
PHYSICS CONTRIBUTION

EVIDENCE THAT MR DIFFUSION TENSOR IMAGING (TRACTOGRAPHY) PREDICTS
THE NATURAL HISTORY OF REGIONAL PROGRESSION IN PATIENTS IRRADIATED

CONFORMALLY FOR PRIMARY BRAIN TUMORS
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Purpose: Stereotactic radiotherapy (SRT) is fast becoming the method of choice for treatment of nonsuperficial
brain lesions. SRT treatment plans of malignant brain tumors typically incorporate a 20-mm isotropic margin
to account for microscopic tumor spread; however, distant or progressive tumors occur outside this margin.
Our hypothesis is that paths of elevated water diffusion may provide a preferred route for transport or migration
of cancer cells. If our hypothesis is correct, then future SRT treatment volumes could be modified to provide elon-
gated treatment margins along the paths of elevated water diffusion, thereby creating a biologically better treat-
ment plan that may reduce the incidence of progression.
Methods and Materials: Magnetic resonance diffusion tensor imaging (DTI) datasets were acquired on patient
subjects before the appearance of >5 mm diameter progressive lesions or secondary tumors. DTI was performed
using an echo-planar imaging sequence on a 1.5T clinical General Electric scanner with voxel dimensions of 0.98�
0.98� 6 mm. After SRT, patients were given repeated magnetic resonance imaging follow-ups at regular intervals
to identify early tumor progression. When progressive disease was detected, DTIstudio and FMRIB Software
Library software was used to compute paths of preferred water diffusion through the primary tumor site and
the site of progression.
Results: Our preliminary results on 14 patient datasets suggest a strong relationship between routes of elevated
water diffusion from the primary tumor and the location of tumor progression.
Conclusions: Further investigation is therefore warranted. Future work will employ more sophisticated fiber anal-
ysis in a prospective study. � 2008 Elsevier Inc.
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INTRODUCTION

Approximately 17,000 new cases of primary brain cancer are

diagnosed in the United States annually (1). Several common

types of primary brain cancer have a historical and physio-

logic basis for aggressive tumor spread in the brain that

thwarts our most sophisticated technology and all existing

pharmacologic agents. These include oligodendrogliomas,

low-grade astrocytomas, anaplastic astrocytomas, and glio-

blastomas. With current chemotherapy and radiation tech-

niques, the 5-year survival rate for patients older than age

45 ranges from 16% for those with anaplastic astrocytomas

to 2% or less for those with glioblastomas (2). High-dose ste-

reotactic radiotherapy (SRT) is a relatively new treatment

technology that can be used to deliver a lethal dose of radia-
155
tion to a small target site with rapid dose falloff into the sur-

rounding normal tissue to minimize the side effects of

harmful radiation to normal tissue (3–6). High dose confor-

mal RT, including SRT, is fast becoming the method of

choice for treatment of nonsuperficial brain lesions.

A typical SRT treatment plan for a high-grade astrocytoma

includes a uniform margin of up to 25 mm surrounding the

lesion to account for any unobserved microscopic spread of

tumor cells. This margin size is based on histologic analysis

of maximal tumor spread at autopsy dating from the 1980s

(7). Because there are no means to directly observe micro-

scopic tumor spread in vivo, the same margin size is used

in all directions (isotropic) unless there is a need to avoid crit-

ical structures in the brain. Unfortunately, the use of large
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isotropic margins leads to unnecessary ablation of healthy

brain tissue, resulting in cognitive dysfunction, whereas the

margins are too small in some regions, leading to tumor pro-

gression, often with catastrophic results. The goal of this

study is to use magnetic resonance (MR) diffusion tensor im-

aging (DTI) to predict the microscopic spread of aggressive

brain tumors and to help us better understand the mechanisms

of tumor spread. These enhancements could then lead to im-

proved anisotropic margins for radiation treatment of malig-

nant brain tumors that would achieve greater local cancer

control and increased patient survival while potentially

decreasing harmful side effects associated with radiation

therapy by reduction of margins in low-risk regions.

Our scientific hypothesis is that migrating brain cancer

cells follow the paths of least resistance as determined from

MR DTI. This hypothesis is supported by the following

observations. First, in areas of white matter, the direction of

greatest diffusion usually parallels the predominant underly-

ing fiber orientation and it is known from postmortem studies

in humans that glioma cancer cells that migrate the greatest

distance from primary tumor sites are located predominantly

along white matter tracts (8–11). Second, Jacobsen et al. (12)

observed that, during embryogenesis, neonatal astrocytes

show a preferential movement along developing axon tracts.

II

If cell migration were to occur in an isotropic medium,

then there would be an equal probability of spread in all

directions; however, it is known that diffusion of water in

the brain is highly anisotropic. The local anisotropic diffusion

of water molecules in the brain can be measured noninva-

sively in vivo using MR DTI (13–21). The local diffusion

coefficient along any predefined direction can be quantified

using a standard MR imaging sequence augmented with

a pair of diffusion encoding gradients. The local three-dimen-

sional diffusion environment is expressed by the diffusion

tensor and the process of computing the diffusion tensor at

each voxel in the image is DTI. DTI tractography is the pro-

cess by which the voxel-wise values of the diffusion tensor

are used to estimate the paths that water will travel from

one voxel to the next. In the brain, the paths of greatest diffu-

sion are found to parallel the neuronal fiber tracts. Thus when

applied in regions of white matter, DTI tractography can be

used to reconstruct the local nerve fiber architecture

(13, 16–18).

Tractography is commonly realized using either streamline

or probabilistic approaches. The streamline approach is also

commonly referred to as deterministic tractography. In the

streamline approach, the reconstructed tract through each

voxel runs parallel to the voxel’s principal diffusion direction

defined as the eigen vector corresponding to the largest eigen

value of the 3 � 3 diffusion tensor (15, 19–21). Knowledge

of the direction from the previous step and of the diffusion di-

rections in adjacent voxels is often incorporated into the algo-

rithm to achieve a more reasonable and reproducible solution.

Streamlined methods typically assume one dominant fiber

direction per voxel and hence fail in instances of fiber cross-

ing. Probabilistic tractography incorporates the uncertainty
associated with the diffusion parameters into an estimate of

the probability of connection between two points (14). The

advantage of such probabilistic methods is that they can be

more robust to noise when the difference between the magni-

tude of the diffusion tensor eigen values is small (i.e., when

the fractional anisotropy value is small) and can therefore

track fibers within gray matter and where multiple nonparal-

lel fiber bundles are present within a single voxel.

METHODS AND MATERIALS

Patient selection
Data were collected for patients who were treated for aggressive

gliomas with SRT at the University of Rochester Medical Center

and who had documented tumor progression and where the progres-

sion was entirely or mainly outside of the original planning target

volume. On identification of a potential subject, the patient’s medi-

cal image database was examined for the presence of a DTI dataset

that was acquired before the diagnosis of progressive disease. The

DTI datasets used for analysis were typically acquired around the

time of SRT planning. The protocol inclusion criteria required there

to be DTI data acquired before the presence of extensive progressive

disease that could potentially alter the diffusion environment that

was present at the time when the first wave of migratory cancer cells

was active (22). No other factors were taken into account when

selecting patient datasets for analysis. The protocol was approved

by the institutional Internal Review Board according to federal

and institutional guidelines. Three categories of patients were

defined. Category 1 (Distant Secondary Tumor Group) included

Patients 1–5 who had secondary tumors located greater than 2 cm

beyond the SRT treatment volume. Category 2 (local secondary

tumor group) included patients 3 and 6–11 who had secondary

tumors within 2 cm or on the boundary of the treatment plan and

had no sign of progression in the DTI dataset. Category 3 (progres-

sion group) included patients 12–14 who had surgical resection

followed by SRT and progression on or near the margin of the pri-

mary tumor.

Image acquisition
The datasets were acquired using a clinical whole-body 1.5 Tesla

(1.5T) scanner (General Electric SIGNA EXCITE, Milwaukee, WI)

as part of the standard of care imaging protocol in place at the

authors’ institution. After an initial acquisition of axial and coronal

T1 and T2 weighted anatomic images with voxel dimensions 0.98�
0.98 � 3 mm, DTI was performed using one of the following echo-

planar imaging sequences using the following parameters: (1) TR 10

s; echo time 89.4 ms; 20 serial axial slices; 25 diffusion gradient

directions and three reference scans (b = 0) scans; and voxel dimen-

sions of 0.98� 0.98� 6 mm; or (2) repetition time 10.8 s; echo time

101.3 ms; 38 axial slices; 21 diffusion gradient directions and two

reference scans and voxel dimensions of 0.94 � 0.94 � 3 mm. As

per standard of care, after SRT, patients were given repeated MR im-

age follow-ups at regular intervals to identify early progressive dis-

ease. When progressive disease was detected, DTI data acquired

before SRT were processed using DTIStudio and FMRIB Software

Library (FSL) software to compute all paths of preferred water dif-

fusion through the primary tumor site. In the analyses shown, all

fiber pathways from the area of tumor are depicted, although

the complete three-dimensional fiber architecture is often not

fully appreciated when viewing is limited to two-dimensional

projections.
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DTIStudio
A streamline tractography approach was employed using DTIStu-

dio, made available by Mori et al. (from http://lbam.med.jhmi.edu/

DTIuser/DTIuser.asp). DTIStudio uses fiber assignment by contin-

uous tracking, a streamline tractography technique demonstrated by

Huang et al. (18). DTIStudio was implemented such that tracking

was initiated from every voxel in the brain MR dataset and was

stopped when the fractional anisotropy value became less than

0.2. Tracking was also terminated when the angle between the prin-

cipal direction in one voxel and that of the next voxel exceeded a cut-

off of 70�. DTIStudio was used to identify all diffusion paths that

passed through the primary tumor, defined as the observable

contrast enhancing mass on a T1-weighted MR imaging dataset.

FSL
A probabilistic tractography approach using the software package

FSL was created by Behrens et al. (14) (available from http://www.

fmrib.ox.ac.uk/fsl/le). For this study, the MR imaging DICOM files

were converted into analyze format using MRIcro by C. Rorden

(http://www.sph.sc.edu/comd/rorden/mricro.html). Brain tissue

was segmented using Brain Extraction Tool, a part of the software

package FSL, and a brain mask was created. FSL was used to iden-

tify all high-probability diffusion paths that passed through the pri-

mary tumor, as determined from the T1-weighted MRI dataset.

RESULTS

Category 1 (distant secondary tumor group)
To demonstrate the results for Category 1 patients, Fig. 1

presents the processed image data of Patient 1 with a glioblas-

toma multiforme (GBM) in the splenium of the corpus cal-

losum (Fig. 1A) and progressive disease on the genu of the

corpus callosum (Fig. 1D). Using DTIStudio for analysis

and display, two prominent fiber tracts were found to pierce

the treatment margin anteriorly, one on each side of the

central ventricle (Fig. 1C). These correspond to the internal

capsules and the progression is coincident with the path of

the prominent left fiber bundle.

For Patient 2, the primary tumor was an oligoastrocytoma

in the lower to mid-temporal lobe and the secondary tumor

seen 9 months later was in the corpus callosum near the sple-

nium (Fig. 2A, 2B). A preponderance of diffusion paths from

the primary tumor site passed directly to the secondary tumor

(Fig. 2C, 2D).

The primary tumor of Patient 3 was a GBM in the right

frontal lobe; the secondary tumor seen 11 months later was

in the left frontal lobe. The fibers passing through the primary

tumor reconstructed using DTIStudio and the genu of corpus

callosum directly connected the primary and secondary

tumor sites.

Patient 4 showed a pattern of cancer spread to the midline

of the genu of the corpus callosum following treatment of

a primary GBM located in the splenium of the corpus cal-

losum, similar to Patient 1. However, when using both FSL

and DTIStudio to reconstruct the paths there were no appar-

ent diffusion paths directly connecting or passing through the

primary and secondary tumor locations in this patient.

Patient 5 had a gliomatosis cerebri in the left temporal lobe

and the secondary tumor seen 6 months later was in the left
parietal-occipital lobe, one slice superior to the primary

tumor. The location of both the tumors was best visualized

in the coronal images. The fibers passing though the primary

tumor reconstructed using both DTIStudio and FSL showed

no fibers directly connecting the primary and secondary

tumor sites.

Category 2 (local secondary tumor group)
In the category wherein the secondary tumor site was

within 2 cm of the treatment margin, the sixth patient’s orig-

inal tumor was a GBM of approximately a 2-cm radius lo-

cated in the left posterior frontal lobe (Fig. 3A) and the

secondary tumor was lateral, posterior, and one slice

(3 mm) superior (Fig. 3D). Because the primary tumor was

located in the gray matter, there was insufficient diffusion an-

isotropy to enable DTIStudio to reconstruct the fiber architec-

ture. FSL was therefore used to reconstruct the diffusion

paths for this patient. The SRT treatment plan is shown in

Figure 3B and the green curve outlines the 80% isodose vol-

ume. This isodose is indicated by the pink curve in Fig. 3A,

3C, and 3D. When applying FSL to the pretreatment DTI da-

taset, we found that the probability maps of diffusion paths

indicated the presence of a prominent path extending beyond

the tumor margin posteriorly and medially (Fig. 3C). The T1-

weighted postcontrast images obtained 3 months after SRT

showed a secondary tumor that had developed just beyond

the treatment site (Fig. 3D) in the region approximately coin-

cident with the diffusion path extension computed from the

pretreatment DTI dataset (Fig. 3C).

The primary tumor of Patient 7 was an astrocytoma in the

right temporal lobe. The DTI dataset for this patient was

obtained 8 months post-SRT treatment. The secondary tumor

observed 19 months later, was three slices superior to the pri-

mary tumor near the ventricles in the right temporal lobe,

only a few millimeters away from the treatment margin and

best visualized in the coronal images. The probability maps

of diffusion paths generated using FSL showed the presence

of prominent paths connecting the primary and secondary tu-

mor sites.

In Patient 8, the primary tumor was an anaplastic astrocy-

toma located in the left temporal lobe (Fig. 4A). Diffusion

paths passing through the tumor were determined using

DTIStudio (Fig. 4C). Two major diffusion paths pierced

the treatment volume: one directed anteriorly and one poste-

riorly from the primary tumor. The secondary tumor

(Fig. 4D) observed 3 months later was located along the pos-

terior diffusion path. Figure 4E illustrates a hypothetical

anisotropic treatment plan that was designed by increasing

the dose margin 2 cm along the two prominent diffusion

paths and reducing the dose margin given to the surrounding

normal tissue. Had this new anisotropic treatment plan been

applied to this patient, the secondary tumor may have been

prevented (Fig. 4F), for it does indeed lie on the prominent

posterior diffusion path that was originally seen at the time

of treatment (Fig. 4C). At the same time, damage to normal

tissue may have been reduced in the lateral regions where

the treatment margin is reduced.

http://lbam.med.jhmi.edu/DTIuser/DTIuser.asp
http://lbam.med.jhmi.edu/DTIuser/DTIuser.asp
http://www.fmrib.ox.ac.uk/fsl/le
http://www.fmrib.ox.ac.uk/fsl/le
http://www.sph.sc.edu/comd/rorden/mricro.html
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Fig. 1. (A) T1 weighted postcontrast magnetic resonance image acquired 6 months after SRT showing a previously ste-
reotactic radiotherapy treated primary glioblastoma multiforme (GBM) in the splenium of corpus callosum. (B) Treatment
margins of the primary GBM overlaid onto the computed tomography planning image. The 90% isodose volumes are
shown by pink lines on other images (light green in this image and pink in C). (C) Diffusion tensor imaging reference image
(b = 0) at the same time point of (A) showing all the tracts from the primary tumor projected on the two-dimensional plane,
as determined using DTIStudio. Tracts do not course significantly superoinferiorly. Four bundles of tracts pierce the treat-
ment margin, where the two most prominent correspond to the inner capsules. (D) T1 weighted postcontrast image of the
secondary tumor (green box) 3 months after the time point of (A), which occurred along the most prominent piercing tract
in (C).
Patient 9 had an oligoastrocytoma in the right temporal

lobe and two secondary tumors. Secondary tumor one was

seen 7 months later posterior to the primary tumor; secondary

tumor two was seen 17 months later after secondary tumor

one. Secondary tumor two was posterior to both the primary

tumor and initial secondary tumor. The DTI dataset for this

patient was obtained 3 months posttreatment of the primary

tumor. The fibers passing through the primary tumor were re-

constructed using DTIStudio and both secondary tumors
seemed to lie on the same major fiber bundle, the external

capsule.

The primary tumor of Patient 10 was an anaplastic astrocy-

toma in the left frontal lobe. The secondary tumor was poste-

rior to the primary tumor and was seen approximately 3 years

later. For this patient DTI datasets were available both pre

and post-SRT treatment and the posttreatment images were

used for analysis because there was edema in the pretreat-

ment images. The fibers passing through the primary tumor
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Fig. 2. (A) T1-weighted postcontrast image showing the location of a primary oligoastrocytoma (pink arrow) in the lower
to mid-temporal lobe. (B) T1-weighted postcontrast image 9 months after (A) of a secondary tumor (green arrow) in the
splenium of corpus callosum, two slices superior to the primary tumor. (C) Diffusion tensor imaging reference image (b = 0)
at the initial time point when the primary tumor was observed showing tracts from the primary tumor determined using
DTIStudio projected onto the two-dimensional plane of the secondary tumor. (D) Side view of the reconstructed fibers
showing intersection with the slice corresponding to the location of the primary tumor and with the slice corresponding
to the location of the secondary tumor (dotted line).
were reconstructed using DTIStudio and the secondary tumor

was found to lie along the internal capsule.

Patient 11 had a primary GBM in the right parietal-occip-

ital lobe and a secondary tumor seen approximately 3 years

later one slice inferior to the primary tumor. The fibers pass-

ing though the primary tumor reconstructed using both DTIS-

tudio and FSL showed no fibers directly connecting the

primary and secondary tumor sites.

Patient 3 also had a local secondary tumor seen 7 months

later that was posterior to the primary GBM in the right fron-

tal lobe, thus rendering Patient 3 under both categories 1 and

2. The fibers passing through primary tumor were determined

using DTIStudio and the secondary tumor was along the

external capsule.

Category 3 (Progression Group)
Patients 12 and 13 were both treated initially using a com-

bination of surgical resection and SRT. Patient 12 had contin-

ued primary tumor growth on the border of the resection site.

The primary tumor was a GBM in the right frontal lobe and

the progression seen 8 months later was near the longitudinal

fissure, and later spreading to the left frontal lobe (Fig. 5A,

5D). Most diffusion paths passing through the tumor corre-

sponded to a part of the genu of the corpus callosum and

were directed medially toward the site of progression. The

distal extensions of the diffusion paths also matched the fu-

ture spread of progressive disease (Fig. 5C). Diffusion paths

were also calculated from the site of progression. These paths

corresponded to the uncinate fasciculus, the internal capsule,

and other known fiber bundles.

The primary tumor of Patient 13 was an oligoastrocytoma

in the right temporal lobe, near the skull (Fig. 6A). Diffusion

paths were found to course predominantly anteroposteriorly,

with little deviation superiorly, and inferiorly and with a slight

curvature towards the center of the brain (corresponding to
intersecting fibers of the corpus callosum and the internal

capsule; Fig. 6B). The progressive disease seen 2 months

later began to be visible posterior to the primary tumor, but

quickly spread to encompass a large portion of the right

hemisphere (Fig. 6C).

In Patient 14, the primary tumor was a low grade astrocy-

toma in the right frontal lobe. The tumor was resected initially

followed by radiotherapy. It recurred 5 months later along the

anterior and inferior surgical cavity, which was treated using

radiotherapy. The tumor continued to grow along the fiber

tracts passing through the primary tumor 11 months later

(T1-weighted images). The diffusion paths passing through

the primary tumor were determined using DTIStudio; they

correlated well with the direction of spread of the tumor.

Additional analysis was performed on Patient 1 who was

unique in that at the time of the earliest available DTI he

presented with a very early instance of progression. The

T1-weighted image of this patient obtained at 6 months

post-SRT treatment (Fig. 7A) showed a small (<5 mm diam-

eter) hyperintense region in the anterior horn of the left lateral

ventricle. For this special case, diffusion paths emanating

from the site of enhancement were also computed and are

depicted in Fig. 7B. The tracts from the site of enhancement

course laterally and anteriorly, corresponding to fibers of

the genu of corpus callosum, internal capsule, and uncinate

fasciculus. At the time, the region of enhancement was noted

as suspicious by the attending physicians, but was not diag-

nosed as an instance of progressive disease. Because of its

small size, it was decided that the presence of this early stage

of progression would not significantly alter the diffusion

environment. Subsequent T1-weighted images of the same

patient obtained an additional 3 months later (Fig. 7C)

show the spread of the secondary tumor, with substantial

growth both laterally and anteriorly. The macroscopic growth

pattern around the secondary tumor site was also coincident
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Fig. 3. (A) T1-weighted image showing a �2 cm glioblastoma multiforme. (B) Computed tomography image used for
stereotactic radiotherapy (SRT) treatment planning showing the 100% isodose curve (yellow), the 80% isodose contours
(green), the observable tumor (red), and a 4–6 mm treatment margin (green line). Because of the location of tumor, a treat-
ment margin of approximately 4–6 mm instead of 2 cm was used. Pink lines on the other images correspond to the 80%
isodose volume. (C) Probability maps of tracts leading from the border of the primary tumor, determined using FMRIB’s
Diffusion Toolbox in the FMRIB Software Library. Tracts with high relative probability are indicated by yellow and those
with moderate probability are indicated by red. A prominent tract is seen extending beyond the treatment margin posteriorly
and medially (green arrow). (D) T1-weighted image at 3 months post-SRT shows a secondary tumor (green box) developed
just beyond the treatment site, in the region approximately coincident with the tract extension (C).
with the dominant diffusion paths passing through the site of

the secondary tumor, primarily along the genu of corpus

callosum and uncinate fasciculus (Fig. 7C).

DISCUSSION

The present study examines the use of MR DTI in predict-

ing patterns of secondary tumor growth and tumor progres-

sion. This was done to determine if the natural history of

progressive disease can be predicted from microscopic tumor
spread as foreseen by DTI, thus validating a new approach to

defining individual anisotropic radiation treatment plans.

There were definitive diffusion paths going from the tumor

to the secondary or site of progression in eleven out of four-

teen patients. In Category 1 patients (distant secondary tumor

group), the original and secondary tumors both lie on oppo-

site ends of a known white matter tract in the inner capsule.

Perhaps the internal capsule is distinctive in some respect

from other white matter tracts or the tract is altered by the

tumor itself, causing the tumor cells to migrate and spread

more often along this particular tract. It is also possible that
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Fig. 4. (A) T1-weighted postcontrast image showing the primary anaplastic astrocytoma and treatment margin (pink line,
90% isodose) obtained from the treatment plan by computed tomography (B). (C) Diffusion tensor imaging reference im-
age (b = 0) taken at the same time point showing all major diffusion paths passing through the tumor. Two major bundles
pierce the treatment margin. (D) T1-weighted postcontrast image 3 months after the time point of (A) showing recurring
tumor (green box) just outside of the treatment margin and in the same location as the major posterior bundle (C). (E) The
treatment plan that was used for stereotactic radiotherapy (pink line) and the proposed anisotropic treatment plan (green
line) with increased dose along the two prominent bundles emanating from the primary tumor and reduced margin along
other directions. (F) Depiction of the original (pink) and proposed (green) treatment plans on the follow-up T1-weighted
postcontrast image. Our contention is that the proposed plan might have stalled or may have even prevented the onset of the
secondary tumor.
the cancer cells have migrated along the boundary of the

ventricles in the subependyma (9) to the distant site in these

patients. This route would explain the absence of any

apparent diffusion paths from the primary tumor seen in

Patient 4.

In Category 2 patients (local secondary tumor group), the

secondary tumors were found very close to the treatment

margin. Indeed, from many years of surgical resection, it

has been shown that 95% of tumor progression occurs within

2–3 cm of the resection cavity (9). Thus modification of the

treatment margin by 2–3 cm along the direction of higher dif-

fusion tracts may have prevented these secondary tumors, as

exhibited in Fig. 4F. Diffusion paths reconstructed from the

primary tumor predicated both the location of tumor progres-

sion and also the spread of tumor in Category 3 patients (pro-

gression group). The results of Patients 12–14 demonstrate
the ability of tractography to predict tumor spread locally.

The imaging slice thickness used here of 3–6 mm may be

too thick to discern fibers in the inferosuperior direction to

the finite degree necessary; this may explain the absence of

observable diffusion paths directly connecting the primary

and secondary tumors in Patients 4, 5, and 11.

Most of the published works related to the use of DTI in

tumor diagnosis, infiltration, and proliferation have directly

used the scalar apparent diffusion coefficient or fractional an-

isotropy values (23–26). To the best of our knowledge, there

have been no previous publications using DTI-based tractog-

raphy for radiation planning or for follow-up evaluation of

progressive disease (27). The results presented here suggest

a direct and unique clinical utility for DTI tractography in

SRT treatment planning. This is perhaps best exemplified

by Fig. 4E, where we demonstrate a possible nonisotropic
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Fig. 5. (A) T1-weighted contrast image showing the primary glioblastoma multiforme and treatment margin (pink line =
90% isodose) obtained from the treatment plan by computed tomography (green line) (B). Surgical resection of the primary
tumor (A) occurred approximately 10 months before the radiation treatment plan depicted in (B). (C) Diffusion tensor im-
aging reference image (b = 0) taken at the same time point (A), showing all diffusion paths passing through the tumor, the
genu of corpus callosum, and internal capsule. (D) T1-weighted postcontrast image acquired 8 months after the time point
of (A) showing progressive disease (green box) located just outside of the treatment margin, having spread along the genu
of the corpus callosum as predicted in (C).
treatment margin based on DTI that encapsulates a secondary

tumor that appeared in this patient (Patient 8) 3 months after

completion of SRT using conventional isotropic treatment

margins. Had the anisotropic margin been used, the micro-

scopic infiltrating cells that led to this secondary tumor

may have been eradicated at the time of the initial SRT treat-

ment, thereby stalling or maybe even eliminating the onset of

progressive disease.

Because of the infiltrative nature of gliomas, the resolution

of conventional MR images is insufficient to accurately

determine the microscopic tumor margin. When a standard

isotropic treatment margin is used, excessive damage to nor-
mal brain tissue may occur in directions where infiltrative dis-

ease is absent. From the present analysis, our hypothesis that

tumor cells migrate and spread microscopically along DTI

paths appears to be valid. A large-scale prospective patient

study is therefore warranted to better establish the correspon-

dence between the microscopic spread of tumor cells and

prominent paths of water diffusion leading from the primary

tumor site. There are several potential advantages of conduct-

ing a prospective study following the current analysis. First,

higher field MR systems (e.g., 3T) and state-of-the art pulse

sequences (e.g., employing 60 or more directions of diffusion

encoding) could be employed to improve DTI image quality
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Fig. 6. (A) T1-weighted post-contrast image showing an astrocytoma (pink arrow). Surgical resection of the primary tumor
occurred more than 2 years before the image (A). (B) Diffusion tensor imaging reference image (b = 0) take at the same time
point (A), showing all diffusion paths passing through the tumor, the splenium of corpus callosum, and the internal capsule.
(C) T1-weighted postcontrast image acquired 2 months after the time point (A) showing progressive disease (green arrow)
having spread along the internal capsule and splenium of corpus callosum (B).
and resolution. Second, tractography could be performed im-

mediately on acquisition of the DTI data and, in instances in

which the diffusion-weighted image quality is deemed sub-

standard, the patient could undergo a repeat imaging session

early in the course of radiation therapy planning and treat-

ment to obtain optimal DTI results. In 3 of the 14 datasets

in the current study, the presence of edema immediately after

surgical resection—and an associated decrease in fractional

anisotropy values—precluded tractography analysis from

the available DTI data. If afforded the opportunity for a
subsequent DTI acquisition just before radiation treatment

(which usually requires an MR image scan fused with a com-

puted tomography scan for treatment planning), sufficient

edema may have subsided to enable tractography to be

performed. Third, with a larger patient pool, results could

be correlated with specific cancer grade and type.

The following issues need to be investigated to improve

the understanding of the relationship between tractography

and tumor spread: tumor cells may migrate/diffuse differ-

ently than water molecules; tumor cells may interact with
Fig. 7. (A) T1-weighted post-contrast magnetic resonance image acquired 6 months after stereotactic radiotherapy (SRT)
in patient 1 (Fig. 1) showing a previously SRT-treated primary glioblastoma multiforme (GBM) in the splenium of corpus
callosum and a small hyperintense region in the anterior horn of the left lateral ventricle (black box), which proved to be
a secondary tumor (C). (B) For this special case, in which early onset of progression was identified, tractography was per-
formed also at the site of progression. Shown is a diffusion tensor imaging (DTI) reference image (b = 0) at the time point
(A) with a depiction of all tracts determined using DTIStudio emanating from the small hyper intense region in (A; black
box). All of the three-dimensional tracts are projected onto the plane of the slice. (C) T1-weighted postcontrast image of the
secondary tumor (green box) 3 months after the time point of (A), which occurred along the most prominent piercing tract
in (B) and showing spread of the secondary tumor with substantial growth both laterally and anteriorly (red arrows). The
90% isodose volumes (SRT) are shown by pink lines in A–C.
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neurons or chemicals in the brain in unexpected ways; there

may be different types of tumor cells located in specific re-

gions of the tumor (i.e., migration may be dependent on the

makeup of the tumor); and myelin may affect tumor cell mi-

grations. To better address these effects, a more direct corre-

lation between traditional histologic quantification of cell

migration and DTI analysis is needed and this could be

achieved using animal models (28).

CONCLUSION

Our preliminary results on 14 patient datasets support the

hypothesis that tractography by DTI is able to predict the

pattern of microscopic tumor spread and treatment failure
after conformal radiation. Future work will entail a more

sophisticated analysis and prospective verification of the

hypothesis that tumor cells migrate along paths of elevated

water diffusion; achieved through the acquisition of addi-

tional MR DTI datasets and observations of tumor progres-

sion patterns in patients and through detailed histological

analyses in animal models. Our goal is to demonstrate that

anisotropic SRT treatment margins, optimized for each indi-

vidual patient, can be used effectively and safely to reduce

damage of normal brain tissue and at the same time stall or

maybe even reduce the incidence of disease progression in

these patients.
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