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Objective: To assess axonal damage and its contribu-
tion to disability at different stages of multiple sclerosis
(MS).

Background: Recent in vivo imaging and in situ patho-
logic studies have demonstrated that substantial axonal
damage accompanies the inflammatory lesions of MS.
However, the relation of axonal damage to the duration
of MS and its contribution to disability at different stages
of the disease remain poorly defined.

Design: We performed proton magnetic resonance spec-
troscopic imaging in 88 patients with a wide range of clini-
cal disability and disease duration to measure N-
acetylaspartate (NAA, an index of axonal integrity) relative
to creatine (Cr) in a large central brain volume that in-
cluded mostly normal-appearing white matter on mag-
netic resonance imaging.

Results: We observed that the NAA/Cr values were ab-
normally low in the early stages of MS, even before sig-

nificant disability (measured using the Expanded Dis-
ability Status Scale [EDSS]) was evident clinically, and
declined more rapidly with respect to EDSS at lower than
at higher EDSS scores (P<<.001). The correlation of
NAA/Cr values with EDSS score was significantly (P<<.03)
stronger in patients with mild disability (EDSS score <5,
Spearman rank order correlation=-0.54, P<<.001) than
in patients with more severe disability (EDSS score =5,
Spearman rank order correlation=-0.1, P<.9). When
similar analyses were performed in patients with MS
grouped for duration of disease, the subgroup with early
disease duration (<5 years) also showed central brain
NAA/Cr resonance intensity ratios significantly lower than
healthy controls (P<<.001).

Conclusion: Cerebral axonal damage begins and

contributes to disability from the earliest stages of the
disease.
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HE IMPORTANCE of axonal

injury in multiple sclero-

sis (MS) is being increas-

ingly appreciated.’* Neu-

ropathologic techniques

have demonstrated that sparing of axons
is only relative in MS.>° Pathologic evi-
dence of injured or transected axons is
common in active MS lesions, and chronic
lesions show clear evidence of axonal in-
jury.®” Although there is increasing agree-
ment that axonal loss is a major factor con-
tributing to disability in the later stages of
MS,” the relation of axonal damage to dis-
ability in the early stages of MS s less clear.
Magnetic resonance spectroscopy
(MRS) is particularly useful for the study
of axonal damage because it allows in vivo
assessment of axonal dysfunction or loss
based on the signal intensity of N-
acetylaspartate (NAA), the main compo-
nent of the peak dominating the normal
proton spectrum, which is localized al-

most exclusively in neurons and axons in
mature human brains.!®!!" Large de-
creases of NAA not restricted to brain le-
sions were observed in the earliest pro-
ton MRS studies of patients with well-
established MS'? and have been confirmed
in many subsequent reports (for review see
Matthews et al?). Spectroscopic studies also
have demonstrated a strong relation be-

For editorial comment
see page 37

tween changes in NAA and clinical dis-
ability both in acute and chronic MS."'®
Interestingly, in these studies, it was NAA
in normal-appearing white matter that cor-
related best with disability.
Generalization from data reported so
far, however, has been limited by the small
numbers of patients and the restricted dis-
ability range studied. Therefore, we per-
formed proton magnetic resonance spec-
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PATIENTS AND METHODS

STUDY POPULATION

Eighty-eight patients with clinically definite MS' (48 women
and 40 men; age range, 25-58 years) were chosen from the
population followed in the Montreal Neurological Hospital
MS clinic. Patients were classified according to clinical course
as having either recurrent relapses (RR) with complete or par-
tial remission (n=55; 32 women and 23 men) or secondary
progressive (SP) disease with progression in the absence of
discrete relapses after earlier relapsing-remitting disease (n=33;
16 women and 17 men). Patients were entered into the study
only if they had been free from attacks in the previous month
to study a clinically relatively stable MS population and re-
duce the potential confounding of reversible NAA and Cr
changes occurring after acute relapses." Patients were strati-
fied across a wide range of disability (Expanded Disability Sta-
tus Scale [EDSS] score; range, 0-9) and disease duration
(range, 0.5-33 years). The whole patient group could there-
fore be subdivided into smaller subgroups according to ei-
ther their EDSS score or their disease duration (Table). The
Montreal Neurological Hospital Ethics Committee ap-
proved the study, and informed consent was obtained from
all participating subjects.

PROTON MRI AND MRSI OF BRAIN

Combined proton MRI and MRSI examinations of the brain
were obtained in a single session for each examination us-
ing a scanner operating at 1.5 T (Philips Gyroscan; Philips
Medical Systems, Best, the Netherlands). A transverse dual-
echo, turbo spin-echo sequence (repetition time [TR], 2075
milliseconds; echo time [TE] 1, 32 milliseconds; TE2, 90
milliseconds, 256 X 256 matrix, 1 signal average, 250-mm
field of view), yielding proton density-weighted and T2-
weighted images with 50 contiguous 3-mm slices, was ac-
quired parallel to the line connecting the anterior and pos-
terior commissures. These MRIs were used to select an
intracranial volume of interest (VOI) for spectroscopy mea-
suring approximately 100 mm anteroposteriorly by 20 mm
craniocaudally by 90 mm left to right (Figure 1). This was
centered on the corpus callosum to include mostly white
matter and some mesial cortex of both hemispheres. Al-
though the VOI used in this study comprised only a lim-
ited portion of the whole brain, this included regions where
axonal projections converge after traversing large brain vol-
umes. Thus, NAA/Cr measures from this deep central brain
region should reflect axonal status in a fairly large volume
of brain beyond that contained within the spectroscopic
VOI. Two-dimensional spectroscopic images were ob-
tained using a 90°, 180°, 180° pulse sequence (TR, 2000
milliseconds; TE, 272 milliseconds; 250-mm field of view;
32X 32 phase-encoding steps; 1 signal average per step)
as previously described.*' Magnetic field homogeneity was

optimized to a line width of about 5 Hz over the VOI us-
ing the proton signal from water. Water suppression was
achieved by placing frequency-selective excitation pulses
at the beginning of the MRSI sequence.?? Before the water-
suppressed acquisition, another MRSI was acquired with-
out water suppression (TR, 850 milliseconds; TE, 272 mil-
liseconds; 250-mm field of view; and 16 X 16 phase-
encoding steps) to allow for B, homogeneity correction.

PROTON MRSI DATA ANALYSIS

Postprocessing of the raw MRSI data included zero filling the
non-water-suppressed MRSI to obtain 32 X 32 profiles, fol-
lowed by a mild gaussian k-space filter and an inverse 2-di-
mensional Fourier transformation to both the water-
suppressed and unsuppressed MRSI. Artifacts present in the
time domain water-suppressed signal due to static magnetic
field inhomogeneities and time-varying gradients were cor-
rected by dividing the water-suppressed MRSI signal by the
non-water-suppressed signal,”> a procedure that does not af-
fect relative signal intensities. The residual water signal was
then fitted and removed from the water-suppressed data us-
ing the Hankel singular-value decomposition procedure.* To
enhance the resolution of the spectral peaks, a lorentzian-
to-gaussian transformation was applied before Fourier trans-
formation in the spectral domain. The nominal voxel size was
8 X 8 X 20 mm, giving a resolution of about 12 X 12 X 20 mm
after k-space filtering. Metabolite resonance intensities of NAA
and Cr were determined automatically from peak areas rela-
tive to a spline-corrected baseline. Results were expressed as
the intravoxel ratio of NAA to Cr (a signal arising mainly from
both Cr and phosphocreatine). In vitro MRS analysis of MS
brains has demonstrated that Cr does not change in normal-
appearing tissue.” In the present study, we refer to Cr in the
normal-appearing white matter rather than in the lesions, be-
cause in the large central VOIs examined, lesions accounted
for only about 6% of the VOI in the whole group of patients
(range, 0.5%-25%; data not shown).

In our analysis, the relative NAA/Cr values of the whole
brain region were obtained by averaging the NAA/Cr val-
ues for all the voxels in the spectroscopic VOI for each sub-
ject. Spectra at the edges of the VOI can be affected by chemi-
cal shift artifacts associated with selective excitation and
were deleted before averaging (Figure 1). The average
NAA/Cr values of the MS patient group were compared with
those of a group of healthy adult controls (n=17; age range,
24-56 years) using the nonparametric Kruskal-Wallis test
of variance. Central brain NAA/Cr values of the different
patient subgroups were compared using analysis of vari-
ance followed by pairwise post hoc comparison using the
Tukey honestly significant difference procedure to ac-
count for multiple comparisons. Values of NAA/Cr of the
whole MS patient group and the different subgroups were
then correlated with their corresponding EDSS scores us-
ing the nonparametric Spearman rank order correlation
(SROCQ). Data were considered significant at the .05 level.

troscopic imaging (MRSI) examinations and concurrent
clinical evaluations in a relatively large group of pa-
tients with MS with a wide range of clinical disability and
disease duration. We then assessed the levels of NAA rela-
tive to creatine (Cr) in different patient subgroups and
examined the relevance of axonal injury to disability in
initial vs later stages of MS.

— T

In the 88 patients with MS studied, the central brain
NAA/Cr ratio was significantly lower than in healthy con-
trols (mean+SD NAA/Crratio, 2.71+0.31 and 3.20+0.24,
respectively; P<<.001) (Table) and was inversely corre-
lated with disability (SROC=-0.55,P<.001). In this group
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of patients with MS, age did not correlate with NAA/Cr
levels (SROC=0.04, P>.6), and there were no differ-
ences in NAA/Cr values between men and women
(mean+SD NAA/Cr ratio=2.71+0.33 for men with MS
and 2.71+0.29 for women with MS).

Analyses of subgroups based on clinical course, dis-
ability level, and duration of disease were performed.
Both the RR and SP subgroups exhibited significantly
lower NAA/Cr ratios than healthy controls (mean+SD
NAA/Cr ratio=2.77+0.33 in patients with RR MS and
2.61+0.25 in patients with SP MS; P<<.001 for both
groups). Central brain NAA/Cr ratio was significantly
lower in patients with SP MS than in those with RR MS
(P=.05). As in previous studies,"'® the correlation
between decreasing NAA/Cr resonance intensity ratios
and increasing EDSS scores was stronger in patients
with RR MS than in those with SP MS (SROC=-0.64 in
RR MS patients, P<<.001; SROC=-0.28 in SP MS
patients, P<<.1).

When a subgroup of MS patients with milder dis-
ability (EDSS score <5, n=50) was considered alone, cen-
tral brain NAA/Cr resonance intensity ratios were still
significantly lower than healthy controls (mean+SD
NAA/Crratio=2.83+0.28; P<<.001). Further dividing this
patient subgroup into smaller EDSS groups revealed that
decreases in central brain NAA/Cr ratios were signifi-
cant in patients with MS in the earliest stages of the dis-
ease (Table). Changes in NAA/Cr ratios as a function of
EDSS were greater for patients with mild disease than for
the more severely affected patients. For example, the mean
decrease in NAA/Cr ratio between the patient subgroup
with EDSS scores of 0 to 1 and the subgroup with EDSS
scores of 4 to 5 was about 15% (P=.001), whereas the
decrease was only 5% between the patient subgroup with
EDSS scores of 4 to 5 and the subgroup with EDSS scores
of 8 to 9 (P=.1) (Figure 2). The correlation between
NAA/Cr ratio and EDSS score was significantly (P<<.03)
stronger in patients with mild disability (EDSS score <5,
SROC=-0.54, P<.001) than in the more disabled group
(EDSS score =5,n=38, SROC=-0.1, P=.9) (Figure 3).

When similar analyses were performed in patients
with MS grouped for duration of disease, the subgroup
with short disease duration (<5 years, n=21) also showed
central brain NAA/Cr resonance intensity ratios
(2.73+0.35) significantly lower than healthy controls
(P<.001) and a close correlation between cerebral NAA/Cr
ratio and EDSS score (SROC=-0.70, P<.001) was found
(Figure 4). A significant correlation was not found in
patients with more long-standing disease.

B COMMENT

EARLY AXONAL DAMAGE IN MS

By assessing central brain NAA in a relatively large, clini-
cally stable MS population with a wide range of disabil-
ity and disease duration, we showed that diffuse cere-
bral axonal damage (1) begins in the early stages of MS,
(2) develops more rapidly in the earlier clinical stages of
the disease, and (3) correlates more strongly with dis-
ability in patients with mild disease than in patients with
more severe disease.

N-Acetylaspartate-Creatine (NAA/Cr) Values

Relative to the Whole Group of Patients

With Multiple Sclerosis (MS) and Different Subgroups*

Mean + SD

Patients No. NAA/Cr Values

Whole MS group 88 2.71+£0.31f
RR 55 2.77 £0.33t
SP 33 2.61 +0.25t

Disease duration, y
<5 21 (20 RR, 1 SP) 2.73 £0.35t
5-10 21 (18 RR, 3 SP) 2.79 +0.33t
11-15 22 (11RR, 11 SP) 2.73 £0.261
>15 24 (6 RR, 18 SP) 2.60 +0.29t

EDSS score
0-1 17 (17 RR, 0 SP) 3.01+0.31
2-3 19 (18 RR, 1 SP) 2.84 +0.20t
4-5 20 (12 RR, 8 SP) 2.58 +0.28t
6-7 25 (8 RR, 17 SP) 2.59 +0.23t
8-9 7 (ORR, 7 SP) 2.45 +0.28t

Healthy controls 17 3.20+£0.24

*RR indicates relapsing remitting; SP, secondary progressive; and
EDSS, Expanded Disability Status Scale.
TP<.001 compared with healthy controls.

Our results emphasize that significant axonal pa-
thology is not confined to lesions and must occur early
in the evolution of MS, ie, axonal injury and loss is not
restricted to the end stages of the disease. Even com-
plete clinical recovery from acute attacks in early MS does
not mean that axonal damage has not occurred. In the
initial stages of MS, in addition to functional recovery due
to reversal of axonal conduction block associated with
inflammation and release of soluble factors,?® func-
tional impairment due to axonal damage and dysfunc-
tion may be compensated for by mechanisms such as so-
dium channel redistribution*"*® and brain plasticity.?**
In fact, the presence of early axonal damage in MS has
been suggested in recent histological studies that showed
that (1) axon degeneration can accompany acute demy-
elination,*' (2) milder axonal changes can occur before
inflammation,*? and (3) axon degeneration can be evi-
dent in MS lesions of individuals with no history of neu-
rologic symptoms.**?* These in vitro observations lend
support to our in vivo findings in suggesting that axonal
damage does accumulate and is relevant to disability from
the early stages of MS.

An interesting finding reported herein is that the de-
creases in NAA/Cr ratio were faster with respect to EDSS
score in earlier stages of MS than in later stages. This
should not be interpreted as evidence that axonal dam-
age contributes less to disability later in the course of MS.
In fact, with the progression of the disease, other mecha-
nisms of axonal damage may become important and be
more sensitively assessed by other magnetic resonance
measures (ie, loss of brain and spinal cord parenchymal
volume?®”).>538 The loss of spinal cord volume, for ex-
ample, appears to be more evident in patients with SP
MS than in those with the relapsing form of the dis-
ease.”” Recent studies also have suggested that brain at-
rophy, although detectable in patients with RR MS,* is
more prominent in the progressive phase of MS. In ad-
dition, marked brain volume changes in the later stages
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Figure 1. Conventional T2-weighted magnetic resonance imaging (MRI) scan of a patient with multiple sclerosis illustrating the volume of interest (VOI, black box
inside the MRI) used for spectroscopy (left) and a set of proton spectra corresponding to the brain voxels (right). Voxels at the edges of the VOI were not used
because they can show artifactual relative amplitudes. In the remaining voxels (white boxes inside the MRI), N-acetylaspartate (NAA) values were normalized to
intravoxel creatine (Cr) to correct for magnetic resonance inhomogeneities through the VOI. The NAA/Cr values of the whole brain region were obtained by
averaging NAA/Cr values for all the voxels in the spectroscopic VOI for each subject.

of MS might affect, to some extent, the sensitivity of NAA
measurements. Thus, the presence of more pronounced
brain atrophy and spinal cord pathology in late disease
stages may explain, at least in part, the weaker relation
between NAA/Cr ratio and EDSS score found in our study
of patients with MS and severe disability.

NAA/Cr RATIO AS A MARKER
OF AXONAL DAMAGE

We believe that NAA is a reliable marker of axonal in-
tegrity in the adult brain. Antibodies directed against NAA
or N-acetylaspartylglutamate stain neurons strongly with-
out staining glial cells.'** The fact that O2A progenitor
cells in culture express NAA* has raised some concerns
about the specificity of NAA changes in vivo. However,
O2A progenitor cells have been characterized only in cul-
ture. Related A2B5-positive cells are believed to occur in
vivo but do not appear to be abundant enough to be able
to contribute substantially to the total amount of NAA
measured.* A recent report™ has demonstrated that NAA
can be detected in cultured, rat-derived O2A progenitor
cells and mature oligodendrocytes derived from them.
However, it is not clear that these in vitro conditions are
relevant to the situation in vivo. There is a need to rec-
oncile the antibody data with these high-performance lig-

uid chromatography and nuclear magnetic resonance—
based analyses. Regarding the results presented herein,
oligodendrocyte density appears not to be reduced in nor-
mal-appearing white matter, which constitutes the ma-
jority of the tissue in our spectroscopic VOI. Thus, the
potential for NAA expression in oligodendrocytes con-
founding our results appears to be minimal.*

Proton MRSI results are expressed in this study as
NAA/Cr ratios. The resonance intensity of intravoxel Cr
has been widely used as internal standard in MRS stud-
ies in vivo, since it is relatively equally present in all brain
cells and tends to be stable in chronic (ie, nonacute®)
pathologic conditions. Changes in apparent brain Cr con-
centrations have been reported in chronic MS in recent
MRS studies that attempted absolute quantitation. How-
ever, all current quantitative approaches have impor-
tant limitations when applied to clinical studies and, in
patients with MS, have shown discrepant results, report-
ing in turn increases, decreases, and absence of Cr changes
in MRI lesions and in the normal-appearing white mat-
ter.'"*®We believe that the most reliable data come from
a study using high-resolution in vitro proton nuclear mag-
netic resonance spectroscopy (which does not have the
same limitations as in vivo quantitation) on postmor-
tem MS tissue.” This study showed that Cr was de-
creased in MS plaques and that Cr levels were un-
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changed in the normal-appearing brain. In the presentstudy,
lesions occupied, on average, about 6% of the brain VOI
used for spectroscopy (see the “Patients and Methods” sec-
tion), suggesting that significant changes in Cr resonance
intensities are unlikely. Consistent with this, ratios of cho-
line to Cr resonance intensities in the group of patients
with MS did not differ from controls (data not shown).

B CONCLUSIONS

Central brain NAA/Cr ratios reveal that axonal injury be-
gins in the early stages of MS. The strong correlation be-

3.57
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Figure 2. Mean N-acetylaspartate—creatine (NAA/Cr) ratios for patients with
multiple sclerosis grouped by Expanded Disability Status Scale (EDSS)
score. In the different patient subgroups, analysis of variance followed by
pairwise post hoc comparison (Tukey honestly significant difference
procedure) showed that changes in NAA/Cr ratio with respect to EDSS score
are greater for patients with lower EDSS scores than for more disabled
patients (see the “Results” section). Shaded area indicates mean+SD of
healthy controls.

tween NAA/Cr ratio and EDSS score in patients with low
disability and disease duration adds to accumulating evi-
dence that axonal damage is a primary determinant of
disability from the early stages of the disease. To better
understand the contribution of axonal loss to disability
through the full course of the disease, the use of new mea-
sures’! and the integration of multiple magnetic reso-
nance modalities (ie, brain NAA, cerebral and spinal cord
volumes) will be necessary. The close relation between
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Figure 3. Data from 88 patients with multiple sclerosis illustrating the
nonlinear decrease of N-acetylaspartate—creatine (NAA/Cr) ratio with respect
to Expanded Disability Status Scale (EDSS) score. A significant relation can
be seen in the group of patients with milder disability (EDSS score <5,
Spearman rank order correlation=-0.54, P<.001) but cannot be seen in

the more disabled group (EDSS score =5, Spearman rank order
coefficient=-0.1, P =.9).
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Figure 4. Data from patients with multiple sclerosis (MS) with disease duration of less than 5 years illustrating the following: (A) the significant decrease in
N-acetylaspartate—creatine (NAA/Cr) ratio relative to the healthy control group (P<.001) and (B) a very strong correlation between NAA/Cr ratio and Expanded
Disability Status Scale (EDSS) score (Spearman rank order correlation=-0.70, P<.001).
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axonal pathology and clinical disability in the early stages
of the disease argues for the early treatment of MS with
agents directed not only against inflammation but also

toward axonal protection.
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