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Summary

The current study was designed to determine the relativeelapsing/remitting multiple sclerosis and —8.8% in secondary
distribution of decreases oN-acetylaspartate (NAA), a progressive multiple sclerosis). The lower NAA : Cr ratio
marker of axonal damage, between lesions and normalper unit lesion volume previously observed for secondary
appearing white matter of patients with established multipleProgressive relative to relapsing/remitting patients was found
sclerosis and to test for associations between changes in tH result from a lower ratio (8.2% < 0.01) in the normal-
ratio of NAA to creatine/phosphocreatine (NAA : Cr) in those@Ppearing white matter rather than from any differences
compartments and changes in disability. Data were collectedVithin lesions. The importance of changes in the normal-
from a 30-month longitudinal study of 28 patients with either@PP€aring white matter was emphasized further with the
a relapsing course with partial remissons and no progression\?va?teervrﬁgggrtgitctg‘fn';le'zp}ércr;g,loo'fntthhee gg;gile'gpfseaé%g(
between attaCkS (r.elapsm.g/rem.lttmg? (11 patlepts) ora course_ 0.001) decrease in the NAA : Cr ratio in the brains of
of progressively increasing disability, following a period

¢ relapsina/remiting di d ! 1{elapsing/remitting patients over the period of study. The
of relapsing/remitting disease (secondary progressive) ( decrease in the NAA : Cr ratio in normal-appearing white

patients). Proton magnetic resonance spectroscopic imaging iter correlated strongly R < 0.001) with changes in
(MRSI) and conventional MRI examinations were performegyisapility in the relapsing/remitting subgroup. These results
at 6-8-month intervals with concurrent clinical assessmentgqqd to data suggesting that axonal damage or loss may be
of disability. General linear models were used to testresponsible for functional impairments in multiple sclerosis.
associations between MRSI, MRI, lesion volume and clinical he accumulation of secondary axonal damage in the normal-
data. Analysis confirmed that the NAA : Cr ratio is lower in appearing white matter may be of particular significance for
lesions than in the normal-appearing white matter (-15.3% inunderstanding chronic disability in this disease.
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Abbreviations: AC = anterior commissure; Cr creatine/phosphocreatine; EDSS Expanded Disability Status Scale;
MRS = magnetic resonance spectroscopy; MRSMRS imaging; NAA = N-acetylaspartate; P& posterior commissure;
SPM = statistical parametric mapping

Introduction

MRI can demonstrate macroscopic lesions associated withppearing lesions may have different clinical consequences
multiple sclerosis with high sensitivity, but lesions on standardand must contribute to the weakness of the association
To-weighted MRI lack specificity for underlying pathological between J-weighted lesion volumes and clinical disability
processes such as inflammation, demyelination or axongPaty et al, 1993; Filippi et al, 1995). Such conventional
loss. The pathophysiological heterogeneity ofvileighted MRI is also insensitive to any microscopic changes (e.g.
lesions is important for the understanding of why identicallyaxonal damage or very small foci of inflammation or
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demyelination) that may extend beyond the borders ofelapsing/remitting and secondary progressive patients in the
macroscopic lesions. Because the relative volume of theelationship between the,Wweighted lesion volume and the
normal-appearing white matter is so much larger than thabrain NAA : Cr ratio (Matthewset al, 1996) arise from

of lesions, even modest diffuse pathological changes imlifferences in the relative NAA : Cr ratio within lesions or
normal-appearing white matter could make majorwithin the normal-appearing white matter? (ii) Is there a
contributions to clinical disability. significant difference between relapsing/remitting and

Although more cumbersome to implement and interpretsecondary progressive patients in the overall rate of
than MRI, magnetic resonance spectroscopy (MRS) is @rogression of the NAA : Cr ratio with time? (iii) If so, does
potentially useful method for characterization of pathologythis difference arise from differences in the lesions or in the
in multiple sclerosis as it provides chemical indices that arenormal-appearing white matter? (iv) Is the decrease of the
associated with relatively specific pathological changes. IlNAA : Cr ratio in normal-appearing white matter relevant to
addition, MRS also can detect axonal damage or loss iwlinical disability?
normal-appearing white matter on conventionghileighted
images in brains of patients with multiple sclerosis (Arnold
et al, 1992; Davieet al, 1994; Hustedet al, 1994; De
Stefanocet al,, 199%). Methods

The relevance of measures of axonal damage t
understanding functional impairment in multiple sclerosis is
suggested by several MR observations. MRS studies O
patients recovering from large, single demyelinating lesion
have shown a strong, inverse correlation between axon
damage as assessed by decreases in the relative concentra
of brain N-acetylaspartate (NAA) and functional impairment
or disability (De Stefancet al., 199%). However, while
relative NAA decreases can be reversible in resolving lesion
over relatively short periods of time (Arnoldt al., 1992;
Davieet al., 1994; De Stefanet al.,, 199%), the observation
of low ratio of NAA to creatine/phosphocreatine (NAA : Cr)
in patients with long-standing disease (Arnadal., 1990),
the inexorable clinical progression of multiple sclerosis an
the associated increase in total lesion load suggest that ov
longer periods, progressive decreases in brain NAA shoul
be found. In a preliminary single voxel study we found
evidence for such progression over 18 months in one grouﬁ
of multiple sclerosis patients (Arnolet al., 1994).

In a more recent study (Matthews al., 1996) we reported
that the decrease in brain NAA : Cr ratio per unit-T
weighted lesion volume is greater in patients with secondar
progressive (progressively increasing disability following a
period of relapsing/remitting) than relapsing/remitting
(relapsing with partial remissions and no progression betweeMRI examinations
attacks) disease. This latter (single voxel) MRS studyConventional proton MRI and MRSI examinations of the
prompted us to question the relationship between thérain were obtained in a single session for each examination
distribution of chemical changes associated with axonalsing a Philips Gyroscan operating at 1.5 T (Philips Medical
damage and the distribution of lesions. It was impossible t&ystems, Best, The Netherlands). A sagittal survey image
determine from the data in our earlier study whether thevas used to identify the anterior commissure (AC) and
changes observed were the result of a lower NAA : Cr ratigposterior commissure (PC). Multislice images were obtained
in the lesions or in the normal-appearing white matter ofin coronal and transverse planes, perpendicular and parallel
secondary progressive patients relative to relapsing/remittingp the AC-PC line, respectively (TR 2116, TE= 30,78,
patients. We therefore worked to develop a quantitativeslice thickness 5.5 mm). These images were used to position
approach to the combined analysis of longitudinal MRI, MRan intracranial volume of interest for spectroscopy parallel
spectroscopic imaging (MRSI), and clinical data. to the AC-PC line and centred on the corpus callosum

Using serially collected MRSI data from 28 patients craniocaudally. The volume of interest measured ~105 mm
with multiple sclerosis (11 relapsing/remitting, 17 secondaryanteroposterioix 20 mm craniocaudak 95 mm left—right
progressive), we applied random-effects general linear modelnd was kept constant in size and position after the first
to answer four questions: (i) Does the difference betweemxamination.

tudy population
wenty-eight patients with clinically definite multiple
clerosis (Posest al., 1983) were chosen from the population
ollowed in the Montreal Neurological Hospital multiple
aclerosis clinic. Patients were classified according to clinical
fiQHrse as having either recurrent relapses with partial
remission and no progression between attacks (relapsing/
remitting course) or secondary, chronic progressive disease
gvith progression in the absence of discrete relapses after
an early history of relapsing/remitting disease (secondary
progressive course). We attempted to match the two patient
groups on the basis of disability and to choose groups with
disability levels relevant to current clinical therapeutic trials.
This had the effect of selecting for patients with intermediate
panded Disability Status Scales (EDSS) (Kurtzke 1983).
ese patients were followed for 30 months with five MRI
examinations and with neurological disability evaluations
erformed every 6-8 months. Normal control subjects were
ospital and laboratory workers in good health. This study
was approved by the Montreal Neurological Hospital Ethics
Committee and informed consent was obtained from all
yarticipating subjects.
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Proton spectra were acquired using a’-d@(-18CF  volumes were calculated by multiplying two-dimensional
sequence for volume selection (Ordidgteal., 1987) (TR= lesion areas by the slice thickness.
2000, TE= 272). Magnetic field homogeneity was optimized  All images for the five time points were transformed into
to a linewidth of ~5 Hz over the volume of interest using a standard anatomical space (Talairach and Tournoux, 1988;
the proton signal from water. Water suppression was achievelvanset al, 1992; Narayanart al, 1997) for statistical
by selective inversion of the water resonance prior to volumenalysis.
selection using an adiabatic inversion pulse and adjustment
of the waiting time so that the spectrum was acquired when
the water signal passed through zero (Luygéral, 1989).  Statistics
MRSIs were generated by two-dimensional phase-encodin@ur goal was to quantify the relationship between chemical
(250 X 250 mm field of view, 32X 32 phase encoding pathology measured using the NAA : Cr ratio and several
steps, one signal average per step). After a water-suppressether independent variables, including the spatial distribution
acquisition was completed, another MRSI was acquiredf To-weighted hyperintense lesions, clinical subgroup
without water suppression using TR 850, TE= 272, field  (relapsing/remitting versus secondary progressive), clinical
of view = 250 X 250 mm, and 16< 16 phase encoding steps. disability (EDSS), and duration of disease. The changes in
the NAA : Cr ratio over time were also of interest. An
appropriate way to do this is to use general linear models
Post-processing (Kleinbaum et al,, 1988). However, two features of the
Post-processing of the raw data was done on a SUN/SPARINgitudinally collected images need to be incorporated into
system using SUNspec1l software (Philips Medical Systems}he statistical analysis. First, for physiological and also
The non-water-suppressed MRSIs were interpolated tx 32 instrumental reasons, MRS images are ‘smooth’, i.e. they
32 steps. A mild Gaussiakspace filter and an inverse two- change gradually because the voxels are large with blurred
dimensional Fourier transformation was then applied to bottmargins and the ‘edges’ of pathological change are not
the water-suppressed and unsuppressed MRSI. Artefacsharply defined. Thus, signals coming from voxels close to
present in the time domain water-suppressed signal dueach otherin space and time are strongly correlated. Secondly,
to static magnetic field inhomogeneities and time-varyingbecause there are variations between individual study subjects
gradients were corrected by dividing the water-suppressethat cannot be accounted for by any known characteristics
MRSI signal by the non-water-suppressed signal (deror independent variables, the average resonance intensity of
Hollanderet al, 1991). This does not affect relative signal any individual MRSI can be higher or lower than the
intensities. The resulting time domain signal was left-shiftedgroup average.
and subtracted from itself to improve water suppression (Roth Although the general linear approach of statistical
et al,, 1980). To enhance the resolution of the spectral peakgarametric mapping (SPM) could have been employed to
a Lorentzian-to-Gaussian transformation was applied prioaddress both of these two features of longitudinally collected
to Fourier transformation in the spectral domain. The resultmage data (Fristoret al, 1995), we chose to adopt an
was 1024 voxels (3% 32) each containing data ready for alternative approach which is an extension of the random-
quantification and subsequent generation of the MRSIs. Theffects models (Laird and Ware, 1982; Jennrich and
nominal voxel size in plane was aboutX 8 X 22 mm, Schluchter, 1986) to spatial and temporal cases €fal.,
giving a resolution of about 12< 12 X 22 mm after 1996). Differences between the two approaches and the
k-space filtering. reason we chose to base our analyses on a random-effects
Peaks for NAA and Cr were detected using locally model are discussed below.
developed software. Each resonance intensity was determinedin our random-effects model approach, the NAA : Cr ratio
from the area of each peak which was bounded below by & modelled as a linear function of a group of independent
locally estimated baseline depending on the neighbourhoodariables as follows.
at the wings of each peak. Chemical shifts were calculated . _
relative to the NAA resonance at 2.0 p.p.m. NAA = Criw = XuxB + Wit &, (1)
Multiple sclerosis lesion classification was performed usingwhere X%, is the design matrix containing the independent
locally developed software offering the ability to toggle variables for subject, voxel v, and timet. B is a vector of
between the proton density ang-Weighted images (to allow coefficients quantifying the dependence of relative NAA
easier discrimination between grey matter and CSF). Semintensity (NAA : Cr) on independent variables included in
automatic outlining tools facilitated definition of lesion the design matrix; is the random effect for individual
volumes (Kamber, 1991). To use them, the operatosubjecti. The variable gis used to represent the measurement
established a contrast threshold for the lesion edge based emrors and spatial-temporal correlation in serial images, i.e.
a linear map of signal intensities in a slice. The edge of thet is used to account for ‘bleeding’ of the MR signal due to
lesion was then automatically traced in two dimensions tahe point spread function and the gradual nature of changes
define the lesion outline. This task was performed for eaclof the NAA : Cr ratio in brain.
lesion and corrected by an expert (S.N.) as necessary. LesionThere are two particular advantages of the statistics we
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Table 1 Clinical disability of patients before and during the study

Multiple sclerosis EDSS score*

-30 -18 —6 0 +7.5 +15 +22.5 +30

Relapsing/remitting  4.5& 4.24 5.30*+ 2.79 5.22+ 2,45 4.82+ 225 4.63+ 3.10 5.05*+ 3.24 4.82+ 2.98 4.86+ 2.87
Secondary progressive 4.653.01 5.43+ 2.70 5.94*+ 1.68 5.97* 1.70 6.03+ 1.63 6.12*+ 1.72 6.26* 1.33 6.32+ 1.54

*Months before (minus) and after (plus) starting the study; data are presented asn2a8Bs.

applied here for a natural history trial. First, statistical adjusting the threshold level for statistical significance. The
efficiency is gained by taking into consideration the intra-results are expressed as the spatially distributed parametric
subject correlation with random-effects models. Secondlymaps which are so very informative for functional imaging
loss to follow-up and missing data, a common problem instudies.
longitudinal studies, can be handled properly. Random effect models, by contrast, take into consideration
Examples of how the general linear model described abovéhe spatial correlation between voxels based on multivariate
can be used to obtain statistical inferences follow. When thastatistics. They summarize imaging data and clinical
correlation between the EDSS and the NAA : Cr ratio is ofinformation in a few parameters which can be easily
interest, a general linear model of the following form caninterpreted as discussed above and below in the Results
be used: section. Thus, results derived from random-effects models
NAA - Cr — EDSS are grguab!y more suitable for highly clinical-pathological
studies. It is important to note that currently the random-
In this formulation, the equals sigh means the item to its lefteffects models approach can only be applied to images with
can be modelled as a linear function of items to its right.low spatial resolution (e.g. MRSI) due to its computational
Every item to the right of the equals sign (here EDSS only)load.
is included in the design matrix in equation (1) as an
independent variable. If the correlation is suspected to be
different between subgroups, we can use the following
more complex model to test for correlation within specific Results
subgroups: Patient characterization
NAA : Cr = Subgroup+ EDSS + Subgroupx EDSS The _study group_included 1_1 patier_1ts with relapsing/remitting
multiple sclerosis, 17 patients with secondary progressive
This model has separate correlation parameters for each of thultiple sclerosis, and 12 normal control subjects. The EDSS
different subgroups. We can also determine if the differenceanged from 2.5 to 7.5 in the relapsing/remitting patients and
between subgroups in the correlation between the EDSS aml-8 in the secondary progressive patients with medians of
the NAA : Cr ratio is statistically significant. The design 5.0 and 6.0, respectively. Relapsing/remitting patients had
matrix for this model includes the clinical subgroup, EDSSwell-defined relapses followed by at least partial remission,
score, and their interaction. Confounding effects, e.g. partiajithout clinical evidence for progression between attacks.
volume effects from ventricles (Collinst al, 1993), can be Secondary progressive patients had a prior history of
controlled for by considering them explicitly as additional relapsing/remitting disease, but had gone on to show
variables in the general linear models. progression without discrete relapses. EDSS scores for the
As all images are already in standard space, the normalo groups for the 30 months of the study and the 30 months
spatial variation of metabolite concentration can be controllegbrior to entry into the study are shown in Table 1.
for in the random-effects model by matching voxel locations,
i.e. using voxel location as an independent variable.
Advantages of voxel-location matching, issues related to
model fitting and statistical significance tests for random-Quantitative lesion-volume measurements
effects models have been discussed in detail in an earliekt the beginning of the study, the average total cerebral
methodology paper (Fet al., 1996). It is worth emphasizing lesion volume was 42.7 chin relapsing/remitting patients
that, in this study, the precision of all general linear modelsand 20.0 cri in secondary progressive patients. The
has been improved significantly by voxel-location matching.difference in lesion volumes is significarR  0.05). After
To further clarify our approach, we can contrast it with 30 months follow-up, the average total lesion volume was
the widely used SPM approach. In SPM (Fristdral, 1995), 58.3 cn?¥ and 30.5 cr in the relapsing/remitting and
univariate general linear models are applied independently teecondary progressive patient groups, respectively.
each individual voxel in images. This gives several images The average lesion volumes within the MRSI slice were
of spatially distributed linear parameters of interest. Spatiall5.8 cn? in relapsing/remitting and 9.0 cirin secondary
correlation in images is then taken into consideration byprogressive patients at the beginning of the study and these
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Fig. 1 T,-weighted MRI @A) and proton spectraB) from a normal control subjecteft) and a multiple sclerosis patieright). The

proton spectra were selected from the voxels indicated in the NIR1 the normal controll and2 in the multiple sclerosis patient).

The NAA : Cr intensity ratio is lower in voxels within the normal-appearing white matter (NAWM) of multiple sclerosis patients than in
those from normal white matter of the control subjects and even lower in voxels from lesions in the patients.

increased to 20.4 cin(relapsing/remitting) and 13.7 ém ventricular partial volume effect.) The NAA : Cr signal

(secondary progressive) by the end of the study. intensity ratios were consistently lower in images from
multiple sclerosis patients than in those from control subjects.
At the start of the study, the average NAA : Cr ratio through

Averaged MRSI results the image volume was 3.98 0.36 for relapsing/remitting

Conventional MR and single-slice MRS images were obtainednd 3.44+ 0.10 for secondary progressive patients (5.0

for each patient at 6-8 month intervals. Representativ®.13 for control subject$} < 0.0001 compared with multiple

examples of }-weighted MRI and spectra from selected sclerosis patients).

voxels from a normal control and a multiple sclerosis patient

are shown in Fig. 1. There was variation in the NAA : Cr

resonance intensity ratio across the MRS images from botp o o o) linear models for multimodal analysis

normal control subjects and multiple sclerosis patients, with ..

lower NAA : Cr ratio values in the region of the ventricles. of MR'} MRSI and C_“mcal_da_ta .

(Observation of lower periventricular NAA : Cr ratios in Analysis of the spatial variation in the NAA : Cr

normal control subjects suggests that this change results frof@tio as a function of the distribution of lesions

a combination of spatial heterogeneity in NAA and Cr within We first wished to determine whether the difference between

the brain substance or a systematic underestimation of thelapsing/remitting and secondary progressive patients in the

NAA : Cr ratio when the signal-to-noise ratio is lowered by relationship (Lesion Volume)/(NAA : Cr) that we previously
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Table 2 Results from model describing the spatial variation in the NAA : Cr ratio as a function of lesion distribution

Independent variable Coefficierft)(  Standard Comparison with normal-appearing Significance of
estimate error white matter in relapsing/remitting MS  charigedlue)

NAWM (secondary/progressive MS) -0.41 0.16 -8.2% <0.01

Lesion (relapsing/remitting MS) -0.77 0.15 -15.3% <0.001

Lesion (secondary/progressive MS) -0.44 0.16 -8.8% <0.01

Ventricle -0.22 0.11 —4.4% <0.05

The model is NAA : Cr ratio= Subgroup+ Lesion + SubgroupX Lesion + Ventricle. MS = multiple sclerosis; NAWM= normal-
appearing white matter.

reported in a single voxel MRI/MRS study (Mattheesal, the two subgroups in the time course of changes in the
1996) arose as a consequence of differences between the tiM&\A : Cr ratio (Table 3). There was a significant decrease
patient groups in the relative NAA : Cr ratio within lesions in the NAA : Cr ratio of 6.2% per year or 15.6% over the
or of differences within the normal-appearing white matter.30 month study periodR < 0.001 ) for the relapsing/
To do this, the relationship between the distribution of T remitting patients. No significant changes were found for the
weighted hyperintense signal from multiple sclerosis lesionsecondary progressive patients over the course of the study.
on the MRI and the NAA : Cr ratio in co-registered MRSl  We then asked whether the observed decrease in the
voxels was evaluated for the two clinical subgroups usingNAA : Cr ratio with time for the relapsing/remitting subgroup
the following model (1): might have resulted solely from the observed increases in
lesion volume, as the NAA : Cr ratio was shown to be lower
in lesions than in normal-appearing white matter. Such an
effect of increases in lesion volume on the brain NAA : Cr
where Subgroup equals 0 or 1 (for relapsing/remitting andatio might be less apparent for secondary progressive patients
secondary progressive, respectively) and Lesion and Ventricldespite the increase in lesion volume in these patients,
are the proportions of multiple sclerosis lesions and ventricledecause both the total lesion load and the difference between
respectively, in an individual voxel of the MRSI. Inclusion the NAA : Cr ratio in lesions and in normal-appearing white
of the Ventricle term allowed correction for artifacts from matter are smaller.
partial volume effects of the ventricular CSF in the MRSI  This hypothesis was tested using the following model (3):
slice.

Fitting of the model with the image data from all five time NAA : Cr = Subgroup+ Time + Subgroupx Time +
points (Table 2) confirmed previous studies (Arneldal., Lesion + SubgroupX Lesion + Ventricle

1992) demons_tratlng that the .NAA : Cr ratio is _Iower ' where the terms are as defined above. Model (3) established
lesions than in the surrounding normal-appearing white

matter. As well. apolication of the model demonstrated a correlation between the changes in lesion volume and the
A vell, appile 3NAA : Cr ratio over time for the relapsing/remitting group
significant d!ﬁgrence in the extgnt of.the decrgase of the(Table 4), but showed that increases in the lesion volume
N;[A;Aer.ntcrrgiluos}ntr?;rliln :Xa_pgfarg?i% V\\I/Vr;tse 8m2a02elrolvr\1/£1e€two alone accounted for only a small proportion of the observed
P - groups: - : : changes in the NAA : Cr ratio with time; comparison of the
0.01) in _the norm_al-appeanng white matter qf secondary oefficients ) expressing the changes of NAA : Cr ratio
Eer:;gr;is?/reer:ilztiiz n att?::ntr; ormal-appearing white matter ofor model 2 (6.2%) in which the possible effects of increases
psing gp ' in lesion volume are ignored and model 3 (5.8%) (in which
the possible effects of increasing lesion volume are explicitly
; . : ; considered) indicates that the larger volume function of a
Changes in the NAA : Cr ratio over time focally decreased NAA : Cr ratio in the white matter arising

The changes in the brain NAA : Cr ratio with time in the ; . .
voxels of the serially obtained images from the two atientfrom an increase in lesion volume accounts for only ~0.4%
Y 9 P f the observed decrease in the NAA : Cr ratio (Tables 3

subgroups were estimated using the following linear modef
2. and 4).

To confirm that the NAA : Cr ratio in the normal-appearing
white matter was decreasing with time, an independent
analysis of data selected only from voxels in the normal-
where Subgroup equals 0 or 1 (for relapsing/remitting andappearing white matter of the relapsing/remitting patients
secondary progressive, respectively) and Time is thevas performed. A significant decreade € 0.001) in the
examination number in the series of five studies. NAA : Cr ratio of 16% over the study period was found in

This model demonstrated a difference between patients ithese voxels confined to normal-appearing white matter.

NAA : Cr = Subgroup+ Lesion + SubgroupXx Lesion +
Ventricle

NAA : Cr = Subgroup+ Time +
SubgroupXx Time + Ventricle
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Table 3 Results from model describing changes in the NAA : Cr ratio over time

Independent variable Coefficierft)(  Standard Comparison with normal-appearing Significance of
estimate error white matter in relapsing/remitting MS  charigedlue)

Time (in relapsing/remitting MS) -0.3 0.05 —6.2(%) * <0.001

Time (in secondary/progressive MS) 0.07 0.03 +1.3(%) * Not significant

The model is NAA : Cr ratio= Subgroup+ Time (years)+ SubgroupX Time (years). MS= multiple sclerosis. *Percentage change
per year.

Table 4 Results from model describing changes in the NAA : Cr ratio over time adjusted for lesion volume evolution

Independent variable Coefficierft)(  Standard Comparison with hormal-appearing Significance of
estimate error white matter in relapsing/remitting MS  charigedlue)

Time (in relapsing/remitting MS) —0.30 0.06 —5.8* <0.001

Time (in secondary/progressive MS) 0.07 0.03 +1.4* Not significant

Lesion (in relapsing/remitting MS) —0.64 0.14 —12.7" <0.001

Lesion (in secondary/progressive MS) 0.40 0.16 -8.0f <0.05

The model is NAA : Cr ratio= Subgroup+ Time (years)+ Subgroupx Time (years)+ Lesion + SubgroupX Lesion.
MS = multiple sclerosis. *Percentage change per y&affect of lesion on NAA : Cr ratio for all time points.

Table 5 Results from model describing the relationship between the NAA : Cr ratio in brain and disability

Independent variable Coefficierft)(estimate Standard error Significance of change
(P-value)

EDSS (in relapsing/remitting MS) -0.17 0.06 <0.005

EDSS (in secondary/progressive MS) 0.004 0.08 Not significant

The model is NAA : Cr ratio= Subgroup+ EDSS+ Subgroupx EDSS. MS= multiple sclerosis.

The relationship between the brain NAA : Cr

ratio and disability over the period of study
The statistical power of any test of the correlation between - + .
clinical disability and the NAA : Cr ratio was limited by our
study design, which selected patients having a relatively —[— -[— |
narrow range of disability near the mid-range of the EDSS L j
scale, where the rate of change is relatively slow. This
was patrticularly true for the secondary progressive patients.
Nevertheless, a small but significant correlatién< 0.005) Y B v Y g
between clinical disability (measured by EDSS) and the Control RR Sp
NAA : Cr ratio over the period of study was found for
the rela_tpsmg/remlttlng patients (Tablg 5). Nq m‘?f”‘”'”gf“ control subjects and from patients with multiple sclerosis, within
correlation between the NAA : Cr ratio and disability was normal-appearing white matter (NAWM) or,veighted MRI
found for the secondary progressive patients. lesions. Estimated standard errors are shown. Data are from time
We hypothesized that there might be a difference in theoint 1. RR= relapsing/remitting; SP= secondary progressive.
strength of the correlation between clinical disability and the
NAA : Cr ratio for voxels within lesions compared with the __. .
NAA : Cr ratio for voxels in normal-appearing white matter. D'SCU_SS'On ] )
By classifying voxels in the spectroscopic images as beingMaging axonal damage in normal-appearing
associated with either lesion or normal-appearing whitewhite matter
matter, we were able to test these relationships. Applying th&/e have summarized our results in Fig. 2. Although the
unbalanced repeated-measures models (Jennrich altafgest decreases in the NAA : Cr ratio were found in lesions,
Schluchter, 1986), a significant correlation between NAA : Crboth subgroups of patients also had substantial decreases in
ratios and clinical disability was only found for changes inthe NAA : Cr ratio in the normal-appearing white matter
voxels within the normal-appearing white matter{ 0.001).  implying that axonal dysfunction or damage extends into

NAA:Cr
T

|Fig. 2 Relative NAA : Cr ratios for white matter of normal
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these regions. (In this study, there are gaps of 0.5 mnvolume)/(NAA : Cr) from a single voxel MRS comparison
between the 5.5-mm MRI slices.) It is possible that multipleof the two groups (Matthewst al., 1996).
sclerosis lesions in the MRI gaps may contribute to the
observed difference in NAA : Cr ratios between normal-
appearing white matter in multiple sclerosis patients and thd’ he pathological basis of imaging changes
white matter of normal control subjects. However, this effectA number of pathological processes may contribute to the
should be very small. Based on the relative volume ofobserved decreases in the NAA : Cr ratio. Decreases in NAA
normal-appearing white matter and multiple sclerosis lesionsnay result from loss of axonal volume, either from thinning
in the imaged white matter and the measured averagef axons or decreases in number (Arnetdil., 1990; Larsson
reduction in the NAA : Cr ratio in individual multiple et al, 1991; Hustecket al, 1994; De Stefanet al., 199%).
sclerosis lesions, we estimate that multiple sclerosis lesion8lso, neuronal metabolic dysfunction may lead to decreases
in the MRI gaps should reduce the NAA : Cr ratio in imagedin NAA (Matthews et al, 1995). Previous work suggests
normal-appearing white matter by 0.5% at most.) We concludéhat changes in metabolite relaxation times do not have a
from this that a normal appearance on MRI may conceasignificant effect on the observed NAA : Cr ratios (Matthews
potentially important pathological changes, a findinget al, 1991), but this effect of changes in relaxation times
consistent with changes in quantitative @hd magnetization has not been studied in detail. In addition, increases in Cr
transfer ratio in the normal-appearing white matter of patientgould decrease the observed NAA : Cr ratio. A recent post-
with multiple sclerosis (Toftet al., 1990; Armspactet al,  mortem study found decreases in total Cr in and near multiple
1991; Hiehle et al, 1994). A quantitative subgroup sclerosis plaques (Daviest al, 1995) and normal Cr in
comparison showed that there was a significantly lowemormal-appearing white matter remote from plaques. Indirect
NAA : Cr ratio in normal-appearing white matter of the evidence of increases of Cr in normal-appearing white matter
secondary progressive patients, suggesting a greatér vivo have been reported (Husted al, 1994; Paret al.,
accumulated load of axonal pathology in the secondaryl996). The discrepancy between the post-mortem chemical
progressive subgroup, despite the lower totglwBighted studies and tha vivo MRS could arise in part from changes
lesion volume relative to the relapsing/remitting subgroup. Iin Cr relaxation times with multiple sclerosis (Haughton
is intriguing to consider whether this difference in the et al, 1992), also with patient heterogeneity, systematic
aggregate axonal damage in the normal-appearing whiterrors in concentration calculations or sampling differences.
matter may account for the differences in clinical course forThe assumption that the NAA concentration in the cortex of
patients in the two groups. multiple sclerosis patients is unchanged by disease, that was
Although the NAA : Cr ratio is lower in lesions than in used by Paret al. (1996) in order to estimate relative Cr
normal-appearing white matter, the magnitude of the effectoncentrations, is questionable given our evidence and that
of reduced NAA : Cr ratios within lesions on the overall of previous studies (Daviest al., 1995) for diffuse axonal
brain NAA : Cr ratio must be small because of the relativelydamage.
small volume of lesion compared with the volume of normal- The widespread decreases in the NAA : Cr ratio in the
appearing white matter in the brain of these patients (e.g. anormal-appearing white matter may be a marker of axonal
average lesion volume of 42.7 énn relapsing/remitting changes extending from sites of focal damage in lesions
patients representsi5% of the total brain white matter (either those visible on the ,Wweighted image or
volume). The maximum decrease in the NAA : Cr ratio ‘microscopic’ lesions scattered diffusely through the normal-
observed in voxels within lesions is ~50% of the ratio in appearing white matter). However, although microscopic
white matter of normal control subjects (Matthews al., lesions have been reported to account for a large percentage
1991; Arnoldet al, 1992). This is similar to quantitative of the total number of lesions (Lumsden, 1970), their total
histological estimates of total axonal volume loss in chronicvolume relative to that of the normal non-lesion white matter
multiple sclerosis plaques (Lumsden, 1970). Even though theeems unlikely to be sufficient to account for changes in the
changes are smaller in magnitude, the more widespreaolverall brain NAA : Cr ratio of the magnitude observed.
changes in the NAA : Cr ratio in the normal-appearing whiteGiven the observed ratios of NAA : Cr that we have measured
matter must dominate NAA : Cr ratios measured from largefor macroscopic lesions, if diffuse axonal loss and damage
volumes containing predominantly normal-appearing whitewere not present in normal-appearing white matter, lesions
matter. Thus, the greatest contribution to net axonal damageither visible or microscopic) would need to occupy almost
in the brain of multiple sclerosis patients is not reflected withtwo-thirds of the normal-appearing white matter to account
conventional imaging other than, perhaps, as atrophy (Losefbr the NAA : Cr ratio in the normal-appearing white
et al,, 1996). matter reported here. We therefore believe that the observed
Our results also imply that the differences betweendecreases inthe NAA : Cr ratio in the normal-appearing white
pathological changes in the normal-appearing white mattematter reflect either the consequences of axonal degeneration
of relapsing/remitting and secondary progressive patientextending from focal lesions or of axonal pathology in
(rather than in the lesions) therefore must account for ounormal-appearing white matter that is independent of focal
previous observation of differences in the ratio of (Lesioninflammatory demyelinating lesions.
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Axonal damage, disability and clinical course normal-appearing white matter account for the differences in
Although the mean EDSS did not change significantly inthe clinical courses of our patients (relapsing/remitting versus
either the relapsing/remitting or secondary progressivéecondary progressive)? A number of lines of evidence
subgroups over the 30 months of the study, a correlatio§uggest that functional plasticity in the cortex may be an
between the changes in the EDSS and NAA : Cr ratios wagnportant mechanism of recovery after focal brain injuries
found in the relapsing/remitting subgroup. This probably(Weiller et al, 1992). Functional reorganization might be
reflects the greater disease activity in this subgroup an§XPected to become less robust with progression of diffuse
correlated fluctuations in the EDSS and NAA : Cr ratios: Neuronal and axonal dysfunction or loss. The availability of
relapsing/remitting patients showed a larger variation infunctional MRI offers new opportunities for testing the
EDSS over the course of the study. The lack of fluctuationdossible role of functional reorganization in remissions and
in EDSS in the secondary progressive group, the fact thahe potential Iogs of cortical plasticity with progression of
disease activity was less in this group, the relatively narrownultiple sclerosis.
range of EDSS, and the small number of patients all combined
could probably explain the fact that changes in the EDSS
and the NAA : Cr ratio were not correlated in the secondaryConclusion
progressive subgroup. Another possible contributing factoiThe results of this study support the hypothesis that axonal
was the already more severe damage in the white matter @famage may be an important cause of chronic disability in
this group. If the rate of new damage to axons is proportionamultiple sclerosis. For the patients studied here, the extent
to the density of existing axons, then new inflammatory fociof axonal damage, as assessed by decreased NAA : Cr ratios,
may lead to less further axonal damage in later stages of trghowed a stronger correlation with clinical disability than
disease when there are fewer axons in close proximity talid lesion volume. At entry into the study, evidence of axonal
new inflammatory foci. Finally, the failure to observe changesdamage was greater in the patient subgroup with greater
in the secondary progressive group could simply reflectlisability, whereas lesion volume was greater in the subgroup
insufficient sensitivity of the spectroscopic method. As thewith lower disability. Over the 30 months of the study, the
dynamic range of changes in the NAA : Cr ratio for the most striking correlated changes were between EDSS and
normal-appearing white matter is smaller for the secondarfNAA in the normal-appearing white matter of the relapsing/
progressive subgroup than for the relapsing/remitting’€mitting patients. This suggests that diffuse axonal damage
subgroup, a larger relative change in the secondar@f dysfunction extending outside of lesions identified by
progressive subgroup may be needed to reach significanceconventional imaging may make a major contribution to
The concept that axonal damage or loss may be a majdihronic disability.
cause of functional impairment is supported by the correlation Our study illustrates how general linear models can be
between decreases in the NAA : Cr ratio in the normal-@pplied to the analysis of spatially resolved time course data
appearing white matter and changes in disability in thel© integrate quantitative information available from both
relapsing/remitting subgroup. This concept is attractive fodifferent imaging modalities and from clinical assessments.
several reasons, among them: (i) animal models showing the_Qur gpproach is readily generali_zable to include additiongl
demyelination alone need not lead to chronic functionaiMaging or other data. We believe that a more specific
impairment (Rasminsky 1984); (i) a dissociation of the defInItIO!’l of lesion pathology gnd its spatial Q|str|put|on will
time course of electrophysiological changes associated witgad to improved understanding of the relationship between
demyelination and functional recovery, suggesting that factor§'Ultiple sclerosis lesions defined by MRI and clinical
other than demyelination can be directly responsible for th&lisability.
functional impairment (MacDonald and Sears, 1970); and
(i) the strong correlation between functional recovery and
increases in NAA : Cr ratios in isolated, large, acuteAcknowledgements
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