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Serial Whole-Brain Magnetization Transfer
Imaging in Patients with Relapsing-Remitting
Multiple Sclerosis at Baseline and during
Treatment with Interferon beta-1b

Nancy D. Richert, John L. Ostuni, Craig N. Bash, Jeff H. Duyn, Henry F. McFarland, and
Joseph A. Frank

BACKGROUND AND PURPOSE: To determine whether occult disease fluctuates with mac-

roscopic lesions during the natural history of multiple sclerosis (MS) and whether therapeutic
interventions affect occult disease, we performed serial monthly magnetization transfer (MT)
imaging in patients with relapsing-remitting MS in a crossover trial with interferon beta-1b.

METHODS: Serial whole-brain magnetization transfer ratios (MTRs) in eight patients with
relapsing-remitting MS and in four control subjects were plotted as normalized histograms,
and MTR parameters were compared with contrast-enhancing lesions and bulk white matter
lesion load.

RESULTS: In patients with relapsing-remitting MS, the histographic peak of 0.25 = 0.01 and
the histographic mean of 0.21 * 0.01 were statistically lower than corresponding values in
control subjects, in whom the histographic peak was 0.27 = 0.01 and the histographic mean was
0.23 = 0.01. When histograms (with MTRs ranging from 0.0 to 0.5) were analyzed by quartiles
(quartile 1 to quartile 4) based on histographic area, voxels with low MTRs in quartile 1 (0 to
0.12) increased during the baseline period and corresponded to bulk white matter lesion load.
Interferon beta-1b reduced enhancing lesions by 91% and mean bulk white matter lesion load
by 15%, but had no effect on MTR in this patient cohort.

CONCLUSION: Occult disease in normal-appearing white matter of patients with relapsing-
remitting MS measured by MTR parallels the waxing and waning pattern of enhancing lesions
and bulk white matter lesion load during the baseline period. MTR is not altered by interferon
beta-1b, which raises the possibility of ongoing disease in normal-appearing white matter (not

detected by conventional MR sequences).

MR imaging is the most sensitive and specific method
of imaging disease activity and of estimating total
disease burden in patients with multiple sclerosis
(MS). For this reason, it has been used as a primary or
secondary outcome measure in new treatment trials
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of therapeutic agents (1). In most treatment trials,
however, only conventional MR sequences (T1 and
T2-weighted imaging) with and without contrast ma-
terial have been used (2-4).

A relatively new method of estimating global disease
activity in MS patients is magnetization transfer (MT)
imaging. MT imaging is based on the principle that
mobile (free) protons in tissues and macromolecular
(bound) protons are in equilibrium (5). Selective satu-
ration of the bound protons with an off-resonance radio
frequency pulse reduces the signal intensity of the im-
ages as a result of MT. The reduction in signal intensity
is expressed as the magnetization transfer ratio (MTR).
Factors that affect MTR include edema and inflamma-
tion, which cause a mild reduction (5% to 8%) in MTR
(6, 7) while demyelination (7-10) and axonal loss (11,
12), which disrupt the structural integrity of tissues and
the macromolecular proton pool, cause a more pro-
found reduction in MTR.
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TABLE 1: Demographics and magnetization transfer ratio (MTR) histographic data in control subjects and in patients with releasing-remitting

multiple sclerosis (MS)

Disease EDSS No. of Bulk White
Subjects Age, y/Sex R Enhancing Matter Lesion MTR Peak MTR Mean
Duration, y Score . 3
Lesions Load, cm

Control group

A 50/M 0.28 0.23

B 34/F 0.28 0.23

C 29/M 0.27 0.23

D 36/F 0.27 0.22

Mean (SD) 37.2 0.27 (0.01) 0.23  (0.01)
MS group, baseline

1 33/F 0.5 1.5 4.0 1.20 0.25 0.21

2 26/M 1 4.5 37.0 6.47 0.24 0.22

3 43/F 1 1.0 3.0 4.87 0.24 0.21

4 42/F 6 45 12.0 9.47 0.24 0.21

5 50/F 3 2.5 2.4 5.98 0.23 0.19

6 39/M 8 6.0 39 1.18 0.25 0.22

7 35/M 6 2.0 1.3 6.91 0.25 0.21

8 27/M 1 5.0 12.9 1.19 0.27 0.23

Mean (SD) 37 33 34 9.56 4.66 0.25 (0.01)**  0.21 (0.01)*
MS group + interferon beta-1b

1 15 0.1 0.79 0.23 0.20

2 45 1.5 6.08 0.24 0.22

3 1.0 1.3 4.27 0.24 0.21

4 35 0.0 9.80 0.25 0.22

5 2.5 0.0 4.02 0.24 0.20

6 6.0 1.0 0.89 0.26 0.22

7 1.5 1.0 4.64 0.25 0.22

8 7.0 1.5 1.21 0.27 0.23

Total (SD) 3.4 0.81* 3.96* 0.25 (0.01) 0.21 (0.01)

Note.—P values for MTR were determined by the Mann Whitney test, P values for baseline vs. treatment by the Wilcoxin signed rank test. For
both, *P < .05 and **P < .01. EDSS indicates Expanded Disability Status Scale.

Dousset et al (6) first reported a wide range of
MTR values in MS plaques, which they attributed to
the pathologic heterogeneity of the lesions (ie, the
extent of edema, demyelination, remyelination, glio-
sis, and axonal loss). Abnormal MTR values have also
been reported in the normal-appearing white matter
in MS patients (13, 14), confirming previous reports
of microscopic disease based on pathologic specimens
(15) and abnormal T1 relaxation times on MR imag-
ing examinations (16). To quantitate global disease
burden in MS patients, van Buchem et al (17, 18)
calculated whole-brain MTR on a voxel-by-voxel ba-
sis and plotted the MTR values as a histogram. Their
results showed that the height of the histographic
peak was reduced in MS patients as compared with
healthy control subjects, owing to a shift of voxels to
lower MTR values.

To date, no serial monthly studies have been per-
formed in MS patients to compare whole-brain MTR
histograms with the natural history of the disease.
The purpose of our study was to obtain longitudinal
whole-brain MTR data in patients with relapsing-
remitting MS and to determine whether we would
observe a measurable treatment effect on MTR with
interferon beta-1b.

Methods

Patient Population

Eight patients with relapsing-remitting MS were selected
from a larger cohort of patients who participated in the NIH
baseline-versus-treatment trial measuring the effect of inter-
feron beta-1b on the frequency of enhancing lesions (19). The
remaining patients in this large cohort were excluded because
of insufficient baseline or treatment examinations to which the
MT pulse sequence used in this study was applied. The demo-
graphic characteristics of the eight patients and the four
healthy age-matched control subjects are summarized in Table
1. Treatment dose of interferon beta-1b was 8 mU injected
subcutaneously every other day. The patients received monthly
neurologic examinations, and clinical disease was evaluated by
means of the Kurtzke (20) Expanded Disability Status Scale
(EDSS). The study parameters were reviewed and approved by
the Institutional Review Board of the National Institutes of
Neurological Disease and Stroke (NINDS) at the National
Institutes of Health, and informed consent was obtained for
each patient.

MR Imaging
MR examinations were performed on a 1.5-T system with a
standard quadrature head coil. Axial oblique interleaved sec-
tions (5-mm thick X 27 sections) were obtained with a field of
view of 24 cm and a matrix of 192 X 256. MT imaging was
performed before contrast administration using a T1-weighted
spin-echo (SE) pulse sequence (600/16 [TR/TE]) with (M) and
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without (M) a saturation pulse (16 milliseconds single lobe, 1.2
kHz below water frequency, 950° flip angle, B, intensity =
3.67 X 107° T, and three interleaved acquisitions). Dual-echo,
proton density-weighted, and T2-weighted images were ob-
tained with an SE (2000/20,100) sequence. Contrast-enhanced
images were acquired 15 minutes after injection of 0.1 mmol/kg
gadopentetate dimeglumine with a Tl-weighted SE pulse
(600/16).

Monthly MR studies were obtained in the eight patients with
MS. Healthy control subjects were imaged a total of 11 times
throughout the study. For all MR examinations, the specific
absorption rate was below that specified in the US Food and
Drug Administration guidelines.

Image Processing

Image processing was performed on a UNIX-based work-
station using the medical imaging program MEDx. For each
patient, the initial MT images (ie, M, images obtained without
the saturation pulse), from the first baseline examination,
served as the mapfile to which all subsequent MT images (both
M, and M, images) were coregistered. The image registration
program, Correspondence of Closest Gradient Voxels, has
been described previously (21). The mapfile also served as a
“mask” image series (after manually outlining and removing
the skull and extradural tissues from each section) that was
superimposed on subsequent registered MT images to define
the area in which the MTR was to be computed on a section-
by-section basis. MTR values were calculated on a voxel-by-
voxel basis using the equation

MTR=(M,—M,)/M,

For qualitative review, color-coded images were generated
in which voxel MTR was represented by increasing color in-
tensity. A representative MT image (gray scale) is shown in Fig
1. These MT images were used for region-of-interest (ROI)
MTR measurements in selected areas (25 to 50 mm?). The
mean MTR values, range, standard deviation (SD), and total
area of the ROI were computed using the MEDx imaging
program.

The voxels were subsequently sorted into 1% bins, the num-
ber of voxels in each bin were normalized to the total number
of brain voxels, and MTR values from 0.0 to 0.5 were plotted as
a histogram (Fig 2A). The area under each histogram was
divided into quartiles (quartile 1 to quartile 4), as shown in
Figure 2A, which correspond to the 25th, 50th, 75th, and 100th
percentile of the total histographic area. Quartile ranges were
as follows: quartile 1 (MTR 0.0 to 0.125), quartile 2 (MTR
0.126 to 0.25); quartile 3 (MTR 0.26 to 0.37), and quartile 4
(MTR 0.38 to 0.50).

Bulk white matter lesion load was determined by a semiau-
tomated thresholding technique that used both proton density—
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Fic 1. Representative sections from MTR
analysis of a control subject (A) and a patient
with relapsing-remitting MS (B). The MTR im-
age is derived on a voxel-by-voxel basis from
duplicate MT images (SE 600/16/1) obtained
with (M) and without (M) a saturation pulse
(1.2 kHz below water frequency) using the
equation My — My/M,. T2-weighted SE images
were obtained with parameters of 2000/
20,100/2. Lesions in the MS patient (B), which
are hyperintense on the T2-weighted image
(T2W) and on the M, image have low MTR
values, approximating that of CSF.
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Fic 2. A, Normalized composite histogram derived from the
eight patients with relapsing-remitting MS during 6 months of
serial baseline examinations (closed circles) shows that the his-
tographic peak in the MS patients is lower than that in the
healthy control subjects (open circles). Histographic areas were
computed and divided into quartiles (see Methods section) with
MTR ranges as follows: quartile 1 (MTR 0.0 to 0.125), quartile 2
(MTR 0.126 to 0.25), quartile 3 (MTR 0.26 to 0.37), and quartile 4
(MTR 0.38 to 0.50).

B, Bar graph representing quartile area shows the loss of
voxels in quartile 3 and accumulation of voxels in quartiles 1 and
2 in patients with relapsing-remitting MS during the baseline
period. Error bars represent SD. Statistical differences (two-
tailed Student’s t-test) are 'P = .10 and “P = .007.
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TABLE 2: Magnetization transfer ratios (MTR) determined by region-of-interest measurements in control subjects and in patients with

relapsing-remitting multiple sclerosis (MS)

Control Subjects MS Patients
Location
MTR Range MTR Range
Normal-appearing white matter 0.30 (0.02) 0.22-0.39 0.27 (0.02)*** 0.14-0.31
Corpus callosum 0.32 (0.01) 0.26-0.39 0.28 (0.02)** 0.21-0.31
MS lesions EE e 0.16 (0.03)*** 0.008-0.29
Cortical gray matter 0.21 (0.02) 0.14-0.29 0.20 (0.01)* 0.16-0.24
Deep gray matter 0.23 (0.02) 0.17-0.32 0.22 (0.01) 0.19-0.27

Note.—MTR values were determined by ROI measurements (n = 15) for control subjects with patients as described in the Methods section. The
mean MTR value of all ROIs (£SD) is reported along with the range of MTR values in each region. P values by two-tailed Student’s ¢-test; ***P <

001, **P < .05, *P < .10.

and T2-weighted imaging (22). The total number of contrast-
enhancing lesions per month were recorded from the original
hard copy of each study by a consensus of two observers
experienced in MR imaging of MS patients.

Statistical Analysis

Data are expressed as the mean = SD. Statistical signifi-
cance was determined by using the following nonparametric
tests: the Spearman rank correlation coefficient (SRCC) was
used to compare MR imaging and clinical data (EDSS score,
age, disease duration); the Mann-Whitney rank sum test was
used to compare histographic MTR peak and mean data of
control subjects versus patients with relapsing-remitting MS;
the Wilcoxon signed rank test was used to compare baseline
versus treatment with interferon beta-1b data; and Student’s
t-test was used for MTR ROI measurements and quartile
distribution of voxels. All P values were based on a two-sided
test with P = .05 considered statistically significant and P = .10
indicative of a trend (23).

Results

Table 1 summarizes the demographic features,
clinical data, and MTR histographic data for the four
healthy control subjects and the eight patients with
relapsing-remitting MS during the 6-month baseline
period and the 6-month period of treatment with
interferon beta-1b. Figure 1 shows representative MT
images from a healthy control subject (panel A) and
a patient with MS (panel B), derived from the MT
images obtained with (M) and without (M) the sat-
uration pulse using the equation shown in the Meth-
ods section. The hyperintense lesions on the T2-
weighted images in the MS patient also appear
hyperintense on the MT image obtained with the
saturation pulse (M) and have a low MTR, compa-
rable to CSF, on the MT image.

To define the MTR values of gray matter and white
matter, ROI measurements were made using the MT
images from three control subjects and three MS
patients (cases 2, 4, and 5), as shown in Table 2.
Normal-appearing white matter in the MS patients
had a mean MTR of 0.27 = 0.02, which was statisti-
cally lower than white matter in control subjects
(MTR = 0.30 £ 0.01; P < .001). Callosal white
matter in MS patients also had a reduced MTR
(MTR = 0.28 = 0.02) relative to that in control
subjects (MTR = 0.32 = 0.01; P = .02). The MTR of
MS lesions (MTR = 0.16 = 0.03; range, 0.008 to 0.29)

was significantly lower than the MTR of normal-
appearing white matter (P < .001). Gray matter MTR
in MS patients was not statistically different from that
in control subjects, although there was a trend (P =
.10) toward lower MTR in cortical gray matter in the
patients with MS. The mean MTR of CSF in the
lateral ventricles was 0.02 = 0.04.

Serial Baseline Studies

The composite MTR histogram from the eight pa-
tients with relapsing-remitting MS during the baseline
period was shifted to the left of the histogram from
the control subjects. The histographic peak heights
were similar owing to the normalization process (Fig
2A). However, the histographic peak position in the
patients with MS at MTR = 0.25 = 0.01 was signifi-
cantly lower than that in healthy control subjects at
MTR = 0.27 = 0.01 (P = .008). The MTR histo-
graphic mean in the patients with MS (0.20 = 0.01)
was also statistically lower than that in control sub-
jects (0.023 £ 0.01; P = .016). These results are
summarized in Table 1.

To quantitate differences in histographic parame-
ters between the group of patients with relapsing-
remitting MS and the control group, the histogram
was divided into quartiles, as described in the Meth-
ods section and shown in Figure 2A. An analysis of
quartile areas (Fig 2B) revealed that in the patients
with MS there was an abnormal accumulation of
voxels with low MTR in quartiles 1 and 2 and a
corresponding loss of voxels in quartile 3. Voxels in
quartile 3 represented normal-appearing white mat-
ter in MS patients and normal white matter in control
subjects by ROI sampling (Table 2). The inverse cor-
relation between voxels in quartiles 3 and 1 (r =
—.804) and quartile 2 (r = —.884) was determined by
linear regression analysis (data not shown). Voxels in
quartile 4 represented less than 0.1% of the total
brain area, and no statistical difference between pa-
tients with MS and control subjects was demonstrated
(P = .34).

In control subjects, MTR histographic peak values
were tightly clustered between 0.27 and 0.28 on all
serial examinations. In contrast, there was significant
interpatient variability among the patients with re-
lapsing-remitting MS during the baseline period, with
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histographic peak values ranging from 0.23 to 0.27
(Table 1). No statistical correlation (SRCC) between
histographic peak and patient demographic measures
(eg, age, disease duration, EDSS score, or enhancing
lesion frequency) was demonstrated in this small pa-
tient population. An inverse correlation between his-
tographic peak and bulk white matter lesion load was
observed but did not achieve statistical significance
(SRCC = 0.619; P = .12). When this trend was
reanalyzed by quartiles instead of by histographic
peak values, a stronger correlation between bulk
white matter lesion load and low MTR was observed.
The results (Figure 3) show that as bulk white matter
lesion load accumulates in patients with relapsing-
remitting MS during the baseline period, there is a
loss of voxels in quartile 3 (r = .65) and an increase in
voxels in quartile 1 (» = .57), as shown in Figures 3A
and B, respectively. The lack of correlation between
bulk white matter lesion load and quartile 2 voxels
(r = .217) in Figure 3C is most likely a matter of
sensitivity in detecting differences, because abnormal
white matter voxels in quartile 2 co-migrate with nor-
mal gray matter structures (Table 2).

The inverse correlation between bulk white matter
lesion load and quartile 3 voxels is highly significant
(n = 44; SRCC = —0.491, P < .001), whereas the

QRT 1 Voxels

MULTIPLE SCLEROSIS 1709

LINEAR REGRESSION ANALYSIS QRT 1 VS. BWMLL

0.25
1 y=0.007x+0101 r=0571
S ®
0.054
0.00-
00 10 20 30 40 50 60 70 80 90 100 1.0
B BWMLL ( cc)

Fic 3. A, Accumulation of T2-weighted (SE 2000/20,100/2) le-
sions (bulk white matter lesion load [BWMLL]) in patients with
relapsing-remitting MS during the baseline period corresponds to
a loss of voxels in quartile (QRT) 3 (r = .65).

B, Voxels in quartile (QRT) 1 increase with change in bulk white
matter lesion load (BWMLL) in patients with MS during the base-
line examinations (r = .571).

C, Lack of correlation between voxels in quartile (QRT) 2 with
accumulation of bulk white matter lesion load (BWMLL) during
baseline examinations in patients with MS.
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Fic 4. Sinusoidal pattern of contrast-enhancing lesions (closed
circles) paralleled by inverse fluctuation in MTR histographic
peak (open diamonds) in patient 6 during 8 months of baseline
examinations. BWMLL, bulk white matter lesion load.

correlation between bulk white matter lesion load and
quartile 1 voxels (SRCC = 0.289) is weaker (P = .05).
These results suggest that the loss of voxels from
quartile 3 and the increase of voxels in quartile 1
represent accumulating white matter disease during
the baseline period.
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Fic 5. A, Composite normalized MTR histogram from the co-
hort of patients with relapsing-remitting MS during treatment
with interferon (IFN) beta-1b (open squares) is unchanged from
the baseline histogram (closed circles), and the histographic
peak remains lower than that in control subjects (dotted line).

B, Quartile (QRT) distribution during interferon beta-1b treat-
ment (IFN) shows no redistribution of voxels.

In addition to interpatient variability there was in-
trapatient variability in histographic peak during the
baseline period, which followed the month-to-month
fluctuations in the number of contrast-enhancing le-
sions. Figure 4 shows that during the 8-month base-
line period in patient 6, the sinusoidal pattern of
enhancing lesions was inversely reflected by fluctua-
tions in histographic peak. As with enhancing lesion
frequency (24), the amplitude and frequency of the
change in histographic peak appeared patient-spe-
cific. No month-to-month fluctuation in histographic
peak was observed in control subjects.

Effect of Interferon beta-1b Therapy

In patients with relapsing-remitting MS, interferon
beta-1b caused a 91% reduction in contrast-enhanc-
ing lesions (P = .03) and a 15% reduction in bulk
white matter lesion load (P = .05) but had no effect
on the histographic peak or mean of the patient
cohort during the first 6 months of therapy (Table 1).
No additional effect of interferon beta-1b on MTR
was noted when four patients were serially examined
for an additional 3 to 6 months of treatment (data not
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Fic 6. Serial monthly data from the MS patient cohort during
baseline versus interferon beta-1b (IFNB1b) treatment show that
treatment immediately reduces the mean number of contrast-
enhancing lesions (closed circles) and causes a more modest
reduction in bulk white matter lesion load (BWMLL) (open
squares). The MTR histographic peak (open diamonds) contin-
ues to fluctuate throughout the treatment period.

shown). There was no change in the composite histo-
graphic profile of the eight patients with MS (Fig 5A).
Because the baseline studies showed a correlation
between voxels in quartiles 1 and 3 and bulk white
matter lesion load, we anticipated that treatment
would decrease quartile 1 and increase quartile 3 in
conjunction with the decrease in bulk white matter
lesion load. Figure 5B shows that the quartile distri-
bution in the patient cohort was unchanged during
treatment, although linear regression analysis showed
a modest decrease in quartile 1 voxels (r = .327) but
no significant increase in quartile 3 voxels.

Analysis of the serial monthly data of the patient
cohort (Fig 6) showed persistent fluctuation of the
histographic peak during the treatment period de-
spite the nearly complete suppression of enhancing-
lesion activity. When individual patients were ana-
lyzed (Fig 7), the month-to-month fluctuation in
histographic peak that occurred during the baseline
period persisted during the treatment period despite
the absence of new contrast-enhancing lesions in
these patients.

Discussion

To our knowledge, this study represents the first
serial monthly MTR data in patients with relapsing-
remitting MS during a drug treatment trial. MTR
histographic analysis revealed that the histographic
peak and mean in the patients were statistically lower
than those in healthy control subjects (Fig 2A), and
quartile analysis (Fig 2B) showed that this was due to
voxel redistribution from quartile 3 to low MTR val-
ues in quartiles 1 and 2.

MTR values in quartile 3 correspond to voxels of
normal white matter in control subjects and to nor-
mal-appearing white matter in patients with relaps-
ing-remitting MS (Table 2). Gray matter had MTR
values corresponding to quartile 2 whereas CSF
(MTR = 0) was in quartile 1. In the subgroup of
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patients examined, MS lesions were heterogeneous
with MTR values, ranging from 0.11 to 0.21 (mean
MTR = 0.16) confirming previous reports (6, 25-32).
Thus, the majority of voxels in MS lesions would be in
quartiles 1 and 2. This is supported by the correspon-
dence between voxels in quartile 1 and bulk white
matter lesion load (Fig 3B). The lack of correlation
between quartile 2 and bulk white matter lesion load
is most likely due to the presence of normal gray
matter in quartile 2, and image segmentation may be
required to detect statistically significant changes.
The results of our whole-brain histographic analysis
confirm the previous findings of van Buchem et al
(17, 18) that the MTR histographic peak and mean
are decreased in patients with relapsing-remitting MS
compared with those in healthy control subjects.
However, the histographic profiles in these studies
are remarkably different. In our patient cohort, the
position of the histographic peak was shifted to the
left of that of the control subjects. In contrast, previ-
ous investigators (17, 18) found no change in the
MTR peak position but found that the MTR peak
height (ie, the number of voxels in the peak) was
reduced in MS patients relative to that in control
subjects. The difference in the respective histograms
is most likely the result of different pulse sequences
and/or the offset frequency of the saturation pulse
used. The patient populations also differed in that our
study was composed of patients with relapsing-remit-
ting MS with short disease duration (mean, 3.3 years)
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Fic 7. A-C, Representative graphs from individual patients
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tent fluctuation in MTR histographic peak (open diamonds). In
patient 1, the mean histographic peak decreased during treat-
ment from MTR = 0.248 to MTR = 0.236, and interferon beta-1b
treatment (IFNB1b) subsequently failed in this patient. For pa-
tients 5 and 8, there is no significant change in the histographic
peak.

whereas the previous study (17) included patients
with a longer disease duration (mean, 9.3 years) and
with more advanced, chronic progressive, MS.

The results in this study suggest that whole-brain
MTR analysis provides an additional measure of
white matter disease activity that tracks with contrast-
enhancing lesions and bulk white matter lesion load
but is not altered by interferon beta-1b treatment.
Other investigators have suggested that this addi-
tional disease is microscopic and occult within nor-
mal-appearing white matter and is not detected by
standard spin-echo techniques (14, 17, 18). Thus,
quantitative MTR could potentially provide a more
comprehensive estimate of global disease burden
than do measurements of either bulk white matter
lesion load or frequency of enhancing lesions.

During the baseline period, the range of MTR
histographic peak values in the patients with MS cor-
related weakly with bulk white matter lesion load
(P = .12). This correlation was strengthened when
the voxels in individual quartiles were analyzed sep-
arately (Fig 3). Although histographic peak values
fluctuated during the 12-month period of our study,
no permanent change to either lower MTR (indica-
tive of disease progression) or higher MTR (indica-
tive of decreased lesion load, less occult disease, or
possibly remyelination) was observed. This is in con-
trast to other reports, in which a progressive reduc-
tion of MTR occurred when patients were reexam-
ined 20 to 30 months after their initial MTR study
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(17), and suggests that a longer follow-up period may
be required to observe a change.

Interferon beta-1b is thought to act at the blood-
brain barrier to prevent disruptions that appear as
contrast-enhancing lesions on imaging studies. The
reduction of overall burden of disease (bulk white
matter lesion load) in patients with relapsing-remit-
ting MS (2, 3) is a secondary effect of interferon
beta-1b that reflects the absence of new lesions and
resolving inflammation in subacute lesions. At
present, there is no evidence that interferons can
cross an intact blood-brain barrier to block cytokine
production and inflammation within chronic lesions
or normal-appearing white matter (33). If MTR
changes reflect only macroscopic lesion load, one
would predict that interferon beta-1b would stabilize
MTR or reverse the MTR histographic peak toward
normal control values.

The lack of effect of interferon beta-1b on MTR
could be due to the small number of patients and/or
the limited period of time they were followed up
during drug treatment. Alternatively, MTR may be an
insensitive measure of therapeutic efficacy of this
drug. The unexpected findings in this study included
the fact that the mean histographic peak during in-
terferon beta-1b treatment did not shift to higher
MTR values and that the fluctuating MTR pattern
was not altered by treatment despite the fact that
enhancing lesions were reduced by more than 91%. It
is unlikely that this oscillating pattern represents vari-
ability in pulse sequence or saturation pulse, or that it
is due to artifacts in image registration, because these
variations were not observed in the serial studies of
healthy control subjects. These fluctuations may re-
flect active lesions that fail to enhance when standard
conditions of contrast administration are used but
that would have been detected with triple-dose (0.3
mmol/kg) contrast administration and delayed scan-
ning techniques (34-36). Our study raises the possi-
bility, however, that MT imaging detects changes
within the normal-appearing white matter that are
not affected by interferon beta-1b (eg, ongoing in-
flammation, edema within acute and chronic lesions,
structural changes within the myelin sheath, or occult
changes within normal-appearing white matter) and
that are below the threshold of conventional scanning
techniques (14). To pursue these possibilities, we are
currently examining the MTR of individual lesions
and of normal-appearing white matter using image
segmentation techniques during treatment with inter-
feron beta-1b.

With the variety of MR pulse sequences available,
future MS treatment trials could be designed such
that the outcome measure of MR imaging would
specifically evaluate the mechanism of action of the
drug being tested. For example, MTR could be used
to examine therapies that suppress demyelination or
promote remyelination in lesions, or therapies that
stabilize oligodendrocytes from bystander damage
due to cytokine or chemokine release. Alternatively,
future treatment trials could be designed using a
comprehensive MR evaluation protocol in which
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MTR, bulk white matter lesion load, T1-weighted
hypointense lesions, proton spectroscopic findings,
and spinal cord atrophy are considered in an attempt
to provide better correlation with clinical disability
scores.

Our results suggest that MTR is a valuable tool in
MS treatment trials. MTR is easily acquired with
standard pulse sequences found on most MR units,
and the acquisition requires only an additional 4 to 5
minutes. Image processing requires image registra-
tion to correct for minor changes in patient position
between MT sequences (M, and M), which affect
MTR determination. We visually check all image reg-
istrations, because incorrect registration leads to spu-
riously high MTR values (Richert ND, unpublished
observations). Confounding technical factors in lon-
gitudinal studies of MTR include routine software
and hardware upgrades on MR imaging units. Our
MT saturation pulse sequence failed to perform after
an upgrade, so we now use the manufacturer’s MT
pulse sequence and have experimentally maximized
the offset frequency for a similar MT effect. In addi-
tion to controlling for drift in MTR due to software,
we now scan control subjects on a monthly basis.

Given these considerations, whole-brain MTR is a
sensitive measure of global disease in MS patients
and reflects bulk white matter lesion load as well as
microscopic occult disease. Unlike measurements of
bulk white matter lesion load, the measurement of
MTR is observer-independent, as no thresholding or
manual tracing of lesions is required. Furthermore,
the oscillating pattern of MTR suggests that this tech-
nique may be sensitive to changes in MS brain paren-
chyma (occult white matter disease) that have previ-
ously been undetected with conventional MR imaging
sequences.

Conclusion

Compared with control subjects, patients with re-
lapsing-remitting MS have a significantly lower
whole-brain MTR, which is reflected by a shift in the
histographic peak position and a decrease in the his-
tographic mean. Serial studies demonstrate that de-
creases in MTR correlate with increasing disease bur-
den, as estimated by bulk white matter lesion load.
The abnormal MTR in MS patients is not measurably
altered by a 6-month treatment with interferon beta-
1b, despite the effective suppression of enhancing
lesions and an overall decrease in bulk white matter
lesion load. These results suggest that MTR provides
an additional measure of disease activity or of struc-
tural changes in the myelin sheath. MTR may be a
valuable tool for evaluating future therapeutic agents
designed to act distal to the blood-brain barrier and
to affect remyelination.
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