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Mean Diffusivity and Fractional Anisotropy Histograms

of Patients with Multiple Sclerosis

Mara Cercignani, Matilde Inglese, Elisabetta Pagani, Giancarlo Comi, and Massimo Filippi

BACKGROUND AND PURPOSE: Compared with conventional T2-weighted MR imaging,
diffusion tensor MR imaging provides quantitative indices with increased specificity to the most
destructive aspects of multiple sclerosis. In this study, we obtained brain mean diffusivity (D)
and fractional anisotropy histograms of patients with multiple sclerosis to compare them with
those of healthy volunteers and to investigate the correlation between diffusion tensor MR
imaging histogram-derived measures and the level of disability and quantities derived from
conventional MR imaging.

METHODS: Dual-echo and diffusion tensor MR images wer e obtained from 78 patients with
relapsing-remitting, secondary progressive, or primary progressive multiple sclerosis and from
20 healthy control volunteers. After obtaining mean diffusivity (D) and fractional anisotropy
images and image coregistration, D and fractional anisotropy histograms were created. From
each histogram, the following measures were derived: the average D and fractional anisotropy,
the histogram peak heights, and the histogram peak locations.

RESULTS: All the D and fractional anisotropy histogram-derived measures were different be-
tween patients and controls at a significance level of P < .001. No differences were found in any
of the considered quantities among the three multiple sclerosis phenotypes. In patients with re-
lapsing-remitting multiple sclerosis, disability was correlated with histogram average D (r =
0.4, P = .01) and peak height (r = —0.4, P = .01). In patients with secondary progressive
multiple sclerosis, disability was correlated with fractional anisotropy histogram peak position
(r = —0.6, P = .01). Significant correlations were also found between T2 lesion load and various
diffusion tensor MR quantities. _

CONCLUSION: This study shows that brain D and fractional anisotropy histograms are
different for patients with multiple sclerosis compared with control volunteers. This study also
shows that quantities derived from diffusion tensor MR imaging are correlated with disability
in patients with relapsing-remitting multiple sclerosis and secondary progressive multiple scle-
rosis, suggesting that they might serve as additional measures of outcome when monitoring

multiple sclerosis evolution in these patients.

Quantitative MR techniques are becoming increas-
ingly important in the assessment of multiple scle-
rosis (1, 2). This is because they provide objective
information that is complementary to and partially
independent of that of conventional MR imaging.
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Conventional MR imaging lacks specificity to the
heterogeneous aspects of multiple sclerosis (1, 2)
and is unable to detect subtle changes occurring in
the normal-appearing white matter (3-5). Diffu-
sion-weighted MR imaging is one of the most
promising techniques to go some way toward such
limitations.

Diffusion-weighted MR imaging measures the
microscopic random translational motion of water
molecules (6). This motion is the result of the in-
teractions with other molecules and with barriers
that can “‘restrict” it (7). Barriers restricting water
molecular motion are of particular interest in bio-
logical tissues, in which diffusion abnormalities
can reflect changes of the tissue organization at a
microscopic level (8). In highly organized systems,
such as the brain white matter, the hindrance of
water is not the same in al directions, as a con-
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TABLE 1. Demographic, clinical and conventional MR imaging characteristics of patients with three different M S clinical phenotypes.

RRMS SPMS PPMS
Mean age (SD, [y]) 35.6 (6.3) 43.0(9.3) 45.0(9.2)
Median duration of disease (range [y]) 5.0 (1.0-12.0) 16.0 (5.0-28.0) 10.0 (2.0-26.0)
Median EDSS (range) 1.5(0.0-4.0) 6.0 (3.5-7.0) 6.0 (3.5-8.5)
Median T2 lesion volume (range [mL]) 13.0 (0.4-106.9) 30.5(7.9-87.7) 16.7 (0.9-60.5)

Note—RRMS = relapsing-remitting MS; SPMS = secondary progressive MS; PPMS = primary progressive MS; EDSS = Expanded Disability

Status Scale.

sequence of structural geometry. This property is
termed anisotropy and results in a variation of the
measured diffusion coefficient with measurement
direction (9—11). Therefore, in a 3D view, diffusion
cannot be described by a scalar coefficient, and a
mathematical entity, called the diffusion tensor, is
needed to fully characterize the motion of water
molecules (12). From diffusion tensor MR imag-
ing, it is possible to derive some scalar indices,
invariant to the changes in the frame of reference,
which reflect the diffusion characteristics (and,
hence, the integrity and organization) of the tissue.
These measures include the mean diffusivity (D)
(equal to one third of the trace of the diffusion
tensor), which is a measure of the average molec-
ular motion independent of any tissue directionality
and is affected by cellular size and integrity (12,
13), and the fractional anisotropy, which is one of
the most used measures of deviation from isotropy
(14) and reflects the degree of alignment of cellular
structures within fiber tracts, as well as their struc-
tural integrity.

In cases of multiple sclerosis, diffusion-weighted
and diffusion tensor MR imaging can provide in-
formation that is inaccessible with other MR im-
aging techniques about structural changes caused
by the two major pathologic aspects of the disease:
inflammation and neurodegeneration (15-17). Pre-
vious reports (15-22) found that T2-visible multi-
ple sclerosis lesions have water diffusivity that is
higher and fractional anisotropy that is lower than
the corresponding quantities of the normal-appear-
ing white matter, which are, in turn, different from
those of white matter from healthy volunteers. The
majority of previous studies assessed D and frac-
tional anisotropy changes by using region of inter-
est analysis (15-20). Region of interest anaysis,
however, is time-consuming, operator-dependent,
prone to partial volume artifacts, and unable to pro-
vide an overall assessment of tissue damage. Only
two preliminary diffusion-weighted MR imaging
studies assessed D changes in multiple sclerosis
globally, by using histogram analysis (21, 22).
These studies achieved encouraging results by
showing marked differences of the D histograms
between control volunteers and patients (21, 22)
and between patients with relapsing-remitting mul-
tiple sclerosis and those with and secondary pro-
gressive multiple sclerosis (22). However, they
were not without limitations (including the size of
the samples studied and the lack of histogram anal-

ysis of the fractional anisotropy distribution). As a
consequence, their results need to be confirmed by
a more complete analysis of a larger cohort of
patients.

In this study, we assessed, using histogram anal-
ysis, the distributions of D and fractional anisot-
ropy in the brain tissue from a large group of pa
tients with multiple sclerosis and compared them
with those in the brain from healthy volunteers. We
also investigated the magnitude of the correlation
between diffusion tensor MR histogram-derived
measures and the level of disability and the quan-
tities derived from conventional MR imaging.

M ethods

Patients

We studied 78 patients with multiple sclerosis (44 women
and 34 men). None of these patients was included in our pre-
vious diffusion-weighted MR imaging studies of multiple scle-
rosis (17, 21). Their mean age was 43.6 years (SD = 10.6
years), the median duration of the disease was 10 years (range,
1-28 years), and the median Expanded Disability Status Scale
(EDSS) score (23) was 5.0 (range, 0.0-8.5). According to the
criteria presented by Lublin and Reingold (24), 28 of the pa-
tients were classified as having relapsing-remitting multiple
sclerosis, 30 as having primary progressive multiple sclerosis,
and 20 as having secondary progressive multiple sclerosis (Ta-
ble 1). When MR images were obtained, none of the patients
with relapsing-remitting multiple sclerosis and secondary pro-
gressive multiple sclerosis was experiencing an acute relapse
or was being treated with corticosteroids. Twenty sex- and age-
matched volunteers (12 women and eight men; mean age, 37.2
years, SD = 9.2 years) with no history of neurologic disorders
and normal results of their neurologic examinations served as
controls. Local Ethical Committee approval and written in-
formed consent from all the volunteers were obtained before
study initiation.

Image Acquisition

The following sequences were obtained from all the vol-
unteers during a single imaging session by using a 1.5-T im-
ager: dual-echo turbo spin-echo; 3300/16-98/1 (TR/TE/exci-
tations); echo train length, 5; and pulsed-gradient spin-echo
single shot echo-planar pulse sequence (inter-echo spacing =
0.8, TE = 123), with diffusion gradients applied in eight non-
collinear directions, chosen to cover 3D space uniformly (25).
The duration and maximum amplitude of the diffusion gradi-
ents were 25 ms and 21 mTm~1, respectively, giving a maxi-
mum b factor in each direction of 1044 s mm-2. To optimize
the measurement of diffusion, only two b factors were used
(26) (by = 0, b, = 1044 s mm~2). Fat saturation was per-
formed using a four RF binomial pulse train to avoid chemical
shift artifact. A birdcage head coil of ~300 mm diameter was
used for signal transmission and reception.
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For the dual-echo images, 24 contiguous axial sections were
acquired with 5-mm section thickness, 256 X 256 matrix, and
250 X 250 mm field of view. The sections were positioned to
run parallel to a line that joins the most inferoanterior and
inferoposterior parts of the corpus callosum (27). For the dif-
fusion-weighted images, 10 axia sections with 5-mm section
thickness, 128 X 128 matrix, and 250 X 250 mm field of view
were acquired, with the same orientation of the dual-echo im-
ages, positioning the penultimate caudal section to match ex-
actly the central sections of the dual echo. This brain portion
was chosen because the periventricular area is a common |o-
cation for multiple sclerosis lesions. In addition, these central
sections are less affected by the distortions due to By field
inhomogeneity, which can affect image coregistration.

Image Analysis and Postprocessing

All image postprocessing was performed on a workstation
independent of the imager. After lesion identification by an
experienced observer, hyperintense T2 volumes were measured
by a trained technician using a semi-automated segmentation
technique based on local thresholding (28). Additional details
regarding lesion identification (28, 29) and lesion volume mea-
surements (28) are provided elsewhere.

Diffusion-weighted images were first corrected for distortion
induced by eddy currents using an algorithm that minimizes
mutual information between the diffusion un-weighted and
weighted images (30). Then, assuming a mono-exponential re-
lationship between signal intensity and the product of the b
matrix (a3 X 3 matrix that expresses the relationship between
the signal attenuation and the elements of the diffusion tensor
matrix) and diffusion tensor matrix components, the diffusion
tensor was calculated for each pixel according to the following
equation:

M 6 6
o = oo -3, 3, b0y,
where M is the measured signal intensity, M, is the T2-weight-
ed signal intensity, by; are the elements of the b matrix and D;;
are the elements of the diffusion tensor matrix. The tensor was
estimated statistically, using a nonlinear fitting of the data, ac-
cording to the Marquardt-L evenberg method. After diagonal-
ization of the matrix, D and fractional anisotropy were derived
for every pixel. The diffusion maps were interpolated to the
same matrix size as the dual echo, and then the b = O step of
the diffusion-weighted images (T2-weighted but diffusion un-
weighted) was coregistered with the T2-weighted images by
using a surface-matching technique based on mutua infor-
mation (30). The same transformation parameters and coregis-
tration technique were then used to coregister D and fractional
anisotropy maps. Pixels containing CSF and extra-cerebral tis-
sue were removed from the coregistered b = 0 step of the
diffusion-weighted images, by using a semi-automated tech-
nique based on loca thresholding (28). Next, the correspond-
ing pixels were removed from fractional anisotropy and D
maps. Histograms were created from these maps by using 10%
of the maximum wide bins. To compensate for differences in
brain size, each bin was normalized by the total number of
voxels contributing to the histogram. From each histogram, the
following measures were derived: the average D and fractional
anisotropy, the histogram peak heights, and the histogram peak
locations. _

Because CSF removal from D and fractional anisotropy
maps is the only step of histogram creations that requires hu-
man intervention, this is the part of the procedure that can
influence the reproducibility of the measurements. As a con-
sequence, to verify the intra-rater reproducibility of the pro-
cedure, the same observer, unaware of to whom the images
belonged, repeated twice the outlining of the brain from 10
randomly selected patients. The mean intra-rater coefficient of
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variation of the number of selected brain voxels included in
histogram analysis was 1.5% (range = 0.2-2.7%).

Satistical Analysis

A Student t test for non-paired data was used to compare D
and fractional anisotropy histogram-derived measures between
patients with multiple sclerosis and healthy control volunteers
and among the three different multiple sclerosis phenotypes.
We used Bonferroni correction to take into account these mul-
tiple comparisons. As a consequence, only P values = .01
were considered significant. Correlations were assessed by us-
ing the Spearman Rank Correlation Coefficient.

Results

No abnormalities were seen on any of the con-
ventional MR images obtained from the control
volunteers. In the overall multiple sclerosis popu-
lation, the median T2 lesion volume was 18.7 mL
(range, 0.4-106.9 mL). In Table 1, T2 lesion vol-
umes are reported separately for each of the clinical
phenotypes.

D and fractional anisotropy histograms of pa-
tients and control volunteers are reported in Figure
1. Table 2 reports the mean value and SD of D and
fractional anisotropy from the overall patient pop-
ulation and control volunteers. All the considered
quantities were different between the two groups at
a significance level of P < .001. No differences
were found in any of the considered quantities
among the three multiple sclerosis phenotypes (data
not shown).

In the overall patient population and in patients
with primary progressive multiple sclerosis, there
was no significant correlation between histogram
measures and clinical disability. However, when
considering in isolation those patients with relaps-
ing-remitting multiple sclerosis, the EDSS score
was moderately correlated with histogram average
D (r = 04, P = .01) and peak height (r = —0.4,
P = .01). When considering in isolation those pa-
tients with secondary progressive multiple sclero-
sis, the EDSS score was correlated with fractional
anisotropy histogram peak position (r = —0.6, P
= .01). Significant correlations were found be-
tween T2 lesion load and each of the following:
histogram average D (r = 0.4, P = .002), peak
height (r = —0.3, P = .008) and peak position (r
= 0.4, P = .001), and histogram average fractional
anisotropy (r = —0.6, P < .001) and peak height
(r = 0.3, P = .006). In patients, average D was
correlated with average fractional anisotropy (r =
—0.4, P < .001). Such correlation was still present
when considering each multiple sclerosis pheno-
type in isolation (data not shown), as well as when
considering control volunteers (r = —0.7, P =
.002).

Discussion
In this study, we obtained D and fractional an-

isotropy histograms of a large portion of the brain
from 78 patients with multiple sclerosis and 20
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Fic 1. Average histograms from patients with multiple sclerosis
(dashed line) and control volunteers (continuous line).

A, Mean diffusivity (D).

B, Fractional anisotropy (FA).
Fic 2. Average histogram of fractional anisotropy (FA) from con-
trol volunteers (thick continuous line). This curve can be fitted by
the superimposition of two theoretical gaussian curves, represent-
ing the distribution of fractional anisotropy values of gray (filled
squares) and white (open triangles) matter. Height, mean, and SD
of these curves can be estimated by minimizing the difference be-
tween the sum (dotted line) and the actual histogram. See the text
for further details.

TABLE 2: D and FA histogram-derived measures from M S patients and control subjects

Control Subjects MS Patients p*
Average D (SD) [X10-3 mm3s-1] 0.93 (0.04) 1.02 (0.07) <.001
Mean D pesk height (SD) [%o] 96.8 (10.6) 78.0 (16.7) <.001
Mean D peak location (SD) [x10-3 mm2s-1] 0.75 (0.02) 0.79 (0.05) <.001
Average FA 0.22 (0.09) 0.19 (0.14) <.001
Mean FA peak height (SD) [%o] 445 (35) 50.0 (4.4) <.001
Mean FA peak location (SD) 0.11 (0.01) 0.09 (0.01) <.001

* For statistical analysis: see the text. D, mean diffusivity; FA, fractional anisotropy.

healthy volunteers. For D histograms, we con-
firmed and extended the results of two preliminary
studies (21, 22) by showing that patients with mul-
tiple sclerosis, independently of clinical phenotype,
show a higher average D and D histogram peak
position and a lower D histogram peak height than
do healthy volunteers. Clearly, these results are af-
fected by the presence of multiple sclerosis lesions,
and the impact of the contribution of lesions to the
histograms can be seen by the correlation we found
between T2 lesion volume and average D. How-
ever, because we analyzed large brain volumes,
normal-appearing white matter is also likely to play
a part in the histogram abnormalities. Histogram
broadening and the consequent decrease of peak
height shows that fewer pixels in the brain have
normal D values. The peak height is therefore an
index of the remaining healthy tissue, which can
be helpful in quantifying the more diffuse aspects
of the disease.

In this study, we also analyzed, for the first time,
the characteristics of fractional anisotropy histo-
grams of healthy control volunteers and patients
with multiple sclerosis and found that patients with
multiple sclerosis have significantly lower histo-
gram average fractional anisotropy and peak loca-
tion and significantly higher peak height. Asreadily
apparent from Figure 1, image intensity of frac-
tional anisotropy maps has a different distribution
than that of D maps. D histograms are bell-shaped
curves, which can be interpreted as values distrib-
uted around a central bin, which represents the
most common and ‘“normal” vaue of the distri-
bution. As a consequence, we interpret histogram
broadening and the consequent decrease of the
peak height to be the result of fewer pixels with
normal D values. The same does not apply to frac-
tional anisotropy histograms. This is because gray
matter and white matter have very different frac-
tional anisotropy distributions. Although the D val-
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ues of these two tissues are very similar (at least
for b factors of approximately 1000 smm-2), gray
matter and white matter are characterized by dif-
ferent anisotropy behavior (13). Gray matter has a
randomly ordered microstructure (at least on a vox-
el scale) and, therefore, it is almost isotropic to wa-
ter diffusion. On the contrary, white matter is ex-
tremely anisotropic because it is constituted by
highly oriented structures, such as myelin sheaths
and axons. Thus, because fractional anisotropy his-
tograms are created from images containing both
gray matter and white matter, they are necessarily
the result of the superimposition of two different
bell-shaped curves.

Figure 2 shows that the average fractional an-
isotropy histogram of our control group can be fit-
ted accurately by the sum of two gaussian curves,
representing the theoretical distribution of fraction-
a anisotropy in the gray and white matter in iso-
lation. The parameters that characterize these two
gaussian curves (amplitude, mean and SD) were
estimated by progressively minimizing the differ-
ence between their sum (Fig 2, dotted line) and the
actual fractional anisotropy histogram. The initial
values of the parameters of the theoretical distri-
butions of fractional anisotropy values in gray and
white matter were obtained by averaging values
measured using sgquare regions of interest located
by experienced observers in different white and
gray matter structures of the brain from healthy
control volunteers (31). The analysis of the distri-
bution of fractional anisotropy values, as shown in
Figure 2, helps in understanding the meaning of the
fractional anisotropy histogram changes observed
in patients with multiple sclerosis when compared
with controls. The theoretical gaussian curve of
white matter is much wider than that of gray matter.
This is the consequence of the known intra-indi-
vidual variations of fractional anisotropy valuesin
different regions of the brain, due to the highly var-
iable degree of coherence of fiber tract directions.
Fractional anisotropy values are high in some struc-
tures, such as the corpus calosum or the internal
capsules, where fibers have a parallel orientation,
whereas fractional anisotropy values are relatively
low in white matter regions, such as in the centra
semiovale, where different tissue orientations are
present within the same voxel. As a consequence,
observed fractional anisotropy histogram peak lo-
cation from control volunteers is close to the the-
oretical peak location of gray matter fractional an-
isotropy histogram. In case of brain pathologic
abnormality with the potentia to reduce white mat-
ter fiber tract organization, a shift of white matter
fractional anisotropy histogram toward lower val-
ues would result in an increase of the histogram
peak height. As expected, a previous study (16)
showed that lesions and normal-appearing white
matter from patients with multiple sclerosis have
significantly decreased fractional anisotropy when
compared with normal white matter from control
volunteers. Therefore, our results (lower histogram
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average fractional anisotropy and peak position and
higher histogram peak height in patients with mul-
tiple sclerosis when compared with healthy control
volunteers) indicate a global decrease in white mat-
ter fractional anisotropy due to both the presence
of macroscopic multiple sclerosis lesions (which
are likely to be the major contributor to the increase
of the histogram peak height) and diffuse normal-
appearing white matter pathologic abnormality
(which is likely to contribute to the shift toward the
left of the histogram peak position).

In this study, we have also investigated whether
differences in D and fractional anisotropy histo-
gram-derived measures were detectable among the
three main different multiple sclerosis phenotypes.
Contrary to what was found by a preliminary study
comparing D histograms from nine patients with
relapsing-remitting multiple sclerosis and four with
secondary progressive multiple sclerosis (22), we
did not find any difference in D and fractional an-
isotropy distributions among patients with relaps-
ing-remitting multiple sclerosis, secondary progres-
sive multiple sclerosis, and primary progressive
multiple sclerosis. These results indicate that the
overal severity of multiple sclerosis pathology is
similar in these multiple sclerosis phenotypes. Con-
sidering that the loads of T2-visible lesions tend to
be lower for patients with primary progressive mul-
tiple sclerosis than for those with secondary pro-
gressive multiple sclerosis (32), as aso shown by
the present study, this observation suggests that the
relative contributions of the various aspects of the
multiple sclerosis pathology to the accumulation of
disability may vary in the two progressive forms
of the disease. This agrees with the results of pre-
vious studies using magnetization transfer ratio his-
togram analysis (5, 33).

This study confirmed the presence of a signifi-
cant correlation between D and fractional aniso-
tropy in association with multiple sclerosis (16).
Nevertheless, the magnitude of the correlation that
we found was far from being a strict relationship
and was weaker than that found in control volun-
teers. This indicates that D and fractional aniso-
tropy provide complementary and partially inde-
pendent information regarding multiple sclerosis
pathology. Because tissue damage aone would
both increase D and decrease fractional anisotropy,
this observation suggests the potential of serial dif-
fusion tensor MR imaging to monitor tissue repair.
For example, marked glial proliferation would de-
crease both D and fractional anisotropy in concert,
thus reducing the magnitude of the correlation that
would result from a marked preponderance of tis-
sue damage over tissue repair.

For patients with relapsing-remitting multiple
sclerosis, measures derived from D histograms
were found to be significantly correlated, abeit
moderately, with clinical disability, whereas EDSS
scores were strongly correlated with fractional an-
isotropy peak positions for patients with secondary
progressive multiple sclerosis. These correlations
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were not reported previously because of the small
numbers of patients studied (15-22). These find-
ings suggest that mechanisms leading to disability
are likely to be different in patients with relapsing-
remitting multiple sclerosis and secondary progres-
sive multiple sclerosis. Although caution must be
exercised, because this is a cross-sectional study,
one might speculate that progressive loss of struc-
tural barriers to water molecular motion is a rele-
vant pathologic aspect in relapsing-remitting mul-
tiple sclerosis, whereas loss of tissue organization,
due to severe and repeated tissue damage, is one
of the pathologic hallmarks of secondary progres-
sive multiple sclerosis. Neverthel ess, the magnitude
of the correlation between diffusion tensor histo-
gram-derived measures and disability was still per-
haps disappointing. Several factors might explain
this, including the many limitations of the EDSS
score (34) and the role of spinal cord damage in
determining neurologic disability (35).

Admittedly, the present study is not without lim-
itations. The first is the relatively poor spatial res-
olution of the diffusion tensor MR images we used.
Although our image resolution was similar to that
of the two previous preliminary studies (21, 22),
this may have led to partial volume effect in pixels
located at the brain-CSF edge. However, these pix-
els are a small minority of the overall number of
pixels contributing to the histograms and, as a con-
sequence, partia volume effect can only partialy
explain the differences we found between patients
and controls in D and fractional anisotropy histo-
grams. The use of pulse sequences with increased
gpatial resolution, such as interleaved echo-planar
imaging sequences (36), should clarify this issue.
The second limitation applies to all studies using
histogram analysis of MR data. With such an ap-
proach, information related to the status of specific
brain structures or tissues is inevitably lost. How-
ever, in the context of clinical trials, it may be un-
feasible to measure D or fractional anisotropy
changes from severa different brain regions and
tissues, whereas a quantitative measure reflecting
overall lesion burden might be a desirable outcome
measure. In addition, because MR data are retriev-
able, D and fractional anisotropy changes in spe-
cific areas or regions can aways be measured, if
needed.

Conclusion

This study shows that D and fractional anisot-
ropy histograms of a large portion of the brain are
different in patients with multiple sclerosis com-
pared with age- and sex-matched controls. These
differences are likely to be the result of multiple
sclerosis lesions and subtle changes in the normal-
appearing white matter and suggest a net loss and
disorganization of barriers restricting water molec-
ular motion in the brain of patients with multiple
sclerosis. This study also showed that D and frac-
tional anisotropy histogram-derived measures do
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not differ significantly among the three major clin-
ical phenotypes of the disease but that some of
them are correlated with the level of disability in
patients with relapsing-remitting multiple sclerosis
and secondary progressive multiple sclerosis. This
suggests D and fractional anisotropy histogram-de-
rived measures as potentially useful measures of
outcome to be used in addition to T2-weighted MR
imaging when monitoring the evolution of relaps-
ing-remitting multiple sclerosis and secondary pro-
gressive multiple sclerosis.
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