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Abstract
Rationale and Objectives—To perform a retrospective, quantitative assessment of the anatomic
relationship between intra-axial, supratentorial, primary brain tumors, and adjacent white matter fiber
tracts, based on anatomic and diffusion tensor MRI. We hypothesized that white matter infiltration
may be common among different types of tumor.

Material and Methods—Preoperative, anatomic (T1- and T2-weighted) and LINESCAN
diffusion tensor MRI were obtained in 12 patients harboring supratentorial gliomas (WHO grade II
and III). The two imaging modalities were rigidly registered. The tumors were manually segmented
from the T1- and T2- weighted MRI, and their volume calculated. A three-dimensional tractography
was performed in each case. A second segmentation and volume measurement was performed on
the tumor regions intersecting adjacent white matter fiber tracts. Statistical methods included
summary statistics to examine the fraction of tumor volume infiltrating adjacent white matter.

Results—There were five patients with low-grade oligodendroglioma (WHO grade II), one with
low-grade mixed oligoastrocytoma (WHO grade II), one with ganglioglioma, two with low-grade
astrocytoma (WHO II), and three with anaplastic astrocytoma (WHO grade III). We identified white
matter tracts infiltrated by tumor in all 12 cases. The median tumor volume (± standard deviation)
in our patient population was 42.5 ± 28.9 ml. The median tumor volume (± standard deviation)
infiltrating white matter fiber tracts was 5.2 ± 9.9 ml. The median percentage of tumor volume
infiltrating white matter fiber tracts was 21.4 % ± 9.7 %.

Conclusions—The information provided by diffusion tensor imaging combined with anatomic
MRI might be useful for neurosurgical planning and intraoperative guidance. Our results confirm
previous reports that extensive white matter infiltration by primary brain tumors is a common
occurrence. However, prospective, large population studies are required to definitively clarify this
issue, and how infiltration relates to histologic tumor type, tumor size and location.
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Introduction
According to the Central Brain Tumor Registry of the United States, the incidence of primary
benign and malignant brain tumors in this country is 14.1 patients per 100,000 individuals per
year (6.8 per 100,000 individuals per year for low-grade tumors, and 7.3 per 100,000
individuals per year for malignant tumors) [1].

The survival of patients harboring primary brain tumors appears to be influenced by a variety
of factors, such as age, histologic tumor type, gender, preoperative Karnofsky performance
score, epilepsy as presenting symptom, tumor involvement of the contralateral hemisphere,
and extent of tumor resection [2,3]. Surgical resection plays an important role in the
management of both low- and high-grade primary brain tumors. Although no prospective
randomized outcome study has been conducted to date, retrospective data suggest an
association between gross total tumor resection and increased overall survival [4–6].

The goal of surgical treatment is to remove as much tumor tissue as possible, while in the same
time preserving the integrity of functionally eloquent gray and white matter structures, and
thus avoid postoperative neurologic deficits. However, tumor infiltration of eloquent cortical
areas and/or white matter tracts may preclude safe gross total resection. Consequently,
knowledge of the relationship between tumor and eloquent cortical and white matter regions
might be helpful for preoperatively determining the extent to which a brain tumor can be
surgically removed, and also for guiding the actual surgical procedure.

By taking advantage of the anisotropic diffusion pattern of water molecules in highly structured
tissues, such as the cerebral white matter, DT-MRI provides a fully non-invasive method for
in vivo visualization of white matter fiber tracts under normal and pathologic conditions [7–
9]. During the past few years, several studies investigating tumor-induced alterations of
cerebral white matter [10–13] and patterns of tumor invasion [14] have been published. To our
knowledge, however, none of these groups attempted a volumetric assessment of the extent of
tumor infiltration of adjacent white matter.

Therefore, the purpose of the present study was to perform a preliminary quantitative
assessment of white matter infiltration by primary brain tumors. We hypothesized that white
matter infiltration may be common among different types of tumors.

Materials and Methods
Patient Population

Twelve consecutive patients with intracerebral supratentorial mass lesion satisfying the
radiological criteria for low- or high-grade glial neoplasm were selected for this retrospective
study. Based on previous anatomical MRI exams, it was estimated that the lesions were located
in close proximity to eloquent cortical areas (e.g. primary and supplementary motor cortex,
speech cortices), and white matter tracts (e.g. corticospinal tract, optic raditation) (Table 1),
and consequently all patients in this series underwent preoperative LINESCAN diffusion tensor
MRI (DT-MRI) as part of surgical planning for image-guided tumor resection, in addition to
preoperative anatomic T2-weighted fast spin echo (T2FSE), and volumetric T1-weighted MRI
(3D-SPGR). There were 7 female and 5 male patients. The mean age was 46.7 years (range
17–64 years). All patients in this series underwent image-guided tumor resection.
Histopathologic examination of the resected tumor tissue confirmed the diagnosis of low- or
high-grade glioma in each case. This retrospective study was approved by the hospital’s
Internal Review Board, and the requirement for informed consent was waved.

Talos et al. Page 2

Acad Radiol. Author manuscript; available in PMC 2008 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Image Acquisition
All imaging studies were performed on a GE Signa MRI-scanner, with a field strength of 1.5
Tesla.

Anatomic imaging included the following sequences:

1. Whole brain T2-weighted fast spin echo: 5mm axial slices, TE/TR=100/3000 msec,
FOV=22 cm, matrix 256×192, and

2. Whole brain 3D-SPGR (Spoiled Gradient Echo Recall) with and without contrast:
whole brain 3D-SPGR (spoiled gradient echo recall) series with 1.5 mm axial slices,
TE/TR=6/35 msec, flip angle=75°, FOV=24 cm, matrix 256×256.

Diffusion tensor imaging: axial and coronal line scan diffusion images (TE=64 msec, TR=2592
msec, slice thickness 4 mm) were acquired, covering the entire tumor and adjacent healthy
brain parenchyma, as well as the brainstem and basal ganglia regions. Each section from the
DT-MRI sequence was acquired from six non-colinear gradient directions. In addition, a
baseline T2-weighted slice was acquired for each section.

Image Analysis
The 3D-Slicer software package [15] was used for image registration and processing. This is
a modular software package with image registration, segmentation and DT-MRI processing
capabilities.

First, the anatomic (3D-SPGR and T2-FSE) and the DT-MRI scans were rigidly registered,
using a maximization of mutual information (MI) algorithm [16]. This algorithm is fully
implemented in the 3D-Slicer software package, and it is known to provide robust and accurate
results [16,17]. The registration results were inspected by three raters (IFT, FAJ, and RK, with
15, 35, and 24 years of experience in neuroimaging), and manual adjustments were made where
necessary, using as reference anatomic landmarks such as the anterior and posterior
commissures, lateral ventricles, and corpus callosum.

Each tumor was manually segmented (outlined) from the anatomic T2-FSE scans using the
3D-Slicer and a computer mouse. The apparent tumor boundaries were determined by
consensus between three raters (IFT, FAJ, and RK). According to the literature, among
anatomic MRI modalities, T2-weighted images appear to reflect the tumor extent more closely,
although occult tumor can be found even beyond the region of increased T2-signal in some
gliomas [18–22].The tumor volume was computed from the segmented area and voxel size,
using the 3D-Slicer software.

In the next step, the white matter structure from DT-MRI was visualized. First, fractional
anisotropy maps were generated in each case, using the 3D-Slicer software. Next, we obtained
both a 2D-visualization (headless arrows to represent the in-plane component of the principal
eigenvector along with a color-coded out-of-plane component) [23] and a 3D-tractography in
each patient. For the 3D-tractography, we used the algorithm described by Westin et al. [24],
which is fully implemented in the 3D-Slicer package. In order to calculate the trajectory of
fiber tracts, this algorithm takes into account fractional anisotropy, as well as the angle between
the primary eigenvector within a voxel and the equivalent vector in the neighboring voxels. In
order to selectively visualize each fiber tract expected to be in close spatial relationship with
the tumor (based on anatomic MRI), we defined seed points, from which the tractography was
initialized: ventral brainstem for reconstructing the corticospinal tract, the white matter region
adjacent to the lateral geniculate body for the optic radiation, the temporal lobe stem for
tracking the uncinate fasciculus, etc. The 3D-tractography results were compared with the
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corresponding 2D-visualization maps and manually corrected, in order to insure that artifacts
were removed.

Finally, the tumor regions intersecting white matter tracts were manually segmented and their
volume calculated in the same manner as the total tumor volume.

Statistical methods included summary statistics to examine the fraction of tumor volume
infiltrating adjacent white matter.

Results
There were five patients with low-grade oligodendroglioma (WHO grade II), one with low-
grade mixed oligoastrocytoma (WHO grade II), one with ganglioglioma, and two with low-
grade astrocytoma and three with anaplastic astrocytoma (WHO grade III) (Table 1).

Nine tumors were confined to a single cerebral lobe (six frontal, two temporal, one occipital),
whereas three tumors involved more than one lobe (two fronto-parietal, one fronto-temporal)
(Table 1).

We identified tumor infiltrated white matter tracts in all cases, irrespective of histopathological
diagnosis and grading (Figure 1, Figure 2, Figure 3). In addition to infiltration, fiber tract
displacement was also observed in most patients (Figure 1).

Apparent mass effect on the anatomic scans did not exclude white matter tract infiltration
(Figure 2).

The median tumor volume (± standard deviation) in our patient population was 42.5 ± 28.9
ml. The median tumor volume (± standard deviation) infiltrating white matter fiber tracts was
5.2 ± 9.9 ml. Expressed as percentage of the median total tumor volume, the fraction of tumor
volume infiltrating white matter fiber tracts was 21.4 % ± 9.7 %. The results of the volumetric
analysis are presented in Table 2.

A systematic analysis of patient outcomes and how they may relate to the availability of DT-
MRI data in this small retrospective series is beyond the scope of present study. However, we
believe that the information provided by DT-MRI can potentially help to further improve
surgical outcomes of brain tumor patients. We illustrate this point using data from two cases
in our series.

In the case of a 62 year old female patient with left frontal low-grade oligodendroglioma (Case
3, Table 1), the tractography identified corticospinal fibers in the anterior portion of the tumor
(Figure 2). Since the imaging findings suggested that this tumor-infiltrated fiber contingent
originated in the supplementary, and not the primary motor cortex, it was decided to proceed
aggressively and perform gross total tumor resection. Postoperatively, the patient developed a
supplementary motor area syndrome, with contralateral hemiplegia and aphasia, which
completely resolved during the first three months post-surgery.

In the case of a 23 year old male patient with insular ganglioglioma (Case 8, Table 1), the
anatomic T1- and T2-weighted imaging demonstrated a round, non-enhancing tumor mass in
the right insula, compressing the right optic tract and right cerebral peduncle. In addition to
these findings, the DT-MRI demonstrated partial tumor infiltration of the right corticospinal
tract (Figure 2). The patient underwent craniotomy and tumor resection with intraoperative
MRI-guidance, under local anesthesia and conscious sedation. As the resection approached the
medial aspect of the tumor, where the presence of infiltrated corticospinal fibers was suspected
(based on the DT-MRI findings), the patient developed a transient contralateral hemiparesis.
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A small medial tumor remnant was left in place, in order to avoid injury to the corticospinal
tract. The hemiparesis completely resolved within three days post-surgery.

Discussion
Intraoperative cortical stimulation studies, and more recently magnetic source imaging (MSI)
have demonstrated that functioning cortical tissue may be preserved within primary brain
tumors, even in areas appearing grossly abnormal at visual inspection [25,26].

In the pre-DT-MRI era, some intraoperative white matter stimulation studies suggested that
preserved white matter tracts may be present within some gliomas [27]. The advent of DT-
MRI has enabled in vivo, non-invasive studies of tumor-induced white matter changes [10–
13], and patterns of tumor invasion [14]. Furthermore, DT-MRI is being increasingly used for
guiding surgical procedures [28]. However, to our knowledge, there is no prior study attempting
a volumetric assessment of the extent of white matter infiltration by primary brain tumors.

We have shown that, by combining the information provided by anatomic and diffusion tensor
MRI, it is possible to quantify the extent of tumor infiltration of adjacent white matter. Such
a quantitative measure may help improve the accuracy of currently available predictive models
for brain tumor resectability [29].

A systematic analysis of patient outcomes and how they may relate to the availability of DT-
MRI data in this small retrospective series is beyond the scope of present study. However, we
believe that the information provided by DT-MRI can potentially help to further improve
surgical outcomes of brain tumor patients, and we illustrated this point at the example of two
cases from our series.

Our results confirm existing information that tumor infiltration is a common occurrence among
different histologic brain tumor types, and that the fraction of tumor volume infiltrating white
matter tracts may be in some cases as significant as to preclude safe gross total tumor resection.
Also, our preliminary results indicate that the information provided by anatomic MRI scans
may not always be sufficient for assessing tumor resectability, and for surgical navigation,
since even tumors displaying prominent mass effect on anatomic MRI may, at the same time,
infiltrate adjacent white matter tracts.

Our retrospective study is limited by the relatively small sample size. Furthermore, no
histological validation of the DT-MRI results was obtained in this patient group. Also, this
small included only patients with tumors located in close proximity to eloquent cortical and
white matter structures, which may have introduced a bias. Finaly, it is possible that some intact
fibers in the tumor periphery may have remained undetected by tractography, due to tumor-
induced alterations of tissue anisotropy.

Although our preliminary results confirm the results of previously published studies that white
matter infiltration by primary brain tumors is a common occurrence, prospective, large
population studies are required in order to definitively clarify this issue. In addition, studies
correlating the imaging findings with histology are necessary, in order to validate our results.
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Figure 1.
Left frontal Oligodendroglioma WHO II. A: post-contrast, axial 3D-SPGR; B: axial T2-FSE;
C: coronal view at the level of the posterior limb of the internal capsule; 2D-DT-MRI
visualization overlaid on the corresponding T2-weighed baseline slice (the lines represent the
in-plane fibers, whereas the through-plane fibers are represented as yellow dots); note the tumor
infiltration of descending fibers (arrows); D: coronal view at a level located posterior from the
slice in Figure 1C; fiber tracts in this area are displaced by the tumor mass (arrowheads).
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Figure 2.
Right temporal ganglioglioma. A: axial 3D-SPGR; B: axial T2-FSE; the tumor exerts mass
effect on the right cerebral peduncle and right optic tract (arrows); C: 3D-tractography
registered with the 3D-SPGR scan; corticospinal fibers (yellow) traversing the medial aspect
of the tumor; red: manual segmentation of the tumor mass; green: manual segmentation of the
tumor region intersected by corticospinal fibers.
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Figure 3.
Left fronto-temporal Oligodendroglioma WHO II. A: axial T2-FSE; B: color-coded 2D-DT-
MRI visualization overlaid on the corresponding T2-weighted slice; the tumor is outlined in
dark green; areas of high fractional anisotropy (light-blue lines) within the tumor confines,
corresponding to infiltrated white matter fibers, are outlined in red; C: 3D-tractography
overlaid on the baseline T2-weighted acquisition (left lateral view); note the uncinate fasciculus
(arrows) running through the T2-hyperintense tumor mass.
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Table 1
Patient population and tumor characteristics

Case No. Sex, Age (yrs.) Tumor location Histopathology Eloquent cortical and white matter
areas affected

1 F 33 L frontal Astrocytoma WHO II SMA, motor strip, motor pathway
2 F 34 R temporal Oligodendroglioma WHO II Wernicke’s area, optic radiation
3 F 62 L frontal Oligodendroglioma WHO II SMA, motor pathway
4 M 62 R frontal medial Anaplasic Astrocytoma Motor strip, motor pathway
5 M 38 L frontal Astrocytoma WHO II Motor strip, motor pathway
6 F 45 L fronto-parietal Anaplastic strocytoma Motor and sensory strip, motor pathway,

arcuate (superior longitudinal) fasciculus
7 F 46 R occipital Oligodendroglioma WHO II Optic radiation
8 M 23 R insular Ganglioglioma Motor pathway, uncinate fasciculus
9 F 18 R frontal Anaplastic Astrocytoma (WHO

III)
Motor strip, motor pathway

10 M 49 L frontal Oligodendroglioma WHO II SMA, motor pathway, corpus callosum
11 M 47 L fronto-temporal Mixed Oligoastrocytoma WHO II Broca’s area, uncinate fasciculus
12 F 56 L fronto-parietal Oligodendroglioma WHO II Motor and sensory strip, motor pathway,

arcuate fasciculus
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Table 2
Volumetric assessment of white matter infiltration

Case No. Tumor volume (ml) Tumor volume infiltrating fiber tracts
(ml)

Fraction of Tumor volume infiltrating fiber tracts
(% of total tumor volume)

1 33.7 4.8 14.2
2 51.3 13.7 26.7
3 32.3 2.4 7.4
4 9.3 2.6 28.0
5 28.3 3.5 12.4
6 62.6 23.1 36.9
7 9.2 2.6 28.3
8 13.0 2.0 15.4
9 91.8 22.6 24.6
10 87.7 30.7 35.0
11 52.8 5.7 10.8
12 70 12.8 18.3
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