampal lesions over time has been shown to
be more frequent in patients with SP-MS and to correlate with impaired visuo-spatial
memory and processing speed (70). Both cortical lesions and atrophy have been shown to be
independent predictors of MS-related cognitive impairment (21).

Interestingly, brain cortical reorganization measured by means of blood oxygen level
dependent MRI, could play a role in preserving cognitive performance despite the presence
of disease-related structural damage (71). Conversely, the exhaustion of cortical recruitment
might be among the factors responsible for a worsening of cognitive abilities (72). Recently,
reduced fluctuations within the anterior regions of the default-mode network have also been
shown to occur in patients with progressive MS and cognitive impairment (73).

All together these studies suggest that the combination of several MR modalities, sensitive
toward different components of MS pathology, might be a valuable tool to improve the
understanding of the pathophysiology of cognitive impairment in MS.

[Callout] All together these studies suggest that the combination of several MR
modalities, sensitive toward different components of MS pathology, might be a
valuable tool to improve the understanding of the pathophysiology of cognitive
impairment in MS.

IMPLICATIONS FOR MONITORING TREATMENT

While the number of new T2 lesions and Gd-enhancing lesions is an useful outcome
measures in MS trials of antinflammatory treatments, measurement of brain atrophy may be
the most relevant biomarker for monitoring neurodegeneration in a clinical trial setting (4).
This is particularly important for patients with primary and secondary progressive MS who
are characterized by less inflammation. Furthermore, recent studies suggest that GM volume
measures may represent a more sensitive tool for assessing neuroprotective therapeutic
effects than whole brain and WM volumes (74). The preliminary MRI data available from
patients with RR-MS (75), suggest that GM volume change in response to treatment may be
a more reliable marker to distinguish disease- and treatment related brain volume changes.
Although GMV may be a viable outcome measure for clinical trials investigating
neuroprotection (76), further studies are needed to establish whether GM volume
measurements, as well as other GM-based non-conventional MRI techniques (DIR, MTR,
DTI and 1H-MRS) (77,78) may become reliable outcome measures for MS clinical trials
focusing on neuroprotection in patients with SP- and PP-MS.
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HIGH AND ULTRA-HIGH FIELD STRENGTH MAGNETIC RESONANCE

IMAGING

The improvement in image signal-to-noise ratio (SNR) provided by high and ultra-high field
MRI systems and multi-channel radiofrequency (RF) technology can significantly improve
WM lesions detection in MS patients (79). Furthermore, the higher SNR and spatial
resolution, combined with the inherent greatly enhanced T2* contrast at ultra-high field
strengths can improve the detection and characterization of cortical lesions (80-83).
Interestingly, cortical lesions were more frequent in patients with SP-MS than in those with
RR-MS (82) supporting the results of DIR studies at lower MRI field strenght. There is
some evidence that high and ultra-high field MRI may be useful in imaging nuclei such

as 3IP, and 23Na (Fig. 3) characterized by a much lower concentration than proton nuclei
(84) and in measuring metabolites such as glutamate and glutathione (GSH) present at low
concentration in the brain and difficult to resolve due to overlap with other resonances
(85,86). Preliminary data from patients with RR-MS demonstrate that these techniques are
sensitive not only to WM but also to GM damage suggesting their potential in elucidating
the pathological mechanisms of neurodegeneration and disease progression.

FUTURE DIRECTIONS

While our current knowledge of cellular and molecular mechanisms of MS progression,
especially in the progressive forms of the disease is limited, routine and advanced MRI
techniques will undoubtedly serve as a tool for improving diagnosis, monitoring
neurodegeneration and efficacy of neuroprotective treatments and identifying prognostic
biomarkers. Improved detection of GM lesions in vivo by means of DIR could provide a
valuable new aid for the diagnosis and follow-up of people with MS. However, additional
studies will have to further validate the technique both intra- and across centers before
inclusion of cortical lesions in the diagnostic MR imaging criteria could be discussed. Since
the overall burden of WM MRI-visible lesions and NAWM injury do not fully account for
the severity of MS cognitive impairment, future studies will have to further investigate the
clinical relevance and outcome of cortical and sub-cortical GM lesions. Targets for
neuroprotective drug discovery and development will emerge as we learn more about the
pathophysiolgy of neuroaxonal damage. As a consequence, more tissue specific imaging
tools for rapid screening of promising therapeutic agents and for monitoring their efficacy in
clinical trials are needed. Measures of GM atrophy seem to be more sensitive to tissue
changes over time than measures of BV and WMV and a very promising tool for
distinguishing disease- and treatment related brain volume changes. However, future studies
will have to establish whether GM volume measurements, as well as other GM-based non-
conventional MRI techniques such as MTI, DTI and IH-MRS may become reliable markers
for monitoring neurodegeneration and neuroprotection. Finally, the advent of high and ultra-
high field strength magnets and sophisticated coil technology holds great promises in terms
of development and implementation of techniques with higher sensitivity and specificity to
pathological mechanisms underlying disease processes.
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Fig. 1.

Selected axial DIR images acquired at 3 Tesla (Verio, Siemens Medical Solutions, Erlangen,
Germany) from a patient with primary-progressive MS. Note the clear delineation of the
gray matter resulting from the suppression of signals from the cerebral spinal fluid CSF and
the white matter. The arrow indicates a cortical lesion.
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Fig. 2.
Axial T2-weighted image (A) and corresponding segmented white matter (B) and segmented
gray matter (C) from a patient with secondary-progressive MS.
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Fig. 3.

Selected axial T2-weighted image (A) and corresponding tissue sodium concentration (TSC
in mM) map (B) from a patient with secondary-progressive MS. Arrows indicate lesions
with increased TSC concentration.
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