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Gray matter (GM) damage is an important pathophysiological fea-
ture in Multiple Sclerosis (MS), and may be related to clinical,
including cognitive, deficits. Quantitative single-voxel 1H-Mag-
netic Resonance Spectroscopy (TR/TE 6000/20 ms) was per-
formed in 33 MS patients (11 per disease subtype; mean age 48
years, 16 females) and 10 healthy controls (mean age 43 years, 7
females). No overall spectroscopic changes were found in MS
cortex. In MS thalamus, a 9% decrease of N-acetyl aspartate
(NAA; P � 0.005) and a 31% increase of myo-inositol (Ins; P �

0.002) were found. A 21% Ins increase was observed (P � 0.02) in
MS hippocampus. Reduced NAA and increased Ins concentra-
tions are thought to reflect neuro-axonal damage or loss and
gliosis, respectively. Significant correlations between Ins concen-
trations and total-brain T2 lesion load were found for MS thalamus
(r � 0.65, P < 0.001) and hippocampus (r � 0.57, P � 0.001). MS
thalamic and hippocampal Ins concentrations also correlated with
each other (r � 0.68; P < 0.001). Cortical Gln correlated with
thalamic NAA (r � -0.38; P � 0.03) in MS. Thalamic and hippocam-
pal Ins increases were most prominent in secondary-progressive
(SP) patients (37% and 34%, respectively), whereas the largest
thalamic NAA decrease (14%) was found in primary-progressive
(PP) patients. In conclusion, thalamic and hippocampal GM pa-
thology are important features of (progressive) MS. Magn Reson
Med 55:478–483, 2006. © 2006 Wiley-Liss, Inc.
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Multiple sclerosis (MS) is a demyelinating disease of the
central nervous system, leading to chronic disability in
mostly young adults. Although MS has long been regarded
as a pure white matter (WM) disease, gray matter (GM)
may also be heavily involved (1–4). Histopathologically,

GM abnormalities are characterized by focal, demyeli-
nated lesions without inflammation (4). Cortical GM le-
sions have been subdivided into 4 categories, depending
on their localization within the cortex, their size, and
whether any involvement of WM is apparent (4). Also, a
pattern of generalized subpial demyelination has been de-
scribed (5), with cortical demyelination extending over
several gyri or possibly even throughout the entire brain.

Since GM abnormalities in MS are thought to play an
important role in the pathophysiology of physical and neu-
ropsychological abnormalities (6), as well as in MS-associ-
ated epilepsy (7) and depression (8), it is important to be able
to evaluate GM abnormalities in vivo, and to study their
relation to clinical and cognitive deficits. However, visualiz-
ing GM lesions with MR imaging is notoriously difficult
(2,3,9). Therefore, it is important to realize that the radiologic
definition of normal-appearing GM (NAGM) may differ from
the definition of normal-appearing white matter (NAWM) in
that WM lesions show up much more easily and can there-
fore be excluded when studying NAWM.

Quantitative MR research has reported several abnor-
malities in the (NA)GM of MS patients. Magnetization
transfer and diffusion studies revealed significant abnor-
malities in MS cortical GM (10–13). Also, changes in me-
tabolite concentrations in MS GM were found by studies
using Magnetic Resonance Spectroscopy (MRS). In cortical
GM, reduced N-acetylaspartate (NAA) concentrations
were found (14,15); and in the thalamus of MS patients,
Cifelli et al. (16) reported decreased NAA levels in vivo,
which were linked to neuronal loss in post mortem tissue.
So far, no data are available on possible metabolite
changes in the hippocampus of MS patients.

With respect to clinical—including neurocognitive—
deficits, structures like hippocampus and thalamus are of
importance. Since spectral quality in these areas is poorer
than in the cortical GM or WM, the reliability of MRS in
thalamus and hippocampus was already investigated in a
previous reproducibility study (17). The current study
aimed to evaluate changes in metabolite concentrations, as
measured by single-voxel quantitative proton MRS, within
thalamus, hippocampus, and cortical GM in MS. Changes
in metabolite concentrations were correlated to clinical
and neuropsychological measures.

METHODS
Subjects

Eleven patients per MS disease subtype (relapsing-remit-
ting [RR], secondary progressive [SP], and primary pro-
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gressive [PP]) were selected for this study, as well as
10 healthy subjects. Mean age of the patients (16 females)
was 48 years (range 25–71); mean age of controls (7 fe-
males) was 43 years (range 25–62). The mean age of PP
patients was somewhat higher, 56 yrs (range 29–71), than
of the relapse-onset patients and the controls. The study
protocol was approved by the institutional ethics review
board, and all subjects gave informed consent prior to
examination. Patients were newly and randomly selected
from our neurology department. Inclusion criteria were:
age between 18–75 years and no recent (within 4 weeks
before examination) clinical disease activity. Of all RR
patients, 27% were under disease-modifying treatment
(interferon or glatiramer acetate). Expanded Disability Sta-
tus Scale (EDSS) scores were obtained from all patients by
questionnaire (see Lechner-Scott et al. (18) for details). A
Brief Repeatable Battery of Neuropsychological tests
(BRB-N) was applied to patients and healthy subjects (19),
resulting in z-scores (see Boringa et al. (20) for normative
values). Finally, total brain T2 lesion loads (T2LL) in mL
were calculated for MS patients, using locally developed
thresholding software.

MR Acquisition

MR examinations were performed at 1.5T (Siemens Vi-
sion, Erlangen, Germany) using a standard circularly po-
larized transmit-receive head coil. Volumes-of-interest

(VOIs) were selected using sagittal and coronal T1-
weighted images (3D-FLASH, flip angle 20°, TR/TE 15/
4 ms, 4 mm slices) and a standard axial T2-weighted turbo
spin-echo (TSE; TR/TE 4539/119 ms, 5 mm slices). Local-
ized MRS was performed with a stimulated echo acquisi-
tion mode (STEAM) sequence (TR/TE/TM � 6000/20/
10 ms; 64 acquisitions) (21).

For correction of eddy currents, a reference scan without
water suppression was acquired (22). Moreover, 10 single
acquisitions without water suppression were obtained (TE
values ranging from 20 to 1500 ms, intermeasurement
delay of 10 s) to determine VOI free water content (�2,
according to the definition by Ernst and coworkers (23),
based on a 2-compartment model of free water and tissue
water with a long and short T2-relaxation time, respec-
tively).

Per subject, spectra were acquired from 3 VOIs located
in thalamus (7 mL), in hippocampus (6 mL), and in pari-
etal cortex (12 mL). Placement of the voxels is shown in
Fig. 1. Volumes of the VOIs were identical for all patients
and controls.

Spectral Quantification

Spectra were quantified using LCModel (24), using the
scanner-determined transmitter amplitude as an external
reference for absolute quantification (25,26). Although a

FIG. 1. Sagittal and coronal views on the voxel placement within thalamus (a; 7 mL), hippocampus (b; 6 mL), and cortical GM (c; 12 mL),
with accompanying average spectra of MS and control subjects.
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more elaborate set of minor metabolites was also included
in the analysis of the spectra (see Pouwels et al. (27) for
details), only concentrations of total NAA (NAA; sum of
N-acetylaspartate and N-acetylaspartylglutamate), total
Cr (Cr; creatine and phosphocreatine), choline-contain-
ing compounds (Cho), myo-inositol (Ins), glutamate
(Glu), and glutamine (Gln) were considered in the cur-
rent study. After correction for intravoxel free-water
content �2, concentrations were expressed as mmol/liter
tissue (mM).

Spectral quality was evaluated based on the full-width
at half maximum (FWHM) and signal-to-noise ratio (SNR),
as indicated by LCModel. FWHM is estimated on the basis
of the linewidths of the singlet resonances of NAA, Cr, and
Cho; and SNR is determined by the NAA intensity and the
residuals of the fitted spectral area.

The stability of quantitative MRS is controlled by
regular measurements of a stable phantom, containing
the metabolites lactate and acetate at a known concen-
tration. Although scanner drift can introduce quantifi-
cation variations, the calibration factor remained stable
during this study. The metabolites in the phantom could
be quantified with a coefficient of variation (CoV) below
2%.

Average spectra were constructed for total MS and con-
trol groups, as previously described (27,28).

Statistical Analysis

Values were expressed as mean � SD, unless indicated
otherwise. Possible differences in metabolite concentra-
tions between the total MS group and controls, as well as
between the MS groups separately and controls, were eval-
uated with an ANOVA (analysis of variance), using Bon-
ferroni’s correction for multiple comparisons and subject
age as a covariate. ANOVA with Bonferroni-correction was
also used to study differences between the (total) MS
group(s) and controls, concerning spectral quality param-
eters (FWHM and SNR) and the intravoxel free-water con-
tent �2.

Pearson’s correlation coefficient was used to investigate
correlations between T2LL and BRB-N, on the one hand,
and metabolite concentrations on the other. Spearman’s
rho was used to describe correlations between EDSS and
metabolite concentrations. Statistical analyses were per-
formed with SPSS for Windows 12.0. P values below 0.05
were considered to be statistically significant.

Table 1
Metabolite Concentrations (mMa � SD), Quality Parameters (FWHM and SNR), and VOI Free-Water Content (�2) in Thalamus,
Hippocampus, and Cortical GM of the Three Separate MS Groups, the Combined (total) MS Group, and the Controls

RR SP PP MS Control

Thalamus
Cr 5.7 � 0.7 5.6 � 0.8 5.5 � 0.7 5.6 � 0.7 5.6 � 0.6
NAA 8.3 � 0.8## 8.3 � 0.9## 7.7 � 1.2** 8.1 � 1.0** 8.9 � 0.3
Cho 1.6 � 0.3 1.5 � 0.2 1.4 � 0.2 1.5 � 0.2 1.5 � 0.2
Ins 4.3 � 1.0 4.6 � 1.2* 4.2 � 0.8 4.4 � 1.0** 3.3 � 0.5
Glu 6.6 � 2.6 5.8 � 2.5 6.0 � 1.4 6.1 � 2.2 6.1 � 2.0
Gln 2.1 � 1.2 2.9 � 2.3 2.0 � 1.3 2.3 � 1.7 2.8 � 1.9
FWHM (Hz) 4.5 � 0.6 4.9 � 0.7# 4.3 � 0.4 4.6 � 0.6 4.5 � 0.6
SNR 7.0 � 1.2* 7.2 � 1.9 7.3 � 1.3 7.2 � 1.4* 8.3 � 1.0
�2 0.03 � 0.02 0.06 � 0.03* 0.04 � 0.04 0.04 � 0.03* 0.02 � 0.01

Hippocampus RR SP PP MS Control
Cr 6.3 � 1.0 6.6 � 1.0 5.2 � 0.9 6.1 � 1.1 5.7 � 1.3
NAA 7.7 � 1.3 7.4 � 1.1 6.7 � 0.6 7.3 � 1.1 7.5 � 1.0
Cho 2.0 � 0.3 1.8 � 0.4 1.6 � 0.3 1.8 � 0.3 1.8 � 0.3
Ins 6.7 � 1.1 7.2 � 2.5 5.7 � 1.5 6.5 � 1.8* 5.4 � 1.3
Glu 5.8 � 3.9 7.8 � 2.3 6.4 � 3.2 6.7 � 3.2 7.0 � 2.4
Gln 6.3 � 5.2 3.6 � 3.6 3.5 � 4.5 4.5 � 4.5 4.7 � 2.4
FWHM (Hz) 4.9 � 0.7 5.0 � 0.6 5.1 � 0.8 5.0 � 0.7 5.1 � 0.5
SNR 4.6 � 1.1# 4.6 � 0.5# 3.7 � 0.7* 4.3 � 0.9 4.5 � 1.0
�2 0.11 � 0.04 0.15 � 0.11 0.14 � 0.11 0.13 � 0.09 0.10 � 0.05

Cortical GM RR SP PP MS Control
Cr 6.7 � 0.7 7.2 � 1.0 7.3 � 0.9 7.0 � 0.9 6.7 � 0.5
NAA 9.2 � 0.7 9.1 � 1.2 9.4 � 1.0 9.2 � 1.0 9.2 � 0.6
Cho 1.2 � 0.2 1.2 � 0.2 1.2 � 0.2 1.2 � 0.2 1.1 � 0.2
Ins 4.9 � 0.7 5.1 � 0.8 5.2 � 1.2 5.1 � 0.9 4.6 � 0.4
Glu 8.6 � 1.3 9.3 � 1.6 9.2 � 2.0 9.0 � 1.7 8.8 � 1.2
Gln 4.6 � 1.4 5.6 � 1.8 6.3 � 1.9 5.5 � 1.8 4.5 � 1.5
FWHM (Hz) 3.1 � 0.3§ 3.4 � 0.3 3.4 � 0.4 3.3 � 0.4 3.1 � 0.2
SNR 16.4 � 2.9 15.0 � 2.4 15.7 � 3.1 15.7 � 2.8 17.3 � 2.0
�2 0.21 � 0.08 0.22 � 0.07 0.23 � 0.12 0.22 � 0.09 0.17 � 0.05

*P � 0.05, **P � 0.01 compared to controls; #P � 0.05, ##P � 0.01 compared to PP; §P � 0.05, §§P � 0.01 compared to SP; statistical
comparisons were corrected for multiple comparisons (Bonferroni) and controlled for subjects’ age.
aMetabolite concentrations expressed as mmol/l brain tissue, after correction for VOI free-water content �2.
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RESULTS

Metabolite Concentrations

Metabolite concentrations are presented in Table 1, to-
gether with the statistically significant differences. Aver-
age spectra for MS and controls are shown in Fig. 1.

In the thalamus, the NAA concentration was reduced by
9% when the total MS group (8.1 � 1.0 mM) was compared
to controls (8.9 � 0.3 mM), which was statistically highly
significant (P � 0.005). Upon comparison of the separate MS
groups with controls, NAA was decreased in all 3 groups, but
significantly so (P � 0.001) only in the PP group (14% NAA
reduction). Thalamic Ins was increased by 31% (P � 0.002)
in the MS group (4.4 � 1.0 mM in the MS group, and 3.3 �
0.5 mM for the controls). For subgroups, trends were ob-
served in PP and RR MS, when compared to controls, but the
Ins increase was largest (37% increase of Ins) and significant
(P � 0.017) only for the SP group. With respect to the remain-
ing metabolites, Cr, Cho, Glu, and Gln, no differences were
found in the thalamus.

A 21% increase (P � 0.02) of Ins was found in MS hip-
pocampus (6.5 � 1.8 mM) compared to controls (5.4 �
1.3 mM). Although no significant differences, compared to
controls, could be detected for the MS groups separately, the
largest increase of Ins was again observed in SP patients
(34%). Hippocampal NAA levels were lowest in PP patients,
although not significantly different from the controls.

In the cortical GM, no differences in metabolite concen-
trations were found when comparing MS to controls, or
when comparing MS subgroups to controls and to each
other. In particular, with respect to NAA, no differences
were observed between MS (9.2 � 1.0 mM) and controls
(9.2 � 0.6 mM), whereas a trend for increased Ins was
observed in SP and PP. Interestingly, cortical Gln showed
a trend to increased concentrations in all MS groups, with
RR showing lowest levels and PP showing highest (40%
increase compared to controls).

Spectral Quality Parameters and Free-Water Content

Quality of the MS spectra was comparable to the control
spectra, as evidenced by the similarity in FWHM and SNR
values (Table 1) and the average spectra in Fig. 1. No
differences in FWHM are observed between MS and con-
trols for any of the 3 regions. When comparing the 3
regions, the linewidth was smallest in cortical spectra and
largest in hippocampus, which is in line with an earlier
reproducibility study (17). Only small differences in SNR
are present (for details, see Table 1), which correspond to
concomitant differences in NAA (the intensity of which
determines SNR in the LCModel analysis). Because of
partial volume with CSF, the free-water content �2 is high-

est in cortical GM VOIs and hippocampus, but not signif-
icantly different between patients and controls. The al-
ready small �2 values in the thalamus do show some
differences, but this hardly affects the concentrations.

Correlations to Clinical, Neuropsychological, and MR
Imaging Data

As expected, EDSS showed highest values in PP and SP
MS, and differed between groups. Total MS Group BRB-N
z-scores differed significantly from control group scores (P
� 0.001), and RR, SP, and PP groups separately differed
from controls, as well. No differences in T2LL were found
between MS groups (Table 2).

None of the observed changes in metabolite concentra-
tions correlated with EDSS or BRB-N. The concentration of
Ins in MS thalamus correlated with T2LL (r � 0.65; P �
0.001), as did hippocampal Ins (r � 0.57; P � 0.001). Ins
concentrations in MS hippocampus and thalamus were
also significantly correlated to each other (r � 0.68; P �
0.001). Cortical Gln correlated with thalamic NAA (r �
-0.38; P � 0.03) in MS patients.

DISCUSSION

This study reports considerable alterations in metabolite
concentrations in MS thalamus and hippocampus, which
were related to T2LL. No metabolite changes, especially no
NAA decreases, were found in the cortical GM.

Thalamus

A few recent studies (16,29,30) have also reported NAA
decreases in the thalamus of MS patients, corresponding to
neuro-axonal damage (31). In a combined in vivo and post
mortem study, Cifelli and coworkers (16) described a 19%
reduction of thalamic NAA, corresponding to a 22% loss
of histologically counted neurons in different material.
Our own study reveals an approximate 14% decrease of
NAA within the thalamus in PP patients. The present
study is the first one to report an increase (31%) in tha-
lamic Ins, which is thought to be the result of gliosis (32).
Since great care was taken to exclude lesions visible on the
T2-weighted images in the VOIs studied, thalamic gliosis
is less likely to be due to local inflammatory processes. In
contrast to other GM structures, the thalamus is richly
myelinated, and inflammatory demyelination is therefore
unlikely to be missed by standard T2-weighted MR imag-
ing. A possible explanation for our finding could be that
remote structural damage to WM networks induces trans-
synaptic axonal degeneration and accompanying gliotic
changes within the thalamic nuclei. Support for this hy-

Table 2
Clinical, Neuropsychological, and MR Imaging Data

RR SP PP MS C

EDSS [median (range)] 3.5 (2.0–6.0)§§## 6.5 (5.0–8.0) 6.0 (3.0–6.5) 5.0 (2.0–8.0) NA
BRB-N (z-scores � SD) �0.77 � 0.87** �0.68 � 0.71** �0.48 � 0.44* �0.64 � 0.68** 0.39 � 0.36
T2 LL (mL � SD) 16.9 � 15.9 24.5 � 17.7 15.5 � 20.3 18.9 � 17.9 NA

*P � 0.05, **P � 0.01, compared to controls; #P � 0.05, ##P � 0.01, compared to PP; §P � 0.05, §§P � 0.01, compared to SP; NA � not
applicable. Statistical comparisons were corrected for multiple comparisons (Bonferroni).
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pothesis may be found in the strong positive correlation
between the thalamic Ins concentration and total brain
T2LL. A previous study (29) reported a trend to correlation
between thalamic and frontal WM NAA/Cr ratios. The
authors concluded that this relationship implies an intri-
cate relation between WM axonal loss and thalamic neuro-
axonal injury. Thus, the gliotic changes described in this
study could be a direct response to neuro-axonal damage
in the thalamus, caused by a remote inflammatory process.
Of course, it cannot be ruled out that thalamic gliosis is
partly due to local (microscopic) inflammation, which is
not visible on MRI due to limited resolution.

As Ins increases due to gliosis, higher levels of Cr may be
anticipated as well (28,32). However, in this study, tha-
lamic neuro-axonal loss or injury and gliosis seem to coun-
teract, resulting in unchanged Cr concentrations.

No correlations between thalamic metabolite changes
and clinical or neuropsychological measures were de-
tected, although this might be expected based on the piv-
otal role of the thalamus in motor and cognitive functional
processing. Several factors may explain this discrepancy.
For instance, it is known that the brain has a large plastic
capacity. Redundant pathways could compensate tha-
lamic neuro-axonal loss and gliosis, thus masking patho-
physiological deficits. Furthermore, the groups studied are
small, and the scales used to measure clinical and cogni-
tive deficits generally exhibit relatively poor reproducibil-
ity and large interobserver variability. Finally, it should
also be stated that the BRB-N was not specifically designed
to detect thalamic (dys)function, but rather to sensitively
assess MS-associated cognitive deficits.

Thalamic NAA decrease was strongest in the PP group,
while Ins increase was most prominent in the SP group.
Whereas patients with SP MS have usually suffered sev-
eral inflammatory demyelinating attacks, accompanied by
increasing gliosis, PP MS patients are thought to show less
focal pathology in the brain and more in the spinal cord
(33). Furthermore, brain pathology in this group is sup-
posed to be less inflammatory, and to display more wide-
spread damage to neuro-axonal elements (34,35). These
notions fit well with our spectroscopic observations. The
PP patients in this study are older than the relapse-onset
MS patients and the healthy controls. This, although per-
haps still not ideal, was accounted for in the statistical
analysis. The observed decrease of thalamic NAA in PP
patients is less likely to be due to age differences, however,
considering the apparent absence of differences in cortical
NAA concentrations between controls and PP patients.

Hippocampus

Similar to the thalamus, the Ins concentration was in-
creased in MS hippocampus. Other metabolite concentra-
tions within this structure remained unchanged. Hip-
pocampal and thalamic Ins increases correlated with each
other, and with T2LL, which suggests that gliosis in these
two structures goes hand in hand when the lesion volume
in the brain increases. However, whether this relationship
is causal or indirect remains undetermined.

No correlation was found between increased hippocam-
pal Ins and clinical or neuropsychological measures. It has
been reported that gliosis may precede axonal damage

(36,37). Therefore, it could be that—contrary to the thala-
mus—NAA decreases in the hippocampus have not yet
occurred. This would then result in unchanged neuropsy-
chological test scores, even though changes suggestive of
gliosis are already detectable. On the other hand, spectral
quality in the hippocampus is known to be poorer than in the
other regions, leading to a lower quantification precision
(17). Thus, the failure to demonstrate a statistically signifi-
cant decrease in hippocampal NAA concentrations (only a
trend in PP) could well be due to reduced statistical power.

Cortical Gray Matter

From histopathology, it is well known that cortical pathology
is often present in MS and may be quite extensive (1,3–5).
However, in this MRS study, no alterations in metabolite
concentrations, especially no changes in NAA, could be
demonstrated for this particular area of cortex. Unchanged
NAA concentrations in MS could be explained by the low
grade of inflammation and the process of remyelination of
cortical lesions (38), which might leave the neuro-axonal
elements, and thereby NAA concentrations, relatively intact.

In contrast with these results, some previous studies did
report reduced NAA levels in MS cortical GM (14,15,39).
This discrepancy could be explained by several factors. For
instance, differences in spectral quality between patients and
controls could lead to differences in quantified concentra-
tions. In this study, the cortical spectra all had high spectral
quality (low FWHM), which was similar in patients and
controls. Furthermore, in disease processes like MS, T1- and
T2-relaxation times of metabolites may have increased,
which will influence metabolite concentrations when using
acquisitions with shorter repetition times and longer echo
times than those applied in the current study. Finally, it
should be noted that a correction for free-water content may
exert an effect, especially since atrophy is usually more
prominent in the patient group. In our study, free-water con-
tent in the cortical VOIs did not differ significantly between
MS patients and controls. Consequently, although cortical
metabolite concentrations decreased somewhat when ex-
pressed in mmol/liter VOI instead of in mmol/liter brain
tissue, the differences between MS and controls remained
statistically non-significant.

Whereas Ins was clearly increased in thalamus and hip-
pocampus, there was only a trend for increased Ins in MS
cortex. Furthermore, this study showed a tendency toward
increased cortical Gln concentrations in MS, especially in the
PP group. Because of the overlapping multiplet resonances of
Glu and Gln, the quantification precision is generally lower
than for the major metabolites NAA, Cr, Cho, and Ins (17).
Therefore, the observed Gln changes may reach significance
when the group size is increased or when higher field
strengths are applied. Gln changes could reflect excitotoxic-
ity in the GM. Histopathological data suggestive of excitotox-
icity in human post mortem MS brain was provided earlier
(40). Interestingly, the cortical Gln increases correlated with
the reduced thalamic NAA concentration, pointing in the
direction of a degenerative process in the thalamocortical
circuitry, inducing cortical excitotoxicity or resulting from it.

CONCLUSIONS
This study provides MR spectroscopic evidence for neuro-
axonal damage in MS thalamus, and is the first to describe
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a considerable gliotic process in both MS thalamus and
hippocampus. Although most of these changes correlate with
total brain T2LL, they do not seem to be related to clinical
and cognitive decline. This lack of correlation might reflect
successful plastic efforts of the brain to maintain functional-
ity despite focal damage. No altered metabolite values were
found in the cortex, especially no NAA decreases.
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9. Geurts JJ, Bö L, Pouwels PJ, Castelijns JA, Polman CH, Barkhof F.
Cortical lesions in multiple sclerosis: a combined post mortem MRI and
histopathology study. AJNR Am J Neuroradiol 2005;26:572–577.

10. Ge Y, Grossman RI, Udupa JK, Babb JS, Kolson DL, McGowan JC. Magne-
tization transfer ratio histogram analysis of gray matter in relapsing-remit-
ting multiple sclerosis. AJNR Am J Neuroradiol 2001;22:470–475.

11. Bozzali M, Cercignani M, Sormani MP, Comi G, Filippi M. Quantification
of brain gray matter damage in different MS phenotypes by use of diffusion
tensor MR imaging. AJNR Am J Neuroradiol 2002;23:985–988.

12. Rovaris M, Bozzali M, Iannucci G, Ghezzi A, Caputo D, Montanari E,
Bertolotto A, Bergamaschi R, Capra R, Mancardi GL, Martinelli V, Comi
G, Filippi M. Assessment of normal-appearing white and gray matter in
patients with primary progressive multiple sclerosis: a diffusion-tensor
magnetic resonance imaging study. Arch Neurol 2002;59:1406–1412.

13. Dehmeshki J, Chard DT, Leary SM, Watt HC, Silver NC, Tofts PS,
Thompson AJ, Miller DH. The normal appearing grey matter in primary
progressive multiple sclerosis: a magnetisation transfer imaging study.
J Neurol 2003;250:67–74.

14. Chard DT, Griffin CM, McLean MA, Kapeller P, Kapoor R, Thompson
AJ, Miller DH. Brain metabolite changes in cortical grey and normal-
appearing white matter in clinically early relapsing-remitting multiple
sclerosis. Brain 2002;125:2342–2352.

15. Sarchielli P, Presciutti O, Tarducci R, Gobbi G, Alberti A, Pelliccioli
GP, Chiarini P, Gallai V. Localized (1)H magnetic resonance spectros-
copy in mainly cortical gray matter of patients with multiple sclerosis.
J Neurol 2002;249:902–910.

16. Cifelli A, Arridge M, Jezzard P, Esiri MM, Palace J, Matthews PM.
Thalamic neurodegeneration in multiple sclerosis. Ann Neurol 2002;
52:650–653.

17. Geurts JJ, Barkhof F, Castelijns JA, Uitdehaag BM, Polman CH, Pouwels
PJ. Quantitative 1H-MRS of healthy human cortex, hippocampus, and

thalamus: metabolite concentrations, quantification precision, and re-
producibility. J Magn Reson Imaging 2004;20:366–371.

18. Lechner-Scott J, Kappos L, Hofman M, Polman CH, Ronner H, Montal-
ban X, Tintore M, Frontoni M, Buttinelli C, Amato MP, Bartolozzi ML,
Versavel M, Dahlke F, Kapp JF, Gibberd R. Can the Expanded Disability
Status Scale be assessed by telephone? Mult Scler 2003;9:154–159.

19. Rao SM. Neuropsychology of multiple sclerosis. Curr Opin Neurol
1995;8:216–220.

20. Boringa JB, Lazeron RH, Reuling IE, Ader HJ, Pfennings L, Lindeboom
J, de Sonneville LM, Kalkers NF, Polman CH. The brief repeatable
battery of neuropsychological tests: normative values allow application
in multiple sclerosis clinical practice. Mult Scler 2001;7:263–267.

21. Frahm J, Bruhn H, Gyngell ML, Merboldt KD, Hanicke W, Sauter R.
Localized proton NMR spectroscopy in different regions of the human
brain in vivo. Relaxation times and concentrations of cerebral metab-
olites. Magn Reson Med 1989;11:47–63.

22. Klose U. In vivo proton spectroscopy in presence of eddy currents.
Magn Reson Med 1990;14:26–30.

23. Ernst T, Kreis R, Ross BD. Absolute quantitation of water and metabo-
lites in the human brain. I. Compartments and water. J Magn Reson
1993;102:1–8.

24. Provencher SW. Estimation of metabolite concentrations from local-
ized in vivo proton NMR spectra. Magn Reson Med 1993;30:672–679.

25. Hoult DI, Richards RE. The signal-to-noise ratio of the nuclear magnetic
resonance experiment. J Magn Reson 1976;24:71–85.

26. Michaelis T, Merboldt KD, Bruhn H, Hanicke W, Frahm J. Absolute
concentrations of metabolites in the adult human brain in vivo: quan-
tification of localized proton MR spectra. Radiology 1993;187:219–227.

27. Pouwels PJ, Brockmann K, Kruse B, Wilken B, Wick M, Hanefeld F,
Frahm J. Regional age dependence of human brain metabolites from
infancy to adulthood as detected by quantitative localized proton MRS.
Pediatr Res 1999;46:474–485.

28. Vrenken H, Barkhof F, Uitdehaag BM, Castelijns JA, Polman CH, Pou-
wels PJ. MR spectroscopic evidence for glial increase but not for neuro-
axonal damage in MS normal-appearing white matter. Magn Reson
Med 2005;53:256–66.

29. Wylezinska M, Cifelli A, Jezzard P, Palace J, Alecci M, Matthews PM.
Thalamic neurodegeneration in relapsing-remitting multiple sclerosis.
Neurology 2003;60:1949–1954.

30. Inglese M, Liu S, Babb JS, Mannon LJ, Grossman RI, Gonen O. Three-
dimensional proton spectroscopy of deep gray matter nuclei in relaps-
ing-remitting MS. Neurology 2004;63:170–172.

31. Birken DL, Oldendorf WH. N-acetyl-L-aspartic acid: a literature review
of a compound prominent in 1H-NMR spectroscopic studies of brain.
Neurosci Biobehav Rev 1989;13:23–31.

32. Brand A, Richter-Landsberg C, Leibfritz D. Multinuclear NMR studies
on the energy metabolism of glial and neuronal cells. Dev Neurosci
1993;15:289–298.

33. Rovaris M, Bozzali M, Santuccio G, Ghezzi A, Caputo D, Montanari E,
Bertolotto A, Bergamaschi R, Capra R, Mancardi G, Martinelli V, Comi
G, Filippi M. In vivo assessment of the brain and cervical cord pathol-
ogy of patients with primary progressive multiple sclerosis. Brain 2001;
124:2540–2549.

34. Lucchinetti C, Brück W. The pathology of primary progressive multiple
sclerosis. Mult Scler 2004;10:S23–S30.

35. Filippi M, Rovaris M, Rocca MA. Imaging primary progressive multiple
sclerosis: the contribution of structural, metabolic, and functional MRI
techniques. Mult Scler 2004;10:S36–S44.

36. Matthews PM, De Stefano N, Narayanan S, Francis GS, Wolinsky JS,
Antel JP, Arnold DL. Putting magnetic resonance spectroscopy studies
in context: axonal damage and disability in multiple sclerosis. Semin
Neurol 1998;18:327–336.

37. Inglese M, Li BS, Rusinek H, Babb JS, Grossman RI, Gonen O. Diffusely
elevated cerebral choline and creatine in relapsing-remitting multiple
sclerosis. Magn Reson Med 2003;50:190–195.

38. Albert M, Stadelmann C, Antel J, Brück W. Extensive remyelination in
frontal cortex in patients with long-standing multiple sclerosis. Mult
Scler 2004;10:S97. Abstract.

39. Adalsteinsson E, Langer-Gould A, Homer RJ, Rao A, Sullivan EV, Lima
CA, Pfefferbaum A, Atlas SW. Gray matter N-acetyl aspartate deficits in
secondary progressive but not relapsing-remitting multiple sclerosis.
AJNR Am J Neuroradiol 2003;24:1941–1945.
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