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BACKGROUND AND PURPOSE: Brain proton MR spectroscopy (1H-MR spectroscopy) is a useful tech-
nique for evaluating neuronal/axonal damage and demyelization in multiple sclerosis (MS). Because
MS disability is frequently related to spinal cord lesions, potential markers for MS stage differentiation
and severity would require in vivo quantification of spinal integrity. However, few spectroscopy studies
have investigated cervical disease due to technical difficulties. The present study used 3T 1H-MR
spectroscopy to measure the main metabolites in cervical spinal cord plaques of a group in patients
with relapsing-remitting MS (RRMS) and compared them with metabolite measurements in healthy
volunteers.

MATERIALS AND METHODS: A 1H-MR point-resolved spectroscopy sequence volume of interest was
prescribed along the main axis of the cord between C2 and C3 levels on a plaque in a group of 15
patients with RRMS for a total acquisition time of approximately 14 minutes. MR spectroscopy data
were analyzed by the user-independent fitting routine LCModel, and relative metabolite concentrations
were expressed by the absolute concentration ratios. A Student t test was used to evaluate the
difference compared with the healthy metabolite content previously published.

RESULTS: We found a significant decrease of total N-acetylaspartate/choline and an increase in
choline/creatine and myo-inositol/creatine content on MS plaques in comparison with healthy cervical
spine tissue.

CONCLUSIONS: In vivo 1H-MR spectroscopy, if confirmed by other similar studies, should be as reliable
for clinical studies as it is in brain imaging. Moreover, 1H-MR spectroscopy allows examination of spinal
cord integrity at a biochemical level and may be sensitive to subtle changes occurring during the course
of MS disease.

Multiple sclerosis (MS) is a central nervous system (CNS)
disease with a complex relapsing and remitting course,

including inflammation, demyelination, remyelination, ax-
onal loss, and gliosis, alternating or present at the same time.
These abnormal conditions have been demonstrated both in
lesions and in normal-appearing white matter (NAWM) and
normal-appearing gray matter (NAGM).1-10

T1- and T2-weighted MR imaging is currently the diag-
nostic reference to define and monitor MS, but it has poor
specificity and sensitivity in detecting pathophysiologic MS
changes correlated with clinical disability.6,11-15

For some years, brain proton MR spectroscopy (1H-MR
spectroscopy) has been used to study MS by offering a unique
opportunity to evaluate biochemical changes that could shed
light on the complex pathophysiology of the disease and
potentially define new markers correlated with the clinical
evolution of MS.1,16

Many cerebral quantitative MR spectroscopy studies in
patients with MS have evaluated the correlation of the spe-
cific single metabolites with specific physiologic events dur-
ing the MS disease course.11,17 The N-acetylaspartate
(NAA) peak is thought to be a neuronal marker indicative
of axonal integrity, and it has been found reduced in acute
and chronic lesions and in NAWM and NAGM.1,16 In some

cases, the NAA deficit correlated with MS-related clinical
disability better than the traditional MR imaging radiologic
markers.18,19 A peak increase in choline-containing com-
pounds (Cho), representing increased Cho mobility, in pa-
tients with MS is considered to reflect inflammation, demy-
elination, and remyelination.11 Last, a myo-inositol (mIns)
peak increase in patients with MS has been interpreted as a
possible indicator of gliosis or glial cell proliferation.11

Some studies have advocated mIns as a potential marker of
the clinical MS evolution of patients with an initial clini-
cally isolated syndrome.20

Although disability in MS is frequently related to spinal
cord lesions, few spectroscopy studies have addressed cervical
diseases21-26 because of technical difficulties limiting the qual-
ity of the spectroscopy data, due to strong magnetic field in-
homogeneities present in the spinal cord region, respiratory
and cardiac movements, and the small size of the spinal cord.
A recent study published a protocol for quantitative single-
voxel cervical spinal cord spectroscopy, presenting the first
mean relative concentration ratios for NAA, creatine plus
phosphocreatine (Cr), Cho, and mIns in a group of 10 healthy
volunteers by using a clinical 3T MR imaging system.27 The
present study applied the same acquisition and postprocessing
protocol to quantify the main CNS metabolites on the cervical
spinal cord plaques of a group of 15 patients with relapsing-
remitting MS (RRMS) and compared them with the metabo-
lite content of the group of healthy volunteers, to see if there
was a difference between the MR spectroscopic findings of the
cervical spinal cord in patients with RRMS and in volunteers.
Then we evaluated whether these MR imaging measures cor-
relate with disability in these patients, assessed through the
Expanded Disability Status Scale (EDSS).
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Materials and Methods

Patients
We recruited a group of 15 patients (9 women and 6 men; range,

25–74 years of age; mean, 39 � 12 years) with a diagnosis of RRMS,28

who presented with at least 1 lesion in the spine between C2 and C3

documented by conventional MR imaging. On the day of scanning, all

patients were clinically assessed and were scored on the EDSS. All

subjects provided written informed consent before the study, which

was approved by the local ethics committee.

Conventional MR Imaging and MR Spectroscopy
All patients underwent a morphologic study by using a 3T whole-

body system (Signa Excite; GE Healthcare, Milwaukee, Wis) with a

standard 8-channel phased array spinal coil (USAI 8ch CTL coil; GE

Healthcare), with the 4 upper elements selected (configuration used

for cervical spine imaging).

T2-weighted fast spin-echo images (FSE; TR, 3000 ms; TE, 106 ms;

NEX, 4) on the sagittal plane, without and with fat saturation; T2*

weighted gradient-echo images (multiple echo recombined gradient-

echo; TR, 600 ms; TE, 10 ms; NEX, 2) on the axial plane; and T1-weighted

FSE images (TR, 600 ms; TE, 17 ms; NEX, 3) on the sagittal plane, before

and after contrast administration, were obtained.

The single-voxel spectra were obtained by using the same ma-

chine and coil with a point-resolved spin-echo sequence, with a TR

of 2000 ms and a TE of 35 ms. A 3-pulse chemical shift selective

sequence to provide water suppression and 400 repetitions was

used. Six very selective suppression29 saturation bands with a

thickness 30 mm were placed contiguous to the volume of interest

(VOI) to minimize fat contamination. Following the suggestions

of Cooke et al30 to prevent fat contamination, a rectangular
1H-MR spectroscopy VOI with dimensions of approximately 7 �

9 � 35 mm (mean volume, 1.7 � 0.4 mL; ranging from 1.0 to 3.5

mL) was prescribed along the main axis of the cord, approximately

between levels C2 and C3, over a plaque identified as hyperintense

on previously acquired sagittal and coronal T2-weighted FSE and

axial T2* weighted images, avoiding healthy tissue as much as

possible (Fig 1).

For each metabolite spectrum, 16 additional acquisitions with

unsuppressed water were performed, with a total spectrum acqui-

sition time of approximately 14 minutes. Automated optimization

of gradient shimming, transmitter pulse power, and water sup-

pression was used. To maintain acceptable acquisition times in a

clinical setting and to compare data with the values obtained in

healthy subjects,27 we used automatic shimming and did not apply

cardiac gating.

Imaging Postprocessing and Analysis
All MR spectroscopy data were analyzed by the user-independent

fitting routine LCModel (http://s-provencher.com/pages/lcm-test.

shtml)27,31 (with LCMgui). As reported in the LCModel user manual,

the program automatically recognizes the phased array data and com-

bines them by a weighted average on the basis of the observed scatter

in each channel. Three typical postprocessed spectra from 3 patients

are shown in Fig 2.

The concentrations relative to the internal water signal intensity

and in arbitrary institutional units were obtained by using the GE-

provided basis sets (acquired with a TE � 35 ms and a TR � 6000 ms)

and the transmit gain and receiver amplitude corrections as described

in the LCModel user manual. The relative concentrations expressed

by the absolute concentration ratios of total NAA (NAA � N-acetyl

aspartylglutamate, hereafter reported as tNAA), Cho-containing

compounds, mIns, and Cr were calculated. Mean, SD, and coefficient

of variation (CV) of the main metabolite absolute concentrations and

ratios were calculated.

The Student t test was used to evaluate the previously published27

difference in healthy metabolite content of the cervical spinal cord,

acquired with the same protocol on a group of 10 healthy volunteers

(4 women and 6 men; range, 22– 66 years of age; mean, 34.9 � 12.2

years) who were age- and sex-matched with the group of patients with

RRMS, with a statistically significant threshold of P � .01.

The linear correlation between each metabolite ratio (tNAA:Cr,

tNAA:Cho, Cho:Cr, and mIns:Cr) value and the EDSS scores for the

patient group was evaluated by linear regression by using the statisti-

cal threshold P � .01.

Fig 1. A, Point-resolved spin-echo sequence volume of interest (VOI) location on a sagittal fast spin-echo (FSE) T2-weighted image. B, The same VOI as in A on a coronal FSE T2- weighted
image. C, The same VOI as in A and B on an axial T2* weighted image between C2 and C3.
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Results
The final full width at half maximum and signal intensity–to-
noise values (reported as mean � SD) for the patients with
RRMS, estimated by the LCModel, were 0.11 � 0.02 ppm and
4 � 1. The corresponding values for the healthy group were
0.10 � 0.02 ppm and 4 � 1.

The Table lists the mean, SD, and CV of the main metabo-
lite concentration ratios (in arbitrary institutional units) ob-

tained from the patients with RRMS compared with the
healthy subjects. The significance values for the evaluation of
the statistical difference between the 2 groups of data are re-
ported in the last row of the Table.

The group mean SD percentage values obtained by LCModel
analysis for the main metabolites in the patients with RRMS were
18 for tNAA, 14 for Cr, 9 for Cho, and 11 for mIns. The corre-
sponding values for healthy volunteers were 13 for tNAA, 13 for

Fig 2. A�C, LCModel analysis results from 3 different patients with
RRMS.
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Cr, 10 for Cho, and 12 for mIns. The linear correlation analysis
between each main metabolite ratio (tNAA:Cr, tNAA:Cho, Cho:
Cr, and mIns:Cr) and the EDSS scores did not give a statistically
significant coefficient of determination.

Discussion
Among the few cervical spine spectroscopy studies,21-27,30,32-34

only 4 provided data acquired in patients with MS and only 126

quantified the main metabolites on T2-weighted hyperintense
plaques.

Kendi et al21 measured NAA, Cr, Cho, mIns, lipids, and
lactate on the normal-appearing cervical cord of patients with
MS, finding only NAA significantly reduced with respect to
the corresponding values in healthy volunteers.

Blamire et al22 recently quantified NAA, Cr, Cho, and mIns in
the cervical cord of patients with MS, but they did not verify the
presence of potential T2-weighted lesions on the measured cervi-
cal cord tract. They also found only NAA significantly reduced
with respect to the corresponding values in healthy volunteers.

A methodologically interesting study just published by Hen-
ning et al23 measured the main cervical spine metabolites of only
1 patient with MS, finding a decrease of NAA and mIns and an
increase in Cho compared with a group of healthy volunteers.

The present study focused on cervical spine lesions that
were hyperintense on T2-weighted MR images in a group of
patients with RRMS, without differentiating among them in
terms of contrast enhancement or T1-weighted hypointensity
as Ciccarelli et al26 had done. We compared the values ob-
tained with those of age- and sex-matched healthy volunteers.

We focused on T2 hyperintense lesions because, according
to Bot and Barkhof,35 in contrast to brain MR imaging find-
ings, MS abnormalities are only rarely seen on sagittal T1-
weighted images. Enhancing lesions may be seen on T1-
weighted images, representing active MS pathology, though
the prevalence of these enhancing lesions is low compared
with that in the brain.35-38

The findings of Henning et al23 are in agreement with the
metabolite trend found in the present study, except for the
mIns peak, but the data from a single patient are insufficient
for the purposes of comparison.

In comparison with previous studies,21-22 we found a
greater metabolite variation between patients and volunteers.
In addition to confirming the significant drop in NAA:Cr in
patients, we also found a significant difference in Cho:Cr and
mIns:Cr. This discrepancy is probably due to the fact that we
measured a group of lesions already displayed by T2-weighted
imaging, albeit heterogeneous, in a more uniform group of
selected patients with MS, including only subjects with RRMS.

The changes in metabolite ratios documented in this study
are in accord with the metabolic abnormalities already ob-
served on the brain plaques of patients with RRMS.11 Metab-
olite measurements in T2-weighted hyperintense brain areas1

disclosed a Cho increase related to attacks of inflammation,
with consequent demyelination and a degree of remyelina-
tion. These attacks are taken to characterize the early course of
relapsing MS. In the later stages of disease, a decrease of NAA
is related to neurodegeneration or dysfunction, and an mIns
increase results from gliosis and, early in the disease course,
may have a prognostic value of future relapse and disability.20

All these findings confirm the emerging thesis that axonal dys-
function and myelin sheath destruction both contribute to MS
abnormalities at every stage of the disease. MS brain and spine
studies1,16,22,39,40 also demonstrated that axonal pathology
and CNS atrophy are the main causes of MS-related disability.

Unlike other reports on the brain and cervical spine,18,19,22,40

but in agreement with Ciccarelli et al,26 the reduction of
tNAA:Cr in our study did not correlate with the EDSS. This is
not surprising because our data were collected from cervical
MS plaques with varying degrees of activity (according to the
MR imaging classification) in a group of patients with RRMS
at different stages of disease. However, despite the variability
of our patients, the group data show a metabolic change in all
3 main CNS metabolites (NAA, Cho, and mIns) involved in
the pathophysiology of MS abnormalities.

More than 80% of patients with early-stage MS show MR
imaging spinal cord abnormalities, and spinal cord examina-
tion can enhance the MS diagnostic specificity when there are
MR imaging brain white matter abnormalities.38 Moreover,
the occurrence and the characteristics of spinal cord abnor-
malities are largely independent of brain lesions.22,41 Although
the sensitivity of spinal cord MR imaging is high, the relation
between MR imaging and clinical findings remains poor. As
already demonstrated by several brain studies, MR imaging
parameters (like T2, T1, but also magnetization transfer ratio)
in the spine also correlate better with demyelination than with
the axonal disease,41-43 which is the most direct cause of dis-
ability in patients with MS.

In addition, high-field in vitro studies of MS pathologic spinal
cord tissue41 suggested that the MS pathologic spinal cord tissue
and the MS brain tissue have different biophysical properties and
that MR imaging changes (like T2, T1, and magnetization trans-
fer parameters) in the spinal cord are less specific than those in the
brain. This finding increases the importance of the MR spectros-
copy spinal cord examination in patients with MS in better eval-
uating the potential clinical disease evolution.

Spinal cord atrophy is sometimes estimated with MR imag-
ing,44,45 but some authors22 observed that atrophy and
NAA decrease are not correlated and that atrophy is not a com-
plete marker of disease progression and axonal damage in the
spine. Again, the addition of MR spectroscopy metabolic infor-
mation can enhance the evaluation of pathologic cord
involvement.

The present study did not address cord atrophy, but the
possible effect of tissue atrophy on metabolite quantification
was avoided by using the metabolite ratios instead of the
absolute values.

Main metabolite concentration ratios in the cervical spinal cord of
healthy volunteers and patients with RRMS

tNAA:Cr tNAA:Cho Cho:Cr mIns:Cr
Healthy cervical spinal cord

Mean 1.4 � 0.3 3.1 � 0.8 0.5 � 0.1 1.7 � 0.2
CV (%) 23 26 10 13

RRMS cervical spinal cord
Mean 1.1 � 0.3 2.0 � 0.7 0.6 � 0.1 2.0 � 0.4
CV (%) 32 35 19 21
P value .04 .002 .003 .004

Note:—RRMS indicates relapsing-remitting MS; tNAA, total N-acetylaspartate; Cr, crea-
tine; Cho, choline; mIns; myo-inositol; CV, coefficient of variation.
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Conclusions
Our in vivo proton 1H-MR spectroscopy spinal quantification
protocol, already optimized on healthy volunteers, is reliable
for clinical studies in patients with MS and could facilitate
monitoring the disease course and the efficacy of therapy in
routine clinical practice. Riccioli et al46 showed this on a spinal
demyelinating lesion in a patient with RRMS evaluated with
6 1H-MR spectroscopy from the onset of a relapse phase until
the symptoms regression, 126 days later.

Because this technique is sensitive to subtle changes occur-
ring during the disease course, it may be potentially useful in
monitoring the outcome of therapy. In addition, this cervical
spectroscopy protocol could be used to investigate other cer-
vical cord pathologies. The long acquisition time is the main
drawback of this technique in clinical practice because there is
the risk of patient movement during the acquisition.

References
1. He J, Inglese M, Li BS, et al. Relapsing-remitting multiple sclerosis: metabolic

abnormality in nonenhancing lesions and normal-appearing white matter at
MR imaging—initial experience. Radiology 2005;234:211–17

2. Cucurella MG, Rovira A, Río J, et al. Proton magnetic resonance spectroscopy
in primary and secondary progressive multiple sclerosis. NMR Biomed
2000;13:57– 63

3. Sijens PE, Mostert JP, Oudkerk M, et al. 1H MR spectroscopy of the brain in
multiple sclerosis subtypes with analysis of the metabolite concentrations in
gray and white matter: initial findings. Eur Radiol 2006;16:489 –95

4. Adalsteinsson E, Langer-Gould A, Homer RJ, et al. Gray matter N-acetyl aspar-
tate deficits in secondary progressive but not relapsing-remitting multiple
sclerosis. AJNR Am J Neuroradiol 2003;24:1941– 45

5. Narayanan PA, Doyle TJ, Lai D, et al. Serial proton magnetic resonance spec-
troscopic imaging, contrast-enhanced magnetic resonance imaging, and
quantitative lesion volumetry in multiple sclerosis. Ann Neurol 1998;43:56 –71

6. Nelson F, Poonawalla AH, Hou P, et al. Improved identification of intracorti-
cal lesions in multiple sclerosis with phase-sensitive inversion recovery in
combination with fast double inversion recovery MR imaging. AJNR Am J
Neuroradiol 2007;28:1645– 49

7. Chard DT, Griffin CM, McLean MA, et al. Brain metabolite changes in cor-
tical grey and normal-appearing white matter in clinically early relapsing-
remitting multiple sclerosis. Brain 2002;125:2342–52

8. Bozzali M, Cercignani M, Sormani MP, et al. Quantification of brain gray
matter damage in different MS phenotypes by use of diffusion tensor MR
imaging. AJNR Am J Neuroradiol 2002;23:985– 88

9. Dehmeshki J, Chard DT, Leary SM, et al. The normal appearing grey matter in
primary progressive multiple sclerosis: a magnetisation transfer imaging
study. J Neurol 2003;250:67–74

10. Kapeller P, McLean MA, Griffin CM, et al. Preliminary evidence for neuronal
damage in cortical grey matter and normal appearing white matter in short
duration relapsing-remitting multiple sclerosis: a quantitative MR spectro-
scopic imaging study. J Neurol 2001;248:131–38

11. Narayanan PA. Magnetic resonance spectroscopy in the monitoring of multi-
ple sclerosis. J Neuroimaging 2005;15:46S57S

12. Miki Y, Grossman RI, Udupa JK, et al. Relapsing-remitting multiple sclerosis:
longitudinal analysis of MR images—lack of correlation between changes in
T2 lesion volume and clinical findings. Radiology 1999;213:395–99

13. Zivadinov R, Leist TP. Clinical-magnetic resonance imaging correlations in
multiple sclerosis. J Neuroimaging 2005;15:10S–21S

14. Brex PA, Ciccarelli O, O’Riordan JI, et al. A longitudinal study of abnormalities
on MRI and disability from multiple sclerosis. N Engl J Med 2002;346:158 – 64

15. Barkhof F. The clinico-pathological paradox in multiple sclerosis revisited.
Curr Opin Neurol 2002;15:239 – 45

16. Wolinsky JS, Narayana PA, Fenstermacher MJ. Proton magnetic resonance
spectroscopy in multiple sclerosis. Neurology 1990;40:1764 – 69

17. Inglese M, Li BS, Rusinek H, et al. Diffusely elevated cerebral choline and
creatine in relapsing-remitting multiple sclerosis. Magn Reson Med 2003;50:
190 –95

18. De Stefano N, Narayanan S, Francis GS, et al. Evidence of axonal damage in the
early stages of multiple sclerosis and its relevance to disability. Arch Neurol
2001;58:65–70

19. De Stefano N, Matthews PM, Fu L, et al. Axonal damage correlates with dis-
ability in patients with relapsing-remitting multiple sclerosis: results of a lon-
gitudinal magnetic resonance spectroscopy study. Brain 1998;121:1469 –77

20. Kapeller P, Brex PA, Chard D, et al. Quantitative 1H MRS imaging 14 years
after presenting with a clinically isolated syndrome suggestive of multiple
sclerosis. Mult Scler 2002;8:207–10

21. Kendi AT, Tan FU, Kendi M, et al. MR spectroscopy of cervical spinal cord in
patients with multiple sclerosis. Neuroradiology 2004;46:764 – 69

22. Blamire AM, Cader S, Lee M, et al. Axonal damage in the spinal cord of multi-
ple sclerosis patients detected by magnetic resonance spectroscopy. Magn Re-
son Med 2007;58:880 – 85

23. Henning A, Schär M, Kollias SS, et al. Quantitative magnetic resonance spec-
troscopy in the entire human cervical spinal cord and beyond at 3T. Magn
Reson Med 2008;59:1250 –58

24. Cooke F, Blamire AM, Korlpara LP, et al. Proton spectroscopy of the motor
pathway in patients with spinocerebellar ataxia (SCA). In: Proceedings of the
13th Annual Meeting of the International Society for Magnetic Resonance in
Medicine, Miami Beach, FL. May 7–13, 2005:1227

25. Dydak U, Kollias SS, Schär M, et al. MR spectroscopy in different regions of the
spinal cord and in spinal cord tumors. In: Proceedings of the 13th Annual Meet-
ing of the International Society for Magnetic Resonance in Medicine, Miami Beach,
FL. May 7–13, 2005:813

26. Ciccarelli O, Wheeler-Kingshott CA, McLean MA, et al. Spinal cord spectros-
copy and diffusion-based tractography to assess acute disability in multiple
sclerosis. Brain 2007;130:2220 –31

27. Marliani AF, Clementi V, Albini-Riccioli L, et al. Quantitative proton magnetic
resonance spectroscopy of the human cervical spinal cord at 3 Tesla. Magn
Reson Med 2007;57:160 – 63

28. McDonald WI, Compston A, Edan G, et al. Recommended diagnostic criteria
for multiple sclerosis: guidelines from the International Panel on the Diag-
nosis of Multiple Sclerosis. Ann Neurol 2001;50:121–27

29. Tran TK, Vigneron DB, Sailasuta N, et al. Very selective suppression pulses
for clinical MRSI studies of brain and prostate cancer. Magn Reson Med
2000;43:23–33

30. Cooke FJ, Blamire AM, Manners DN, et al. Quantitative proton magnetic res-
onance spectroscopy of the cervical spinal cord. Magn Reson Med 2004;51:
1122–28

31. Provencher SW. Estimation of metabolite concentrations from localized in
vivo proton NMR spectra. Magn Reson Med 1993;30:672–79

32. Gomez-Anson B, MacManus DG, Parker GJM, et al. In vivo 1H-magnetic
resonance spectroscopy of the spinal cord in humans. Neuroradiology
2000;42:515–17

33. Dubey P, Smith M, Bonekamp D, et al. Proton MR spectroscopic imaging of
the human cervical spine at 3 Tesla. In: Proceedings of the 13th Annual Meeting
of the International Society for Magnetic Resonance in Medicine, Miami Beach, FL.
May 7–13, 2005:812

34. Edden RA, Bonekamp D, Smith MA, et al. Proton MR spectroscopic imaging of
the medulla and cervical spinal cord. J Magn Reson Imaging 2007;26:1101– 05

35. Bot JC, Barkhof F. Spinal-cord MRI in multiple sclerosis: conventional and
nonconventional MR techniques. Neuroimaging Clin N Am 2009;19:81–99

36. Thorpe JW, Kidd D, Moseley IF, et al. Serial gadolinium-enhanced MRI of
the brain and spinal cord in early relapsing-remitting multiple sclerosis.
Neurology 1996;46:373–78

37. Kidd D, Thorpe JW, Kendall BE, et al. MRI dynamics of brain and spinal cord
in progressive multiple sclerosis. J Neurol Neurosurg Psychiatry 1996;60:15–19

38. Bot JC, Barkhof F, Polman CH, et al. Spinal cord abnormalities in recently
diagnosed MS patients: added value of spinal MRI examination. Neurology
2004;62:226 –33

39. Bjartmar C, Kidd G, Mork S, et al. Neurological disability correlates with
spinal cord axonal loss and reduced N-acetyl aspartate in chronic multiple
sclerosis patients. Ann Neurol 2000;48:893–901

40. Ruiz-PenaJL,PineroP,SellersG,etal. Magnetic resonance spectroscopy of normal
appearing white matter in early relapsing-remitting multiple sclerosis: correla-
tions between disability and spectroscopy. BMC Neurol 2004;4:8

41. Bot JC, Blezer EL, Kamphorst W, et al. The spinal cord in multiple sclerosis:
relationship of high-spatial-resolution quantitative MR imaging findings to
histopathologic results. Radiology 2004;233:531– 40

42. Bergers E, Bot JC, De Groot CJ, et al. Axonal damage in the spinal cord of
MS patients occurs largely independent of T2 MRI lesions. Neurology
2002;59:1766 –71

43. Rashid W, Davies GR, Chard DT, et al. Increasing cord atrophy in early
relapsing-remitting multiple sclerosis: a 3 year study. J Neurol Neurosurg
Psychiatry 2006;77:51–55

44. Nijeholt G, van Walderveen MA, Castelijns JA, et al. Brain and spinal cord
abnormalities in multiple sclerosis: correlation between MRI parameters,
clinical subtypes and symptoms. Brain 1998;121:687–97

45. Stevenson VL, Leary SM, Losseff NA, et al. Spinal cord atrophy and disability in
MS: a longitudinal study. Neurology 1998;51:234 –38

46. Riccioli LA, Marliani AF, Clementi V, et al. Evolutive study of relapsing-
remitting multiple sclerosis with cervical proton magnetic resonance
spectroscopy: a case report. Neuroradiol J 2008;21:511-17

184 Marliani � AJNR 31 � Jan 2010 � www.ajnr.org


