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Objective : Differentiation of demyelination in white matter from axonal damage can be determined using diffusion tensor imaging (DTI). In this
study using meningioma patients an attempt was made to evaluate the relationship between preoperative weakness and the changes of diffusion
parameters in the corticospinal tract (CST) using DTI.

Methods : Twenty-six patients with meningioma were enrolled in this study. Eleven of them suffered from objective motor weakness and were clas-
sified as Group 1. The remaining 15 patients did not present motor weakness and were classified as Group 2. Fiber tractography and CST diffusion
parameters were obtained using DTIStudio. The ratios (lesion side mean value/contralateral side mean value) of CST diffusion parameters were
compared with 1.0 as a test value using a one-sample t-test.

Results : In Group 1, fractional anisotropy (FA), tensor trace (TT), and radial diffusivity (RD, A2 and A3) of the CST were significantly different be-
tween two hemispheres, but axial diffusivity (AD, A1) of the CST was not significantly different between two hemispheres. In Group 2, FA and A3 of
CST did not differ significantly between the hemispheres. In Group 2, TT, A1, and A2 of CST in the ipsilateral hemisphere were significantly higher
than those of the unaffected hemisphere. However, the differences were small.

Conclusion : Motor weakness was related to a low FA and high TT resulting from increased RD of the CST fibers. CST diffusion changes in patients
with weakness are similar to those for demyelination.
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INTRODUCTION

Diffusion tensor imaging (DTI) is a magnetic resonance im-
aging (MRI) technique that is sensitive to the diffusion proper-
ties of water molecules. The diffusion parameters describing the
brain’s microstructure include three eigenvalues (A1, A2, and
A3), the directionally averaged diffusion coefficient [apparent
diffusion coefficient (ADC)], and fractional anisotropy (FA).
The primary eigenvalue [\1, axial diffusivity (AD)] is the mag-
nitude of diffusivity in the direction of the primary eigenvector.

In regions dominated by highly ordered axonal bundles, the
primary eigenvalue describes the diffusivity parallel to the axo-
nal bundles, whereas the second and third eigenvalues [A2 and
A3, radial diffusivity (RD)] describe the diffusivity perpendicu-
lar to the axonal bundles. ADC is the mean of the three eigen-
values :

ADC=1/3 (\1+A2 +)A3).

The tensor trace (T'T) is the sum of the three eigenvalues :

TT=A1+A2+A3.

ADC and TT describe the spatial diftusivity of water in a vox-
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el. FA measures the degree of directionality of diffusion within
avoxel?.

Demyelination and axonal damage are the hallmarks of white
matter injury. A distinction between the two pathological find-
ings is important. No noninvasive biological marker that can dif-
ferentiate the white matter pathological findings of demyelin-
ation from axonal damage was available until the development
of DTTY. Song et al.'” demonstrated that the water diffusivity
perpendicular to an axonal fiber (RD) was significantly higher
in shiverer mice than in their age-matched controls, reflecting a
lack of myelin and increased freedom of cross-fiber diffusion in
the white matter. Shiverer mice are homozygous for an autoso-
mal recessive mutation in myelin basic protein, and are charac-
terized by incomplete myelin formation in the central nervous
system. In shiverer mice, the water diffusivity parallel to the ax-
onal fiber tracts (AD) is not altered, which is consistent with the
presence of intact axons. Budde et al.? also suggested that a re-
duction in AD demonstrated with DTI is a specific marker of ax-
onal damage in the spinal cord white matter of mice with experi-
mental autoimmune encephalitis.

The altered states of the white matter that result from cerebral
neoplasms might be expected to influence the measurement of
DTI anisotropy and orientation in various ways. However, most
studies with DTI in brain tumor patients have used only a qual-
itative approach to assess changes in the reconstructed fiber
bundles.

Kim et al.? demonstrated that the presence of motor weakness
is significantly related to a low mean FA in the corticospinal tract
(CST) on the lesion side. Based on their data, Kim et al.? suggest-
ed that weakness might be quantitatively assessable by DTL. To
our knowledge, study of the directional diffusivity in the white
matter tract of meningioma patients has not been conducted.

We undertook a quantitative assessment with fiber tracking
focusing on directional diffusivity of CST in meningioma pa-
tients. The purpose of this study was to evaluate the relationship
between preoperative motor weakness and change of the diftu-
sion in the CST of meningioma patients.

MATERIALS AND METHODS

Patients

Twenty-six patients (6 men and 20 women) with meningio-
ma were enrolled in this study. These patients had not under-
gone cranial surgery, brain radiation, or chemotherapy before
DTI and MRI. We excluded patients with multiple meningio-
mas or meningiomas located in both hemispheres. Patients with
falcine or parasagittal meningiomas located in one hemisphere
were included.

Eleven patients suffered from objective motor weakness con-
firmed by neurological examination and were classified as Group
1. The remaining 15 patients did not report motor weakness, but
had other symptoms, such as headache, memory disturbance,
personality change, or seizure. These patients were classified as

Group 2. The pathological diagnoses were seven benign menin-
giomas, two atypical meningiomas, and two anaplastic menin-
giomas in Group 1, and 12 benign meningiomas and three atyp-
ical meningiomas in Group 2.

The meningiomas in Group 1 comprised three right-hemi-
sphere lesions and eight left-thoses. Two of the right-sided le-
sions were located in the convexity and one was falcine. Of the
left-sided lesions, one was located in the convexity, three were
falcine, three were parasagittal, and one was located on the sphe-
noid ridge. The meningioma in Group 2 comprised nine right-
hemisphere lesions and six left-thoses. Of the right-sided lesions,
four were located in the convexity, one was falcine, two were pet-
roclival, and two were on the sphenoid ridge. Of the left-sided le-
sions, two were located on the convexity, one on the sphenoid
ridge, one on the tuberculum sellae, one parasagittal, and one
was tentorial.

DTI data acquisition

Group |

DTTIs were acquired using a 1.5 tesla (T) MRI system (Signa
Excite, GE, Pewaukee, W1, USA) in two patients, a 3 T' MRI sys-
tem (Signa Excite, GE, Pewaukee, W1, USA) in four, and a 3 T
MRI system (Magnetom Verio, Siemens, Erlangen, Germany) in
five, using a conventional head gradient coil. We used a single-
shot spin echo-echo planar imaging sequence. The b-factor was
set at 1000 s/mm? in seven patients and 700 s/mm? in four. The
acquisition parameters used were as follows. The field of view
was 240x240 mm in seven patients and 220x220 mm in four.
The matrix and gap were 256x256 and 0 mm in all patients.
The repetition time (TR) was 10000-12400 ms and the echo
time (TE) was 77-86 ms. To describe the intensity and direc-
tion of the diffusion anisotropy, the MR images were acquired
with 13 noncollinear diffusion gradients (total slice number 35
or 36, slice thickness 3.5 mm) and without in two patients, with
25 noncollinear diffusion gradients (total slice number 38 or 39,
slice thickness 3.0 or 3.5 mm) and without in four patients, and
with 30 noncollinear diffusion gradients (total slice number 60,
slice thickness 1.9 mm) and without in five patients.

Group 2

DTTs were acquired using a 1.5 T MRI system (Signa Excite,
GE) in one patient, a 3 T MRI system (Signa Excite, GE) in five, a
1.5 T MR (Signa Excite HDx, GE) in one patient, a 3 T MRI sys-
tem (Magnetom Trio, A Tim, Siemens) in one, and a 3 T MRI
system (Magnetom Verio, Siemens) in seven, using a conven-
tional head gradient coil. We used a single-shot spin echo-echo
planar imaging sequence. The b-factor was set at 1000 s/mm? in
12 patients and 700 s/mm? in three. The acquisition parameters
used were as follows. The field of view was 240x240 mm in 12,
230%230 mm in one patient, and 220x220 mm in two. The ma-
trix was 256x256 in 14 patients and 128x128 in one. The gap was
0 mm in all patients. TR was 10000-11400 ms and TE was 74-86
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ms. To describe the intensity and direc-
tion of the diffusion anisotropy, MR im-
ages were acquired with 13 noncol-
linear diffusion gradients (total slice
number 35 or 36, slice thickness 3.5
mm) and without in two patients, with
25 noncollinear diffusion gradients (to-
tal slice number 38 or 39, slice thick-
ness 3.0 or 3.5 mm) and without in five
patients, and with 30 noncollinear dif-
fusion gradients (total slice number 60,
slice thickness 1.9 mm) and without in
eight patients.

In Groups 1 and 2, from 13, 25, and 30
diffusion-weighted images, we obtained
six diffusion tensor components by us-
ing multiple-order linear equations: Dxx,
Dyy, Dzz, Dxy, Dxz, and Dyz. To encode
the fiber tract directions, we used the
maximum eigenvalue (Vmax) of the
three eigenvectors obtained by the DTI
eigen decomposition.

image (E).
Three-dimensional CST
reconstructions

Fiber tractography was performed using fiber assignment
with the continuous tracking method proposed by Mori et al.®.
A continuous tracking algorithm using DTIStudio (Processing
Tools and Environment for DTI, ver. 2, H. Jiang and S. Mori)
was used in which the path follows the principal eigenvector of
the diffusion tensor on a subvoxel level until the voxel edge is
met, at which point the direction abruptly changes to that of the
new voxel.

FA mapping was transformed into a color code : anterior to
posterior, green; superior to inferior, blue; and left to right, red.
The tracking algorithm was initiated from a user-defined “seed”
region of interest (ROI). Tracking was initiated in both retro-
grade and orthograde directions according to the direction of
the principal eigenvector in the ROL

The seed ROI for the CST was the posterior limb of the inter-
nal capsule (PLIC). The target ROI was the ipsilateral cerebral
peduncle. The seed and target ROIs were selected manually on
directionally encoded colored maps. Only tracts starting from
the seed ROI and passing through the target ROI were included
in the trace of the CST (Fig. 1).

Tracking of the CST was terminated when the fibers showed
a steep turn (more than 70°). Tracking the CST was also termi-
nated when the threshold of the FA level was below 0.2.

Quantitative analysis of the CST

Following anatomy-based tractography, a further quantitative
analysis of the identified displaced fiber tract was performed.
FA, TT, and the three eigenvalues of the CST were studied us-

Fig. 1. Corticospinal tract (CST) fiber tracking in a 37-year-old man with benign meningioma. A
37-year-old man presented with seizure and right-upper-extremity weakness. A T1-enhanced im-
age shows a slightly enhanced mass in the left frontal lobe (A). The posterior limb of the internal
capsule is selected as the seed region of interest (ROI) (B and C). The ipsilateral cerebral peduncle is
selected as the target ROI (D). The tractography image shows the CST on a coronal T2-weighted

(D) | [E)

ing the “tract statistics” function of DTIStudio, which allows a
statistical evaluation of the diffusion parameters of the recon-
structed fibers.

Statistical analysis

Tumor size and patient’s age between Groups 1 and 2 were
compared using a Mann-Whitney U test. The ratios (lesioned
side mean value/contralateral side mean value) of all the diffu-
sion parameters for the CST on DTI were compared with 1.0 as
the test value using a one-sample t-test. The statistical analysis
was performed with the SPSS software package (version 14.0;
SPSS Inc., Chicago, IL, USA). Statistical significance was ac-
cepted for probability values of less than 0.05.

RESULTS

All of diffusion parameters are presented as graphs (Fig. 2, 3).
All data are presented as meantstandard deviation (SD). In each
graph, the values represented by the vertical line and box are as
follows : lowest level of the vertical line is the lowest value; high-
est level of the vertical line is the highest value; bottom of the
box is the mean-one SD; top of the box is the mean-+one SD.

Demographics of the patients
Demographic data of the patients are presented in Table 1.

The ratios of diffusion parameters for the both CSTs
In Group 1, FA of the CST in the hemisphere ipsilateral to the
meningioma was significantly lower than that in the contralat-
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Fig. 2. Ratios (lesion/contralateral) of the diffusion parameters (FA, TT, A1,
A2, and A3) for the CST in meningioma patients with weakness (Group
1). y-axis : ratio of diffusion parameters for the CST in the two hemi-
spheres, FA : fractional anisotropy, TT : tensor trace, A1 : primary eigen-
value, A2 : second eigenvalue, A3 : third eigenvalue.

Table 1. Demographics data of all patients in this study

Fig. 3. Ratios (lesion/contralateral) of diffusion parameters (FA, TT, A1, A2,
and A3) for the CST in meningioma patients without weakness (Group
2). y-axis : ratio of diffusion parameters for the CST in the two hemi-
spheres, FA : fractional anisotropy, TT : tensor trace, A1 : primary eigen-
value, A2 : second eigenvalue, A3 : third eigenvalue.

the tumor**19, Previous reports indi-

Group 1 (11 pts)

Group 2 (15 pts)

54.4+16.2 (38-83)
42414 (2.0-6.8)

Age (yrs), mean+SD (range)

Tumor size (cm), mean+SD (range)

Cenvexity 3
Falcine 4
Paragasittal 3
Sphenoid ridge 1
Petroclival

Tuberculum sellae
Tentorial

53.5215.1 (26-77)
3.9%1.3 (2.0-7.4)

6

—_ =N W e

pvalue cated that white matter FA in brain tu-
0.856 mor patients might be increased, un-
0.514 changed, or decreased>*'*'®). The clinical

significance of these changes in FA is
unclear. Although the diffusion tech-
nique opens new ways to investigate ce-
rebral damage in brain tumors, research
investigating the relationship between
DTI-derived measures and motor weak-
ness in brain tumor patients is scarce.

pts : patients, yrs : years, SD : standard deviation

eral hemisphere (14% decrease). AD (A1) of the CST in Group
1 did not differ significantly between the hemispheres. In Group
1, TT (15% increase) and RD (A2 and A3, 28-33% increase) for
the CST in the hemisphere affected by the meningioma were
significantly higher than those for the unaffected hemisphere
(Fig. 2).

In Group 2, FA (3% decrease) and A3 (10% increase) of CST
did not differ significantly between the two hemispheres, where-
as TT (4% increase), A1 (3% increase), and A2 (10% increase) in
the CST of the ipsilateral hemisphere were significantly higher
than those of the unaffected hemisphere. However, the degree
of difference was small (range of 3-10% increase) (Fig. 3).

Diffusion parameters of contralateral side CST

The mean and SD of diffusion parameters of contralateral
side CST were follow as below : FA was 0.5976+0.0397 and TT
was 0.00238+0.00017 and A1 was 0.0014+0.00011 and A2 was
0.0006+0.000066, and A3 was 0.0003580.000050.

DISCUSSION

Several studies have shown that the fiber tracts in the vicini-
ties of brain tumors can be displaced, disrupted, or invaded by

Song et al.'”” reported that DTI results
described the effects of dysmyelination
on the water directional diffusivities in the brains of shiverer
mice. Transverse diffusivity refers to the diffusion across fibers
rather than along the fibers and is believed to be a specific
marker for demyelination'. By contrast, a decrease in axial dif-
fusivity, the diffusion of water parallel to white matter fibers, is
indicative of axonal damage”®.

Recently, a strong correlation between diffusion-derived mea-
sures and motor weakness was found in patients with brain tu-
mors®. Helton et al.” found decreased FA and increased ADC
of CST and transverse pontine fibers in children with diffuse
pontine gliomas. These authors described that a comparison of
the severity of cranial nerve deficits with the average FA of the
transverse pontine tract showed a marginal difference (p=0.057).
Nilsson et al.'” reported that there were no significant differ-
ences in FA, ADC, and eigenvalues between white matter adja-
cent to low-grade tumors and on the contralateral side. Further-
more, they suggested that the microstructural integrity of the
white matter adjacent to the tumor was preserved. However,
they studied only low-grade tumor patients with no neurologi-
cal deficit. Although the study by Nilsson et al.'” did not evalu-
ate meningioma patients, their finding is consistent with our
data from patients without weakness.

To our knowledge, no previous study of the correlation be-
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tween directional diffusivity and motor weakness in meningio-
ma patients has been reported. We have demonstrated that pre-
operative weakness in meningioma patients can be indicated by
DTI data as reduced FA and elevated TT values. On the basis of
our eigenvalue data, it can also be argued that the elevated TT
values we observed in meningioma patients with weakness are
attributable to increased diffusion perpendicular to the CST (as
indicated by the increased A2 and A3 values). These results are
similar to those observed with demyelination. Perhaps there are
subtle demyelination in the “so called purely vasogenic edema”
associated with meningioma that have previously been unrec-
ognized and that now can be detected by DTL

Axonal fiber packing or compression by the tumor will affect
both AD and RD. However, it is difficult to predict how this
packing will affect the directional diffusivities'”. A study by
Schonberg et al.'"” showed that along fiber systems that are dis-
placed and compressed as a result of brain tumors, the diffusivi-
ty increases parallel to the fibers and decreases perpendicular to
them. This leads to an overall increase in FA and to the conclu-
sion that this may reflect the compression of the fiber bundle'?.
The results of Schonberg et al.'” are contrary to our data; how-
ever, their study did not consider weakness when evaluating FA
and TT measurements in the peritumoral white matter.

The dependence of FA on age has been described in a study by
Salat et al."¥, who reported a reduction in FA of 0.2% per year
within the PLIC. Yasmin et al* evaluated FA of the bilateral
CSTs of 100 healthy subjects and demonstrated no asymmetry.
Yasmin et al.?” also reported that the left-right ratio of mean dif-
fusivity in the bilateral CST ranged from 0.9726 to 0.9736 (p<
0.0001). Therefore, we can ignore left-right asymmetry in the
diffusion parameters of the CST in healthy subjects.

Our methods have some limitations. First, image distortion
and the relatively lower signal-to-noise ratio of DTT represent
major problems. The second limitation is that image reconstruc-
tion by tractography is not a precise stepwise procedure with a
reproducible outcome, but is dependent on the manipulation of
the ROIs. Because of these limitations, we believe that the quan-
titative estimation of the CST with fiber tracking may not be ac-
curate. Tracking results may change in regions with lower FA,
such as tumor-infiltrated areas or areas of crossing fibers, where
the CST intersects with callosal fibers at the level of the centrum
semiovale'V. In our study, fiber tracking was unable to resolve
crossing fiber pathways.

The relationship between demyelination and increase in RD is
somewhat more complex for a variety of reasons. For instance, it
is not yet clear whether RD is specific to demyelination in the
presence of significant axonal damage or inflammation?.

In this study, we used several types of MRI systems and several
kinds of MR imaging acquisition parameters for DTT. We used
two methods to verify that the different MRI systems and pa-
rameters did not significantly influence the diffusion parame-
ters. We evaluated the ratios of diffusion parameters in both
hemispheres of same patient. We also examined whether the
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diffusion parameters of CST in contralateral (healthy) side in
our study had values similar to those reported in other studies.
Reich et al.'? demonstrated that the mean of FA, TT, A1, A2, and
A3 were 0.58, 0.00237, 0.0014, 0.00062, and 0.00038 in healthy
individuals CST. In our results, mean of FA, TT, A1, A2, and A3
were 0.5976, 0.00238, 0.0014, 0.0006, and 0.000358 in contralat-
eral (healthy) side CST. Our diffusion parameter results for
CST were compatible with the results of Reich et al.’? despite
the several types of MRI systems and several kinds of acquisi-
tion parameters for MR imaging used.

CONCLUSION

We have demonstrated that preoperative weakness in menin-
gioma patients can be indicated by DTI data as reduced FA and
elevated TT values. On the basis of our eigenvalue data, it can
also be argued that the elevated TT values we observed in me-
ningioma patients with weakness are attributable to increased
diffusion perpendicular to the CST. These results suggest that
the diffusion parameters of CST in hemisphere affected by me-
ningioma in patient with weakness were partly influenced by
demyelination.
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