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Magnetization Transfer Ratio Histogram Analysis of
Gray Matter in Relapsing-remitting Multiple Sclerosis

Yulin Ge, Robert |. Grossman, Jayaram K. Udupa, James S. Babb, Dennis L. Kolson, and Joseph C. McGowan

BACKGROUND AND PURPOSE: Gray matter may be affected by multiple sclerosis (MS),
a white matter disease. Magnetization transfer ratio (MTR) is a sensitive and quantitative
marker for structural abnormalities, and has been used frequently in the imaging of MS. In
this study, we evaluated the amount of MTR of gray matter among patients with relapsing-
remitting M S and healthy control subjects aswell as the correlation between gray matter MTR
abnormality and neurologic disability associated with relapsing-remitting M S.

METHODS: We obtained fast spin-echo dual-echo and magnetization transfer (with and
without MT saturation pulses) images from eighteen patients with relapsing-remitting M S and
18 age-matched healthy control subjects. Gray matter was segmented using a semiautomated
system. Gray matter MTR histogram parameters, Kurtzke Expanded Disability Status Scale
(EDSS), total T2 lesion volume, and gray matter volumes wer e obtained for statistical analysis.

RESULTS: A significant difference was found in gray matter MTR between patients with
relapsing-remitting M S and healthy subjects (mean and median). Gray matter MTR histogram
normalized peak heights in patients inversely correlated with EDSS (r = —0.65, P = .01).
There was also an inverse correlation between mean MTR of gray matter and total T2 lesion
volume.

CONCLUSION: The MTR of gray matter significantly differed between patients with re-
lapsing-remitting M S and healthy control subjects, suggesting that M Sis a more diffuse disease
affecting the whole brain, and neuronal damage accumulates in step with T2 lesion volume.
Our finding of the relationship between gray matter MTR and EDSS indicates that measure-
ment of gray matter abnormality may be a potentially useful tool for assessing clinical disability

in MS.

Magnetization transfer (MT) imaging has become
an important tool for accurately monitoring the
evolution and disease process of multiple sclerosis
(MS) (1-3). Additionally, it provides information
on tissue structures and structural components that
are normally not resolvable with MR imaging. MT
theory is based on the exchange of proton mag-
netization between water and non-water structural
components (4). The attraction of MT imaging is
that, with the MT saturation pulse on and off, this
MT effect can be quantified and expressed as mag-
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netization transfer ratio (MTR) (5, 6). MTR can be
assessed for each voxel of aregion of interest or a
volume image. The advantages of the MTR histo-
gram analysis include the quantitative nature of tis-
sue destruction and sensitivity to the presence of
disease (3).

Previous work from animal and human studies
has demonstrated decreased MTR values may re-
flect demyelination (5, 7, 8) or axonal injury (9,
10). The correlations between MTR abnormalities
and neurologic disability have also been reported
by severa investigators who predominately relied
on the measurements of lesions (11), normal-ap-
pearing white matter (NAWM) (12, 13) seen on T2-
weighted images, and whole-brain studies (14—16).
All of these results imply that MT imaging is a
good indicator of both macroscopic and microscop-
ic lesions that cannot be seen on conventional (pro-
ton density— and T2-weighted) imaging, and that
MT plays an important role in monitoring the clin-
ical status of MS (16). Nonetheless, a study of the
MTR of gray matter in the normal brain and the
brain affected by M'S based on volume imaging and
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its relationship to clinical indices has not, to our
knowledge, been reported.

MS is a demyelinating disease, and lesions are
abundantly found in the white matter. However,
both the pathologic (17, 18) and imaging studies
(19, 20) have shown that lesions could involve gray
matter, although sparsely. Recent study indicates
that neuronal axons may be damaged in acute and
chronic lesions, suggesting that gray matter (neu-
ronal cell bodies) may ultimately suffer damage
(21). Although cerebral cortex abnormality may
cause clinical cortical syndromes, including dys-
phasia (22), dyscalculia (23), epilepsy (24), and
psychometric deficits (25) as well as cortical motor
and sensory loss (26) in MS, until recently, appro-
priate quantitative MR imaging techniques have not
been readily available to examine the gray matter
structural basis of this more complicated disease.
A fundamental question that remains unresolved in
MS is how this whole-brain white matter disease
influences the subtle tissue abnormalities in the
global gray matter and how the global gray matter
abnormalities influence neurologic disability.

In this report, we analyzed the gray matter MTR
values in patients with relapsing-remitting MS and
healthy control subjects by using a combination of
MT imaging and imaging segmentation to deter-
mine global abnormality of gray matter involved in
patients with relapsing-remitting MS and its cor-
relation with neurologic disability. Our hypothesis
was that gray matter MTR would be affected by
white matter disease and that global gray matter
abnormalities would correlated with clinical
parameters.

M ethods

Subjects

Eighteen patients (15 women, three men) with clinically def-
inite relapsing-remitting MS and eighteen healthy control sub-
jects (12 women, six men) were studied with neurologic ex-
amination and MR imaging. The mean age of patients was 34.1
years (range, 26-52 yr) and mean disease duration was 5.3
years (range, 1-15 yr). The mean age of control subjects was
33.9 years (range, 23-53 yr). Kurtzke Expanded Disability Sta-
tus Scale (EDSS) scores (27) (range, 0-6.5) of patients were
obtained at the time of MR examinations. Informed consent
was obtained from all patients and control subjects, and our
institutional review board approved the protocol.

MR Imaging

MR imaging was performed on a Signa (General Electric
Medical Systems, Milwaukee, WI) 1.5-T unit with a quadra-
ture transmit/receive head coil. The conventional imaging pro-
tocol consisted of proton density— and T2-weighted axial fast
spin-echo (FSE) dual-echo (2500/18/90/1 [TR/TE,/TEy/exci-
tation], 3-mm section thickness, 22-cm field of view [FOV],
192 X 256-mm matrix). MT sequences were performed using
a 3D gradient-echo sequence modified by an additional MT
pulse (106/5/12° [TR/TE/lip angle]; FOV, 22 cm; matrix, 128
X 256 mm?; slice thickness, 5 mm). M T contrast was achieved
by the application of a 19-ms sinc-shaped RF saturation pulse
during the TR period, with an equivalent flip angle of 700°,
which was applied at a frequency of 1.2 kHz below water
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resonance (28). Two identical sets of axial images with differ-
ent contrast (with and without MT saturation pulses) were then
obtained.

Image Processing and Analysis

MR imaging data were transferred directly to a Sun Sparc
workstation (Sun Microsystems, Mountain View, CA) via the
picture archiving and communications system of our depart-
ment. The calculation of gray matter volume was done by use
of an internal version of the 3DVIEWNIX software system
(29) (Medical Image Processing Group, University of Penn-
sylvania, Philadelphia, PA) using both proton density— and T2-
weighted images. The process begins with segmentation of the
intracranial brain and CSF by use of the theory of *‘fuzzy
connectedness,” which has been previously described (30). All
segmented brain volume images (more than 50 slices in each
study) were then reviewed, and any residual extracranial and
CSF components were excluded, if need be, by a neuroradi-
ologist (Y.G.). Lesions, if present, gray matter, and white mat-
ter were also identified each as a 3D fuzzy object by using
fuzzy connectedness (30, 31). The voxels belonging to MS
lesions were removed from the gray matter mask in each study,
resulting in a*‘pure”’ gray matter tissue volume image (Fig 1).

This technique creates a voxel-by-voxel volume image by
using proton density— and T2-weighted images, and exhibits
more than 95.5% intraobserver reproducibility of the segmen-
tation for gray matter in repeat scans. The computation of
MTR requires both the gray matter volume image and the MT
images. Because the FSE images have a higher spatial reso-
lution than the MT images, we registered the proton density—
weighted images with MT images rather than vice versa. Once
registered, for each voxel in the gray matter volume, the MTR
can be calculated using the expression: MTR = [(Mo(Ms)/M0]
X 100%, where Mo and Ms represent the signal intensity of
the voxel with the saturation pulse off and on, respectively (5).
The MTR histograms of gray matter were then generated and
normalized by dividing each histogram frequency value (ie,
the total number of voxels with a certain MTR value) by the
total number of voxels in the gray matter. The peak height of
the histogram represents the largest normalized frequency in
terms of one MTR value. The histographic analysis was per-
formed in all control subjects and patients. To normalize the
baseline differences (head size) in gray matter volume among
patients and control subjects, an additional parameter, the frac-
tional gray matter (%GM) volume, was calculated as the per-
centage of gray matter volume within the volume of intracra-
nial contents to assess if gray matter had atrophy.

Satistical Analysis

We used the SAS software for histogram analysis. The sum-
mary gray matter MTR histogram statistics from each subject
included in this study were the mean, median, mode (peak
location), and first and second quartiles as well as the relative
frequency of MTR (peak height). Age and gender were in-
cluded in al analyses to control their potential confounding
effects. Similarly, disease duration was included in al analyses
examining the relationships among the outcome measures of
the patients with relapsing-remitting MS.

Weighted least squares regression and analysis of variance
were used to compare the patient and control subject with re-
spect to each summary statistic. A Bonferroni correction for
multiple-hypothesis tests was used to ensure an overal type |
error rate no greater than 5% when comparing MS and control
groups. Specifically, with respect to each statistic variable, the
two groups were declared significantly different at the 5% level
only if the P value for the relevant statistical test was less than
.007. The weighting factor was included to account for the
different number of voxels examined for each patient. For pa-
tients with relapsing-remitting MS, least squares regression
and Pearson product-moment correlation coefficients were
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Fic 1. Segmentation of gray matter results (right) and corresponding proton density— (left) and T2-weighted (middle) in control subjects
(A) and patients (B). Note that the enlargement of the sulci attributable to brain atrophy could be seen on the T2-weighted image (B,
middle) in MS patients, which might be due to the volume loss of white matter.

Comparison of each summary MTR histogram statistics for the
relapsing-remitting MS and normal control groups

Normal Patients

Statistics Mean SD Mean SD P Values*
% GM volume (%) 47.7 5.0 469 45 .55
Mode (%) 320 07 313 07 01
Peak height (10-3) 953 115 943 121 .80
Mean MTR (%) 301 06 289 07 <.0001
Median (%) 312 07 300 08  <.0001
First quartile (%) 277 10 262 11 .0002
Third quartile (%) 341 06 337 08 <.0001

* The P value was obtained from a weighted analysis of variance.

used to examine the relationship between each summary sta-
tistic and the MR tissue volume measurements (ie, gray matter
volume and T2 lesion volume). Spearman rank correlation co-
efficients were used to assess the association between each
summary statistic and the ordinal clinical index (ie, EDSS).

Results

As summarized in the Table, a significant differ-
ence was found in the gray matter MTR histogram
mean (P < .0001), median (P < .0001), first quar-
tile (P < .0002), and third quartile (P < .0001)
between patients with relapsing-remitting MS and
control subjects, although there was no statistical
difference for %6GM volume between patients and

Relative Frequency (xfﬁ

50

Magnetization Transfer Ratio

Fic 2. The average gray matter MTR histograms between 18
relapsing-remitting MS patients (solid line) and 18 age-matched
control subjects (dotted line). Note the whole body of the histo-
gram was shifted to the left in MS patients, although the peak
height is similar with healthy individuals.

control subjects. The coefficient of variation (CV)
for each MTR parameter isvery small (CV = 0.04)
for both patients and control subjects, except for
MTR histogram peak height (CV = 0.13). The
mode did not reach statistical significance (P =
.01) after the Bonferroni correction was imple-
mented. There was no significant difference for
MTR histogram peak height between patients and
control subjects.

Figure 2 shows the averaged histograms of the
gray matter MTR means from the 18 patients with
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Fic 3. Regression analysis of relative frequency of gray matter
MTR mode versus EDSS in relapsing-remitting MS patients. Dots
are the relative frequencies of gray matter MTR mode (peak
heights) for individual patients on EDSS. The line represents the
predictive relative frequency of MTR mode with EDSS as a func-
tion. There was an inverse correlation (Spearman rank correla-
tion, r = —0.65) between relative frequency of mode and EDSS.

MS and 18 control subjects, respectively. Relative
to the control subjects, the histogram of the patients
was shifted to the left. This indicates the increased
number of voxels with lower MTR values for glob-
a gray matter in patients compared with control
subjects. The similar normalized peak heights in
these two groups suggest that most of the gray mat-
ter voxels had a similar relative frequency of MTR
mode even when the distribution was shifted in pa-
tients in this study.

We also studied the relationships between MTR
histogram statistics with clinical index (EDSS) and
MR tissue volume measurements (gray matter, T2
lesions). Spearman rank correlation coefficients
demonstrated that EDSS was inversely correlated
with both MTR histogram peak heights (relative
frequency of MTR mode) and first quartile (r =
—0.65, P < .01 [for both]), as shown in Figure 3.
EDSS was observed to have a significant positive
correlation with MTR histogram SD (r = 0.62, P
< .01). A correlation between EDSS and T2 lesion
load in this study was absent (r = .0.27). There
was also an inverse correlation (Fig 4) between
MTR histogram mean and total T2 lesion volume
(Pearson correlation coefficient, r = —0.55, P =
.017). We did not find any significant correlation
between any MTR histogram statistic and either
%GM volume or disease duration. No correlation
was found among MTR histogram mean, peak lo-
cation, EDSS, and other MR imaging volume
measurements.

Discussion
MTR histogram analysis for gray matter in this
study allowed successful evaluation of global gray
matter change in a cohort of patients with MS. The
mean histogram of gray matter MTR from MS pa-
tients was shifted to the left relative to the mean
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Fic 4. Regression analysis of gray matter MTR mean values
versus total T2 lesion volume (mm?) in relapsing-remitting MS
patients. Dots are the mean MTR values for individual patients.
The line represents the predictive mean MTR with total T2 lesion
volume as a function. There was an inverse correlation (Pearson
correlation coefficient, r = —0.55) between mean MTR of gray
matter and T2 lesion volume.

histogram in control subjects (Fig 2), although by
a small amount (30.1% =+ 0.6% to 28.9% = 0.7%,
mean). The decrease in gray matter MTR in pa
tients may have resulted from a fundamental fea-
ture of the disease or a passive upstream effect on
the cell bodies of the gray matter due to axonal
degeneration in the white matter. It is noted that
small plagues can be found within the cerebral cor-
tex or straddling the junction of the cortex and
white matter, possibly reflecting the origin of my-
elinated axons in the gray matter (32). Loss of neu-
rons in the gray matter occurring in MS has aso
been suggested by brain atrophy (Fig 1) (33, 34),
as well as decreased N-acetylaspartate (NAA),
which is considered as a neuronal marker by MR
spectroscopy (35, 36). A significant difference in
the MTR histogram statistics of gray matter be-
tween patients and control subjects in our study
probably also provides another insight that MS is
not only a disease with multifocal white matter le-
sions, but is aso a disease with diffuse involvement
of gray matter.

Although previous studies based on brain paren-
chyma volume showed a lower MTR histogram
peak height for M S patients compared with control
subjects (14, 15), the present study found no such
difference. This may have resulted from the fact
that the parenchyma includes more lesions with
very low MTR valuesin those studies (14, 15). Our
results were based on gray matter, after lesions in
gray matter seen on FSE T2-weighted images were
removed by the segmentation algorithm. This
would increase the peak heights observed for the
MS patients, rendering them statistically indistin-
guishable from those of control subjects. The sig-
nificant lower gray matter MTR mean, median, and
first and third quartiles suggest gray matter change
in MS may be diffuse. This is reflected by the
whole left-shifted MTR histogram in the patient
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group, but with similar shape relative to the control
group. We did not find the significant gray matter
atrophy in patients represented by %GM volume,
although there was enlargement of sulci in some
patients (Fig 1). The sulcal enlargement in patients
relative to control subjects might be due to the loss
of white matter volume within the gyral cores and
subarcuate fibers.

The primary motor projection cortex and the pri-
Mmary Sensory projection cortex in gray matter are
associated closely with clinical functions. This mo-
tivated us to try to correlate the gray matter MTR
histogram values with clinical conditions of M S pa-
tients. The inverse correlation between gray matter
histogram peak height and EDSS among patients
may suggest that low peak height would then tend
to indicate more disease process in gray matter and
therefore higher EDSS (Fig 3). At the same time,
we found a positive correlation between EDSS and
SD of gray matter MTR (r = 0.62, P < .01), which
most likely reflects variation of pathologic abnor-
malities in the gray matter MTR among patients.
As MTR histogram peak height is defined as re-
flecting the amount of remaining normal tissue (6,
14) and is inversely related to the amount of tissue
affected by the disease, decreasing variation of
MTR would increase the peak height of MTR and
then decrease EDSS. This is consistent with the
relationship previously described between the peak
height of whole-brain MTR histograms and EDSS
(16). It is aso in agreement with the inverse rela-
tion between NAA peaks and disability noted in
previous studies (37—39). Recent studies have also
provoked interest in the neuronal loss (gray matter
atrophy) (40) and brain atrophy (41) associated
with clinical severity in MS patients, particularly
because the clinical relevance of measuring T2 le-
sion load is still considered controversial (42). All
of these studies imply that greater gray matter ab-
normality in patients may reflect more clinical dys-
function because of degeneration in the primary
motor and sensory cortex in gray matter. The find-
ing of poor correlation between T2 lesion load and
EDSS would tend to further support to the concept
that gray matter MTR measures provide indepen-
dent information on clinical disability in this pa
tient group. In addition, as other authors have dem-
onstrated, disability also seems to be determined by
spinal cord involvement (43).

Data from the present study reveal arelationship
between total T2 lesion volume and reduction of
mean MTR values of GM. Greater gray matter ab-
normality manifested by lower MTR may be ex-
pected when total lesion volume is high, even
though the changes in the gray matter were not eas-
ily found by conventional FSE T2-weighted im-
aging. It seems likely that the severity of disease
in the white matter is one factor predictive of gray
matter involvement (Fig 4). The pathogenesis of
gray matter abnormality is still unknown. However,
recent data (44) have shown that there is a signif-
icant decrease of global cortical metabolic rate of

AINR: 22, March 2001

glucose in MS patients detected by positron emis-
sion tomography, suggesting neuronal cell dysfunc-
tion in the gray matter in MS. It is also possible
that the axonal destruction in acute and chronic MS
lesions could be responsible for the neuronal cell
body disorder because of axonal disconnection to
the cortex and resulting wallerian degeneration (21,
45).

In summary, in our study, MT imaging helped
quantitate global gray matter abnormality that may
reflect underlying pathologic changes in the gray
matter in MS, which may, in turn, reflect chronic
neurodegeneration. The gray matter MTR abnor-
mality indicates MS is a diffuse disease affecting
the whole brain, and corresponds to the clinical sta-
tus. The inverse correlation between MTR and total
lesion volume suggests that neuronal damage ac-
cumulates in step with white matter lesionsin MS.
Moreover, the ability to monitor the tissue destruc-
tion of this methodology may prove useful as a
surrogate marker of clinical disability in MSandin
evaluating the efficacy of therapeutic interventions.
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