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Abstract Objective Our aim was
to determine if the resonance in-
tensity of choline-containing com-
pounds (Cho) measured using
proton magnetic resonance spec-
troscopy (MRS) was increased in
pre-lesional normal appearing
white matter (NAWM) in patients
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ORIGINAL COMMUNICATION

Choline is increased in pre-lesional
normal appearing white matter

in multiple sclerosis

with multiple sclerosis (MS) rela-
tive to NAWM that remained stable
in subsequent scans. Background
The Cho peak in MR spectra is as-
sociated with membrane phospho-
lipids and increases in acute MS
plaques, possibly even before the
appearance of MRI-visible MS le-
sions. Methods Three combined
proton MRI and MRS imaging ex-
aminations of the corpus callosum
and adjacent periventricular white
matter were performed on 12 MS
patients at intervals of 6 months.
Proton density (PD) images were
visually matched across 3 time
points and the lesion volume in
each voxel of the volume of interest
was determined. The voxels were
subdivided into four groups based
on the presence or absence of le-
sion at baseline and change or no
change in lesion volume on the
subsequent scan. Results We found
a significantly higher baseline
Cho/Creatine (Cr) ratio in NAWM
voxels that displayed MRI visible
lesions 6 months later than NAWM

voxels that remained unchanged
(1.57£0.30 and 1.37 £ 0.33, respec-
tively, p <0.001). The 12-month in-
terval data revealed similar pre-le-
sional elevated Cho/Cr, (1.51 +0.29
versus 1.39 + 0.32, p =0.009). Voxels
that contained lesion at baseline
and increased in lesion volume at 6
months also showed a significantly
higher Cho/Cr ratio than those
whose lesion volume did not
change (1.60£0.32 and 1.49 +0.36,
respectively, p=0.043). Conclusions
The results of this study are consis-
tent with focal pre-lesional myelin
membrane pathology in the
NAWM at least 12 months before
lesions become visible on conven-
tional MRI. This could reflect al-
tered myelin chemistry or the pres-
ence of inflammation as seen in
experimental allergic en-
cephalomyelitis.

Key words multiple sclerosis
choline - magnetic resonance
spectroscopy - normal appearing
white matter

Introduction

Multiple sclerosis (MS) is an idiopathic demyelinating
disease characterized by the formation of plaques lo-
cated primarily in the white matter. These lesions are
readily visible as hyperintensities on T2-weighted
(T2W) and proton density-weighted (PD) magnetic res-
onance images (MRI) and are believed to represent a

variable combination of demyelination, inflammation
and axonal loss [17,27].In an effort to better understand
the pathophysiology of MS, proton magnetic resonance
spectroscopy (\H-MRS) has been used to measure non-
invasively the metabolic changes in the brains of MS pa-
tients [2, 3, 14, 16, 22, 28]. The metabolites most
amenable to study with '"H-MRS are N-acetylaspartate
(NAA), choline (Cho) and creatine (Cr). The most in-
tense resonance is visible at 2.0 ppm, and corresponds to



N-acetyl groups, which originate mainly from N-acetyl-
aspartate. The NAA signal has been used as a marker of
neuronal integrity because it is localized to neurons and
neuronal processes in the mature brain [26]. The ratio of
NAA/Cr has been reported to decrease in demyelinating
plaques as well as in the normal appearing white matter
(NAWM) on conventional MRI of MS patients [3]. Crea-
tine-containing compounds are seen at 3.0 ppm. Crea-
tine is relatively homogeneously distributed throughout
the brain; thus it has been used as an internal reference
peak to calculate NAA/Cr and Cho/Cr ratios [1].It must,
however, be noted that there is inconsistency in reports
of quantification of creatine [5, 11, 20, 24, 25, 29]. In an
in vitro study, a decrease of creatine was noted only in
MS plaques, while most of the NAWM remained un-
changed [5, 29]. Choline-containing compounds can be
observed at 3.2 ppm. The Cho peak is believed to repre-
sent a combination of free choline, phosphorylcholine,
glycerylphosphorylcholine, and possibly taurine and
betaine [4].

The pathological significance of changes in choline
levels in the central nervous system is unclear. The com-
pounds responsible for the choline peak are associated
with membrane phospholipids and have been reported
to increase in acute stage plaques, when active demyeli-
nation and inflammation are occurring [2, 3]. In acute
experimental allergic encephalomyelitis (EAE), how-
ever, an increase in Cho/Cr peaks was associated only
with inflammation and was due to the presence of lym-
phocytes [4]. In the acute stage of EAE, there is mainly
inflammation with little or no demyelination. 1H-MRS
performed on patients with brain tumors or brain infec-
tious diseases revealed that cellular density and water-
soluble choline-containing compounds were the best
determinants of the Cho/Cr peak [9, 15].

Using Magnetization Transfer (MT) techniques, a
number of laboratories have demonstrated a decreased
MT in brain areas that subsequently develop MRI-visi-
ble plaques [7, 8,21]. We speculated that membrane dis-

1383

ruption and/or inflammation occurring in the NAWM
prior to the development of MRI-visible plaques might
be observed as an increase in Cho/Cr ratios in that area
[3]. Narayana et al. [18] reported a localized increase of
Cho in two patients who subsequently developed a MRI-
visible plaque at those sites. The purpose of this study
was to acquire proton MRS data from MS patients and
determine if increases in choline levels in the NAWM
could be used to differentiate areas that would develop
plaque from those that remained stable in subsequent
scans.

Methods

Patients

Twelve patients with definite MS (7 women and 5 men) were recruited
via the MS clinic at the Montreal Neurological Institute and Hospital.
The group included 7 relapsing-remitting (RR) patients and 5 sec-
ondary progressive (SP) patients. The group had a mean Expanded
Disability Status Scale (EDSS) of 4.54%2.3 at Time Point 1,
(RRmean =3, SPmean=6.7) and their mean age was 43.98+9.7 years
(range =34.7-61.2). Twenty-nine normal controls were recruited
from hospital staff and friends. Their mean age was 34.12 £8.7 years
(range =26.3-57.1). The Ethics Committee of the Montreal Neurolog-
ical Institute and Hospital approved the study and informed consent
was obtained from all participants. The patients’ demographic data
are given in Table 1.

Data acquisition

Proton MRI/MRSI

Combined proton MRI and MRSI examinations of the brain were per-
formed using a Philips Gyroscan ACS operating at 1.5 T (Philips Med-
ical Systems, Best, the Netherlands). A transverse dual-echo, turbo
spin-echo sequence (TR/TE1/TE2 =2075/32/90 ms, 256256 matrix, 1
signal average, 250mm field of view) yielding proton density-
weighted (PDW) and T2-weighted (T2W) images with 50 contiguous
3 mm slices was acquired parallel to the plane connecting the anterior
and posterior commissures (AC-PC line). This was followed by a
matching T1-weighted (T1W) fast field-echo (FFE) sequence
(TR/TE=35/10 ms). These MR images were used to position a spec-

Table 1 Patient demographics and individualized imaging data as well as means for each parameter at the three time points.

Patient Sex Age Type EDSS1,2,3 Lesion Vol 1, 2, 3 (cm?) Disease duration NAA/Cr1,2,3 Cho/Cr1,2,3
at entry (years)
1 M 61.2 SP 6.5,6.5,6.5 8.52,8.64,10.01 25.6 2.90,3.13,2.74 1.53,1.55,1.42
2 M 36.6 RR 0.0, 2.0, NA 2.69,4.02, NA 0.9 2.98,2.83,NA 1.59, 1.44,NA
3 F 46.3 RR 45,45,55 0.91,1.30,2.91 15.6 2.39,2.42,2.55 1.31,1.35,1.45
4 F 35.5 RR 3.5,25,2.0 7.76,9.09,10.37 6.6 2.53,2.58, 2.60 1.51,1.52,1.42
5 F 56.7 SP 8.0, 8.0, NA 8.21,7.84,NA 37.0 2.66, 2.55, NA 1.35,1.28,NA
6 F 35.8 RR 2.5,25,2.5 4.75,5.81,3.97 13.3 2.64,2.80,2.73 1.53,1.61,1.63
7 M 48.1 SP 7.0,7.0,NA 1.23,0.94,NA 18.0 2.88,2.86, NA 1.33,1.28,NA
8 F 57.4 RR 3.5,3.0,NA 10.6,11.3,NA 222 2.84,2.50, NA 1.19, 1.14,NA
9 F 36.3 SP 6.0,6.5,6.5 4.27,7.68,6.08 12 2.88,2.72,2.82 1.90, 1.62, 1.79
10 F 38.9 RR 3.0,3.0,3.5 2.72,3.25,3.93 10.7 2.56,2.71,2.47 1.32,1.39,1.38
1" M 40.1 RR 4.0,4.0,4.0 7.84,8.62,7.13 19.8 2.64,2.50,2.68 1.31,1.25,1.28
12 M 347 SP 5.5,6.0,6.0 11.1,8.75,8.91 13.1 2.59,2.68,2.56 1.44,1.50,1.36
Mean 43.98 4.5,4.6,4.6 5.88, 6.44, 6.66 16.23 2.71, 2.69, 2.64 1.44,1.41,1.47
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troscopic volume of interest (VOI) of approximately 90x90x20 mm?
to include the corpus callosum and adjacent periventricular white
matter. This VOI includes approximately 121 voxels with a nominal
volume of 1.28 cm?® each. All voxels at the edges of the VOI were ex-
cluded because of potential chemical shift artifacts on the relative am-
plitudes thus leaving a maximum of 100 voxels per patient for analy-
sis. The number of PDW images corresponding to the spectroscopic
VOI and inspected for lesions varied between 6 and 7 but remained
constant in an individual across the different scans. MR spectroscopic
images parallel to the AC-PC line were acquired (32x32 phase-en-
codes, 250250 mm field-of-view, 20 mm slab thickness) using a dou-
ble spin-echo excitation method (TR 2000, TE 272ms) [19]. Suppres-
sion of the intense water resonance was accomplished by placing
frequency selective excitation pulses at the beginning of the MRSI se-
quence. To allow for correction of B inhomogeneity during post-pro-
cessing, a quick MRSI without water-suppression was also acquired
(TR 850ms, TE 272ms, 16x16 phase-encodes, 250x250 mm field-of-
view and one signal average) [6].

Post-Processing

Metabolite resonance intensities were determined using a combina-
tion of XunSpecl (Philips, the Netherlands) and locally-developed
software (AVIS, Samson Antel, MRS Unit, Montreal Neurological In-
stitute) which integrates fitted peak areas between automatically de-
termined frequency bounds relative to a locally interpolated baseline.
Metabolite signals are expressed as ratios to Cr in the same voxel.

Image Data analysis

Three serial scans taken at six-month intervals over 12 months were
used in this study. The PD images corresponding to the spectroscopic
VOI were inspected visually for lesion volumes. The lesion fraction in
each voxel was determined by assigning a value of 0, 0.125, 0.25, 0.5,
0.75 or 1 depending on the percentage of lesion occupying that voxel
in 1 PD image. The process was repeated for all the PD images corre-
sponding to the spectroscopic box. The mean lesion fractions were
then added up and multiplied by the nominal volume (1.28 cm?) con-
tained in each spectroscopic voxel. This process was done for the
three time points independently.

In order to determine the changes in lesion load over time in a
given voxel, PD images with the overlaid spectroscopic phase-encod-
ing grid were visually matched across the three time points (Fig. 1).
Two 12-month scans had to be eliminated because the images with
their corresponding voxels could not be matched to previous scans.
An additional two 12-month scans had to be rejected because of in-
correct voxel size. Therefore, a total of 12 scans were included for the
6-month interval analysis but only eight scans were retained for the
12-month interval analysis. All the spectroscopic data was assessed
for quality and adequacy of fit. Any voxel without a corresponding
voxel in any of the subsequent scans was rejected. Furthermore, vox-
els that contained lesion that regressed over time were also excluded
from this analysis. A total of 604 voxels for the 6-month interval and
414 voxels for the 12-month interval were retained for analysis. The
voxels retained were then subdivided into four groups depending on
the presence or absence of lesion at Time Point 1 (TP1) and change or

LL

Time point 1

Time point 2

Fig.1 Proton density (PD) images corresponding to the spectroscopic box were visually matched across the 3 time points. Seen here are PD Images from an RR patient at
TP1and TP2. Arrows indicate new lesion areas. Box NL refers to NAWM voxels that displayed a new lesion in the subsequent scan. Box NN refers to voxels of NAWM that re-
main as NAWM in the subsequent scan. Box LL refers to voxels with lesion that had increased in size by the subsequent scan. Box LS refers to voxels with lesions that had

remained stable at the subsequent scan.
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Fig.2 A Proton density image from the same RR patient seen in Fig. 1 at Time point 1 with examples of spectroscopic data for the 6-month interval analysis from the NL,
NN, LL and LS groups.
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no change in lesion volume on the subsequent scan. The four groups
are: Group NN: NAWM-NAWM, voxels of NAWM at TP1 that re-
mained as NAWM on a subsequent scan, Group NL: NAWM-LESION,
voxels of NAWM at TP1 in which a lesion appears on a subsequent
scan, Group LS: LESION-STABLE, voxels containing lesion at TP1
with no change in lesion volume on subsequent scan, Group LL:
LESION-LESION, voxels containing lesion at TP1 with increase in
lesion volume on subsequent scan. The 6-month analysis included 364
voxels in Group NN, 62 voxels in Group NL, 77 voxels in Group LS, and
101 voxels in Group LL (Fig.2). The 12-month analysis included 221
voxels in Group NN, 56 voxels in Group NL, 67 voxels in Group LS, and
70 voxels in Group LL.

In order to determine the temporal stability of MRSI data, we as-
sessed reproducibility of repositioning and metabolite ratios in 6 nor-
mal subjects who were scanned twice.

Statistical Analysis

Two-sample t-tests were performed to compare patients’ metabolite
ratios between lesion containing voxels and NAWM at each time
point. They were also used to compare metabolite ratios within the
two Lesion groups and within the two NAWM groups. A Mann-Whit-
ney U test was used in the analysis of the individual patients’ data. An
Analysis of Variance (ANOVA) with Bonferroni correction was used
to establish any significant differences in metabolite ratios between
control, NAWM and Lesion voxels. Pearson correlation tests were used
to examine the relationship between metabolite ratio and the amount
of lesion in each voxel. A Spearman rank coefficient was used to de-
termine correlation in the small samples. All statistical analyses were
performed using SYSTAT 9.0.

Results
Reproducibility

Six of the controls in this study were scanned twice to as-
sess the reproducibility of our data. The scan intervals
ranged from 0.05 to 2.1 years. The mean difference be-
tween the two scans was 3.90% (range 0.6-8.6%) for
Cho/Cr ratios and 5.36% (range 0.3-11.9%) for
NAA/Cr.

Patients’ demographic data

As can be seen in Table 1, these patients showed no sig-
nificant change in EDSS scores over time. The lesion vol-
umes also remained fairly constant as well as their mean
NAA/Cr and Cho/Cr. We assessed if the lesion volume
was significantly different between the two Lesion voxel
groups and found that Group LL had a non-significantly
higher lesion volume than Group LS at TPI,
(0.201+0.13cm® and 0.166+0.17cm’, respectively,
p =0.135). The patients in this study were clinically sta-
ble; only three patients had an attack in the course of the
study and these were at least three months prior to or af-
ter a scan.

Controls versus patients

Twenty-nine control subjects were included in this
study. An ANOVA with Bonferroni correction revealed a
significantly lower Cho/Cr level in voxels of normal con-
trol subjects (N=2154) compared with Lesion voxels
(N =178) in MS patients (1.45+0.31 and 1.55+0.34, re-
spectively, p=0.002). There was no significant diffe-
rence in Cho/Cr between NAWM voxels in normal con-
trol subjects and NAWM voxels (N = 426) in MS patients,
(1.45%0.31 and 1.40 £ 0.33, respectively, p=0.575). The
NAA/Cr of control subjects was significantly higher
than the NAA/Cr ratio in both NAWM and Lesion voxels
of MS patients, [3.24 £ 0.52 versus 2.77 £ 0.43 (p <0.001)
and 2.66 +0.38 (p <0.001), respectively].

NAWM versus Lesion voxels

Cho/Cr was significantly higher in Lesion voxels com-
pared with NAWM voxels at all three Time Points [TP1:
1.55+£0.34 (N=178) and 1.40+0.33 (N =426), respec-
tively, p <0.001, TP2: 1.51+0.29 (N=229) and
1.36£0.31 (N=375), respectively, p <0.001, TP3:
1.53+£0.30 (N=137) and 1.42+0.33 (N=277), respec-
tively, p <0.001].

NAA/Cr was significantly lower in Lesion voxels than
in NAWM voxels at TP1 (2.77 £ 0.43, 2.66 + 0.38, respec-
tively, p=0.002) and at TP3 (2.67 £0.42 and 2.59 + 0.35,
respectively, p=0.038). At TP2, the NAA/Cr although
higher in the NAWM voxels than Lesion voxels was not
significantly different (2.72+0.45 and 2.68 £0.43, re-
spectively, p=0.202).

Correlation between metabolites and lesion volume

There was no significant correlation between Cho/Cr
and the lesion volumes within each spectroscopic voxel
at TP1 (r=0.071, p=0.080). There was a significant cor-
relation between NAA/Cr values and lesion volume at
TP1 (r=-0.168, p <0.001).

Choline at 6-month interval

Cho/Cr was significantly higher at TP1 in NAWM voxels
that developed lesions at TP2 versus NAWM voxels that
remained stable (1.57%0.30 and 1.37£0.33, respec-
tively, p <0.001) (Table 2 and Fig. 3a). Looking at the pa-
tients individually, there was a general trend for voxels
that went on to develop lesion at TP2 to display an ele-
vated Cho/Cr compared with voxels in the same scan
that did not, though in most cases this was not signifi-
cant owing to the small sample numbers. The levels of
Cho/Cr in the voxels of NAWM that went on to develop
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Table2 Descriptive and inferential statistics for the NAWM and LESION groups with respect to Cho/Cr and NAA/Cr at 6 month and 12 month intervals. Sample size, means

and standard deviations are shown.

Group N Cho/Crat p= NAA/Cr at p= N Cho/Crat p= NAA/Cr at p=
voxels 6-month 6-month voxels 12-month 12-month
NL: Voxel with NAWM 62 1.57 £0.30 2.79 £0.35 56 1.51£0.29 2.70 £0.33
that becomes lesion
NN: Voxel with NAWM 364 1372033 <0001 og7i0m O 1391032 20,7103 04
that remains NAWM
LL: Voxel with lesion 101 1.60 £ 0.32 2.66 +0.38 70 1.61+£0.31 2.60 = 0.35
that increases in size
LS: Voxel with lesion 77 149035 00 je61039 0BT g 1572034 %408 564040 07
that remains stable
TOTAL 604 414
Fig.3 a) Comparing NAWM Groups (NL vs. NN) for a) b)
Cho/Cr reveals a significantly higher Cho/Crin NAWM 3 3
voxels that display a lesion at the 6-month scan (NL:
1.57+0.30 vs. NN: 1.37£0.33, p <0.001). b) Com- p<0.001 p=0.043
paring Lesion Groups (LL vs. LS) for Cho/Cr reveals a
significantly higher Cho/Cr in Lesion voxels that dis-
play an increase in lesion load at the 6-month scan i | B i
(LL: 1.60£0.32 vs. LS: 1.49£0.36, p = 0.043). 2 2 ]
N = LT| 160
g NL | 157 S 149 | LS
2 NN 2
o 137 l fw}
1F . 11 1
0 0
Groups Groups

lesions in subsequent scans was 13 % (0.7-27 %) higher
than in the voxels that remained stable.

Lesion voxels at TP1 that showed an increase in lesion
content on the 6-month scan also had a significantly
higher Cho/Cr than Lesion voxels that remained stable,
(1.60£0.32 and 1.49%0.36, respectively, p=0.043)
(Table 2 and Fig. 3b). Within each individual scan at TP1,
there was no discernable trend towards a higher Cho/Cr
ratio in voxels that accrued lesion at TP2 versus those
that did not.

NAA at 6-month interval

Neither the NAWM groups (NN, NL) nor the Lesion
groups (LS, LL) showed significant differences within
the groups for NAA/Cr ratios (Table 2). Although
NAA/Cr values were consistently lower in voxels with le-
sion, there was considerable overlap.

Choline at 12-month interval

We also found a significant difference in Cho/Cr ratios
at TP1 between NAWM voxels that remained stable and
those that displayed lesions at TP3 (1.39+0.32 and
1.51 £0.29, respectively, p =0.009) (Table 2). In looking
at the individual patients, six out of the seven patients
displayed elevated Cho/Cr in voxels that went on to de-
velop lesions at TP3, though once again these were for
the most part not significantly different because of the
small sample numbers. The levels of Cho/Cr in the vox-
els of NAWM that showed lesions at 12 months were be-
tween 7 and 29 % higher than the voxels that remained
stable.

In contrast to the 6-month interval data, the two
Lesion groups did not show significantly different
Cho/Cr ratios, (Group LLpen=1.61£0.31, Group
LSmean = 1.57 £0.34, p = 0.408) for the 12-month interval.
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NAA at 12-month interval

Similar to the 6-month interval data, neither the NAWM
groups nor the Lesion groups showed significant diffe-
rences within the groups for NAA/Cr ratios.

Point Spread Function effect

Some of the NAWM voxels that developed lesions during
the 6-month interval were located near voxels that al-
ready contained lesion. In order to evaluate the effect of
point spread function on our data, we calculated the le-
sion load found in the adjacent voxels and found no cor-
relation between Cho/Cr or NAA/Cr in NL voxels and
surrounding lesion volume (r=0.035, p=0.787 and
r=-0.121,p =0.349, respectively). We repeated the same
analysis for the NAWM voxels that remained stable dur-
ing the 6-month interval and again found no correlation
between Cho/Cr or NAA/Cr in NN voxels and adjacent
lesion volume (r=-0.104, p=0.576 and r=0.101,
p =0.587, respectively).

Discussion

Our results demonstrate that Cho/Cr ratios are elevated
in areas of as NAWM that develop MRI-visible lesions 6
months and/or 12 months later, compared with areas
that remain NAWM. We also found Cho/Cr to be elevated
in Lesion voxels that increased in lesion content at the 6-
month scan versus those that remained stable. The
pathophysiological significance of an elevated Cho has
been attributed to active demyelination and inflamma-
tion. The observed elevated Cho/Cr in NAWM that sub-
sequently develops a plaque suggests that there is prior
to the lesion becoming detectable by conventional MRI,
an early stage in lesion formation. This could be associ-
ated with physico-chemical change in myelin, either
prior to or associated with inflammation [4].

Although both Lesion voxel groups displayed a
higher Cho/Cr than the NAWM that remained stable, the
active plaque group had a higher Cho/Cr than the stable
plaque group. This suggests that there are two different
processes that lead to an elevated Cho/Cr. The first is de-
myelination, which is most likely common to both Le-
sion voxel groups. The second is inflammation, which is
probably superimposed on the myelin abnormality.

We attribute the lower Cho/Cr ratio observed in the
stable voxel groups compared with the unstable voxel
groups to a lower Cho and not a higher Cr. This is highly
probable since NAA/Cr was not significantly different
between the two groups. Absolute quantitation of
metabolites with in vivo MRS studies requires T1 and T2
relaxation time weighting of the spectra which may be
difficult to assess in pathological tissue [12].

The significance of Cho has been studied in various
other pathologies, Miller et al. [15], in looking at neo-
plasms and brain infections, found that free choline,
phosphorylcholine, glycerylphosphorylcholine, as well
as tissue cellularity correlated with the 'H-MRS Cho
peak. An in vitro '"H-MRS study done on EAE animals
found free choline, phosphorylcholine and betaine as
the main determinants of the Cho peak [4]. The signifi-
cance of betaine is controversial since it is not known if
this compound exists in the human brain. The authors
do mention that betaine is elevated in cultured peri-
toneal macrophages that have been incubated with
myelin and have degraded it. This would suggest that the
enzyme required to produce this compound may be car-
ried into the CNS via inflammatory cells. Neuropatho-
logical studies done on MS patients revealed that in-
flammatory cells are not always present in areas of active
demyelination [13,23]. These results suggest that perive-
nous inflammation and demyelination may be, to some
extent, separate pathological processes.

There is now growing evidence that activated T cells
can cross an intact BBB and subsequently leave if they do
not encounter an antigen [10]. If they do encounter an
antigen they initiate an inflammatory cascade involving
various cytokines that cause changes in the endothelium
and lead to the recruitment of more inflammatory cells
and activation of microglia. It may be speculated that a
regional increase of Cho/Cr in the NAWM that subse-
quently develops plaque may be associated with this
early inflammatory process.

It has been suggested that aside from the axonal dam-
age occurring in the NAWM of MS patients, there is a
proliferation of glial cells yielding an increase in Cr [29].
Since we look at ratios, this might be proposed as an ex-
planation for the lower Cho/Cr in the NAWM versus the
lesions. However, in the current study, we found that the
NAWM that develops plaques actually has a high
Cho/Cr. Thus one would have to propose that gliosis
only occurs in the stable NAWM which had the lowest
Cho/Cr ratio and this does not seem likely.

In a postmortem study, Davies et al. [5] demonstrated
that Cr is decreased in chronic plaques and in voxels ad-
jacent to plaques as compared with normal controls. A
change in Cr is unlikely to be responsible for the results
seen in this study because both stable and unstable
NAWM vozxels lay adjacent to some voxels containing le-
sions and the comparison was between these groups not
with normal controls. In addition, there is little plaque
volume in our spectroscopic VOI and no correlation was
found between Cho/Cr or NAA/Cr and adjacent lesion
volume for the NN or NL groups. Furthermore, if one
looks at the stable and unstable Lesion voxels, one no-
tices that Cho/Cr is higher in lesion voxels that increase
in size,indicating a more active lesion, as compared with
the lesion voxels that stay the same. If the chronic
plaques had a lower Cr as proposed by Davies et al. [5]



then the stable lesion voxel group should have shown the
higher Cho/Cr ratio.

The results of this study imply that pre-lesional
changes in myelin with or without associated inflamma-
tion may be sufficient to produce elevated Cho/Cr ratios
without any associated demyelination. We hypothesize
that there may be MRI-invisible inflammation going on
in the NAWM long before a plaque develops. Our study
shows that even a year before a plaque develops the
NAWM of that area shows an elevated Cho/Cr. Such evi-
dence would further support the rationale for targeting
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MS therapies at preventing damage in the NAWM by re-
ducing inflammation.
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