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This work presents a method that permits the characterization,
quantification, and 3D visualization of white matter structural
information contained within diffusion tensor MR imaging (DT-
MRI) data. In this method, regions within the brain are defined
as possessing linear, planar, or spherical diffusion. Visualiza-
tion of this diffusion metric data is realized by generating
streamtube and streamsurface models to represent regions of
linear and planar diffusion. Quantification of differences in dif-
fusion anisotropy between different regions of interest (ROIs) is
then achieved by analyzing 2D barycentric histograms created
from the complete distribution of diffusion metric values mea-
sured in each region. In four healthy volunteers, there was only
a small degree of asymmetry (�) in the number of linear, planar,
or spherical diffusion voxels between the right and left hemi-
spheres (� �� � 2%). However, in a patient with a metastatic
brain lesion there was marked asymmetry in both linear (� ��
�10%) and planar (� �� 5%) diffusion between comparable
ipsilateral and contralateral regions, with a significant reduction
in the number of linear diffusion voxels and an increase in the
number of planar diffusion voxels in the tumor-bearing hemi-
sphere. These results demonstrate the potential of this ap-
proach to characterize brain structure in both healthy and dis-
eased subjects. Magn Reson Med 51:140–147, 2004.
© 2003 Wiley-Liss, Inc.
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Diffusion tensor MR imaging (DT-MRI) allows the spatial
mapping of the apparent diffusion tensor of water (D) in
the brain (1). Diagonalizing D produces eigenvalues and
eigenvectors, the effective principal diffusivities along the
orthotropic axes of the tissue, which can be used to mea-
sure the mean diffusivity (�D�) and diffusion anisotropy

indices, such as the fractional anisotropy (FA) (2). Values
of �D� indicate the magnitude of water molecule diffusion,
while FA provides a scalar measure of diffusion anisot-
ropy, which is the deviation from pure isotropic diffusion
of water mobility in vivo.

While measuring the �D� and FA values of different
parenchymal structures is important in characterizing the
imaging signatures of healthy and diseased brain, a more
complete understanding of anatomical connectivity and
how it is altered in various pathologies requires the un-
derlying white matter structure to be accurately mapped.
This 3D tracking of white matter fiber bundles can be
achieved using the information contained within the eig-
envectors of D if it is assumed that the eigenvector associ-
ated with the largest principal diffusivity (eigenvalue) lies
parallel to the local fiber tract direction (3). Although
tracking the potentially tortuous 3D path of the principal
eigenvector direction through many contiguous slices is
not straightforward, a number of different approaches to
this problem have recently been suggested (4). These
methods allow the topology of major white matter fiber
tracts, such as the corpus callosum, the internal and exter-
nal capsules, and the pyramidal tract, to be determined.

One particularly interesting clinical application of these
visualization techniques is in the study of intracranial
tumors and how they affect surrounding brain structure.
Several groups have already studied patterns of white
matter tract disruption adjacent to brain tumors using DT-
MRI data. Wieshmann et al. (5) found evidence of dis-
placement of white matter fibers of the corona radiata in a
patient with low-grade glioma when compared with spa-
tially normalized data collected from 20 healthy volun-
teers. The data obtained from this particular patient were
consistent with displacement rather than destruction of
fibers due to the mass effect of the tumor. Mori et al. (6)
found evidence of displacement and destruction of the
superior longitudinal fasciculus and corona radiata in two
patients with anaplastic astrocytoma. Gossl et al. (7) ob-
served distortion of the pyramidal tract in a patient with a
high-grade glioma. Finally, Witwer et al. (8) found evi-
dence of white matter tract edema, infiltration, displace-
ment, and disruption in 10 tumor patients with a range of
brain malignancies. These studies show that while map-
ping white matter fiber tract disruption patterns in neopla-
sia is technically possible, more work is still required to
validate DT-MRI tractography methods if they are to be-
come a reliable tool for investigating brain structure and
the pathophysiology of disease. Achieving this goal will
require the development of robust protocols for measuring
white matter tract topology, quantifying the natural bio-
logical variation in tract orientation in normal brain, and
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applying these analyses to carefully characterized patient
groups.

As a first step toward developing such robust protocols,
this work describes a method that permits the 3D visual-
ization and quantification of the diffusion anisotropy in-
formation contained within DT-MRI data. In this method,
regions within the brain are defined as possessing linear,
planar, or spherical (isotropic) diffusion, based on the
geometric properties of D (9). Visualization of these diffu-
sion metrics is realized by generating streamtube and
streamsurface models to represent regions of linear and
planar diffusion (10). Quantification of differences in dif-
fusion anisotropy between regions-of-interest (ROIs) is
then achieved by analyzing 2D barycentric histograms cre-
ated from the complete distribution of diffusion metric
values measured in each region (11,12). Here the feasibil-
ity of using this approach in mapping normal brain struc-
ture and characterizing how neoplasia alters this structure
is investigated.

MATERIALS AND METHODS

Subjects

To investigate the practicability of this method, five sub-
jects were scanned. The first four subjects (two right-
handed males, 43 years old; and two right-handed females,
26 and 33 years old) were normal healthy volunteers,
while the fifth was a 72-year-old, right-handed male pa-
tient with a histologically confirmed right parietal solitary
brain metastasis of a lung adenocarcinoma. The four vol-
unteers were scanned to provide an estimate of the degree
of asymmetry in diffusion metrics between cerebral hemi-
spheres in normal brain. The fourth volunteer was also
scanned on three separate occasions spread equally over
three weeks to determine the reproducibility of the
method. The ethics committee of the University of Edin-
burgh approved the study, and informed written consent
was obtained from all subjects.

Data Acquisition

All MRI data were obtained using a GE Signa LX 1.5 T
(General Electric, Milwaukee, WI) clinical scanner,
equipped with a self-shielding gradient set (23 mT m�1

maximum gradient strength, 120 T m�1 s�1 slew rate, and
60-cm inner diameter horizontal bore) and a manufacturer-
supplied birdcage quadrature head coil. The component
diffusion-weighted (DW) images of the DT-MRI data set
were acquired using a single-shot, spin-echo, echo-planar
imaging (EPI) sequence in which two symmetric trapezoi-
dal gradient pulses were inserted around the 180° refocus-
ing pulse in the required gradient channel. Sets of coronal
DW-EP images (b � 0 and 1000 s mm�2) were collected
with diffusion gradients applied sequentially along six
noncollinear directions (13). Six acquisitions consisting of
a baseline T2-weighted EP image (G0) and six DW-EP im-
ages (G1–G6), for a total of 42 images, were collected per
slice position. Parameters for the DW-EPI sequence in-
cluded a repetition time (TR) of 15 s, an echo time (TE) of
102.5 ms, a field of view (FOV) of 200 � 200 mm, an
acquisition matrix of 128 � 128 (zero-filled to 256 � 256),
and 36 contiguous coronal slices of 5-mm thickness.

Therefore, each voxel had dimensions of 0.78 � 0.78 �
5.0 mm, with an inherent voxel resolution of 1.56 � 1.56 �
5.0 mm.

Bulk patient motion and eddy current-induced artifacts
were then removed from the component EP images using a
3D computational image alignment technique (14). First,
EP images with the same b-matrix were rigidly aligned to
remove patient motion. Second, affine transformations
were used to align the DW-EP images acquired with diffu-
sion gradient directions G2–G6 to the first gradient direc-
tion G1. Third, all DW-EP images were aligned using affine
transformations to the T2-weighted (G0) acquisition. Then
the set of six component EP images for each gradient
direction was averaged to give seven high signal-to-noise
ratio (SNR) images for each slice. Finally, from this MRI
data D was calculated in each voxel from the signal inten-
sities in the component EP images (1).

Diffusion Metrics

If �1 � �2 � �3 � 0 are the eigenvalues of the symmetric
second-order diffusion tensor D, then diffusion can be
considered linear (cl: �1 �� �2 � �3), planar (cp: �1 � �2 ��
�3), or spherical (cs: �1 � �2 � �3) depending on the values
of �i � 1,2,3 (9). For each voxel the relative magnitude of
linear, planar, and spherical diffusion can be determined
based on the values of

cl �
�1 � �2

	�1 � �2 � �3

[1]

cp �
2	�2 � �3


	�1 � �2 � �3

[2]

and

cs �
3�3

	�1 � �2 � �3

[3]

The factors 3 and 2 in cs and cp, coupled with the normal-
ization factor (�1 � �2 � �3 � Tr {D}), imply that [cl, cp, cs]
� [0, 1], and cl � cp � cs � 1. As discussed below, these
metrics provide a means of visualizing, characterizing, and
quantifying diffusion anisotropy in healthy and diseased
brain.

Streamtubes and Streamsurfaces

The 3D information contained within D was visualized by
identifying regions of linear and planar diffusion and rep-
resenting them as red streamtubes and green streamsur-
faces, respectively (15,16). Streamtubes, which represent
coherent white matter tracts, are thin tubes that extend
from seed points following the direction of fastest diffu-
sion �1. This direction is only meaningful in regions of
relatively high linear diffusion, so streamtubes were only
created in such regions. The process for obtaining a small
but representative set of streamtubes involved choosing
the seed points, generating the streamtubes, and then cull-
ing them. Initially, a dense set of seed points was selected
in the volume so as to cover as many interesting features as
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possible. Each streamtube followed the local direction of
�1, but was terminated when a region of low linear diffu-
sion (cl � 0.2) was encountered or the data boundary was
reached. However, the resulting number of streamtubes
was still considerable. For example, in a 256 � 256 � 36
volume, more than 500000 streamtubes were produced by
setting a seed point in every cl voxel. Some of the stream-
tubes ran very close to others, while some were very short
and were likely the result of noise contamination. A cull-
ing algorithm was therefore used to pick a representative
subset (16). The culling criteria used included the length
of the streamtube, the average diffusion anisotropy along
the stream tube, and its similarity to other streamtubes.
The streamsurfaces, which represent structures in regions
of planar diffusion, were also generated and culled in this

way. Finally, color was added to these geometric models to
indicate the degree of linear or planar diffusion, with more
saturated colors representing higher diffusion anisotropy
values.

Barycentric Space Histograms

The three diffusion metrics can also be employed to quan-
tify diffusion anisotropy in different brain regions using a
barycentric space histogram approach (11,12). In this
method a 2D triangular barycentric space containing all
possible diffusion anisotropy values is defined, with cl, cp,
and cs being the barycentric coordinates. Asymmetries in
the distribution of diffusion anisotropy values between the
right and left hemispheres can then be characterized by

FIG. 1. The process of creating 2D barycentric
histograms from DT-MRI data. a: For a given slice,
the brain is divided in half with a straight line
following the falx cerebri on the T2-weighted EP
image. b: A barycentric histogram is generated for
each side of the brain. In this example, the histo-
gram comes from the tumor-bearing section
shown in a. Note the large number of voxels near
the cs � 1 vertex, reflecting the cystic component
of the tumor. c: The difference histogram obtained
by subtracting normalized barycentric histograms
calculated from tumor-bearing and contralateral
sections. In this difference histogram, zero maps
to medium gray because the difference is signed.
Note that the most striking difference occurs near
the cs � 1 vertex. d: The definition of the diffusion
anisotropy regions in the barycentric histogram.
These regions are chosen to capture the differ-
ences between regions A and B in part c.

FIG. 2. Geometric models representing the diffusion metric data obtained from a 33-year-old female volunteer viewed from the (a) anterior,
(b) right lateral, and (c) posterior directions. Linear diffusion is represented by red streamtubes, planar diffusion by green streamsurface
fragments, and CSF by the blue surface.

142 Zhang et al.



analyzing the barycentric histograms obtained from each
side of the brain. Using data from the tumor patient, Fig. 1
illustrates how this process was implemented. First, for a
given slice the brain was divided in half with a straight
line following the falx cerebri on the T2-weighted EP im-
age coregistered with the DT-MRI data (Fig. 1a). A barycen-
tric histogram was then generated for each side of the brain
using the T2-weighted EP image to identify voxels that
were located within the cerebrum (Fig. 1b). To eliminate
the effect of size differences between the two ROIs, the
histograms were normalized so that the sum of all values
within them was unity. The histograms were then sub-
tracted to show how the two sides of the brain differ in
diffusion anisotropy (Fig. 1c). Regions of linear, planar,
and spherical diffusion within the 2D barycentric space
were then defined. In order to capture the differences
between regions A and B in the difference histogram close
to the cs � 1 apex (Fig. 1c), the isotropic region was
defined as cs � 0.77. The remaining space was split along
the cl � cp line. Thus, linear diffusion was defined as cs �
0.77 and cl � cp, while planar diffusion was defined as cs

� 0.77 and cl � cp (Fig. 1d). The number of voxels that fell
within each of these regions was determined for a given
number of slices for both sides of the brain to provide a 3D
analysis. In the case of the four healthy volunteers, the
slices chosen covered the entire cerebrum. However, for
the tumor patient the analysis was performed not only for
all slices covering the cerebrum, but also on just those
slices in which signal hyperintensity was visible on the
coregistered T2-weighted EP images (i.e., the tumor/edema
volume). To quantify the degree of asymmetry in the num-
ber of cl (ncl), cp (ncp), and cs (ncs) voxels in each ROI
between the right and left sides of the brain, an asymmetry
index (ε) of the form

ε	ncl, ncp, ncs


� 100
right	ncl, ncp, ncs
 � left	ncl, ncp, ncs


right	ncl, ncp, ncs
 � left	ncl, ncp, ncs

[4]

was evaluated (17). Finally, the percentage of voxels for
each ROI characterized as possessing linear, planar, or
spherical diffusion was determined.

RESULTS

Figure 2 displays a set of geometric models representing
the diffusion metric data obtained from volunteer 4, a
33-year-old female, viewed from the (a) anterior, (b) right
lateral, and (c) posterior directions. In this figures the red
streamtubes represent structures characterized by linear
diffusion, The green streamsurface fragments represent
structures characterized by planar diffusion, and the blue
surface represents structures that are hyperintense on the
coregistered T2-weighted EP images, namely cerebrospinal
fluid (CSF) in the ventricles. (Note that the colors in these
figures should not be confused with the standard color
scheme used to represent the direction of the principal
eigenvector of D in two dimensions.) The red streamtubes
follow a number of major white matter fiber tracts (e.g., the
corpus callosum, internal capsule, corona radiata, and op-Ta
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tic radiations), while there are a number of small green
streamsurfaces interspersed among them.

The results from the analysis of the 2D barycentric his-
tograms obtained from the right and left hemispheres in
the four normal volunteers are presented in Table 1. For all
subjects the spherical diffusion class, which predomi-
nantly reflects gray matter and CSF, contains the greatest
number of voxels (approximately 70% of all the voxels in
the brain), while the linear diffusion class contains the
fewest voxels (approximately 10% of all voxels). The pla-
nar diffusion class contains approximately 20% of all vox-
els. In these four volunteers there is very little asymmetry
between the number of linear, planar, and spherical diffu-
sion voxels found in each hemisphere, with ε varying
between –2.38% and 2.22%. Furthermore, the average
value of ε for the three diffusion classes is in the range of

1.5%.

Table 2 displays the results of the analysis of the diffu-
sion metric data obtained from volunteer 4 on three sepa-
rate occasions. The values of ε for linear and especially
planar diffusion voxels are reasonably reproducible, with ε
being –2.38%, –0.77%, and –1.91 % for linear diffusion,
and –2.03%, –1.86%, –2.31% for planar diffusion. Fur-
thermore, the values for the percentage of voxels assigned
to each diffusion class are very similar in the three exam-
inations.

Figure 3 shows maps of (a) T2-weighted signal intensity,
(b) �D�, (c) FA, and (d) color composite diffusion metric
data for a coronal section through the tumor/edema vol-
ume in the 72-year-old male patient. Figure 4 presents a set
of geometric models representing the diffusion metric data
obtained from this patient viewed from the (a) anterior, (b)
right lateral, and (c) posterior directions. In both these
figures the growing metastasis, which probably originated
at the gray/white matter junction of the brain, is clearly
seen to affect the surrounding white matter fibers, thus
altering the measured diffusion anisotropy. Figure 3c
shows the total loss of white matter fiber structure within
the tumor/edema volume, while Fig. 3d shows that the
tumor/edema volume is surrounded by an extensive re-
gion of planar diffusion. This shell-like pattern in planar
diffusion (green surface) surrounding the tumor/edema
volume (yellow surface) is also evident in Fig. 4.

The results obtained from the analysis of the 2D
barycentric histograms calculated for different-sized ROIs
covering the ipsilateral and contralateral regions in this
patient are shown in Table 3. The first set of three columns
shows data obtained from an ROI covering both hemi-
spheres, which is the ROI used in the volunteer studies

above. The second set of three columns shows data ob-
tained from an ROI formed from just those slices that cover
the tumor/edema volume on the coregistered T2-weighted
EP images. For both ROIs there is a significant asymmetry
between the number of linear and planar diffusion voxels
identified in the ipsilateral and contralateral regions, and
this asymmetry becomes more pronounced as the ROI
becomes smaller. As suggested by Fig. 3d and 4, this asym-
metry arises due to a reduction in the number of linear
diffusion voxels and an increase in the number of planar
diffusion voxels in the ipsilateral compared with the con-
tralateral side of the brain. Thus, while the largest values
of ε seen in the volunteer data sets is �2.38%, the effect of
the tumor is to increase this right/left asymmetry to
�8.35% for linear and 3.55% for planar diffusion. This
asymmetry is even greater for the ROI formed from those
slices that cover the tumor/edema volume, with ε being
�13.05% for linear diffusion and 6.56% for planar diffu-
sion.

DISCUSSION AND CONCLUSIONS

While there have been numerous studies reporting differ-
ences in cortical structure between the right and left hemi-
spheres (18), asymmetries in white matter fiber tract con-
nectivity are only beginning to be investigated. For exam-
ple, Peled et al. (17) used line scan diffusion MRI to
measure the asymmetry of a number of major white matter
tracts in 24 healthy volunteers grouped according to sex
and handedness. Employing the same diffusion metrics as
used here, they found that while there were subtle differ-
ences in the diffusion anisotropy values of white matter
fiber tracts between hemispheres, this asymmetry or later-
ality only became statistically significant in the anterior
limb of the internal capsule, where cl was greater in the
right than in the left hemisphere. They also found that
there was no significant dependence of asymmetry on sex
or handedness. In the current study, diffusion metrics
were obtained from large ROIs to highlight potential gross
differences between healthy and diseased brain, which
precluded an analysis of subtle differences in normal brain
structure. Furthermore, since the measured reproducibil-
ity of the method (Table 2) is comparable to the asymmetry
seen in the small group of volunteers (Table 1), no conclu-
sions can be made here about whether there might be
laterality in normal white matter fiber tract orientation.
However, by considering large ROIs, the effect of neoplasia
on normal brain structure becomes only too apparent.

Table 2
Comparison of Diffusion Metric Data Obtained From Right and Left Hemispheres in a 33-Year-Old Female Volunteer Scanned on Three
Separate Occasions

First exam Second exam Third exam Mean 
 SD

Number (� 1000) Right Left � (%) Right Left � (%) Right Left � (%) � (%)
Linear 526.12 551.75 �2.38 513.92 521.88 �0.77 534.78 555.55 �1.91 �1.68 
 0.83
Planar 1,003.63 1,045.22 �2.03 970.85 1,007.61 �1.86 1,033.60 1,082.56 �2.31 �2.07 
 0.23
Spherical 3,371.16 3,378.21 �0.10 3,106.81 3,187.83 �1.29 3,388.47 3,266.30 1.84 0.15 
 1.58

Percentage Right Left Right Left Right Left Right Left
Linear 10.7 11.1 11.2 11.1 10.8 11.3 10.9 
 0.3 11.2 
 0.1
Planar 20.5 21.0 21.1 21.4 20.9 22.1 20.8 
 0.3 21.5 
 0.5
Spherical 68.8 67.9 67.7 67.6 68.4 66.6 68.3 
 0.6 67.4 
 0.7
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While little asymmetry was measured between hemi-
spheres in the volunteer group, in the brain tumor patient
there was significant heterogeneity between ipsilateral and
contralateral ROIs, with a marked reduction in linear dif-
fusion and a significant increase in planar diffusion on the
tumor-bearing side. In healthy brain, linear diffusion is
associated with large, coherently organized white matter
fiber tracts, such as commissural and deep projection (in-
ternal capsule and corticospinal) fibers. The cause of pla-
nar diffusion is less well understood, but such diffusion is
thought to originate from tissue membranes arranged in
sheets, crossing and twisting of white matter fibers, or
partial volume averaging of gray and white matter tissue.

The reduction in linear diffusion in the tumor-bearing
hemisphere is therefore probably related to the loss of
structural organization resulting from the combined effects
of necrosis, tumor infiltration, and increased free water
fraction (19). The increase in planar diffusion in peritu-
moral brain is interesting, and there are several possible
explanations for this increase. For example, it could be
argued that the expanding tumor leads to a rapidly grow-
ing peritumoral edema front that extends in the direction
of least resistance. These paths of least resistance are an-
atomically predetermined, are not confined to the region of
T2-weighted hyperintensity, and include white matter fi-
ber tracts and the perivascular space (20). If, however,

FIG. 3. Maps of (a) T2-weighted signal intensity,
(b) �D�, (c) FA, and (d) color composite diffusion
metric data obtained from a 72-year-old male
patient with a right parietal metastasis of a lung
adenocarcinoma. In d, maps of linear (red chan-
nel), planar (green), and spherical (blue) diffusion
are overlaid so that the color in each voxel repre-
sents the relative magnitude of the three diffusion
metrics. Note the high �D�, low FA, and spherical
(isotropic) diffusion of the tumor/edema volume.
Also note that the tumor/edema volume is sur-
rounded by a large region of planar diffusion.

FIG. 4. Geometric models representing the diffusion metric data obtained from the 72-year-old male patient viewed from the (a) anterior,
(b) right lateral, and (c) posterior directions. Linear diffusion is represented by red streamtubes, planar diffusion by green streamsurface
fragments, and CSF by the blue surface. The yellow surface, which is rendered from the signal abnormality on the T2-weighted EP images,
depicts the shape of the tumor/edema volume. Note that the tumor/edema volume is partly surrounded by regions of planar diffusion.
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edema production exceeds the draining capacity of these
paths, edema fluid could be squeezed interstitially (i.e.,
perpendicular to the principal fiber direction), creating
what is observed as planar diffusion. It is also conceivable
that a majority of these planar structures may in fact depict
crossing neural fibers that are forced into close proximity
by the compression produced by the moving edema front
or from partial volume averaging of linear and spherical
diffusion voxels. Further work on larger patient popula-
tions is required to clarify these preliminary observations.

Although the current approach is promising, there are
several points that require further discussion. As shown in
Tables 1–3, the number of voxels in each diffusion metric
class depends not only on the size of the ROI, but also on
how the regions of linear, planar, and spherical diffusion
are defined in the barycentric histograms. In this study, the
thresholds for the three diffusion metric classes were cho-
sen to highlight regions in the difference histograms de-
rived from the tumor patient’s imaging data, in order to
emphasize structural differences between the peritumoral
brain and the apparently normal brain. Since this patient’s
tumor has a large cystic component, which is character-
ized by isotropic diffusion (cf. Fig. 1b and 3c and d), the
most pronounced difference between the barycentric his-
tograms obtained from the tumor-bearing and contralateral
hemispheres occurs near the cs � 1 vertex (Fig. 1c). In
order to capture this difference (as well as the differences
in regions A and B, which also occur near this vertex), the
spherical diffusion region was defined as cs � 0.77. In
tumors without such a large cystic component, and in
other pathologies, it might be appropriate to change this
threshold.

ROI definition also clearly affects the results presented
above. For example, due to the presence of concentrated
regions of high linear and planar diffusion along the falx
cerebri, a relatively small positional change in the cutting
line separating the right and left halves of the brain will
affect the results of the histogram analysis and contribute
to the small variation in diffusion metric values seen in the
reproducibility experiment (Table 2). (It should also be
noted that although the above results were obtained from
large ROIs covering the right and left hemispheres, there is
no technical reason why data obtained from smaller ROIs
concentrated on specific anatomical structures could not
be analyzed using this method, as long as these ROIs are
appropriately defined (17).) Finally, the current voxel ac-

quisition dimension (1.56 � 1.56 � 5 mm) may bias the
diffusion anisotropy results in the out-of-plane (anterior/
posterior) direction. This problem could be relatively eas-
ily addressed with the use of an acquisition that gives
isotropic voxels (21). These points notwithstanding, the
results presented above show that generating streamtube
and streamsurface models of linear and planar diffusion
combined with a quantitative analysis of the associated
barycentric space histograms is a promising technique for
visualizing and quantifying brain structure in both healthy
and diseased subjects. Future work will therefore focus not
only on investigating these issues, but also on extending
the analysis to larger volunteer and patient groups.
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