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Diffusion tensor magnetic resonance imaging (DTI) is the
first and only non-invasive technique capable of delineating
white matter (WM) pathways in vivo.1 Diffusion tensor magnetic
resonance imaging can provide qualitative and quantitative
information about the directionality (anisotropy) and magnitude
(diffusivity) of water diffusion along a vector in 3-dimensional
space.2-5 The success of diffusion imaging is related to the fact
that during their random, diffusion-driven displacements, water
molecules probe tissue structures at a microscopic scale well
beyond conventional imaging resolution.6 In WM fiber tracts,
organized bundles of axonal membranes and myelin sheaths
present substantial barriers to diffusion, especially in directions
perpendicular to that of the fibers. These barriers render water

ABSTRACT: Background: Diffusion tensor MRI fiber tractography (DTT) is the first non-invasive in vivo technique for delineating
specific white matter (WM) tracts.  In cerebral neoplasm, DTT can be used to illustrate the relationship of the tumor with respect to
adjacent WM trajectories. Methods: Fiber tractography was used in this study to assess tumor-induced changes in WM trajectories in
three cases of cerebral neoplasm: glioblastoma multiforme, meningioma, and anaplastic astrocytoma. Results: Three patterns of WM
alteration were identified: 1) disruption, 2) displacement, and 3) infiltration.  Tumor disruption of WM tracts was observed in
glioblastoma multiforme, which terminated fibers crossing the corpus callosum.  In meningioma, DTT illustrated bulk displacement of
the corticospinal tract in the affected hemisphere as well as preservation of the deviated axons.  In anaplastic astrocytoma, fiber tracking
demonstrated disruption of WM tracts at the tumor origin as well as intact axons through areas of tumor infiltration. Conclusions: Fiber
tracking results correlated with the clinical and histopathological features of the tumor.  Larger case series will be required to determine
if fiber tracking can add accuracy to existing imaging methods for grading tumors.  

RÉSUMÉ: Effet de masse de tumeurs sur la substance blanche cérébrale évalué par IRM en tenseur de diffusion. Contexte : La tractographie
par IRM en tenseur de diffusion (TTD) pour étudier les fibres de la substance blanche (SB) est la première technique non effractive in vivo permettant
de localiser des faisceaux spécifiques.  Dans les tumeurs cérébrales, la TTD peut être utilisée pour illustrer la relation entre la tumeur et la trajectoire
des faisceaux de la SB adjacents à la tumeur. Méthodes : La tractographie de faisceaux de fibres a été utilisée dans cette étude pour évaluer les
changements induits par la tumeur dans la trajectoire de faisceaux de la SB chez trois cas de néoplasie cérébrale : un glioblastome multiforme, un
méningiome et un astrocytome anaplasique. Résultats : Trois types de changements ont été identifiés dans la SB : 1) interruption; 2) déplacement et 3)
infiltration. L’ interruption de faisceaux de la SB à travers le corps calleux a été observée dans le glioblastome multiforme. Dans le méningiome, la TTD
a montré un déplacement en masse du faisceau corticospinal dans l’hémisphère touché ainsi que la préservation des axones déplacés. Dans l’astrocytome
anaplasique, la tractographie a montré une interruption des faisceaux de la SB là où la tumeur avait pris naissance ainsi que des axones intacts dans les
zones d’infiltration de la tumeur. Conclusions : Les résultats de la tractographie concordaient avec les manifestations cliniques et histopathologiques
de la tumeur.  Il faudra étudier un plus grand nombre de cas pour déterminer si la tractographie de fibres peut améliorer la précision des méthodes
d’imagerie actuelles pour évaluer le grade d’une tumeur.
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ORIGINAL ARTICLE

diffusion highly anisotropic (directionally dependent) along the
longitudinal direction of the axons.7

By taking advantage of the unique directionality of water,
diffusion tensor tractography (DTT) can generate realistic white
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matter tract trajectories in three dimensions.8-11 Diffusion tensor
tractography allows for voxel-by-voxel mapping of local white
matter tracts using the assumption that the eigenvector
associated with the largest eigenvalue is aligned with the
direction of the fiber bundle.8,12-14 In studies of healthy human
brains, DTT maps show high concordance with established
atlases of brain anatomy.15,16

Many brain tumors originate within and propagate through
cerebral white matter. A cerebral neoplasm may affect WM
trajectories at either the cellular or gross anatomic level.17 Some
tumors may alter the location and/or direction of adjacent WM
tracts through bulk mass displacement while leaving axons
intact. Other tumors may infiltrate between individual fibers
without disrupting their directional organization. Complete
destruction of a WM tract from tumor invasion is also possible.
However, conventional MR techniques (including T1-weighted,
T2-weighted, and FLAIR imaging) cannot give any detailed
information about the integrity and location of WM tracts.  On
the other hand, functional MRI can assess the effects of brain
tumors in the cerebral cortex while providing little information
about connective pathways in the WM.18,19

Diffusion tensor tractography provides a new and unique
opportunity for studying tumor-related alterations of neuronal
pathways. Previous investigations in patients with space-
occupying lesions have employed fiber tractography to illustrate
displacement of the corticospinal tract (CST), superior
longitudinal fasciculus, and corona radiata.20-22 In addition, the
precise characterization of the relationship between tumor and
WM tracts is useful for planning target-focused tumor therapy, as
it can facilitate the preservation of eloquent fiber tracts.  Many
authors have reported on the clinical application of DTT in
preoperative planning5,23-26 and postoperative assessment.27

In this article, we provide a pictorial review of changes in
fiber tract trajectories adjacent to brain tumors using DTT. We
have also attempted to categorize the appearances of tumor-
altered WM tracts into three patterns: disruption, displacement,
and infiltration.  

METHODS

Patient Information

We evaluated three patients with intracranial neoplasms using
diffusion tensor tractography. Patient One was a 70-year-old
male with glioblastoma multiforme (GBM) involving the corpus
callosum.  Neurological symptoms at the time of diagnosis were
significant for episodic vertigo and confusion.  Patient Two was
a 62-year-old male with meningioma and no associated
neurological deficits. Patient Three was a 69-year-old female
with diffuse anaplastic astrocytoma (Grade III/IV) involving the
left internal capsule and brainstem. Neurological deficits at the
time of diagnosis included confusion, complete palsy of the left
oculomotor nerve, left eye blindness, and right-sided
hemiparesis. All diagnoses were based on the histological
features of specimens obtained from a stereotactic biopsy
according to the World Health Organization classification.  

Imaging Protocol

All studies were performed in accordance with the
institutional committee guidelines on human research. Patients

underwent the routine MR protocol (including T1, T2, DWI, and
FLAIR) for the evaluation of brain tumors after giving informed
consent.  The DTI was performed at the end of the routine
examination before gadolinium administration.  The total
imaging time for DTI was three minutes.  All routine MRI and
DTI scans were performed using a 3.0 T MRI system (Signa
EXCITE, GE HealthCare, Milwaukee, WI) equipped with an 8-
channel RF head-coil (MR imaging devices).  A single-shot,
multirepetition echo planar imaging sequence with diffusion
gradients applied in 25 directions was used for DTI:  TR 10,000
ms, TE 84 ms, matrix 128 x 128, field of view 240 mm2, 5 mm
thickness, 0 mm gap, voxel dimension 1.8 x 1.8 x 5 mm, b factor
1000 s/mm2.

Data processing

All image post processing was performed on the scanner
console using a subprogram of the FunctoolTM image analysis
software (Version 3.1.22, General Electric Medical Systems,
Buc, France). Image misregistration from motion distortion was
corrected in an automated procedure using Functool. The
fractional anisotropy (FA) index is a rotationally invariant scalar
index of anisotropy that scales from 0 (isotropic medium) to 1
(maximum anisotropy). The scalar values of FA for each pixel
were used to encode the colors on the FA maps with red
representing highly anisotropic water diffusion and blue
representing isotropy.  

Tractography

Fiber tracking was performed by using fiber assignment in the
continuous tracking algorithm.11 The tracking algorithm was
initiated from a user-defined “seed” region of interest (ROI).
Tracking was performed in both anterograde and retrograde
directions according to the direction of the principal eigenvector
in the ROI. Diffusion tensors, eigenvalues, and eigenvectors
were computed from linearly interpolated diffusion tensor
images at each iteration. The propagation was terminated when
the tract trajectory reached a voxel with FA less than 0.2 (the
estimated major eigenvector direction becomes less accurate as
FA decreases and is very sensitive to image noise for FA less than
0.2) or when the angle between two consecutive steps was
greater than 45o. We used two schemes to localize the structures
of interest: (1) defining a single seed ROI and displaying all the
trajectories that passed through this ROI; (2) defining a “seed”
and “target” ROI and displaying all the trajectories passing
through both of these regions.9

To visualize the effects of tumor on neighboring WM tracts,
we targeted two major WM trajectories: the corticospinal tract
and fibers crossing the corpus callosum. In this study, the
corticospinal tract incorporated all fibers originating along the
motor cortex, which converged through the corona radiata and
posterior limb of the internal capsule on their way to the lateral
funiculus of the spinal cord.28 The ROIs were determined on the
T2-weighted EPI scans and were automatically transferred onto
the coregistered FA and MD maps. To visualize the CST, we
placed the “seed” ROI in the posterior limb of the internal
capsule and the “target” ROI at the level of the ipsilateral pons.
The CST in the hemisphere with tumor involvement was
reconstructed and compared with the CST in the intact
hemisphere. For reconstruction of fibers crossing the corpus
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callosum, we placed a single “seed” ROI in the commissure of
corpus callosum in the transverse plane.  

Fiber trajectories were displayed with colors encoded by the
FA value at each voxel. The color scale on the tractography map
corresponded to fractional anistropy with red representing highly
anisotropic water diffusion and blue representing isotropy. It is
of interest to note that tractograms are not displayed according to
the conventions of clinical radiology. In the top view and the
posterior coronal view of the DTT maps, the left side of the
tractography map corresponds to the left side of the subject;
similarly, the right side of the map corresponds to the right side
of the subject. 

RESULTS

Pattern of Tumor Disruption of WM Tracts: Patient One

In the case of glioblastoma multiforme, DTT illustrated
abrupt termination of fibers crossing the corpus callosum in the
vicinity of the tumor (Figure 1).   

Pattern of Tumor Displacement of WM Tracts: Patient Two

Fiber tracking illustrated displacement of the corticospinal
tract as a result of tumor mass effect in the case of meningioma
(Figure 2). Bulk displacement by the tumor changed the location
and orientation of the CST in the affected hemisphere without
affecting the coherence of fiber bundle.

Pattern of Tumor Infiltration and Disruption of WM Tracts:
Patient Three

In the case of anaplastic astrocytoma, axial FLAIR showed
presence of the tumor in the left pons with extension into the
genu of left internal capsule (Figures 3a, b). It is of interest to
note that the tumor had benign appearance on conventional MRI
and did not enhance with gadolinium.

The FA maps showed marked reduced anisotropy in tumor-
involved regions in the left pons and internal capsule compared
to the contralateral side (Figures 3c, d). For fiber tracking
purposes, the seed ROI was placed in the tumor-involved left
pons (Figure 3c); the target ROI was placed in the tumor-
involved posterior limb of the left internal capsule (Figure 3d).
Region of interests were placed in the same locations on the
contralateral side.  

The tractography map illustrated the CST through tumor-
infiltrated regions between the internal capsule and the pons
without changes in location or orientation (Figure 3e). In
addition, the colors of the tractography map demonstrated
reduced FA in the tumor-involved CST as compared to the
contralateral side. However, the tractography map showed abrupt
termination of fibers of the left CST at the level of the pons,
possibly as a result of tumor destruction.  

DISCUSSION

Diffusion tensor tractography is the only imaging modality

Figure 1: WM tract disruption as a result of GBM.  (a) Sagittal T1-weighted image with gadolinium enhancement
shows the GBM in the left parasagittal frontal lobe with invasion into the body of the corpus callosum (arrow).  (b)
Tractography map (top view) shows disruption of fibers crossing the corpus callosum (blue arrow) in a region
corresponding to the location of the tumor compared to the normal white matter tracts (white arrow).  The left side of
the image corresponds to the left side of the subject. 
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capable of generating realistic 3-D maps of WM trajectories in
vivo. Our study showed that tractography was effective in
probing microstructural abnormalities in the WM in the presence
of cerebral neoplasms, showing three patterns of involvement:
disruption, displacement, and infiltration. 

In the case of GBM, disruption of WM fibers was illustrated
in the region corresponding to the tumor location. This pattern of
neuronal disruption on tractography may represent WM tract
destruction in the context of a highly malignant tumor.
Proliferation of high-grade astrocytic tumors in the white matter
is associated with destruction of tissue and cell structures. The
loss of WM fiber organization can diminish the anisotropy of
water diffusion to below the threshold level required for the
fiber-tracking algorithm, thus resulting in termination of WM
trajectories near tumor boundaries.  However, DTT did not allow
us to pinpoint the exact location of tumor margins since these are
histologically indistinct for infiltrating tumors.  

Although WM destruction is a likely explanation for the
appearance of fiber termination on tractography, it is important
to recognize that DTT is an indirect measure of white matter
integrity and that a variety of explanations for changes in FA and
termination of the fiber tracking algorithm are possible. The fiber
tracking algorithm dictates that a fiber trajectory is terminated
when the FA of a voxel is below 0.2 or when the angle between
two consecutive steps was greater than 45o. As a result, a
dramatically displaced fiber tract (>45o) in the pathway of tumor
progression cannot be visualized by tractography.  In addition,
fluid shifts related to cerebral edema provides another
explanation for fiber termination. It is not clear how the fiber
tracking results are affected by vigorous edema in peritumoral
regions. Vasogenic edema may result in a relative increase in
perpendicular diffusion as compared to parallel diffusion and
was found to be associated with decreased FA29. If significant
anisotropy reduction is present, it may no longer be possible to

detect sufficient diffusion directionality for reconstructing tracts
despite the presence of intact axonal structures25. As a result,
peritumoral edema may prevent the precise localization and
characterization of WM fibers in close proximity to tumors.  

Diffusion tensor tractography illustrated displacement of
intact neuronal tracts in the case of meningioma. We expect
similar effects of fiber tract displacement in extra-axial tumors as
well as any non-invasive, non-infiltrating expansile parenchymal
lesion.  

In the case of anaplastic astrocytoma, WM changes on the
tractography map were a mixed pattern of tumor infiltration and
disruption. In tumor-involved regions between the internal
capsule and the pons, the CST displayed reduced anisotropy
without changes in location or orientation. This suggests that
DTT may be able to resolve structurally intact axonal pathways
within the tumor volume. Although anaplastic astrocytoma is a
high-grade tumor, neoplastic cells can infiltrate between fibers
without disrupting the neurons at early stages of tumor invasion,
resulting in reduced anisotropy of water diffusion along the
axons. At the level of the pons, however, the tractography map
showed abrupt termination of fibers of the left CST, possibly as
a result of tumor destruction. Disruption of the left CST on DTT
correlated with clinical symptoms of the patient, who had left
cranial nerve III palsy and right-sided hemiparesis at the time of
diagnosis. Neoplastic cells may have originated in the pons, thus
destroying the neuronal fibers at the pons while infiltrating
between axons along the pathway of proliferation. Based on the
assumption that the aggressiveness of the tumor is related to the
site of origin, DTT can potentially illustrate the pathway of
tumor progression.  Since this tumor had benign appearance on
conventional MRI and did not enhance with gadolinium, DTT-
illustrated tumor effect on neighboring neuronal tracts provided
additional information on the malignant nature of the tumor and

Figure 2: WM tract displacement by meningioma.  (a) Axial T1-weighted image with gadolinium enhancement shows the meningioma in right frontal
lobe.  b) Tractography map (right sagittal view) shows displacement of the right CST by the tumor (arrow) compared with the normal CST on the
contralateral side (Figure c). 
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thus enhanced the power of radiological diagnosis of tumor
pathology.   

Our study findings indicate that DTT can provide radiological
evidence of tumor pathology based on the interaction between
the tumor itself and local white matter tracts. However, studies
with larger case series are needed to validate tractography results
with clinical and histopathological data.  In particular, neuronal
tract alterations in the vicinity of benign tumors should be further
characterized with DTT. 

In the clinical application of DTI to assess brain tumors,
much of previous research has been focused on employing DTI
parameters for tissue characterization.30 Studies have found an
inverse relationship between tumor cellularity and mean
diffusivity.31-34 There is some evidence that intratumoral
anisotropy is inversely related to tumor grade in gliomas35 while
others have reported contradictory findings.36 Decreased

anisotropy was also found to be slightly correlated with cranial
nerve deficits in pontine tumors.37 In addition, qualitative DTI
data such as the directionally encoded color maps have been used
to characterize the effect of tumors on local fiber tracts. Field et
al has described four distinct patterns of tumor-altered WM tracts
on FA-weighted colored directionality maps: displacement,
infiltration, peritumoral edema, and disruption.29 In terms of
neurosurgical planning and assessment, studies have reported on
the utility of fiber tractography in guiding tumor resections and
preserving clinically eloquent fiber tracts.5,23-26 In a recent study,
Schonberg et al used an fMRI-based seed ROI selection
approach to produce a more comprehensive mapping of
functional neuronal pathways.38 In the future, DTI maybe
combined with functional MRI maps to provide additional
imaging information about tumors and their effects on neuronal
pathways prior to resection.    

Figure 3: WM tracts infiltration and disruption by anaplastic astrocytoma.  (a, b) Axial FLAIR shows the tumor arising from the left pons extending
into the genu of the left internal capsule and basal ganglia (arrows).  (c) FA map.  The FA of tumor-involved left pons is markedly reduced compared
to the contralateral side.  Seed ROIs for fiber tracking are placed on bilateral pons. (d) FA map. The FA of tumor-involved left internal capsule is
markedly reduced compared to the ride side.  Target ROIs are placed in tumor-involved posterior limb of the left internal capsule and corresponding
area on right side. (e) Tractography map (posterior coronal view) shows left CST passing through the tumor.  The left CST through areas of tumor
infiltration shows reduced FA (circled in blue) compared to intact CST on the contralateral side (circled in white).  At the level of the pons, fibers of
the left CST are terminated as a result of tumor disruption (red arrow). 
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In a previous study using directional diffusivity as a
noninvasive marker of underlying pathology, it was found that a
reduction in parallel diffusivity (λ||) reflected axonal
degeneration while decreased perpendicular diffusivity (λ⊥) was
consistent with myelin degeneration.39 In the case of GBM, we
expect that foci of tumor necrosis and axonal destruction would
be associated with nearly equal water diffusivities in all
directions and a markedly reduced λ||. On the other hand, areas
of tumor infiltration in the case of anaplastic astrocytoma would
be characterized by increased λ⊥ as a result of the dispersion of
the axons.  However, eigenvalues were not available in this study
to validate these hypotheses. 

Our study suggests fiber tractography has the potential to
provide greater specificity to the pathological diagnosis of
cerebral tumors on imaging. In a recent study, Roberts et al
introduced a quantitative application of fiber tracking in tissue
characterization by measuring the density of WM fibers in the
vicinity of high-grade gliomas using the “fiber density index”
(FDi).40 However, the relationship between FDi and tumor
histopathology has not been established.   

While the 3-D tract reconstruction provides a new way to
evaluate WM architecture, its limitations should also be
recognized.  First, the diffusion tensor used to measure the fiber
tract direction is a voxel-averaged quantity. If voxels contain
anistropic fibrous tissue with a uniform fiber direction, the
eigenvector associated with the largest eigenvalue of the
effective diffusion tensor will provide an unbiased estimate of
microscopic fiber field direction vector.4 However, if there is a
non-uniform distribution of fiber directions within a voxel, the
principal eigenvector only corresponds to a consensus average of
fibers within this voxel.  Problems arise especially at junctions of
fiber crossing, merging, or branching.  In these situations, the
accuracy of the reconstructed WM trajectories is questionable.  

Finally, fiber tracking is a user-defined process. Standardized
ROI locations and adequate threshold values for the tracking
algorithm are essential for achieving an objective and uniform
fiber tracking result.41 In particular, tractography maps are highly
dependent on the threshold values of FA and trajectory angles for
the termination of tracking. Although tract termination on DTT
may reflect tumor-induced axonal damage, an alternative
explanation is that neoplastic glial cells may have caused enough
structural disorganization to reduce the anisotropy to sub-
threshold levels. In the latter case, the fiber tractography may fail
to delineate structurally intact axons. On the other hand, relaxing
the “stopping” criteria may allow an algorithm to proceed
through low-anisotropy regions, but this increases the risk of
generating spurious results because estimates of primary
eigenvector direction become less reliable for low-anisotropy
tensors.42,43 However, our findings suggest that DTT can resolve
structurally intact axons through the tumor volume. Tract
disruption on DTT also correlated with neurological deficits.  In
addition, a recent pilot study reported excellent correlation
between preoperative and postoperative DTI of the pyramidal
tract and clinical motor function.44 Future investigations with
larger samples are warranted to define and validate the optimal
thresholds for fiber tracking algorithms.  

In conclusion, we have demonstrated the application of 3-D
DTT to the study of tumor-induced alterations in the white
matter architecture. The 3-D reconstruction of WM pathways can

not only add to the diagnostic power of tumor imaging but also
enhance the specificity of tumor therapy. With future refinement
and validation of the fiber tracking technique, DTT can be
exploited in the clinical assessment and therapeutic planning for
cerebral neoplasm. 
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