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Combined Magnetization Transfer and Proton
Spectroscopic Imaging in the Assessment of

Pathologic Brain Lesions in Multiple Sclerosis

G. Bruce Pike, Nicola de Stefano, Sridar Narayanan, Gordon S. Francis, Jack P. Antel, and Douglas L. Arnold

BACKGROUND AND PURPOSE: Conventional MR imaging of multiple sclerosis (MS) pro-
vides relatively poor pathologic specificity, which has led to the investigation of more sophis-
ticated MR techniques. The purpose of this study was to combine magnetization transfer (MT)
imaging and proton MR spectroscopic imaging (MRSI) to evaluate the specific pathologic fea-
tures of myelination and neuronal integrity in patients with MS and to determine the relation-
ship between these measures within plaques.

METHODS: We acquired conventional MR, MT, and proton MRSI data and evaluated
clinical disability in 30 patients with MS, whose conditions were categorized as relapsing-re-
mitting, primary progressive, or secondary progressive. The lesions were classified, using a
semiautomated edge-following technique, on T2-weighted MR images, and an analysis of MT
and proton MRSI data was conducted for lesion regions as well as for tissue that was cate-
gorized as normal.

RESULTS: The MT ratio (MTR) of normal-appearing white matter in the patients with MS
was significantly lower than in the healthy participants, whereas gray matter values were un-
changed. MS lesions showed a large reduction in MTR, with old lesions exhibiting a lower
MTR than new lesions. The average lesion MTR and the MR spectroscopic imaging–measured
relative concentration of N-acetylaspartate, a marker of neuronal integrity, was positively cor-
related in patients with relapsing-remitting MS. This relationship was strengthened in regions
containing new lesions.

CONCLUSION: The integrated use of MT and MR spectroscopic imaging provides a more
complete description of the pathologic features of MS than does conventional MR imaging
alone, and our data suggest that axonal damage occurs in step with new demyelination and is
not a late feature of the disease.

Conventional MR imaging, based primarily on T2-
weighted images, has shown high detection sensi-
tivity for multiple sclerosis (MS) but poor specific-
ity in terms of differentiating the pathologic state
of plaques (1–3). To address this shortcoming, a
variety of MR techniques have been used in an at-
tempt to detect or quantify pathologic aspects of
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MS. These techniques include, but are not limited
to, hypointense T1-weighted lesion analysis for as-
sessment tissue matrix destruction (4, 5), contrast-
enhanced T1-weighted imaging to detect blood-
brain barrier disruptions (6–9), multicomponent T2
quantitation to characterize various water compart-
ments (10–12), diffusion imaging for structural
change sensitivity (13, 14), spectroscopy for chem-
ical profiling (15–20), and magnetization transfer
(MT) imaging for measuring water-macromolecule
interactions (21–27). In this study, we combined
conventional MR lesion detection with MT and
spectroscopic imaging.

The hydrogen nuclei of water are the main source
of signal in conventional MR imaging because they
exist in abundance, have high sensitivity, and pos-
sess relaxation times sufficiently long to permit easy
detection. Macromolecular protons, such as those
associated with the lipids of white matter, have ex-
tremely short T2 relaxation times (, about 100 ms)
and decay completely before they can be measured
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with a conventional MR scanner. This population of
semisolid hydrogen nuclei is thus effectively MR-
invisible; however, magnetic interactions between
the semisolid and water protons result in an ex-
change of magnetization between the two popula-
tions (28, 29). This MT process is probed in MT
imaging by selectively saturating the semisolid com-
ponent and observing the transfer of this saturation
to the measured water pool (22, 30–33).

There are currently two primary roles of MT im-
aging in the assessment of MS. The first simply
exploits the strong MT interactions in the CNS to
suppress tissue signals while leaving contrast-en-
hanced signals unaffected, thereby improving the
detectability of the enhancing lesions (34–39). The
second attempts to quantify the extent of the MT
interaction and thus indirectly to characterize the
composition and structural integrity of white matter
(21–25).

Although the exact mechanisms of MT in white
matter are not definitively known and may involve
many macromolecules, large, relatively immobile,
lipids are thought to constitute the dominant inter-
acting macromolecular component. Koenig (40)
and Koenig et al (41) have suggested that the ex-
change occurs primarily between the cholesterol of
myelin and surrounding myelin water and, via dif-
fusion, axonal water. Ceckler et al (42) reported
that sphingomyelin concentration and mobility play
a more important role in determining MT than cho-
lesterol. The most comprehensive in vitro analysis
to date has been conducted by Kucharczyk et al
(43), who studied all the major lipid components
of white matter in a multilamellar vesicle model
system. They observed that galactocerebroside had
the greatest effect (per weight) on relaxivity and
that MT was two to three times greater than with
either cholesterol or sphingomyelin alone.

Water-suppressed proton MRSI measures hydro-
gen nuclei signals from various chemical com-
pounds having relaxation times sufficiently long to
allow detection but concentrations that are many
orders of magnitude lower than water. Proton
MRSI of normal human brain at late echo times
(TE 5 272) shows three major resonances: choline-
containing compounds (Cho), creatine/phosphocre-
atine (Cr), and N-acetylaspartate (NAA). Two sa-
lient features of proton MRSI relevant to MS are
that NAA is a neuronal marker (44–46) and that
Cho signals arise from membrane components and
increase with demyelination (47–49).

Multiple studies have shown that NAA reso-
nance intensities are significantly decreased in
chronic, irreversible plaques whereas acute lesions
can show a transient decrease and then partial re-
covery (15, 17, 50, 51). Decreased NAA has also
been observed in normal-appearing white matter,
and thus, NAA has been proposed as a possible
index of overall disease burden (48).

Previous MS studies that have evaluated the re-
lationship between MT and NAA, as putative
markers of myelination and neuronal integrity, re-

spectively, have been limited to single-voxel MR
spectroscopic acquisitions and have produced con-
flicting results (52, 53). We present the results of
an analysis of 12 healthy subjects and 30 patients
with MS with an MR protocol consisting of con-
ventional MR, MT, and proton MRSI. Furthermore,
previous serial conventional MR examinations of
the patient group were used to establish lesion age.
These data were analyzed by considering both av-
erage quantities per patient and voxel. The purpose
of this study was to determine the relationship be-
tween the pathologic features of myelination and
neuronal integrity within MS plaques.

Methods
After obtaining approval from our institutional review board

and informed consent from each study participant, we collected
T1-, T2-, and proton density–weighted MR, MT, and proton
MRSI data from 12 healthy volunteers and 30 patients with
MS. In all patients, clinical disability was evaluated at the time
of the MR examination using the Kurtzke expanded disability
status scale (EDSS) (54). Clinical subgroups (relapsing-remit-
ting, 11 patients; primary progressive, five patients; and sec-
ondary progressive, 14 patients) were defined according to
standard criteria (55). The relapsing-remitting subgroup con-
sisted of five women and six men, 33 6 6 (mean 6 SD) years
old, who had an EDSS range of 3 through 7 (5 6 1); the
primary progressive subgroup consisted of one woman and
four men, 45 6 10 years old, with an EDSS range of 4 through
7 (6 6 1); and the secondary progressive subgroup consisted
of five women and nine men, 50 6 8 years old, with an EDSS
range of 4 through 8 (6 6 1). The healthy volunteers were 31
6 7 years old and consisted of five women and seven men.

All MR data were acquired using a 1.5-T scanner in oblique
axial planes parallel to the anterior-posterior commissure line
and landmarked on the superior margin of the corpus callosum.
A multisection, dual-echo, spin-echo sequence of 2100/30,80
(TR/TE1, TE2) with a section thickness of 5.5 mm, a section
gap of 0.5 mm, and 20 sections was used to acquire proton
density- and T2-weighted images.

T1-weighted and MT images were obtained using a pair of
spin-echo acquisitions, without (No Sat) and with (Sat) MT
saturation pulses, respectively, and parameters of 1000/20.
Semisolid spin saturation was achieved using 1.2-millisecond
on-resonance 1 1 binomial pulses (|B1| 5 20 mT) placed just2
before each section-selective excitation (22). Twenty sections,
coincident with the T2- and proton density-weighted images,
were excited per repetition, thus rendering an effective satu-
ration repetition period of 50 milliseconds. The percentage of
difference (100 3 [No Sat 2 Sat]/No Sat) MT ratio (MTR)
images were calculated after thresholding above the noise
background.

Proton MRSI was performed using a volume-selective, in-
version-recovery water-suppressed, 908–1808–1808 (PRESS)
sequence (56) with parameters of 2000/272. The selected vol-
ume of interest, measuring approximately 100 mm anteropos-
terior 3 20 mm inferosuperior 3 90 mm left-right, was cen-
tered on the corpus callosum and acquired using a 32 3 32
matrix, a 250-mm field of view, and one signal average, thus
producing a voxel volume of 1.2 cm3. With reconstruction fil-
tering, the effective in-plane resolution was 1.2 cm. To correct
for static and dynamic field inhomogeneities, these data were
normalized by a second data set acquired without water sup-
pression (850/272 and a 16 3 16 matrix) (57). MR spectros-
copy postprocessing and quantitation were performed using a
combination of SunSpec1 (Philips Medical Systems, Best, The
Netherlands) and locally developed software. NAA/Cr images
were calculated and interpolated (nearest-neighbor) onto a vol-
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Acquisition parameters for the imaging protocol

PDW/T2W T1W/MT-No Sat MT-Sat MRSI

Sequence
TR (ms)
TE (ms)
FOV (mm)
Sections

Dual-echo SE
2010
30/80
250 (80%)
20

SE
940
20
250 (70%)
20

SE with MT pulse*
940
20
250 (70%)
20

PRESS
2000
272
250
1

Thickness (mm)
Section gap (mm)
Matrix
Scan time (min:sec)

5.5
0.5
256 3 256
6:56

5.5
0.5
256 3 256
2:55

5.5
0.5
256 3 256
2:55

20
—

32 3 32
34:08

Note: PDW indicates proton density—weighted; T2W, T2-weighted; T1W, T1-weighted; MT, magnetization transfer; No Sat, without MT satu-
ration pulses; Sat, with MT saturation pulses; MRSI, MR spectroscopic imaging; FOV, field of view; SE, spin-echo.

* A 1.2-millisecond on-resonance 121 pulse with zB1z 5 20 mT was used in the MT saturation sequence.

FIG 1. A–F, T1-weighted (A), T2-weighted (B), proton density–weighted (C), MTR (D), and NAA/Cr (E) spectroscopic images of a
patient with MS acquired using the protocol presented in the Table; also shown is the classified lesion map for this section (F).

umetric matrix matching the MR data. Cr for normalization is
widely used and permits comparisons with other published re-
sults. Although Cr fluctuation within lesions may occur (58–
60), recent studies have shown that Cr decreases only transiently
in acute lesions and subsequently returns to a stable baseline
(51). Changes in Cr should therefore not significantly affect
overall observations and trends in patients with chronic MS.

In addition to the cross-sectional data acquired as described
above, serial MR (proton density— and T2-weighted) data
from four previous examinations, performed approximately 6
months apart, were available for analysis. The complete ac-
quisition protocol is summarized in the Table. Figure 1 shows
a typical data set, with panels A, B, and C corresponding to
conventional T1-, T2-, and proton density–weighted images,
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respectively. Figure 1D shows the percent difference MTR im-
age of the same section, and Figure 1E is the corresponding
spectroscopic image of NAA/Cr. Figure 1F is the lesion map
derived from the T2- and proton density–weighted images
(panels B and C) using the algorithm described below.

A semiautomated tissue segmentation and analysis package
(61) was used by one experienced expert to classify all MS
lesions and the ventricles as seen on T2- and proton density–
weighted images. Lesions defined by all previous MR exami-
nations were transferred to the current time point using a co-
ordinate transformation matrix determined by an automated
registration of the previous and current proton density–weight-
ed image volumes (62). This permitted all lesion voxels to be
classified as new (those identified as normal by all previous
examinations; ie, ,6 months old) or old (those identified as
lesions by all previous examinations; ie, .24 months old).
Lesion voxels with an intermediate age and those with clas-
sifications that varied between lesion and normal were not in-
cluded in this analysis. Regions of interest (ROIs) were also
manually defined in four white matter areas (frontal, occipital,
and genu and splenium of the corpus callosum) and four gray
matter areas (frontal and occipital cortical, head of the caudate
nucleus, and putamen) in the volunteers and in normal-ap-
pearing tissue (ie, outside all identified lesions but as close as
possible to the areas selected in the volunteers) in the patients
with MS. MTR values from lesions and normal-appearing
white matter ROIs for patients with MS, clinical subgroups,
and healthy subjects were compared using Student’s t-test and
correlated with lesion volume, MR spectroscopic data, and
EDSS scores. All quantities averaged per patient were analyzed
using Spearman rank correlation, whereas Pearson linear cor-
relation analysis was used for all voxel-based data.

Results
From the manual ROI analysis of the healthy

subjects, we measured MTR values of 41.3 6 1.4%
for white matter and 28.5 6 1.7% for gray matter.
MTR values were highest in the genu of the corpus
callosum (42.6 6 1.3%) and were next highest in
the splenium of the corpus callosum (41.4 6
1.2%), frontal white matter (41.3 6 1.1%), and oc-
cipital white matter (40.0 6 0.8%). These regions
were all significantly different from one another (P
, .05) except for the frontal white matter and the
splenium of the corpus callosum. In gray matter,
MTR was higher in the putamen (30.1 6 1.2%)
than in the other regions (28.0 6 1.5%), which
were not significantly different from one another.

In the patients with MS, MTR in normal-ap-
pearing white matter was slightly, but significantly,
decreased to 38.3 6 2.4% (P , .0001), whereas
gray matter MTR was unchanged at 28.1 6 2.9%
(P 5 .4). Similar observations also held for each
patient subgroup. No significant differences be-
tween normal-appearing white matter MTRs for the
relapsing-remitting (38.0 6 21.%), primary pro-
gressive (38.3 6 1.8%), and secondary progressive
(38.1 6 2.7%) subgroups were observed.

In the patients with MS, the intra- and interle-
sional variation in MTR was large (range, about
5% to 40%). The range of average lesion MTR
values across patients was 18.8% to 30.7%, for a
mean value of 26.9 6 2.6% that was significantly
lower than white matter in the healthy subjects (P
, .0001) and in the normal-appearing white mat-

ter in the MS patients (P , .0001). Average lesion
MTR was not significantly different among the
subgroups (lesion volume was 43.3 6 22.9, 20.3
6 8.4, and 26.0 6 14.7 cm3 for the relapsing-
remitting, primary progressive, and secondary
progressive subgroups, respectively). With respect
to lesion age, MTR was significantly (P , .0001)
lower in old lesion voxels (24.6 6 3.6%, lesion
volume 5 7.6 cm3) than in new ones (28.4 6
2.7%, lesion volume 5 5.6 cm3). This difference
held for all patient subgroups. Spearman rank cor-
relation analysis of the entire MS cohort and each
subgroup indicated that neither total lesion volume
nor average lesion MTR or NAA/Cr were signif-
icantly correlated with the EDSS-based clinical
assessment.

To assess the relationship between MTR and
NAA/Cr, we conducted correlation analyses on av-
erage values for all lesions per patient and average
value per voxel of the MRSIs. The results of the
patient-based analyses are shown in Figures 2 and
3 for all lesions and for new lesions, respectively.
Considering, first, all lesions in all patients (Fig
2A), no significant correlation was detected, yet a
weak positive trend seemed apparent. In the re-
lapsing-remitting subgroup, a significant positive
correlation was observed (Spearman rank correla-
tion coefficient, rS, 5 .7, P 5 .016). No correla-
tions were detected in the primary progressive or
secondary progressive subgroups. Restricting the
focus to new lesion voxels enhanced the coupling
between MTR and NAA/Cr (Fig 3) for both the
entire MS cohort (rS 5 .44, P 5 .032) and the
relapsing-remitting subgroup (rS 5 .81, P 5 .002)
but did not reveal correlations in the primary pro-
gressive or secondary progressive subgroups.

The voxel-based correlation analyses were con-
ducted at the spectroscopic imaging resolution in
all voxels containing more than 25% lesion and less
than 10% ventricle, as defined by the semiauto-
mated segmentation process. These values were
empirically chosen to include as many lesion-con-
taining MRSI voxels as possible while minimizing
partial volume with the ventricles. For the entire
patient group, a weak positive correlation (Pearson
linear correlation coefficient, rP, 5 .27, P , .0001)
was then observed (Fig 4A). As with the patient-
based analysis, the correlation was stronger (rP 5
.45, P , .0001) for the relapsing-remitting sub-
group (Fig 4B) and was not present for the primary
progressive and secondary progressive subgroups.

Discussion
The pathologic heterogeneity of MS lesions is

not well characterized using conventional T2- and
proton density–weighted MR imaging. On the other
hand, NAA/Cr as measured by MTR and MRSI,
more closely reflects the pathologically important
features of myelination and neuronal integrity, re-
spectively. The combination of these techniques
constitutes a powerful means of studying the nat-
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FIG 2. A and B, Mean (per patient) lesional MTR versus NAA/Cr for the entire cohort of patients with MS (A) and the relapsing-remitting
subgroup (B) (circles indicate relapsing-remitting group; plus signs, primary progressive; diamonds, secondary progressive). Linear
regression lines are plotted for both data sets, but the correlation was significant only for the relapsing-remitting subgroup (solid line in
B; rS 5 .70; P 5 .016).

FIG 3. A and B, Mean (per patient) MTR versus NAA/Cr in new lesions (,6 months old) for the entire cohort of patients with MS (A)
and the relapsing-remitting subgroup (B) (circles indicate relapsing-remitting group; plus signs, primary progressive; diamonds, secondary
progressive). The solid lines represent the linear regressions, and the corresponding rank correlations were rS 5 .44, P 5 .015 (A) and
rS 5 .81, P 5 .002 (B).

ural history of MS and assessing the effects of var-
ious therapeutic agents, and may therefore have an
important role in clinical radiology.

Data obtained from our healthy subjects indicat-
ed that measures of the percentage of MTR were
very consistent across subjects, with the manually
defined white matter distribution having a standard
deviation (SD) of less than 1.5%. The statistically
significant differences between various white mat-
ter regions most likely occurred because of known
differences in water content, fiber density, myeli-
nation, or in all three. Our observation of decreased
MTR in the normal-appearing white matter of pa-
tients with MS has also been reported by others and
has been hypothesized to be the result of micro-
scopic lesions not directly visible on conventional
MR images (21, 27, 63, 64). The small decrease in

MTR might, however, also result from wallerian
degeneration remote from the observed focal le-
sions (65) or molecular pathology related to other,
as yet undefined, mechanisms. Mehta et al (66) ex-
amined a large number of healthy volunteers with
a wide age range and found no correlation between
the age of the subject and MTR, thus eliminating
age as a possible explanation of the observation.
That the difference between white matter in healthy
subjects and normal-appearing white matter in pa-
tients with MS is significant for all the regions con-
sidered favors a hypothesis involving widespread
white matter involvement.

The known pathologic heterogeneity of MS le-
sions can account for the large range of observed
MTR values. It is likely that lesions with almost
no MT (MTR , about 10%) represent very severe
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FIG 4. A and B, Mean (per MRSI voxel) MTR versus NAA/Cr in all MRSI voxels containing more than 25% lesion and less than 10%
ventricle for the entire cohort of patients with MS (A) and the relapsing-remitting subgroup (B) (circles indicate relapsing-remitting group;
plus signs, primary progressive; diamonds, secondary progressive). The solid lines represent the linear regressions corresponding to
linear correlations of rP 5 .27, P , .0001 (A) and rP 5 .45, P , .0001 (B).

tissue destruction that results in open fluid-filled
spaces corresponding to the ‘‘open’’ lesions de-
scribed by Barnes et al (67). These lesions appear
hyperintense on T2-weighted images and hypoin-
tense on T1-weighted images, which is consistent
with a liquid. The extent to which these lesions
contain viable axons, despite extensive demyelin-
ation, is not apparent from MT data alone and is
better addressed by the MRSI measures of NAA.
Although the limited spatial resolution of MR spec-
troscopy makes it difficult to completely isolate
such dramatic focal MT abnormalities, our analyses
indicate that spectroscopic lesion voxels with the
lowest range of MTRs also have very low NAA/
Cr (Fig 4).

As in the case of normal-appearing white matter,
lesions with a mildly low MTR (about 35% to
40%) may represent edema only or a combination
of edema and slight demyelination. This conclusion
is supported by the work of Dousset et al who
showed, using an animal model of acute experi-
mental allergic encephalomyelitis, that edematous
lesions, with essentially no histologically detectable
demyelination, experienced only small decreases
(about 5% to 8%) in MTR, whereas the plaques of
clinically definite MS patients showed a much larg-
er reduction (21). Therefore, plaques with an inter-
mediate MTR (about 10% to 30%) likely have
varying degrees of demyelination. The results pre-
sented by Hiehle et al (52), who found a strong
inverse correlation between MTR and short-TE
proton MRSI marker peaks, which they suggest
originate from myelin degradation products, also
support this hypothesis.

The observation of significantly lower MTR in
old versus new lesions suggests increased demye-
lination with lesion age and hence a high preva-
lence of chronic activity in lesions. Note, however,
that no difference was detected among patient sub-

groups. A more complete analysis of the temporal
behavior of MTR in these patients, based on ad-
ditional follow-up examinations, supports this ob-
servation of MTR decline with lesion age (68).

Previous studies have shown relatively weak (23,
69–71) or no correlation between T2-weighted le-
sion volume and clinical disability as assessed by
EDSS. The primary factors that most likely con-
tribute to this result are spinal cord disease (which
was not measured in this study), the pathologic het-
erogeneity of T2-weighted lesions that are classi-
fied as equivalent, the presence of T2-weighted le-
sions in relatively silent brain regions that do not
have a significant impact on EDSS, and the nonlin-
ear and complex nature of the EDSS assessment
(3). The issue of spinal cord lesions could be ad-
dressed by a more complete examination that en-
compasses this anatomic region. However, the
problem of pathologic heterogeneity indicates that
additional data, such as those available from MTR
and MRSI, are required to measure the more spe-
cific tissue characteristics of demyelination and ax-
onal loss that are the substrates of clinical disabil-
ity. Possible deficiencies in the EDSS measure
might be addressed by focusing correlation analy-
ses on specific neurologic deficits and correspond-
ing functional regions (eg, motor impairment and
corticospinal tract lesion load) or, alternatively, by
incorporating more comprehensive assessments of
other parameters, such as cognitive impairment in
a more encompassing clinical rating.

The interpretation of the absence of correlation
between T2-weighted lesion volume and clinical
disability observed in this study is further compli-
cated by the highly nonuniform distribution of
EDSS values (5.7 6 1.2) in our patient group. In
the secondary progressive subgroup, for example,
all patients had an EDSS score of 6.0 or 6.5 with
the exception of two, whose EDSS ratings were 4.0
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and 8.0 (6.3 6 0.82). These conditions are subop-
timal for detecting any correlation, particularly one
that is already expected to be weak. This may also
explain, at least in part, the failure to find a signif-
icant correlation between average lesion MTR and
EDSS, which has been reported previously (23). In
the relapsing-remitting subgroup, whose EDSS
variation was the greatest (4.95 6 1.35), a general
negative trend of decreased lesion MTR with in-
creased disability was observed, but there was at
least one major exception. The patient with the
lowest average lesion MTR (18.8%, approximately
2 SD below the mean of the entire patient cohort)
had an EDSS of only 4.5. This was not an artifac-
tual observation resulting from a highly destructive
small plaque, because the patient’s lesion volume
was substantial (49.7 cm3) and well within the dis-
tribution of the group (31.3 6 19.3 cm3). Instead,
this patient’s case is perhaps demonstrative of two
concerns. The first is the potential pitfalls of using
the EDSS in such correlation analyses, because the
patient’s motor abilities were only mildly affected
whereas he suffered considerable cognitive disabil-
ities. The second is the importance of factors other
than demyelination (eg, axonal loss) in determining
disability.

An additional confounding problem is that the
MTR techniques that show the percentage of dif-
ference provide only semiquantitative images that
reflect a complex combination of sequence and re-
laxation parameters in addition to cross-relaxation
terms (22, 33). The development of a truly quan-
titative MT imaging method, similar to the in vitro
technique developed by Henkelman et al (72),
would provide explicit measures of the liquid and
semisolid pool sizes, individual relaxation times,
and cross-relaxation rate. These data could provide
considerably more specificity in interpreting MTR
measures and would also provide a more appropri-
ate basis for comparisons among sites.

NAA is now a well-established marker of neu-
ronal functional and structural integrity. Because,
in general, we expect a pathophysiologic correla-
tion between demyelination and neuronal damage
in association with MS, we hypothesized and ob-
served correlations between MTR and spectroscop-
ic imaging measures of NAA/Cr. Previous single-
voxel MR spectroscopic studies have produced
conflicting results. Hiehle et al (52) observed no
correlation between NAA and MTR in a study of
11 patients, and Kimura et al (53) found a strong
correlation (rP 5 .73) in a group of 13 patients.
Using spectroscopic imaging, which allows the si-
multaneous assessment of a large number of rela-
tively small brain voxels, we were able to show
that the degree of correlation is heavily dependent
on lesion age. In addition, our results show a vari-
able degree of correlation that is dependent on the
patient subgroup. Acute lesions, which are more
likely to be present in cases of relapsing-remitting
MS, are known to be associated with large revers-
ible decreases in NAA (50), edema, and active de-

myelination that is, in part, reversible. Consistent
with this, our results indicated a closer coupling
between MTR and NAA/Cr in patients in the re-
lapsing-remitting subgroup rather than in the pri-
mary progressive and secondary progressive sub-
groups and further stronger coupling in new active
lesions.

Conclusion
Using a protocol consisting of conventional MR,

MT, proton spectroscopic imaging, and clinical
evaluation, we conducted a cross-sectional study of
30 patients with MS and 12 healthy subjects. We
observed widespread MT abnormalities in the nor-
mal-appearing white matter of the patients with
MS, indicating disease activity beyond the bound-
aries of conventional MR-defined lesions. For the
entire MS group, a weak correlation was detected
between the putative markers of demyelination
(MTR) and neuronal dysfunction (NAA/Cr). The
coupling between these parameters was consider-
ably stronger for the patients with relapsing-remit-
ting conditions and for new lesions, suggesting that
axonal damage occurs in step with new demyelin-
ation and is not a late feature of the disease. The
combined use of conventional MR, MT, and MRSI
provides a view of MS lesion disease that is more
complete than that provided by any one method
alone.
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