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Carlo Caltagirone

BACKGROUND AND PURPOSE: Conventional MR imaging does not provide specific in-
formation that can be reliably associated with the pathologic substrate and clinical status of
patients with multiple sclerosis (MS). Our goals were 1) to determine whether the orientation-
ally averaged water diffusion coefficient (,D.) can be used to distinguish between plaques of
different severity in these patients and 2) to assess possible correlations between ,D. values
and disease duration, Expanded Disability Status Scale (EDSS) score, and signal intensity on
T1-weighted MR images.

METHODS: Twenty patients (10 with relapsing-remitting MS and 10 with secondary-pro-
gressive MS) and 11 healthy volunteers underwent a combined conventional and diffusion-
weighted MR study of the brain. ,D., a parameter that is proportional to the trace of the
diffusion tensor, was computed by averaging the apparent diffusion coefficients measured in
the x, y, and z directions. ,D. measurements were obtained for selected areas of white matter
plaques. Differences in ,D. among the three groups were tested using analysis of variance.

RESULTS: ,D. was significantly higher (1.445 6 0.129 3 1023 mm2/s) in secondary-pro-
gressive lesions than in relapsing-remitting lesions (0.951 6 0.08), and both values were higher
than ,D. in normal white matter (0.732 6 0.02). There was a significant negative correlation
between ,D. and the degree of hypointensity on T1-weighted images, and a positive corre-
lation between ,D. and both EDSS score and disease duration.

CONCLUSION: Our findings suggest that ,D. is useful for distinguishing MS lesions of
different severities, which are associated with different degrees of clinical disability.

In most patients with multiple sclerosis (MS), the
early clinical course is characterized by episodes of
acute worsening with recovery and a stable course
between relapses. In more than 50% of patients,
this relapsing-remitting phase, after a variable in-
terval, is followed by a secondary-progressive
phase, characterized by gradual neurologic deteri-
oration with or without superimposed acute relaps-
es. Disease progression from the first to the second
phase is associated with a poorer prognosis, as pa-
tients with secondary-progressive disease become
less responsive to treatment (1).
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Conventional T2-weighted MR images, although
sensitive for depicting focal lesions in MS patients,
lack histopathologic specificity, because inflam-
mation, edema, demyelination, gliosis, and axonal
loss are all represented as areas of high signal in-
tensity on these sequences. These different patho-
logic conditions are associated with different prog-
noses. For example, persistent demyelination and
axonal loss most likely cause disability, whereas
other pathologic conditions, such as edema and in-
flammation, do not (2). Because of its lack of spec-
ificity, T2-weighted MR imaging does not provide
information that can be reliably associated with the
pathologic substrate and clinical status of patients
(3). T1-weighted MR imaging seems to be more
specific than T2-weighted imaging for identifying
clinically relevant lesions (4). Patients in the sec-
ondary-progressive phase have been found to have
a larger proportion of brain lesions that appear hy-
pointense on T1-weighted images than do patients
in the relapsing-remitting phase (5). Recent studies
suggest that other imaging techniques, such as MR
spectroscopy and MR measurements of brain and
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spinal cord atrophy, may provide information more
closely related to neurologic impairment in patients
with MS (6, 7).

Measurement of diffusion characteristics of tis-
sue water is another potential technique that can
provide data relating to the structural properties of
the human brain (8). Pathologic processes that
modify the integrity of CNS structures lead to
changes in the apparent diffusion coefficient
(ADC). Preliminary work has indicated that ADC
is increased within MS plaques as compared with
normal white matter (9).

The aims of our study were 1) to test the hy-
pothesis that more destructive, long-standing
plaques are more likely to display higher diffusivity
than are less destructive lesions and 2) to correlate
the diffusion parameter within a plaque with the
corresponding value of signal intensity (SI) on T1-
weighted images.

Methods

Subjects

Thirty-two patients with clinically definitive MS (10) were
sequentially enrolled in the study. Of these, 20 patients (10
with relapsing-remitting disease, 10 with secondary-progres-
sive disease) fulfilled the inclusion criteria. To be included in
the study, patients could not have received immunosuppressive
or immunomodulatory drugs for at least 1 year before the
study. They also could not have had a relapse or received ste-
roid therapy during the 3 months preceding the start of the
study. Patients with relapsing-remitting disease (two men and
eight women; mean age, 27 years; SD, 7 years; range, 18–38
years) had had clinically definite MS for at least 2 years with
a relapsing-remitting course, and had an Expanded Disability
Status Scale (EDSS) (11) score between 1.0 and 3.5 (mean,
2.6; SD, 0.9). The mean age at onset of disease was 25 years
(SD, 5.8 years; range, 16–33 years). Patients with secondary-
progressive MS (three men and seven women; mean age, 47
years; SD, 8 years; range, 34–59 years) had had a slowly pro-
gressive increase in disability for at least 6 months, with or
without superimposed relapses, after an initial relapsing-re-
mitting phase (12). The mean age of disease onset was 27 years
(SD, 4.6 years; range, 19–35 years). There was wide variation
in the duration of the initial relapsing-remitting phase (mean,
8 years; SD, 3.6 years; range, 2–27 years). The EDSS score
ranged from 4.5 to 8.5 (mean, 6.3; SD, 1.5). Eleven healthy
volunteers (four men and seven women; mean age, 35 years;
SD, 8 years) with no history of neurologic disease served as
control subjects. Approval from our hospital’s ethics commit-
tee and written informed consent from all the patients were
obtained before study initiation.

The subjects underwent a combined conventional and dif-
fusion-weighted MR study of the brain. All MR examinations
were performed with a 1.5-T whole-body scanner with echo-
planar capability. The system was equipped with actively
shielded magnetic field gradient coils giving gradient pulses
up to 25 mT/m with a rise time of 250 ms. A circularly po-
larized head coil with a diameter of 270 mm was used both
for RF transmission and for reception of MR signal. The MR
imaging protocol included axial and coronal T2-weighted fast
spin-echo (SE) sequences with parameters of 2800/90/2 (TR/
TE/excitations), axial fluid-attenuated inversion-recovery se-
quences with parameters of 9000/119 and an inversion time of
2470, and axial T1-weighted SE sequences (500/12/2) before
and after IV administration of 0.1 mmol/kg body weight ga-
dopentetate dimeglumine. Fifteen to 21 5-mm-thick sections

with no gap, a 23- to 24-cm field of view, and a 256 3 256
matrix were obtained with all MR imaging techniques. The
axial and coronal sections ran respectively parallel and per-
pendicular to a line that joins the anterior and posterior com-
missure (AC-PC line). A middle section, in the axial and co-
ronal planes, was placed on the AC-PC line in all patients.

The diffusion studies were carried out by using a single-shot
diffusion-weighted echo-planar imaging sequence (6500/120).
The field of view was 23 cm and the acquisition matrix was
128 3 128. Twenty-one 5-mm-thick sections with no gap were
acquired parallel to the AC-PC line to cover a brain volume
of 10.5 cm. The diffusion gradients were sequentially applied
in the x-, y-, and z-axis directions with four different b values
(0, 50, 500, and 1000 s/mm2). In each region of interest (ROI),
the ADCs in the x, y, and z directions (ADCx, ADCy, and
ADCz) were calculated using the Stejskal and Taner equation
(13) by linear fitting of the logarithm of the SI (ln SI) versus
b values. Trace (D) is equal to the sum of the diagonal ele-
ments of the diffusion tensor (Dxx, Dyy, Dzz) (14). If there is
no diffusion sensitization produced by the imaging gradients,
ADCx, ADCy, and ADCz are equal to the diagonal elements
of the diffusion tensor (15). We assumed that the diffusion
sensitization produced by the imaging gradients in our se-
quence was negligible and we computed trace (D) by summing
ADCx, ADCy, and ADCz on a pixel-by-pixel basis. This as-
sumption is usually valid for well-designed diffusion sequenc-
es on clinical scanners (16). We then divided trace (D) by three
to obtain the orientationally averaged ADC, ,D.. We mea-
sured the orientationally averaged water diffusion coefficient
,D. in plaques of patients with relapsing-remitting and sec-
ondary-progressive MS. ,D. is equal to one third of the trace
of the diffusion tensor, trace (D) (14). Both ,D. and trace
(D) are rotationally invariant quantities that reflect an intrinsic
property of the diffusion process and do not depend on the
orientation of the subject in the magnet (17). Measurements of
,D. were made in ROIs within the lesions.

Selection of the Region of Interest (Fig 1)

Lesions were localized on transverse T2-weighted fast SE
images and classified on corresponding contrast-enhanced T1-
weighted images as enhancing or nonenhancing. Given their
small number (four lesions), the enhancing lesions were not
considered further. The nonenhancing lesions were classified
as T1 isointense or hypointense. T1 hypointensity was defined
as reduced lesion SI with respect to the surrounding normal-
appearing white matter. After localizing the lesions on the T2-
weighted sequences, circular ROIs were drawn within the le-
sions on the diffusion-weighted T2-weighted axial images (b
value 5 0) and subsequently projected onto the orientationally
averaged ADC map to obtain the mean 6 SD of ,D.. To
avoid inhomogeneities of SI within the ROIs, the selected
ROIs were small enough to avoid partial volume artifacts and
large enough to average signal from several pixels. Each ROI
had approximately 25 pixels, corresponding to 45 mm2 (pixel
size 5 1.8 3 1.8 mm). Lesions smaller than 30 mm2 were not
considered for diffusivity evaluation. ROIs drawn on the dif-
fusion-weighted T2-weighted axial images were also copied on
the corresponding T1-weighted images. Given the lack of spa-
tial correspondence between diffusion- and T1-weighted im-
ages, ROIs were manually adjusted to fit centrally only in the
visible lesions; that is, the hypointense lesions. Isointense le-
sions, which were not distinguishable from the surrounding
normal-appearing white matter, were not considered. The SI
value of T1 hypointense lesions was recorded and normalized
to the SI of the CSF (SIlesion/SICSF) to correct for random vari-
ation in overall SI between examinations. Hypointense lesions
located in sections that did not contain CSF were not evalu-
ated. In total, 41 T1 hypointense lesions were considered, 11
from the relapsing-remitting group and 30 from the secondary-
progressive group. Those ROIs, which were in the vicinity of
sources of susceptibility artifacts, like the frontal and temporal
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FIG 1. A–D, Axial SE T1-weighted (A),
fast SE T2-weighted (B), and echo-planar
T2-weighted (C) MR images, and the or-
ientationally averaged ADC map (D), show
the presence of multiple periventricular de-
myelinating lesions in a patient with sec-
ondary-progressive MS. Circle indicates
the ROI.

sinuses, were not evaluated. The sections above and below the
selected section were reviewed to ensure that the final voxel
of interest did not include CSF or normal-appearing white mat-
ter in which a lesion was being studied. ROIs of uniform size
(approximately 45 mm2) were also manually positioned in four
white matter areas (frontal, parietal, temporal, and occipital) in
control subjects to calculate ,D. in the normal white matter.
All ROIs were chosen by one investigator and reviewed ret-
rospectively by another. Both investigators were blinded as to
whether the patients were from the relapsing-remitting or sec-
ondary-progressive group.

Statistical Analysis

One-way analysis of variance among groups (relapsing-re-
mitting vs. secondary-progressive vs. normal white matter)
was performed on the values of ,D., followed by Student-
Newman-Keul post hoc comparisons. Figure 2 shows the scat-
ter plot of the actual ,D. data points for the three groups
studied. Each point corresponds to one subject and represents
the mean value of ,D. as obtained in each subject from all
the ROIs that were drawn on the T2-weighted (b 5 0) images.

A multiple correlation between ,D., EDSS score, disease
duration, and SIlesion/SICSF on T1-weighted images was also
carried out. The level for statistical significance was set at P
, .016, according to the Bonferroni correction. A linear re-
gression analysis was performed between age group (by years)
and ,D. in the healthy control subjects. A t-test was used to

compare the duration of the disease between the two groups
of patients (relapsing-remitting vs. secondary-progressive).

Results
The mean value 6 SD of ,D. was 0.732 6

0.02 3 1023 mm2/s in the white matter of healthy
volunteers, 0.951 6 0.08 in the plaques of patients
with relapsing-remitting MS, and 1.445 6 0.129 in
the plaques of patients with secondary-progressive
MS. Statistically significant differences in ,D.
were found between all groups: relapsing-remitting
vs. secondary-progressive (P , .0001), normal
white matter vs. relapsing-remitting (P , .0001),
and normal white matter vs. secondary-progressive
(P , .0001) (Fig 2). Each point in Figures 3 and
4 corresponds to one patient and represents the
mean value of ,D. as obtained from all the ROIs
that were drawn on the T2-weighted (b 5 0) im-
ages vs. EDSS score and disease duration,
respectively.

In MS patients, there was an inverse correlation
between ,D. and the T1-weighted SIlesion/SICSF
ratio (r 5 2.67; P , .0001) (Fig 5). Furthermore,
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FIG 2. Scatter plot of the coefficient ,D. data points for the
relapsing-remitting (RR, 10 points), secondary-progressive (SP,
10 points), and control group (NWM, normal white matter, 11
points). Each point corresponds to one subject and represents
the mean value of ,D. as obtained in each subject from all the
ROIs that were drawn on the T2-weighted (b 5 0) images. Graph
shows there is no overlap between the relapsing-remitting and
secondary-progressive groups.

FIG 3. Scatter plot of the coefficient ,D. vs. EDSS score
shows a significant correlation. Each point corresponds to one
patient and represents the mean value of ,D. as obtained from
all the ROIs that were drawn on the T2-weighted (b 5 0) images.
Closed circles represent the subjects with relapsing-remitting
MS; open circles, the subjects with secondary-progressive MS.

FIG 4. Scatter plot of coefficient ,D. vs. disease duration
shows a significant correlation. Each point corresponds to one
patient and represents the mean value of ,D. as obtained from
all the ROIs that were drawn on the T2-weighted (b 5 0) images.
Closed circles represent the patients with relapsing-remitting MS;
open circles, the patients with secondary-progressive MS.

FIG 5. Scatter plot of coefficient ,D. vs. SIlesion/SICSF ratio on
SE T1-weighted images for the 41 T1 hypointense lesions stud-
ied. There is a significant inverse correlation between ,D. and
SIlesion/SICSF ratio. Each point corresponds to one lesion. Closed
circles represent lesions from the relapsing-remitting group (11
lesions); open circles, lesions from the secondary-progressive
group (30 lesions).

there was a positive correlation between ,D. and
both EDSS score (r 5 .781; P , .0001) (Fig 3)
and disease duration (r 5 .833; P , .0001) (Fig
4). We found no correlation between age and ,D.
in healthy control subjects (r 5 .02; not
significant).

Disease duration was significantly longer in the
secondary-progressive group (mean, 19 years; SD,
9 years) than in the relapsing-remitting group
(mean, 3 years; SD, 2 years). This is not surprising,
since most of the patients with MS progress from
an initial relapsing-remitting to a secondary-pro-
gressive form.

Discussion
Several lines of evidence indicate that the patho-

logic substrate of MS lesions is different among
MS subgroups and that disease progression from
the initial relapsing-remitting to the secondary-pro-
gressive form is associated with neuronal and ax-
onal loss (18–20). Axonal loss, in turn, is likely to
play a major role in determining permanent neu-
rologic dysfunction in patients with MS (21, 22).

Quantitative clinical assessments of disease pro-
gression in MS are not very sensitive. Therefore,
there has been great interest in developing markers
of disease progression based on measurements of
MR lesion volume or lesion frequency. Unfortu-
nately, these potential markers have shown only a
rather weak correlation with clinical disability (23,
24). Standard MR imaging can be used to detect
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some types of abnormalities among the clinical
subtypes of MS, such as the large number of con-
trast-enhancing lesions in the absence of brain at-
rophy in patients with relapsing-remitting MS (25)
and brain and spinal cord atrophy as well as a larg-
er proportion of hypointense lesions on T1-weight-
ed images in patients with secondary-progressive
disease (26). Nevertheless, conventional MR im-
aging parameters permit only a rough estimation of
the progression of disability and therefore are of
limited use in following affected patients (24).

Other MR parameters have been used to char-
acterize structural changes occurring during the
course of MS. Magnetization transfer–based con-
trast has been found to be associated with edema-
tous lesions in experimental allergic encephalo-
myelitis, with microscopic abnormalities in
normal-appearing white matter, and with hypoin-
tense T1-weighted lesions in MS (27–29). Proton
MR spectroscopy has demonstrated decreased lev-
els of N-acetylaspartate (NAA), a neuronal marker
of the adult CNS (30), in the brains of patients with
secondary-progressive MS, suggesting extensive
axonal damage in these patients, unlike those with
relapsing-remitting MS (6, 22).

Excellent agreement was found between ,D.
values in the white matter of healthy subjects in
our study and previously published data (16). We
found an increased water diffusivity in all MS le-
sions as compared with normal white matter in con-
trol subjects. Moreover, we found a larger increase
in ,D. values in secondary-progressive than in
relapsing-remitting plaques. It could be argued that
this difference in diffusivity may be related to the
differences in age between the patients in the re-
lapsing-remitting and secondary-progressive
groups; however, since in our sample of healthy
subjects we did not find a significant correlation
between age and ,D. values, it is unlikely that
the large difference in ,D. between these two
groups can be attributed to age differences. This
study therefore suggests that differences in the
,D. values are related to a different pathologic
substrate in the two subgroups of MS. The increase
in diffusivity possibly reflects expanded free water
content within the lesion, although the relative con-
tribution from edema, demyelination, and axonal
loss is difficult to determine. One can speculate that
in the acute phase of the disease, the expanded ex-
tracellular volume is due to astrocyte proliferation,
perivascular inflammation, and demyelination, all
representing pathologic stigmata of the initial step
in plaque formation, whereas in its chronic stage,
the more pronounced increase in diffusivity repre-
sents axonal loss and tissue destruction. More re-
cently, it has been shown that axonal injury is as-
sociated with demyelination from the beginning of
the disease, suggesting that axons are a disease tar-
get even in the early phases of plaque formation
(21). Most likely, these processes are combined,
with a predominance of the inflammatory process

in relapsing-remitting MS and of the destructive
processes in secondary-progressive MS.

A second result of this study was the significant
inverse correlation between ,D. and the SIlesion/
SICSF ratio on T1-weighted images within the cor-
responding brain lesion. Hypointense T1 lesions,
so-called black holes, have been related to the de-
gree of matrix destruction and loss of axons in MS
(31). A change in the T1-weighted lesion load has
been found to correlate with a change in EDSS
score over a 3-year period in secondary-progressive
MS (26), and the degree of hypointensity on T1-
weighted images with a lower magnetization trans-
fer ratio (29, 32, 33). More recently, using proton
MR spectroscopy, investigators have found a strong
correlation between NAA concentration and both
the degree of lesion hypointensity and T1-relaxa-
tion time measurements, providing in vivo evi-
dence of axonal damage in severely hypointense T1
lesions in MS patients (34). Our results indicate
that lesions that are very hypointense on T1-
weighted SE images have higher ,D. values than
do lesions that are less hypointense. Given this
close correlation, we speculate that ,D. measure-
ments and T1 hypointensities provide highly asso-
ciated information and may reflect the same differ-
ences in lesion composition, with the advantage for
,D. of being an inherently quantitative parame-
ter. More precisely, our findings are consistent with
the concept that high diffusion ,D. values are
associated with tissue destruction in MS. Hypoin-
tensities on T1-weighted images do not solely rep-
resent tissue destruction of the late stages of the
disease but may also be associated with acute le-
sions. The hypointensity in this case may be the
result of enlargement of the extracellular space be-
cause of edema and inflammation, a process that is
potentially reversible at follow-up (35). Indeed,
most of these acute hypointensities will resolve
over time, whereas a portion of them, after a vari-
able interval, will reappear as true black holes, rep-
resenting a more permanent and irreversible stage
of tissue damage. Although the precise histopath-
ologic basis for increased diffusivity is not known
at this moment, the chronological window between
the acute and chronic stage of lesion development,
during which lesions are not visible on T1-weight-
ed images, might become a possible domain of dif-
fusion-weighted imaging in MS patients.

Reports on diffusion changes in MS lesions have
differed among laboratories. Previous publications
have reported increased ADC values in MS
plaques, with acute lesions displaying higher ADC
values than chronic lesions (36, 37). Because these
previous investigators used diffusion-weighted im-
aging, their results are not directly comparable with
our findings. Diffusion-weighted imaging results
are generally difficult to interpret because the SI in
diffusion-weighted images is affected by a number
of factors, such as the orientation of the subject in
the magnet and the degree of T2-weighted hyper-
intensity, both of which are unrelated to the diffu-
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sion process. The orientationally averaged water
diffusion coefficient ,D. that we measured in this
study is a quantitative parameter that reflects a spe-
cific feature of the diffusion process and is unaf-
fected by the orientation of the subject in the mag-
net or the degree of hyperintensity on the
T2-weighted images (17). In a study by Horsfield
et al (9), in which the diffusion gradients were also
applied sequentially in the x, y, and z directions,
the orientationally averaged ADC was found to be
increased in all the lesions, without significant dif-
ferences between benign and secondary-progres-
sive MS. The latter finding differs from the result
of our investigation, in which patients with second-
ary-progressive MS had significantly higher ,D.
values than did patients with relapsing-remitting
MS. One possible explanation for this discrepancy
is that patients with benign MS in the series by
Horsfield et al had a long disease duration (mean,
21 years). It is reasonable to assume that individual
plaques in these patients were old enough to show
a high degree of matrix destruction, and thus high
diffusivity, but were too few, or were not located
at critical sites, to cause significant disability. Re-
cently, full diffusion tensor imaging has been used
to characterize the structural changes in plaques of
different pathologic severity in six patients with
MS (38). The findings of that study, showing the
highest diffusion values in destructive (T1 hypoin-
tense) lesions, are in keeping with our results, and
suggest that water diffusivity within the lesion is
related to the severity of the pathologic substrate.

In addition to the orientationally averaged dif-
fusion coefficient, other diffusion parameters, such
as diffusion anisotropy (39), may be helpful in
characterizing the anatomic-pathologic features of
MS plaques (38). Measuring diffusion anisotropy,
however, requires the entire diffusion tensor to be
computed from a set of diffusion-weighted images
acquired with diffusion-sensitizing gradients ap-
plied in at least six non-collinear directions (39).
Limitations of our pulse sequence did not allow us
to acquire the complete imaging data set necessary
to calculate the entire diffusion tensor in this study;
however, our data were sufficient to reliably assess
the orientationally averaged diffusion coefficient.

Conclusion
Our results indicate that the orientationally av-

eraged coefficient ,D. is able to show the dis-
tinction between relapsing-remitting and second-
ary-progressive MS plaques. In addition, this
parameter correlates with the degree of lesion hy-
pointensity on T1-weighted MR images as well as
with the clinical status in individual patients. This
latter finding supports the hypothesis that differ-
ences in disability can be explained by structural
differences among lesions as seen by ,D. mea-
surements. Serial studies in larger clinical cohorts
are necessary to determine the reliability of ,D.
in assessing disease progression in MS. It is likely

that the orientationally averaged water diffusion co-
efficient ,D. will qualify as a new MR parameter
able to increase our understanding of pathogenetic
mechanisms of reversible and persistent disability.
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Axonal transection in the lesions of multiple sclerosis. N Engl
J Med 1998;338:278–285

22. De Stefano N, Matthews PM, Antel JP, Preul M, Francis G, Arnold
DL. Chemical pathology of acute demyelinating lesions and its
correlation with disability. Ann Neurol 1995;38:901–909

23. Paty DW, Li DK. Interferon beta-1b is effective in relapsing-
remitting multiple sclerosis, II: MRI analysis results of a mul-
ticenter, randomized, double-blind, placebo-controlled trial.
UBC Multiple Sclerosis/MRI Study Group and the IFNB Mul-
tiple Sclerosis Study Group. Neurology 1993;43:662–667

24. Filippi M, Paty DW, Kappos L, et al. Correlations between
changes in disability and T2-weighted brain MRI activity in
multiple sclerosis: a follow-up study. Neurology 1995;45:255–
260

25. Thorpe JW, Kidd D, Moseley IF, et al. Serial gadolinium-en-
hanced MRI of the brain and spinal cord in early relapsing-
remitting multiple sclerosis. Neurology 1996;46:373–378

26. Truyen L, van Waesberghe JH, van Walderveen MA, et al. Ac-
cumulation of hypointense lesions (‘‘black holes’’) on T1 spin-
echo MRI correlates with disease progression in multiple scle-
rosis. Neurology 1996;47:1469–1476

27. Dousset V, Grossman RI, Ramer KN, et al. Experimental allergic
encephalomyelitis and multiple sclerosis: lesion characteriza-
tion with magnetization transfer imaging. Radiology 1992;182:
483–491

28. Loevner LA, Grossman RI, Cohen JA, Lexa FJ, Kessler D, Kolson
DL. Microscopic disease in normal-appearing white matter on
conventional MR images in patients with multiple sclerosis:
assessment with magnetization-transfer measurements. Radi-
ology 1995b;;196:511–515

29. Loevner LA, Grossman RI, McGowan JC, Ramer KN, Cohen JA.
Characterization of multiple sclerosis plaques with T1-weight-
ed MR and quantitative magnetization transfer. AJNR Am J
Neuroradiol 1995a;;16:1473–1479

30. Simmons ML, Frondoza CG, Coyle JT. Immunocytochemical lo-
calization of N-acetyl-aspartate with monoclonal antibodies.
Neuroscience 1991;45:37–45

31. van Walderveen MA, Scheltens P, Barkhof F, et al. Histopatho-
logic correlates of hypointense lesions on T1-weighted SE MR
images in multiple sclerosis [abstract]. J Neurol 1996;243(Suppl
2):S18

32. Hiehle JF Jr, Lenkinski RE, Grossman RI, et al. Correlation of
spectroscopy and magnetization transfer imaging in the eval-
uation of demyelinating lesions and normal appearing white
matter in multiple sclerosis. Magn Reson Med 1994;32:285–293

33. Pike GB, de Stefano N, Narayanan S, Francis GS, Antel JP, Arnold
DL. Combined magnetization transfer and proton spectros-
copy imaging in the assessment of pathologic brain lesions in
multiple sclerosis. AJNR Am J Neuroradiol 1999;20:829–837

34. Van Walderveen MAA, Barkhof F, Pouwels PJ, van Schijndel RA,
Polman CH, Castelijns JA. Neuronal damage in T1-hypointense
multiple sclerosis lesions demonstrated in vivo using proton
magnetic resonance spectroscopy. Ann Neurol 1999;46:79–87

35. Van Waesberghe JHTM, van Walderveen MAA, Castelijns JA, et
al. Patterns of lesion development in multiple sclerosis: longi-
tudinal observations with T1-weighted spin-echo and magnet-
ization transfer MR. AJNR Am J Neuroradiol 1998;19:675–683

36. Larsson HBW, Thomsen C, Frederiksen J, Stubgaard M, Henrik-
sen O. In vivo magnetic resonance diffusion measurement in
the brain of patients with multiple sclerosis. Magn Reson Im-
aging 1992;10:7–12

37. Christiansen P, Gideon P, Thomsen C, et al. Increased water self-
diffusion in chronic plaques and in apparently normal white
matter in patients with multiple sclerosis. Acta Neurol Scand
1993;87:195–199

38. Werring DJ, Clark CA, Barker GJ, Thompson AJ, Miller DH.
Diffusion tensor imaging of lesions and normal-appearing
white matter in multiple sclerosis. Neurology 1999;52:1626–
1632

39. Pierpaoli C, Basser PJ. Toward a quantitative assessment of
diffusion anisotropy [published erratum appears in Magn Reson
Med 1997;37:972]. Magn Reson Med 1996;36:893–906


