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Correlation of Multiple Sclerosis M easures Derived from
T2-Weighted, T1-Weighted, Magnetization Transfer, and

Diffusion Tensor MR Imaging

Giuseppe lannucci, Marco Rovaris, Laura Giacomotti, Giancarlo Comi, and Massimo Filippi

BACKGROUND AND PURPOSE: In multiple sclerosis (MS), the severity of tissue damage
can vary from edema and inflammation to irreversible demyelination and axonal loss. Com-
pared with conventional T2-weighted MR imaging, magnetization transfer (MT) and diffusion
tensor (DT) MR imaging provide quantitative indices with increased specificity to the most
destructive aspects of MS. To increase our understanding of the pathophysiologic processes of
MS, we assessed the correlations between MT and DT MR imaging—derived metrics and the
correlations between these quantities and measures derived from conventional MR in patients
with M S,

METHODS: T2-weighted, T1-weighted, MT, and DT MR images of the brain were obtained
from 34 patients with relapsing-remitting MS (RRMS) and 15 age-matched control subjects.
T2 and T1 lesion volumes (LV) and brain volume were measured. MT ratio (MTR), mean
diffusivity (D), and fractional anisotropy (FA) histograms from the overall brain tissue (BT)
and the normal-appearing brain tissue (NABT) were obtained. Average lesion MTR, D, and
FA were also calculated. The correlations between T2 and T1 LV, brain volume, MT-, and
DT-derived metrics were assessed with the Spearman rank correlation coefficient.

RESULTS: No significant correlations were found between MT and FA histogram—derived
metrics and quantities derived from conventional MR scans (T2 and T1 LV and brain volume).
On the contrary, T2 and T1 LV (but not brain volume) were significantly correlated with the
average D values of BT and NABT (r values ranging from 0.52 to 0.78). No significant corre-
lation was found between MT- and DT-derived metrics.

CONCLUSION: These results suggest that MT and DT MR imaging provide, at least par-
tially, independent measures of lesion burden in patients with RRMS. This suggests that a
multiparametric MR approach has the potential for increasing our ability to monitor MS

evolution.

Multiple sclerosis (MS) is an immune-mediated
disorder selectively affecting the central nervous
system. The pathologic hallmark of MS is inflam-
matory demyelination, which can be limited by re-
parative mechanisms (including remyelination) or
can become irreversible and ultimately lead to tis-
sue loss (1). In MS, the progressive accumulation
of tissue damage is likely to be one of the magjor
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factors contributing to disabling neurologic deficits
(2). As a consequence, achieving an accurate in
vivo assessment of pathologic signs of MS might
be a rewarding exercise for increasing our under-
standing of the mechanisms leading to irreversible
disability and our ability to monitor the efficacy of
experimental treatments. In this context, measures
derived from conventional MR imaging, such as
the load of T2 hyperintense lesions, have several
limitations, including the lack of specificity to the
heterogeneous pathologic substrates of M S lesions
(3, 4) and the inability to detect subtle abnormali-
ties in the normal-appearing white matter (NAWM)
(5-8). This can explain why, in patients with MS,
the correlation between clinical and conventional
MR findings is, at best, moderate (4). Magnetiza-
tion transfer (MT) and diffusion tensor (DT) MR
imaging, may, however, go some way toward over-
coming these limitations.
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MT is based on the interactions between protons
in arelatively free environment and those wherein
motion is restricted. In the brain, these two states
correspond to the protons in tissue water, and in the
macromolecules of myelin and cell membranes.
Off-resonance irradiation is applied that saturates
the magnetization of the less mobile protons and is
then transferred to the mabile protons, thus reduc-
ing the observable signal intensity. Low MT ratio
(MTR) indicates a reduced capacity of the macro-
molecules in brain tissue to exchange magnetiza-
tion with the surrounding water molecules, reflect-
ing damage to myelin or to the axonal membrane
(9). A postmortem study found a correlation be-
tween low MTR and the percentage of residual ax-
ons in MS lesions (10). Animal studies have also
shown that low MTR correlates with histopatho-
logic findings of myelin loss and axonal destruction
(11), whereas edematous lesions result in glightly
increased MTR values (12). Dramatically reduced
MTR is also seen in the “pure”’ demyelinating le-
sions of patients with progressive multifocal leu-
koencephalopathy (13) or central pontine myeli-
nolysis (14).

Diffusion is the microscopic random translation-
a motion of molecules, and water molecular dif-
fusion can be measured in vivo by use of diffusion-
weighted MR imaging (15). Because diffusion is
affected by the properties of the medium wherein
molecular motion occurs (16), the measurement of
diffusion inside biological tissues provides infor-
mation about tissue structure at a microscopic level
(17). The motion of water molecules can be hin-
dered by the presence of structural barriers at a cel-
lular or subcellular level. Pathologic processes that
alter tissue organization by decreasing or increasing
the number of barriers to water molecular motion
or that alter the permeability of the barriers cause
abnormal water diffusivity. In addition, diffusion is
inherently a three-dimensional process, and in
some tissues with an oriented microstructure, such
as brain white matter, the molecular mobility is not
the same in all directions. This property is called
anisotropy, and results in a variation in the mea-
sured diffusivity with tissue measurement direction
(18, 19). White matter fiber tracts consist of aligned
myelinated axons and, therefore, hindrance of wa-
ter diffusion is much greater across rather than
along the major axis of axonal fibers (20). Under
these conditions, afull characterization of diffusion
can only be found in terms of a tensor (21), a
3 X 3 matrix where the on-diagonal elements rep-
resent the diffusion coefficients along the axes of
the reference frame, whereas the off-diagonal ele-
ments account for the correlations between molec-
ular displacement along orthogonal directions.
From the tensor, it is possible to derive some scalar
indices, invariant to the changes in the frame of
reference, which reflect the diffusion characteristics
of the tissue. These measures include 1) the mean
diffusivity (D) (equal to one third of the trace of
the diffusion tensor), which is a measure of the
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average molecular motion independent of any tis-
sue directionality and is affected by cellular size
and integrity (22, 23); and 2) the fractional anisot-
ropy (FA), which is one of the most commonly
used measures of deviation from isotropy (22) and
reflects the degree of alignment of cellular struc-
tures within fiber tracts, as well as their structural
integrity. The pathologic elements of MS have the
potential to alter the permeability or geometry of
structural barriers to water molecular diffusion in
the brain and, consistent with this, water diffusivity
is higher and FA lower in MS lesions than in
NAWM and in white matter of healthy volunteers
(24-26).

MT and DT characteristics can be analyzed on a
region of interest (ROI) basis or on a more global
basis by using histogram analysis (8, 27-30), an
approach that allows evaluation of all the brain tis-
sue, thus providing an assessment of both macro-
scopic and microscopic disease burden in MS. Be-
cause the relative contributions of conventional,
MT, and DT MR imaging to study MSin vivo have
never been investigated, aims of this study were to
investigate the magnitude of the correlations be-
tween various MT and DT MR imaging—derived
metrics and between these quantities and measures
derived from conventional MR imaging.

M ethods

Subjects

We studied 34 patients (21 female and 13 male patients)
with clinically definite, relapsing-remitting MS (RRMS) (31).
Their mean age was 34.8 years (SD, 7.5), the median duration
of the disease was 6.5 years (range, 1-20), and the median
Expanded Disability Status Scale (EDSS) score (32) was 1.5
(range, 0.0—4.5). All patients had neither relapses nor steroid
treatment during the 3 months preceding study initiation. Fif-
teen age-matched healthy volunteers (nine female and six male
subjects) served as controls. Their mean age was 34.0 years
(SD, 9.6). All subjects signed a written informed consent form
prior to study entry. The study was approved by the local eth-
ics committee.

Image Acquisition

Brain MR imaging was performed at 1.5 T. During asingle
session, the following were performed without moving the
subject from the unit: 1) dual-echo turbo spin-echo imaging
(3300/16-98 [TR/TE]; acquisition, 1; echo train length, 5); 2)
T1-weighted conventional spin-echo imaging (768/15 [TR/
TE]; acquisitions, 2); 3) 2D gradient-echo (GE) imaging (600/
12 [TR/TE]; acquisitions, 2; flip angle, 20°), with and without
an off-resonance RF saturation pulse (offset frequency, 1.5
kHz; gaussian envelope duration, 7.68 ms; flip angle, 500°);
and 4) a pulsed-gradient spin-echo echo-planar pulse sequence
(interecho spacing, 0.8; TE, 123), with diffusion gradients ap-
plied in eight noncolinear directions, chosen in order to cover
three-dimensional space uniformly. The duration and maxi-
mum amplitude of the diffusion gradients were 25 ms and 21
mTm-1, respectively, giving a maximum b factor in each di-
rection of 1044 s mm~2. In order to optimize the measurement
of diffusion, only two b factors were used (33) (b, = 0, b, =
1044 s mm-2). Fat saturation was performed using a 4-RF
pulse binomial pulse train to avoid the chemical shift artifact.
A bird cage head coil of ~300-mm diameter was used for RF
transmission and for signal reception.
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For the dual-echo, T1-weighted, and GE images, 24 contig-
uous interleaved axial sections were acquired with a 5-mm
section thickness, 256 X 256 matrix, and 250 X 250-mm field
of view. The sections were positioned to run parallel to aline
that joins the most inferoanterior and inferoposterior parts of
the corpus callosum (34). For the DT MR images, 10 axial
sections with a 5-mm section thickness, 128 X 128 matrix,
and 250 X 250-mm field of view were acquired, with the same
orientation as the other images and the second-last caudal sec-
tion positioned to match exactly the central slices of these sets.
This brain portion was chosen because the periventricular area
is acommon location for MS lesions. In addition, these central
sections are less affected by the distortions due to By field
inhomogeneity, which can affect image coregistration.

Image Analysis and Postprocessing

An experienced observer examined the hard copies of the
proton density (PD)-weighted and T1-weighted scans and
marked the PD hyperintense and the T1 hypointense lesions.
T2-weighted images were always used to increase confidence in
lesion identification. Using the marked hard copies as a refer-
ence, atrained technician outlined lesions as ROI on a computer
display and measured the T2 and T1 lesion volumes (LV) using
a semiautomated technique based on local thresholding (35).

Brain volume was measured from T1-weighted images by
using a seed growing technique for brain parenchyma segmen-
tation. This method is based on signal intensity thresholding.
A seed point was positioned in any part of the cerebral paren-
chyma, and from this seed, an ROl was grown. This ROI con-
tained all connected pixels within two given signal intensity
values. The upper and lower signal intensity for seed growing
could be interactively changed on a section-by-section basis.
If the ROI crossed the border of interest, a manual boundary
was drawn to limit the seed growing. At the end of the seg-
mentation process, the tissue volume was calculated by mul-
tiplying the number of pixelsincluded in the ROI for the voxel
size. All brain volume measurements were done by the same
observer who identified the MS lesions.

From the two GE images, with and without the saturation
pulse, MTR maps were derived pixel-by-pixel according to the
following equation: MTR = (Mg — Mg)/Mg X 100%, in which
Mg is the signal intensity for a given pixel without the satu-
ration pulse and Mg is the signal intensity for the same pixel
when the saturation pulse is applied. MTR maps were then
coregistered with the dual-echo T2-weighted images by using
an agorithm based on mutual information (36).

DT MR images were first corrected for distortion induced
by eddy currents by using an algorithm that minimizes mutual
information between the diffusion unweighted and weighted
images (36). Then, assuming a monoexponential relationship
between signal intensity and the product of the b matrix (a 3
X 3 matrix that expresses the relationship between the signal
attenuation and the elements of the diffusion tensor matrix)
and diffusion tensor matrix components, the diffusion tensor
was calculated for each pixel according to the following equation:

M 6 6
DL

where M is the measured signal intensity, Mg is the T2-weight-
ed signal intensity, by; are the elements of the b matrix, and
D;j are the elements of the diffusion tensor matrix. The tensor
was estimated by nonlinear regression using the Marquardt-
Levenberg method. After diagonalization of the estimated ten-
sor matrix, D and FA were derived for every pixel. The dif-
fusion images were interpolated to the same image matrix size
as that of the dual-echo images, and then the b = 0 step of
the echo-planar scans (T2-weighted, but not diffusion-weight-
ed) was coregistered with the dual-echo T2-weighted images
by using an agorithm based on mutual information (36). The
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same transformation parameters were then used to coregister
the D and FA images to the dual-echo images.

Lesion outlines on PD-weighted images were automatically
transferred onto the coregistered MTR, D, and FA images, and
the area, D, and FA of each lesion measured. Then the average
lesion D and FA, weighted by lesion area (28), were calculated
for each patient. _

Histograms of MTR, D, and FA maps were created as pre-
viously described (8, 27, 28), after removal of the extracerebral
tissue and of CSF, by using the same technique applied to
segment lesions (35). Only the brain portion covered by both
MT and DT MR images (ie, the central 10 sections) entered
the histogram analysis. To correct for the between-subject dif-
ferences in brain volume, each histogram was normalized by
dividing the height of each histogram bin by the total number
of pixels contributing to the histogram. MTR and D histograms
were derived from the overall brain tissue studied (BT) and
from the normal-appearing brain tissue (NABT) (ie, the tissue
not involved by macroscopic T2 hyperintense lesions). To ob-
tain the MTR and D histograms of NABT, MS lesion outlines
from T2-weighted scans were automatically transferred onto
the coregistered MTR and D maps and then nulled out. FA
histograms were derived only from the BT. For al the histo-
grams, the average MTR, D, and FA values were calculated,
as well as the heights and locations of the peaks of the
histograms.

Satistical Analysis

The univariate correlations between the different MR-de-
rived measures and between the different MR-derived mea-
sures and EDSS were assessed using the Spearman rank cor-
relation coefficient. Group comparisons were assessed using a
two-tailed Student t test for non-paired data. To reflect thelarge
number of statistical comparisons, only P values < .001 were
considered statistically significant. Owing to the exploratory
nature of this study, we did not apply a more rigorous statis-
tical correction for multiple comparisons in order to minimize
the risk of type Il errors. Only the correlations that were found
to be statistically significant or whose magnitude was at least
moderate (ie, with an r value = 0.3) are reported.

Results

In Table 1, the values of the different conven-
tional, MT, and DT MR quantities studied are re-
ported for the whole patient sample. No T2-hyper-
intense or T1-hypointense lesions were found on
the scans of healthy control subjects. Average D
was significantly lower (0.90 X 103 mm2 s 1, P
= .0001) and average MTR significantly higher
(40.3%, P = 0.0001) in control subjects than in
patients. All the other MTR and D histogram—de-
rived metrics also significantly differed between
control subjects and MS patients (P values ranging
from .003 to .0001).

No significant correlation was found between
any of the MTR and FA histogram—derived metrics
and conventional MR measures (T2 and T1 LV and
brain volume). Modest, but statistically insignifi-
cant correlations were found between T2 and T1
LV and the peak heights of the MTR histograms (r
values ranging from —0.31 to —0.45). All the BT
and NABT D histogram—derived metrics were sig-
nificantly correlated with T2 and T1 LV (Table 2),
whereas they were not significantly correlated with
brain volume.
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TABLE 1. Measures derived from conventional, MT, and DT MR imaging from 34 RRMS patients

Mean Median Range

T2 LV (mL) 171 12.2 0.4-106.9
T1LV (ML) 36 2.4 0.0-17.8
Brain volume (mL) 1136.6 11435 916.0-1424.0
Average lesion MTR (%) 36.4 363 31.1-42.6
Average lesion D (X 1073 mm2 s1) 0.95 0.96 0.66-1.11
Average lesion FA 0.25 0.33 0.19-0.34
BT average MTR (%) 38.8 387 36.2-42.7
BT MTR peak height 1122 110.3 92.4-136.6
BT MTR peak position (%) 33.6 335 30.0-39.0
NABT average MTR (%) 38.8 38.8 36.3-42.7
NABT MTR peak height 1129 111.8 92.4-136.8
NABT MTR peak position (%) 33.6 335 30.0-39.0
BT average D (X 103 mm2 s'1) 0.95 0.94 0.87-1.10
BT D peak height 93.3 95.1 55.3-117.6
BT D peak position (X 10-3 mm? s1) 0.78 0.78 0.72-0.90
NABT average D (X 10-3 mm2 s1) 0.95 0.94 0.90-1.09
NABT D pesk height 93.6 96.0 55.2-118.9
NABT D peak position (X 10-3 mm? s-1) 0.78 0.78 0.72-0.90
BT average FA 0.21 0.21 0.19-0.23
BT FA peak height 452 446 37.4-53.1
BT FA peak position 9.9 10.0 8.0-12.0

Note.—See text for abbreviations.

TABLE 2: Correlations between D histogram—derived metrics and T2 and T1 LV in 34 RRMS patients

T2 Lesion Volume

T1 Lesion Volume

r P r P
BT D (X 10-3 mm2 s-1) 0.78 < 001 071 < .001
BT D peak height —0.68 < .001 —0.65 < .001
BT D peak position (X 10-3 mm? s-1) 0.58 < .001 0.53 < .001
NABT average D (X 10-3 mm2 s-1) 0.77 < .001 0.70 < .001
NABT D peak height —0.65 < .001 —0.63 < .001
NABT D peak position (X 10-3 mm2 s1) 0.57 < .001 0.52 < .001

Note.—See text for abbreviations and statistical analysis.

No significant correlations were found among
the corresponding quantities of the MTR, D, and
FA histograms. Modest, but statistically insignifi-
cant correlations were found among the average BT
D and FA (r = —0.39), the peak positions of the
MTR histograms, and the average D values from
both BT and NABT (r values ranging from —0.34
to —0.43) and among the average FA and the peak
heights of BT or NABT D histograms (r = 0.32).
Average leson MTR, D, and FA were neither sig-
nificantly correlated nor showed a trend toward
significance.

None of the MR quantities we measured were
significantly correlated with patient EDSS score.
EDSS was modestly, but not significantly, corre-
lated only with T1 LV (r = 0.36).

Discussion
Although the assessment of lesion burden from
T2-weighted MR scans is widely used as a surro-

gate marker of disease evolution in MS studies (4),
abnormalities seen on T2-weighted images do not

provide specific information regarding the hetero-
geneous pathologic substrates of M S lesions (3, 4),
which can range from inflammation and vasogenic
edema to irreversible demyelination and axonal
loss. Another major limitation of T2-weighted MR
imaging is its inability to detect and quantify the
extent and severity of the microscopic damage
known to occur in NAWM (5-8). The nature and
extent of lesions and NAWM pathologic abnor-
malities are likely to influence MS manifestations
and evolution (8, 37, 38). For instance, evidence of
tissue loss (1) and widespread NAWM changes (8)
can be found in MS patients with severe and irre-
versible neurologic disability, even when T2 and
enhancing lesion loads are relatively low. For all
these reasons, quantitative MR techniques, with the
potential to provide more pathologically specific
and accurate information about MS, have recently
been introduced in the assessment of MS patients
(2—4). MT and DT MR imaging are two of the
most promising techniques for at least two reasons.
First, they provide quantitative and objective mea-
sures. Second, they allow a large brain coverage,
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which is important in multifocal and widespread
diseases, such as MS. Previous MS studies used
MT or DT MR imaging in isolation and, therefore,
did not have the opportunity to investigate the cor-
relation among quantities derived from these tech-
niques. Because different MR techniques necessar-
ily provide overlapped information, defining the
magnitude of such a correlation is an important pre-
requisite to avoid the acquisition of redundant MR
data.

In this study, we found that quantities derived
from MTR histogram anaysis of the BT and
NABT are not significantly correlated with the cor-
responding quantities from D and FA histograms.
This confirms and extends the results of a previous
study that used diffusion-weighted MR imaging
and showed a lack of correlation between average
MTR and D of BT (27). We also did not find sig-
nificant correlations between lesion MTR, D, and
FA. These observations suggest that MT and DT
MR imaging provide relatively independent mea-
sures of MS pathologic abnormalities and that their
combined use might result in a gain of relevant
information leading to an understanding of the
mechanisms underlying the clinical manifestations
of the disease. Although correlative studies with
histopathology are needed, we believe that the lack
of correlation between MTR and DT MR metrics
in the brain tissue is the result of the complex re-
lationship between destructive (inflammation, de-
myelination, and axonal loss) and reparétive (re-
myelination and gliosis) mechanisms occurring
within and outside T2-visible lesions and their var-
iable effectson MTR, D, and FA values. That MTR
and DT MR metrics provide complementary and
partialy independent information is supported by
another finding that DT histogram metrics are
strongly correlated with T2 and T1 LV, whereas
quantities derived from MTR histograms are mod-
estly, but not significantly, correlated.

We did not find any correlation between brain
volume and quantities derived from MT and DT
MR imaging. The measurement of brain volume
has recently been suggested as a marker of MS se-
verity with the potential to monitor the disease evo-
lution accurately (39). Several studies found that
MR imaging measures of brain atrophy were cor-
related with the level of disability or the course of
the disease (40—44) and found moderate correlation
between brain volume and M TR histogram—derived
metrics (45-47). The discrepancy between our re-
sults and those of previous studies (45-47) might
be due to the clinical characteristics of the patients
we studied, who were mildly disabled by RRMS.
Although brain volumes vary markedly in healthy
individuals and, as a consequence, a normalization
of brain volumes would have been desirable (43),
this observation suggests that brain atrophy mea-
surement might not be sensitive to the most early
and subtle aspects of the M S pathologic abnormal-
ities. It is indeed conceivable that brain atrophy in
MS is a late phenomenon, which follows the ap-
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pearance of other evidences of tissue loss and dis-
organization, detectable by MT and DT MR im-
aging. This is consistent with recent MR
spectroscopy findings, indicating that the presence
of axonal damage can be detected in RRMS pa-
tients in the absence of concomitant decreases of
brain volume (48).

Conclusion

Although preliminary and warranting further in-
vestigation, our results suggest that the application
of different MR techniques with variable sensitivity
to the heterogeneous pathologic aspects of MS
might contribute to a better understanding of MS
pathophysiology and call for a multiparametric MR
approach in the study of patients with MS.
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