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Characterization of White Matter Lesions in Multiple
Sclerosis and Traumatic Brain Injury as Revealed by
Magnetization Transfer Contour Plots
Linda J. Bagley, Robert I. Grossman, Steven L. Galetta, Grant P. Sinson, Mark Kotapka, and Joseph C. McGowan

BACKGROUND AND PURPOSE: Magnetization transfer imaging provides information
about the structural integrity of macromolecular substances, such as myelin. Our objective was
to use this imaging technique and contour plotting to characterize and to define the extent of
white matter lesions in multiple sclerosis and traumatic brain injury.
METHODS: Magnetization transfer imaging was performed of 30 multiple sclerosis plaques
and 10 traumatic white matter lesions. Magnetization transfer ratios (MTRs) were calculated
for the lesions, for the normal- or abnormal-appearing surrounding white matter, and for
remote normal-appearing white matter. MTR contour plots were constructed about these
lesions.
RESULTS: The contour plot appearance of MS plaques differed from that of traumatic white
matter lesions. There was a gradual increase in MTR values at points at increasing distances
from the center of the MS plaques; this was true for those lesions with and without surrounding
T2 signal abnormality (halos). In contrast, there was an abrupt transition in MTR values
between traumatic lesions and normal-appearing surrounding white matter. Additionally, the
size of the MTR abnormality exceeded the size of the T2 signal abnormality for the MS plaques.
CONCLUSION: MTR contour plots permit characterization and border definition of white
matter lesions. Analysis of the contour plots suggests that MS is a centrifugal process with the
lowest MTR within the center of the lesion. In contrast, traumatic white matter injuries are
discrete lesions with abrupt transitions between the abnormal lesion and normal brain.
Magnetization transfer imaging has been applied to
the study of multiple sclerosis (MS) (1, 2), progressive multifocal leukoencephalopathy (3),
amyotrophic lateral sclerosis (4), wallerian degeneration (5), traumatic brain injury (6), and metastatic disease (7). In many of these conditions, this
technique has revealed abnormalities in white matter that have appeared normal on T2-weighted images. Magnetization transfer imaging is based on
the principal that protons bound in macromolecular
structures exhibit T1 relaxation coupling with protons in the aqueous phase. An off-resonance saturation pulse can be applied to selectively saturate
the bound protons. Subsequent exchange of longi-

tudinal magnetization with the free water protons
leads to a resultant reduction in signal intensity detected from these free protons (8, 9). Thus, intact
macromolecular structures with a relatively larger
number of bound protons will exhibit relatively
larger magnetization transfer effects, manifest by
reductions in signal intensity in the presence of the
saturation pulse. The magnetization transfer ratio
(MTR) is defined by the equation MTR 5
(M02Ms)/M0, where M0 5 average signal intensity
in the absence of the saturation pulse and Ms 5
average signal intensity in its presence. This value
is technique-dependent but does provide a reproducible index of magnetization transfer effects and
may be viewed as a quantitative measure of the
structural integrity of tissues (10, 11).
MS has been estimated to affect as many as
350,000 young and middle-aged Americans, causing significant functional impairment (12). While
MR imaging has proved useful in the diagnosis of
MS, the association between lesion volume and
clinical disability remains a controversial issue.
This controversy may in part be attributed to the
difficulty in quantitating lesion volume, as the identification of lesion borders on T2-weighted images
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by visual inspection is a subjective assessment (13–
16). Histologic studies have revealed extensive abnormality within the white matter of patients with
MS (17, 18), and previous studies using magnetization transfer imaging have found abnormally low
MTRs in normal-appearing white matter in these
patients (1, 2).
Traumatic brain injury is among the most common causes of neurologic morbidity and mortality
in this country; the annual incidence of closed head
injury has been estimated at 130 to 150 per 100,000
persons (19, 20). In the United States, approximately 373,000 victims of head trauma require hospitalization each year (21), and the rehabilitation of
disabled survivors requires vast human and economic resources (22, 23). As in MS, the imaging
appearance of brain injuries has not always corresponded to the patient’s disability (24).
We developed a new method to interrogate individual white matter lesions, using magnetization
transfer contour plots, thus allowing a statistical
measure to be used to characterize lesions in individual patients. This was done in an effort to better
delineate the extent of white matter abnormality
and to potentially distinguish differences in white
matter disease in various conditions. We subsequently applied these contour plots to a spectrum
of lesions with very different pathogeneses; namely, to traumatic white matter lesions and to the inflammatory lesions of MS.
Subjects and Methods
MR images from 37 patients with the clinical diagnosis of
MS and from eight patients with traumatic brain injury were
reviewed. Images were acquired at 1.5 T, and imaging protocols included sagittal T1-weighted sequences and axial T2- and
proton density-weighted sequences. In the patients with MS,
axial contrast-enhanced T1-weighted images were also obtained. In the head injured patients, an axial T2*-weighted gradient-echo sequence was performed in order to improve detection of hemorrhage. Clinical data were obtained from
retrospective chart review.
Magnetization transfer imaging was performed in both
groups (before contrast administration) with a 3D gradient-recalled acquisition in the steady state (GRASS) sequence with
parameters of 100/5 (TR/TE) and a flip angle of 128. One 19millisecond sinc-shaped off-resonance saturation pulse with a
magnitude of 3.67 3 1026T was used per TR; control images
were obtained without the saturation pulse. The parameters
used were chosen to minimize T1 and T2 weighting. Images
were processed on a Sun SparcStation 330, equipped with IDL
software (Interactive Data Language, Research Systems, Inc,
Boulder, CO). Contour plots were subsequently applied to lesions identified in 10 of the MS patients and in four of the
trauma patients. The 10 patients with MS included seven women and three men; their ages ranged from 32 to 44 years. Seven
patients had relapsing-remitting MS and three had progressive
disease. Imaging was performed during acute exacerbations in
four of the patients. The four head-injured patients included
three men and one woman, ages 19 to 33 years. Three were
victims of motor vehicle accidents and one had suffered injuries in an industrial accident; all were initially imaged within
2 weeks of presentation. Normative data were obtained from
images acquired in seven healthy volunteers, four women and
three men (ages 20–38 years).

AJNR: 20, June/July 1999
T2-weighted images were initially evaluated by a neuroradiologist. White matter lesions were regarded as either well
circumscribed or as surrounded by an area of less pronounced
hyperintensity, which we termed a halo (Fig 1). In those lesions with halos, MTRs were calculated for normal-appearing
white matter, for halos, and for the center of the lesion; in the
lesions that did not possess halos, MTRs were obtained in their
center, in the surrounding white matter, and in normal-appearing white matter, remote from the lesions.
Magnetization transfer images were overlaid with MTR contour plots, delineating regions with MTRs of less than 0.39,
less than 0.35, and less than 0.32. The outermost contour
(MTR less than 0.39) was selected to encompass regions that
were statistically abnormal; MTRs in these areas were at least
2 standard deviations below the MTRs obtained in the white
matter of healthy control subjects. Previous work has demonstrated that lesions that were only visible on T2-weighted images had an average MTR of less than 0.35, and lesions visible
on T1-weighted images as well (presumably reflecting progressive myelin loss, axonal loss, and/or gliosis) had an average MTR of less than 0.32 (25). Inner contours were chosen
to reflect these empirical parameters.

Results
Sixteen lesions with halos on T2-weighted images were identified in 10 of the 37 patients with
MS. Fourteen lesions (in the same 10 patients)
without apparent halos were also evaluated with
this technique. Fourteen of the lesions with halos
had ring/peripheral enhancement after contrast administration. Four of the eight patients with head
injuries had 10 white matter lesions that were consistent with axonal injury and that were investigated with the contour plotting technique. Two of
these lesions were surrounded by areas of hyperintensity on T2-weighted images.
MTRs obtained in white matter in various locations of the brains of seven healthy volunteers
ranged from 0.42 6 0.014 to 0.45 6 0.023, with
an overall average MTR value of 0.43 6 0.016.
Average MTRs within lesions with detectable halos
seen in patients with MS are presented in Table 1.
Similarly, a gradation of abnormal MTRs was seen
radiating from the centers of lesions without obvious halos (Table 1). Figure 1A shows a periventricular lesion with a surrounding halo on the right;
an apparently well-circumscribed lesion is present
on the left. Figure 1B, the corresponding magnetization transfer map overlaid with a contour plot,
reveals a gradation in magnetization transfer values
about both lesions (black 5 0.32, blue 5 0.35,
green 5 0.39). Additionally, the borders of the lesions are poorly defined, with fingerlike projections
of magnetization transfer abnormality extending
into the surrounding white matter. These fingerlike
projections of magnetization transfer abnormality
are also depicted in Figure 1C.
The average MTRs of lesions in the patients with
traumatic brain injuries are presented in Table 2.
The average MTR (0.43 6 0.030) in the tissue surrounding these apparently well-circumscribed lesions was similar to that of normal white matter. In
white matter remote from the lesions, the average
MTR was 0.45 6 0.019. In contrast to the findings
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FIG 1. A, Axial T2-weighted (3000/90/1) image in a patient with MS. Right periventricular lesion is poorly defined, with a halo of signal
abnormality (arrow). In contrast, left periventricular lesion appears well circumscribed (arrowhead).
B, Contour plot applied to magnetization transfer map. Regions in green delineate areas with MTR less than 0.39; those in blue
delineate areas with MTR less than 0.35, and those in black depict areas with MTR less than 0.32. This contour map reveals that both
periventricular lesions are actually poorly defined, with gradations of surrounding MTR abnormality. The center of the left periventricular
lesion appears as a small focus surrounded by a black contour line (arrow ). This is surrounded by a blue contour (arrowhead ), which
in turn is encompassed by a green contour (double arrowheads ). In fact, the green contour line surrounds all of the periventricular white
matter, confirming a diffuse abnormality of the magnetization transfer parameters of the white matter.
C, Magnified view of contour plot applied to an MS plaque reveals fingerlike projections of abnormally low MTR values (arrowheads )
extending into the white matter surrounding the lesion.

FIG 2. A, Axial T2-weighted (2500/90/1)
image depicts a well-circumscribed nonhemorrhagic lesion in the splenium of the
corpus callosum. There is also a small
contusion in the right occipital cortex.
B, Contour plot applied to magnetization
transfer map. Region of MTR abnormality
is also shown to be well circumscribed and
does not exceed the boundaries of the signal abnormality seen on the T2-weighted
image (arrow ). Area encircled with green
depicts region with MTR less than 0.39
(blue 5 0.35; red 5 0.32). The MTR associated with normal gray matter is lower
than that associated with normal white
matter. The blue and green contours seen
in the cortex, the basal ganglia, and the
thalami do not represent areas of
abnormality.

firmed that the lesions were well circumscribed
(Fig 2).

Table 1: Average MTR values in patients with MS
Halo Lesion
NAWM
Halo
Center

Nonhalo Lesion

0.42 6 0.021
0.35 6 0.040 Surrounding white matter
0.23 6 0.066 Center

0.38 6 0.02
0.30 6 0.03

NAWM indicates normal-appearing white matter.

seen with the lesions of MS, there was an abrupt
transition in MTR values between the lesions and
the normal-appearing surrounding white matter.
Contour plots applied to these lesions also con-

Discussion
In the white matter of patients with MS, an analysis of MTRs reveals a gradual increase in these
values as white matter at progressively increasing
distances from the center of the lesion is interrogated. A similar finding has been reported with
metastatic lesions (7). Areas of abnormally decreased MTR are readily detected through the use
of magnetization transfer contour plots. In disease
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Table 2: Average MTR values in patients with traumatic brain injury
Lesions with Surrounding SI Abnormality
Surrounding white matter
Center

0.40 6 0.023
0.31 6 0.12

Lesions without surrounding SI Abnormality
0.45 6 0.019
0.43 6 0.030
0.33 6 0.060

Remote white matter
Surrounding white matter
Center

SI indicates signal intensity.

processes such as MS, the region of magnetization
transfer abnormality is often larger than the area of
increased signal intensity seen on corresponding
T2-weighted images. Thus, MTR contour plots
suggest that MS lesions are more extensive than
the signal abnormality detected by conventional
MR imaging and that they extend into regions of
normal-appearing white matter. Histologic inspection has also shown MS plaques to have poorly
defined borders (26). In contrast, magnetization
transfer contour plots applied to traumatic white
matter injuries suggest that they are actually well
circumscribed. The histopathologic findings of diffuse axonal injury include discrete axonal disruptions, foci of axonal swelling and retraction bulbs,
and microglial proliferation, with or without associated focal hemorrhage (22, 27–31). Hence, the
contour plot appearance of traumatic white matter
lesions corresponds to their histologic appearance
and contrasts with the appearance of MS plaques.
Contour plot analysis can also aid in the characterization of white matter lesions. Lower MTRs,
such as those seen within lesions that are hypointense on T1-weighted images, have been thought
to indicate a greater degree of demyelination and
axonal loss (18, 25). Multilevel contour plots can
display areas that have undergone such demyelination or axonal loss and potentially differentiate
them from otherwise abnormal white matter. The
average MTR values obtained in the center of traumatic lesions were slightly higher than those obtained in MS plaques. This was a somewhat unexpected finding, as lesions with complete axonal
loss would presumably be associated with the lowest MTRs. A multitude of factors most likely contributed to this result. A spectrum of traumatic lesions, both hemorrhagic and bland, with MTRs
ranging from 0.10 to 0.39, were imaged. Additionally, three of the four trauma patients were imaged
acutely or subacutely (at 5 to 11 days after injury),
when processes such as wallerian degeneration and
demyelination may have been ongoing. Last, Trapp
et al (18) have recently shown that axonal transection is a frequent finding in MS plaques.
The application of multilevel contour plots may
also aid in differentiating otherwise nonspecific
white matter lesions. As stated above, the contour
plot appearance of traumatic lesions differs from
that of the inflammatory lesions of MS, particularly
with respect to the surrounding white matter. Further investigation into the potentially unique contour plot appearance of ischemic and infectious
white matter lesions is warranted.

Prior studies have yielded controversial results
regarding correlation of lesion volume and clinical
disability. However, identification of lesion borders
on T2-weighted images is a subjective assessment;
hence, quantitation of lesion volume is itself a
problematic issue (13–16). Additionally, lesion location also has a likely impact on symptoms and
disability. Prior attempts at quantification of disease
burden in MS have included manual and automated
counting of lesions and histogram analysis of 3D
magnetization transfer data. Contour plot applications may also aid in white matter lesion quantification. The studies of van Buchem et al (32–34)
have suggested a correlation between MTR histogram peak height, an estimate of global disease
burden, and neurologic impairment and chronicity
of disease. Like MTR histogram analysis, contour
plot applications are automated, objective, rapid
(requiring a few seconds for each section being
evaluated), and capable of revealing normal-appearing white matter with abnormally reduced
MTRs. Contour plots use a statistical measure to
define lesion borders, which often extend beyond
the regions of T2 signal abnormality and thus may
provide a better estimate of disease burden than
does visual inspection of images. These global assessments of disease burden may be used to monitor disease course and response to therapy.
Conclusion
Contour plot applications provide a rapid, automated, and reproducible technique for the detection
of abnormal white matter, as judged by an objective
measure, the MTR. With this technique, T2-occult
lesions may be detected, and lesion borders may be
more precisely defined. Initial results have shown
considerable differences in the contour plot appearances of traumatic white matter lesions and MS
plaques. Such results give promise for improved
characterization of additional nonspecific white
matter abnormalities.
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