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Abstract

The short association fibers or U-fibers travel in the superficial white matter (SWM) beneath the
cortical layer. While the U-fibers play a crucial role in various brain disorders, there is a lack of
effective tools to reconstruct their highly curved trajectory from diffusion MRI (dMRI). In this
work, we propose a novel surface-based framework for the probabilistic tracking of fibers on
the triangular mesh representation of the SWM. By deriving a closed-form solution to transform
the spherical harmonics (SPHARM) coefficients of 3D fiber orientation distributions (FODs) to
local coordinate systems on each triangle, we develop a novel approach to project the FODs onto
the tangent space of the SWM. After that, we utilize parallel transport to realize the intrinsic
propagation of streamlines on SWM following probabilistically sampled fiber directions. Our
intrinsic and surface-based method eliminates the need to perform the necessary but challenging
sharp turns in 3D compared with conventional volume-based tractography methods. Using

data from the Human Connectome Project (HCP), we performed quantitative comparisons to
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demonstrate the proposed algorithm can more effectively reconstruct the U-fibers connecting

the precentral and postcentral gyrus than previous methods. Quantitative validations were then
performed on post-mortem MRIs to show the reconstructed U-fibers from our method more
faithfully follow the SWM than volume-based tractography. Finally, we applied our algorithm

to study the parietal U-fiber connectivity changes in autosomal dominant Alzheimer’s disease
(ADAD) patients and successfully detected significant associations between U-fiber connectivity
and disease severity.

Index Terms—
Tractography; Superficial white matter; U-fibers

l. INTRODUCTION

Superficial white matter (SWM) lies directly beneath the cortex and contains the short
association fibers, or U-fibers, connecting neighboring gyri [1-3]. Over the last decade,
significant advances have been made in connectome imaging techniques with dramatically
increased spatial and angular resolution in diffusion MRI (dMRI) [4]. Current connectome
research, however, focuses primarily on long-range fiber connections in the deep white
matter (DWM) with little attention paid to the U-fibers in the SWM even though the

SWM has approximately twice as many fiber connections as the DWM [5] and plays an
essential role in various brain disorders [6-9]. In this work, we will develop a novel fiber
tracking framework based on the surface representation of the SWM and provide dedicated
tractography tools for modeling U-fiber connectivity.

Tractography based on dMRI is the most widely used method for reconstructing fiber
connections in the human brain /n vivo. Popular tractography methods typically realize
tracking via sampling and interpolating a fiber trajectory through the 3D image grid of

the dMRI based on various mathematical representations about fiber distributions within
voxels [10, 11]. Previous works on fiber tracking in SWM primarily rely on existing
tractography methods. For example, cortical ROIs were used to select fiber tracts for specific
bundles of U-fibers [12-16]. In addition, whole-brain tractography was applied to cluster
U-fibers throughout the cortex [17-20] and to construct atlases [21]. One known limitation
of existing volume-based tractography methods is that they tend to have a large number

of false negatives in the reconstruction of highly curved fibers, such as the U-fibers [22].
Previous tractography methods can thus typically only provide a partial representation of the
U-fiber connections in the SWM.

There has been increasing interest in advancing the tracking of U-fibers by leveraging
the surface representation of the SWM. A surface-based seeding approach was proposed
recently to enhance the reconstruction of U-fibers [23], but it still relies on conventional
volume-based tractography for fiber tracking and cannot prevent the reconstructed tracts
from deviating away from the sheet-like structure of the SWM. To ensure the U-

fibers follow the SWM beneath the cortex, we proposed a surface-based tractography
method [24] that tracks the U-fibers on the triangular mesh representation of the

IEEE Trans Med Imaging. Author manuscript; available in PMC 2024 March 06.
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SWM. This deterministic tracking approach follows the peaks of the interpolated fiber
orientation distribution (FOD) [10] on the SWM mesh to generate the U-fibers. This

method outperforms volume-based tractography in reconstructing U-fibers that connect the
precentral and postcentral gyrus. While this method performs tracking on a triangular mesh,
it has not fully utilized the intrinsic surface geometry of the SWM to avoid limitations in
existing volume-based tracking. For example, it relies on angular differences from R%in
quantifying the changes of directions during the tracking propagation process and hence
does not follow the intrinsic surface geometry to regularize tract smoothness. In addition, the
deterministic tracking approach does not consider the uncertainty in fiber orientations and
can affect the completeness of U-fibers’ reconstruction.

In this work, we will develop a novel surface-based probabilistic tracking framework for
reconstructing U-fibers in SWM. Our method systematically tackles challenges in existing
volume- and surface-based methods for U-fiber tracking. First, we carefully generate the
surface representation of SWM based on nonlinear registration and deformation of the
white matter (WM) surface computed from T1-weighted MRI. After that, we develop

a novel method to project the 3D FODs onto the tangent space of the SWM surface

based on an efficient transformation of spherical harmonics (SPHARM) representation

of FODs to the local coordinate system of the tangent space. A probabilistic tracking
method is then developed based on the projected 2D FODs on the SWM surface, where
parallel transport is adopted to propagate the streamlines across triangles and regularize
tract smoothness intrinsically. By tracking based on the intrinsic geometry of the SWM
surface, our method avoids the sharp turning angles of SWM in the 3D space and can
significantly improve the reconstruction of U-fibers in the SWM. In our experiments,

we demonstrate that our proposed method achieves superior performance than previous
tracking algorithms on both /in vivo and post-mortem human connectome imaging data.
Furthermore, we applied our method to study SWM connectivity changes in autosomal
dominant Alzheimer’s disease (ADAD) patients and demonstrated statistically significant
associations between parietal U-fiber connectivity and disease severity. An open-source
implementation of the proposed method is distributed freely to the research community
(https://github.com/Xinyu-Nie/SurfTracker).

The rest of the paper is organized as follows. In section |1, we present the novel surface-
based probabilistic tracking method, including the surface representation of the SWM,
efficient calculation of the 2D FOD projections, and the probabilistic fiber tracking on the
SWM surface. Experimental results on three datasets are presented in section Ill. Finally,
discussions and conclusions are in section V.

Method

A. Mesh Representation of SWM

The proposed novel method for tracking the U-fibers is based on the surface representation
of the SWM, so the accurate placement of the cortical surfaces in the diffusion MRI (dMRI)
space is a prerequisite. As a first step, the triangular mesh representation of the white matter
(WM) and gray matter (GM) cortical surfaces are reconstructed from the T1-weighted MRI
by FreeSurfer [25, 26]. For the dMRI data, we apply the HCP-Pipeline [27] for distortion

IEEE Trans Med Imaging. Author manuscript; available in PMC 2024 March 06.
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correction and its registration with the T1-weighted MRI. Nonlinear distortions, however,
still exist after these processes and affect the accurate alignment of cortical surfaces with
dMRI (Fig.1. (c)). To remove the residual misalignment, we compute the compartment
models from the multi-shell dMRI by our previous work [10], which generates a diffusivity
map (Fig.1. (b)) of the extra-axonal compartment for nonlinear registration with the T1-
weighted MRI (Fig.1. (a)) by the ANTS software [28]. After that, we apply the nonlinear
deformation calculated by ANTS to transform the WM surface from the T1-weighted MRI
to the space of the dMRI, which aligns more accurately with the tissue boundaries, as shown
in Fig.1. (d). Finally, the transformed WM mesh is deformed inward toward the deep white
matter (DWM) along the normal direction by a distance of & (e.g., 0.5mm) to generate the
SWM mesh for surface-based fiber tracking.

B. FOD Projection onto SWM Surface

The fiber orientation distribution (FOD) represents complicated fiber configurations as a
function on a unit sphere and has been used widely for fiber tracking in the 3D space. Since
we track the U-fibers on the surface rather than /%, the whole tracking procedure must be
presented in the surface’s local coordinates and tangent spaces. Thus, we represent the 3D
FOD, which we denote as FOD3D, in the surface’s local coordinates and project the FOD3D
onto the tangent space of the SWM surface. For this purpose, we will first construct a local
spherical coordinate system at each triangle (tangent space) of the SWM mesh, as shown in
Fig.2. (a), where the normal of the triangle is the zenith direction, an edge of the triangle is
chosen as the x-axis whose azimuthal angle ¢ equals 0, and the polar angle &is the angle
with respect to the zenith direction. Fig.2. (a) shows a FOD3D function at the center of a
triangle on the SWM mesh, and it is projected onto the triangle plane as a FODZ2D function
in Fig.2. (b). In this local coordinate system, we parameterize the 3D FOD as FOD3D(6, )
and project it onto the tangent space as:

FOD2D(p) = [ FOD3D(9, p)sin(0)do.

@

The projected FODZD function is parametrized by the azimuth angle ¢ in the local
coordinate system and defined on a unit circle SZ in the tangent space of the SWM surface,
as shown in Fig.2. (b). The weighted term s/n(8) in integral (1) reduces the diffusion
information perpendicular to the SWM surface. The integral of the FODZ2D function on the
circle equals the integral of the FOD3D function on the sphere.

On the other hand, 3D FOD at each voxel is commonly parameterized by the spherical
coordinates in the physical space of the MRI scans. In addition, the FOD is often represented
by the coefficients u, of real spherical harmonics (SPHARM), up to an order A

FOD3D(6,, py) = z u,'Y (6o, o)

n,m

@
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a; Py (cos(@0))sin(mlo) if m <0
Y0 00) =1 .
by Py'(cos(6y))cos(mepy) if m=>0

where Y} is the m-th (-nsmsn) real SPHARM at the order 7 (O<n< N) and ;' is the
coefficient for the corresponding basis; 8pand ¢gare the polar and azimuth angles of the
spherical coordinates in the space of the MRI scan in /% o and 5 are normalization
constants; P, is the associated Legendre polynomial at degree nand order m. The SPHARM
functions form an orthonormal basis on the unit sphere and perform similarly to the Fourier
Series on the unit circle.

A critical challenge to track the U-fibers based on the projected FODZD in the surface’s
local coordinate system, as described in formula (1), is to efficiently obtain the SPHARM
representation of FOD3D in the local spherical coordinate system, i.e., we need to solve for
the SPHARM coefficients v at each triangle:

FOD3D(6, ¢) = Z Y0, ) = Z WY (60, 0o)

n,m n,m

©)

where v, is the unknown coefficient for the real SPHARM basis in the local system and
u;' is the given coefficient in the standard physical coordinate system as in (2); (6 ¢0) and
(6,¢) represent the same point in the different coordinates as in Fig.3. With the SPHARM
representation of FODs in the local spherical coordinate system, we can write (1) as:

FOD2D(p) = z op [TY (0, @)sin(0)do .

n,m

©

The integrals in equation (4) are independent of the data and can be precomputed at a high
level of numerical precision; thus, we can accurately calculate the FODZD function using (4)
with very small computational costs given the SPHARM coefficients v, of FOD3D in the
local coordinate system.

The key to computing v, from u;' is to represent Y;'(¢,, 6,) by a linear combination of Y;'(6, ¢);
namely, find the transformation of SPHARMS under a coordinate system rotation. Since it is
much easier to derive the rotation transformation for complex SPHARMSs, we first transform
the real SPHARM representation of FOD3Ds into complex SPHARMSs and then derive the
rotation transformation between two coordinate systems based on the complex SPHARMs.
After that, the results will be transformed back to the real SPHARM representation to obtain
the final form for numerical calculation. The m-th (-nsms<n) complex SPHARM at the order
nis:

W6, @) = ¢ P(cos(6))e!MP

IEEE Trans Med Imaging. Author manuscript; available in PMC 2024 March 06.
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®)

where ¢ is a normalization constant. The basis transfer from real to complex SPHARMS is:

"= iY™) /2 if m<o0
wr=1Y, if m=0
@ +iY;"=0)"/2if m>0

(6)

where Y7 is the m-th real SPHARM basis at the order 1, and W is the m-th complex
SPHARM basis at the order 7. This basis transfer is invertible, and its inverse is:

iwer—=0)"wmiN2if m<0
Yy =1{w! if m=0.
W+ (=1)"Wn\/2 if m>0

™

We denote the transfer in (6) as a matrix Uand its inverse (7) as U2, respectively.

For a rotation R from the coordinate system Ox?y“27 (Fig.3) of the MRI physical space to
the local coordinate system Oxyz of the current triangle, we follow Wigner’s work [29] to
decompose it as three successive rotations around three axes: (a) Ox%y“Z?is rotated by an
angle a around 027 — OxLy27% (b) OxIy27is rotated by a second angle garound Oy —
Ox2y172, (c) Ox2y12is rotated by a third angle y around OzZ— Ox%)4ZZ, which is Oxyz.
The angles (a, B, ) are the Euler angles, where a is computed by finding the angle between
Oy and the cross product of Ozand 027, Bis the angle between Ozand OZ and y is the
angle between Oxand OxZin step (c) above. In the following, we represent the successive
operations in the order from right to left, and the rotation / operator is now:

R=ZY,Z,

®)
where Z, is the rotation around the z-axis in the current coordinate system by an angle y as
explained above, and the other two operators are similarly defined.

Based on a group symmetry argument [29], Wigner has proven that Wigner D-matrices can
represent the transformation of the 7-th order complex SPHARMs between two coordinate
systems based on the decomposition in (8):

W.(60, @0) = W (8, 9)D™(a, B,7)

©)

where W, is a (2n+1) complex vector that represents the s+th order complex SPHARMs; D
is a (2n+1)-by-(2n+1) matrix:

IEEE Trans Med Imaging. Author manuscript; available in PMC 2024 March 06.
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Diy i, f.y) = ™ d), (p)etk

(10)

where the first and third terms correspond to the rotations Z, and Z, in (8), and the middle
term is induced from the rotation Y. The rotation around the zaxis is trivial since it only
changes the azimuth angle ¢ in the complex SPHARMS. The term 4, .(8), which corresponds
to a rotation around the y~axis, is much more challenging to handle. Wigner showed that the
rotation Y could be decomposed into successive rotations as:

Y/} =Z_.pY_nZ ﬂer/ZZ /2.

(1

Combining equations (8) and (11), we have:

R= nylrIZYfﬂ/ZZﬁY/r/ZZa+ﬂ/2.

(12)

The decomposition in (12) is much easier to compute since the rotations that depend on
angles (a, B, y) are around the zaxis; meanwhile, the difficult rotations around the y~axis
are fixed, /2 or -rz/2. The closed-form solution [30, 31] of 4, .(p) is:

n _ ke gk —m M pyk = m, K+ m) . v _ 1 [(n=K)(n+k)!
dy «(B) = Nysinf (1+ cosp)™ P, (cosp), with N, = 3 7(n_m)!(n+m)!,0§m§k§n

(13)

where Pis the Jacobi polynomial, and other elements of this (2n+1)-by-(2n+1) matrix can be
induced by the symmetric properties [30, 31]. We can now decompose the matrix D(a,8, )
in equations (9) and (10) as successive matrices:

D'a, B, y)= Ef_ 2y DVE(p D5 Efy 4 np2)

(14

where Dj and D; represent the matrix &7 in equation (13) at 8= -r/2and =/2, E, is the
diagonal matrix induced from the rotation by an angle w around the zaxis. Let v, and

up represent the coefficients of the n-th order real SPHARMS under the local coordinate
system at the current triangle and standard coordinate system of the MRI scan; we have the
following formula based on equations (4), (6), (7), and (9):

v, =UD"(a f,y) U lu,

(15)

IEEE Trans Med Imaging. Author manuscript; available in PMC 2024 March 06.
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where Uand UL come from (6) and (7); v, is a real (2n+1) vector whose /7-th element is v/’
in (3), and uj, is the vector of real SPHARM coefficients ;' in (3).

With the transformation of the real SPHARM coefficients from the common physical space
to the local coordinate system on each triangle, we can represent the FOD3D function
using the real SPHARM S in the local system and compute its 2D projection according

to equation (4). Each FODZ2D function is defined on a triangle plane and represents the
diffusion propagation information within this triangle, which allows us to track the U-fibers
on the SWM mesh probabilistically.

C. Parallel Transport

Streamlining-based tractography methods typically regularize the smoothness of fiber tracts
by controlling the angular difference of consecutive tracking directions. However, for
surface-based tracking of SWM, a direct angle comparison in /% is not meaningful since
the track’s previous direction and new sampling direction lie in different tangent spaces of
the surface. To incorporate a regularization mechanism consistent with the surface geometry
of the SWM, we develop an intrinsic approach to compare tracking directions based on the
parallel transport of vectors on surfaces.

An affine connection (or covariant derivative) introduces a geometric structure on a manifold
to compare vectors in neighboring tangent spaces [32]. Since the SWM mesh is embedded
in R the Levi-Civita connection induced by the Riemannian metric can be naturally used.
With the Levi-Civita connection, a vector in a tangent space can be parallel transported (the
covariant derivative along the path is 0) to another tangent space as in Fig.4; namely, the
parallel transported vector v, along a curve satisfies the following differential equations:

Vit =0
Uy0) = Up

(16)

where V is the Levi-Civita connection, y(?)is a curve connecting point pand point g; v, is
the parallel transported vector along the curve. This differential equation system always has
a unique solution by the existence and uniqueness theorem of differential equations if the
point g is close to the point p.

For a track that leaves a current triangle and enters an adjacent triangle, we will parallel
transport the tracking direction in the current triangle to the new triangle to allow the
comparison of angular differences during the tracking process for smoothness regularization.
The parallel transport induced by the Levi-Civita connection can be numerically realized for
two adjacent triangles on the SWM mesh, as shown in Fig.5; namely, the parallel transport
is achieved by unfolding the pair of adjacent triangles, translating the vector from one
triangle to the other along the geodesic (straight line) in the unfolded plane, and finally
folding the triangles back to their original positions together with the transported vector
[33]. Since we use the projected FODZ2D function on each triangle for the sampling of fiber
tracking directions, we express the parallel transport based on the local spherical coordinate

IEEE Trans Med Imaging. Author manuscript; available in PMC 2024 March 06.
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system of each triangle. For a direction v parametrized by the azimuth angle ¢ in the local
coordinate system of a triangle 73 as in Fig.5. (a), the vector vis represented as:

v=R*p)*e,

an

where ey and zare the directional vectors of the x-axis edge and normal in 77 as illustrated
in Fig.5, and the matrix R is the operator that rotates by angle ¢ around the normal direction
Z. The parallel transport from a triangle 7;into 7is achieved by rotating the vector vas
follows:

(18

where ¢, is the directional vector of the shared edge of 7;and 7, and 6, 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 plane of triangle 7,and can be compared with
any newly sampled direction in triangle 7 as in Fig.5. (c), for the calculation of intrinsic
angular differences during the fiber tracking process.

In the extreme case where a track leaves the current triangle at a vertex v;instead of

any edge, we use the geodesic polar map [34] to flatten all triangles in the one-ring
neighborhood of the vertex into a 2D chart. The geodesic polar map of the vertex v; flattens
its one-ring neighborhood into a plane by enforcing the geodesics from v; (i.e., lines starting
at v)) to remain straight in the plane while rescaling the angles between geodesics by:

r,=2rx/ Z Ojix
T

Jik

(19)

where Gk is the angle at the vertex v;of all triangle 7 in the one-ring neighborhood of
v;. In the 2D chart, we can easily find the upcoming triangle to continue the tracking by
extending the tracking line through the vertex. Finally, we map the extended tracking line
from the 2D chart to the original position of the upcoming triangle in the 3D mesh by the
inverse geodesic polar map, which will be the parallel transported vector to compare the
angular difference between tracking directions of neighboring triangles.

Algorithm 1.
Surface-based Probabilistic Tractography

Inputs: FODs, WM mesh, seed ROI, stopping condition, deformation distance &, angle threshold 6;,, FOD2D cut-off
threshold FOD,,;.

Output:N U-fibers on the SWM mesh.
A. Deform the WM mesh by a distance & toward DWM to obtain the SWM mesh.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2024 March 06.
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B. Project the FODs onto the SWM mesh to generate the FODZD at each triangle.
C. Repeat the following steps to track A U-fibers.
1. Start the tracking of a new U-fiber and set 7=0. Randomly select a seed triangle 7, from the

Seed ROI. Set p, as the center of the seed triangle.

2. Pick a tracking direction vat 7, with its FOD2D>FOD,,;, via rejection sampling. If n=0, save
vp = v. If n>0, repeat rejection sampling until the angle between vand the parallel transported
direction v, from the previous triangle is less than 6;,. If the number of rejection samples> 50,
abort the tracking process and return to step 1.

3. Compute the point psuch that p = p, + sy, s>0, p € JT,, Find the triangle 7€ Ny, to
continue the tracking and parallel transport the current tracking direction vto v, in 7 using the
method in I1.C.

4, Set pp+1 =P, They = T, 1 = n+1. Return to step 2 and continue the tracking until a stopping

condition is met.

5. Restart the tracking from the seed triangle in the opposite direction v = -, until a stopping
condition is satisfied.

6. Merge the tracking results from the two opposite directions as a complete U-fiber. If the
desired number of tracks is reached, stop the algorithm; otherwise, return to step 1.

D. Tracking Algorithm

Using the triangular mesh representation of SWM and projected FODZDs, we will develop a
surface-based probabilistic fiber tracking algorithm of U-fibers as listed in Algorithm 1. Our
algorithm starts from a randomly selected seed triangle and propagates a streamline on the
SWM mesh until a user-defined stopping condition is met. Similar to previous FOD-based
tractography algorithms, the stopping condition can be: (a) the streamline arrives at the
boundary of a predefined mask on the SWM mesh; (b) the streamline meets the conditions
of including or excluding ROIs from user-defined protocols; (¢) no valid FODZ2D data to
continue the tracking. In Algorithm 1, 7, denotes a triangle from the triangular mesh, p,
denotes a point of the streamline, N/7-denotes the neighboring triangles of a triangle 7, and

o T denotes the boundary of the triangle 7. The Main steps of Algorithm 1 are explained as
follows.

Sampling: For a point p,and the triangle 7, the rejection sampling method is used to
sample the direction of the streamline based on the normalized FODZ2D function of the
triangle 7, No smoothness regularization is needed for the sampled direction when p, is

the seed point. In other cases, we repeat sampling the direction until the angle difference
between the sampled direction vand the parallel transported vector v, is less than a
threshold 6;,. Moreover, the FODZ2D value of the sample direction vis required to exceed a
threshold FOD,;,to reduce the propagations in areas with a low probability of valid fiber
connections. If there is no accepted direction until the sampling times reach a threshold (e.g.,
50), we abort the current fiber tracking process and restart it from a newly sampled seed
triangle.

Propagation within a triangle: For the point p, within the triangle 7, (including the
boundary points), we compute a line segment to propagate the streamline piecewise linearly,
which originates from p,, and terminates at the triangle boundary following the sampled
direction v. Then the terminating point p enters an adjacent triangle 7°and act as the start
point of the next line segment in this new triangle.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2024 March 06.
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Propagation across triangles: When our streamline leaves a current triangle and enters
one adjacent triangle, we parallel transport the direction vin the current triangle to v,

that lies in the new triangle using the method in section 11.C. The vector v, is used for
smoothness regularization, as discussed in the rejection sampling process.

In Algorithm 1, we apply the fiber tracking in symmetric directions at a seed triangle.

After completing tracking in both directions, we concatenate the two streamlines to form a
complete U-fiber on the SWM mesh. For practical U-fiber tracking experiments, the user
needs to specify the seed ROIs and properly define the stopping criteria on the cortical
surface. We will give more detailed examples of setting up surface-based tracking protocols
in our experimental results.

Experiments and Results

We will apply our surface-based fiber tracking algorithm to three datasets to demonstrate its
effectiveness in reconstructing U-fibers in the SWM. We first apply the proposed method

to the high-resolution dMRI data from the Human Connectome Project (HCP) [35] and
compare it with two other tractography methods. After that, we apply our method to two
post-mortem scans and validate the agreement between the tracked U-fibers and manually
delineated SWM from their high iron contrast on T2-weighted MRI. Finally, we apply our
method to reconstruct the U-fibers in the parietal lobes of 26 subjects with ADAD and
show that a significant association of U-fiber connectivity with disease severity can be
successfully detected.

A. U-fiber Tracking on HCP Subjects

In our first experiment, the T1-weighted MRI and multi-shell dMRI data of 484 subjects
from the HCP 500 Subject Release were used. The age range of the 484 subjects is 22

to 36 years old, and there are 195 males and 289 females. T1-weighted MRI of HCP

has an isotropic resolution of 0.7mm, and dMRI images have an isotropic resolution of
1.25mm and were acquired from 270 gradient directions distributed over three different
b-values: 1000, 2000, and 3000 s/mm2. All data were first preprocessed by version 3 of
the HCP-Pipeline, which reconstructs the cortical surfaces from the T1-weighted MRI and
registers the dMRI to the T1-weighted MRI after artifact correction. After that, FODs and
compartmental parameters were computed [10]. In this experiment, we will reconstruct
the U-fibers connecting the pre- and post-central gyrus [12, 14, 18] and compare the
performance with state-of-the-art volume-based fiber tracking from the MRtrix software
[36] and a deterministic surface-based fiber tracking method [24] that our group developed
previously.

As the first step for surface-based tracking, we resampled the WM cortical surface from the
left hemisphere of all subjects into a mesh with 20,000 triangles and deformed it toward
the DWM along the normal direction by a distance of 6=0.5mm, which will be validated

in our second experiment for the generation of the SWM mesh in surface-based tracking.
Following the work in [24], we used the Hamilton-Jacobi skeleton method [37] to generate
the gyral skeletons of the pre-and post-central gyrus according to FreeSurfer labels. The
gyral skeletons from these two gyri will be used as the inclusion ROIs for surface-based
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tracking. The stopping condition for surface-based tracking is that both inclusion ROIs have
been reached. Furthermore, the seed ROI for surface-based tracking is obtained as triangles
within a 2mm geodesic distance to the boundary between the pre- and post-central gyrus.
For the MRtrix software, all neighboring voxels of the triangles in the seed ROI on the SWM
mesh are combined to form the seed ROI in volume-based fiber tracking. The gray and white
matter masks of the pre- and post-central gyrus from the aseg results of FreeSurfer were
combined to form the mask for fiber tracking with MRtrix, which will stop the tracking if a
tract leaves the mask.

For the deterministic surface-based method in [24], we set the step size to be 0.01mm,

the two angle thresholds as 7Hpg, = 1 degree and 7Hgy,ng = 10 degrees, as used in the

same experiment in [24]. For the proposed novel probabilistic surface-based fiber tracking
method, we set the angle threshold 8;, = 10 degrees and the FODZD cut-off threshold
FODy;i,=0.01. The iFOD1 algorithm was used for MRtrix, and the main parameters of
iFOD1 were set as step size = 0.1mm, angle threshold = 10 degrees, and the FOD3D cut-off
threshold used for the MRtrix was 0.05. For all methods, 30,000 seed points were randomly
sampled for fiber tracking.

Reconstructed U-fibers from five representative HCP subjects are shown in Fig.6. For all
subjects, U-fibers reconstructed by the volume-based tractography in MRtrix do not closely
follow the cortical folding, and most streamlines do not touch the gyral skeletons. On

the other hand, both surface-based methods can generate U-shaped streamlines that follow
tightly to the cortical surface. Compared to the surface-based deterministic method, the
proposed probabilistic and surface-based fiber tracking method provides more geometrically
regular and topographically organized U-fibers connecting the two neighboring gyri.

To quantitatively evaluate the performance of the fiber tracking methods in the
reconstruction of U-fibers in SWM, we use three similar measures proposed in [24]: ‘well-
U-connected’, ‘well-distributed’, “‘well-U-shaped’, and an additional metric for topographic
regularity. The ‘well-U-connected’ measure counts the number of reconstructed streamlines
connecting two neighboring gyri given a fixed number of seed points. Considering the
cortical thickness of the precentral and postcentral gyrus [38], we count the number of
streamlines with their endpoints within 4mm to the gyral skeletons of the precentral and
postcentral gyrus for each subject. The boxplot of this measure from all 484 HCP subjects is
in Fig.7. (a). We can see the proposed method generates the most valid connections among
all three methods, with 48.5% of seed points generating valid connections. For the surface-
based deterministic method, 29.5% of tracts initiated from the seed points develop into valid
connections. For the volume-based tracking from MRtrix, only 6% of the tracts from the
seed points generate valid U-fiber connections even if we choose their seed points in the
sulcal regions to minimize the need for highly curved U-turns during the tracking process.
These results demonstrate the high efficiency of the proposed surface-based probabilistic
tractography in reconstructing the U-fibers. The ‘well-distributed’ measure evaluates how
completely the U-fibers connect the two gyri. Thus, we uniformly partitioned both the
precentral and postcentral gyral skeletons into 20 sections and counted how many sections
were hit by the streamlines. More specifically, one section of a gyral skeleton is hit if the
endpoint of a streamline is within 4mm of the section. Fig.7. (b)~(c) show the boxplots
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of the ‘well-distributed’ measure of all three methods for both the pre- and post-central
gyrus, which indicates that the fiber tracts reconstructed by the proposed method provide

a complete representation of the U-fibers connecting the two gyri in the SWM. For the
‘well-U-shaped’ measure, we compute the U-ratio of an individual streamline as the distance
between two endpoints divided by the streamline length. A smaller U-ratio is desirable for
the successful reconstruction of valid U-shaped fibers. For each subject, we compute the
mean U-ratio for all the streamlines. Fig.7. (d) shows the box plots of the mean U-ratio from
all 484 HCP subjects. Results from the proposed method have much smaller U-ratios than
the other two methods.

Topographic regularity is an important property widely present in various fiber pathways
[39-41]. In particular, somatotopy is a well-known organizational principle in the motor
and sensory system [42, 43]. Inspired by this anatomical property of brain pathways,
several quantitative metrics [44—46] were proposed to measure the topographic regularity
of the reconstructed fiber tracts. In this experiment, we use the metric proposed in [44] to
measure the topographic regularity of the U-fibers. For each subject, we apply the classical
multidimensional scaling (MDS) to project both the start points (precentral gyrus) and the
endpoints (postcentral gyrus) of the streamlines to the 2-D R plane, respectively. Then we
compute the Procrustes distance between the projected start and end points to measure their
shape difference in the RZ plane. For the reconstructed tracts from all three methods, the box
plots of the Procrustes distance of the U-fibers from all subjects are shown in Fig.7. (e). The
lowest distance of the U-fibers from the proposed method suggests they are topographically
the most organized. On the other hand, tracts from volume-based tractography have much
higher Procrustes distances. These results demonstrate more topographically regular U-
fibers can be generated by constraining the fiber tracking process along the SWM surface.

Compared to our novel surface-based tracking methods, we can see from Fig.7 that
volume-based MRtrix tracking has lower performances in all measures. In these previous
experiments, we fixed the number of seeds for all methods to 30,000 for each subject.
Among all the measures, the “‘well-U-connected’ (ratio of valid connections), ‘well-U-
shaped’, and topographic regularity are relatively stable with respect to tract numbers, but
the ‘well-distributed” measure in Fig.7. (b)~(c) can vary with respect to the number of valid
tracts in MRtrix results. To further demonstrate that our proposed method provides more
complete U-connections even if MRtrix dramatically increases the number of seeds, we ran
the same experiment using MRtrix with varying the number of seeds from 3000 to 500,000.
Boxplots of the number of sections in the two gyri touched by the valid U-fibers in MRtrix
results are shown for each seed number in Fig. 8. For ease of comparison, the boxplot of
results from our method (SP) obtained previously from only 30,000 seeds was also plotted in
Fig. 8. For MRtrix results, we can see the number of touched sections in both gyri increases
as the number of seeds grows. However, the number of touched sections stabilizes once

the number of seeds arrives at around 200,000. Even if we generated tracts from 500,000
seeds using MRtrix, the number of touched sections on both gyri remains significantly lower
than our method. This result shows that it is hard for traditional volume-based tractography
to reconstruct complete U-connections even with excessive computations, mainly because
they will keep generating connections with repeated patterns. On the contrary, the proposed
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surface-based tracking method can efficiently generate a more complete representation of
SWM connections.

B. Validation with 7T Post-mortem MRI

In this experiment, we will apply our surface-based fiber tracking algorithms to the high-
resolution dMRI of two post-mortem brains and compare the reconstructed fiber tracts
with manually segmented SWM masks on T2-weighted MRIs, where the higher iron
concentration in SWM [47, 48] provides excellent contrast for manual segmentation.

Subjects were recruited from the Death Verification Service of the Capital in S&o Paulo
(SVOC), and after obtaining informed consent from the family in situ MRI was performed
right before autopsy at the PISA facility (Imaging Platform at the Autopsy Room) located
at the Medical School of the University of Sdo Paulo of Brazil. The cadavers were scanned
in cranioon a 7T SIEMENS Magnetom scanner with a 32 receiver channel head coil
(Nova Medical, USA) before brain procurement at room temperature. Following the HCP
imaging protocol, we acquired T1-weighted MRI (0.75mm isotropic), multi-shell dMRI
(1.3mm isotropic, 76 gradient directions over three b-values 1000 s/mm?, 2000 s/mm?

and 3000 s/mm?), and high-resolution T2-weighted MRI (0.45x0.45x2mm) that provides
excellent contrast for SWM (Fig.9. (a)~(b)). In this experiment, we manually delineated the
SWM with the ITK-SNAP software [49] on the frontal lobe of two post-mortem subjects
(Fig.9 (c)~(d)) based on the T2-weighted MRI. These masks will be used to evaluate the
reconstructed U-fibers quantitatively. Subject 1 is a 91-year-old male, and subject 2 is a
97-year-old female.

The same preprocessing steps used in the first experiment were applied to the post-mortem
MRIs to generate the WM cortical surface from T1-weighted MRI and FODs from the
dMRI. We tested different choices of the deformation distance parameter & from 0.3mm

to 0.7mm to generate the SWM mesh and evaluate its impact on the reconstructed U-

fibers compared to the manually segmented SWM masks. For the proposed surface-based
probabilistic fiber tracking on the SWM meshes, we use the same tractography parameters
as in the first experiment: 6;,=10 degrees and FOD,;,,=0.01. On the lateral frontal lobe of
each subject, we applied the same Hamilton-Jacobi skeleton analysis methods as in the first
experiment and extracted the gyral skeletons as the stopping condition and sulcal basins as
the seed ROI.

For each SWM mesh generated from a given deformation distance &, we randomly sampled
10° seed points to compute the U-fibers in the lateral frontal lobe with our algorithm. For the
results with § =0.5mm, we overlay the reconstructed U-fibers of the proposed method with
the high-contrast T2-weighted MRI of the two post-mortem brains and plotted the results in
Fig.10, where we can see U-fibers generated by our method agree very well with the SWM
in these images. To quantitatively measure how accurately the reconstructed U-fibers follow
the SWM, we computed the distance between the U-fibers and the SWM mask. For each
point g from the U-fibers, its distance to the mask M is defined as follows:

dg. M) =, " llg = mll, .
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(20)

For accurate distance computation, we interpolated the SWM mask to an isotropic resolution
of 0.1 mm. For each SWM mesh from a given &, the mean distance of all the points on

the reconstructed U-fibers is calculated to assess the impact of the deformation distance
parameter. As shown in Fig.11. (a), the best deformation distance is around 0.5mm for
both subjects. For this parameter choice (6= 0.5mm), boxplots of the distance from the
U-fibers to the SWM mask on the lateral frontal lobe are shown in Fig.11. (b) and (c) for
the two subjects. We also compared the volume-based tractography algorithm in MRtrix
with the same setup as in section 111.A for seed region and mask generation and parameter
choices. Similar to our surface-based tracking, 10° seed points were randomly sampled for
the volume-based tractography method. In addition, we removed invalid streamlines from
volume-based tractography that do not enter the gyral cortex. Boxplots of the distance
from the fiber tracts generated by MRtrix to the SWM masks are plotted in Fig.11 (b) and
(c). For both subjects, the reconstructed U-fibers from the proposed surface-based tracking
method are distributed much closer to the SWM mask than the fiber tracts generated by
volume-based tractography.

C. U-Fiber Connectivity Changes in ADAD

In the third experiment, we will apply our surface-based fiber tracking method to a cohort
of 26 ADAD patients. There are 13 males and 13 females in this cohort, and the age range
is 21 to 47 years old. Unlike late-onset AD (LOAD), these ADAD patients all carry the
A431E mutation in the PSEN1 gene and are predetermined to develop dementia at a similar
age range [50]. In addition, these patients tend to present atypically high tau pathology in
parietal cortices [51] instead of medial temporal cortices as in typical LOAD. It is thus
interesting to examine how the SWM connectivity changes in the parietal cortices of these
ADAD patients.

Following the HCP protocol, T1-weighted MRI and multi-shell dMRI were acquired from
the 26 ADAD patients on a 3T Siemens Prisma scanner at the University of Southern
California (USC). All subject recruitment and data acquisition were approved by the
Institutional Review Board (IRB) at USC. For each subject, we use the Sum of Boxes
(SOB) score of the Clinical Dementia Rating Scale (CDR) assessment [52] as the severity of
dementia of Alzheimer’s type.

The same preprocessing steps, as in section I11.A, were first conducted to generate the

SWM mesh and FODs for surface-based fiber tracking. The same parameters were used:
6=0.5mm, 6;,;~=10 degrees, and FOD,;;, = 0.01 for surface-based tracking with our novel
algorithm in the parietal lobes of each subject, which include the postcentral, superior
parietal, inferior parietal, and supramarginal gyrus based on FreeSurfer labels. 30,000 seed
points were sampled from the sulcal regions for surface-based fiber tracking for all subjects.
In Fig.12, we show the reconstructed U-fibers for two representative subjects: subject 1 is a
43-year-old female with a CDR-SOB score of 5.5, and subject 2 is a 37-year-old male with a
CDR-SOB score of 18.
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Next, we quantitatively evaluated the association between the connectivity of the
reconstructed U-fibers and disease severity. Motivated by the apparent fiber density based
on FOD magnitude in 3D [53], we computed the peak value of the FODZD function along
the U-fibers. We obtained the average peak values of FODZD over the parietal lobe for
each hemisphere. After that, we first fitted a linear regression model between the mean
peak value and the CDR-SOB score of the 26 subjects in each hemisphere. The results are
shown in Fig.13. (a) and (b), where the p-values of the linear coefficient for the left and
right hemispheres are 1.34e-3 and 1.62e-2, respectively. For 25 of the 26 ADAD patients, tau
PET scans based on the 18F-AV-1451 tracer were acquired [54]. Following the processing
steps of PET-Surfer in FreeSurfer [55], standard uptake value ratios (SUVRs) of tau PET
signals were calculated in cortical areas as their severity measure of tau pathology. Then, a
linear regression model was fitted between the mean FODZ2D peak value along the U-fibers
and the tau SUVR of the parietal lobe in each hemisphere. The results are shown in Fig.13.
(c) and (d), where the p-values of the linear coefficient for the left and right hemispheres
are 7.67e-5 and 2.25e-4, respectively. These statistically significant results suggest that

the U-fiber connectivity decreases with the increase of clinically assessed disease severity
(CDR-SOB) and tau pathology in cortical areas with known AD pathology for ADAD.

V. Discussion

A. Parameters

We deform the WM inward by a distance &, chosen as 0.5mm, to generate the SWM

mesh across all experiments. In experiment 111.B, we found that the SWM lies around 0.5
mm below the WM mesh based on manually delineated SWM mask in post-mortem data.
Our measurement is consistent with previous SWM imaging research [48], which confirms
the SWM lies around 0.5 mm below the WM surface based on a high iron contrast and
ultrahigh resolution MR imaging technique. For future work, it will be interesting to vary the
deformation distance for different cortical regions and examine whether this would enhance
the performance in U-fiber reconstruction and modeling SWM connectivity changes in brain
disorders.

To obtain the FOD2D on the SWM mesh, we interpolate the FOD3D at each triangle

from a neighborhood of voxels. At the current dMRI resolution of HCP data, the width of
the neighborhood is greater than the typical SWM thickness, which provides a sufficient
window to incorporate related information of surrounding SWM at each surface point.

For future work, if we have dMRI data with much higher spatial resolution than typical
SWM thickness, it will be essential to adapt the interpolation techniques to include more
neighboring voxels to ensure the interpolated FODZ2Ds have sufficient information related to
SWM.

For fiber tracking on the SWM mesh, the angular threshold 6;, is chosen to regularize the
smoothness of the fiber tracts. We set 6;,to 10 degrees in all experiments to balance the
streamlines’ regularity and the U-fibers’ completeness. For example, a lower 8, for the
experiment in section I11.A will generate smoother tracts, but the overall U-fiber bundle
will be less “‘well-connected’ between the pre- and post-central gyrus for a given number of
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seeds. This phenomenon is unsurprising since a strict regularization in fiber tracking often
reduces the number of successfully tracked streamlines in tractography.

Another parameter related to fiber tracking is the minimum accepted FODZD value FOD,jy,
in the rejection sampling procedure, which we set as 0.01 as the default value for all
experiments in this work. This parameter is similar to the FOD cut-off thresholds in

MRtrix and other FOD-based fiber tracking methods. However, as we project the FOD3D
onto the tangent space of the SWM surface using formula (1), the FODZD value is not
directly comparable to the FOD3D value. Indeed, the FOD3D function distributed sparsely
(concentrated within small areas) on the unit sphere, an integral in (1), which performs
similarly to the weighted average, would reduce its amplitude. The default FOD,,,;;, is
around 1/10 of the mean FODZD peak value in HCP data and is similar to the often-used
cut-off value in volume-based tractography. Increasing FOD,;, will decrease the number of
successful streamlines but improve regularity and consistency.

In experiments, we resampled each WM cortical surface into a mesh with 20,000 triangles.
After the resampling, the triangles’ dimensions are comparable to the dMRI resolution, and
the areas of the triangles are more uniform. Moreover, after resampling, the triangles’ areas
between different subjects are similar, and we can use fixed tracking parameters for all
subjects.

B. More General SWM Connectivity

Following the most widely used U-fiber reconstruction protocols in previous research

[14, 17-21], we adopted the gyral crown as the termination point for surface-based fiber
tracking in this work so that U-fibers will connect adjacent gyri. However, attributing to

the surface-based representation and parallel-transport-based regularization, our method can
choose ROIs and termination conditions on any cortical regions if anatomically needed.

A post-mortem dissection study [3] reported the existence of intra-gyral SWM fibers that
connect different parts of the same gyri. Moreover, the intra-gyral and inter-gyri U-fibers can
converge into junctional areas and form pyramid-shaped structures. Another histological and
dMRI-based macaque brain research [56] also found longitudinal fibers propagating along
the gyral crown and forming a sheet structure. For future work, we will apply our method

to explore these complex SWM fiber structures with more general anatomical protocols
informed by histology findings.

C. Code and Computation Speed

We implemented the proposed method in MATLAB and C++ and distributed it publicly

to the research community (https://github.com/Xinyu-Nie/SurfTracker). The C++ code is
accessible to compile on Windows, Mac, and Linux. Our code automatically uses multiple
threads, and the C++ version is efficient for fast computation. For example, our method
needs less than two minutes to generate about 30,000 streamlines in experiment 111.A on a
Laptop with a 2.61GHz eight-core Intel CPU. The computational cost is primarily from the
fiber tracking processes. The computation of FODZDs is speedy (within several seconds)
because of our closed-form computation of FODZDs using formulas (4) and (15).
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D. Clinical Applications

We applied the proposed method to an ADAD dataset in experiment I11.C and found that the
FODZ2D peak amplitudes were significantly associated with the CDR-SOB clinical scores
and tau pathology deposition. The reduction of the FODZD amplitudes implies possible
degeneration of fiber connectivity in the SWM of the parietal lobe of ADAD patients with
the progression of disease severity. In future work, we will apply our method to more

brain imaging datasets and examine the change of SWM connectivity due to aging and
various pathological changes, including amyloid-beta deposition and hippocampal atrophy.
Moreover, we will also apply our method for constructing U-fiber bundle atlases across
cortical areas using HCP data and distributing related tools in the same software.

V. Conclusion

In this work, we developed a novel probabilistic tracking framework to reconstruct the
human brain’s U-fibers from the high-resolution dMRI data based on the SWM’s surface
representation beneath the cerebral cortex. Within our proposed framework, we focused on
the accurate placement of the SWM surface in the dMRI data, efficient calculation of the
projected 2D FOD from the SPHARM representation of 3D FODs on each triangle, and
probabilistically tracking the U-fibers with parallel transport. Our method can be flexibly
combined with various anatomical protocols to compute the U-fibers across different cortical
regions, including the frontal and parietal cortices, as demonstrated in our experiments. With
quantitative comparisons based on the large-scale HCP and post-mortem dMRI data, we
showed that our method outperformed volume-based tractography in MRtrix and a surface-
based deterministic tracking algorithm we developed previously. We also demonstrated the
application of our method in the analysis of parietal U-fiber connectivity in ADAD patients.
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Fig. 1.
Accurate placement of the WM cortical surface in the dMRI space. (a) T1-weighted MRI;

(b) the extra-axonal diffusivity calculated from dMRI by our compartment models. After the
preprocessing by HCP-Pipeline, yellow arrows in (c) highlight the residual misalignment

of the WM cortical surface (cyan) and the intra-axonal tissue map calculated by our
compartment models. (d) shows the much-improved alignment of the WM cortex (green)
with the same tissue map after nonlinear registration between T1-weighted MRI in (a) and
the extra-axonal diffusivity map in (b).
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Fig. 2.

Tr?e projection of 3D FODs onto 2D triangles local coordinate systems. (a) The FOD3D
function is represented in a local spherical coordinate system defined on the center of

a triangle of the SWM mesh. The reference plane of the system is the triangle plane,
meanwhile the zenith direction z is aligned with the normal direction. The x-axis is aligned
with an edge of the triangle. (b) The projected FOD2D using the formula (1). The FOD2D
function is parametrized by ¢ in the local coordinate system and can be normalized to a
probability distribution function on the unit circle St.
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Fig. 3.
The local coordinate system Oxyz differs from the physical coordinate system Ox%/?z%by a

rotation R. (6y,¢p) and (6,¢) represent the same point p in the two systems. The rotation 7
is decomposed as three successive rotations around three axes: (a) Ox%y?Zis rotated by an
angle a around 027 — OxLy27% (b) Ox1y27is rotated by a second angle Saround Oy —
Ox2y172, (c) Ox2y12is rotated by a third angle y around 022 — Ox%)42Z, which is Oxyz.
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Fig. 4.

For a vector ¢, in the tangent space of point p on a Riemannian manifold, the Levi-Civita
connection parallel transports ¢4, along a geodesic y(?)to a vector v, in the tangent space of
point g, which allows the comparison of vectors in the tangent spaces of nearby points.
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(c)

Fig. 5.
The parallel transport of a vector v in the current triangle T1 to a neighboring triangle

T,. The parallel transport consists of unfolding the triangles to a common plane (a)~(b),
translating the red tangent vector v from T to T, (b), and folding the triangles back to
their original positions (b)~(c). The transported vector vj, can then be compared with any
sampling direction w in the triangle T».
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Fig. 6.

Regpresentative HCP examples of U-fibers between the pre- and post-central gyrus
reconstructed by the two surface-based methods (SP: surface-based probabilistic tracking;
SD: surface-based deterministic tracking) and the MRtrix software. For better visualization,
we downsampled all results to 1000 streamlines. The subject ID is plotted at the top of the
results from each HCP subject.
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Fig. 7.

Quantitative comparisons of the U-fibers reconstructed by the proposed surface-based
probabilistic (SP) fiber tracking, surface-based deterministic (SD) fiber tracking, and
volume-based fiber tracking in the MRtrix software on 484 HCP subjects. (a) Box plots

of the ‘well-U-connected’ measure of the three methods. Box plots of the ‘well-distributed’
measure on the precentral and postcentral gyrus are shown in (b) and (c), respectively. (d)
Box plots of the U-ratio measure across subjects. (e) Box plots of the Procrustes distance to
assess the topographic regularity of the reconstructed U-fibers from the three methods.
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Fig. 8.

Ac?ross the HCP subjects, box plots of the number of touched sections in (a) pre- and (b)
post-central gyrus by MRtrix results with varying numbers of seeds from 3000 to 50,000 are
shown. For the ease of comparison, box plots of the number of touched sections by results
from the proposed surface-based probabilistic (SP) method (30,000 seeds) are also shown.
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Fig. 9.
T2-weighted 7T MRIs of two post-mortem brains are shown in (a) Subject 1 (91 years old

male) and (b) Subject 2 (97 years old female). SWM with higher iron concentrations is
highlighted with blue arrows. Manually delineated SWM masks in the lateral frontal lobe for
subjects 1 and 2 are shown in (c) and (d), respectively.
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Fig. 10.
Overlay of reconstructed U-fibers with the SWM on T2-weighted post-mortem MRIs. Top

row: subject 1; Bottom row: subject 2. (a) and (d) show a zoomed view of the overlay of the
U-fibers with the MRI in the red box highlighted in (b) and (e), respectively. (c) and (f) show
a zoomed view of the overlay of the U-fibers with the MRI in the blue box highlighted in (b)
and (e), respectively.
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(a) The mean distance from the U-fibers reconstructed by the proposed algorithm to the
SWM mask as a function of the deformation distance parameter &. Boxplots of the distance
of the reconstructed U-fibers to the SWM masks in (b) subject 1 and (c) subject 2. MRtrix:
iFOD1 algorithm in the MRtrix software. SP: proposed surface-based probabilistic tracking

method with §=0.5mm.
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Fig. 12.
The reconstructed U-fibers in the parietal lobe of two ADAD patients are superimposed

over their SWM meshes. The left and right hemispheres of subject 1 are shown in (a) and
(b), respectively. The left and right hemispheres of subject 2 are shown in (c) and (d),
respectively.
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Fig. 13.

The linear regression results between the CDR-SOB score, tau SUVR, and the mean
FOD2D peak value on the U-fibers of the parietal cortices of the ADAD patients. (a), (c) are
results from the left hemisphere and (b), (d) are results from the right hemisphere.
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