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Abstract. The short association fibers or U-fibers connect two neighboring gyri
and travel in the superficial white matter (SWM) beneath the cortical layer.
These U-fibers are essential for the understanding of neurodevelopment and
neurodegeneration. However, the complex structures and the high curvature of
the U-fibers lead to erroneous streamlines reconstruction of the traditional trac-
tography since the volume-based tractography cannot use the biological charac-
teristic of U-fibers that they tightly beneath the cortical layer. In this work, we
proposed a surface-based framework for probabilistic tracking of the U-fibers
on the triangular mesh of the SWM. We develop a novel approach to project the
fiber orientation distributions (FODs) data onto the tangent space of the SWM
surface. With the projected FODs, an advanced probabilistic tracking technique,
which regularizes the streamlines based on the intrinsic geometry of the surface,
is developed to reconstruct the highly bent U-fibers on the SWM surface. In the
experiment, we demonstrate our method based on the high-resolution diffusion
imaging data from the Human Connectome Project (HCP). We quantitatively
compare the proposed method with state-of-the-art volume-based tractography
from MRTrix and another surface-based tractography on the U-fibers of the
central sulcus. Moreover, we show the reconstructed U-fibers on the parietal
lobe and frontal lobe. The results show that our method outperforms the other
two methods and successfully reconstructs the U-fibers on the cortical regions
with high intersubject variability.
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1 Introduction

The short association fiber in the superficial white matter (SWM), which is distributed
beneath the cortical surface, is known to be important in the neurodevelopmental
during brain maturation [1, 2], in neurodegeneration [3], and in brain pathologies [4-
6]. A recent work [7] reported that the U-fibers, assumed as simple wires to connect
adjacent gyri, have complex structures and play a vital role in the neural network
throughout the entire cerebrum. However, the diffusion-weighted magnetic resonance
imaging (dMRI) based technique, tractography is hard to reconstruct the U-fibers [8-
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10] entirely. Indeed, the complex structures and the high curvature of the U-fibers
lead to a false-negative reconstruction of the traditional tractography algorithm [8, 9].
Moreover, the high intersubject variability of the folding patterns leads to the difficul-
ty of clustering and group analysis of the U-fibers [10]. The main difficulty of the
traditional tractography is that they are volume-based techniques; they cannot use the
essential biological characteristics that the U-fibers travel on the SWM surface.

A surface-based framework [11] tracks the U-fibers on the triangular mesh of the
SWM that overcomes the difficulties of volume-based tractography. In this work, they
first interpolate the fiber orientation distribution (FOD) [12] data onto the vertices of
the preprocessed triangular mesh of the white matter (WM) surface. Then, they pick
up the peak directional of the FODs data at each vertex and track the U-fiber on the
triangular mesh. For the current point of a track within a triangle, they find a direction
for the next tracking point by interpolating and projecting the directional vectors from
the vertices of the triangle. This surface-based tracking method outperforms the vol-
ume-based tractography on the reconstruction of U-fibers between the precentral and
postcentral gyrus. However, this tracking technique is deterministic, thus does not
explore all the information of the FOD data. Moreover, the performance of this track-
ing technique depends highly on the choice of seed points. This method does not work
successfully on the cortical regions where the folding patterns are highly variable
from subject to subject.

This work develops a probabilistic tracking technique that reconstructs the U-fibers
on the SWM surface. Firstly, we develop a method to project the 3D FOD data to the
tangent surface of the SWM surface, and the projected 2D FOD data defined in the
tangent space can be normalized to a probabilistic distribution. Then, we develop a
probabilistic tracking method, which regularizes the tracking by the parallel transport
from the differential geometry to reconstruct the U-fibers on the triangular mesh. The
proposed tracking technique is intrinsic to the geometry of the surface so that it is
better to handle the highly bent U-fibers. The proposed method works on any cortical
region and is flexible for the user-defined seed regions.
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Figure 1 (a) The FOD3D function is represented in the local spherical coordinate system de-
fined on the center of a triangle of the SWM mesh. The reference plane of the system is the
triangle plane, mean-while the zenith direction aligned with the normal direction n. The axis
with 0 azimuthal angle 0 is aligned with an edge e1 of the triangle. (b) The diffusion information
is projected onto the triangle plane using formula (1). The FOD2D function is parametrized by 6
in the local coordinate system and normalized to be a probability distribution function on the
unit circle S.
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2 Method

2.1 FOD Projection

The fiber orientation distribution (FOD) is an advanced model for the diffusion MRI
to resolve the crossing fibers problem [12]. For each voxel of the image, the FOD is a
symmetric function defined on the unit sphere surface, and the value of the FOD func-
tion is a representation of the diffusion strength in the corresponding direction. The
FOD data provides an opportunity to reconstruct the deep white matter fiber bundle
better. However, since the deep white matter (DWM) crosses with the SWM near the
cortical surface, the FOD data represent both the information of the SWM and the
DWM. Moreover, the FOD information for the SMW may not lie in the tangent space
of the SWM surface due to the partial volume effect in diffusion MRI. To overcome
these difficulties, we projected the 3D FOD data to the tangent space of the SWM so
that the projected 2D FOD data represent the information of the fibers that travel
along the SWM surface. For each point on the surface of the SWM, we use the fol-
lowing formula (1) to project the 3D FOD function to the tangent space of the SMW.

VA

FOD2D(0) =f FOD3D (¢, 8)sin(p)de (D
0

Where the reference plane for the spherical coordinate system is the tangent plane of
the SWM surface, and the zenith direction is the normal direction of the tangent
plane. A local spherical coordinate system on the triangular mesh is shown in Figurel.
(a), an edge e of the triangle is chosen as the axis whose azimuthal angle 6 equals 0,
and the polar angle ¢ is the angle to the zenith direction.

The weighted term sin(¢) in the integral eliminates the diffusion information that is
perpendicular to the SWM surface while reserving the information that travels along
the surface. The projected 2D FOD function parametrized by the azimuthal angle 0 in
the local coordinate system is defined on a unit circle S' which lies in the tangent
space of the SWM surface as in Figurel. (b). The value of the FOD2D function repre-
sents the diffusion strength along the corresponding direction on the surface. Numeri-
cally, for each triangle of the triangular mesh, we use the spline interpolation to inter-
polate the FODs from neighboring voxels to the center point. We now can compute
the FOD3D on the spherical coordinate system at the center point of the triangle using
the spherical harmonics (SPHARM) model of the FODs. Then the FOD2D is comput-
ed using formula (1). The FOD2Ds are piecewise constant function fields on the tri-
angular mesh; namely, each FOD2D function is defined on a triangle plane and repre-
sents the diffusion information within this triangle. Figurel shows the FOD3D func-
tion on a triangle of the triangular mesh and then is projected onto the triangle plane.

2.2 Tracking on the Triangular Mesh

The reject sampling method is used to sample the direction of the streamline based on
the normalized FOD2D function, which is a probability distribution function on the
unit circle S'. Given a seed triangle, we choose the center point of the triangle as the
seed point, and we randomly sample a direction at this seed point for tracking. Since
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(c)

Figure 2 Parallel Transport: The parallel transport consists of unfolding a pair of triangles to
a common plane (a)~(b), translating the red tangent vector v from triangle T to T2 (b), and then
folding back the triangles to the original position (b)~(c), the transported vector v, can be com-
pared with the sampling direction w in the triangle Tb.

the FOD2D function is symmetric concerning the center and there are symmetric
directions to track on the seed point, we track the opposite directions respectively and
combine them to a complete streamline.

Tracking within a Triangle. For a current tracking point within a triangle (includ-
ing the boundary points) with a given direction, we compute the straight-line segment,
which is aligned with the given direction, originates from the current point, and ter-
minated at the triangle boundary. Then the terminated point becomes the new current
tracking point and enters into a new adjacent triangle. Since our FOD2D function
does not change within a triangle (like a piecewise constant vector field), the track is a
straight line within each triangle once the direction is accepted. Thus, our tracking
points always lie in the boundary of the triangles except for the seed point.

Tracking across two Triangles. When our current point leaves a previous triangle
and enters into a new adjacent triangle, we have to search for a new direction for fur-
ther tracking. Like the volume-based tractography, the new direction is determined by
both the sampling function and some regularizations (e.g., angle difference, curva-
ture). However, the regularizations used in volume-based tractography are not helpful
for surface tracking since the SWM surface, although embedded in Euclidean space
R3, has its intrinsic geometry. The challenging endeavor is how to compare two near-
by tangent vectors, namely, how to regularize the sampling direction in the new trian-
gle according to the direction vector in the previous triangle. An affine connection (or
covariant derivative) introduces such a geometric structure on a manifold to compare
vectors in neighboring tangent spaces [13]. Since the SWM mesh embedding in R?
and inherited Riemannian metric from R3, the affine connection (Levi-Civita connec-
tion) induced by the Riemannian metric is natural to be used. With the Levi-Civita
connection, a vector in a tangent space can be parallel transported (the covariant de-
rivative along the path is 0) to another tangent space. We can parallel transport the
previous direction vector and compare it with the sampling direction vectors in the
new triangle. The parallel transport induced by the Levi-Civita connection is simple
for the adjacent triangles on the triangular mesh (Figure2); namely, the parallel
transport is achieved by unfolding the pair of adjacent triangles, translating the vector
from one triangle to the other since the two triangles are now in the same plane, and
finally folding the triangles back to original position [14]. Since we use a local coor-
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Figure 3 The U-fibers reconstruction of the central sulcus for subject 101107 (a, b, ¢) and
subject 106016 (d, e, ) by three methods. MRTrix (a, d), the surface-based deterministic algo-
rithm (b, ¢), and the surface-based probabilistic algorithm (c, f). We down-sample the number
of streamlines to be 1000 for each method.

dinate system for each triangle plane as discussed in the FOD projection, we must
transfer the vector from the local system to the R? for parallel transportation. For a
direction parametrized by 6 in the local coordinate system of a triangle T, as in Fig-
ure2. (a), the corresponding vector v in R? is acquired by

v =R"(0) * e, (2)
Where e; and n; are the directional vectors of the axis edge and normal as in Figure2,
and the matrix R is the operator that rotates by angle 6 around the normal direction.
The parallel transport from triangle T, into T is achieved by rotating the vector v

v, = R%(6,) v 3)
Where e is the direction vector of the common edge of the two adjacent triangles, and
the angle 0. is the angle between the normal vectors of the two triangles (The two
triangles must be oriented in the same way). The vector v, lies in the space of the
triangle T» and can be compared with the new sampling direction in triangle T, as in
Figure2. (c). We repeat sampling by FOD2D at the new triangle until the angle differ-
ence between the sampled direction and the parallel transported direction v, is less
than a threshold 0i,. The accepted sampling direction is used to track within the new
triangle using the algorithm discussed in the last paragraph.

For the extreme case that the tracking leaves the previous triangle at a vertex (hard-
ly ever happens in practical application), we use the geodesic polar map [15] to flatten
the one ring of the vertex into a 2D chart. In the 2D chart, we easily find the upcom-
ing triangle since we can extend the tracking line through the vertex. Finally, we map
the extended tracking line from the 2D chart to the original upcoming triangle in the
3D mesh by the inverse geodesic polar map, and the direction vector of the mapped
line is used to regularize the sampling as before.

We repeat tracking within the triangle and across the triangles until the tracking
point encounters the boundary of the ROI or the FOD2D data fails to generate a valid
direction. Finally, the two tracks with opposite directions and originating from the
same seed point are combined to a complete streamline.
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Figure 4 Quantitative evaluation of the three methods using the large-scale datasets of 484
HCP subjects. (a) Box plots the ‘well-U-shaped’, we compute the mean curvature of all the
streamlines for each subject. (b) Box plots of the Procrustes distance to show the Topographic
regularity of the U-fibers. (c)~(d) Box plots of the ‘well-distributed’ measure, namely, the
number of the gyral sections hit by the streamlines from each method

Since we use parallel transport to regularize tracking, the tracking method is intrin-
sic to the surface. Our tracking method works well in the cortical regions where the
surface bends dramatically, and the volume-based tractography often fails. Also, our
tracking technique does not depend on the choice of the seed points; the user can
choose the seed regions on the cortical surface wherever he likes. For the U-fibers that
connect two neighboring gyri, we recommend the user select seeds in the sulcal areas
and choose the gyral regions as the stopping criteria. Our algorithm takes about 1-2
hours to generate around 3000 streamlines for U-fibers of the central sulcus on a lap-
top with a 2.6-GHz Intel CPU. Our code is compatible with parallel computation for
faster computation.

3 Experiment

We apply the surface-based probabilistic tracking method to the large-scale 484 sub-
jects from the Human Connectome Project (HCP) [16]. We reconstruct fiber orienta-
tion distributions (FODs) using the method [12] from the multi-shell diffusion MRI
data. From the T1-weighted MRI data, the triangular mesh representation and parcel-
lation of the gray matter (GM) and white matter (WM) of the cortical surface is pro-
cessed by the FreeSurfer [17, 18]. The WM mesh is deformed inward toward the
DWM along the normal direction by half of the voxel size to generate the SWM mesh
surface for the tracking of U-fibers.

In the experiment, we compare the proposed method with state-of-the-art MRtrix
software [19] that is the conventional volume-based tractography, as well as the sur-
face-based deterministic framework [11]. We compare the three methods of recon-
structed U-fibers in the precentral and postcentral cortex, where U-fibers are shown in
several kinds of literature [20-22]. The gyral skeletons of the GM surfaces are com-
puted using the graph-cut-based method [23]; meanwhile, the central sulcus was de-
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Figure 5 The reconstructed U-fibers that connect the inferior and superior parietal lobules
for subject 106016 (a, d), subject 101915 (b, e), and subject 108121 (c, ). The streamlines are
superimposed on the SWM surface in (a, b, ¢). The same streamlines are plotted without the
surface in (d, e, f).

tected within the 2mm-geodesic distance transforms from the precentral and postcen-
tral ROIs, respectively. All experiments are on the left hemisphere.

For the surface-based deterministic method, to follow the parameters in work [11],
we set up the step size to be 0.1mm, and the angle thresholds as THgin = 1 degree and
THexing = 10 degrees. For the MRtrix, the IFOD1 algorithm is used; we set up the step
size to be 0.lmm and the maximum angle of steps as 10 degrees. For the proposed
surface-based probabilistic method, we set up the angle thresholds 60i, as 10 degrees to
match other methods. Also, we set the minimum and maximum length of any stream-
line of any method to be 20 and 80mm for the short association fibers as used in [24].
We choose the sulcal area on SWM mesh as the seed region for the two surface-based
algorithms and extend the sulcal seed region for the volume-based method to the
neighboring voxels within 6mm. We randomly sampled seed points in the seed area
until 3000 streamlines were generated for each method. The reconstructed U-fibers of
two subjects for all methods are shown in Figure3.

We use three citeria for quantitative evaluation of the U-fiber: ‘well-distributed’,
‘well-U-shaped’, and the Topographic Regularity. The ‘well-U-shaped’ is not a strict
evaluation for the quality of the U-fiber but to show that the surface-based methods
can generate streamlines with higher curvature. We first average the pointwise curva-
ture for an individual streamline, then compute the mean curvature for all the stream-
lines within a subject. Figure4. (a) shows the mean curvature for all the 484 subjects.
To measure ‘well-distributed’, we uniformly partitioned both the precentral and post-
central gyral skeletons into 20 sections and counted how many sections were hit by
the streamlines, namely, one section is hit if the endpoint of a streamline is within
3mm to the section. Figure4. (c)~(d) show the ‘well-distributed’ measure of all three
methods, and each boxplot shows the number of the sections hit by the streamlines for
the 484 subjects. The topographic regularity is an important property widely present-
ed by the fiber bundles [25-28]. We measure the topographic regularity of the U-fiber
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Figure 6 The reconstructed U-fibers on the frontal lobe: (a) subject 106016, (b) subject
101915, and (c) subject 108121. The streamlines are superimposed on the SWM surface.

using the most intuitive metric proposed in the work [25]. For each subject, we use
the classical multidimensional scaling (MDS) to project both the beginning points
(precentral gyrus) and the endpoints (postcentral gyrus) of the streamlines to the 2D
plane, respectively. Then we compute the Procrustes distance to measure the shape
difference between the beginning points and endpoints in the 2D plane. The Procrus-
tes distance of the U-fibers for all the 484 subjects is shown in Figure4. (b).

The ‘well-distributed’ measurements show that the U-fibers reconstructed by the
proposed method cover more gyrus regions. Moreover, the lower Procrustes distance
shows that U-fibers provided by the proposed method are more topographically regu-
lar, which implies the streamlines are well-organized; meanwhile, the mean curvature
results show that the proposed method can generate more bent U-fibers. Two exam-
ples in Figure3 give some explanations for the quantitative results. Most streamlines
reconstructed by the volume-based tractography do not closely follow the cortical
surface, while both surface-based methods generate streamlines that follow tightly to
the cortical surface. The proposed surface-based probabilistic method provides similar
but superior-quality U-fibers compared with the surface-based deterministic method
since the probabilistic tracking technique explores more diffusion information while
regularizing the track by the intrinsic geometry of the SWM surface.

We also apply the proposed method to more challenging cortical regions with the
same parameters used in the central sulcus. Figure5 shows the reconstructed well-
organized U-fibers that connect the inferior and superior parietal lobules; even the
cortical folding patterns around the intraparietal sulcus are highly variable. Moreover,
the reconstructed U-fibers on the whole frontal lobe are shown in Figure6 to demon-
strate that our method can reconstruct the U-fibers on a wide range of cortical areas.

4 Conclusion

This paper proposes a novel surface-based probabilistic framework to track the U-
fibers on the SWM surface. Our method projects the FOD information onto the SWM
surface and tracks the U-fibers using the intrinsic geometry of the surface. The exper-
iments show that our method outperformed the other two tracking methods by provid-
ing U-fibers with higher quality. We will reconstruct the U-fibers on more cortical
regions and apply the proposed algorithm to more clinical data in future work.
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