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ABSTRACT  

 

Introduction: Diffusion tensor imaging (DTI) was recently 

introduced to demonstrate the diffusion properties of water 

molecule in brain. A reduction in diffusivity parallel to the 

axonal bundles (axial diffusivity [AD], λ1) on DTI has been 

shown to be a specific marker of axonal damage. An increase in 

diffusivity perpendicular to the axonal fiber tracts (radial 

diffusivity [RD], λ2 and λ3) is a specific marker of 

demyelination. We analyzed the diffusion parameters of the 

corticospinal tract (CST), superior longitudinal fasciculus (SLF), 

and vasogenic edema in meningioma patients using DTI to 

evaluate the axonal damage and demyelination of the CST, the 

SLF, and vasogenic edema. And we evaluated pathogenesis of 

peritumoral edema formation.  

Methods: Twenty-six patients with meningioma were enrolled 

in this study. We excluded patients with multiple meningioma 

and meningioma located in both hemispheres. Eleven of them 

with meningioma suffered from objective motor weakness and 

were classified as Group 1. The remaining 15 patients did not 

present motor weakness and were classified as Group 2. Fiber 
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tractography of the CST and SLF was performed, with fiber 

assignment by using DTIStudio (Processing Tools and 

Environment for Diffusion Tensor imaging, ver. 2, H Jiang and S 

Mori). The 26 patients with meningioma were also divided into 

two other groups (Group 3 and 4) according to the location of 

region of the interest (ROI) relative to peritumoral edema. In 

Group 3, the ROI was located in the peritumoral edema and in 

Group 4, in the normal-appearing white matter on the lesioned 

side. The reconstructed CST and SLF were quantitatively 

analyzed using the “tract statistics” function of DTIStudio. 

We evaluated several DTI indices (fractional anisotropy [FA], 

tensor trace [TT], and eigenvalues) of the CST, SLF, and 

vasogenic edema in patients with meningioma. The ratios 

(lesion side mean value/contralateral side mean value) of all 

diffusion values (FA, TT, and eigenvalues) of CST, SLF, and 

vasogenic edema on DTI were compared with 1.0 as test value 

using one-sample T-test. 

Results: In Group 1, FA (14% decrease), TT, and RD (15%-

33% increase) of the CST were significantly different between 

the two hemispheres but AD of the CST was not significantly 

different between the hemispheres. In Group 2, FA and λ3 of 
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the CST did not differ significantly between the hemispheres 

but TT, λ1, and λ2 (3%-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. SLF fiber tracking was performed in only 22 patients 

with meningioma. FA (6% decrease), TT, and RD (10%-14% 

increase) of the SLF differed significantly between the two 

hemispheres. And the differences were less than those of the 

CST in Group 1. AD of the SLF did not differ significantly from 

that in the unaffected hemisphere. In Group 3, FA (38% 

decrease), TT, AD, and RD (58%-171% increase) of the 

vasogenic edema in the hemisphere ipsilateral to the 

meningioma differed significantly from those in the contralateral 

normal-appearing hemisphere. And the differences were higher 

than those of the CST in Group 1 or of the SLF. In Group 4, FA, 

TT, AD, and RD of the ipsilateral peritumoral normal-appearing 

white matter did not differ significantly from those of the 

contralateral normal- appearing white matter.  

Conclusions: Motor weakness was related to changes in FA, TT, 

RD, but not to changes in AD, in the CST fibers in meningioma. 

The diffusion parameters of the SLF in 22 meningioma patients 
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were similar to those of the CST in Group 1. These results are 

similar to those for demyelination, and suggest that the 

diffusion changes apparent in vasogenic edema are partly 

influenced by demyelination.  
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INTRODUCTION 

Diffusion tensor imaging (DTI) is a magnetic resonance (MR) 

imaging technique that is sensitive to the diffusion properties of 

water molecules. The diffusion parameters describing the 

brain’s microstructure include the three eigenvalues (λ1, λ2, 

and λ3), directionally averaged diffusion coefficient (apparent 

diffusion coefficient [ADC]) and fractional anisotropy (FA). 

The primary eigenvalue (λ1, axial diffusivity [AD]) is the 

magnitude 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 axonal bundles, whereas the second and third 

eigenvalues (λ2 and λ3, radial diffusivity [RD]) describe the 

diffusivity perpendicular to the axonal bundles. ADC is the 

mean of the three eigenvalues: 

ADC = 1/3(λ1 +λ2 +λ3)  

The tensor trace (TT) is the sum of the three eigenvalues: 

TT = λ1 +λ2 +λ3  

ADC and TT describe the spatially averaged diffusivity of water 

in a voxel. ADC and TT are mathematically equivalent to the 
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mean diffusivity (MD). FA measures the degree of 

directionality of diffusion within a voxel (1).  

Demyelination and axonal damage are the hallmarks of white 

matter injury. A distinction between the two pathologic findings 

is important. No noninvasive biological marker that can 

differentiate the white matter pathological findings of 

demyelination from axonal damage was available until the 

development of DTI (2). Song et al. (3) 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 autosomal recessive mutation in myelin 

basic protein, and are characterized by incomplete myelin 

formation in the central nervous system. In shiverer mice, the 

water diffusivity parallel to the axonal fiber tracts (AD) is not 

altered, which is consistent with the presence of intact axons. 

Budde et al. (4) also suggested that a reduction in AD 

demonstrated with DTI is a specific marker of axonal damage in 

the spinal cord white matter of mice with experimental 

autoimmune encephalitis.  
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And previous DTI studies have already characterized the 

diffusion properties of white matter tracts in normal subjects 

(5). 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. 

Intact white matter tracts displaced by a tumor might retain 

their anisotropy and remain identifiable in their new locations or 

new orientations on directional maps. Conversely, infiltrated 

white matter tracts might lose some anisotropy but retain their 

directional organization and orientation. Of course, white matter 

tracts might be destroyed or disrupted to the point at which 

their directional organization is lost completely (6).  

The cerebral edema associated with tumors represents a 

major cause of neurological morbidity, resulting from the 

disruption of the normal brain anatomy and function. At present, 

the pathogenic mechanisms of peritumoral edema remain 

incompletely understood, despite many research efforts (7-10). 

To our knowledge, the research for directional diffusivity in 

white matter tract and peritumoral edema was not performed.  

We analyzed the results of DTI in meningioma patients. We 

undertook a quantitative assessment with fiber tracking 
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focusing direction diffusivity. The purposes of this study were 

two. One was evaluation of the relationship between 

preoperative motor weakness and change in the diffusion 

parameters in the corticospinal tract (CST) of meningioma 

patients. Second was evaluation for mechanism of vasogenic 

edema formation. We examined changes in the diffusion 

parameter of the superior longitudinal fasciculus (SLF) and 

vasogenic edema to differentiate demyelination from axonal 

loss in the SLF and vasogenic edema of these patients.  
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MATERIALS AND METHODS 

1. Patients 

Twenty-six patients (6 men and 20 women) with 

meningioma were enrolled in this study. These patients had not 

undergone cranial surgery, brain radiation, or chemotherapy 

before DTI and MR imaging. We excluded patients with multiple 

meningiomas 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 

confirmed 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 tumor of all patients was 

confirmed pathologically. The pathological diagnoses were 

seven benign meningiomas, two atypical meningiomas, and two 

anaplastic meningiomas in Group 1, and 12 benign meningiomas 

and three atypical meningiomas in Group 2. 

The meningiomas in Group 1 comprised three right-

hemisphere lesions and eight left-hemisphere lesions. Two of 
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the right-sided lesions 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 sphenoid ridge. The meningioma in Group 2 

comprised nine right-hemisphere lesions and six left-

hemisphere lesions. Of the right-sided lesions, four were 

located in the convexity, one was falcine, two were petroclival, 

and two were on the sphenoid ridge. Of the left-sided lesions, 

two were located on the convexity, one on the sphenoid ridge, 

one on the tuberculum sellae, one was parasagittal, and one was 

tentorial.  

2. DTI data acquisition 

Group I  

Diffusion tensor images were acquired with a 1.5 tesla (T) MR 

(Signa Excite, GE, Wisconsin, USA) in two patients, 3 T MR 

(Signa Excite, GE, Wisconsin, USA) in four patients, and 3 T 

MR (Magnetom Verio, Siemens, German) in five patients, 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/mm2 in seven patients and 700 s/mm2 in four patients. 

The acquisition parameters used were as follows. The field of 
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view was 240 mm×240 mm in seven and 220 mm×220 mm in 

four patients. The matrix was 256×256 in all patients. The gap 

was 0 mm in all patients. The repetition time (TR) was 

10,000-12,400 ms and the echo time (TE) was 77-86 ms. To 

describe the intensity and direction 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  

Diffusion tensor images were acquired with a 1.5 T MR 

(Signa Excite, GE, Wisconsin, USA) in one patient, 3 T MR 

(Signa Excite, GE, Wisconsin, USA) in five patients, 1.5 T MR 

(Signa Excite HDx, GE, Wisconsin, USA) in one patient, 3 T MR 

(Magnetom Trio, A Tim, Siemens, German) in one patient, and 

3 T MR (Magnetom Verio, Siemens, German) in seven patients, 

using a conventional head gradient coil. We used a single-shot 

spin echo-echo planar imaging sequence. The b-factor was set 
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at 1000 s/mm2 in 12 patients and 700 s/mm2 in three patients. 

The acquisition parameters used were as follows. The field of 

view was 240 mm×240 mm in 12, 230 mm×230 mm in one, 

and 220 mm×220 mm in two patients. The matrix was 

256×256 in 14 patients and 128×128 in one patient. The gap 

was 0 mm in all patients. TR was 10,000-11,400 ms and TE 

was 74-86 ms. To describe the intensity and direction of the 

diffusion anisotropy, 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 five patients, and 

with 30 noncollinear diffusion 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 using 

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 eigen decomposition of DTI.  

3. Three- dimensional CST and SLF reconstructions 
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Fiber tractography was performed using fiber assignment with 

the continuous tracking method proposed by Mori and 

colleagues (11). A continuous tracking algorithm using 

DTIStudio (Processing Tools and Environment for Diffusion 

Tensor Imaging, 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 retrograde and orthograde directions according to the 

direction of the principal eigenvector in the ROI.  

CST fiber tracking was performed in all 26 patients with 

meningioma. The seed ROI for the CST was the posterior limb 

of the internal capsule (PLIC). The target ROI was the 

ipsilateral cerebral peduncle. The seed and target ROIs were 

selected manually on directionally encoded colored or 

noncolored maps. Only tracts starting from the seed ROI and 



10 

 

passing through the target ROI were included in the trace of the 

CST (Figure 1). 

(A) 

 

(B) 
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(C) 

 

 

(D) 
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(E) 

 

(F) 

 

Figure 1. 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. T2-weighted image shows large 
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peritumoral edema (A). T1-enhanced image shows slightly 

enhanced mass in the left frontal lobe (B). The pathological 

diagnosis was benign meningioma. The posterior limb of the 

internal capsule (PLIC) is selected as the seed region of 

interest (ROI) (C, D). The ipsilateral cerebral peduncle is 

selected as the target ROI (E). The threshold level of fractional 

anisotropy is 0.2 in the tractography image. Tracking is 

terminated when the fibers show a steep turn (more than 70°). 

The tractography image shows the corticospinal tract on a 

coronal T2-weighted image (F). 

 

SLF fiber tracking was performed in only 22 patients with 

meningioma. Only the seed ROI of the SLF was utilized. The 

seed ROI was the horizontal segment of the SLF located in the 

inferior parietal lobule (Figure 2). In four patients (three in 

Group 1 and one in Group 2), we could not identify the seed 

ROI because the FA value was low in this area.  
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(A) 

 

(B) 
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(C) 

 

(D) 
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(E) 

 

(F) 

 

Figure 2. SLF fiber tracking in a 52-year-old woman with 

benign meningioma. 

T1-enhanced image of a 52-year-old woman without 

weakness shows a left frontal convexity mass (A). The 

pathological diagnosis was benign meningioma. The seed region 

of interest (ROI) for tracking the right superior longitudinal 

fasciculus (SLF) was selected in horizontal segment of the SLF 
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on the right (B) and left (C) inferior parietal lobules in a color-

coded fractional anisotropy (FA) map (red, left-right; blue, 

superior-inferior; green, anterior-posterior directions). Right 

SLF on tractography is illustrated in the axial (D), coronal (E), 

and sagittal (F) color-coded FA map. 

 

Tracking of the CST or SLF was terminated when the fibers 

showed a steep turn (more than 70°). Tracking the CST or 

SLF was also terminated when the threshold of the FA level 

was below 0.2.  

4. Quantitative analysis of the CST and SLF 

 Following anatomy-based tractography and the identification 

of the displaced white matter, a further quantitative analysis of 

the identified displaced fiber tract was performed.  

FA, TT, and the three eigenvalues (λ1, λ2, and λ3) of the 

CST and SLF were studied in all 26 and in 22 patients, 

respectively. Quantitative analyses of the reconstructed CST 

and SLF were performed using the “tract statistics” function 

of DTIStudio, which allows the statistical evaluation of the 

diffusion parameters of the reconstructed fibers. 

5. Vasogenic edema evaluation  
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Vasogenic edema adjacent to the meningioma was divided into 

three grades according to the amount of edema. Grade I edema 

was defined as a volume less than 1/3 of the meningioma 

volume. Grade II was defined as a volume ranging from 1/3 to 

equal to that of the meningioma. Grade III was defined as a 

volume greater than the meningioma volume. Grade I was 

identified in nine patients, Grade II in six patients, and Grade III 

in 11 patients. We applied the ROI in the white matter of the 

ipsilateral and contralateral hemispheres relative to the 

meningioma. The size of the ROI was five times of the voxel 

width×five times of the voxel height (4.3 mm×4.3 mm in six 

patients, 4.5 mm×4.5 mm in one patient, 4.7 mm×4.7 mm in 18 

patients, and 9.4 mm×9.4 mm in one patient). The 26 patients 

with meningioma were divided into two groups according to the 

ROI location relative to the edema. In 17 patients (edema 

Grades II and III), the ROI was located in the peritumoral 

edema of the hemisphere ipsilateral to the meningioma. These 

patients were defined as Group 3. In Group 3 patients, nine 

patients had motor weakness (Group 1) and eight had no motor 

weakness (Group 2). In nine patients (edema Grade I), the ROI 

was located in tumor adjacent normal-appearing white matter 
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of the hemisphere ipsilateral to the meningioma. These patients 

were classified as Group 4. In Group 4, two patients had motor 

weakness (Group 1) and seven had no motor weakness (Group 

2). In Groups 3 and 4, the contralateral ROI was located in 

normal-appearing white matter in the contralateral hemisphere 

(Figure 3).    
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(H) 

 

Figure 3. Diffusion parameters in vasogenic edema adjacent to 

the meningioma and contralateral normal-appearing white matter. 

T2-weighted images (A, B) of a 52-year-old woman without 

weakness show a left frontal mass associated with Grade III 

peritumoral edema. The pathological diagnosis was benign 

meningioma. Sizes of the regions of interest (ROIs) on T2-

weighted image, and the fractional anisotropy (FA) and tensor 

trace (TT) map are 4.7 mm×4.7 mm. And positions of ROI are 

same in all images. Right (C) and left (D) ROIs on T2-weighted 

images created with diffusion tensor imaging (DTI) are located 

in the contralateral normal appearing white matter and in the 
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peritumoral edema in the hemisphere ipsilateral to the 

meningioma. Right (E) and left (F) ROIs in a FA map image by 

created with DTI are located in the contralateral normal 

appearing white matter and in the peritumoral edema in the 

hemisphere ipsilateral to meningioma, respectively. The FA 

ratio in the ROI (FA of lesioned side ROI/FA of contralateral 

side ROI) is 0.5. Right (G) and left (H) ROIs in the TT map 

image by created with DTI are located in the contralateral 

normal-appearing white matter and the ipsilateral peritumoral 

edema, respectively. The TT ratio in the ROI (TT of lesion ROI 

/ TT of contralateral ROI) is 2.439. 

 

6. FA and TT of the meningioma and contralateral white 

matter 

To verify that the different MR units and image parameters 

did not significantly influence the diffusion parameters, we 

analyzed FA and TT of the meningiomas and the contralateral 

white matter.  

FA and TT of the meningiomas were assessed using the 

method described by Toh et al. (12). The ROI was positioned 

manually in the solid-enhancing area of the meningioma. We 
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tried to exclude areas with vessel or calcification. We also 

evaluated the contralateral normal white matter for FA and TT. 

The size of the ROI in the enhancing area of the meningioma 

and in the contralateral normal white matter was 10 times of 

the voxel width×10 times of the voxel height (8.6 mm×8.6 mm 

in six patients, 9.0 mm×9.0 mm in one patient, 9.4 mm×9.4 

mm in 18 patients, and 18.8 mm×18.8 mm in one patient). We 

compared the diffusion parameters (FA and TT) and the ratios 

of diffusion parameters between the meningioma and 

contralateral white matter in all 26 patients (Figure 4).  
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Figure 4. FA and TT in the solid-enhancing area of the 

meningioma and the contralateral normal white matter. 

A 35-year-old woman presented with right hemiparesis. 

T1-enhanced image shows a strongly enhanced mass in 

the left hemisphere (A). The pathological diagnosis was 

benign meningioma. Left (B) region of interest (ROI) in 

the fractional anisotropy (FA) map image created with 

DTI is located in the solid-enhancing area of the 

meningioma. Left (C) ROI in the tensor trace (TT) map 

image created with DTI is located in the solid-enhancing 

area of the meningioma. Right (D) region of interest (ROI) 

in the FA map image created with DTI is located in the 

contralateral normal white matter. Right (E) ROI in the TT 

map image created with DTI is located in the contralateral 

normal white matter. The sizes of the ROIs in both the FA 

and TT maps are 9.4 mm×9.4 mm. 

 

7. Conventional MR imaging evaluation 

Group 1 
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TR and TE were as follows: 389-558 ms and 7-19 ms, 

respectively, for T1-weighted (T1) images; 3,986-5,160 ms 

and 91-129 ms, respectively, for T2-weighted (T2) images; 

and 8,802-11,000 ms and 95-163 ms, respectively, for fluid-

attenuated inversion-recovery (FLAIR) images.  

Group 2 

TR and TE were as follows: 195-650 ms and 4-17 ms, 

respectively, for T1 images; 4,000-5,983 ms and 91-161 ms, 

respectively, for T2 images; and 7,502-11,600 ms and 97-174 

ms, respectively, for FLAIR images.  

In Groups 1 and 2, we analyzed the changes in the motor 

cortex (MC) on T2 images to evaluate weakness. If we found 

no changes in the MC, we analyzed the PLIC and cerebral 

peduncle. 

8. Statistical analysis 

Tumor size and patient’s age were compared between 

Groups 1 and 2, and between Groups 3 and 4 using the Mann-

Whitney U-test. The ratios (lesioned side mean 

value/contralateral side mean value) of all the diffusion values 

(FA, TT, and eigenvalues) for the CST, SLF, and vasogenic 

edema on DTI were compared with 1.0 as test value using a 
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one-sample T-test. The statistical analysis of the 

meningiomas was performed with the SPSS software package 

(version 14.0 SPSS, Inc.). Statistical significance was accepted 

for probability values of less than 0.05. 
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RESULTS 

All the diffusion parameters for the meningiomas are 

presented as graphs (Figures 5-13). All data were presented 

as mean±standard 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 for the ratio 

lesion/contralateral; highest level of the vertical line is the 

highest value for the ratio; bottom of the box is the mean−one 

SD of the ratio; top of the box is the mean+one SD of the ratio. 

1. Demographics of the patients 

In Group 1, the mean (±SD) age of the 11 patients was 

54.36±16.20 years, with a range of 38-83 years. In Group 2, 

the mean (±SD) age of the 15 patients was 53.47±15.13 

years, with a range of 26-77 years. The difference in age 

between two groups was not significant (p=0.856). In Group 1, 

the mean (±SD) tumor size for the 11 patients was 4.17±1.40 

cm, with a range of 2.0-6.8 cm. In Group 2, the mean (±SD) 

tumor size for the 15 patients was 3.90±1.29 cm, with a range 

of 2.0-7.4 cm. The difference in tumor size between two 

groups was not significant (p=0.514). 

2. FA, TT, and eigenvalues for the CST  
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In Group 1, FA of the CST in the hemisphere ipsilateral to the 

meningioma was significantly lower than that in the 

contralateral hemisphere (about 14% decrease). AD (λ1) of 

the CST in Group 1 did not differ significantly between the 

hemispheres (p= 0.104). In Group 1, TT and RD (λ2 and λ3) 

for the CST in the hemisphere affected by the meningioma 

were significantly higher than those for the unaffected 

hemisphere (about 15%- 33% increase) (Figure 5).  

 

 

Figure 5. Ratios (lesion/contralateral) of the diffusion 

parameters (FA, TT, λ1, λ2, and λ3) for the CST in 

meningioma patients with weakness (Group 1).  
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FA of the lesioned-hemisphere CST was significantly 

lower than that of the contralateral side. TT, λ2, and λ3 

of the lesioned-hemisphere CST were significantly higher 

than those of the contralateral side. The axial diffusivity 

(λ1) of the CST did not differ significantly between the 

two hemispheres.  

(y axis : ratio of diffusion parameters for the CST in the 

two hemispheres, FA : fractional anisotropy, TT : tensor 

trace, λ1 : primary eigenvalue, λ2 : second eigenvalue, 

λ3 : third eigenvalue) 

 

In Group 2, FA and λ3 of CST did not differ significantly 

between the two hemispheres, whereas TT, λ1, and λ2 in the 

CST of the ipsilateral hemisphere were significantly higher than 

those of the unaffected hemisphere. But the degree of 

difference was small (range of 3%-10% increase) (Figure 6). 
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Figure 6. Ratios (lesion/contralateral) of diffusion parameters 

(FA, TT, λ1, λ2, and λ3) for the CST in meningioma patients 

without weakness (Group 2).  

FA and λ3 for the CST did not differ significantly between the 

two hemispheres. TT, λ1, and λ2 of the lesion side CST were 

significant higher than those of the contralateral side. However, 

these differences were small (3%-10%).  

(y axis : ratio of diffusion parameters for the CST in the two 

hemispheres, FA : fractional anisotropy, TT : tensor trace, λ1 : 

primary eigenvalue, λ2 : second eigenvalue, λ3 : third 

eigenvalue)   
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3. FA, TT, and eigenvalues for the SLF  

In 22 patients with meningioma, FA of the SLF in hemisphere 

ipsilateral to the meningioma was significantly lower than that 

in the contralateral hemisphere (about 6% [1-0.94] decrease). 

AD of the ipsilateral SLF in 22 patients with meningioma did not 

differ significantly from that in the unaffected hemisphere. TT 

and RD of the SLF in the affected hemisphere were significantly 

higher than those in the unaffected hemisphere (about 10%-14% 

increase) (Figure 7).  

 

Figure 7. Ratios (lesion/contralateral) of the diffusion 

parameters (FA, TT, λ1, λ2, and λ3) for the superior 

longitudinal fasciculus (SLF) in 22 patients with meningioma.  
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FA of the lesioned-hemisphere SLF was significantly lower 

than that of the contralateral side. TT, λ2, and λ3 of the 

lesioned-hemisphere SLF were significantly higher than those 

of the contralateral side. The axial diffusivity (λ1) of the SLF 

did not differ significantly between the two hemispheres.  

(y axis : ratio of the diffusion parameters for the SLF in the two 

hemispheres, FA : fractional anisotropy, TT : tensor trace, λ1 : 

primary eigenvalue, λ2 : second eigenvalue, λ3 : third 

eigenvalue)  

4. Vasogenic edema 

In Group 3, the mean (±SD) age of the 17 patients was 

56.65±17.78 years, with a range of 26-83 years. In Group 4, 

the mean (±SD) age of the nine patients was 52.11±10.72 

years, with a range of 39-71 years. The difference in age 

between the two groups was not significant (p=0.492). In 

Group 3, the mean (±SD) tumor size of the 17 patients was 

4.18±1.46 cm, with a range of 2.0-7.4 cm. In Group 4, the 

mean (±SD) tumor size of the nine patients was 3.71±1.02 cm, 

with a range of 2.0-4.0 cm. The difference in the tumor sizes 

of the two groups was not different (p=0.404). 
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In Group 3, FA of the vasogenic edema in the hemisphere 

ipsilateral to the meningioma was significantly lower than that 

in the contralateral normal-appearing white matter (about 38% 

[1-0.62] decrease). In Group 3, TT, AD, and RD of the 

vasogenic edema in the affected hemisphere were significantly 

higher than those in the unaffected hemisphere (about 58%-

171% increase) (Figure 8).  

 

Figure 8. Ratios (lesion/contralateral) of the diffusion 

parameters (FA, TT, λ1, λ2, and λ3) for the peritumoral 

edema in meningioma patients (Group 3). 

FA of lesioned-hemisphere edema was significantly lower than 
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that of the contralateral normal-appearing white matter. TT, 

λ1, λ2, and λ3 of lesioned-hemisphere edema were 

significantly higher than those of the contralateral normal-

appearing white matter.  

(y axis : ratio of diffusion parameters for the edema on the 

ipsilateral side and the contralateral normal-appearing white 

matter, FA : fractional anisotropy, TT : tensor trace, λ1 : 

primary eigenvalue, λ2 : second eigenvalue, λ3 : third 

eigenvalue) 

In Group 4, FA, TT, AD and RD of the white matter without 

edema adjacent to the meningioma did not differ significantly 

from those of the contralateral hemisphere (Figure 9). 
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Figure 9. Ratios (lesion/contralateral) of the diffusion 

parameters (FA, TT, λ1, λ2, and λ3) for the normal-

appearing white matter in the meningioma patients (Group 4).  

FA, TT, λ1, λ2, and λ3 did not differ significantly across the 

two hemispheres.  

(y axis : ratio of diffusion parameters between normal-

appearing white matter in the two hemispheres, FA : fractional 

anisotropy, TT : tensor trace, λ1 : primary eigenvalue, λ2 : 

second eigenvalue, λ3 : third eigenvalue)   
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5. FA and TT of the meningioma and contralateral normal white 

matter.  

FA and TT of the meningiomas are presented in Figures 10 

and 11, respectively. 

  

 

Figure 10. Fractional anisotropy (FA) within the solid-

enhancing area of the meningioma 

(y axis : FA of meningioma, Total : all 26 patients, Group 1 : 11 

patients with weakness, Group 2 : 15 patients without 

weakness, Grade Ⅰ : WHO grade 1 meningioma, Grade Ⅱ : 

WHO grade 2 or 3 meningioma according to the WHO 2007 

classification)   
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Figure 11. Tensor trace (TT) within the solid-enhancing area of 

the meningioma 

(y axis : TT of the meningioma, (mm2/s), Total : all 26 patients, 

Group 1 : 11 patients with weakness, Group 2 : 15 patients 

without weakness, Grade Ⅰ : WHO grade 1 meningioma, Grade 

Ⅱ : WHO grade 2 or 3 meningioma according to the WHO 2007 

classification)   

 



42 

 

The ratios of FA and TT in the enhancing area of the 

meningioma and contralateral white matter are illustrated in 

Figures 12 and 13, respectively.  

 

Figure 12. Fractional anisotropy (FA) ratios between the 

enhancing area of the meningioma and the contralateral white 

matter 

(y axis : FA ratio of the meningioma, Total : all 26 patients, 

Group 1 : 11 patients with weakness, Group 2 : 15 patients 

without weakness, Grade Ⅰ : WHO grade 1 meningioma, Grade 

Ⅱ : WHO grade 2 or 3 meningioma according to the WHO 2007 

classification)  
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Figure 13. Tensor trace (TT) ratios between the enhancing area 

of the meningioma and the contralateral white matter 

(y axis : TT ratio of the meningioma, Total : all 26 patients, 

Group 1 : 11 patients with weakness, Group 2 : 15 patients 

without weakness, Grade Ⅰ : WHO grade 1 meningioma, Grade 

Ⅱ : WHO grade 2 or 3 meningioma according to the WHO 2007 

classification)   

6. Conventional MRI 

In Group 1, ten of the 11 patients showed edema or 

compression of the MC on T2 images. One patient without 
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edema or compression of the MC showed compression of the 

cerebral peduncle by the meningioma. 

In Group 2, thirteen of the 15 patients showed no edema or 

compression of the MC. The remaining two patients showed 

edema and compression of the MC. 
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DISCUSSION 

1. Diffusion parameters of the CST   

Several studies have shown that the fiber tracts in the 

vicinities of brain tumors can be displaced, disrupted, or 

invaded by the tumor (6, 13-15). However, it is unclear how 

the directionality of water diffusion is affected in the 

peritumoral regions.  

In the mouse, white matter tract λ1 is typically 2-3fold 

larger than λ2 and λ3, reflecting the greater freedom of 

water to diffuse along the principal fiber axis rather than 

perpendicular to it (3), which is similar to that in the human 

brain. It has been shown in animal studies that the eigenvalues 

of the diffusion tensor (λ1, λ2 and λ3) may vary differently 

between axonal injury and the dysmyelination/demyelination of 

the brain (3). It is possible that the directional diffusivities (i.e., 

eigenvlaues) may offer further insight into how myelin/axons 

are affected by disease. For example, it is reasonable to 

hypothesize that RD is more sensitive than AD to changes in 

myelin integrity. And Song et al. (3) reported that DTI results 

describe the effects of dysmyelination on the water directional 

diffusivities in the brains of shiverer mice.  
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Axonal fiber packing or compression by the tumor will affect 

both AD and RD. However, it is difficult to predict how this 

packing affect the directional diffusivities (3). A study by 

Schonberg et al. (13) showed that along fiber systems that are 

displaced and compressed as a result of brain tumors, the 

diffusivity increases parallel to the fibers and decreases 

perpendicular to them. This leads to an overall increase in FA 

and to the conclusion that this may reflect the compression of 

the fiber bundle (13). The results of Schonberg et al. are 

contrary to our data. However, in that study did not consider 

weakness when evaluating FA and TT measurements in the 

peritumoral white matter (13).  

We hypothesize that TT value of peritumoral white matter is 

determined by a balance between factors decreasing the degree 

of water diffusion and those increasing it. And we have 

demonstrated that preoperative weakness in meningioma 

patients can be demonstrated 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 
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the increased λ2 and λ3 values).  

The dependence of FA on age has been described in a study 

by Salat et al. (16), who reported a reduction in FA of 0.2% per 

year within the PLIC. Yasmin et al. (17) evaluated FA of the 

bilateral CSTs of 100 healthy subjects and demonstrated no 

asymmetry. Yasmin et al. (17) also reported that the left-right 

ratio of MD 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.  

2. Diffusion parameter of the SLF   

In our analysis of the diffusion parameters of the SLF, we did 

not consider the functional deficits associated with the SLF. 

The diffusion parameters of the SLF showed similar pattern to 

those of the CST in Group 1. AD of the SLF did not differ 

between the two hemispheres. TT and RD of the SLF on the 

lesioned side was higher (10%-14% increase, Figure 7) than 

those on the contralateral side and showed nearly half value the 

value of those (15%-33% increase, Figure 5) of the CST in 

Group 1. These values for the SLF explained by the fact that 

we did not consider the functional impairment associated with 

the SLF contrary to our analysis of the CST. If we can divide 
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meningioma patients into two groups according to SLF 

functional deficit, we will obtain very similar data with diffusion 

parameters of CST. 

Kitamura et al.(18) reported that the mean FA and ADC value 

for the SLF did not differ significantly between the two 

hemispheres of 40 healthy elderly subjects. Therefore, in our 

study, the differences in the diffusion parameters of the SLF 

between the two hemispheres might demonstrate a true tumor-

associated change.  

3. Diffusion parameters of vasogenic edema  

Peritumoral brain edema is found in approximately 50% of 

meningiomas (19). Vasogenic edema, classically associated 

with brain tumors, is produced by the entry of water into the 

brain tissue across leaky blood-brain and blood-tumor barriers. 

In a brain tumor model of vasogenic (leaky capillary) edema, 

the diffusion of an inert macromolecular fluorescent marker was 

reduced more than fourfold in hypercellular tumors and the 

surrounding astrogliotic tissue. However, the diffusion in the 

brain away from the tumor was ~30% faster than in the normal 

contralateral brain (20). Server et al. (21) reported that the 

ADC of peritumoral edema in meningiomas and high-grade 
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gliomas increased from 1.4 to 1.7. Some authors have analyzed 

the diffusion and FA of peritumoral edema in high-grade 

gliomas, meningiomas, lymphomas and metastases (21, 22), and 

these authors reported that the ADC values for peritumoral 

edema were higher than those for the contralateral normal 

white matter (23).  

The mechanism by which meningiomas produce brain edema is 

as yet unclear. Tumor size, the location of the tumor, its 

histological type, the vascular supply to the tumor, and the level 

of prostaglandins, or sex hormones in the tumor have been 

reported to correlate with brain edema, but none of these has 

been proven to be a definite cause (24). 

In evaluating conventional MR imaging, we identified MC 

edema in most meningioma patients with weakness. On next 

step, we evaluated the changes in the diffusion parameters for 

vasogenic edema, focusing on directional diffusivity. The 

diffusion in vasogenic edema increased in all three directions 

(λ1, λ2, and λ3), and λ1, λ2, and λ3 in vasogenic edema 

associated with meningioma were 58%-171% higher than those 

in the contralateral normal- appearing white matter (Figure 8).  

In our study, we analyzed the CST and SLF separately. The 
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directional diffusivity of the CST in Group 1 and the SLF in 

meningioma patients showed data similar pattern to those 

produced by demyelination. White matter in vasogenic edema is 

composed by projection (e.g CST), association (e.g SLF), and 

commissural fiber (e.g corps callosum). Directional diffusivity 

in vasogenic edema may be sum of diffusion parameters of 

three different kinds of fiber with different direction. Also 

although the cause of peritumoral edema associated with 

meningioma is probably multifactorial (25), demyelination may 

contribute to some degree to the diffusion changes in the 

vasogenic edema associated with meningioma. But most 

important factor for diffusion parameters in vasogenic edema 

maybe water accumulation. 

4. Clinical implications of peritumoral edema   

Stereotactic radiosurgery has emerged as an effective surgical 

tool for managing intracranial meningiomas. Overall, 

radiosurgery-related complications have been reported in 

approximately 9% of patients (26, 27). The range of 

complications includes radiation necrosis, cranial nerve deficit, 

motor deficit, hydrocephalus, vascular occlusion, and the 

development of peritumoral edema (28). Zhao et al. (29) 
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demonstrated histopathological changes in the trigeminal nerve 

after Gamma Knife radiosurgery in rhesus monkeys. Nerve 

demyelination, degeneration, fragmentation, and loss of axons 

were observed. The delayed occurrence of adjacent edema is a 

well-known risk of using radiosurgery to manage intracranial 

meningiomas. It has been proposed that this complication may 

be related to several risk factors, including tumor location, 

tumor volume, and the total radiation dose (28).  

In our study, we demonstrated that the white matter tract 

(CST and SLF) in the area of vasogenic edema associated with 

a meningioma showed changes in its diffusion parameters 

similar to those observed with demyelination. We think that 

radiosurgery may further damage the white matter tract already 

affected with pretreatment demyelination.  

Conti et al. (30) reported the protection of venous structures 

during radiosurgery for parasagittal meningioma. They found 

that reducing the irradiation of the veins that course along the 

surface of the meningioma, which may be at risk of radiation-

induced occlusion, is feasible in parasagittal meningioma 

radiosurgery. In the future, we may prevent or decrease 

radiation damage to the peritumoral edema in meningioma 
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patients by using a lower dose radiation or protecting any 

peritumoral edema from exposure to radiation.   

5. Limitations of this study 

Although the use of DTI and tractography is considered to be 

promising, our methods have some limitations. First, image 

distortion and the relatively lower signal-to-noise ratio of DTI 

represent major problems. The second limitation is that image 

reconstruction 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 quantitative estimation of the CST and SLF with 

fiber tracking may not be accurate.  

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 (31). In our study, fiber tracking was also unable to 

resolve crossing fiber pathways. Fiber tracking near the cortex 

or centrum semiovale is impossible because of crossing fibers, 

especially on the lateral side. Previous studies have suggested 

that fiber tracking of the motor tracts is inadequate in the 

lateral portions of the corticobulbar/spinal tract (32). Holodny 
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et al. (33) reported that the corticobulbar tract is probably too 

small to trace because when fibers cross, the fiber tracking 

algorithm will preferentially track the larger tract or stop fiber 

tracking for averaging of eigenvector in the voxel. 

In our study, we also reached the limits of today’s DTI fiber 

tracking technique. To further refine the setup developed in this 

study, we could develop and apply tracking algorithms that are 

based on diffusion data that resolve multiple fiber directions 

within the voxel. Higher-order mathematical tensor models, as 

proposed in other studies (34, 35), could provide a possible 

basis for these algorithms.  

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 (4).  

In this study, we used several types of MR units and several 

kinds of acquisition parameters of MR imaging for DTI. We used 

two methods to verify that the different MR units and 

parameters did not significantly influence the diffusion 

parameters. First, we analyzed the ratio of the diffusion 

parameters to evaluate the difference across the two 
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hemispheres of the same patient. Second, we analyzed whether 

the FA and TT of the meningiomas in our study had values 

similar to those reported in other studies. 

Toh et al. (12) demonstrated that the mean (±SD) FA was 

0.230±0.085 in solid-enhancing areas of classic meningiomas 

and 0.336±0.105 in atypical meningiomas. The mean (±SD) 

FA ratios (FA of meningioma/FA of contralateral white matter) 

of classic meningioma and atypical meningioma showed 

0.45±0.16 and 0.66±0.19, respectively. They also showed that 

the mean (±SD) ADC was 0.000964±0.000172 (mean of TT 

is threefold of ADC, 0.000964Ⅹ3 = 0.002892) in solid-

enhancing areas of classic meningiomas and 

0.000791±0.000129 (0.000791Ⅹ3 = 0.002373) in atypical 

meningiomas. The mean (±SD) TT ratios (TT of 

meningioma/FA of contralateral white matter) of classic 

meningioma and atypical meningioma showed 1.27±0.24 and 

1.05±0.17, respectively. In our results, FA and TT and ratios 

of FA and TT for the meningiomas (Figures 10-13) were 

compatible with the results of Toh et al. (12), despite the 

several types of MR units and several kinds of acquisition 

parameters for MR imaging used.   
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In this study of patient with meningioma, the lesion-side CST 

of the patients with weakness showed reductions in FA, an 

increase in TT resulting from increased RD, and no change in 

AD. These results are similar to those observed with 

demyelination. And directional diffusivity of the SLF showed 

similar pattern but less degree than those of the lesion-side 

CST. The diffusion data for the peritumoral edema adjacent to 

the meningioma showed increased diffusion in both AD and RD 

and showed larger changes than those in the CST of Group 1 or 

in the SLF of all the patients with meningioma. These results 

suggest that the diffusion parameters in vasogenic edema are 

partly influenced by demyelination.  
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: 산 상  뇌안에  분자  산특  보여주  

해  근에 도입 었다. 산 상  는, 신경  

평행한 방향  산 도 (축 산 도, AD, λ1)  감소는 축삭  

손상  나타낸다. 또한 신경  직각 방향  산 도 

(방사상 산 도, RD [λ2  λ3])  증가는 탈  특징 인 

소견이다. 자들  막종  가지고 있는 자에  피질척 , 

다발, 인 부종에  산 도를 하 다. 각각  

 및 인 부종에  찰 는 축삭  손상과 탈 를 

감별하고, 종양주 부종  발생  추하 다.  

 

방법: 막종  가진 26 명  자가 이 연구에 포함 었다. 다발  

막종이나 양쪽 뇌반구에 막종이 한 경우는 외하 다. 

근 약  보인 11 명  자는 1 군 , 근 약이 없는 15 명  

자는 2 군  분 하 다. DTIStudio 프 그램  이용하여 

피질척  다발에 한 신경 추  시행하 다. 

또한 인 부종과 심지역 (ROI)  에 라 는, 

심지역이 인 부종에 한 3 군과 상 종양주 백색질에 

한 4 군  나 었다. 신경 추  통해 만들어진 

피질척  다발  산계 는 DTIStudio  tract 
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statistics 능  이용하여 분 하 다. 분 에 포함  산계 는 

분획 등방  (FA), 장  (TT), AD  RD 다. 산계 는 

막종이 한 뇌반구  값과 반 쪽 뇌반구  값  를 

one-sample T-test 를 이용하여 분 하 다.     

 

결과: 피질척  산계 는, 1 군에 는 막종이 한 

뇌반구에  FA (15% 감소), TT  RD (15%-33% 증가)는 

반 쪽 뇌반구  값과 차이를 보 나, AD 는 차이가 없었다. 

한편 2 군에 는 피질척  FA  λ3 는 양쪽 뇌반구에  

차이가 없었고, TT, λ1 과 λ2 는 반 쪽 뇌반구  값보다 증가 

(3%-10%)하 다. 그러나, 그 차이  도는 작았다. 다발  

추  22 명에 만 가능하 다. 막종이 한 뇌반구 

다발  FA (6% 감소), TT  RD (10%-14% 증가)는 

반 쪽 뇌반구  차이를 보 다. 또한 이 값  1 군  

피질척 에  보이는 양쪽 뇌반구  차이보다 작았다. 

다발  AD 는 양쪽 뇌반구에  차이가 없었다. 심지역이 

인 부종에 한 3 군에 는 부종  산계 가 반 쪽 

상  보이는 백색질  산계 는  방향 모 에  많  

차이를 보 고 (FA 는 38%감소, TT, AD  RD 는 58-

171%증가), 이 차이는 1 군  피질척 에  산계  

차이보다  큰 값이었다. 막종과 같  쪽 뇌반구  상  
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보이는 백색질  산계 는 반 쪽 백색질  산계  차이가 

없었다.            

 

결 : 막종 자에  근  약  피질척  FA, TT, RD  

차이  연 어 있고 AD 는 이 없다. 다발  

산 도  1 군  피질척 는 탈 에  보이는 산계  

변  사한  보인다. 또한 인 부종  산계  

변 는 부종  에 탈 가 여하는 것  시사한다.   
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