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Summary: We report a semiautomated postprocessing method
based on magnetization transfer MR imaging that can quantify
the extent of global disease in patients with multiple sclerosis.
The technique combines segmentation and quantitative analysis
of imaging data reflecting the structural integrity of white matter.
Applications of this technique may include assessment of disease progress and of the efficacy of experimental therapeutic
intervention. The height of the histogram peak corresponding to
white matter was found to be lowered in patients with multiple
sclerosis and the overall distribution of magnetization transfer
ratios was shifted to lower values.
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The recently introduced technique known as
magnetization transfer (MT) imaging may be
more sensitive to the presence of multiple sclerosis (MS) than are conventional magnetic resonance (MR) imaging techniques. Animal experiments in a model of wallerian degeneration
with histopathologic confirmation have suggested that MT imaging is sensitive to structural
changes in white matter that are not apparent
by conventional imaging (1). In MS, abnormalities have been detected not only in plaques but
also in areas of white matter that appeared normal on conventional MR images (2– 4). These
abnormalities in normal-appearing white matter
have been attributed to the microscopic parenchymal disease that has been found in histologic studies.
Estimation of the extent (or burden, as assessed radiologically) of disease in MS is desirable in order to study the natural course of the
disease and to evaluate the effects of treatment.

Little correspondence has been established between clinical gradations of the disease and extent of disease apparent at MR imaging: some
patients with markedly abnormal MR studies are
clinically asymptomatic while others with only
minimal disease apparent on MR images are
profoundly impacted by the disease. These discrepant findings may be explained by the observation that clinical assessment of disease extent is heavily weighted toward spinal cord and
motor tract involvement. It is clear that disease
burden in a clinical sense may be quite different
from, and not associated with, disease extent as
seen on MR images. In the case of MS, the lack
of clinical symptoms may actually mask the
progress of disease.
Recently, we showed that analysis of threedimensional MT data from a slab of unsegmented cranial tissue by means of MT ratio
histograms could be used to estimate the total
extent of MS in that slab (5). The present work
combines segmentation of total brain parenchyma with generation of an MT ratio histogram, resulting in a more comprehensive assessment of disease burden.
Technique
MR imaging was performed on a Signa (General Electric Medical Systems, Milwaukee, Wis) 1.5-T unit
equipped with a quadrature transmit/receive head coil. MT
imaging was performed with a 3-D gradient-echo pulse
sequence with parameters of 106/5/1 (repetition time/
echo time/excitations) and a 12° flip angle. A matrix of
256 3 128 was used for a total of 28 sections with a
section thickness of 5 mm. The field of view was 22 cm.
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Two consecutive sets of axial images were obtained: the
first set with the radio-frequency (RF) saturation pulse on
and the second with the saturation pulse off. A sinc-shaped
RF saturation pulse with an average field intensity equal to
3.67 3 1026 T was applied at a frequency 2 kHz below
water resonance (6). The approximate acquisition time for
each set of images was 7.3 minutes. Image postprocessing
was performed on a Sun Sparc 20 workstation, with the
amount of MT quantified as described previously (3). All
image processing operations were carried out by using
3DVIEWNIX software (J. K. Udupa, D. Odhner, S. Samarasekera, “3DVIEWNIX: An Open, Transportable, Multidimensional, Multimodality, Multiparametric Imaging Software System,” presented at the annual meeting of the
Society of Photo-Optical Instrumentation Engineers, Newport Beach, Calif, February 1994). The following steps
were executed for each patient’s study.
1. Image data were accessed and converted to the
format of 3DVIEWNIX.
2. MT images corresponding to the RF saturation pulse
on and off were split into two 3-D volumetric images,
which we refer to as Is and Io, respectively.
3. An operator outlined selected regions occupied by
cerebrospinal fluid (CSF) in one section in Is.
4. Is and Io were thresholded at 0.35 3 SIs and 0.7 3 SIo,
respectively, to generate binary 3-D images Isb and Iob.
The constraints in these parameters were arrived at empirically. A logical AND operation was done between Isb
and Iob to generate a new 3-D binary image, Ib. That is, a
voxel v in Ib was assigned a value of 1 if the corresponding
voxels in Isb and Iob both had a value of 1; otherwise v was
assigned a value of 0.
5. A mask was created for brain parenchyma based on
a standard operation to eliminate structures that are peripherally connected to an object of interest (7). First, Ib
was dilated by one voxel (any 0-value voxels adjacent to
1-value voxels were converted to 1-value voxels), yielding
binary image Ib1. Then Ib1 was eroded (opposite of dilated)
by one voxel. Erosion was applied seven times successively to the resulting images, eventually yielding binary
image Ib2. Subsequently, Ib2 was dilated six times to yield
binary image Ib3.
6. A logical AND operation was carried out between Ib
(of step 4) and Ib3 (of step 5), producing binary image Ib4.
Three-dimensionally connected components were tracked
in Ib4 (8). Components that contained less than 1000
voxels were deleted. The resulting 3-D binary image was
denoted Ib5.
7. Binary sections of Ib5 overlaid on the corresponding
sections of Is/Io were reviewed by an operator to remove
remaining fragments of extraaxial structures. Upon correction, this step produced a 3-D binary image, Ib6, that
represented the intraaxial compartment of the study under
consideration.
8. Image Ib6 contained both brain parenchyma and
CSF. Separation of brain parenchyma from CSF was
based on the different MT ratios between the two. Separation was obtained by using an MT ratio threshold equal to
5% for the voxels in Ib6 to consider for further analysis. For
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these voxels in the region indicated by Ib6, a histogram of
the MT ratios was computed from Is and Io. Histograms
were normalized by dividing the individual bins by the total
number of voxels, Vt, with an MT ratio that was larger than
5% in Ib6. The following parameters were computed from
this histogram: the peak height, Hp, of the histogram; the
MT ratio value corresponding to the peak MTRp; the mean
MT ratio value, MTRm; and the MT ratios MTR25, MTR50,
and MTR75, corresponding to the 25th, 50th, and 75th
percentiles of the histogram, which indicate the MT value
at which the respective integral of the histogram is 25%,
50%, and 75% of the total area.
The study group consisted of 11 patients, including
eight women and three men (mean age, 44 years) with
clinically diagnosed MS as defined by the Poser criteria
(9). The selected group was diverse as to the clinical type
of MS they had; at the time of examination, six patients had
relapsing-remitting MS and five patients had chronic progressive MS. The control group consisted of 11 healthy
volunteers, including six women and five men with a mean
age of 31 years.
Steps 3 and 7 of the image postprocessing method
involved subjective evaluation of images by the observers
to identify CSF and to outline extraaxial tissue. The effect
of these interventions on the reproducibility of the parameters of the MT ratio histogram was evaluated as follows.
To assess interobserver variability, four investigators performed steps 3 through 8 in 10 studies, seven obtained in
MS patients (selected to represent a variety with respect to
the morphology of the MT ratio histograms) and three
obtained in control subjects. To test intraobserver variability using the parameter Hp, the same MT ratio studies were
postprocessed a second time by the same observers, with
an interval between the first and second evaluations of at
least 24 hours. Interobserver and intraobserver correlations were both in excess of 99% by intraclass correlation
test.
The Mann-Whitney test for independent groups was
used to compare the values of Hp, MTRp, MTR25, MTR50,
MTR75, and Vt in the study and control groups. Since the
mean age of the subjects in the two groups differed, the
Spearman test was performed to correlate ages and values
of Hp for the study group in order to evaluate the potential
influence of age on histograms of MT ratios. In addition, an
analysis of covariance with age as a covariant was performed to compensate for the influence of age on the
values of Hp for the patients and control subjects. The
presence of correlations between Hp and other histogram
parameters was evaluated by means of Spearman’s test.
In all statistical analyses, a P value of less than .05 was
assumed to represent a significant difference.

Discussion
In both MS patients and healthy control subjects, the histograms of MT ratios were characterized by a single and relatively high peak (Fig
1). The position of this peak in patients did not
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Fig 1. Representative whole brain MT ratio histograms of a
healthy subject (dotted line) and a patient with MS (solid line).

differ from that in control subjects (P not significant). Nevertheless, the histograms of the two
groups showed differences. The average normalized peak height, Hp, of the MT ratio histogram in patients was lower than that of control
subjects (73.6 6 11.5 in patients; 92.4 6 7.3 in
control subjects; mean 6 SD, P , .0005). The
range of peak heights was larger in patients
(range, 47.9 to 88.4) than in control subjects
(range, 78.9 to 100). In addition, the MT ratio
histograms of the patients showed differences in
shape as compared with those of the control
subjects (Fig 1), characterized by a shift of the
distribution to lower MT ratios. This shift was
demonstrated by lower MTR25 (P , .05) and
MTR50 (P , .05) values and similar MTR75 (P
not significant) values relative to those of control subjects. The MTRm values were lower in
the patients than in the control group (P , .05),
also reflecting the increased number of voxels
with decreased MT ratios in patients. No differences in brain volume between groups were
found. In patients, Hp was correlated with MTR25
(r 5 .68; P , .05) and MTR50 (r 5 .66; P , .05).
In addition, a significant positive correlation was
found between Hp and MTRm (r 5 .65; P , .05).
MTR75, MTRp, and Vt did not demonstrate correlation with Hp (P not significant).
In patients, no correlation was found between
Hp and age (P not significant); therefore, the
difference in Hp between patients and control
subjects is unlikely to be explained by the difference in age between these groups. This conclusion is further supported by an analysis of
covariance, demonstrating that, with age as a
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covariant, the difference in Hp between patients
and control subjects was significant (P , .005).
No significant variance was added to the parameter Hp by the operator-dependent postprocessing steps.
In the control group, the height and relative
narrowness of the MT ratio histogram peak indicate that most normal brain tissues exhibit MT
ratios that lie within a narrow range, in contrast
to results in MS patients. The lowering of the
peak height of the histogram in patients is the
result of an increase in the number of voxels
with MT ratios no longer in the range of normal
white matter. The possible influence of MS-related brain atrophy on the differences in the
histograms between the two populations is excluded by the observation that no differences in
brain volume between the two populations exist. The MS patient population thus differs from
the healthy subjects in that the volume of brain
tissue with a normal range of MT ratios has
decreased owing to an increased brain volume
with low MT ratios. We presume that this increase is caused by histologic phenomena,
such as demyelination, edema, and gliosis,
which are known to give rise to a decrease in MT
ratios in brain parenchyma. Included in the
measured effect is the presence of plaques and
the presence of areas of abnormal MT ratio
within normal-appearing tissue. The histogram
measurement is naturally weighted by both the
extent and severity of disease, reflected in the
magnitude of decrease in the MT ratio in a region as well as in the size of the affected region.
Previous MT studies in MS have been based
on measurements of the MT effect in small twodimensional regions of interest and are reflected
by the mean MT ratio value in such regions
(2– 4, 10 –13). This method has proved to be
useful for the detection of disease in the brain
locally, but to quantitate the extent of visible
and occult MS disease in the whole brain or
central nervous system, a global approach,
such as that proposed in this work, is desirable.
Our findings suggest that the peak height of the
MT ratio histogram reflects the amount of remaining normal brain parenchyma, as defined
by the MT ratio, and might be expected to be
inversely related to the amount of parenchyma
affected by the disease.
Both manual and computerized counting and
measuring of lesion load have been used to
assess MS disease burden. Compared with
these methods, analysis of MT ratio histograms
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may offer several advantages. First, the technique is sensitive to occult disease, and thus
sensitive to abnormal MT ratios, which have
been found in plaques as well as in normalappearing white matter. Second, as compared
with methods based on manual lesion counts,
analysis of MT ratio histograms has the advantage of being objective and highly reproducible
(14) (J. Grimaud, M. Lai, J. Thorpe, et al. “Evaluation of a Computer-Assisted Quantification of
MS Lesions in Cranial MR Imaging,” presented
at the Society of Magnetic Resonance Third Scientific Meeting and the European Society for
Magnetic Resonance in Medicine and Biology
Twelfth Annual Meeting, Nice, France, August
1995). Third, compared with existing automated methods for counting and measuring MS
lesions, analysis of MT ratio histograms involves no decisions regarding signal intensity
thresholds and may be more objective. Fourth,
the time required to obtain a whole-brain MT
ratio histogram and its parameters (10 to 15
minutes) is shorter than the time reported for
other methods.
In summary, we have undertaken the quantification of white-matter changes in MS based on
a segmented, whole-brain analysis of MT images.
The presence of visible as well as occult disease
was reflected in lowered histogram peak height
and a shift in the distribution of MT ratios toward
lower values. The technique can characterize
disease burden and perhaps assess the efficacy
of experimental therapeutic intervention.
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