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Ever since the introduction of the concept of fiber tractography, methods to generate better and more plausible
tractograms have become available. Manymodernmethods can handle complex fiber architecture and take on a
probabilistic approach to account for different sources of uncertainty. The resulting tractogram from any such
method typically represents a finite random sample from a complex distribution of possible tracks. Generating
a higher amount of tracks allows for a more accurate depiction of the underlying distribution. The recently pro-
posed method of track-density imaging (TDI) allows to capture the spatial distribution of a tractogram. In this
work, we propose an extension of TDI towards the 5D spatio-angular domain, which we name track orientation
density imaging (TODI). The proposed method aims to capture the full track orientation distribution (TOD). Just
as the TDI map, the TOD is amenable to spatial super-resolution (or even sub-resolution), but in addition also to
angular super-resolution. Through experiments on in vivo human subject data, an in silico numerical phantom
and a challenging tractography phantom, we found that the TOD presents an increased amount of regional
spatio-angular consistency, as compared to the fiber orientation distribution (FOD) from constrained spherical
deconvolution (CSD). Furthermore, we explain how the amplitude of the TOD of a short-tracks distribution
(i.e. where the track length is limited) can be interpreted as a measure of track-like local support (TLS). This in
turn motivated us to explore the idea of TOD-based fiber tractography. In such a setting, the short-tracks TOD
is able to guide a track along directions that are more likely to correspond to continuous structure over a longer
distance. This powerful concept is shown to greatly robustify targeted as well as whole-brain tractography. We
conclude that the TOD is a versatile tool that can be cast in many different roles and scenarios in the expanding
domain of fiber tractography based methods and their applications.

© 2013 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Since the advent of diffusion weighted imaging (DWI) in the
mid-1980s, we have come a long way towards mapping the structural
network of the (human) brain in vivo and non-invasively (Jones,
2010), leading to better insight in its complexity and eventually giving
rise to a whole new field of connectomics (Hagmann, 2005; Hagmann
et al., 2010; Sporns et al., 2005). A key development in achieving this
has certainly been the introduction of the concept of fiber tractography
at the end of the previous millenium (Basser, 1998; Basser et al., 2000;
Conturo et al., 1999; Jones et al., 1999b; Lori et al., 1999; Mori et al.,
1999; Poupon et al., 1999). Throughout the past decade, tractography
has proven to be a powerful tool that comes with many advantages as
well as important limitations (Jbabdi and Johansen-Berg, 2011). Current
state-of-the-art algorithms, that can handle complex fiber architecture
(i.e. so-called “crossing fibers”) as well as take on a probabilistic
approach to account for different sources of uncertainty, are nowwide-
spread and available for public use, e.g. Tournier et al. (2012); and were
proven to be far superior to fundamentally limited techniques based on
diffusion tensor imaging (DTI) for critical applications such as neuro-
surgical planning and navigation (Farquharson et al., 2013). Given
the orientational information in each voxel (e.g. a fiber orientation distri-
bution (FOD) from constrained spherical deconvolution (CSD), Tournier
et al., 2007, 2008) and several constraining parameters (e.g. minimum
and/or maximum track length, limited curvature, minimum FOD ampli-
tude threshold, amask, a seed region,…), a tractography algorithmyields
a tractogram: a finite number of accepted tracks; a random sample from a
distribution of possible tracks. The more tracks are generated, the more
representative the tractogram becomes regarding this distribution.

Recently, track-density imaging (TDI) (Calamante et al., 2010, 2011)
was proposed as a means to obtain super-resolution from DWI data by
exploiting the continuous nature of dense tractograms consisting of a
very large number (e.g. millions) of tracks. It does so by employing a
strategy very similar to that of a common histogram: in each voxel of
a (potentially high resolution) 3D grid, the number of tracks is simply
counted. As the amount of tracks that can be generated is virtually
unlimited, the underlying distribution can be approximated up to any
detail, justifying the use of super-resolution. As such, TDI is an excellent
tool to obtain a “classical” 3D image space representation of the spatial
probability density function (PDF) of complex track distributions. In an
attempt to capture and visualize some additional angular information,
directionally-encoded color (DEC) TDI assigns to each track passing
through a certain voxel a color based on the local orientation of the
track (conforming to the color schemewidely used for DEC fractional an-
isotropy (FA) maps in DTI, e.g. red: mediolateral, green: anteroposterior,
and blue: superoinferior). These colors (RGB values) are then summed in
each voxel, resulting in the DEC TDI map. While the global pattern of
colors does provide an additional visual cue for easier localization of
known structures, it can on a local (voxel) level not distinguish between
multiple fiber populations, nor describe other complex structure. This
particular color scheme even lacks specificity in describing a single direc-
tion (i.e. even in DEC FA maps from DTI): in general, an RGB triplet can
correspond to four different directions (when all R-, G- and B-values
are nonzero). Therefore, the additional DEC in the context of TDI has
no major use beyond being a practical visualization tool.

In this work, we introduce track orientation density imaging (TODI),
a technique which aims to reconstruct a complete description of the
track orientation distribution (TOD) in each voxel. We will describe
the formalisms of TODI as a generalization of TDI to the entire 5D
spatio-angular domain. To maintain full compatibility with the existing
definition of TDI, the same mechanism is employed to map the tracks'
spatial distribution: each track delivers a unit contribution to each
voxel it intersects and thus the final weight of a voxel in the spatial dis-
tribution is proportional to its track count. Whereas this choice of using
voxels as bins for a histogram-like approach in the 3D spatial domain is
a straightforward one, it is less trivial to define such discrete bins in the

2D angular domain, i.e. on the sphere. A possible approach to discrete
angular binning consists of generating a large set of uniformly distributed
directions, e.g. by geodesation of an icosahedron or electrostatic repulsion
(Jones et al., 1999a). A track could then locally contribute to the direction
within the set that best approximates the track's (tangent) direction
(Pannek et al., 2012). Such a strategy conceptually equals to defining a
set of angular bins as resulting from the Voronoi tessellation (on the
sphere) of the set of generated directions. Typically, most of these bins
would be hexagonally shaped, though some would inevitably be penta-
gons (Saff and Kuijlaars, 1997), and using electrostatic repulsion might
in practice even result in some heptagons. To simply avoid possible bias
caused by any particular choice of angular bins, we rather choose to esti-
mate the angular part of the distribution by use of a kernel density esti-
mate (KDE). In TODI, we will represent the TOD in each voxel using a
set of spherical harmonics (SH) basis functions and construct it by contin-
uous integration of a spherical point spread function (PSF) along the
intersecting part of each track: the resulting contribution of a track to a
voxel is a full angular function. As for the PSF, we will first consider a
SH delta function and further refine this choice to an apodized delta
function (Raffelt et al., 2012a) to avoid the Gibbs truncation artifacts as-
sociated with the SH delta function's definition. More information on
the construction of such apodized delta functions can be found in
Appendix A. Based on the same principles as discussed in Calamante
et al. (2010), TODI is also amenable to spatial super-resolution. Further-
more, we will discuss how these principles are inherently extended to
the angular domain, effectively allowing for the complementary case
of angular super-resolution. Even spatial sub-resolution could provide
to be an interesting option in order to investigate the angular distribu-
tion of a tractogram over larger spatial volumes as a whole. The most
extreme case of such spatial sub-resolution is to fully ignore all spatial
information and only consider the angular distribution; i.e. as if the
whole tractogramwere encapsulated in a single spatial bin (e.g. a single
large voxel).

Although TODI can be applied to any tractogram resulting from any
fiber tractography algorithm, the results presented in this work are
focused on its application to so called “short-tracks” tractograms. The
short-tracks strategy was proposed in Calamante et al. (2012c) to miti-
gate the effect of the TDImap of a “regular”whole-brain tractogram fea-
turing higher intensities in longer tracts1, caused by those tracts
containing more seed points. By imposing an upper limit on the track
length, the short-tracks strategy distributes track densities more evenly
over the brain. In our interest, this avoids dependence of TOD ampli-
tudes on different relative tract lengths. Additionally, this renders the
TOD in most voxels more comparable (qualitatively) to the FOD as
resulting from CSD (Tournier et al., 2007, 2008), which is also indepen-
dent of tract length. Even though the short-tracks TOD in each voxel cer-
tainly has, by definition and construction, a completely different meaning
as compared to the FOD, it is of a similar qualitative nature in the sense
that it also features sharp lobes along directions associated with white
matter pathways. We will, however, explain how its amplitude can be
interpreted as a measure of track-like local support (TLS). This conse-
quently renders the short-tracks TOD itself a potentially interesting can-
didate to guide tractography using existing algorithms that were
originally designed to perform FOD-based tractography. We reason
that, in a tractography setting, the short-tracks TOD should be able to
guide a track along directions that are more likely to correspond to
continuous structure over a longer distance. We will explore the idea
of such TOD-based tractography and compare it directly to FOD-based
tractography. We also take this concept to the next level by employing
TOD-based tractography itself to generate a new short-tracks tractogram
that can be used to construct yet another TOD. The latter TOD can in its

1 Throughout this article, the term “track”denotes a single streamline as obtained from a
tractography algorithm,while “tract” refers to a full whitematter bundle/structure (e.g. the
corticospinal tract).
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