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ABSTRACT: The ability of diffusion tensor imaging (DTI) to probe the ultra-
structural properties of biological tissues presents new possibilities for DTI-
based tissue characterization, with the potential for greater pathologic specificity
than conventional imaging methods. This is urgently needed in the diagnosis
and treatment of cerebral neoplasms, where clinical decisions depend on the
ability to discriminate tumor-involved from uninvolved tissue, a major short-
coming of conventional imaging. Several investigators have attempted to make
this determination on the basis of the apparent diffusion coefficient (ADC) or
the fractional anisotropy (FA), with mixed resultS. The directionally encoded
color map, with hues reflecting tensor orientation and intensity weighted by
FA, provides an aesthetic and informative summary of DTI features throughout
the brain in an easily interpreted format. The use of these maps is becoming
increasingly common in both basic and clinical research, as well as in purely
clinical settings. These examples serve to demonstrate our approach to the
quantitation of regional diffusion tensor distributions using directional
statistical methods.
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INTRODUCTION

The ability of diffusion tensor imaging (DTI) to probe the ultrastructural properties
of biological tissues presents new possibilities for DTI-based tissue characterization,
with the potential for greater pathologic specificity than conventional imaging
methods. This is urgently needed in the diagnosis and treatment of cerebral neoplasms,
where clinical decisions depend on the ability to discriminate tumor-involved from
uninvolved tissue, a major shortcoming of conventional imaging. For example, it is
frequently impossible to determine whether T2 prolongation in the white matter
(WM) surrounding a glioma represents tumor infiltration or bland (tumor-free) edema.
Several investigators have attempted to make this determination on the basis of the
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apparent diffusion coefficient (ADC)1–12 and/or the fractional anisotropy (FA),5,9–11

with mixed results. The most recent studies employing the most sophisticated DTI
methodology have revealed a tendency for tumor infiltration to cause greater FA
reductions than edema.5,10,11 However, these differences have been small and they
may prove less significant to decision-making in individual patients than to statis-
tical comparisons of sizable groups. We have observed substantial overlap of FA
distributions between infiltrating gliomas and bland edema.13

The ADC and FA constitute just a fraction of the information available from the
diffusion tensor. The examination of individual eigenvalues, as well as measures of

FIGURE 1. T2-weighted (T2W), ADC, FA, and FA-weighted, directionally encoded
DTI color maps (FA × ε1) in a patient with a region of bland (tumor-free) vasogenic edema
involving the left corona radiata and superior longitudinal fasciculus.16 This region shows
reduced FA, but normal color hues (arrow).
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tensor shape and orientation, opens many new possibilities for tissue characteriza-
tion. For example, the major eigenvalue of the diffusion tensor has been found to be
significantly lower in the WM surrounding high-grade gliomas than in the WM
surrounding metastases, even when the anisotropy has shown no difference.14 Tensor
shape metrics have revealed a relative shift from linear diffusion (prolate tensors) to
planar diffusion (oblate tensors) in peritumoral fiber tracts, relative to contralateral
tracts.15 Such examples in which the diffusion tensor is exploited beyond the ADC
and FA for purposes of tumoral or peritumoral tissue characterization are only just
beginning to be explored.

The directionally encoded color map, with hues reflecting tensor orientation and
intensity weighted by FA, provides an aesthetic and informative summary of DTI
features throughout the brain in an easily interpreted format. The use of these maps
is becoming increasingly common in both basic and clinical research, as well as in
purely clinical settings. Our group has described four distinct patterns of tumor-
related pathology in WM tracts on FA-weighted, directionally encoded color maps,
categorized on the basis of tensor anisotropy and orientation.16 Unfortunately, these

FIGURE 2. T2-weighted (T2W), ADC, FA, and FA-weighted, directionally encoded
DTI color maps (FA × ε1) in a patient with an infiltrating glioma involving the left corona
radiata and subcortical U-fibers.16 This region shows both reduced FA and abnormal color
hues (arrow), which are not explained by any apparent tract deviation.
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patterns rely on subjective assessments of color hue and intensity; although such
assessments can be clinically relevant, a more objective, quantitative approach is
needed for purposes of further research. Specifically, a formal methodology for
analyzing regional distributions of tensor orientations, including measures of regional
directional tendency and dispersion, intervoxel coherence, and interhemispheric
symmetry, is needed in order to exploit DTI more reliably in the setting of cerebral
neoplasm. We are developing various metrics to meet this need,17 employing the
theory and methods of directional statistics.

For example, we have observed several WM tracts infiltrated by bland edema
where anisotropy is reduced with no appreciable change in hue on directionally
encoded color maps, while several tracts infiltrated by gliomas have had anisotropy
reductions accompanied by altered hues that were unexplained by visible tract
deviations (FIGS. 1 and 2). Subjective impressions such as these must be validated
quantitatively, motivating our development of directional statistical approaches.

REGIONAL METRICS FOR TENSOR ORIENTATION AND SYMMETRY

Directional Histograms (“Rose” Diagrams)

The distribution of major eigenvectors in a region of interest (ROI) can be described
in terms of their polar and azimuthal angles (θ and φ, respectively) in 3D space.17

FIGURE 3. The distribution of major eigenvectors in a region of interest can be
described in terms of their polar and azimuthal angles (θ and φ, respectively) in 3D space.17

Specifically, the polar angle (θ) denotes the angle between the eigenvector and the x-y plane,
and the azimuthal angle (φ) denotes the angle between the eigenvector’s projection in the x-y
plane and the x-axis.
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Specifically, the polar angle (θ) denotes the angle between the eigenvector and the
x-y (“axial”) plane, and the azimuthal angle (φ) denotes the angle between the eigen-
vector’s projection in the x-y plane and the x-axis (right-left direction) (FIG. 3). Since
the WM tract orientations will be mirrored across the cerebral hemispheres, the
rotation conventions of φ are reversed for regions in the left and the right hemi-
spheres to facilitate symmetry comparisons. The distribution of major eigenvector
directions can be calculated for any ROI and subjected to further analysis or dis-
played as a pair of spherical-coordinate histograms (polar and azimuthal), or “rose”
diagrams. In a rose diagram, the arc subtended by each sector bin represents a range
of angles, and the length of each bin reflects the frequency of occurrence for that
range (FIG. 4). Note that this approach is not rotationally invariant unless θ and φ are
referenced to anatomically standardized planes. For example, the y-z (“sagittal”)

FIGURE 4. Directional histograms (rose diagrams) for posterior limb of internal capsule
(PLIC), superior longitudinal fasciculus (SLF), and genu of the corpus callosum (CC) in a
normal subject. Note the unique distributions characterizing each of these major tracts. These
distributions can be subjected to statistical analysis seeking changes related to pathology.
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plane could be defined along the interhemispheric fissure, and the x-y plane along
the intercommissural line and perpendicular to the y-z plane.

Scatter Matrix

The “preferred” orientation and dispersion of major eigenvectors (analogous to
mean and variance, respectively, of eigenvector orientation) in an ROI can also be
summarized in terms of the scatter matrix.17 If ε1i is the major eigenvector of the
diffusion tensor for the i-th voxel within an ROI containing n voxels, then the scatter
matrix for the ROI is defined as

where t denotes the vector transpose. Like the diffusion tensors themselves, T is a
3 × 3 diagonally symmetric matrix with its own eigenvectors, t1, t2, and t3, which
describe the orientation of the tensor distribution within the ROI.

Symmetry Index

A measure of interhemispheric symmetry for homologous ROIs in the brain may
be defined as the dot product of the scatter matrix major eigenvectors for left and
right ROIs:17

S = t1L ⋅ t1R .

A value of S approaching unity indicates a high degree of interhemispheric symmetry,
while S near zero indicates that the left and right tensor distributions are nearly
orthogonal. Note that accurate S measurements require the y-z plane to be parallel to
the interhemispheric fissure.

CASE EXAMPLES: VASOGENIC EDEMA AND
INFILTRATING GLIOMA

Case 1: Vasogenic Edema

A patient with a small (∼1 cm) brain metastasis surrounded by a much larger
region of vasogenic edema (presumed tumor-free) involving the corona radiata (CR)
underwent DTI at 1.5 T using a quadrature head coil and a single-shot, diffusion-
weighted spin-echo EPI sequence with diffusion encoding in 23 directions (b = 0 and
912 s/mm2, slice thickness = 3 mm, TR/TE = 4000/72 ms, FOV = 24 cm, matrix =
128 × 128 interpolated to 256 × 256, NEX = 4). The diffusion tensor at each voxel
was estimated and diagonalized, and maps of FA were generated, using published
methods.18,19 A 3D ROI was manually traced within the edematous CR on FA maps
and a homologous ROI was traced in the contralateral CR. Directional histograms
for these ROIs (FIG. 5) revealed only nominal changes in tensor distributions, and
the symmetry index, calculated as described above, was S = 0.99, indicating a high
degree of interhemispheric symmetry.

T 1 n⁄( ) ε1iε1i
t

i 1=

n

∑=
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Case 2: Infiltrating Glioma

A patient with an oligodendroglioma (WHO grade II) infiltrating the superior
longitudinal fasciculus (SLF) underwent DTI with postprocessing as described for
case 1. Directional histograms for homologous SLF ROIs (FIG. 6) revealed more
substantial changes in tensor distributions than those seen in the edema case, and the
symmetry index was S = 0.74, indicating a lesser degree of interhemispheric
symmetry.

CONCLUSIONS

These examples serve to demonstrate our approach to the quantitation of regional
diffusion tensor distributions using directional statistical methods. Other approaches
are certainly possible (e.g., ref. 20). Quantitation along these lines is urgently needed
in order to validate the subjective impressions derived from the popular directionally
encoded color maps and to enable statistical data analysis whenever relevant changes
in fiber tract orientations are postulated or (subjectively) observed. The rose diagrams
enable histogram-based analyses of major eigenvector distributions within ROIs;

FIGURE 5. ROI rose diagrams of the corona radiata (CR) in case 1, a patient with bland
vasogenic edema.17 (Left) Edema ROI. (Right) Homologous ROI in normal contralateral
CR. Only nominal changes in tensor distributions are evident. Symmetry index S = 0.99.
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major CNS fiber tracts are expected to have characteristic profiles on these histo-
grams (e.g., FIG. 4), which may be tested for changes resulting from pathology. The
symmetry index, derived from the scatter matrix, enables a patient whose disease is
limited to one hemisphere to serve as his/her own control. The lesser degree of inter-
hemispheric symmetry that our approach revealed in an infiltrating glioma, as com-
pared to vasogenic edema, suggests that regional analysis of tensor orientation may
have an important role to play in this and other problems of tissue characterization.
Further study is needed to determine the sensitivity and specificity of our approach
in the face of variations in tumor type, grade, location, prior treatment, etc.
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