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Long-Term Changes of Magnetization Transfer–Derived
Measures from Patients with Relapsing-Remitting and

Secondary Progressive Multiple Sclerosis

Maria A. Rocca, Giovanna Mastronardo, Mariemma Rodegher, Giancarlo Comi, and Massimo Filippi

BACKGROUND AND PURPOSE: For cases of multiple sclerosis (MS), magnetization trans-
fer (MT) imaging may provide more pathologically specific and accurate estimates of the dis-
ease process than does conventional imaging. In this study, we evaluated changes of the MT
ratio (MTR) of newly enhancing lesions, the MTR of normal-appearing white matter (NAWM),
the average lesion MTR, and the MT histogram-derived metrics during a 3-year follow-up
period for patients with relapsing-remitting or secondary progressive MS.

METHODS: Dual-echo, conventional spin-echo, and MT images were obtained from seven
patients with relapsing-remitting MS, seven patients with secondary progressive MS, and five
age- and sex-matched control subjects at the time of study entry and 1, 13, and 37 months
later.

RESULTS: Newly enhancing lesions in the patients with secondary progressive MS presented
a more severe and significant MTR reduction during the follow-up period as compared with
those in the relapsing-remitting group. In cases of secondary progressive MS, we also observed
a significant reduction of the MTR values of the NAWM and a trend toward reduction of
average lesion MTR values. The patients with MS had mean percentage changes of MT his-
togram-derived measures that were approximately two to 10 times higher than those of the
control subjects.

CONCLUSION: This preliminary 3-year follow-up study shows that newly enhancing lesions
and NAWM in patients with secondary progressive MS have significantly lower MTR values
than do those in patients with relapsing-remitting MS. It also shows that the tissue damage
that remains after enhancement ceases is more severe in secondary progressive disease.

In cases of multiple sclerosis (MS), conventional
MR imaging is quite sensitive in detecting new le-
sion formation and lesion changes over time (1–3).
Nonetheless, conventional MR imaging is not with-
out limitations. These include the lack of specificity
to the heterogeneous pathologic substrates of the
MS lesions, which range from edema and inflam-
mation to severe demyelination and axonal loss (4),
and the inability to detect the full extent of the
disease process (5–8). New lesion formation, pro-
gressive damage in preexisting lesions, and pro-
gressive damage in normal-appearing white matter
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(NAWM) may all contribute to determining MS
evolution. The two latter factors cannot be evalu-
ated using conventional MR imaging, and this
might explain the paucity of correlations found be-
tween clinical and MR findings in previous studies
(1–3, 9).

Magnetization transfer (MT) imaging is prom-
ising for more accurate monitoring of the evolution
of MS. MT imaging is based on the interactions
between protons in a relatively free environment
and in cases in which motion is restricted. In the
brain, these two states correspond to the protons in
tissue water versus those related to the macromol-
ecules of myelin and other cell membranes. Off-
resonance irradiation is applied, which saturates the
magnetization of the less mobile protons, but this
is transferred to the mobile protons, thus reducing
the signal intensity from the observable magneti-
zation. The degree of signal loss depends on the
concentration and biophysics of the macromole-
cules in a particular tissue. Therefore, a low MT
ratio (MTR) indicates a reduced capacity of the
macromolecules in brain tissue to exchange mag-
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TABLE 1: Main demographic and clinical characteristics of the patients with relapsing-remitting and secondary progressive multiple
sclerosis

RRMS SPMS P

Mean age (yr) (SD)
Male/female
Median disease duration (yr) (range)
Median EDSS scores at entry (range)
Median EDSS score at exit (range)

29 (5.8)
3/4

5 (2–9)
1.5 (1.0–3.0)
2.0 (1.0–5.0)

41 (9.2)
3/4

7 (4–16)
6.0 (4.0–6.0)
6.5 (4.5–8.0)

.01
n.s.
n.s.
.001
.003

Note.—RRMS indicates relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; n.s., not significant; EDSS,
Expanded Disability Status Scale. For statistical analysis, see the text.

netization with the surrounding water molecules,
thus possibly reflecting matrix damage (10). The
analysis of MT changes can be performed on a re-
gional basis, thus providing information regarding
individual lesions or discrete areas of the NAWM
or, on a more global basis, using MTR histograms
(8), thus giving a quantitative estimate of the over-
all disease burden in MS.

Previous studies of MS have shown that MS le-
sions have a dramatic MTR drop when they start
to enhance (11–14) and that in these lesions, the
short-term changes (3–12 months) of MTR are
highly variable, ranging from a persistent and se-
vere reduction to an almost complete recovery (11–
14). Previous studies have also shown that chronic
MS lesions are characterized by highly variable
MTR values (5), that NAWM has lower MTR val-
ues than does the white matter in healthy control
subjects (5–7, 15), and that MT-derived measures
are better correlated to the physical disability (16)
and the cognitive impairment (17, 18) of patients
with MS than are conventional MR measures. All
of these studies, however, were either cross-sec-
tional (5–7, 16–18) or had short follow-up dura-
tions (11–15). In this 3-year follow-up study, we
measured and compared MTR changes of newly
enhancing MS lesions, NAWM, the entire lesion
population, and the entire brain tissue in patients
with relapsing-remitting and secondary progressive
MS to obtain new insights into the factors under-
lying MS evolution.

Methods

Subjects

We studied 14 patients with clinically definite MS (19)
(eight women and six men) for 3 years, with MR images ob-
tained on four different occasions. Seven patients had relaps-
ing-remitting disease and seven had secondary progressive dis-
ease (20). Their mean age was 35 years (standard deviation
[SD] 5 10 years), the median duration of the disease was 6.5
years (range, 2–16 years), and the median Expanded Disability
Status Scale (EDSS) score (21) was 3.5 (range, 1–6) at the
time of entry into the study and 5 (range, 1–8) at the end of
the follow-up period. To be included in the study, patients
could not have received immunosuppressive or immunomo-
dulatory drugs for at least 1 year before the study or during
the study period. They also could not have had relapses or
steroid treatment during the 3 months preceding study initia-
tion. In case of relapses during the study, only treatment with
intravenous methylprednisolone (1 g administered daily for 3

days) was allowed. When the steroid treatment was needed
near the time of a prescheduled MR examination, MR imaging
was performed before treatment initiation or obtained at least
15 days after the treatment ended. No other immunomodulat-
ing or immunosuppressive treatment was allowed during the
study period. In Table 1, the main demographic and clinical
characteristics of the two groups of patients are reported. The
patients with secondary progressive MS were older, had longer
disease duration, and were more disabled than the patients with
relapsing-remitting MS. The EDSS changes observed during
the follow-up period, however, were similar in the two groups
of patients. This might be explained by the high EDSS scores
that the patients with secondary progressive MS had at the
time of study entry. Five healthy volunteers (three women and
two men; mean age, 35 years; SD, 8 years) served as control
subjects. Local ethical committee approval and written in-
formed consent from all subjects were obtained before study
initiation.

MR Imaging

MR images of the brain were obtained from all subjects
using a 1.5-T unit at the time of study entry (entry images)
and 1 month (67 days) (baseline images), 13 months (628
days) (1-year images), and 37 months (628 days) (3-year
images) later. On each occasion, the machine was on a regular
course of maintenance and no major upgrades occurred dur-
ing the study period. The acquisition of images from the con-
trol subjects was interleaved with the acquisition of images
from the patients. In each session, the following images were
obtained: 1) dual-echo conventional spin-echo (CSE) (2400/
30,80/1 [TR/TE/excitations]); 2) 2D gradient echo (600/12,
a 5 208), with and without a saturation pulse (the saturation
pulse was an off-resonance RF pulse centered 1.5 kHz below
the water frequency and with a gaussian envelope of duration
of 16.4 milliseconds, a bandwidth of 250 Hz, and an ampli-
tude of 3.4 3 1026 T); 3) unenhanced T1-weighted CSE (768/
15/2); and 4) contrast-enhanced T1-weighted CSE, with the
same acquisition parameters as before contrast injection, 5
minutes after injection of contrast medium (0.1 mmol/kg).
For all images, 24 contiguous interleaved axial sections were
acquired with a 5-mm section thickness, 256 3 256 matrix,
and 250-mm field of view, giving an in-plane resolution of
approximately 1 3 1 mm. The same acquisition parameters
were used for the MT images, except for the number of sec-
tions, which was 20. The set of sections for the MT images
was positioned to obtain the same central 20 sections as for
the dual-echo and T1-weighted images. For follow-up stud-
ies, the patients were carefully repositioned according to pub-
lished guidelines (22).

From the two images, one without (Mo) and one with (Ms)
saturation pulse, quantitative MTR images were derived pixel
by pixel according to the following equation: MTR 5 (Mo 2
Ms)/Mo 3 100, in which Mo is the mean signal intensity for
a particular pixel without the saturation pulse and Ms is the
mean signal intensity for the same pixel when the saturation
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TABLE 2: Magnetization transfer ratio values of newly enhancing
lesions from patients with relapsing-remitting and secondary pro-
gressive multiple sclerosis on the baseline and follow-up images

Baseline
Images 1-Yr Images 3-Yr Images P*

All patients
RRMS
SPMS
P†

35.0 (5.1)%
36.1 (4.9)%
32.6 (4.1)%

n.s.

32.1 (4.2)%
34.0 (3.6)%
27.4 (2.9)%

.002

33.9 (4.5)%
35.7 (3.6)%
26.5 (2.6)%

, .0001

n.s.
n.s.

.0005

Note.—NAWM indicates normal-appearing white matter; RRMS,
relapsing-remitting multiple sclerosis; SPMS, secondary progressive
multiple sclerosis; n.s., not significant.

* Statistical analysis, one-way analysis of variance. Post hoc com-
parisons (Student’s t-test for unpaired data). Patients with SPMS base-
line magnetization transfer ratio (MTR) versus 1-year MTR (P 5
.004); baseline MTR versus 3-year MTR (P 5 .0009); 1-year MTR
versus 3-year MTR (not significant).

† Statistical analysis (comparisons between RRMS and SPMS). Stu-
dent’s t-test for unpaired data.

pulse is applied. Signal intensities in the calculated images are
represented by the MTR value.

Image Review

Newly enhancing lesions were those that enhanced on fol-
low-up images but were not enhancing on the entry images.
They were identified and marked on the hard copies, by agree-
ment, by two observers who were unaware of the patients’
clinical status. Then, a single observer displayed the baseline
enhanced images on a computer screen and, using marked hard
copies as a reference, outlined these lesions, applying a semi-
automated segmentation technique based on local thresholding
and characterized by high intra- and interrater reproducibility
(23). The regions of interest (ROIs) outlined on the enhanced
images were then mapped onto the coregistered MT images,
and the areas and MTR (on the corresponding images and on
two follow-up images) of the regions were measured. Coregis-
tration of images was performed using the realignment method
implemented in the SPM96 software package (Wellcome De-
partment of Cognitive Neurology, Institute of Neurology, Lon-
don, England) for intratechnique image registration (24). This
technique estimates the spatial transformation needed to remap
images from different MR studies into the same spatial refer-
ence system, thus enabling a voxel-by-voxel correspondence
between different MR studies to be obtained and ensuring the
correct positioning of ROIs across multiple images. On the
same occasions, using the same method and square ROIs of
8.6 mm2, MTR values of two areas in the CSF of both lateral
ventricles were measured in the patients with MS. MTR values
of the NAWM in different brain regions were also studied on
the baseline, 1-year, and 3-year images, using square ROIs of
8.6 mm2. The NAWM areas selected had no adjacent visible
MS lesions on the coregistered dual-echo images, either in the
same section or the sections above and below. For each MTR
examination, ROIs were placed in 11 different brain areas with
NAWM (anterior part of the pons, left and right cerebellar
hemispheres, left and right internal capsules, white matter close
to the anterior and posterior parts of the left and right lateral
ventricles, and white matter areas close to the cortical gray
matter of the right and left central fissures). The MTR of
NAWM from the patients were compared with the MTR of
white matter from the healthy control subjects, obtained using
the same approach.

Using the dual-echo images as a reference, a single observer
who was unaware of the patients’ clinical status and the order
of acquisition of the images, outlined lesions on the MTR
maps. Average lesion MTR was calculated for each patient
according to the following formula:

N

A 3 MTRO i i
i51Average lesion MTR 5 N

AO i
i51

where N is the number of lesions in that patient, Ai is the area
of lesion i, and MTRi is the average MTR in lesion i.

Histograms of the brain were obtained from all subjects at
baseline and at the end of the follow-up period after the image
postprocessing method previously described (8, 17, 18). The
entire brain was first manually segmented from the MTR maps
by a single observer who was unaware of the patients’ clinical
status and the order of acquisition of the images, and then
MTR histograms (with bins 1% in width) were created. We
excluded from analysis all pixels with MTR values lower than
10% to eliminate CSF and points corresponding to noise alone.
To correct for the between-participant variability of brain vol-
ume, each histogram was normalized by dividing it by the total
number of pixels included. For each histogram, the following
measures were derived: 1) the relative peak height (ie, the
number of pixels at the most common MTR values); 2) the

peak position (ie, the most common MTR); 3) the mean brain
MTR; 4) MTR25, MTR50, and MTR75, which indicate the
MTR at which the respective integrals of the histogram are
25%, 50%, and 75% of the total area under the curve; and 5)
the number of segmented pixels, which is a measure of the
overall brain size. All histogram-derived measures are repre-
sentative of the tissue studied as a whole, thus including MS
lesions, NAWM, and normal-appearing gray matter.

Statistical Analysis

Differences in clinical measures between the two groups of
patients were studied using Student’s t-test for unpaired data
when the data were normally distributed or using the Mann-
Whitney test when the data were not normally distributed.
One-way analysis of variance was used to evaluate changes
over time of MT-derived measures (MTR of newly enhancing
lesions, MTR of NAWM, MTR of CSF, and average lesion
MTR) from the patients and control subjects and to compare
MT-derived measures at each time point for the control sub-
jects, patients with relapsing-remitting MS, and patients with
secondary progressive MS. Post hoc analysis was performed
using Student’s t-test for unpaired data (lesions) and for paired
data (NAWM and CSF). MT histogram-derived measures were
compared using the Mann-Whitney test.

Results
No abnormalities were found on the images ob-

tained from the control subjects. Fifty (40 in the
relapsing-remitting group and 10 in the secondary
progressive group) newly enhancing lesions were
found on the baseline images. The mean area of
these lesions was 0.13 mL (SD 5 0.08 mL) for the
patients with relapsing-remitting MS and 0.17 mL
(SD 5 0.05 mL) for the patients with secondary
progressive MS (this difference was not statistically
significant). In Table 2, the MTR of these lesions
at the time of their appearance and their changes
over time are reported. In the whole sample size,
there was no significant change of MTR values
over time. Nonetheless, newly enhancing lesions in
the patients with secondary progressive MS com-
pared with those in the patients with relapsing-re-
mitting MS had lower MTR at the time of their
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TABLE 3: Magnetization transfer ratio values of CSF areas from
patients with relapsing-remitting and secondary progressive mul-
tiple sclerosis

Patients Baseline Images 1-Yr Images 3-Yr Images

RRMS
SPMS
All

0.4 (0.1)%
0.4 (0.1)%
0.4 (0.1)%

0.5 (0.1)%
0.4 (0.2)%
0.4 (0.1)%

0.4 (0.1)%
0.5 (0.1)%
0.4 (0.1)%

Note.—RRMS indicates relapsing-remitting multiple sclerosis;
SPMS, secondary progressive multiple sclerosis. For statistical anal-
ysis, see the text.

TABLE 4: Magnetization transfer ratio values of normal-appear-
ing white matter areas from control participants and from patients
with relapsing-remitting and secondary progressive multiple scle-
rosis

Baseline
Images 1-Yr Images 3-Yr Images P*

Control
RRMS
SPMS
P†

51.9 (1.2)%
51.0 (1.2)%
50.6 (1.5)%

,.0001

51.6 (1.3)%
50.9 (0.9)%
50.2 (1.1)%

,.0001

51.8 (1.1)%
50.7 (1.0)%
49.9 (1.2)%

,.0001

n.s.
n.s.
.01

Note.—NAWM indicates normal-appearing white matter; RRMS,
relapsing-remitting multiple sclerosis; SPMS, secondary progressive
multiple sclerosis; n.s., not significant.

* Statistical analysis, one-way analysis of variance. Post hoc com-
parisons (Student’s t-test for paired data). Patients with SPMS: baseline
MTR versus 3-year MTR (P 5 .008); baseline MTR versus 1-year
MTR (not significant); 1-year MTR versus 3-year MTR (not signifi-
cant).

† Statistical analysis, one-way analysis of variance. Post hoc com-
parisons (Student’s t-test for unpaired data). Baseline scans: control
versus RRMS (P 5 .01); control versus SPMS (P 5 .001); RRMS
versus SPMS (not significant). One-year scans: control versus RRMS
(P 5 .01); control versus SPMS (P , .0001); RRMS versus SPMS
(P , .0001). Three-year scans: control versus RRMS (P 5 .01); con-
trol versus SPMS (P , .0001); RRMS versus SPMS (P , .0001).

TABLE 5: Average lesion magnetization transfer ratio from pa-
tients with relapsing-remitting and secondary progressive multiple
sclerosis

Baseline
Images 1-Yr Images 3-Yr Images P*

All patients
RRMS
SPMS
P†

41.9 (4.7)%
44.4 (2.1)%
39.4 (5.3)%

.04

39.6 (3.4)%
42.2 (1.2)%
37.3 (3.0)%

.004

39.7 (3.9)%
43.1 (0.6)%
36.4 (2.5)%

,.0001

n.s.
n.s.
n.s.

Note.—RRMS indicates relapsing-remitting multiple sclerosis;
SPMS, secondary progressive multiple sclerosis; n.s., not significant.

* Statistical analysis, one-way analysis of variance.
† Statistical analysis (comparison between RRMS and SPMS). Stu-

dent’s t-test for unpaired data.

appearance and presented a more severe and sig-
nificant MTR reduction during the follow-up peri-
od (Table 2). The mean MTR reduction of newly
enhancing lesions between the baseline and 3-year
images was 6.05% (SD 5 6.06%) in the patients
with secondary progressive disease and 0.33% (SD
5 4.66%) in the patients with relapsing-remitting
disease (P 5 .01). The MTR values from the CSF
ROI were within the expected range, were similar
for the two groups of patients, and remained stable
over time (Table 3).

The average MTR values obtained for the
NAWM areas studied were higher for the control
subjects than for the patients at any time point (Ta-
ble 4). During the follow-up period, the MTR val-
ues of the NAWM from the control subjects and
from the patients with relapsing-remitting MS re-
mained stable, whereas the MTR values of the
NAWM from the patients with secondary progres-
sive MS showed a significant reduction (Table 4).

In Table 5, the average lesion MTR at each time
point is reported for the whole sample size and for
the patients with relapsing-remitting and secondary

progressive MS. At each time point, the patients
with secondary progressive MS had significantly
lower MTR values than did the patients with re-
lapsing-remitting MS. Although no significant
changes were observed in either of the groups (per-
haps because of the relatively small sample sizes),
the average lesion MTR appeared to remain stable
through the 3-year follow-up period in the patients
with relapsing-remitting disease whereas it showed
a trend toward progressive reduction in the patients
with secondary progressive disease (this is reflected
by the increased significance of the MTR differ-
ences between the two groups during the follow-
up period).

In Table 6, the MT histogram-derived metrics are
reported at baseline and 3-year follow-up for the
control subjects and patients. In Figure 1, the MT
histograms from patients with relapsing-remitting
and secondary progressive MS at baseline and at
3-year follow-up are presented. In the control sub-
jects, there was no significant change in any of the
parameters, whereas in the patients, we observed a
significant reduction of average brain MTR,
MTR25, MTR50, and peak height. A significant re-
duction in brain size was also noticed in the pa-
tients. Considering patients with relapsing-remit-
ting and secondary progressive MS separately, no
significant change was observed in secondary pro-
gressive MS whereas MTR25 (P 5 .02) and the
number of segmented pixels (P 5 .001) decreased
significantly during the follow-up period in the pa-
tients with relapsing-remitting MS. The percentage
of changes during the follow-up period of the MT
histogram-derived parameters from the control sub-
jects and patients are reported in Table 7. The pa-
tients had mean percentage changes that were ap-
proximately two to 10 times higher than those in
the control subjects and reached significance for
MTR25, peak height, and number of segmented
pixels. When considering the two patient groups
separately, those with relapsing-remitting disease
showed the highest mean percentage of change.
Compared with the healthy control subjects, they had
significantly greater changes for MTR25 (P 5 .01)
and number of segmented pixels (P 5 .002). Com-
pared with the patients with secondary progressive
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TABLE 6: Mean magnetization transfer metrics at baseline and at 3-year follow-up in control participants and in patients with multiple
sclerosis

Control Participants

Baseline Images 3-Yr Images

Patients

Baseline Images 3-Yr Images P*

Average brain MTR (%) (SD)
MTR25 (%) (SD)
MTR50 (%) (SD)
MTR75 (%) (SD)
Peak height (%) (SD)
Peak position (%) (SD)
Number of pixels (31000) (SD)

45.4 (0.9)
35.6 (1.5)
41.3 (0.5)
45.3 (1.5)
67.4 (3.4)
43.3 (1.5)

126.5 (10.5)

45.9 (1.1)
36.3 (0.5)
41.6 (1.1)
46.0 (1.7)
66.5 (5.6)
44.0 (1.7)

123.3 (9.2)

45.6 (3.3)
35.5 (4.1)
41.8 (2.9)
46.0 (2.9)
66.9 (12.9)
44.2 (2.8)

134.6 (22.2)

43.3 (1.7)
31.8 (2.9)
39.8 (1.7)
44.6 (1.4)
57.4 (8.7)
42.8 (1.5)

110.5 (10.9)

.03

.01

.04
n.s.
.03
n.s.
.001

Note.—RRMS indicates relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; MTR, magnetization transfer
ratio; n.s., not significant.

* Statistical analysis, Mann-Whitney test. The reported P values refer to the comparisons of baseline versus 3-year follow-up data from patients.
No significant changes were observed in the control participants.

FIG 1. MTR histograms from patients with relapsing-remitting (solid lines) and secondary progressive (dotted lines) MS at baseline (A)
and at 3-year follow-up (B).

TABLE 7: Mean percentage changes over time of the magnetization transfer histogram-derived metrics from control participants and from
patients with multiple sclerosis

Control
Participants All Patients RRMS SPMS P*

Average brain MTR (%) (SD)
MTR25 (%) (SD)
MTR50 (%) (SD)
MTR75 (%) (SD)
Peak height (%) (SD)
Peak position (%) (SD)
Number of pixels (SD)

1.1 (0.6)
1.9 (1.6)
0.8 (1.4)
1.5 (1.3)
1.4 (3.3)
1.5 (1.3)
2.5 (1.0)

4.6 (5.9)
9.9 (7.8)
4.4 (6.4)
2.6 (5.8)

13.4 (8.8)
2.8 (5.3)

16.5 (11.2)

5.8 (5.8)
11.8 (7.1)
5.5 (5.3)
3.8 (5.5)

14.2 (9.3)
3.3 (5.1)

25.5 (8.2)

3.4 (6.2)
8.0 (8.5)
3.3 (7.5)
1.5 (6.3)

12.5 (8.9)
2.3 (5.9)
7.4 (3.8)

n.s.
.01
n.s.
n.s.
.03
n.s.
.02

Note.—RRMS indicates relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; MTR, magnetization transfer
ratio; n.s., not significant.

* Statistical analysis, Mann-Whitney test. The reported P values refer to the comparisons between the control participants and the whole patient
sample. Between-group comparisons are reported in the text.

MS, they had a greater reduction in the number of
segmented pixels (P 5 .03).

Discussion
This 3-year follow-up study showed that newly

enhancing lesions in patients with secondary pro-
gressive MS have significantly lower MTR values
than those in patients with relapsing-remitting MS.
It also showed that in these lesions, the tissue dam-
age that remains after enhancement has ceased is

more severe. The lower MTR of newly enhancing
lesions in patients with secondary progressive MS
might result from an unfavorable balance between
damaging and reparative mechanisms active from
the very early stages of MS lesion formation (25)
or might be due to new damage being superim-
posed on older lesions, where relevant damage has
already occurred. The further reduction in MTR
values of these lesions during the follow-up period
might be caused by multiple disease reactivation
within lesions in patients with secondary progres-
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sive MS or might be the result of a more severe
intrinsic pathologic process once the lesions of
such patients are formed. Because of the imaging
schedule we used, the present study cannot solve
this issue. Nevertheless, whatever the mechanisms
underlying the different evolution of newly en-
hancing lesions in patients with relapsing-remitting
MS and secondary progressive MS are, these re-
sults fit well with the more severe clinical evolution
of patients with secondary progressive disease. Al-
though MTR reduction is more evident in newly
enhancing lesions, a similar trend was also ob-
served in the overall lesion population of the pa-
tients with secondary progressive MS. This finding
strengthens previous cross-sectional observations
(16) that patients with secondary progressive MS
have the lowest average lesion MTR values. The
lower sensitivity of average lesion MTR compared
with individual lesion assessment in detecting
changes over time might be a consequence of the
less dramatic changes occurring in the population
of chronic lesions and to the concomitant presence
of various degrees of damaging and reparative
mechanisms in the different lesions in the same
patients.

Although the pathologic substrates of marked
MTR reductions in MS lesions are still unclear,
profound MTR reductions might be associated with
severe loss of tissue structural integrity. A recent
preliminary postmortem report found a correlation
between MTR and percentage of residual axons in
MS lesions (26). Animal studies also have showed
that low MTR values correlated with histopatho-
logic findings of myelin loss and axon destruction
(27–29), whereas edematous lesions resulted in
slightly increased MTR values (5). Finally, dra-
matically reduced MTR values are found in the
‘‘pure’’ demyelinating lesions of patients with pro-
gressive multifocal leukoencephalopathy (30) or
central pontine myelinolysis (31).

In patients with secondary progressive MS, but
not in patients with relapsing-remitting MS, MTR
of the NAWM also tends to decrease over time.
This reduction is less than that observed in newly
enhancing lesions, but it might nevertheless be clin-
ically relevant. We used very accurate repositioning
and coregistration techniques, and systematic
changes of the MTR were not observed in the
white matter of the control subjects or in the CSF
of the patients. There are possible pathologic sub-
strates that may contribute to our observation.
MTR reduction reflects increased unbound water
content in diseased brain tissue. In the macroscop-
ically examined NAWM of patients with MS,
marked astrocytic proliferation, perivascular in-
flammation, and, occasionally, demyelination and
axonal loss have been detected (32–34). Any of
these processes may account for an increased
amount of unbound water in the areas that we
studied.

Our study also shows that MT histograms are
able to depict changes over time and that the degree

of such changes might be related to the different
phases of disease evolution. Previous studies have
found that patients with MS have reduced MT his-
togram-derived metrics (8, 17) and brain size (35,
36) as compared with those of control subjects. Our
study suggests that overall brain changes are not
prominent in cases of secondary progressive MS;
possibly, it is more difficult to detect changes be-
cause of the severe brain involvement already pres-
ent in such patients. These findings highlight the
importance of individual lesion monitoring in the
most advanced phases of the disease in which such
an approach, as suggested by the present study,
might provide more sensitive measures for assess-
ing disease evolution, either natural or modified by
treatment.

Conclusion
This preliminary study confirms that MT-derived

measures are promising for the assessment of MS
disease evolution and that the factors underlying
the development of disability in MS may change
in the different phases of the disease. As a conse-
quence, it also suggests that MT measurement strat-
egies should be tailored to the patient group
studied.
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