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Abstract. Delineation of the Corticospinal tract is relevant in surgery
for planning tumor resection or other types of treatments. To precisely
delineate pathways within complex regions of white matter, it can be
beneficial to use the information derived from high angular resolution
diffusion imaging. In this manuscript we present the results of a deter-
ministic approach on multi-shell diffusion data of magnetic resonance
volume of patients with tumor. The implementation in Python extends
the use of a library for tractography where an automatic region of interest
delineation is also considered.
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1 Introduction

The Corticospinal Tract (CST) is a brain tract stemming from the motor cortex,
passing through the Internal capsula and then through the cerebellar peduncle,
and finally conducting impulses to the spinal cord. CST fulfills crucial roles in the
organization of movements of the body, and damages to it cause spasticity and
loss of ability to perform certain movements. The damages can be particularly
pronounced in case of recurrent Glioma, Multiple Sclerosis and other types of
injuries [1]. Moreover, brain lesions occurring in other parts of the brain can
influence the CST by pushing its fibers. Tractography of CST is particularly
challenging due to several fiber crossings and to several bifuractions where sub-
fascicles are generated. For example the tracts for the face movements are often
difficult to identify. Moreover, it has been reported that most of the lateral fibers
of the CST are intractable using classical models such as diffusion tensors [2]. In
this paper we investigate the usefulness of a Python implementation for multi-
shell data tractography and automatic segmentation of the fibers in the CST.
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2 Methods

In this section, we describe the probabilistic fiber tracking implemented in dif-
fusion imaging in Python (Dipy) [3]. The pipeline comprises the estimation of
the local diffusion model for each voxel, the definition of the seed points using
a nonlinearly registered atlas and a deterministic tractography algorithm. This
pipeline can be summarized in Fig 1.
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Fig. 1. Workflow diagram depicting the needed pipeline to obtain the CST tractogra-
phy. Here the atlas is represented as the SRI24/TZO parcellation map [4], projected
on cortical surface.

2.1 Diffusion Model

This paper adopts spherical harmonics (SH) representation based on constant
solid angle (CSA) model. Diffusion Magnetic Resonance Imaging (MRI) aims
at reconstructing the micro-structure of white matter by analyzing the diffusion
weighted MRI (DWI) signals. The Ensemble Average Propagator (EAP) E(q)
describes the mean probability over the voxel of a displacement R in the effective
diffusion time τ [5]. There are several methods to represent EAP. The Diffusion
tensor model [6] considers the EAP as a Gaussian. This is however an over-
simplification of the diffusion orientation of water molecules in the brain which
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has a more complicated structure. Therefore, more advanced approaches have
been proposed to go beyond this limitation such as the High Angular Resolution
Diffusion Imaging (HARDI). Many measurements and a long acquisition time
are necessary to obtain high-resolution EAP, to this end multiple-shells HARDI
methods have been proposed. These methods aim at acquiring the signal follow-
ing multiple shells schemes and then modeling it with adequate basis. Approaches
for these circumstances are for instance Spherical Polar Fourier basis [7], Solid
Harmonics [8], and the Simple Harmonic Oscillator based Reconstruction and
Estimation (SHORE) method [9–11]. The SHORE basis was introduced by [9]
using only orthogonal basis, while Cheng et al. [10] proposed a new formulation
where the basis functions have an l2 norm equal to one. The SHORE approach
considers the diffusion signal attenuation E(q) as given by the solution of the
3D quantum mechanical harmonic oscillator problem [9]:
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where Lαn(x) is the generalized Laguerre polynomial, and Y ml (.) is a spherical
harmonic function of degree l and order m, with
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, (3)

and where Γ is the Gamma function. The coefficients cnlm can be obtained by
convex quadratic optimization constrained by given condition such as that the
probabilities are nonnegative over a large displacement space, and being the
probabilities less than 1.

2.2 Region of Interest

Part of the proposed pipeline is the definition of the region of interest (ROI)
from which the fibers stem have to be defined. To achieve the goal of segmenting
peritumoral CST, ROIs need to be used. More specifically, the motor cortex of
both brain hemispheres. Manual delineation of ROI is a tedious work and re-
quires expertise. Moreover, other structures which are not the CST can be easily
selected. Automatic delineation can be an advantage tough it might be prone to
error. In the proposed pipeline the necessary ROIs are obtained automatically
using the indexed atlas SRI24 [4]. SRI24 is an MRI-based atlas of normal adult
human brain anatomy, developed at the Stanford Research Institute (SRI), and
generated by template-free nonrigid registration from images of 24 normal con-
trol subjects. The atlas is provided at 1mm isotropic image resolution and has
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several regions of the brain marked using different intensity. This atlas is initially
warped using diffeomorphic demon registration for elastic matching [12] to a T2
volume - which is considered the reference volume also for the diffusion data -
and then only the voxels marked as representative for the motor cortex are kept
and used as ROIs for the tractography part.

2.3 Euler method

Euler Delta Crossings [13] is a deterministic method for tractography [14, 15].
The streamlines are created from stemming seed points, which in our case are
randomly selected from the external voxel of the ROIs of the prefrontal cortex
These seed points are the points from which the streamlines will start growing.
Each seed point has initial coordinates (x, y, z) which can be defined as p0 and
is the beginning of the track propagation. Given such a point p0 in a voxel, it is

possible to solve a 3D path equation ds(t)
dt = r(t), where s(t) is the fiber curve

path position at t and r(t) is the local tangent direction of the path s(t), this can
be solved numerically by Euler’s method or higher order Runge-Kutta methods.

More specifically, the propagation is defined by solving the integration

pt = p0 +

∫ t

0

v(p(s))ds, (4)

where ∆s is the propagation step size, and v is the propagation direction. The
next direction is defined by trilinear interpolation, by integrating directional
information computed in the neighboring voxels. Stopping criteria are given by
the value of a fractional anisotropy within a voxel which is below a defined
threshold (in our case 0.02).

2.4 Data

The data are DWI scans acquired as multi-shells spine-echo EPI sequence with
4 different b-values: 200, 500, 1,000 and 3,000 s/mm2, 69 diffusion-weighted vol-
umes and 4 non-diffusion weighted volumes. The voxel size is 2.0 x 2.0 x 2.0 mm,
256 x 256 matrix for 73 slices. A T2 volume is used to register the data including
the atlas. The volumes are from a patient with metastatic adenocarcinoma and
a patient with a glioma in the middle of the left arcuate fasciculus.

3 Experiments

The model is instantiated with SHs of order 4 mapping on a sphere of 724
vertices, the minimum angular distance two peaks of the diffusion model was
25◦, with the radial order of the SHORE basis of order 6 and ζ = 700. Fig. 2
shows the overlay of the segmented CST and the original T1 volume.

Although the tumor delineation was not used in the algorithm, it can be seen
in Fig. 2 that the CST in the right hemisphere is influenced by the presence of
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(a) (b) (c)

(d)

Fig. 2. Overlay of CST tractography, manually delineated structures and original T1
volume: (a) CST tracts, (b) CST and tumor segmentation, (c) CST and edema/tumor
segmentation, (d) Coronal view of CST only, where some fibers on the left hemisphere
are passing through the overlaid T1 slice and therefore are not so visible.
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(a) (b) (c)

(d)

Fig. 3. Overlay of CST, arcuate fasciculus tractography, manually delineated structures
and original T1 volume: (a) CST tracts and arcuate fasciculi, (b) CST, and arcuate
fasciculi and tumor segmentation, (c) CST, and arcuate fasciculi and edema/tumor
segmentation, (d) Coronal view of CST only.
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the tumor. In fact some fibers in the right hemisphere seem pushed in caudal
direction. Moreover, the edema is fully covering the tract of the right hemisphere.

For the patient with a glioma centered in the arcuate fasciculus in Fig. 3, the
arcuate fasciculus in the left hemisphere appears interrupted/deflected, possibly
disrupting the connection between the Broca’s and Wernicke’s area. To highlight
the arcuate fasciculus the superior frontal gyri were given as ROIs for the seeding
points, this introduced involuntarily also the tracking of the inferior longitudinal
fasciculi since this fibers are also passing near the superior temporal gyrus. The
inclusion of the inferior frontal gyrus as a further roi to track only the arcuate
fasciculus is not advisable due to the presence of the glioma which might limit
the connection of the two gyri. Tracts were saved using the Nibabel library [16]
to be subsequently visualized with Trackvis [17] or eventually converted into vtk
and visualized with MedINRIA [18].

4 Discussions and conclusion

The proposed method allows the visualization of the CST that can be used
during tumor resection helping in preserving the motor functions. To use an
automatic ROI segmentation has several advantages such as saving time from the
tedious procedure of annotating the motor cortex and the possibility of scaling
up the procedure and including easily other brain region annotated in the atlas.
However, it cannot substitute the knowledge of a neurologist in this task, in
fact it is believed to introduce some error (few fibers of the tapetum seem to
be included). A probabilistic atlas with specific brain region could improve this
aspect. Moreover, a qualitative study on the behavior of the different parameters
and how these influence the tractography needs to be done, it has been carried
out only empirically and qualitatively. The used data presented some challenges
for example ringing effects were present in the diffusion volumes. To visualize the
face tracts of the CST, it was necessary to increase the allowed angle within the
Euler method to allow for 90 degrees turns and lower considerably the stopping
threshold to less than 0.1, though these settings introduced further artifacts.

However, the approach can help surgery planning since it can highlight CST
shifts due to tumors minimizing the possible handicap for the patient after
surgery.
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