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Comparison of T2 Lesion Volume and
Magnetization Transfer Ratio Histogram
Analysis and of Atrophy and Measures of Lesion
Burden in Patients with Multiple Sclerosis

Micheal D. Phillips, Robert I. Grossman, Yukio Miki, Lougang Wei, Dennis L. Kolson,
Mark A. van Buchem, Marcy Polansky, Joseph C. McGowan, and Jayaram K. Udupa

PURPOSE: The purpose of this study was twofold: first, to compare two different measures
of lesion burden in patients with multiple sclerosis (MS), the magnetization transfer ratio
(MTR) histogram and T2 lesion volume; and, second, to investigate the relationship between
lesion burden and atrophy in patients with MS.

METHODS: Thirty patients with MS were examined with MR imaging, including fast
spin-echo T2- and proton density-weighted sequences as well as magnetization transfer se-
quences. The lesion burden in each subject was quantitated by MTR histographic analysis and
by a computer-based method for calculating the total volume of lesions on T2-weighted images.
Additionally, the CSF volume, the brain parenchymal volume, and the percentage of brain
parenchymal volume were determined in all patients by using this method and were compared
with measurements in eight control subjects.

RESULTS: Significant loss of parenchymal volume was seen in patients with MS as deter-
mined by increased CSF volume and decreased percentage of brain parenchymal volume
relative to that in age-matched control subjects. An inverse correlation was observed between
the peak height of the MTR histogram and T2 lesion volume. T2 lesion volume corresponded
positively with CSF volume and inversely with percentage of brain parenchymal volume. The
peak height of the MTR histogram corresponded positively with percentage of brain parenchy-
mal volume and inversely with CSF volume.

CONCLUSION: MS patients sustain a significant loss of parenchymal volume (atrophy),
which corresponds strongly with increasing lesion burden. T2 lesion volume and peak height of
the MTR histogram show good correlation, and the peak height of the MTR histogram shows
a superior correlation with measures of brain atrophy as compared with measurements of T2
lesion volume, suggesting that the MTR histogram may be a better indicator of global disease

burden than is T2 lesion volume.

MR imaging is the most sensitive radiologic
method for evaluating multiple sclerosis (MS) (1, 2).
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Lesions identified on conventional T1-, T2-, and pro-
ton density—weighted images have been shown to cor-
respond with macroscopically observed MS plaques
on pathologic analysis (3, 4). Lesion burden, as based
on conventional MR imaging findings, has been
quantitated by a variety of methods (5-9), including a
computerized technique that has an inter- and in-
traobserver variability of less than 1% (10). Although
it is possible to characterize the volume of macro-
scopic lesions, it is unlikely that this measurement
reflects the full extent of lesion burden in patients
with MS. One study involving 14 patients with MS
demonstrated that on pathologic evaluation, up to
72% of the samples of macroscopically normal-ap-
pearing white matter had microscopic abnormalities
(11). Microscopic changes included diffuse gliosis,
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Fic 1. MTR histograms in a control subject (thin line) and a
patient with MS (thick line). MTR values are displayed along the
x-axis and normalized pixel counts are displayed along the y-
axis. The peak height of the histogram (the MTR value with the
largest normalized pixel count) is decreased in the MS patient as
compared with that of the control subject.

perivascular infiltration, and small foci of demyelina-
tion (11). Consistent with these results, areas of nor-
mal-appearing white matter on standard fast spin-
echo (FSE) MR images in patients with MS have
been shown to be abnormal when examined with
magnetization transfer imaging, spectroscopy, or cal-
culated relaxation times (12-17). Dousett et al (12)
noted that individual lesions observed on FSE T2-
weighted MR images displayed markedly decreased
magnetization transfer ratio (MTR) values and that
the MTR was also decreased, although to a lesser
extent, in normal-appearing white matter. Several
studies have subsequently confirmed that the MTR is
significantly reduced in areas of normal-appearing
white matter in patients with MS (13-15). The abnor-
mal MTRs in normal-appearing white matter have
been attributed to the microscopic changes seen at
pathologic examination (13).

Van Buchem et al (18) reported a highly auto-
mated, objective method for evaluating changes in the
MTR throughout the entire brain. With this tech-
nique, the extracranial contents are excluded and
then a voxel-by-voxel calculation of the MTR is per-
formed on the intracranial contents. This method was
used to compute whole-brain histograms (see Fig 1).
Van Buchem et al showed that the peak height of
these MTR histograms is decreased in patients with
MS as compared with that in subjects without disease.
On the basis of these results, the MTR histogram has
been suggested as a good indicator of whole-brain
disease burden in patients with MS, because it reflects
the macroscopic lesions detected on both conven-
tional MR and magnetization transfer images as well
as the microscopic lesions seen only with magnetiza-
tion transfer imaging (18).

The relationship, if any, between the MTR histo-
gram and the volume of MS lesions seen on standard
FSE T2-weighted MR images has not been ad-
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dressed. The present study was designed to investi-
gate this relationship. Specifically, we compared the
normalized peak height of the histogram with the
total lesion volume on FSE T2-weighted MR images.
Our hypothesis was that these measures of lesion
burden should have an inverse relationship. Addition-
ally, we evaluated the relationship between loss of
parenchymal volume (atrophy) and lesion burden as
measured by both peak height of the MTR histogram
and T2 lesion volume. We hypothesized that atrophy
would correspond with T2 lesion volume and that
there would be an inverse relationship between peak
height of the histogram and degree of parenchymal
loss.

Methods

The subjects were part of a cohort of patients enrolled in a
long-term NIH-funded study to quantitatively evaluate MR
lesion burden in persons with MS. There were 21 women and
nine men (27 to 58 years old) with clinically definite MS as
defined by the Poser criteria (19). Ten patients had chronic-
progressive MS (mean duration of disease, 5.7 years at the time
of imaging) and the remaining 20 had relapsing-remitting MS
(mean duration of disease, 4.6 years at the time of imaging).
Subjects were untreated except for brief courses (2 to 3 weeks)
of pulsed corticosteriods for exacerbations of symptoms. Two
patients had received steroids in the 6 months prior to imaging
with treatment stopped at 3 months before imaging in one case
and at 3.5 weeks before imaging in the other. The rest of the
patients had not received steroids within 6 months of their
imaging date. Eight age-matched volunteers with no history of
neurologic illness were used as control subjects. All had normal
findings on brain MR images as interpreted by an experienced
neuroradiologist.

All examinations were performed on the same 1.5-T clinical
MR system with a quadrature head coil. The imaging protocol
consisted of whole-brain sagittal T1-weighted localizer images
(600/17 [TR/TE]) with a section thickness of 5 mm, and axial
FSE T2-weighted images (2500/18,90) with a section thickness
of 3 mm. Magnetization transfer imaging was performed with a
standard 3-D sequence (106/5) with gradient-recalled acquisi-
tion in the steady state and a flip angle of 12°. Images were
obtained at 5-mm intervals both with and without a saturation
pulse applied. The saturation pulse consisted of a 19-millisec-
ond single-cycle sync pulse with an average radio frequency
field intensity of 3.67 X 107 °T, which was applied at a fre-
quency of 2 kHz below water resonance. The interval between
the end of the saturation pulse and the beginning of each
excitation was approximately 1 millisecond. This pulse se-
quence was chosen to minimize T1 and T2 effects.

The volume of MS lesions was calculated by using a vali-
dated semiautomated computerized method with a known in-
ter- and intraobserver variability of less than 1% (10). The
method is based on the concept of fuzzy connectivity (22) and
is incorporated in a software system called 3DVIEWNIX (21)
that has been described previously (22, 23). The volume mea-
surements were performed by the same neuroradiologist in all
cases.

The calculations for parenchymal and CSF volumes were
also performed using the 3DVIEWNIX system. The calcula-
tion involves the production of a CSF-only image (see Fig 2)
from which the measurement of the CSF volume is made. The
process begins with segmentation of the extracranial contents,
which can be done after briefly training the program by having
the observer identify white matter, gray matter, and CSF using
a previously described method (22, 23). All the segmented
sections were then reviewed and any residual extracranial com-
ponents excluded, if need be, by an operator. An angle image
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was then produced from the segmented T2- and proton densi-
ty—weighted data sets using the method described by Udupa et
al (20). In brief, this technique creates a voxel-by-voxel image
using the following formula I,y = tan—1 (I1y/lpp), where
Lingies Im2 and Ipp are the intensities of the voxels from the
angle and from the T2- and proton density-weighted images,
respectively. The power of the angle image comes from its
effective elimination of the wide variation in CSF intensities
commonly seen on T2- and proton density-weighted images
due to inhomogeneity in the magnetic field. The resulting angle
image has relatively homogeneous CSF intensity values. A
threshold intensity value was then applied to the angle image to
produce a CSF-only image. The threshold value was selected by
using the T2-weighted images as a guide to produce a CSF-only
image, which accurately reflects the CSF volume (see Fig 2).
Both the segmentation and thresholding were performed by a
single neuroradiologist. The CSF volume was calculated by
summing the total volume of the voxels in the CSF-only image.
The value for total brain parenchymal volume was calculated

MULTIPLE SCLEROSIS 1057

Fic 2. A-C, CSF-only images (left) and
corresponding FSE T2-weighted (2500/
90/1) images (right) at the level of the
posterior fossa (A), lateral ventricles (B),
and cerebral convexities (C).

by subtracting the CSF volume from the volume of the intra-
cranial contents (brain parenchymal volume + CSF volume)
after segmentation. To normalize for baseline differences in
brain parenchymal volume among subjects, an additional pa-
rameter, the percentage of brain parenchyma, was also calcu-
lated. This was done by using the expression

Percentage of brain parenchyma = brain parenchymal
volume/volume of intracranial contents X 100

MTR histographic analysis was performed using the method
described by van Buchem et al (18). Magnetization transfer
images were segmented to remove the extracranial contents.
Then, for each voxel, MTR was computed using the expression

MTR = [(Mo—Ms)/Mo] X 100

where Mo and Ms represent the signal intensity of the voxel
with saturation pulse off and on, respectively. The CSF was
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separated from other intracranial voxels using a threshold of
MTR = 5%. A normalized histogram of the MTR values for
the 3-D brain parenchymal region was then computed (see Fig
1). Normalization was achieved by dividing each histogram
frequency value (ie, the total number of pixels containing a
certain MTR value) by the volume of the intracranial contents
to account for variation in head size among patients. The peak
height of the histogram is simply the largest normalized fre-
quency (ie, the largest normalized pixel value among the spec-
trum of individual MTRs). The histographic analysis was per-
formed in all cases by one neuroradiologist.

Statistics were computed with SAS software (SAS Institute,
Cary, NC). The data on T2 lesion volume, peak height of the
histogram, CSF volume, brain parenchymal volume, and per-
centage of brain parenchymal volume were analyzed using
Spearman correlations. MS patients and control subjects were
compared by using the Wilcoxon rank sum test.

Results

The CSF volume was significantly larger in patients
with MS than in the age-matched control subjects
(P = .0049). Additionally, the percentage of brain
parenchyma was significantly smaller in MS patients
than in the control subjects (P = .0045). No signifi-
cant difference in brain parenchymal volume was
seen between the patients and the control subjects
(P = .349).

A positive correlation was found between T2 lesion
volume and CSF volume, with a Spearman correla-
tion coefficient of .730 (P = .0001). No correlation
was seen between T2 lesion volume and brain paren-
chymal volume. There was, however, a significant
inverse correlation between T2 lesion volume and
percentage of brain parenchymal volume, with a
Spearman correlation coefficient of —.746 (P =
.0001).

An inverse correlation was found between the peak
height of the histogram and the T2 lesion volume,
with a Spearman correlation coefficient of —.728
(P = .0001).

A positive correlation was seen between the peak
histogram height and the percentage of brain paren-
chymal volume, with a Spearman correlation coeffi-
cient of .832 (P = .0001). An inverse correlation was
seen between peak histogram height and CSF vol-
ume, with a Spearman correlation coefficient of
—.828 (P = .0001). No correlation was seen between
peak height of the histogram and brain parenchymal
volume.

Discussion

Generalized atrophy and ventricular enlargement
in patients with MS were first described in the pathol-
ogy literature (24-27). CT studies showed atrophy in
patients with long-standing MS (28-31); however, the
majority of these studies relied on a subjective assess-
ment of atrophy. Quantitative measurements were
performed in several studies (32-35), including one in
which an automated computerized technique was
used (36). However, CT is less sensitive than MR
imaging in depicting the full extent of white matter
lesions, so the precise relationship between lesion
volume and atrophy remained uncertain.
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MR imaging can depict the presence of atrophy of
the corpus callosum as well as generalized parenchy-
mal atrophy in patients with MS (37-43). These stud-
ies also relied on predominately subjective measure-
ments of atrophy and/or the volume of MS lesions
seen on T2-weighted images. One group of investiga-
tors (44) did perform objective measurements of le-
sion volume and parenchymal volume in a study that
evaluated the relationship between T2 lesion volume
and the change in parenchymal volume on four con-
tiguous brain sections over an 18-month period.
There are few data, however, comparing the extent of
lesion burden seen on T2-weighted images and the
degree of whole-brain parenchymal atrophy, nor are
there any studies that have examined the relationship
between generalized atrophy and MTR values in pa-
tients with MS.

The data from the present study reveal a relation-
ship between lesion volume seen on FSE T2-weighted
MR images and reduction in peak height of MTR
histograms. This correlation is expected, because in-
dividual MS lesions seen on FSE T2-weighted MR
images have been shown to have decreased MTRs
(12, 15, 45). Hence, an increasing volume of lesions
increases the number of voxels with lower MTRs,
thereby contributing to a decrease in the peak height
of the MTR histogram. Although this result is ex-
pected, the association between this MTR histo-
graphic parameter and T2 lesion volume has impor-
tant connotations. If MTR histograms are to be used
as a surrogate and potentially more sensitive monitor
of lesion burden, they must first be shown to corre-
spond to conventional measures of lesion volume.
MTR histograms correspond well to global disease
burden seen on FSE T2-weighted images and may
additionally depict lesions that are not seen on FSE
MR images.

Our data indicate that global volume loss is mani-
fested by an increase in CSF volume and a decrease in
percentage of brain parenchymal volume in patients
with MS as compared with age-matched healthy vol-
unteers. No significant difference was seen between
the patients and the control subjects in the volume of
brain parenchyma. Additionally, no correlation was
seen between measures of lesion burden and brain
parenchymal volume, which most likely reflects vari-
ations in brain volume among individuals. Changes in
parenchymal volume may be relatively small as com-
pared with differences in parenchymal volume among
individuals. The percentage of brain parenchyma nor-
malizes for differences in brain parenchymal volume
among subjects, and the sample size of the present
study is most likely too small to detect changes in
parenchymal volume without normalizing for these
individual differences. The total volume of CSF is
smaller than that of brain parenchyma and may dem-
onstrate less variation among individuals. Addition-
ally, the CSF volume is relatively smaller than brain
parenchymal volume, and may therefore be more
sensitive to smaller degrees of loss of parenchymal
volume.
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Our study shows a correlation between measures of
lesion burden and volume loss. Losseff et al (44)
found no correlation between baseline or change in
T2 lesion burden and the development of atrophy
over an 18-month period. This apparent discrepancy
between our findings and theirs most likely stems
from several differences between the two studies.
First, we compared lesion burden with volume loss at
single points in time rather than over a period of time.
Second, our measurements of lesion burden and vol-
ume loss were performed on the whole brain rather
than on four contiguous sections, as done by Losseff
et al. And, finally, Losseff et al looked at brain pa-
renchymal volume, which showed no significant cor-
relation in our study, rather than CSF volume or
percentage of brain parenchymal volume.

Although CSF volume and percentage of brain
parenchymal volume both showed a strong correla-
tion with T2 lesion volume (positive and negative,
respectively), they showed a stronger correlation with
peak height of the histogram. Loss of parenchymal
volume in MS most likely reflects a combination of
pathologic processes, including demyelination, gliosis,
and neuronal loss. The net effect of these pathologic
processes results in loss of brain parenchyma. FSE
T2-weighted MR imaging is sensitive only to the areas
of macroscopic disease. There is evidence to suggest
that magnetization transfer imaging can detect mac-
roscopic and microscopic disease as well as neuronal
loss (12-15, 46). The increased sensitivity of magne-
tization transfer imaging as compared with FSE T2-
weighted imaging results in superior correlation of
the peak height of the MTR histogram with global
volume loss. This finding supports the hypothesis that
the MTR histogram may offer a better quantification
of total disease burden in patients with MS than
provided by volume measurements on FSE T2-
weighted images.

Conclusion

Our findings of a correlation between the peak
height of the MTR histogram and T2 lesion volume
and of a better correlation between MTR histogram
and loss of parenchymal volume suggest that MTR
histograms can be used as a reliable, potentially su-
perior method for quantifying total disease burden in
patients with MS. Hence, MTR histograms may offer
an important surrogate measure of lesion burden in
these patients.
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