
 

Abstract—Diffusion tensor imaging (DTI) using a combination 
of direct anisotropy measurements provided a more anatomically 
accurate morphological representation of the human spinal cord 
than traditional anisotropy indices. Furthermore, the use of a 
fuzzy logic algorithm to segment regions of gray and white matter 
within the spinal cord based on these anisotropy measurements 
allowed for morphometric analyses. Results indicated a 
significant decrease in overall spinal cord cross-sectional area, 
dorsal funiculus cross-sectional area, and lateral funiculi cross-
sectional area in subjects with injury compared to the 
neurologically intact control subjects. Results also showed 
individuals with caudal injuries had a morphology and 
morphometry that was more similar to that of the control 
subjects, which is consistent with the process of Wallerian 
degeneration and has been illustrated by previous investigations 
involving animal surrogates.  

Index Terms—Diffusion Tensor Imaging, Spinal Cord Injury, 
Fuzzy Logic 

I. INTRODUCTION

IFFUSION tensor imaging (DTI) is a promising 
technique for obtaining anatomically accurate images of 

the human spinal cord.  An accurate anatomical representation 
of the spinal cord is critical for precise diagnosis and planning 
of surgical treatment strategies. Traditional magnetic 
resonance imaging (MRI) gives little information regarding 
white matter tract integrity [1] and has been shown to give no 
new information during the acute stages of traumatic spinal 
cord injury [2]. Diffusion tensor imaging is more sensitive than 
traditional MRI to the physiological integrity of the spinal cord 
[3-5], although  there are some morphologic inconsistencies in 
images of internal spinal cord morphology obtained with 
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traditional diffusion anisotropy indices, primarily in the ventral 
gray matter regions [6].  

DTI uses the diffusion properties of different tissue types to 
delineate anatomical boundaries. Anisotropic diffusion in the 
central nervous system is caused barriers to diffusion, such as 
cell membranes, and previous experimental investigations have 
shown that anisotropy increases with an increase in axonal 
fiber density, a decrease in axonal fiber diameter, or a decrease 
in membrane permeability [7, 8]. Furthermore, diffusion 
coefficients and mean diffusivity for the spinal cord change 
significantly in pathological conditions [3, 5], suggesting that 
these characteristics could be useful in monitoring changes in 
the spinal cord after injury.  

Although diffusion anisotropy indices have been useful for 
identifying changes in the spinal cord following injury, 
detailed morphologic quantification is not feasible using 
current techniques. Morphometric analysis is particularly 
useful in clinical assessment of conditions such as compression 
myelopathy [9] and may also give quantitative information 
regarding the amount of atrophy and degeneration after 
traumatic spinal cord injury. In a previous investigation we 
demonstrated the use of fuzzy logic to delineate gray and white 
matter in the spinal cord using various anisotropy indices [6]. 
We propose fuzzy logic can also be applied using anisotropy 
measurements to segment gray and white matter for the use in 
morphometric analysis following spinal injury.  

In the current study, we compared the contrast between gray 
and white matter, and anatomical representations of the intact 
human spinal cord using direct measures of anisotropy with 
similar measurements obtained from traditional DTI indices. 
We then used these anisotropy measurements to train a fuzzy 
inference system (FIS) to classify regions of white matter to 
assess atrophy and degeneration in subjects after traumatic 
spinal cord injury.  

II. METHODS

A. Subjects 

Five neurologically intact subjects free from medical 
implants and five subjects with varying levels of spinal cord 
injury participated in this study. All procedures were approved 
by the Institutional Review Boards of Marquette University 
and the Medical College of Wisconsin.  
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B. MRI 

A total of eight axial slices were obtained throughout the 
upper cervical spine (C1 – C4 determined by localizer images 
and anatomical references) using a dual spin echo EPI 
diffusion weighted pulse sequence. A head coil (Head Coil, 
GE Medical Systems, Waukesha, WI) and 1.5 T clinical MR 
scanner (GE Horizon, GE Medical Systems, Waukesha, WI) 
were used to acquire all images.  Images were collected with 
TR/TE/NEX = 6000ms/88.1ms/4, FOV = 20 cm, slice 
thickness = 5 mm, and slice spacing = 1.5 mm. The acquisition 
matrix was 256 x 256 and  b-value was set to 1500 s/mm2. The 
resulting voxel dimensions were 0.78 mm x 0.78 mm x 5 mm. 
Images were cropped to 100 pixels x 100 pixels for quick 
analysis and illustrative purposes. Linear regression was used 
to calculate the diffusion tensor from a total of 25 diffusion 
weighted images obtained from 25 equidistant diffusion 
sensitizing gradient directions. All images were saved in 
DICOM format and analyzed using MATLAB (MathWorks, 

Natick, MA). The principle eigenvalues ( 1λ , 2λ , and 3λ

corresponding to the largest to smallest eigenvectors, 
respectively) were obtained and used in calculation of the 
anisotropy indices.  

C. Anisotropy Measurements and Fuzzy Inference System 

Traditional anisotropy indices used in DTI of the spinal 
cord include the longitudinal apparent diffusion coefficient 
(lADC), transverse apparent diffusion coefficient (tADC), 
mean diffusivity (MD), and fractional anisotropy (FA). 
Anisotropy measurements, defined as deviation of the 
eigenvalues with respect to the mean diffusivity, were also 
used in this study. Anisotropy for a particular voxel was 
defined as 
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where 1ψ is the anisotropy (mm2/s) corresponding to the 

largest eigenvector, 1λ  is the diffusion (mm2/s) corresponding 

to the largest eigenvector, and MD is the mean diffusivity 
(mm2/s) defined as the average of the eigenvalues.  
 Distributions were extracted for gray matter (GM), white 
matter (WM), and cerebrospinal fluid (CSF) for each of the 

anisotropy measurements 1ψ , 2ψ , and 3ψ  by superimposing 

a digitized histological template for the C2 level of the spinal 
cord onto the control subject data. These distributions were 
used as membership functions for a Mamdani-type fuzzy 
inference system [10] used for tissue classification. The 
membership functions represented the degree of membership a 
particular index value has in a specific region of interest. The 
process of calculating the degree of membership for a 
particular index value is termed fuzzification and is defined as 
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where μμμμ is the fuzzification function matrix and 
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is the Gaussian membership function for a specific anisotropy 
index and region of interest, mindex,ROI is the sampled mean 
value for a particular index and region of interest, and sindex,ROI  
is the sampled standard deviation for a particular index and 
region of interest obtained using the histological template. To 
logically determine which region is represented in a particular 
voxel we apply the and logical operation such that  

( )( )and=β μ χ (4) 

where 

( )( ) ( )ROI ROI
index

and indexμ
∈
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The degree of membership of a particular voxel in a 
particular region of interest was mapped to the output variable 
space using a set of output membership functions defined in 
the output membership function matrix,  

[ ]( ) ( ) ( ) ( )GM WM CSFy y y yξ ξ ξ=ξ , (6) 

with individual output membership functions defined as 
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The output variable, termed the fuzzy anisotropy index, was 
determined by 

( )( )( )( )min , ( )ROI ROIy centroid and yξ= μ χ φ  (10) 

where [ ]1 1 1 '=φ is the matrix sum. 

D. Area Calculations & Diffusion Measurements 

Spinal cord cross-sectional areas were calculated by 
counting the number of pixels in a particular region of interest 
for a particular slice and multiplying by the voxel dimensions. 
The entire cross-sectional area of the spinal cord and cross-
sectional area of white matter regions were calculated for each 
slice and averaged across the respective spinal levels. 
Differences in cross-sectional areas were compared using a 
two-way ANOVA comparing the mean area to subject type 
and spinal level. Significant differences in the ANOVA (p < 
0.05) were further analyzed using Tukey’s method for multiple 
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comparison testing. The percentage difference in white matter 
cross-sectional area for subjects with spinal cord injury with 
respect to the neurologically intact control subjects was 
calculated to give quantitative insight into the amount of 
atrophy.  

Changes in longitudinal apparent diffusion coefficient 
(lADC), transverse apparent diffusion coefficient (tADC), 
mean diffusivity (MD), and longitudinal measured anisotropy 

( 1ψ ) were evaluated in the dorsal columns and lateral funiculi 

by manually selecting regions of interest on the fractional 
anisotropy images. Differences in diffusion values were 
compared using a one-way ANOVA comparing the diffusion 
and anisotropy measurements in the spinal cord injured 
subjects to that of the neurologically intact control subjects.  

III. RESULTS

Results indicated better anatomical accuracy in anisotropy 
measurements compared to fractional anisotropy, as illustrated 
in Fig. 1.  The detectibility index [11], a measure of contrast 
between tissue types, quantitatively validated the observed 
differences (p < 0.05).  

Fig. 1.  C1 image of neurologically intact spinal cord. A) Anisotropy 
measurement showing the presence of the ventral horns of the gray matter 
(arrows), and B) fractional anisotropy. Images were upsampled 4x and linear 
interpolated for illustrative purposes.  

The C1 level images of anisotropy measurements and FIS 
segmented white matter regions for the spinal cord injured 
subjects and a single neurologically intact control subject are 
shown in Fig. 2.  

Fig. 2.  Anisotropy measurements and FIS segmented white matter regions in 
spinal cord injured and neurologically intact control subjects at the C1 spinal 
level (rostral to injury site). Images were upsampled 4x and linearly 
interpolated for illustrative purposes.  

Morphometric analysis comparing neurologically intact 
control subjects to spinal cord injured subjects indicated a 
significantly larger (p < 0.001) overall cross-sectional area of 
the upper cervical spinal cord in the control subjects (95 ± 5 
s.d. mm2) compared to all the cervical injured subjects (60 – 
80 mm2), with the T12 injured subject closer to the control 
values (94 ± 8 s.d. mm2). Cross-sectional area of the total 
white matter was also significantly higher (p < 0.001) in 
control subjects (45 ± 10 s.d. mm2) compared to all the 
cervical injured subjects (15 – 25 mm2), again with the T12 
injured subject closer to controls (40 ± 12 s.d. mm2). ANOVA 
results also indicated a significant difference between the C3 
and C4 levels (p < 0.01), indicating the start of the cervical 
enlargement.  The percentage loss of cross-sectional area in 
specific white matter tracts, calculated with respect to the same 
regions in the neurologically intact control subjects, indicated 
a significant decrease in cross-sectional area in all regions of 
white matter (p < 0.01) for all subjects with spinal cord injury, 
with the left and right funiculi in the C5, C5-6, and C8-T1 
injured subjects experiencing an approximate 65% reduction 
in cross-sectional area.   

Fig. 3.  Percentage loss of cross-sectional area in white matter regions of 
interest including the left lateral funiculi, right lateral funiculi, and dorsal 
columns with respect to that of the neurologically intact control subjects.  

Diffusion measurements in white matter regions of spinal 
cord injured subjects indicated a significant decrease in the 
mean diffusivity for all white matter regions (p < 0.01), 
significant decrease in the transverse apparent diffusion 
coefficient in the lateral funiculi (p < 0.001), and a significant 
decrease in longitudinal apparent diffusion coefficient in all 
white matter regions (p < 0.001) compared to the 
neurologically intact control subjects. Longitudinal measured 

anisotropy ( 1ψ ) was not significantly lower in the white 

matter regions for subjects with spinal cord injury (p = 0.12) 
compared to neurologically intact control subjects.   
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IV. DISCUSSION

Traumatic spinal cord injury can cause significant global 
changes in the morphology of the spinal cord depending on the 
severity of injury [12], location of the lesion [13], and the 
number of target cells the neural fibers involved in the trauma 
innervate [14]. Previous studies have indicated significant 
degeneration in the ascending tracts (dorsal columns) and 
descending tracts (lateral funiculi) occuring after injury as a 
result of Wallerian degeneration [15]. Our results support this 
phenomenon. We observed significantly greater retrograde 
transneuronal degeneration in the lateral tracts in the C5, C5-6, 
and C8-T1 injured subjects of whom the lesion was on or 
around the cervical enlargement, compared to the T12 injured 
subject whom the injury epicenter occurred in the lumbar 
enlargement. This is consistent with transneuronal 
degeneration in which lesion sites further away from the 
imaged site have more probability of existing innervation with 
noninjured target cells, thus a lower probability of necrosis and 
lack of degenerative cascading.  

Qualitative examination of the neurologically intact control 
subjects indicated that anisotropy measurements provided a 
more anatomically accurate representation of internal spinal 
cord morphology compared to the fractional anisotropy. 
Primarily, the regions containing the ventral horns in the gray 
matter were absent in the images of fractional anisotropy but 
were evident in anisotropy measurements. Analysis of the 
diffusion coefficients in subjects with spinal cord injury 
indicated a significant decrease in both longitudinal and 
transverse diffusion coefficients in regions distal from the 
injury site. This appears to contradict acute ex vivo studies 
involving animal surrogates that suggest the white matter 
transverse apparent diffusion coefficient increases following 
injury [3, 16] and diffusion coefficients in regions distal to the 
injury epicenter are unaffected [5]. There is, however, 
evidence in this study to suggest the decrease in transverse 
diffusion coefficient and overall diffusivity might be due to 
atrophy of the spinal cord, probably resulting from decreases 
in axon diameter [7] after degeneration.  

No significant differences were found between white matter 
anisotropy measurements in the injured and control subjects 
suggesting these metrics may provide a better indication of 
intact white matter tracts compared to diffusion measurements 
alone.  

V. CONCLUSION

Deficits due to traumatic spinal cord injury can now be 
assessed via in vivo examination of internal cord morphology 
using diffusion tensor imaging and anisotropy measurements. 
Fuzzy logic provides an adequate tissue segmentation method 
for morphometric analysis. Morphometry can then be used to 
track the progression of degeneration and providing a possible 
tool for the prediction of neurological functionality based on 
the measurements of morphological features.  
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