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Analysis of Normal-Appearing White Matter in Multiple
Sclerosis: Comparison of Diffusion Tensor MR Imaging
and Magnetization Transfer Imaging
Alexander C. Guo, Valerie L. Jewells, and James M. Provenzale

BACKGROUND AND PURPOSE: Our purpose was to compare diffusion tensor MR and
magnetization transfer imaging in assessing normal-appearing white matter (WM) regions in
multiple sclerosis (MS).
METHODS: Diffusion tensor, magnetization transfer, and conventional MR imaging were
performed in 12 patients with MS. Fractional anisotropy, apparent diffusion coefficients
(ADCs), and magnetization transfer ratios (MTRs) were measured in plaques, normal-appearing periplaque WM (PWM) regions, and normal-appearing WM regions remote from plaques.
Mean fractional anisotropy, ADCs, and MTRs were calculated and compared in WM regions.
RESULTS: Fractional anisotropy was lower in normal-appearing PWM regions than in remote WM regions (P , .001) but higher than in plaques (P , .001). MTRs were lower (not
significantly, P 5 .19) in normal-appearing PWM regions than in remote regions. MTRs were
higher in normal-appearing PWM regions than in plaques (P , .001). ADCs were higher in
normal-appearing PWM regions than in remote regions (P 5 .008) but lower than in plaques
(P 5 .001). Correlation between fractional anisotropy and MTRs of individual lesions was poor
(r 5 0.18) and between fractional anisotropy and ADC, modest (r 5 20.39).
CONCLUSION: In MS, diffusion tensor MR imaging can depict differences between WM
regions that are not apparent on conventional MR images. Anisotropy measurements may be
more sensitive than those of MTRs in detecting subtle abnormalities in PWM.
Diffusion tensor MR imaging and magnetization
transfer imaging are two promising advances that
can provide a means for assessing important physiologic parameters (eg, demyelination, axonal loss)
in multiple sclerosis (MS) that cannot be directly
assessed at standard MR imaging (1, 2). Magnetization transfer imaging is the more established of
the two techniques in MS research, and its findings
have been shown to better correlate with disease
burden and clinical parameters, such as cognitive
impairment, than do those at conventional MR imaging (2). Magnetization transfer imaging also has
been useful in extending our understanding of the
pathologic evolution of MS lesions (2).
Diffusion tensor MR imaging has received increasing attention because it provides a means for assessing the magnitude and the directionality of water diffusion in tissue. That water diffusion in white matter

(WM) is highly directional (ie, anisotropic) is well
recognized, because of the orientation of axons and
the presence of myelin (3–5). When myelination or
axonal integrity is disrupted, a decrease in diffusion
anisotropy can be expected (3–5). Decreases in diffusion anisotropy have been shown to occur in association with MS and other disease processes, such
as cerebral infarction, amyotrophic lateral sclerosis,
progressive multifocal leukoencephalopathy, and
Krabbe disease (6–11).
In studies of MS with diffusion tensor MR imaging performed by our group and by other investigators, decreased anisotropy was noted not only
within plaques visible on conventional T2-weighted images but also within normal-appearing WM
regions (6, 12, 13). We specifically found that anisotropy within normal-appearing periplaque WM
(PWM) regions is decreased and intermediate in
degree compared with anisotropy within plaques
and anisotropy within normal-appearing WM regions remote from plaques (12). These findings are
consistent with evidence from magnetization transfer imaging, MR spectroscopy, and histologic studies that suggest extension of disease beyond
plaques (14–18). However, in our previous study
(12), we used only diffusion-weighted imaging and
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did not include magnetization transfer measurements. To our knowledge, no published data that
directly correlate diffusion tensor MR imaging with
other techniques for the assessment of WM in MS
exist (although nontensor diffusion-weighted imaging has been compared with magnetization transfer imaging [19]). Therefore, the purposes of this
study were to compare the sensitivities of anisotropy measurements and magnetization transfer ratio (MTR) measurements for the detection of abnormal WM in patients with MS and to confirm
that anisotropy values in normal-appearing PWM
regions substantially differed from those in plaques
and normal-appearing WM regions remote from
plaques.
Methods
Patient Population
Twelve patients (four male and eight female patients; mean
age, 39 y) with a clinical and radiologic diagnosis of MS underwent diffusion tensor MR imaging and magnetization transfer imaging, as well as conventional MR imaging, during 4
mo (20). Four patients were from a group of 26 patients included in our previous study (12) of MS with diffusion tensor
MR imaging. All 12 patients had the relapsing-remitting form
of disease. The duration of clinically evident disease was 2–
11 y at the time of imaging. Two patients had relative worsening of symptoms at the time of imaging. Quantitative disability scores, such as the Expanded Disability Status Scale
scores, were not obtained.
MR Data Acquisition
Imaging was performed by using 1.5-T clinical MR imagers
(Signa; GE Medical Systems, Milwaukee, WI), with a standard
head coil and without cardiac gating. Diffusion tensor MR imaging was performed by using single-shot spin-echo echo-planar imaging with 12,000/107/2200/1 (TR/TE/TI/excitations)
and diffusion gradient encoding in six directions with b 5
1000 s/mm2 or no diffusion gradient (b 5 0). Images were
obtained through the entire brain, with seven diffusion-weighted images obtained for each 5-mm-thick image section (section
gap, 2.5 mm). The matrix size was 128 3 64 pixels for a field
of view of 40 3 20 cm. An acquisition time of approximately
2 min was required for this diffusion tensor MR imaging sequence. Diffusion tensor MR imaging was performed as a part
of our routine protocol for patients with MS, as approved by
our institutional review board.
Conventional MR images also were obtained and included
axial proton density–weighted and T2-weighted images. The
sequence parameters were 2800/30/2 (TR/TE/excitations, first
echo) and 2800/100/2 (second echo); field of view, 22 3 22
cm; matrix size, 256 (frequency direction) 3 192 (phase direction); section thickness, 5 mm; and section gap, 2.5 mm.
Magnetization transfer imaging was performed by adding an
off-resonance sinc-shaped saturation pulse at an offset frequency
of 1000 Hz (below the resonance frequency of free water) to a
conventional spin-echo proton density–weighted sequence (same
proton density–weighted sequence as before). Additional parameters for the off-resonance saturation pulse were pulse width, 16
ms; amplitude, 0.438 3 the amplitude of the 1808 pulse; and
flip angle, 11008. A spin-echo sequence was chosen rather than
a gradient-echo sequence because of its better signal-to-noise
ratio. A high signal-to-noise ratio was desirable for our study
because of the need to distinguish relatively small differences
in magnetization transfer effects that were expected between
normal-appearing PWM regions and normal-appearing WM re-

gions remote from plaques. The spin-echo technique was used
with the realization that magnetization transfer image data obtained with this technique may not have been directly comparable with data from studies with the gradient-echo technique.
MR Data Analysis
The diffusion imaging data were processed by using the GE
software program Functool as well as proprietary software on
an independent workstation (Advantage Windows; GE Medical
Systems). The six independent elements of the diffusion tensor
and its eigenvalues were calculated with the method that Basser (3) described. Fractional anisotropy was then calculated
according to the following equation: FA 5 (3/2)1/2 [(E1 2 d)2
1 (E2 2 d)2 1 (E3 2 d)2]1/2/(E12 1 E22 1 E32)1/2, where FA
5 fractional anisotropy, Ei is one of the three eigenvalues, and
d is (E1 1 E2 1 E3)/3 (3, 10). Diffusivity can be thought of
as the sum of an isotropic fraction and an anisotropic fraction.
Fractional anisotropy represents the anisotropic portion of diffusivity. Fractional anisotropy was chosen as the index of anisotropy because it is rotationally invariant and provides a relatively high contrast-to-noise ratio compared with that of other
indices, such as volume ratio and relative anisotropy (3, 4, 10).
Values for fractional anisotropy range from 0 to 1, where 0
represents isotropic diffusion, and 1 represents highly anisotropic diffusion. Fractional anisotropy is a unitless ratio of diffusion coefficients. All calculations noted here were performed
automatically on a voxel-by-voxel basis by using the software,
and the fractional anisotropy values were displayed as an anisotropy map.
Apparent diffusion coefficient (ADC) maps also were generated from diffusion tensor data by using Functool software
and by applying the following equation: ADC 5 (E1 1 E2 1
E3)/3, where Ei is one of the three eigenvalues (ie, ADC is the
average of the three eigenvalues). ADC measurements were
obtained to provide another means for comparing our diffusion
imaging data with data from other investigators, because in
published studies ADC was used far more often than was anisotropy to assess MS lesions.
A comparison of magnetization transfer histograms, with an
attempt to generate anisotropy histograms, was initially investigated, because histograms have the advantage of providing
an estimate of whole-brain lesion load, being less susceptible
to observer bias, and having a comparable measure in magnetization transfer histograms. Both magnetization transfer and
ADC histograms for the evaluation of MS have also been reported in the recent literature (17–19, 21–23). However, anisotropy maps generated on our system had a poor signal-tonoise ratio because of the limited imaging time. These maps
produced broad histograms that were not useful for distinguishing subtle abnormalities in WM anisotropy values. Therefore, we proceeded to measure fractional anisotropy and MTR
by using regions of interest (ROIs), which also provided the
ability to selectively measure small regions of WM.
A single neuroradiologist who was blinded to the patient’s
identity and clinical status initially placed the ROIs on the T2weighted images, which were drawn semiautomatically by using the Functool software. Uniform ovoid ROIs were drawn
in every plaque that was large enough to accommodate a 78mm2 ROI without apparent volume averaging of surrounding
brain (minimum plaque size of approximately 100 mm2) (Fig
1A). A total of 36 plaques were assessed in 12 patients.
The fractional anisotropy and ADC maps were superimposed on the conventional T2-weighted images by using the
Functool software, which interpolates the images if different
image sizes are encountered. The coregistration of the images
can then be refined manually by means of translation and rotation with proprietary software. The software then automatically transferred the ROIs to the coregistered fractional anisotropy and ADC maps (Fig 1B and C), and average fractional
anisotropy and ADC values within the ROIs were recorded.
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The ROI were all 78 6 20 mm2, which is equivalent to 6–10
pixels.
A second neuroradiologist who was blinded to the anisotropy data, patient’s identity, and clinical status assessed the
MTRs. ROIs recorded on T2-weighted images were used to
generate matching ROIs on proton density–weighted images
obtained before and after application of a magnetization transfer saturation pulse (Fig 1D and E). MTRs were calculated for
each ROI by using the following equation: MTR 5 M0 2 MS/
M0, where MS is the average signal intensity within a given
ROI measured after application of an off-resonance saturation
pulse, and M0 is the average signal intensity within the same
ROI before application of the saturation pulse.
Uniform ROIs also were drawn in normal-appearing PWM
regions, which were defined as the WM closest to and surrounding the plaque that was not abnormal in signal intensity
on coregistered T2-weighted images. These ROIs were the
same size as those drawn in plaques but were more elongated
to allow measurement of WM immediately adjacent to plaques.
ROIs in normal-appearing PWM regions were placed at 908
angles to form a box surrounding the plaque (Fig 1F) . If a
normal-appearing PWM ROI overlapped CSF or gray matter,
it was discarded; 16 ROIs were excluded on that basis. Fractional anisotropy values for the ROIs (three or four in number)
surrounding each plaque were averaged and then recorded as
a single number. The same procedure was performed for ADC
and MTR values. A total of 130 normal-appearing PWM regions were assessed in 12 patients.
Uniform ROIs also were drawn in normal-appearing WM
regions remote from plaques. One ROI was drawn in normalappearing WM regions remote from plaques for each plaque.
The normal-appearing WM region remote from plaques paired
with each plaque was usually at the same location as the plaque
but in the contralateral hemisphere (Fig 1). However, when
abnormal signal intensity was seen within the structure of the
matching normal-appearing WM regions remote from plaques,
a similar WM structure in the contralateral hemisphere was
measured. It was necessary to match the normal-appearing
WM regions remote from plaques as closely to the plaque as
possible because marked intrinsic variations in anisotropy exist
between different WM structures (24). After ROIs were placed,
the values for fractional anisotropy, ADC, and MTR values
were recorded. A total of 36 normal-appearing WM regions
remote from plaques were assessed in 12 patients.
Fractional anisotropy, MTR, and ADC values were compared between the following pairs of structures by using a
paired Student t test: plaques and normal-appearing PWM regions, normal-appearing PWM regions and normal-appearing
WM regions remote from plaques, and plaques and normalappearing WM regions remote from plaques. A paired Student
t test was used because of the aforementioned substantial intrinsic variations in anisotropy between WM structures, which
required pairing of each plaque with its own normal-appearing
PWM regions and closely matched normal-appearing WM regions remote from plaques. A P value , .05 was considered
significant in all cases. Fractional anisotropy values were then
correlated with MTR values and ADC values by calculating
the Pearson correlation coefficient.

Results
Regional Fractional Anisotropy Values
Fractional anisotropy (plaques) was 0.302 6
0.095, fractional anisotropy (normal-appearing
PWM regions) was 0.359 6 0.056, and fractional
anisotropy (normal-appearing WM regions remote
from plaques) was 0.462 6 0.111. The lowest fractional anisotropy was measured in plaques, with the
next lowest in normal-appearing PWM regions and
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the next lowest in normal-appearing WM regions
remote from plaques. Statistically significant differences in fractional anisotropy between plaques
and normal-appearing PWM regions (P , .001),
between plaques and normal-appearing WM regions remote from plaques (P , .001), and between normal-appearing PWM regions and normalappearing WM regions remote from plaques (P ,
.001) were found.
Regional MTR Values
MTR (plaque) was 0.529 6 0.046, MTR (normal-appearing PWM regions) was 0.554 6 0.038,
and MTR (normal-appearing WM regions remote
from plaques) was 0.561 6 0.033. The lowest
MTR was measured in plaques, with the next lowest in normal-appearing PWM regions and the next
lowest in normal-appearing WM regions remote
from plaques. Statistically significant differences in
MTR between plaques and normal-appearing PWM
regions (P , .001) and between plaques and normal-appearing WM regions remote from plaques (P
, .001) were noted. Although MTR in normal-appearing PWM regions was slightly lower than in
normal-appearing WM regions remote from
plaques, the difference was not statistically significant (P 5 .19).
Regional ADC Values
ADC (plaque) was (0.901 6 0.095) 3 1023
mm2/s, ADC (normal-appearing PWM regions)
was (0.793 6 0.078) 3 1023 mm2/s, ADC (normalappearing WM regions remote from plaques) was
(0.764 6 0.038) 3 1023 mm2/s. The highest ADC
values were measured in plaques, with the next
highest in normal-appearing PWM regions and the
next highest in normal-appearing WM regions remote from plaques. Statistically significant differences between plaques and normal-appearing
PWM regions (P , .001), between plaques and
normal-appearing WM regions remote from
plaques (P , .001), and between normal-appearing
PWM regions and normal-appearing WM regions
remote from plaques (P 5 .008) were found.
Correlation of Fractional Anisotropy with MTR
and with ADC
When values of fractional anisotropy and MTR
were correlated for each lesion, the correlation was
weak (r 5 0.18). However, when mean values of
fractional anisotropy and MTR for each WM region (plaque, normal-appearing PWM regions, and
normal-appearing WM regions remote from
plaques) were correlated, a strong correlation was
seen (r 5 0.89). The negative correlation between
fractional anisotropy and ADC values of individual
plaques (r 5 20.39) was stronger than the correlation between fractional anisotropy and MTRs, although it was still modest. However, when mean
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FIG 1. Axial MR images in a 42-year-old patient with MS.
A, T2-weighted image (2800/100/2) obtained at the level just above the roof of lateral ventricles shows some of the ROIs used. ROI
labeled 1 overlies a plaque in the right centrum semiovale. ROI labeled 2 overlies a matching WM region in the left centrum semiovale.
Arrow indicates a second plaque located more posteriorly.
B, Diffusion tensor MR image–derived anisotropy map obtained by using single-shot spin-echo echo-planar imaging (12,000/107/2200/
1, b 5 1000 s/mm2 in six directions, and b 5 0) at the same anatomic level as in A shows placement of ROIs on the same structures
as in A. The second plaque in A is bracketed by the arrows on this image.
C, Diffusion tensor MR image–derived ADC map obtained by using single-shot spin-echo echo-planar imaging with (12,000/107/2200/
1, b 5 1000 s/mm2 in six directions, and b 5 0) at the same anatomic level as in A shows placement of ROIs on the same structures
as in A. The second plaque in A is bracketed by the arrows on this image.
D, Proton density–weighted image (2800/30/2) obtained at the same anatomic level as in A, before the application of magnetization
transfer saturation pulse, shows an ROI labeled 1 overlying a plaque in the right centrum semiovale and an ROI labeled 2 overlying a
matching WM region in the left centrum semiovale (normal-appearing WM regions remote from plaques). Arrow indicates a second
plaque located more posteriorly.
E, Proton density–weighted image (2800/30/2) obtained at the same anatomic level as in A, after the application of magnetization
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values of fractional anisotropy and ADC for each
WM region were correlated, the negative correlation was much stronger (r 5 20.93). The correlation between ADC and MTR values of individual
lesions was weak (r 5 0.05), but once again, the
correlation of mean ADC and MTR value for each
WM region was strong (r 5 20.99).
Discussion
Comparison of Fractional Anisotropy with MTRs
For individual lesions, the correlation between
fractional anisotropy and MTR was modest (r 5
0.18). In addition, although a significant difference
in MTRs was measured between plaques and normal-appearing WM regions remote from plaques,
the amount of MTR reduction was proportionally
less than the amount of fractional anisotropy reduction. The relatively poor correlation between
fractional anisotropy and MTRs in individual
plaques and the greater differences measured by using fractional anisotropy may reflect the different
influences of MS pathophysiologic anisotropy and
MTR values. Demyelination and disruption of axonal integrity are two pathologic hallmarks of MS
plaques, but inflammation and edema also are important components, especially in acute plaques
(25). Anisotropy measurements are sensitive to demyelination and axonal degeneration and also the
presence of edema and inflammatory infiltrates (5–
10). In contrast, MTR measurements are less sensitive to the latter two factors. Studies of demyelinating diseases in human volunteers and animal
models have shown that demyelination and axonal
loss are major contributors to decreases in MTR,
whereas inflammation and edema provide relatively
minor contributions to MTR reduction (26). Postmortem studies have also shown that a strong positive correlation between axonal density and MTR
exists (27). Therefore, it is possible that anisotropy
measurements are more sensitive in depicting abnormal WM in general, whereas MTR measurements are more specific in showing areas of substantial demyelination and axonal degeneration.
The finding of decreased anisotropy in normalappearing PWM regions compared with that in normal-appearing WM regions remote from plaques
confirms the results of our previous investigation
and suggests extension of the disease process in
MS beyond the plaque boundary. Multiple groups
of investigators (14, 28–30) have found significant
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decreases in the N-acetylaspartate and N-acetylaspartate–creatine ratio (which are markers for neuronal or axonal damage) in normal-appearing WM
in patients with MS. One group (14) specifically
noted a decreased N-acetylaspartate–creatine ratio
in normal-appearing WM adjacent to plaques,
which occurred to a greater extent in these areas
than in WM regions remote from plaques. Histopathologic studies also have revealed axonal loss
and axonal transection in normal-appearing WM
(15, 31, 32); one recent report noted axonal damage
in periplaque regions surrounding acutely demyelinating plaques (15).
MTR measurements in normal-appearing PWM
regions also were decreased compared with those
of normal-appearing WM regions remote from
plaques, although the difference was not statistically significant (P 5 .19). Multiple investigators
(16–18, 23, 33–36) have noted evidence of abnormal MTR in normal-appearing WM. Investigators
(16) who specifically measured MTR in normalappearing WM regions adjacent to isolated plaques
have observed that MTR gradually increases (and
approaches values in normal-appearing WM regions remote from plaques) as one moves away
from plaques. Bagley et al (33), using MTR contour plots, also found a gradual increase in MTR
values as one moved away from the plaque. These
results not only support our findings but also suggest a gradient of WM abnormality extending centrifugally from the plaque.
The observations of decreased diffusion anisotropy (and to a lesser extent, MTR) in normal-appearing PWM regions are consistent with the
known natural history of MS plaques. Studies in
which imaging and histopathologic data were correlated have revealed that MS plaques begin as a
perivenular focus of inflammation, which expands
in a centrifugal manner (25). As acute MS plaques
become inactive and regress, they often diminish
in size on T2-weighted images, and both myelin
breakdown products and transected axons can be
found in the periphery of active and reactivated
chronic plaques (14, 15, 25, 37).
Our findings also can be partially explained with
the results of recent serial diffusion-weighted MR
imaging studies. These studies revealed a subtle but
significant increase in ADC within prelesional WM
regions where plaques subsequently appear (38,
39). Similarly, a recent magnetization transfer imaging study (34) also has revealed decreased MTR

←
transfer saturation pulse with an offset frequency of 1000 Hz, shows an ROI labeled 1 overlying a plaque in the right centrum semiovale
and an ROI labeled 2 overlying a matching WM region in the left centrum semiovale. Arrow indicates a second plaque located more
posteriorly.
F, Same T2-weighted image as in A shows additional ROIs labeled 1, 2, 3, and 4 overlying normal-appearing PWM regions in the
right centrum semiovale.
G, Same T2-weighted image as in A, without ROIs, shows plaques 1 (straight arrow) and 2 (curved arrow) in A.
H, Same diffusion tensor MR image–derived anisotropy map as in B, obtained at the same anatomic level as in G, shows the areas
of signal intensity abnormality in the right centrum semiovale corresponding to the first (short arrows) and second (long arrows) plaques
in G.
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in prelesional WM regions. The subset of normalappearing PWM regions associated with expanding
acute plaques in our series may be pathophysiologically similar to the prelesional WM regions in
these reports. However, this hypothesis needs further validation with longitudinal studies.
Our results also revealed significantly lower fractional anisotropy in plaques, compared with those
of either normal-appearing PWM regions or normal-appearing WM regions remote from plaques,
as we found in our previous study. A greater anisotropy decrease in plaques relative to normal-appearing WM, which other investigators have also
reported, is an expected finding. As noted above,
demyelination and disruption of axonal integrity
are two pathologic hallmarks of MS plaques, but
inflammation and edema also play important roles
in MS (25). All these pathologic processes have
been shown to be associated with decreased diffusion anisotropy, and they are likely to be more extensive within plaques than in normal-appearing
WM (5–11, 28–32). MTR also was found to be
significantly lower in plaques than in normal-appearing PWM regions or normal-appearing WM regions remote from plaques, as one would expect.
Comparison of Anisotropy Measurements with
Previous Findings
Relatively few groups have assessed WM anisotropy in patients with MS. An echo-planar imaging technique was also used in the four studies
(with which we compared ours) , and fractional anisotropy was the anisotropy index of choice in all
studies (6, 7, 12, 13). We assessed normal-appearing PWM regions in our previous study, but the
other authors did not. The mean fractional anisotropy of 0.359 measured in normal-appearing PWM
regions in this study was similar to the mean fractional anisotropy measured in our previous study,
0.383 (12). In normal-appearing WM regions remote from plaques, the mean fractional anisotropy
of 0.462 measured in this study also was similar to
the mean fractional anisotropy of 0.493 measured
in our previous study (12). It also is within the
range of 0.404 to 0.56 that other authors observed
(6, 7, 13). The mean fractional anisotropy measured
in plaques in this study was 0.302, which is similar
to the mean fractional anisotropy of 0.280 in our
previous study (12). This value also lies within the
range of 0.23 to 0.43 that Bammer et al (13) reported for nonacute (nonhomogeneously enhancing) plaques, and it is similar to the mean fractional
anisotropy of 0.278 that Tievsky et al (7) reported
for subacute plaques and of 0.289 for chronic
plaques. Compared with the mean fractional anisotropy of 0.50 that Werring et al (6) reported in
a small series, our mean fractional anisotropy for
plaques was substantially lower, possibly because
of differences in plaque population or imaging
technique.
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Correlation of ADC with Fractional Anisotropy,
MTR, and Previous Findings
ADC values also were measured in this study to
provide another means for comparison with fractional anisotropy and MTR value and with those of
other studies. ADC was chosen because multiple
previous studies (6, 7, 19, 35, 40–43) have shown
that ADC is increased in plaques and normal-appearing WM regions remote from plaques. A modest inverse correlation between ADC values and
fractional anisotropy values of individual lesions (r
5 20.39) was seen and was stronger than the correlation between fractional anisotropy and MTR (r
5 0.18). The inverse correlation between decreased
fractional anisotropy and increased ADC suggests
that the pathologic processes in MS result in both
an increase in overall water diffusibility and a decrease in diffusion anisotropy. In several recent
studies, ADC values in plaques were observed to
be 0.92 3 1023 to 1.59 3 1023 mm2/s (6, 7, 19,
35, 40–43). Our measurement of 0.901 3 1023
mm2/s for plaques is consistent with these values.
In the same studies, ADC values in normal-appearing WM regions remote from plaques were observed to be 0.69 3 1023 to 0.88 3 1023 mm2/s.
Our measurement for ADC in normal-appearing
WM regions remote from plaques of 0.764 3 1023
mm2/s also occurs within this range. Previous investigators (6, 7, 19, 35, 40–43) have suggested that
lesions of different ages, different T1-weighted characteristics, and different enhancement patterns have
different diffusion characteristics. Unfortunately, the
number of enhancing or hypointense plaques on T1weighted images in our study group was insufficient
to provide meaningful comparisons.
One previous group (19) compared ADCs and
MTRs in lesions, normal-appearing WM regions
remote from plaques, and controls. Although they
analyzed several normal-appearing WM regions remote from plaques on the basis of anatomy, the
investigators did not analyze normal-appearing
PWM regions separately. These investigators found
that ADCs were significantly higher and MTRs
were significantly lower in lesions compared with
normal-appearing WM regions remote from
plaques, as we did. They also found a strong inverse correlation between ADC and MTR in lesions (r 5 20.7). Although we did not find a
strong correlation between ADC and MTR in individual lesions (r 5 0.05), we did find a strong
inverse correlation between mean ADC and mean
MTR of various WM regions (r 5 20.99).
One limitation of this study is the lack of healthy
control subjects. Without a control group, we cannot be certain that fractional anisotropy measurements in any of the WM regions in our patients
were actually abnormal. However, our previous
study, which has a control group, revealed similar
fractional anisotropy in plaque, normal-appearing
PWM regions, and normal-appearing WM regions
remote from plaques, which were all decreased
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compared with that of control subjects. Also, this
was a preliminary study, with a relatively small
number of patients, in which we were not able to
correlate our findings with quantitative clinical assessment of patients (eg, the Expanded Disability
Status Scale score) or to incorporate longitudinal
data. From a technical prospective, the spatial resolution of diffusion tensor MR imaging was relatively poor, and the anisotropy maps had a certain
amount of spatial distortion (as with all image data
derived from an echo-planar imaging technique),
which limited precise registration of the anisotropy
and ADC maps with the conventional MR images.
This problem was the reason for excluding lesions
smaller than approximately 100 mm2 and for using
ROIs larger than 58 mm2 (6 pixels) to minimize
errors due to volume averaging. The use of a 2.5mm spacing between sections would have been
suboptimal if we included smaller lesions in our
analysis, but it did not impose additional limitations, because we excluded lesions smaller than approximately 1 cm in diameter (100 mm2). This exclusion introduced a selection bias toward larger
MS plaques.
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Conclusion
Both anisotropy and MTR measurements
showed differences between normal-appearing
PWM regions and normal-appearing WM regions
remote from plaques in patients with MS that were
not apparent on conventional T2-weighted images.
However, the difference was significant only with
anisotropy measurements; this finding suggested
that diffusion tensor MR imaging may be more
sensitive than magnetization transfer imaging in depicting subtle WM disease in patients with MS.
Therefore, diffusion tensor MR imaging provides
important additional information that may be useful
in trials of novel therapeutic agents and likely represents a distinct advance compared with conventional T2-weighted imaging. Future studies correlating global quantitative measures of diffusion
anisotropy with clinical status are warranted.
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