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Diffusion Tensor Eigenvector Directional Color
Imaging Patterns in the Evaluation of Cerebral
White Matter Tracts Altered by Tumor

Aaron S. Field, MD, PhD,** Andrew L. Alexander, PhD,23 Yu-Chien Wu, MD,?
Khader M. Hasan, PhD,? Brian Witwer, MD,* and Behnam Badie, MD*

Purpose: To categorize the varied appearances of tumor-
altered white matter (WM) tracts on diffusion tensor eigen-
vector directional color maps.

Materials and Methods: Diffusion tensor imaging (DTI)
was obtained preoperatively in 13 patients with brain tu-
mors ranging from benign to high-grade malignant, includ-
ing primary and metastatic lesions, and maps of apparent
diffusion coefficient (ADC), fractional anisotropy (FA), and
major eigenvector direction were generated. Regions of in-
terest (ROIs) were drawn within identifiable WM tracts af-
fected by tumor, avoiding grossly cystic and necrotic re-
gions, known fiber crossings, and gray matter. Patterns of
WM tract alteration were categorized on the basis of quali-
tative analysis of directional color maps and correlation
analysis of ADC and FA.

Results: Four basic patterns of WM alteration were identi-
fied: 1) normal or nearly normal FA and ADC, with abnor-
mal tract location or tensor directions attributable to bulk
mass displacement, 2) moderately decreased FA and in-
creased ADC with normal tract locations and tensor direc-
tions, 3) moderately decreased FA and increased ADC with
abnormal tensor directions, and 4) near isotropy. FA and
ADC were inversely correlated for Patterns 1-3 but did not
discriminate edema from infiltrating tumor. However, in
the absence of mass displacement, infiltrating tumor was
found to produce tensor directional changes that were not
observed with vasogenic edema, suggesting the possibility
of discrimination on the basis of directional statistics.
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Conclusion: Tumor alteration of WM tracts tends to pro-
duce one of four patterns on FA and directional color maps.
Clinical application of these patterns must await further
study.
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MAPPING OF WHITE MATTER (WM) tracts through
magnetic resonance (MR) measurements of the water
diffusion tensor may allow the relationship of a tumor
to functional, connective pathways to be assessed pre-
operatively. Recent studies (1-7) suggest that this
method holds great promise, but there are several tech-
nical challenges that remain to be solved before it will
gain widespread clinical use in neurosurgical patients.
Much of the early work on diffusion tensor imaging
(DTI) of WM tracts has (appropriately) focused on the
normal brain; DTI of pathologic WM tracts is still in its
infancy and it remains to be seen how useful tract
mapping will be in various pathologic states.

A cerebral neoplasm may alter the state of WM in
several ways, at either the gross anatomic or cellular
level. For example, some neoplasms might displace WM
fiber tracts as they enlarge, altering the position or
orientation of the fibers while leaving them intact. Other
neoplasms might infiltrate WM tracts by insinuating
themselves between individual fibers without disrupt-
ing their directional organization, or else might simply
destroy them outright. These alterations may manifest
at some distance beyond the margins of a tumor, owing
to the potential for Wallerian degeneration. Vasogenic
edema surrounding a neoplasm also can infiltrate WM
tracts and might be expected to do so without altering
their orientation. Complicating the situation is the fact
that any or all of these altered states may coexist in the
same region.

The altered states of WM resulting from cerebral neo-
plasm might be expected to influence the measurement
of diffusion tensor anisotropy and orientation in vari-
ous ways. Intact WM tracts displaced by tumor might
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Figure 1. Example of DTI Pattern 1 (normal anisotropy, abnormal location): coronal directional color map showing corona
radiata (blue voxels, arrows) displaced medially by a grade-III astrocytoma in the left frontal lobe.

retain their anisotropy and remain identifiable in their
new location or orientation on directional maps (1-7).
Conversely, infiltrated WM tracts might lose some an-
isotropy but retain their directional organization and
orientation, remaining identifiable in their normal loca-
tion on directional maps (4,6,7). Of course, WM tracts
might be destroyed or disrupted to the point where
directional organization (and, consequently, diffusion
anisotropy) is lost completely.

The behavior of DTI and directional mapping meth-
ods under these conditions has not been well charac-
terized to date, and their clinical utility in preoperative
planning is unclear. With this in mind we evaluated our
DTI and directional mapping techniques on a series of
brain tumor patients undergoing preoperative MR im-
aging, and report our experience herein. We have at-
tempted to categorize the varied appearances of tumor-
altered WM tracts to aid in future radiologic
interpretations of these maps.

MATERIALS AND METHODS

Thirteen patients, ranging in age from 20 to 66 years
(mean 43 years), with intracranial neoplasms were in-
cluded in the study under Institutional Review Board
approval. Pathologic diagnoses were obtained within
one to two weeks of imaging in all patients and included
four oligodendrogliomas (World Health Organization
Classification grade II), three solitary metastases (one
each of melanoma, adenocarcinoma, and squamous
cell carcinoma), two anaplastic astrocytomas, and one
each of the following: glioblastoma multiforme, malig-
nant oligoastrocytoma, pilocytic astrocytoma, and gan-
glioglioma. All tumors were limited to one cerebral
hemisphere.

MR imaging was done at 1.5 T on a GE (Waukesha,
WI) CVi Signa scanner using a standard quadrature
birdcage head coil. In addition to routine clinical imag-
ing sequences, a single-shot spin-echo echo planar im-
aging (EPI) pulse sequence (4500/71.8 msec TR/TE,
number of excitations [NEX] 4, 240 mm field of view
[FOV], 3-mm slice thickness) with diffusion weighting
was used to obtain diffusion-tensor encoded images.

Images were obtained with 23 diffusion-tensor encod-
ing directions, which were generated with a minimum
energy optimization algorithm that distributed the di-
rections uniformly over a unit sphere to minimize direc-
tional biases (8). Diffusion weighting of b = 1000 sec/
mm? was used and a single reference image without
diffusion weighting (b ~ 0) was obtained. The EPI ac-
quisition matrix was 128 X 128, which was zero-filled
to 256 X 256. The acquisition was done in two slabs of
20 slices each because of image-number limitations on
the scanner. The top slab covered from the vertex to the
midbrain, and the bottom slab from the midbrain to the
brainstem. Each slab required 7 minutes 30 seconds to
acquire (15 minutes total scan time).

Image misregistration from motion and eddy current
distortion was corrected using a two-dimensional im-
age registration algorithm (eight parameter model) in
automated image registration (AIR) (9). The two diffu-
sion tensor slabs were combined into a single three-
dimensional volume. One common overlapping slice be-
tween the two slabs was used to ensure good
coregistration between the two slab volumes. A 3 X 3
median filter was applied to each diffusion-weighted
image to improve the image signal-to-noise ratio; al-
though this was achieved at the expense of some blur-
ring of tract boundaries, differences in anisotropy val-
ues between filtered and unfiltered maps did not exceed
0.02, and the blurring was considered tolerable for
present purposes. The combined single volume slab
was interpolated to isotropic voxel dimensions (0.94 X
0.94 X 0.94 mm?®). Tensor decoding was then performed
on the 23 diffusion-encoded images (post-registration,
filtering, and interpolation) to estimate the diffusion
tensor for each location in the image volume (10). The
diffusion tensor information was then represented by
maps of apparent diffusion coefficient (ADC = trace/3),
fractional anisotropy (FA), and major eigenvector direc-
tion. Directional maps were generated by mapping the
major eigenvector components into red, green, and blue
color channels, with color brightness modulated by FA.

For qualitative analysis, a certificate of added quali-
fication (CAQ)-certified neuroradiologist with working
knowledge of fiber tract anatomy viewed ADC, FA, and
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directional color maps to determine which tracts in the
tumor vicinity were visibly abnormal on any of these
maps. The location of each tract and its hue on direc-
tional color maps were classified as normal or abnor-
mal, based on comparison to the homologous tracts in
the contralateral hemisphere, which were unaffected by
tumor in all cases. For quantitative analysis, regions of
interest (ROIs) were manually drawn on the directional
color maps by the radiologist and copied to ADC maps.
ROIs were limited to recognizable WM fiber tracts in the
vicinity of the tumor, taking care to avoid gray matter
and regions of obvious cyst formation, necrosis, or fiber
crossings. A total of 23 ROIs were drawn, encompassing
21,522 0.83-mm® voxels (approximately 17.9 cc of tis-
sue). Similarly sized ROIs were then drawn in homolo-
gous tracts in the contralateral hemisphere. Mean ADC
and FA were calculated over all voxels within each ROI
and the correlation coefficient between ADC and FA was
calculated over all ROIs. Processing was performed us-
ing algorithms and display tools developed in IDL (Re-
search Systems, Boulder, Colorado).

In order to characterize the DTI pattern of vasogenic
edema, we examined the ADC, FA, and directional data
for the three metastasis cases, each of which featured a
solitary, small and focal, metastatic lesion producing
no substantial mass effects and surrounded by a much
larger region of peritumoral WM edema that could rea-
sonably be presumed tumor-free. A total of six ROlIs,
encompassing a total of 5,054 0.83-mm?® voxels (ap-
proximately 4.2 cc of tissue), were drawn in these cases.
As a preliminary attempt to distinguish infiltrating tu-
mor from vasogenic edema on the basis of DTI patterns,
we compared the ADC, FA, and directional data from
the metastasis cases to those from two infiltrating glio-
mas (grade II oligodendroglioma and anaplastic astro-
cytoma).

Finally, DTI was performed postoperatively on three
patients and the directional color maps were qualita-
tively compared against their preoperative counterparts
to assess the extent to which peritumoral WM tracts
were altered by resection of tumor.

RESULTS

The directional color maps with FA incorporated by way
of color intensity modulation provided a concise, readily
interpretable summary of the anisotropic diffusion
characteristics of tumor-altered WM fiber tracts and
revealed four basic DTI patterns.

Fiber tracts showing Pattern 1 were characterized by
normal or mildly decreased FA (<25%) and normal or
mildly increased ADC (<25%) relative to the homolo-
gous tract in contralateral hemisphere, with abnormal
location and/or direction resulting from bulk mass dis-
placement (Fig. 1). Patterns 2 and 3 both were charac-
terized by substantially decreased FA and increased
ADC but differed in their appearance on directional
color maps. Whereas Pattern-2 tracts were normal in
location and direction (i.e., showed normal color hues),
Pattern-3 tracts exhibited abnormal hues not attribut-
able to bulk mass displacement. Pattern 2 was ob-
served in peritumoral WM tracts that showed probable
vasogenic edema without tumor (the solitary metasta-
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Figure 2. Example of DTI Pattern 2 (decreased anisotropy,
normal location/orientation). a: ADC map showing increased
diffusivity in region of vasogenic edema (outlined) involving
right corona radiata (CR), arcuate fasciculus (AF), and corpus
callosum (CC). b: Directional color map showing reduced an-
isotropy (reflected by diminished color brightness) in CR (blue,
asterisks), AF (green, arrows), and CC (red, arrowheads) but
with normal location and orientation of these tracts (reflected
by normal hues compared to homologous tracts in contralat-
eral hemisphere).
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ses, Fig. 2), but was also seen in other cases where the
absence of tumor could not be assumed. Pattern 3 was
observed only in the two infiltrating gliomas (Fig. 3). In
some cases a combination of Patterns 1 and 2 was
found, with tracts showing both bulk mass displace-
ment and infiltration by either tumor or edema (Fig. 4).
Pattern 4 was characterized by isotropic or near-isotro-
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Figure 3. Example of DTI Pattern 3 (re-
duced anisotropy, disorientation with-
out significant mass displacement). a:
Coronal ADC map showing increased
diffusivity in a diffusely infiltrating,
grade-II oligodendroglioma of the right
frontal lobe. FA (b) and directional color
maps (c) corresponding to ADC map,
showing both reduced anisotropy and
disorientation of WM fibers (reflected in
asymmetric color hues) resulting from
this tumor (arrows). Compare the pre-
dominantly inferior-superior oriented
(blue) fibers in the (normal) left hemi-
sphere to the predominantly anterior-
posterior oriented (green) fibers in the
tumor (arrows).

pic diffusion, such that the tract was not identifiable on
FA or directional color maps (Fig. 5).

Patterns 1, 2, and (1+2) combined were identified in
both benign and malignant tumors. Pattern 3 was lim-
ited to the infiltrating gliomas, but there were only two
of these. Pattern 4 was limited to malignant tumors, but
was seen in both high- and low-grade malignancies.



DTI Patterns in Tracts Altered by Tumor

Figure 3 (Continued)

There was a significant inverse relationship between FA
and ADC for Patterns 1-3 (Fig. 6). Because ROIs were
limited to identifiable WM tracts, Pattern 4 was not
included in this calculation.

All of the ROIs drawn in regions of vasogenic edema
surrounding small metastases (no bulk mass displace-
ments) showed Pattern 2 (Fig. 2). ADC and FA for these
ROISs (four cases, seven total ROIs) were 1203 = 147 X
107® mm?/second and 0.22 =+ 0.02, respectively
(mean = SD). Relative to their homologous contralateral
ROIs, these values were +67% (SD 19%) and —49% (SD
11%), respectively. As noted above, the two infiltrating
tumors showed DTI Pattern 3 (Fig. 3).

Postoperative directional color maps obtained in
three patients demonstrated preservation, and return
to anatomic position, of WM fiber tracts that were dis-
placed by tumor on preoperative maps (Fig. 7). Preser-
vation of these tracts was facilitated by the preoperative

mapping.

DISCUSSION

Applications of diffusion MR in the evaluation of cere-
bral neoplasms have generally focused on measure-
ments of mean diffusivity and/or anisotropy in various
tumor components or peritumoral tracts (11-21). There
have been very few prior studies in which the full diffu-
sion tensor, replete with information on the directional
organization of WM fiber tracts, has been exploited for
the purpose of characterizing the structural alterations
of specific tracts in the region of a neoplasm (1-7).
WM tracts may be pathologically altered by tumor in
several ways; specifically, they may be displaced, infil-
trated by tumor and/or edema, or destroyed. We iden-
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tified four imaging patterns that presumably reflected
these alterations on FA-weighted directional color
maps, and we presented examples of each herein. Un-
fortunately, however, these alterations are not mutu-
ally exclusive in a given tumor or even in a given WM
tract, and no simple correspondence between the pa-
thology and the imaging patterns was found. This may
be due, at least in part, to the markedly heterogeneous
nature of many CNS neoplasms, which makes the
drawing of appropriate ROIs inherently difficult and
highly subjective. Moreover, different tracts may re-
spond differently in the face of a given variety of tumor
growth; we do not yet have sufficient experience to at-
tribute any particular behavior to any specific tract.
Neither do we have sufficient pathologic data to corre-
late with DTI findings. The collection of such data is
limited by practical constraints; for example, it is not
ethically possible to biopsy areas presumed to repre-
sent bland edema, nor is it possible to biopsy a tract
that appears to be merely displaced in order to confirm
that it is not infiltrated also.

We made every effort to limit ROIs to WM tracts that
were altered by the presence of tumor while remaining
identifiable, based on the author’s knowledge of WM tract
anatomy and comparisons of FA and directional color
maps between hemispheres ipsilateral and contralateral
to the tumor. Known tracts that could not be identified
were assumed destroyed. Of course, no accounting for
tracts that may have been altered beyond recognition, yet
still preserved, is possible with this approach. While it
would not completely eliminate this problem, a less sub-
jective approach would be enabled by a normal DTI tem-
plate constructed from a series of coregistered FA and
directional color maps obtained from a large, normal pop-
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Figure 4. Example of combination DTI Patterns 1 and
2 (reduced anisotropy, displacement to abnormal location).
a: ADC map showing increased diffusivity in edematous
or infiltrated left cingulum (arrow), surrounding a grade-
III astrocytoma. b: Directional color map showing left
cingulum (arrow) to have both reduced anisotropy (reflected
by diminished green color intensity) and abnormal lo-

cation
arrows.

(displaced medially). Cingula indicated by

Figure 5. Example of DTI Pattern 4 (complete destruction, no
residual anisotropy, tract no longer identifiable). This direc-
tional color map shows complete destruction of the body of the
corpus callosum (arrows) by a grade-III astrocytoma.

ulation. Such a template is not yet available but efforts to
develop such a template are underway by several re-
search groups, including our own.

The preoperative depiction of a tumor’s relationships to
WM tracts using DTI and directional color mapping
proved to be extremely useful to the neurosurgeons in this
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Figure 6. FA vs. ADC for DTI Patterns 1-3. (Pattern 4 tracts
excluded because these were unidentifiable by definition.) Ab-
solute values are inversely correlated (R = 0.81).
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Figure 7. a: Preoperative directional color map shows pos-
teromedial displacement of the left corticospinal tract by a
pilocytic astrocytoma (DTI Pattern 1). b: Postoperative map
shows this tract has been preserved and returned to near-
anatomic position following tumor resection.

series of patients. For example, knowing that a WM tract
was intact but displaced by tumor to a new location (Pat-
tern 1) allowed the surgeon to adapt his approach to
preserve this tract during resection. Similarly, knowing
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that specific WM tracts were destroyed by tumor (Pattern
4) allowed the surgeon to attempt gross total resection
without undue concern for preserving these tracts or risk-
ing new functional deficits postoperatively. Neurosur-
geons at the authors’ institution now obtain preoperative
DTI routinely for any tumors thought to potentially in-
volve critical WM fiber tracts.

As noted above, the patterns most useful to preoper-
ative planning were Patterns 1 and 4. Perhaps more
interesting are Patterns 2 and 3, which appear to be
associated with the infiltration of WM tracts by tumor
and/or edema. The effects of vasogenic edema on the
diffusion tensor, coupled with the frequent observation
of vasogenic edema in the vicinity of cerebral neo-
plasms, has important implications for peritumoral tis-
sue characterization and fiber tracking by DTI. In par-
ticular, the discrimination of “bland” edema (tumor-
free) from infiltrating tumor—both of which exhibit T2-
hyperintensity, increased ADC, and decreased FA—is
as challenging as it is important. Previous studies have
addressed this problem through the analysis of ADC
and FA values, with mixed results (11-21). The present
study must be counted among those that were unable
to discriminate tumor from edema on the basis of ADC
and FA alone. However, we have taken an additional
step by analyzing the directional color maps, and our
preliminary results are encouraging if not definitive. We
found that vasogenic edema in the absence of bulk
mass displacement tends to exhibit reduced FA without
associated directional changes, as reflected by normal
hues on directional color maps (Pattern 2). Contrast
this with our findings in two cases of infiltrating tumor,
where the FA reduction was accompanied by a more
severe form of disorganization reflected in abnormal
hues on directional color maps. There did not appear to
be sufficient bulk mass displacement to account for
these changes, but the explanation for this pattern cur-
rently remains speculative. One possibility in these
cases is that one of two differently-oriented sets of fibers
in close proximity normally “dominates” the diffusion
tensor and tumor infiltration of the dominant fibers
effectively “unmasks” another set of fibers to result in
altered color hues. This is worthy of more quantitative
study through the application of directional statistical
analysis (22,23).

In conclusion, the alteration of WM tracts by tumor
produced one or more of four distinct patterns on DTI
with directional color mapping. No simple correspon-
dence between tumor type or grade and imaging pattern
was observed. Correlations between pathology and im-
aging pattern must await further studies with DTI and
biopsy data co-localized to the extent possible. Direc-
tional mapping provides more complete tissue charac-
terization than do mean diffusivity and diffusion anisot-
ropy alone, and should be exploited more quantitatively
in future studies through the use of directional statis-
tical techniques.
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