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Introduction

Magnetic resonance spectroscopy (MRS) has proved to
be a useful and appropriate technique for evaluating the
biochemical changes occurring in the brains of patients
affected by multiple sclerosis (MS). It provides direct in-
formation concerning the integrity of both myelin and
axons in acute and chronic lesions and also in normal-
appearing white matter (NAWM). The most relevant
findings in MS concern the reduction in the N-acetylas-

partate (NAA) peak which is more consistent, but par-
tially reversible, in large acute lesions. This reduction is
present and maintained in chronic lesions and has also
been detected in NAWM [1, 2, 3, 13, 14, 15, 17, 20, 22, 24,
27, 30, 32, 33, 34, 35, 36, 40, 42, 43, 46, 47, 50, 53]. The de-
crease in the values of this neural marker has been in-
terpreted either as an index of loss of neural viability
and therefore of potential neural recovery, particularly
in acute lesions, or as an index, when persisting, of
neural loss and therefore accumulation of irreversible
disease, especially in chronic demyelinating lesions andJO
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■ Abstract The brain water frac-
tion (R), the brain water transverse
relaxation time (T2), the atrophy
index (α) and the absolute concen-
tration of the principal brain
metabolites (NAA, Cho and Cr)
were measured by localized proton
magnetic resonance spectroscopy
in the occipito-parietal cortex
(mainly gray matter) of 15 relaps-
ing-remitting (R-R) multiple scle-
rosis (MS) patients, 15 secondary
progressive (SP) MS patients and 8
healthy subjects.

Significantly lower values of
N-acetylaspartate (NAA), creatine
(Cr) and the NAA/Cr ratio in the
occipito-parietal cortex were de-
tected in SP MS patients than in 
R-R MS and control subjects 
(p < 0.01). Moreover, MS patients
showed shorter T2 water relaxation
times and reduced brain water
fraction compared with controls.
Higher atrophy indices were also
detected in the mainly occipito-

parietal gray matter of MS patients,
particularly in those with the pro-
gressive form.

These findings suggest that the
pathological process in MS is not
limited to either white matter le-
sions or normal-appearing white
matter but extends into the cortical
gray matter (occipito-parietal),
particularly in the progressive
form of the disease. This can in-
volve changes in neural metabo-
lism or neural shrinkage and neu-
ron loss. The significant increase in
atrophy indices could be the ex-
pression of the relatively higher
cerebrospinal fluid signal from the
occipito-parietal cortex, even in the
absence of obvious  cortical atro-
phy.

■ Key words proton magnetic
resonance spectroscopy · brain
metabolites · absolute quantifi-
cation · gray matter · multiple
sclerosis
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NAWM. Changes in mobile lipids, inositol (Ins) [27, 40]
and an increased choline (Cho)/Creatine (Cr) ratio, cor-
related with a decrease in NAA, have also been demon-
strated by MRS and suggested as markers of myelin
breakdown or remodelling, even in the absence of clear
demyelination [47].

Despite its relatively low resolution, MRS can play an
important role in studies of the natural history of MS
and in treatment trials, particularly when absolute
quantification techniques are used in single voxel spec-
troscopy.

The reflection of the pathological process of MS on
the gray matter of affected patients has been little inves-
tigated until now. It has been proposed that the lesional
load, that is, both detectable and undetectable by con-
ventional MRI, has an impact on gray matter, even in the
absence of clear atrophy and when distant from de-
myelinating lesions.

A recent serial MRI study suggests that MS lesions
can also involve the cerebral cortex arising mainly with-
in the territory of the principal cortical veins, and a
post-mortem study demonstrated that small cortical le-
sions are common in MS and are under-reported on
MRI [26].

The aim of the present research was to investigate the
biochemical characteristics of occipito-parietal mainly
gray matter voxels in MS patients by estimating,with the
aid of localized 1H MRS, the absolute in vivo metabolite
concentrations of NAA, Cho and Cr, thereby avoiding
the use of metabolite ratios which, in some cases, can
cause misinterpretation of the spectroscopic results.

Patients

MRS was performed on a single voxel in the parieto-oc-
cipital lobe of 30 patients diagnosed as having definite
MS according to the Poser criteria [39].The course of the
disease was relapsing-remitting (R-R) in 15 of the pa-
tients and secondary progressive (SP) in the remaining
15. The expanded disability status scale (EDSS) of each
patient was calculated according to Kurtzke [29].

None of the R-R patients was in clinical relapse nor
was clinical evidence of acute optic neuritis detectable
in any of the patients. They underwent pattern reversal,
visual evoked potentials (VEPs). P100 latencies and am-
plitude were measured and compared with laboratory
reference values to assess visual system abnormalities
even in the absence of a clear, acute demyelinating
process involving the optic nerve. A previous history of
optic neuritis was reported by 7 out of 15 R-R MS pa-
tients and 9 out of 15 SP MS patients. None of the pa-
tients were treated with immunosuppressive therapy at
the beginning of the study, and those who had under-
gone previous treatment had suspended immunosup-
pressive drugs at least 6 months prior to the study. None

of the patients had received corticosteroid or adreno-
corticoid treatment during the 2 months prior to the
study. The characteristics of these patients are reported
in Table 1.

MRS was also performed on 8 age-matched control
subjects (mean age = 32.84 ± 5.15 years, 5 females and 3
males) with no systemic or neurological diseases. The
study was approved by the Scientific Ethics Committee
of the Perugia Municipality (Region of Umbria). In-
formed written consent was obtained from all the pa-
tients and control subjects.

Magnetic resonance imaging (MRI)

To quantify the lesional load and number of active le-
sions, an MRI examination was performed in a separate
session preceding MRS using a 1.5 Tesla whole body
MRI system (Signa Advantage, GE Medical System). A
standard head coil was used for imaging, which was per-
formed by a fast spin-echo sequence with an echo train
of 8, repetition time (TR) = 4000 ms, echo time (TE) = 18
ms and 100 ms, a 5 mm slice thickness and a 1 mm gap
between slices for complete coverage of the brain, field
of view (FOV) = 24�24 cm and acquisition matrix =
256�256. Moreover, T1-weighted (TR/TE 650/15 ms),
proton density (TR/TE 2000/15 ms) and T2-weighted
(TR/TE 2000/70 ms) images were obtained on the axial
plane. Gd-DTPA (gadolinium-diethylenetriaminpenta-
acetic acid) was administered intravenously at 0.2 ml/kg
body weight (0.1 mmol/kg) followed by a post-injection
flush of 10 ml saline. T1-weighted sequences were per-
formed starting 5 to 10 minutes after Gd-DTPA admin-
istration.

The quantification of MRI abnormalities was ob-
tained according to the method proposed by Ormerod et
al. [37]. Assessment of lesions was performed on 15

Table 1 Clinical details of multiple sclerosis patients

Relapsing-remitting Secondary progressive
patients patients

Number 15 15
Males 6 5
Females 9 10
Age (years) (mean ± SD) 33.48±5.4 40.52±7.61
Duration of the disease (years) 5.9±3.11 8.64±6.50

(mean ± SD)
Expanded disability status scale 2.25±0.71 4.87±0.94

(mean ± SD)
Range 1.5–3.5 3–5.5
Lesional load score 30.91±6.43 44.51±5.94

(mean ± SD)
Patients with Gd-enhancing 8 0

lesions
Gd-enhancing lesions 3±1 0

(mean ± SD)
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anatomically defined brain sites (eight at a distance
from the ventricles and seven periventricular). An arbi-
trary scoring system weighted for lesion size was used to
estimate the regional T2-weighted lesional load: 1 point
was given for each lesion with a diameter of ≤ 5 mm; 2
points for lesions with a 6–10 mm diameter and 3 points
for those larger than 10 mm. Confluent lesions were
given 1 extra point. The scores of the fifteen sites were
added up to determine a cumulative lesional load score.
Areas of markedly increased signal intensity, unrelated
to a physiologically enhancing structure and consisting
of at least three pixels,were considered as Gd-enhancing
lesions.

MRS Data acquisition and Processing

Using the same magnetic resonance system, spec-
troscopy assessments were carried out after a short
imaging session which was used to define the voxel of
interest (VOI) for spectra recording. Sagittal T1-
weighted sequence was performed as a reference for an
axial, fast spin-echo sequence with the echo train = 8,
TR = 4000 ms, TE = 18 ms and 100 ms, a 5 mm slice
thickness, a 1 mm gap between slices and the
FOV = 24�24 cm.

For each patient and control individual, the spectra
acquisition was carried out in a selected area in the oc-
cipito-parietal cortex (mainly gray matter). Fig. 1 shows
the typical VOI locations for spectra acquisition. Sagit-
tal views were used for an accurate and reliable VOI po-
sitioning.

The typical VOI size ranged from 6 to 7 cc. The
STEAM (stimulated echo acquisition mode) sequence
was used for spectra acquisition,with the CHESS (chem-
ical shift selective) pre-sequence for water peak sup-
pression (if required) and after local shimming for mag-
netic field homogeneity optimization. We used the
STEAM sequence instead of PRESS (point resolved
spectroscopy), although STEAM has an inherently lower
signal-to-noise ratio than a PRESS sequence.This choice
was because the STEAM sequence, implemented in our
tomograph, is very accurate in localizing the voxel of ac-
quisition with an extremely low contamination of the
signal from the external tissue, as we verified with stud-
ies carried out in the voxel image both of the phantom
and in vivo from human brain.

Common parameters for all acquisitions were: band-
width = 2500 Hz, number of points acquired = 4096,
middle time (TM) = 13.7 ms,and number of averages for
the unsuppressed water peak = 1.

Absolute quantification of the signal intensities of
NAA,Cho and Cr was obtained using a method based on
water compartmentation [18, 28] where a vial of pure
water, placed at the side of the patient’s head, was the ex-
ternal standard [46].This method was set up thanks also
to the experience acquired during the participation in
the European multicenter trial of protocols for absolute
metabolite quantification by in vivo NMR spectroscopy
[16, 25].

Water content (S) from the selected VOI in the occip-
ito-parietal mainly gray matter was obtained with 10 ac-
quisitions with TR = 10 s and TE = 10, 20, 68, 92, 136, 272,
500, 1000 and 2000 ms. The water peak area was calcu-
lated for each free induction decay (FID) with fast
Fourier transform (FFT) and Lorentzian fit (Levenberg-
Marquardt method) [21]. The data were elaborated with
a bi-exponential fit:

S(TE) = Sbw(0) exp(-TE/T2bw) + Scsf(0) exp(-TE/T2csf)

in order to separate the contribution of CSF (Scsf,
T2csf � 1s) from that of cerebral water (Sbw,T2bw � 80ms)
and to obtain the value of the cerebral water signal in-
tensity Sbw for TE = 0.

For the external standard water, 5 acquisitions were
carried out with TR = 10 s and TE = 10, 20, 40, 68 and 136
ms.The water peak area was calculated for each FID with
FFT and Lorentzian fit. The data were processed with a
mono-exponential fit to obtain the value of signal inten-
sity of pure water (Sh) for TE = 0:

Sh(TE) = Sh(0) exp(-TE/T2h).

For cerebral metabolites, four acquisitions (number of
averages = 128; phase cycle = 8) were carried out with
TR = 4 s and TE = 68, 136, 204 and 272 ms. The acquisi-
tion of the unsuppressed water peak (number of aver-
ages = 8, phase cycle = 8) was also performed for eddy
current corrections. The metabolite peak areas were cal-

Fig. 1 Mainly gray matter VOI chosen in the occipo-parietal cortex of an MS pa-
tient and VOI in the external standard of pure water.
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culated for each FID using Lorentzian-Gaussian
apodization, FFT and Gaussian fit. No correction was
made for the baseline. The data for each peak were
processed with a mono-exponential fit to obtain the
metabolite signal intensity (Smet) for TE = 0:

Smet(TE) = Smet(0) exp(-TE/T2met).

The resonance effect of macromolecules with a short T2
was negligible due to the long echo times used.

For clarity and completeness,details of the procedure
used to quantify brain metabolites are reported. The
VOI chosen from volume V is subdivided into two com-
partments, a) the properly named cerebral tissue with
which the signal Sb is associated (directly measurable)
and b) the cerebrospinal fluid with which the signal Scsf
(measurable) is associated in cerebral tissue. Two sub-
compartments were then separated: brain water with
signal Sbw, which is measurable, and structural material,
which is invisible on MR, whose signal Sdry is calculated
by introducing the signal Sh. This is the signal, derived
by using an external reference, which would be obtained
by substituting the brain VOI with a VOI of pure water.
The following formula is derived:

Sdry = Sh – Sbw – Scsf Sb = Sbw + Sdry = Sh - Scsf

The sizes of each compartment can therefore be sum-
marized as follows:
Compartment Relative signal Volume Mass
signal

Cerebral
tissue Sb sb = Sb/Sh Vb = sb*V mb = Vb* ρb

Cerebral
water Sbw sbw = Sbw/Sh Vbw = sbw*V mbw = Vbw* ρw

Structural
material Sdry sdry = Sdry/Sh Vdry = sdry*V mdry = mb-mbw

Cerebrospinal
fluid Scsf scsf = Scsf/Sh Vcsf = scsf*V mcsf = Vcsf* ρw

where ρI represents the density of tissue i.
The main hypothesis on which the quantification is

based is that for each metabolite met, the signal associ-
ated with Smet is proportional, through the constant K
which accounts for the experimental conditions, to the
number of moles of protons np responsible for reso-
nance Smet = K*np. This can also be written as:
Smet = K*nmet/νmet, where nmet is the number of metabo-
lite moles and νmet the number of protons per molecule
contributing to the resonance.

From the previous hypothesis, the following formula
can be derived:

1. nmet/nbw = Smet/Sbw * νbw/νmet = Smet/Sbw * 2/νmet

The mass of cerebral tissue mb (mb = mbw + mdry) can
be written as:

mb = ρb*sb*V = (rb*sb)*(mbw/(ρbw*sbw)) = (ρb/ρbw)*
(Sb/Sbw)* (nbw*M/103) (Kg)

where M is the molecular weight of water.

The moles of metabolite per mass unit of brain tissue,
with the exclusion of cerebrospinal fluid, in the volume
of acquisition can be obtained with the previous for-
mula:

nmet/mb = nmet/nbw * ρbw/ρb * Sbw/Sb * 103/M

Using (1) we found:

2. nmet/mb = Smet/Sbw * ρw/ρb * R * 103/M *2/νmet
(mmoles/kg wet weight),

where:
nmet = number of metabolite moles, mb = brain mass,

R = Sbw/Sb = Sbw/(Sh-Scsf), ρw and ρb = water and brain
density (ρb = 1.047 g/cm3), M = molecular weight of wa-
ter and νmet = number of protons per molecule which
contribute to the resonance signal (νmet = 3 for NAA and
Cr, νmet = 9 for Cho).

When calculating the brain water fraction R, the dif-
ferent localization of the VOIs in the acquisition of cere-
bral water and the external pure water standard was
taken into account, using previous measurements on
phantoms.

We also calculated the atrophy index α defined as:
α = [1 – Sbw/(Sbw+Scsf)]*100.

We decided not to quantify the Ins resonance, be-
cause Ins features a strongly coupled, complex spectrum
which could lead to questionable results. Neither lactate
nor lipids were detectable in the spectra of either MS pa-
tients or control individuals.

Further considerations should be given concerning
the method of quantification used.

It automatically accounts for the presence of CSF and
therefore enables the metabolite concentration to be
measured independently of the quantity of CSF present
in the VOI.

The gray matter VOIs examined in our study were
‘contaminated’ by the presence of a small quantity of
white matter. Careful examination of these VOIs showed
a white matter percentage never exceeding 18 % of the
total brain tissue in both patients and control subjects.
We did not make any correction for this contamination
and therefore it is clear that the metabolite concentra-
tions in our study do not strictly refer to “pure” gray
matter.

In any case, we tried to establish how much variation
in the metabolite concentrations of MS patients com-
pared with control subjects could be attributed to an ab-
normality of NAWM in MS patients. In this regard we re-
ferred to the results of one of our previous studies [46]
demonstrating an NAA content in NAWM that was
about 10 % and 20 % lower in R-R patients and SP pa-
tients respectively, than in control subjects, without sig-
nificant differences in the other brain metabolites.
NAWM was studied in that research in the parietal area
and therefore not strictly in the same location of the pre-
sent study, but we assumed that these data were accept-
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able to obtain a maximum error estimate. Translating
the findings concerning NAWM to the volume fraction
of NAWM present in the VOI examined in the current
study (18 %), we estimated, using a simple proportion,
that the NAA concentration in the mainly gray matter
VOI from the occipito-parietal cortex can be at most un-
derestimated in 2 % of R-R MS patients and in 4 % of SP
MS patients compared with control subjects, and there-
fore any eventual residual variation could only be due to
an abnormality of the gray matter.

Statistics

The data were expressed as a mean ± standard deviation
(SD). ANOVA was used to compare the mean values of
the cerebral metabolites of the control group with those
of both R-R and SP patient groups. Fisher’s least signifi-
cant difference (LSD) was also calculated to compare the
main effect mean in the ANOVA.

Five percent was chosen as the level of statistical sig-
nificance.

The Spearman rank correlation coefficient was also
calculated between the cortical gray matter metabolite
concentrations and the duration of the disease and the
lesional load in both patient groups.

Results

The mean R value (corrected for the ratio between the
density of pure water and brain tissue) for all control
subjects was R = 0.73 ± 0.02 (mean ± SD) which is simi-
lar to that calculated by Ernst et al. [18] (0.745 ± 0.015).
In contrast, biochemical methods have revealed greater
values of R (0.82) in normal gray matter [18, 31] com-
pared with Ernst et al. and our findings. This discrep-
ancy could be attributed to a possible uncorrected mea-
surement of the blood water content in gray matter and
eddy current effects in the signal acquisition [18].

We found a significant difference between the corti-
cal gray matter water fraction R of controls
(R = 0.75 ± 0.02, mean ± SD) and that of MS patients
with the R-R form (R = 0.70 ± 0.019, p < 0.01) and SP
form (R = 0.67 ± 0.027, p < 0.01).

Metabolite concentrations and brain water T2 values
obtained in the occipito-parietal gray matter of control
subjects were comparable with values from the litera-
ture [11, 28, 41, 52], with some slight differences which
may depend on the differing methodological ap-
proaches.

In Table 2 the mean values of NAA, Cr and Cho mea-
sured with absolute quantification by 1H-MRS in the oc-
cipito-parietal gray matter of control subjects and of
both R-R and SP patient groups are shown. Significantly
lower values of NAA were detected in SP MS patients

with respect to R-R MS and also control subjects,
whereas a slight, but not statistically significant reduc-
tion in NAA peak values was observed in the occipito-
parietal gray matter of R-R MS patients compared to
control subjects. The data were not corrected for the ef-
fects of NAWM in the patient group; effects that gave, in
any case, an underestimation of the NAA concentration
of 2 % (R-R) and 4 % (SP) compared with control indi-
viduals,and did not modify the statistical significance of
our findings.

No significant difference was observed between the
NAA levels of patients with P100 increased latencies
(n = 18) and those without (n = 12), nor in patients with
a previous history of optic neuritis (n = 16) and those
without (n = 14).

Significantly lower values of Cr were also detected in
SP MS patients compared with control subjects and R-R
MS patients.

No significant differences were found in the mainly
gray matter Cho peak values between MS patients and
control subjects, nor between R-R MS patients and SP
MS patients.

As further proof of the MRS findings,we analysed the
statistical difference between the NAA/Cr and NAA/Cho
and Cr/Cho ratios. The NAA/Cho and Cr/Choratios in
SP MS patients were significantly lower than in control
subjects (p < 0.01 and p < 0.03, respectively). The
NAA/Cratio also appeared to be lower in the group of SP
MS patients, even if at a less statistically significant level
(p = 0.049). This is due to the low concentration of both
NAA and Cr in the SP MS patients.

Figures 2A, 2B and 2C show the MR spectra obtained
from an occipito-parietal gray matter VOI of a control
subject, an R-R MS patient and an MS patient with the
SP form.

No significant correlation was found between the du-
ration of the disease, the lesional load score and metabo-
lite peak values in either patient group.

The brain water T2 values appeared to be signifi-
cantly shorter in MS patients both with the R-R form
(T2 = 81.1 ± 12 ms, mean ± SD) and SP form
(T2 = 79.0 ± 11 ms) than in control individuals (86.0 ± 5
ms) (p < 0.01 and p < 0.02 respectively). In contrast no
significant difference was found for the metabolite 
T2 estimation between controls (T2NAA = 385 ± 30 ms,

Table 2 Metabolite concentrations (mM/kg wet weight) in mainly gray matter in
the occipito-parietal cortex of MS patients and controls

NAA Cho Cr
(Mean±SD) (Mean±SD) (Mean±SD)

R-R MS Patients 10.84±0.68 1.57±0.24 8.77±0.81
SP MS Patients 8.66±0.89* 1.41±0.18 7.64±0.61*
Control Subjects 11.36±0.70 1.51±0.15 8.98±0.75

* p < 0.01 versus control subjects and versus R-R MS patients
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T2Cr = 202 ± 20 ms, T2Cho = 356 ± 45 ms), SP MS patients
(T2NAA = 361 ± 40 ms, T2Cr = 197 ± 21 ms, T2Cho =
327 ± 54 ms), and R-R MS patients (T2NAA = 368 ± 34 ms,
T2Cr = 211 ± 23 ms, T2Cho = 332 ± 64 ms).

The atrophy index α appeared to be significantly
higher in the occipito-parietal cortical mainly gray mat-
ter of patients with the SP form (22.2 ± 8.5) compared
with control individuals (13.4 ± 5.1) (p < 0.02). Greater
values of this index were also observed in MS patients
with the R-R form (17.5 ± 7.4) but in this case the diffe-
rence was not statistically significant.

Discussion

Although gray matter is not primarily affected by MS,
some evidence suggests that it can be influenced and be
part of its pathological process.

The extent of this involvement has not been clearly
defined. Using the conventional, T2-weighted, spin-echo
sequence, the presence of demyelinating plaques was
demonstrated in the gray matter of some MS patients
[48]. The localization of the demyelinating process of
MS in the deep gray matter, in particular the thalamus,
also emerged in an early-onset case of multiple sclerosis
[4]. Furthermore, there is a case report of an R-R MS pa-
tient with an initial presentation of myelopathy who had
demyelinating lesions located in spinal cord gray matter
[54].

A recent MR imaging quantification study showed
that lesions in the gray matter of MS patients represent
less than 6 % of the total lesional load in patients with the
R-R form without a significant correlation with the neu-
rocognitive function and disability status [8, 9, 12]. The
total cortical and subcortical disease burden was, on the
contrary, associated with cognitive impairment in a re-
search of Rovaris et al. [44]. The authors also demon-
strated that subtle changes,undetectable by conventional
MRI but revealed by lower magnetization transfer ratio
(MTR) histographic values, are relevant in determining
MS cognitive impairment in MS.The distribution of gray
matter lesions in MS was furthermore investigated by
Kidd et al. [26] who also demonstrated in a post-mortem
study small cortical lesions, often under-reported on
MRI, the majority of which arise in the territory of the
principal cortical veins and the remaining quarter in the
territory of the small branch and superficial veins.

Low signal intensity on long-repetition-time MR se-
quences has been observed in deep gray matter struc-
tures in some patients affected by multiple sclerosis.Ac-
cording to Russo et al. [45], this T2 shortening most
likely represents a non specific degenerative process.
The same authors found T2 shortening in the pericen-
tral cortical gray matter as well as in the subcortical
white matter in a patient with severe MS and postulated
that this finding is a further manifestation of neural de-

Fig. 2 MR spectra obtained from a mainly gray matter VOI in the occipito-parietal
cortex of a control subject (a), an R-R MS patient (b) and an MS patient with the SP
form (c).

a)

b)

c)
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generation. MRI T2 shortening was also detected by
Bakshi et al. [6] in the thalamus, putamen, caudate and
to a lesser extent in the Rolandic cortex in MS patients,
particularly those with a secondary progressive course.
This MRI shortening was related to an abnormal brain
deposition of iron.

All the above observations prompted us to investigate
the mainly cortical gray matter in MS using MRS, with
the aim of testing for evidence of neural injury or loss in
the cortex in this predominantly subcortical, white mat-
ter disease.

We chose the occipito-parietal cortical region be-
cause this region shows a variety of tissue types without
consistent overlapping areas between gray and white
matter, with a greater prevalence of the former.

Although the MRS voxel used is relatively large, the
contribution of NAWM to changes in the gray matter
metabolite values of the patient group with respect to
the control group is small and can be estimated to range
from 2 to 4 %, and therefore did not modify the statisti-
cal significance of our findings.

The MRS method used allows us to exclude the con-
tribution of CSF signals, particularly in SP MS patients
in which it may be more relevant due to the greater re-
duction in brain size rather than in R-R MS patients.

The MRS method used enables an absolute quantifi-
cation of brain metabolites of interest to be obtained,
thus avoiding all the problems inherent in the relative
quantification of the ratios between metabolite peak ar-
eas. However, this is characterized by a greater complex-
ity of protocols for spectra acquisition and elaboration,
as well as by a longer duration of the MRS study com-
pared with that needed for relative quantification. In the
method section we described in detail the theoretical
background of our method and calibration, as well as
the checking procedures which we followed, with the
aim to eliminate, or in any case to minimize, the poten-
tial errors expected in the final quantification. They in-
clude the errors due to the stability of the tomograph in
the course of the examination, the accuracy of the theo-
retical and actual size of the VOI, the accuracy in the cal-
ibration with an external reference etc.

Moreover,there are other simplifying assumptions re-
quired in our absolute quantification of cerebral metabo-
lites, such as the two components attributed to T2 decay
for the brain water signal and the limited number of mea-
surements used to obtain the exponential fit. The latter
are essentially due to the need to perform the examina-
tion in a period of time tolerated by the patients.

We believe, however, that the method of absolute
quantification used in the present study is sufficiently
accurate, as shown from the comparison between values
obtained in the control group and those reported in the
literature. Finally, and above all, this method can be easi-
ly applied in clinical practice as a “routine” examination
to monitor and follow-up neurological diseases.

In the present study a significant decrease in the con-
centration of N-acetyl moieties emerged in occipito-
parietal mainly gray matter areas of MS patients with
the progressive form. A slight, but not significant, de-
crease in the peak of this metabolite was also evident in
the gray matter of R-R MS patients compared with con-
trol subjects.

The decrease in the NAA content is a consistent find-
ing of both acute and chronic demyelinating lesions in
MS patients and also of NAWM. This reduction has been
interpreted as a consequence of axonal damage which
involves not only lesions but also white matter areas
which do not appear to be affected by the demyelinating
process observed on conventional MRI [20, 24, 50, 46].

We demonstrated that the decrease in this brain
metabolite also extends into occipito-parietal mainly
gray matter areas which seem to be physically unrelated
to the MS lesional process on conventional MRI, partic-
ularly in patients with an SP form. This involvement
does not seem to be associated with previous or actual
occurrence of a demyelinating process directed against
the optic nerves, as revealed by the absence of a signifi-
cant difference between the NAA values detected in the
occipito-parietal gray matter of patients with or without
previous or present optic neuritis, abnormal P100 laten-
cies demonstrated with VEP, or involvement of an MS
process in other structures of the visual pathways.

The finding of a decrease in NAA concurs with the re-
sults of a previous study by Bruhn et al. [10], in which a
reduction in NAA was shown in cortical gray matter,
particularly in relation to neighboring multiple sclero-
sis lesions. Further evidence that gray matter is affected
by axonal dysfunction or loss emerges in a study of 1H
spectroscopic MR imaging, carried out by Pan et al. [38],
who demonstrated an average increase in the Cr/NAA
ratio Cho/NAA (p < 0.01) and a slightly elevated
Cho/NAA ratio, which was, however, statistically in-
significant.

It cannot be argued from our study whether the NAA
decrease in MS cortical mainly gray matter is only an
expression of changes in metabolism or whether it ex-
presses a secondary neural shrinkage and loss as a con-
sequence of Wallerian degeneration which is not con-
fined to projection pathways. These are disconnected
from their origin as a result of axonal transection [19,
51], and may also strike nerve cell bodies located in gray
matter.

The NAA decrease could also be an indirect expres-
sion of brain volume loss in MS. Unfortunately, in our
study no direct measures of brain atrophy, especially
concerning the brain parenchyma fraction, are avai-
lable, which can furnish a further marker of MS disease
progression, probably reflecting a destructive and irre-
versible pathological process in MS, even in the early
stages of the disease.

Moreover, we cannot exclude a little contribution to
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the reduced NAA values in the cortical mainly gray mat-
ter due to small cortical lesions that are not detectable in
any of our patients on conventional MRI.

The reduction in Cr could be a further expression of
brain volume loss in MS but this cannot be argued by
our study, owing to the lack of a direct measure of atro-
phy.

On the other hand, brain Cr levels have been associ-
ated with the amount of cytosolic and mitochondrial
creatine kinase, and therefore ATP metabolism [23]. Its
reduction has been proposed as an index of metabolic
dysfunctioning in MS.

The reduction in absolute Cr values found by our
group in the occipito-parietal mainly gray matter of SP
MS patients, could therefore be interpreted as an indi-
rect expression of reduced brain metabolism, as shown
in previous studies [5, 49, 7] using different methods,
even though this hypothesis is only speculative and
needs to be clearly documented with MRS.

Further proof of subtle changes in the occipito-pari-
etal mainly gray matter of MS patients derives from our

finding of shorter T2 water relaxation times compared
with controls, which could be considered an additional
index of degeneration or persistent axonal dysfunction-
ing. This T2 shortening is particularly evident in MS pa-
tients with an SP form. This can be interpreted as an in-
dex of more tightly bound water and may also explain
the reduced R values revealed by our study in both MS
forms. On the other hand, the reduction in the latter val-
ues does not exclude a real decrease in water content in
apparently unaffected gray matter of MS patients.

The T2 shortening revealed in the cortical mainly
gray matter of MS patients, especially in those with the
SP form, is coupled with the detection of high atrophy
indices, measured according to Kreis et al. [28]. This sig-
nificant increase could reflect the relatively high CSF
signal from the occipito-parietal cortex which signifi-
cantly exceeded the values of age-matched control sub-
jects, even though clear evidence of cortical atrophy is
not available and this index is not potentially inter-
pretable in terms of tissue volume change.
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