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Abstract

We propose a new technique to clean outlier tracks from fiber bundles reconstructed by
tractography. Previous techniques were mainly based on computing pair-wise distances and
clustering methods to identify unwanted tracks, which relied heavy upon user inputs for parameter
tuning. In this work, we propose the use of topological information in track density images (TDI)
to achieve a more robust filtering of tracks. There are two main steps of our iterative algorithm.
Given a fiber bundle, we first convert it to a TDI, then extract and score its critical points. After
that, tracks that contribute to high scoring loops are identified and removed using the Reeb graph
of the level set surface of the TDI. Our approach is geometrically intuitive and relies only on a
single parameter that enables the user to decide on the length of insignificant loops. In our
experiments, we use our method to reconstruct the optic radiation in human brain using the multi-
shell HARDI data from the human connectome project (HCP). We compare our results against
spectral filtering and show that our approach can achieve cleaner reconstructions. We also apply
our method to 215 HCP subjects to test for asymmetry of the optic radiation and obtain
statistically significant results that are consistent with post-mortem studies.
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1 Introduction

Tractography has become a widely used technique to study neurological and neurosurgical
pathologies. However its anatomical accuracy is known to be limited [1], its reproducibility
has not been throughly studied [2], and obtaining quantitative measures is still a big
challenge [3]. The accuracy and reliability are continuously improved by means of devising
better tractography techniques [4, 5] and validating tracks against the diffusion signal [6-8].
In addition to these efforts, there have been numerous studies made to improve and utilize
the already available tractography information. So far this problem has been addressed
mainly from three different angles: (i) restricting and identifying tracks using anatomical
region of interest (ROIs) [9, 10]; (ii) defining pairwise similarity measures between tracks
and clustering [11-13]; (iii) hybrid use of (i) and (ii) [14]. In addition, there have also been
approaches proposed in the literature using Dirichlet processes [15].

We propose in this work a new technique that uses tools from computational topology to
detect and remove outlier tracks. One key property of our method is the incorporation of
track density imaging (TDI) [16] for topological analysis. To the best of our knowledge,
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there has not been any study in the literature that uses the topological information obtained
from TDI for the analysis of fiber tracks. Our technique identifies and preserves relevant and
coherent bundles without the use of a track similarity measure nor anatomical ROIs. By
identifying and iteratively correcting the topology of TDI, we show that competitive and
promising results are obtained with a single user defined parameter.

2 Methods

Overview of the approach

Fig. 1 shows the flowchart for the whole process to remove unwanted tracks. Starting from a
set of tracks and a user defined threshold for the maximum allowed loop length, the method
iteratively cleans the tracks until no more track can be removed. The process starts with the
computation of TDI, then the critical points of TDI are computed. Local maxima and
minima correspond to points where densest and least dense tracks exist. Whereas saddles
correspond to points where loops are completed. For each loop, we compute a geodesic
distance as a score. If there is no loop with a larger score than the threshold, the iteration is
stopped; otherwise we compute a Reeb graph to identify the points on the loop and get a list
of tracks to remove. After cleaning these tracks, we repeat the same process until no more
removal is possible.

Track density imaging (TDI)

TDI is a technique to acquire super-resolution images from diffusion MRI [16]. Because
TDI boosts anatomical contrast, it is mainly used to perform virtual histologies [17].
Another aspect of TDI is that, it is a representation of track densities on rectangular lattice,
thus a conversion from tractography domain to a scalar field on regular image domain. To
obtain TDI, we used MRTrix's t r acks2pr ob command with - t enpl at e argument [18].

Topology of scalar fields

If M is an n-manifold and f: M — R is a smooth mapping then a point p € M is called a
critical point if all the partial derivatives of f at p are 0. A mapping f: M — R is a Morse
function if all its critical points are nondegenerate, that is detH¢(p) # 0 where H¢(p) is the
Hessian matrix. A Morse function can be obtained by perturbation in which a very small
number is added to each data point according to its location. Morse lemma states that non-
degenerate critical points are isolated; thus Morse functions have finitely many critical
points which can be computed to fully learn the topological properties of such scalar fields
[19]. Fig. 2 shows all possible nondegenerate critical points on a 3-manifold. For each
critical point, the index, 1(p), that is the number of the negative eigenvalues of H¢(p), is
written on top.

Localization of loops

The indices of critical points outline the topology of a scalar field. y=0and y= 3 are local
minima and maxima where level sets vanish and appear. These points correspond to least
dense and densest points in TDI. y=1 and y = 2 are saddles where level sets split and merge.
In a TDI, these points correspond to loops generated by tracks (y = 1) and empty space (y=
2), thus our focus are the critical points with y=1. Fig. 2 shows this case in a box. To find all
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the critical points, two sweeps are needed, one from top to bottom and another from bottom
to top. However, because we are only interested in the critical points with y=1, a single
sweep from top to bottom is sufficient. Algorithm 1 shows how to identify critical points for
detecting loops.

Algorithm 1: Identification of critical points for loop detection

Input : [: track density image
Output: Ly, £ gt Indices of critical points with 4 1 (Ling) and
ices of two voxels (£7,, £74) that are joined together
1 Set Lina=Liy=Lha=1h

2 Perturb art the elements of I in descending order to form the index list 1y

3 Initialize an empty union-find data structure, UF;

4 for i = Ii( first) — Iy(last) do

5 Set Hegion = {}:

6 for n = neighbors of i do

T Add UFgipaln) to Region;

8 if Region = {} then // the case for + =10
9 Add i to UF;

10 else if Region has 1 element then /f the case for a regular peint
11 U Fupion(i, Region);

12 else // the case for v =1
13 Add i to Lina :

14 Add different Region elements to £ and £ 5

15 U Fupienli, Region);

Computation of loop lengths and scoring

We continue by computing loop lengths. In order to do this, we reconstruct a surface mesh
for the upper level set (Fig. 2 for y=1and Y+ ). Knowing the two end points of the loop,

o Lo from Algorithm 1, we compute the geodesic distance, thus the length of the loop

ind’

which is used for scoring.

Reeb graphs

To obtain the points on the loop, we compute the Reeb graph of the lower level set (Fig. 2
for y=1and Y(g). A Reeb graph is an intuitive graph representation of the topological
properties of a manifold, M [19]. For a Morse function f: M — R, the Reeb graph, is defined
as the quotient space with its topology defined through the equivalent relation x ~ y if f(x) =
f(y) for v y € M. Here we used the Laplace-Beltrami (LB) eigenfunctions as the Morse
function, f. We used the algorithms proposed in [20] for accurate reconstruction the surfaces,
computation of LB and the Reeb graph.

3 Test subjects and data preparation

We used the multi-shell HARDI data provided by the human connectome project (HCP)
between Q1-Q3 [21] to test our method. This release includes 225 subjects, however, only
215 subjects completed both T1 and dMRI scans. We used these 215 subjects’ dMRI data for
fiber bundle reconstruction. In order to fully utilize the multi-shell HARDI data and obtain
very sharp fiber orientation distributions (FODs), we used the recently proposed algorithm
in [22]. This method represents FODs by spherical harmonics (SPHARM) and is fully
compatible with existing tools developed for tractography.

We focused on the reconstruction of clean fiber bundles that represent the optic radiation in
human brains. To obtain the tracks, we used the probabilistic tractography tool in MRTrix
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[18] between two automatically generated ROIs: lateral geniculate nucleus (LGN) and
primary visual cortex (V1) [23]. One salient feature of the optic radiation is that its fibers are
organized retinotopically as they travel from the LGN to the visual cortex. The optic
radiation is often considered as composed of three sub-bundles: superior, central, and
inferior bundles that correspond to the inferior, foveal, and superior part of the visual field.
Most notably the Meyer's loop of the inferior bundle first courses anteriorly before it runs
posteriorly toward the visual cortex. This unconventional trajectory is especially challenging
for tracking algorithms. To capture the Meyer's loop, it is necessary to lower the curvature
threshold in tractography, but this also increases the chance of getting outliers in the result.
Thus it is critical to filter out these outliers without sacrificing the ability of capturing the
Meyer's loop.

4 Results and discussions

Demonstrative study

Fig. 3 shows an example to demonstrate how our method works. We used fiber bundles
from the optical radiation, to be precise, bundles from LGN to V1. We chose these fiber
bundles because of their inherent challenge due to Meyer's loop. Because our method is
based on removing loops, we aimed to show that our approach is stable, not very sensitive to
changes in input parameters and can easily be tuned to preserve important features while
removing others. Starting with input tracks, the process in the box (Fig. 3) is iterated until no
more removal is possible. The final output is clear of loops that are larger than the threshold
provided by the user (14mm in this case). The input tracks shown on the left and the final
output on the right are a part of the actual study. The upper ( ¥{t+s) and lower (Y{t.s) level
sets shown in Fig. 2 are also indicated on top of corresponding surfaces for clarity in Fig. 3.

Comparative study against spectral filtering

We compared the results of our method against spectral filtering. For that, we used a similar
algorithm to [10]. Fig. 4 shows two different subjects used in our study. Red arrows indicate
tracks that should have been removed, green circles indicate tracks that are correctly
preserved, i.e: those which project to the primary visual cortex. For our method, we used
threshold levels of 12mm and 14mm for the subjects on the left and right respectively.
Compared to spectral filtering, our method successfully detects and removes outliers while
keeping relevant tracks. Although spectral filtering can be fine tuned for a single subject,
this process is complicated, time consuming and not practical for studying populations. On
the other hand, our method can easily be tuned with a single geometrically intuitive
parameter.

Population study

We applied our method to all the 215 subjects from HCP to obtain a clean reconstruction of
the optic radiation using a threshold value of 14mm. According to the post-mortem study in
[24], there is a left-ward asymmetry of the optic radiation in human brains. To test this
asymmetry in our in-vivo reconstructions, we converted each reconstructed optic radiation
into a TDI with 2mm isotropic resolution and counted the number of non-zero voxels as its
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volume. A two-tailed t-test was then applied to test for differences between left and right
hemispheres. Table 1 shows the volumes and the p-value.

Earlier research as outlined in section 1 mainly focused on using tractography and
anatomical information for categorizing tracks. In contrast, we make use of the track density
information with tractography. Therefore we take advantage of the familiar image domain
which not only enables us to develop mathematically sound and clear methods but also
technically unambiguous and easy to use tools.

To validate the accuracy of our track filtering method, we made a large scale study using
215 subjects from HCP. The results in Table 1 show that, our method produced tracks that
show highly significant differences between left and right which is consistent with earlier
post-mortem studies [24].

Our current code is in MATLAB® and C++. Using an Intel® Core™i7-4700MQ
(2.40GHzx8), each block of our method (Fig. 1) is computed in a few seconds. The
complete filtering of a single subject takes however ~5min which is similar to the speed of
spectral filtering.

5 Conclusion

We developed a novel technique for filtering out unwanted tracks from tractography. The
main contribution of this work is the use of topological analysis for the processing of tracks.
Our method provides a geometrically intuitive way of controlling the filtering of outliers. In
our experiments, we demonstrated its ability in obtaining cleaner tracks than spectral
filtering. We also performed a population study on HCP data and obtained statistically
significant results on the left-ward asymmetry of the optic radiation.
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The process iteratively computes TDI, removes loops larger than the threshold and updates
TDI for new iteration until no more removal is possible.
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7 =1 (Loop)

T (t+6)

T (t—s)

Fig. 2.
For a Morse function f, all possible critical points, p, are shown on the first row with their

indices on top. Upper ( ¥{t+s) and lower ( Y(t_s) level sets are shown on the second and third
rows (for t = f(p) and Sbeing a small positive number). The case where a loop forms by
tracks in TDI is shown in the box.
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Page 9

Output

Demonstrative example. Given input tracks, an iterative process shown in the box is run
until no more tracks can be removed.

Med Image Comput Comput Assist Interv. Author manuscript; available in PMC 2016 January 19.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Aydogan and Shi Page 10

i

Spectral Our method Input Spectral Our method
filtering filtering

Fig. 4.
Visual comparison of our method against spectral filtering on two subjects shown in

different boxes. Our method keeps some important tracks shown in green circles. Red
arrows indicate tracks that should have been removed.
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Table 1
Asymmetry of the optic radiation.
Left hemisphere | Right hemisphere | P-value
Vol (mm?) | 1.36E4+2.29E3 | 1.27E4+198E3 | 9.1E-11
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