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 We describe and evaluate the findings of three-dimensional 

anisotropy contrast MR axonography (3DAC MRX) and 

functional MRI (fMRI) in brain tumor and infarction. We 

obtained diffusion-weighted images (DWI) in 28 patients in-

cluding 23 brain tumors and 15 acute infarctions located in 

or near pyramidal tract. Three anisotropic DWIs were trans-

formed into graduations color-coded as red, green or blue, 

and then composed to form a combined color 3DAC MRX. 

We also performed functional MRI in 7 of the 28 patients 

and compared with cortical mapping of 3DAC MRX. 3DAC 

MRX with 23 brain tumors showed that the ipsilateral py-

ramidal tract was either discontinuous due to impaired ani-

sotropy (n=8) or compressed due to mass effect (n=15). In 

10 patients of acute infarction with motor impairment, py-

ramidal tract involvement was visually more conspicuous 

on 3DAC MRX compared to standard DWI. On functional 

MRI, hand motor activation was observed between blue ver-

tical directional colors of pre- and post central gyrus. In 

conclusion, 3DAC MRX is a new noninvasive approach for 

visualization of the white matter neuronal tract and pro-

vides the information concerning pyramidal tract involve-

ment. 
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Current methods of functional mapping investigate 

only the cortical function, although anatomical recog-
nition of subcortical nerve fibers is equally important. 

 Diffusion-weighted magnetic resonance imaging (DWI) 
has been used in the early diagnosis of acute stroke 

and most of previous approaches to evaluate nerve fi-
bers have been based on DWI4-". Diffusion anisotropy 

of the rat spinal cord was visualized by Nakada et al') 
using the three-dimensional anisotropy contrast (3DAC) 

technique which effectively eliminated isotropic com-

ponent and highlighted anisotropic component of the 
diffusion of nerve fibers. 

 Our purpose is to describe and evaluate the findings 

of 3DAC MR axonography (3DAC MRX) in patients 
with brain tumor and acute brain infarction, and to 
correlate the integrity of the pyramidal tract with 

motor function. We also describe a clinically useful ap-

plication of fiber mapping of 3DAC MRX combined 
with fMRI for demonstration of the sensory motor cor-

tex and evaluate the spatial specificity of 3DAC MRX.

Materials and Methods

Introduction

 Cortical functional mapping using functional MRI 

(fMRI) or magnetoencephalography has been of great 

practical value in presurgical evaluation of patients 
with brain tumor in or near the eloquent areas1-3)
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 Twenty-three patients with brain tumors (10 females 

and 13 males, age 14-85 years, mean 55 years) and 
15 patients with acute infarctions (2 females and 13 
male, age 39-82 years, mean 68 years) were retro-

spectively analyzed. All patinets had the lesion located 
in or near pyramidal tract. Cortical mapping using 

fMRI was performed in 7 of these 38 patients, and was 
compared with 3DAC MRX. fMRI and DWI were per-

formed with a 1.5-T whole-body MR system (Signa 
Horizon, GE Medical Systems, Milwaukee, WI) and a 

standard head coil.
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Fig. 1. Schematic summary of 3DAC process. Conversion of the gray scale image of each anisotropic DWI 
(X-, Y-, and Z-axis) into the corresponding primary color-scaled image (red, green, and blue). Three DWIs 
are combined into a single color image in full visible color spectrum. To ensure one to one correlation be-
tween hue axes (R, G, B) and spatial axes (X, Y, Z), this image is negatively displayed, thereby generating 
3DAC image (Modified from reference 7).

Fig. 2. Representative 3DAC MRX of a patient 
with small left parietal infarction. 3DAC MRX 
showing nerve fibers running in the left-right, 
anterior-posterior, or superior-inferior directions 
in red, green or blue, respectively. Mixed colors 
indicate oblique orientation of nerve fibers. The 
pyramidal tract appears as a distinct blue or 
purple colored band. The entire pyramidal tract 
is visualized on 3DAC images including the pri-
mary motor cortex, the corona radiata, the in-
ternal capsule, the cerebral peduncle and the 
ventral brain stem (arrows).



3DAC MR axonography (3DAC MRX ) 

 Axial DWI was performed with spin-echo echo-

planar imaging (TR 10000 ms, TE 100 ms, b=1000 
sec/mm', FOV 22 -26 cm, 128 x 128 matrix, 6 mm sec-
tion thickness with 2 mm intersection gap). In some 
cases, b value of 2000 sec/mm' was also obtained. 

Motion probing gradient (MPG) was applied in the three 

principal anatomic axes to obtain the anisotropic DWIs 
(Fig. 1). Isotropic DWI and apparent diffusion coeffi-
cient (ADC) map were obtained with b values of 0 and 

1000. 
 3DAC MRX was obtained from each anisotropic DWI 

using Advantage Windows (GE Medical Systems, 
Milwaukee, WI) (Fig. 2). The involvement of pyramidal 
tract on 3DAC MRX were categorized as follows; 1) 

Discontinuous tract showing increase in density of all 
colors with loss of anisotropy, 2) Compressed tract show-

ing deviation of the fiber without change of the color.

Functional MRI (fMRI ) 

 Functional MRI was obtained with multislice gradi-

ent echo-planar image (TR 2000 ms, TE 40 ms, FA 90 

deg, FOV 24cm, 128x 128 matrix, 6 mm section thick-
ness). The patients performed a motor task of hand 
sponge squeezing. Activation maps were calculated by 

commercial analysis software (Functool 1.0, GE Medical 
Systems, Milwaukee, WI). The correlation coefficient 

algorithm was used with the confidence level of 0.001 

(0.1% probability). Recognition of central gyrus with 
fMRI or 3DAC MRX was evaluated as follows; good: 

easy recognition of central sulcus, fair: faint activated 

pixels on sensory motor area on fMRI, and visualisation 
of the white matter of precentral gyrus or post central

gyrus on 3DAC MRX, poor: impossible to recognise 

sensory motor area.

Results

3DAC MRX findings in brain tumor and acute infarction 

 3DAC MRX demonstrated the pyramidal tracts con-
tinuously from the presumed motor cortex to the brain 
stem. However, 3DAC MRX could not differentiate the 

pyramidal tract from the thalamocortical fibers or other 
nerve fibers running along the pyramidal tract (Fig. 1). 

 Displacement of the pyramidal tract and direction of 
the fiber were easily recognised in cases of brain 

tumor (Fig. 3, 4). 3DAC MRX with 23 brain tumors 
showed that the ipsilateral pyramidal tract was either 

discontinuous due to impaired anisotropy (n=8) or 
compressed due to mass effect (n=15). The patients 

with discontinuous fiber tract showed more severe 
motor dysfunction compared to those with compressed 
fiber tract. Isotropic high ADC component such as 

intratumoral necrosis or perifocal edema showed whit-
ish color due to cancellation with sum of three primary 

colors. Contrast enhancing portion of brain tumor 
tended to be colored variously. 

 Ten patients of acute infarction with motor impair-

ment showed discontinuous pyramidal tract due to de-

creased anisotropic diffusion (Fig. 5). In remaining 5 

patients without motor impairment, there was no change 
of the color in pyramidal tract. 

  Low ADC areas of 15 acute infarctions appeared 
dark color on 3DAC MRX. The pyramidal tract in-

volvement of acute infarction was visually more con-
spicuous on 3DAC MRX compared to isotropic DWI.

Fig. 3. A 85-year-old male with right parietal glioblastoma. 
a. Surface anatomy scanning image shows a tumor subjacent to the left postcentral gyrus (arrow). 

PreCG: precentral gyrus, PostCG: postcentral gyrus. b. fMRI demonstrates activated pixels in the cen-
tral sulcus. c. fMRI superimposed on 3DAC. White matter of the precentral gyrus is shown in blue 
color (arrow).



Fig. 4. A 56-year-old female with left frontal astrocytoma. 
a. T2WI demonstrates tumor located in the left paracentral lobule (arrows). b. fMRI demonstrates 
activated pixels in the central sulcus. c. fMRI superimposed on 3DAC. White matters of the pre-and 
postcentral gyri are shown in purple color. PreCG: precentral gyrus, PostCG: post central gyrus.

Fig. 5. A 65-year-old male with acute brain stem infarction, manifesting as left 
hemiparesis and MLF syndrome. 
a, b. FLAIR images 5 days after ictus demonstrate high signal intensities in the 
medulla and the pons (arrowheads). c, d. Isotropic DWI. e, f. 3DAC MRX dem-
onstrates the dense mixture of the three colors in right ventral aspect of the me-
dulla and dorsal aspect of the pons (arrows).

3DAC MRX - fMRI correlation (Table 1) 

 fMRI demonstrated task activation of sensorimotor 

cortex in all 7 patients. The precentral and postcentral 

gyri were fully visible on 3DAC MRX in 5 of the 7 

patients and equivocally in the remaining 2 (Fig. 3, 4). 
In these 2 patients, MR images showed a deformity of

the precentral or post central gyrus caused by tumor. 
The activated pixels of fMRI superimposed on 3DAC 

MRX were found to lie between blue (or purple) vertical 
directional colors of white matter in pre-and postcentral 

gyrus.



Table 1. Result of functional MRI combined with 3DAC MR axonography

                                     fMRI 3DAC case age/ 
diagnosis location # 

gender right left right left 

 1 67M cerebral infarction rt & It . parietal fair good good good 

 2 49M cerebral infarction rt . parietal fair good good good 

 3 78M cerebral infarction lt . frontal good good good good 

 4 85M glioblastoma rt . parietal good n.d. fair n.d. 

 5 44M meningioma rt . frontal fair n.d. fair good 

 6 56F astrocytoma It . frontal n.d. good n.d. good 

 7 64M astrocytoma rt . parietal good n.d. good n.d.

rt; right, It; left, n.d.; not done

Discussion

 The utility of DWI for the diagnosis of acute cerebral 
infarction has now been thoroughly established" ". 

Recently, investigators have used the diffusion anisot-
ropy characteristics of white matter to study normal 
myelination patterns and pathological conditions that 

alter microstructure such as axonal integrity'-". Nakada 

et al recently introduced a new algorithm for the 

preparation of apparent diffusion tensor, 3DAC MR 
imaging" ". The images produced are color pictures al-

lowing the unprecedented opportunity for visualizing 
axonal direction. 

 Inoue et al'°I represented the entire pyramidal tract 
from the primary motor subcortex to the ventral brain 

stem with oblique coronal 3DAC MRX. Although 3DAC 
MRX in our present study was made with a oblique 

axial images, which could not differentiate the exact 
location of pyramidal tract from the thalamocortical fi-

bers or other nerve fibers running along the pyramidal 
tract, fine anatomical fiber directions were visible and 

displacement of these fiber tract was easily recognised 
in cases of brain tumor. Using 3DAC MRX, acute in-

farction with low ADC areas appeared dark color and 
was more conspicuous in evaluating these fiber tract 

involvement compared to isotropic DWI. 
 We used echo-planar imaging (EPI) sequence for 

3DAC MRX which differs from previous reports using 
spin-echo sequence" 11). There are the advantages that 

3DAC MRX using EPI sequence is less sensitive to 

phase error due to patient's motion and takes shorter 
scan time. However, there are the disadvantages that 
EPI sequence is more sensitive to inhomogeneity of

magnetic field which induces geometrical distortion of 

the images, and shows lesser spatial resolution com-

pared to spin-echo based 3DAC MRX10I. In our study, 
3DAC MRX demonstrated incomplete mixture in the 

periphery of the image, but the appearance of the py-
ramidal tract involvement had good correlation with 

impairment of motor function. 

  In tumors or arteriovenous malformations of central 

and precentral regions of the brain, it is important to 

localize the areas important for function before open 

surgery or minimal invasive therapy to prevent damage 

of functionally active tissue and persistent neurologi-

cal deficits'-'). Functional MRI has been used exten-

sively to evaluate hemodynamic changes in the human 

cortex during physiological activation including motor, 

somatosensory, visual, and language tasks. But during 

neurosurgical interventions, preservation of subcortical 

axons is as important as that of cortical neurons. We 

therefore evaluated the combination of 3DAC MRX and 

fMRI to detect cortical motor areas with their corre-

sponding pyramidal tracts. 

 In our study, the precentral and postcentral gyri 

were fully visible with blue vertical directional colors 

of white matter on 3DAC MRX in 5 of the 7 patients. 

And furthermore, our results represented a good spatial 

relationship in cortical mapping of primary sensorimotor 

cortex between 3DAC MRX and fMRI. In the remain-

ing 2 patients, 3DAC MRX failed to demonstrate the 

pre- and postcentral gyri. We presumed a deformity of 
the precentral or postcentral gyrus induced by tumor 

infiltration or perifocal edema may decrease an anisot-

ropy of the nerve fiber. Functional MRI has same 

problem in pathological condition such as brain edema



which may cause reduction of signal intensity change 

in fMRI because of the relative paucity of blood flow 

and lower metabolic demand"'. In our clinical setting 

of fMRI, localization of sensorimotor cortex can ob-

tained in all 7 patients, and we believe that combina-

tion of 3DAC MRX and fMRI is useful in identifying 

a primary motor cortex and a pyramidal tract and can 

provide indications for. determining surgical strategy. 

 In conclusion, 3DAC MRX is a new effective approach 

for visualization of apparent diffusion tensor using the 

three primary colors and provides high contrast reso-

lution of full color spectrum compared to gray scale 

isotropic DWI. 3DAC MRX can visualize anatomical 

details of fiber tracts and provide the information of 

disease process affecting specific neural fibers such as 

pyramidal tract.

Acknowledgement

3) Morikawa M, Kaminogo M, Ochi M, Ishimaru K, Hayashi K: 
   Presurgical mapping with functional MR imaging versus transcranial 

   magnetic stimulation combined with surface anatomy scanning. 
   Rivista di Neuroradiologica 11 (Suppl 2): 158-161, 1998 

4) Moseley ME, Cohen Y, Mintorovitch J et al: Early detection of regional 
   cerebral ischemia in cats: comparison of diffusion-and T2-weighted 

   MRI and spectroscopy. Magn Reson Med 14: 330-346,1990 
5) Melhem ER, Itoh R, Jones L, Barker PB. Diffusion tensor MR imag-

   ing of the brain: effect of diffusion weighting on trace and anisot-
   ropy measurements. AJNR 21: 1813-1820, 2000 

6) Coremans J, Luypaert R, Verhells F et al: A Method for myelin 
   fiber orientation mapping using diffusion-weighted MR images. 

   Magn Reson Imaging 12: 443-454, 1994 
7) Nakada T, Matsuzawa H, Kwee IL: Magnetic resonance axonography 

   of the rat spinal cord. Neuroreport 5: 2053-6, 1994 
8) Nakada T, Nakayama N, Fujii Y, Kwee IL: Clinical application of 

   three-dimensional anisotropy contrast magnetic resonance 
   axonography. Technical note. J Neurosurg 90: 791-5, 1999 

9) Inoue T, Shimizu H, Yoshimoto T: Imaging the pyramidal tract in 

   patients with brain tumors. Clin Neurol Neurosurg 101: 4-10, 1999 
10) Igarashi H, Katayama Y, Tsuganezawa T et al: Three-dimensional 

   anisotropy contrast (3DAC) magnetic resonance imaging of the 
   human brain: application to assess wallerian degeneration. Internal 

   Medicine 37: 662-668, 1998 
11) Morioka T, Yamamoto T et al: Comparison of magnetoencephalog 

   raphy, functional MRI, and motor evoked potentials in the localiza-
   tion of the sensory-motor cortex. Neurol Res 17: 361-367, 1995

 This research was partially supported by the Ministry 

of Education, Science, Sports and Culture, Grant-in-Aid 

for Encouragement of Young Scientists, 12770496, 2000.

References

1) Jack CRJr, Thompson RM, Butts RK et al: Sensory motor cortex: 
   correlation of presurgical mapping with functional MR imaging 

   and invasive cortical mapping. Radiology 190: 85-92, 1994 
2) Righini A, de Divitiis 0, Prinster A et al: Functional MRI: primary 

   motor cortex localization in patients with brain tumors. J Comput 
  Assist Tomogr 20: 702-708, 1996


