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Abstract
Diffusion tensor imaging (DTI) provides information about the location of white matter tracts within
the human brain. This information is essential
for preoperative neurosurgical planning to achieve
maximal tumor resection while avoiding postoperative neurological deficits. Due to the anatomical
distortion of echo planar imaging, DT images - and
as a result the fiber tracts computed from them are distorted. In this paper, we present a novel approach to account for those distortions. All voxels containing fibers within the distorted DT dataset
were marked. Subsequently, a non-linear registration with standard 3D MR data was performed. The
marked voxels were re-extracted from the registered
DT dataset and displayed within the 3D MR dataset.
The strategy introduced in this paper is an essential prerequisite for the integration of fiber tract data
into 3D MR datasets. The fused data is of high
value for neuronavigation and thereby a benefit for
neurosurgery.
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Introduction

Diffusion tensor imaging (DTI) is a non-invasive in
vivo imaging modality and is used for the computation of fiber-tracts within tissues such as the human brain. This kind of imaging is based on the
phenomenon of water diffusion known as Brownian motion. Neural fibers consist of long cylindrical cells that are filled with fluid and are bounded
by a cell membrane. The diffusion behavior within
neural cells is anisotropic, as the less water permeable cell membranes restrict diffusion. Therefore,
both, tissue structure and architecture at the microVMV 2004

scopic level can be reflected by DTI. Those structures can be revealed by computing tensors from a
series of directional diffusion images. Techniques
commonly referred to as tractography are then applied upon the vector field derived by determining
the dominant eigenvector of each tensor. The tracking procedure between a source and target region
results in curvilinear paths which most likely represent the course of fibers within the brain. Fiber
tracking thus reveals the individual location of important fiber tract systems known from anatomical
studies.
A more detailed introduction to the basics of
DTI is available in [1, 2, 3], a number of different possibilities to visualize DTI data is presented
in [4, 5, 6]. The tractography algorithm used in this
work is based on the strategies published by Basser
and Mori [7, 8, 9, 10].
For neurosurgery these techniques are of particular importance as fiber tracts are visually hardly distinguishable from surrounding tissue. The course of
fibers changes considerably between different individuals and is especially in brain tumor cases unpredictable. DTI and fiber tracking are therefore essential tools for neurosurgery [11].
However, DTI does not show anatomical structures in detail due to limitations regarding the resolution of the data. In addition, DTI suffers from the
fact that distortions occur at the proximity of the
skull base and near air-filled spaces such as in the
case of the brainstem and the frontal lobe (Fig. 1).
Those artifacts can be attributed to the small bandwidth of the echo planar imaging sequence in phase
encoding direction and the inhomogeneity of the
magnetic field due to a varying susceptibility within
the measured tissue.
3D anatomical data, such as MPRAGE (MagneStanford, USA, November 16–18, 2004

Figure 1: Slice of distorted DT image (B0 image) (left) and corresponding MPRAGE slice (right)

tization Prepared Rapid Acquisition Gradient Echo)
images on the other hand are able to represent even
tiny anatomical structures in detail. The distortion
of MPRAGE images is negligible so that they can
be used for neuronavigation, i.e. in a stereotactic
system.
Integration of fiber tracts into a MPRAGE dataset
would allow visualizing the spatial relation of a tumor and adjacent fiber tracts for neurosurgical planning, thus allowing to avoid postoperative neurological deficits. There are several strategies to solve
this problem: By measuring field maps describing image distortions applying other MR sequence
techniques or performing a non-linear registration
of DTI and MPRAGE data so that distortions can
be taken into account.
In this paper, we present an approach to realize
this task via non-linear registration. First the fibers
are computed from the DT images. After that all
voxels containing fibers within the diffusion tensor
dataset are marked. In section 2 and 3 these steps
are outlined in detail and some information on image acquisition is given. Finally, a piecewise linear
registration between diffusion tensor and MPRAGE
dataset is performed which is presented in section 4.
The results derived from our approach are analyzed
in section 5.
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ner equipped with a gradient system with a field
strength of up to 40 mT/m (effective 69 mT/m) and
a slew rate of up to 200 T/m/s (effective 346 T/m/s).
DT image data: For the computation of tensors
and fibers a series of directional diffusion images is
needed. The diffusion images differ in the direction
of the gradient that is applied. For each slice a total amount of seven images was created: One image
was measured without any gradient direction which
is equivalent to common MR data. In the following, this image will be referred to as B0 image. The
remaining six images were acquired using different
gradient directions that correspond to the diffusion
directions measured at that time. Those images will
be referred to as B1, ... , B6 image. Each of the
B0 - B6 images shows the distortion artifacts mentioned above. As regards anatomical information,
the B0 image represents anatomical structures best
though in poor detail. The other images primarily
show diffusion properties.
DT imaging parameters: TR = 9200, TE = 86 ms,
bhigh = 1000 s/mm2 , blow = 0 s/mm2 , field of
view 240 mm, voxel size 1.875×1.875×1.9 mm3 ,
1502 Hz/Px bandwidth, acquisition matrix
128×128, 60 slices with no intersection gap were
measured (measurement time for 5 averages: 5 min
and 31 sec), the diffusion-encoding gradients for
the six diffusion weighted images were directed
along the following axes: (±1,1,0), (±1,0,1) and
(1,±1,0).

Image Data

All images were acquired at the Department of Neurosurgery, Erlangen, Germany using a Siemens MR
Magnetom Sonata Maestro Class 1.5 Tesla scan666

Figure 2: The left pyramidal tract in a healthy volunteer (left), respective voxels containing the pyramidal
tract (middle), 3D visualization of marked voxels within the B0 volume (right).

MPRAGE image data: The advantages of conventional 3D imaging are a high signal to noise ratio, thin coherent slices and the possibility of multiplanar reconstruction.

For further processing, the original DICOM data
was transformed to the .hdr format using in house
software and FSL (FMRIB Software Library) [12].
The next step comprises the segmentation of the
brain which in this case was automatically accomplished using BET (Brain Extraction Tool) [13].
The fiber information derived from the DTI task
card is then used to determine all voxels containing fibers within the B0 dataset. Those voxels are
marked by setting the respective grey value to a predefined, unambiguous value. The marked voxels
derived from the fiber data are shown in Fig. 2 in
the middle. On the right, the complete volume containing marked voxels is presented. The marked B0
dataset together with the MPRAGE imaging data
are later used for registration.

MPRAGE imaging parameters: TR = 2020 ms,
TE = 4.38 ms, field of view 250 mm, voxel size
0.488281×0.488281×1.0 mm3 , acquisition matrix
256×256 interpolated (512×512), 160 slices, the
time required for acquisition of the MPRAGE data
was 8 min 39 sec.

3

Image Processing

In a first step, the computation of fibers from the
DT data was performed using the DTI task card
version 1.66 (Magnetic Resonance Center, Massachusetts General Hospital, Boston) on a Siemens
scanner using the MR software MRease N4 VA21B
under syngo VB10I. A knowledge-based multipleROI (region of interest) approach was applied, initiating the tracking algorithm from at least one userdefined seed region. Tracking was performed in
both retrograde and orthograde direction according
to the direction of the principal eigenvector within
the ROI. A vector step length of 0.5 mm, an angular threshold of 35o and a fractional anisotropy
threshold of 0.3 were used in this study. The computed tract coordinates were saved to a file in raw
data format. This fiber information is later used for
marking voxels within the B0 volume that contain
fibers. Fig. 2 (left) shows fiber bundles computed
from the diffusion datasets.
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Registration

In a first step, the B0 dataset was rigidly registered
to the MPRAGE dataset. The result of the rigid registration was taken as an initial estimation for a nonrigid transformation which was then performed using Free-Form Deformation (FFD). To accomplish
the deformation hardware-based three-dimensional
Bézier functions were considered since Bézier functions provide a mechanism for their modification
and are characterized by intuitive behavior on their
change [14, 15, 16].
In our approach the source B0 dataset was associated with the object space OS. The function
P : PS 7→ OS leads from the parameter
space PS defined as [0, 1]3 into this object space
666

Figure 3: Distorted B0 image before (left) and after (middle) registration – MPRAGE image (right)

formation function D and thus of the deformed B0
volume. The main idea of the non-rigid registration is to manipulate free control points in the lattice in such a way that the similarity measure between the B0 volume which is deformed with FFD
and the reference MPRAGE volume takes its maximum. Thus, the registration task is equivalent to a
multidimensional optimization problem. The quality measure which was used to assess the quality of
the alignment is based on normalized mutual information (NMI).

and served as parameterization of the object space.
The second dataset, i.e. the MPRAGE dataset, remained fix.
The deformation function D : PS 7→ T S leading from the parameter space into the texture space
T S is represented by a Bézier function. Thus, the
shape of this deformation function is uniquely defined by the corresponding lattice of control points
bi,j,k (i = 0, . . . , l,
j = 0, . . . , m,
k =
0, . . . , n) placed within texture space. This deformation function is then expressed by means of
a trivariate tensor product whereas the basis functions Bil , Bjm , Bkn are Bernstein polynomials of order l, m and n, respectively:
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Results and Discussion

The processing steps described in section 3 were exBil (s)Bjm (t)Bkn (u)bi,j,k . ecuted for the left pyramidal tract of five healthy
volunteers. All computations were performed on
i=0 j=0 k=0
a PC equipped with an Intel Pentium 4 (2.4 GHz)
(1)
and a NVIDIA Quadro4 graphics card with 128 MB
In order to accelerate the computation of the FFD,
graphics memory. The average computation time
the benefits of graphics hardware were exploited.
was 1.5 h. Thereby, 30 min were required for data
All trilinear interpolations needed for computing
conversion and brain extraction whereas the major
the similarity measure were performed in the texpart of the overall computation time was consumed
ture processing unit of the graphics hardware. For
by the registration.
this purpose, the image volume within the object
The average number of marked voxels within the
space was recomputed and loaded into the 3D texB0 dataset was 1490 and the total number of voxels
ture memory of the graphics card. In order to peramounted to 983040 (128×128×60 voxels). This
form texture mapping, the texture space T S being
means that only a percentage of about 0.15% vox[0, 1]3 is associated with the texture memory. The
els within the whole volume was marked. For this
advantage of this approach is that less computation
reason it can be assumed that the influence of the
time is needed [14] since there is no need to recalcumarked voxels on the registration process is neglilate the whole 3D dataset voxel by voxel in software
in order to obtain the new intensities.
gible.
Movements of the control points bi,j,k in the latThe registration of the marked B0 dataset with
tice are followed by immediate changes of the dethe MPRAGE dataset was used to compensate

D(s, t, u) =

l
m
n
X
X
X
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Figure 4: Marked voxels within a B0 image before (left) and after (middle) registration and analysis (see
arrow) of the maximal displacement (right)

for the distortion artifacts (up to 28 mm in the
frontal lobes) of the B0 dataset. In Fig. 3 the
benefits of our registration approach can be observed: The figure shows corresponding sagittal slices of the B0, the registered B0 and the
MPRAGE dataset. The registered B0 dataset in
the middle has compensated for the distortions that
were visible before registration. Visual inspection
of the registration result (using a semitransparent
overlay) by the senior author having more than
14 years experience with MRI revealed a satisfying correspondence in the gyri of the central region,
the internal capsule and the brainstem.

and sphenoid sinus). Accordingly, the distortions in
the region of the internal capsule are only minor. In
general, we observed only slight left-right displacements whereas the main displacement occurred in
anterior-posterior direction, i.e. in phase-encoding
direction.
Fig. 6 illustrates the distortion by blending an
unregistered and a registered B0 dataset. Finally,
the marked voxels were re-extracted from the registered B0 dataset and displayed within the MPRAGE
dataset (Fig. 7).
An alternative approach would be to register B0
and MPRAGE volumes and apply the resulting
transformation to the B1-B6 datasets. Computing
the fiber tracts directly from the distortion corrected
B0-B6 datasets provides similar results. However,
the presented strategy clearly shows the volume of
the fibers which is of importance for surgery.

For evaluation purposes corresponding axial
slices within the B0 and the registered B0 dataset
were analyzed. For every second fiber-containing
slice we determined the maximum displacement of
the fibers, i.e. the marked voxels. We measured
the maximum distance between two corresponding
boundary points. In Fig. 4 this approach is illustrated.
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Fig. 5 presents the results of our measurements
with respect to the registered B0 volume: In the
axial slices 0-24 and 124-160 the pyramidal tract
was not visualized. So, the analysis started in slice
25 and ended in slice 123. In between, the displacement of the fibers, i.e. marked voxels, was
measured for every second axial slice. The diagram on the left shows our measurements denoted
in mm. The results are consistent with our expectations showing a slight distortion at the brain surface
(in the central region) and distinct distortions in the
brainstem due to nearby air-filled structures (clivus

Conclusion and Future Work

In this paper we presented a novel approach to account for the inherent distortions of DTI data and
the fiber tracts computed from them. We observed
slight distortions at the cortical surface and distinct
distortions of up to 9 mm in the brainstem. The
techniques developed in this context can be applied
for DTI datasets in patients with space occupying
lesions. This enables spatially correct preoperative
neurosurgical planning and thus allows for the integration of fiber tracts in datasets used for neuronavigation.
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Figure 5: Distortion of left pyramidal tract in corresponding axial slices in a B0 and the registered B0
dataset with respect to the registered B0 volume. For each second axial slice the movement of the fibers
was measured showing that most distinct distortions occurred near the brainstem
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Future work will focus on the acceleration of
the preprocessing steps, especially the registration
approach, to achieve intra-operative applicability.
A clinical study is currently in progress to verify
the value of the presented approach in pathological
cases.
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