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BACKGROUND AND PURPOSE: Spectroscopic examination of multiple sclerosis (MS) pa-
tients has revealed abnormally low N-acetyl-aspartate (NAA) signal intensity, even in brain
tissue that appears normal on high-resolution structural MR images but has yielded inconclu-
sive evidence to distinguish the well-documented clinical differences between MS subtypes. This
study used proton MR spectroscopic imaging (MRSI) and high-resolution MR imaging to
characterize metabolite profiles in normal-appearing brain tissue of relapsing-remitting mul-
tiple sclerosis (RRMS) and secondary progressive (SP) MS.

METHODS: Volumetric spiral MRSI was used together with high-resolution MR imaging to
derive absolute measures of metabolite concentrations separately in normal-appearing supra-
tentorial cerebral gray matter and white matter in five RRMS patients, five SPMS patients, and
nine age-matched controls. Structural MR images were segmented into compartments of gray
matter, white matter, CSF, and lesions, and metabolite signals per unit of tissue volume were
calculated for gray matter and white matter separately.

RESULTS: Only the SPMS group had significantly lower NAA concentrations in normal-
appearing gray matter compared with concentrations in controls. NAA in normal-appearing
white matter was equally reduced in RRMS and SPMS patients. The functional relevance of this
brain metabolite measure was suggested by the observed but statistically nonsignificant corre-
lation between higher disability scores on the Expanded Disability Status Scale and lower gray
matter NAA concentrations.

CONCLUSION: The otherwise occult abnormality in supratentorial gray matter in SPMS but
not RRMS may explain the more severe physical and cognitive impairments afflicting patients
with SPMS that do not correlate well with visible lesion burden.

Multiple sclerosis (MS) is a neurodegenerative dis-
ease with characteristic lesions in brain white matter.
As a progressive disorder, MS-related symptoms
worsen with time, but the course of functional decline
can vary across patients (1). More than 80% of pa-

tients with MS begin with a relapsing-remitting form
of the illness (RRMS); however, 5–20 years after
disease onset, most RRMS patients enter the pro-
gressive phase of disease, called secondary progres-
sive MS (SPMS). This progressive phase is marked by
unrelenting physical and cognitive decline, implicat-
ing neuronal damage. A small percentage of patients
follows a primary progressive course, marked by a
continuous, unremitting decline from symptom onset
(2). Presently, there are no reliable tests to predict
who of the RRMS type will develop SPMS and when
they will develop it. Similarly, determination of when
transition from the relapsing-remitting phase to the
progressive phase occurs can be accomplished only
retrospectively. A quantitative test that could accu-
rately classify or predict MS clinical subtypes could
make a significant contribution to patient manage-
ment decisions and provide an outcome measure in
MS clinical trials.

Potential markers for distinguishing MS stage and
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severity would require in vivo quantification of brain
gray matter and white matter integrity. The recent
inclusion of T2-weighted MR imaging information as
a diagnostic criterion has significantly improved diag-
nostic specificity and has hastened diagnostic deter-
mination in MS (3). In vivo proton MR spectroscopic
imaging (MRSI) allows examination of brain tissue
integrity on a biochemical level and may be sensitive
to subtle changes initially occurring at that level.

Of particular importance to the study of neurode-
generative conditions is N-acetylaspartate (NAA).
The N-acetyl peak comprises several N-acetylated
compounds including NAA, which is present only in
living, mature neurons and not glia (4, 5). When the
amount of underlying gray matter is taken into ac-
count by expressing NAA per unit volume of gray
matter, such NAA gray matter concentration does not
decline in healthy aging (6) but does so in degenera-
tive diseases, including Alzheimer disease (AD) (7).
MRSI has been useful in detecting gray matter NAA
concentration decline longitudinally in AD patients
occurring at the same rate of decline as observed in
global cognitive functioning (8). These studies pro-
vide in vivo validation of tissue-specific MRSI quan-
tification of NAA in gray matter as a selective marker
of neuronal degradation.

Spectroscopic examination of MS patients has re-
vealed abnormally low NAA signal intensity, even in
brain tissue that appears normal on high-resolution
structural MR images. Single-voxel and single-section
studies have shown that samples of small areas of
normal-appearing tissue that are mostly gray matter
can be spectroscopically abnormal in MS (9–11). Sin-
gle-spectrum, whole-brain MRS studies report signif-
icant NAA deficits that precede lesion detection with
conventional MR imaging (12–14). Because NAA is
present primarily, if not exclusively, in neurons (5,
15), the NAA deficit in MS has been interpreted as
reflecting neuronal degeneration, possibly resulting
from demyelination or Wallerian degeneration.

In the present study, we used volumetric MRSI
combined with segmented, high-resolution MR imag-
ing for tissue classification to test whether SPMS
patients would have greater or more widespread def-
icits than RRMS patients in NAA concentrations of
normal-appearing gray matter or white matter and
whether the extent of metabolite abnormality corre-
lates with functional status. Group differences in spe-
cific metabolite concentrations and tissue types could
provide clues to neural mechanisms underlying symp-
tomatic differences in the MS course.

Methods

Participants
The subject groups included five RRMS patients (all wom-

en), five SPMS patients (one man, four women), and nine
controls (one man, eight women). Each patient met Poser
criteria (16) for clinically definite multiple sclerosis. Transition
to SPMS was defined as prior RRMS course followed by
continual worsening of symptoms and signs for a period of at
least 6 months, with or without superimposed relapses (17). As

expected, disease duration was longer in SPMS (mean �
19.4 � 3.72 years) than in RRMS (mean � 8.2 � 6.26 years)
patients (Z � 2.2; P � .03).

The groups did not differ significantly in age (RRMS �
35.9 � 9.8 years; SPMS � 48.8 � 9.9 years; controls � 41.1 �
13.8 years) (F [2, 19] � 1.58 [n.s.]). The Table presents relevant
demographic and clinical data for each patient. This research
was approved by the local institutional review board, and all
subjects gave written informed consent before participation.

Imaging Protocol
All subjects were imaged with commercially available MR

imaging equipment (1.5 T; General Electric Corporation, Mil-
waukee, WI) with a standard quadrature head coil. The MR
system was equipped with echo-speed gradients capable of 4
G/cm maximum gradient amplitude and 150 T/m/s slew rate.
The acquisition protocol included a sagittal localizer followed
by axial dual-echo fast spin-echo ([FSE] TE � 15/90 ms, TR �
4 s) and fluid-attenuated inversion recovery ([FLAIR] TE �
113 ms, TR � 9 s, TI � 2250 ms) sequences, both with 18
contiguous sections, 7 mm thick, 256 � 192 pixels across a
24-cm field of view (FOV).

Before MRSI, the main field homogeneity was optimized
over the supratentorial brain by adjusting the linear and non-
linear shim terms on the MR system. The shim volume was
drawn on a graphical user interface, and updated shim currents
were calculated from a 32-section spiral field map acquisition
(18), which took 4 s to acquire.

Metabolite data were acquired in the axial plane covering
the supratentorial brain with a volumetric, variable-density
spiral MRSI with 1.2-mL spatial resolution (19). Subject to
gradient slew rate and amplitude constraints, the sampling
density of the spiral trajectories was designed to match a
Hanning window. The maximum spiral diameter in (kx,ky) was
36 pixels, with 32 phase encodes in kz to sample an ellipsoid
in (kx,ky,kz)-space. The in-plane FOV was 24 cm, whereas
through-plane FOV was 11.2 cm. The reconstructed spectral
bandwidth was 400 Hz, and the readout period was 232 ms.
Acquisition time was 15 minutes 20 seconds. A 3D gridding
reconstruction was used to resample the nonuniformly sampled
data onto a Cartesian grid before a 4D fast Fourier transform.

A spin-echo, spectral-spatial excitation suppressed the water
signal intensity while exciting the resonances of NAA, creatine
and phosphocreatine (Cr), and choline-containing compounds
(Cho). Inversion recovery preceded the excitation for improved
lipid suppression (TI/TE/TR � 170 ms/144 ms/2 s). A separate
9-minute acquisition was used to acquire a reference signal
intensity from the unsuppressed water with a reduced repeti-
tion period (TR � 1.2 s). The high signal-to-noise ratio (SNR)

Demographic and clinical characteristics of each MS patient

Diagnosis Sex EDSS
Age

(years)

Disease
Duration
(years) Medication

RRMS Female 3.0 38 6 Beta interferon
RRMS Female 2.0 44 4 Glatiramer acetate
RRMS Female 3.5 23 8 Beta interferon
RRMS Female 3.0 46 19 Beta interferon
RRMS Female 2.0 28 4 Beta interferon
SPMS Female 6.5 39 21 Glatiramer acetate
SPMS Female 8.0 64 20 None
SPMS Female 8.0 53 24 Beta interferon
SPMS Female 6.5 46 14 Beta interferon
SPMS Male 4.0 42 18 Beta interferon

Note.—EDSS, Expanded Disability Status Scale; RRMS, relapsing-
remitting multiple sclerosis; SPMS, secondary progressive multiple scle-
rosis.
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water reference data were used for phasing and main-field
inhomogeneity corrections and to aid in the quantification of
metabolite signals. An image of the unsuppressed water and a
field map were produced from the reference signal intensity
and applied in subsequent processing. Three separate metab-
olite images for NAA, Cr, and Cho were produced by a least
squares fit to the phased metabolite spectrum for each voxel.
Corrections for receiver gain and coil loading were made to
allow comparisons of absolute metabolite signal intensity levels
among subjects.

Image Analysis
The FSE and FLAIR images were stripped of extra-brain

tissue and automatically segmented into compartments of gray
matter, white matter, CSF, and focal signal intensity hyperin-
tensities on FLAIR images. This processing was run with soft-
ware tools developed in house according to the following
outline. The stripping of extra-brain tissue is based on the
late-echo FSE data, which provide high contrast between sulcal
CSF and skull. The CSF compartment was estimated with a
nonparametric histogram operator (20) on the basis of data
synthesized as the difference between the early and late-echo
FSE. The CSF was removed from the FLAIR images, and
hyperintensities were considered signal higher than a threshold
value on the non-CSF FLAIR tissue map. The chosen thresh-
old was the mean signal intensity plus 2.5 times the standard
deviation of the FLAIR tissue. Gray and white matter were
segmented on the basis of data synthesized as the sum of the
early- and late-echo FSE. A 2D homomorphic filter (21) with a
31-mm extent was used to remove slow intensity variations such
as those arising from inhomogeneity of the excitation field,
followed by a nonparametric histogram operator (20) to sepa-
rate the gray and white matter tissue compartments.

The structural data were aligned with the spectroscopic
water reference images, and the aligned, segmented data were
filtered by the same k-space sampling and window parameters
as were applied to the spiral MRSI data to create low-resolu-
tion tissue maps to match the metabolite images. For a given
spectroscopic voxel, the signal intensity contribution from each
tissue type is proportional to the value given by the filtered
maps. Thus, the filtered tissue maps were combined with the
metabolite images and used to solve for metabolite signal
intensity levels in compartments of gray matter, white matter,
and the entire analyzed region (Fig 1) (6).

The quantified region subtended a 31.5-mm-thick axial slab,
centered at the FSE section immediately superior to the lateral
ventricles. Voxels that deviated by more than �10 Hz in main
field homogeneity were excluded from analysis based on a field
map derived from the water reference acquisition. This volume
was chosen to maximize the number of included voxels while
avoiding regions that suffer from signal intensity loss and arti-
facts from main field inhomogeneities near air-tissue inter-
faces. The unit of measure was the metabolite signal intensity
level per unit tissue volume and was calculated for total tissue

(gray matter plus white matter plus lesions) and then separately
in gray matter and white matter, exclusive of lesions.

Statistical Analysis
Group differences in metabolite concentrations and tissue

volumes were tested with one-way and repeated-measures
analysis of variance (ANOVA); follow-up group comparisons
were made with t tests (two-tailed alpha � 0.05). Function was
measured with the Expanded Disability Status Scale (EDSS),
an ordinal measure where higher scores indicate greater phys-
ical impairment (22). The EDSS data were subjected to non-
parametric analysis; Mann-Whitney tests examined group dif-
ferences, and relationships between MRSI measures and EDSS
scores were tested with Spearman rank correlations.

Results
The three groups did not differ significantly in

volume of gray matter (F [2, 18] � 1.77; P � .21) or
white matter (F [2, 18] � 1.57; P � .24) within the
MRSI-quantified brain region. Further, within the
same region, the RRMS and SPMS groups did not
differ significantly in volume of lesion load measured
on FLAIR images (t [8] � 0.97; P � .36). In contrast
to the MR imaging structural data, one-way, three-
group ANOVA yielded significant group effects for
total tissue (normal plus abnormal, gray matter plus
white matter) concentration of NAA (F [2, 18] �
9.56; P � .002). Follow-up tests indicated that both
MS groups had significantly lower total tissue NAA
concentrations than those in controls but the two MS
groups did not differ from each other. The groups did
not differ in total tissue concentration of either Cr
(F [2, 18] � 1.55; P � .24) or Cho (F [2, 18] � 0.465;
P � .63). The group differences were confirmed with
nonparametric analysis.

A three-group repeated measures ANOVA com-
paring NAA in nonlesion white matter and gray mat-
ter revealed a significant group effect (F [2, 16] �
6.64; P � .008) and a trend toward a group by tissue
type interaction (F [2, 16] � 2.72; P � .10). Follow-up
analyses indicated that both the RRMS and SPMS
groups had significantly lower nonlesion white matter
NAA concentrations than controls. By contrast, only
the SPMS group exhibited a significant normal-ap-
pearing gray matter NAA concentration deficit. This
effect was confirmed by a two-group (RRMS versus
SPMS) repeated-measures ANOVA, which yielded a
two group by two tissue type interaction: F (1, 8) �

FIG 1. Example of nine axial sections used in quantification of metabolites (NAA images, top) and lesions (FLAIR images, bottom).
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5.59; P � .05 (Fig 2). Of interest, one SPMS patient
had severe clinical disease of long duration but min-
imal supratentorial lesion load; she also had the high-
est NAA gray concentration of the SPMS group,
which was at the mean level of the RRMS and control
groups.

As expected, the SPMS group (range � 4.0 to 8.0)
was significantly more impaired than the RRMS
group (range � 2.0 to 3.5; Z � 2.64, P � .01). Higher
EDSS scores were not significantly correlated with
lower gray matter NAA concentrations (� � �.53;
P � .06, one tailed).

Discussion
The results of this analysis revealed two different

patterns of biochemical abnormality in brain tissue
that appeared normal on FLAIR images in MS: sig-
nificant NAA deficits were present in both gray mat-
ter and white matter of SPMS patients, whereas gray
matter NAA deficits were present only in RRMS
patients. These patterns of NAA deficits occurred
despite absence of MS group differences in gray mat-
ter or white matter volumes and were more sensitive
in these small groups than supratentorial lesion load
based on automated quantitation of FLAIR images.

There are several limitations of this study, includ-
ing the low number of subjects in each group. The
inability to detect a difference in lesion load on
FLAIR images may be related to the small sample
size. As is clear from Figure 2, there is overlap be-
tween the RRMS and SPMS groups in gray matter
NAA concentrations, so this technique cannot be
applied, as currently implemented, to individual cases
to separate subtypes of MS. Several sources could
contribute to the variance of the NAA metric, includ-
ing low SNR in MRSI at 1.5 T, uncertainty in seg-
mentation of lesions and tissue types arising from the
relatively thick structural imaging sections (7 mm), as
well as true physiologic variability among individuals
with MS. The variance of the gray matter NAA
marker due to low metabolite SNR can be reduced by
imaging at higher fields, such as 3 T, as well as by the

application of multichannel receiver coils for neuro-
imaging. The segmentation can be improved by incor-
porating higher resolution structural imaging into the
protocol, with thinner sections for the T2-weighted
data as well as volumetric T1-weighted images. With
the improved acquisition methods, a better under-
standing of the underlying physiologic variations can
be obtained.

Prior studies have successfully used MRSI to iden-
tify biochemical abnormalities in brain but most have
focused on white matter with lesions (23) and normal-
appearing white matter (24, 25). A combined in vivo
and biopsy analysis indicated that in MS the NAA
peak reflects neuronal and axonal integrity (26). The
relevance of gray matter in MS disability was empha-
sized by studies based on FDG positron emission
tomography, which showed cerebral metabolic rate of
glucose in gray matter was significantly lower in MS
than in controls (27–29). The few studies that have
investigated the biochemical integrity of cortical gray
matter have not made absolute measurements of me-
tabolites in separate gray matter and white matter
compartments or have had limited coverage (9, 25,
30, 31). In a 30-month longitudinal study, DeStefano
et al (32) examined a large sample of central white
matter of RRMS patients and observed a relationship
between fluctuations of NAA/Cr ratios and EDSS
during periods of clinical relapse and remission. In
another study, Pan et al (33) acquired single-section
MRSI data at 4.1 T that extended to the cortical
regions. Metabolite ratios of Cr/NAA in gray matter
voxels were modestly greater in MS than in controls
and Cho/NAA and Cr/NAA were elevated in periven-
tricular voxels. Single-spectrum, whole-brain NAA
measurements that do not resolve metabolite infor-
mation spatially have also been applied to study MS
(12–14) but by their nature cannot be used to resolve
metabolite profiles from different tissue compart-
ments within the brain. The MRSI findings of the
present study comport with those of the previous
MRSI studies and add to speculations implicating
gray matter in addition to white matter degradation

FIG 2. Group means and individual data of NAA concentrations in GM and WM in controls, RRMS, and SPMS.
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with disease progression and as underlying NAA def-
icits in MS.

Conclusion
The difference in metabolite pattern in normal-

appearing gray matter versus white matter NAA may
explain the more severe physical and cognitive im-
pairments afflicting patients with SPMS relative to
those with RRMS (34). As a safe and noninvasive
technique, quantitative gray matter NAA measure-
ments in serial volumetric MRSI may be an effective
way to distinguish RRMS from early SPMS patients
both before and after treatment.
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