1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Med Image Anal. Author manuscript; available in PMC 2016 May 01.

-, HHS Public Access
«

Published in final edited form as:
Med Image Anal. 2015 May ; 22(1): 1-20. doi:10.1016/j.media.2015.01.005.

A Novel Cortical Thickness Estimation Method based on
Volumetric Laplace-Beltrami Operator and Heat Kernel

Gang Wang?P, Xiaofeng Zhang?, Qingtang Su?, Jie ShiP, Richard J. Caselli®d, and Yalin
WangP.d" for the Alzheimer’s Disease Neuroimaging Initiative
aSchool of Information and Electrical Engineering, Ludong University, Yantai, China

bSchool of Computing, Informatics, and Decision Systems Engineering, Arizona State University,
Tempe, AZ, USA

¢Department of Neurology, Mayo Clinic Arizona, Scottsdale, AZ, USA

dArizona Alzheimer’s Consortium, Phoenix, AZ, USA

Abstract

Cortical thickness estimation in magnetic resonance imaging (MRI) is an important technique for
research on brain development and neurodegenerative diseases. This paper presents a heat kernel
based cortical thickness estimation algorithm, which is driven by the graph spectrum and the heat
kernel theory, to capture the grey matter geometry information from the in vivo brain magnetic
resonance (MR) images. First, we construct a tetrahedral mesh that matches the MR images and
reflects the inherent geometric characteristics. Second, the harmonic field is computed by the
volumetric Laplace-Beltrami operator and the direction of the steamline is obtained by tracing the
maximum heat transfer probability based on the heat kernel diffusion. Thereby we can calculate
the cortical thickness information between the point on the pial and white matter surfaces. The
new method relies on intrinsic brain geometry structure and the computation is robust and
accurate. To validate our algorithm, we apply it to study the thickness differences associated with
Alzheimer’s disease (AD) and mild cognitive impairment (MCI) on the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) dataset. Our preliminary experimental results on 151 subjects (51
AD, 45 MCI, 55 controls) show that the new algorithm may successfully detect statistically
significant difference among patients of AD, MCI and healthy control subjects. Our computational
framework is efficient and very general. It has the potential to be used for thickness estimation on
any biological structures with clearly defined inner and outer surfaces.
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1. Introduction

Alzheimer’s disease (AD) is the most common form of cognitive disability in older people.
With the population living longer than ever before, AD is now a major public health concern
with the number of affected patients expected to triple, reaching 13.5 million by the year
2050 in the U.S. alone (Alzheimer’s Association, 2012). It is commonly agreed that an
effective presymptomatic diagnosis and treatment of AD could have enormous public health
benefits (Sperling et al., 2011). Brain imaging has the potential to provide valid diagnostic
biomarkers of AD risk factors and preclinical stage AD (Caselli and Reiman, 2013;
Langbaum et al., 2013). Despite major advances in brain imaging used to track symptomatic
patients (as reviewed in Chung, 2012), there is still a lack of sensitive, reliable, and
accessible brain imaging algorithms capable of characterizing abnormal degrees of age-
related cerebral atrophy, as well as accelerated rates of atrophy progression in preclinical
individuals at high risk for AD for whom early intervention is most needed.

In AD research, structural magnetic resonance imaging (MRI) based measures of atrophy in
several structural measures, including whole-brain (Fox et al., 1999; Chen et al., 2007;
Stonnington et al., 2010; Thompson et al., 2003), entorhinal cortex (Cardenas et al., 2011),
hippocampus (den Heijer et al., 2010; Jack et al., 2003; Reiman et al., 1998; Thompson et
al., 2004; Wolz et al, 2010; Wang et al., 2011; Shi et al., 2013a), and temporal lobe volumes
(Hua et al., 2010), as well as ventricular enlargement (Jack et al., 2003; Wang et al., 2011)
correlate closely with changes in cognitive performance, supporting their validity as markers
of disease progression (as reviewed in Braskie and Thompson, 2013). As one of major AD
symptoms on clinical anatomy, the partial atrophy in the cerebral cortex of the patients is a
biomarker of AD progress (Braak and Braak, 1991). To check and monitor the cortical
atrophy, a number of research has been focused on an accurate estimation of cortical
thickness (e.g. MacDonald et al., 2000; Fischl and Dale, 2000; Jones et al., 2000; Miller et
al, 2000; Kabani et al, 2001; Chung et al., 2005; Kochunov et al., 2012). However, the MRI
imaging measurement of cortical thickness, e.g. medial temporal atrophy, is still not
sufficiently accurate on its own to serve as an absolute diagnostic criterion for the clinical
diagnosis of AD at the mild cognitive impairment (MCI) stage (Frisoni et al., 2010).

According to geometric properties of the measurement tools, the cortical thickness
estimation methods can be broadly divided into two categories: based on either surface or
voxel characteristics (as reviewed in Clarkson et al., 2011). The measurement methods
based on the surface features are aimed to establish triangular mesh models in accordance
with the topological properties of the inner and outer surfaces, and then use the deformable
evolution model to couple the two opposing surfaces. The thickness is defined as the value
of the level set propagation distance between the two surfaces. This measurement accuracy
can reach the sub-pixel level but requires constantly correcting the weights of various
evolutionary parameters to ensure the mesh regularity. Sometimes the model can not work
in the highly folding regions such as the sulci. Various approaches were proposed to address
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this problem and increase the thickness estimation accuracy in the high curvature areas. For
example, Mak-Fan and colleagues modeled the sulci regional by adding the cortex thickness
constraints (Mak-Fan et al., 2012). Fischl and Dale (2000) proposed to model the middle
part of the sulci by imposing the self-intersection constraints. Overall, although better
measurement results are achieved, the computation cost is generally high (Dahnke et al.,
2013). In contrast, the voxel-based method is the measurement on a three-dimensional cubic
voxel grid. The voxel-based measurement acquires the cortical thickness information by
solving partial differential equations in the potential field, for example, Jones et al. (2000)
first used the Laplace equation to characterize the layered structure of the volume between
the inner and outer surfaces and obtained the stream line. This method is known as the
Lagrangian method. Hyde et al. (2012) proposed the Euler method by solving the one-order
linear partial differential equations for thickness calculation which can improve the
computation efficiency. The advantages of such an approach include: (1). there is no
correction of the mesh topology regularity, so the calculation is simple (Cardoso et al., 2011,
Das et al., 2009); (2). the computational model is rigorous and stable. The main
disadvantage of the voxel-based estimation method is the computational inaccuracy on the
discrete grid. The limited grid resolution affects the accuracy of the thickness measurement
(Das et al., 2009). This problem is alleviated only recently. For example, Jones and
Chapman (2012) used the boundary topology to initialize a sub-voxel resolution surface and
correct the direction of the stream line. This method can increase the measurement accuracy.

From the above discussion, in order to improve the computational efficiency and the degree
of automation, one may expect the choice of voxel-based measurement algorithm is more
feasible. However, we should overcome the defect of the limited grid resolution which can
not precisely characterize the curved cortical surfaces from MR images. This point will be
discussed in Discussion Section. A desired 3D model should achieve a good fitting for the
cerebral cortex morphology and facilitate an effective computation on the sub-voxel
resolution. In this paper, we propose to use tetrahedral mesh (Cassidy et al., 2013) to model
the volume between inner and outer cortical surface. For thickness estimation, we adopt the
tetrahedral mesh based Laplace-Beltrami operator proposed in our prior work (Wang et al.,
2004a), which has been frequently adopted by volumetric shape analysis research (Wang et
al, 2004b; Li et al, 2007; Tan et al., 2010; Pai et al, 2011; Li et al., 2010; Paillé and Poulin,
2012; Wang et al, 2012a; Xu et al., 2013a; Li et al., 2013). Generally speaking, the
tetrahedral mesh access is time consuming. We extend the half-edge data structure (Mantyl3,
1988) to a half-face data structure for an efficient geometric processing.

Based on spectral analysis theory, we further propose to compute a heat kernel (Hsu, 2002)
based method to trace the streamlines between inner and outer cortical surfaces and estimate
the cortical thickness by computing the streamline lengths. Mathematically speaking,
diffusion kernels (Coifman et al., 2005b) express the transition probability by random walk
of t steps, t = 0. It allows for defining a scale space of kernels with the scale parameter t.
Such heat kernel-based spectral analysis induces a robust and multi-scale metric to compare
different shapes and has strong theoretical guarantees. In recent years, surface based heat
kernel methods have been widely used in computer vision and medical image analysis
(Chung et al., 2005; Sun et al, 2009; Chung, 2012; Joshi et al., 2012; Lombaert et al, 2012;
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Litman and Bronstein, 2014), such as functional and structural map smoothing (Qiu et al.,
2006a,b; Shi et al., 2010, 2013b), classification (Bronstein and Bronstein, 2011), and
registration (Sharma et al., 2012). However, 3D heat kernel methods are still rare in medical
image analysis field. Some pioneering work (Raviv et al., 2010; Rustamov, 2011) used
regular grids to compute the heat kernel and their work usually suffered numerical
inaccuracies along the surface boundaries. Based on the volumetric Laplace-Beltrami
operator, our heat kernel computation is more accurate and the estimated cortical thickness
is well-defined, and should reflect the intrinsic 3D geometrical structure better than
thickness derived from a simple harmonic field (Jones et al., 2000), and hence facilitate
consistent cross-subject comparisons.

In our experiments, our pipeline is applied on MR images from Alzheimer’s Disease
Neuroimaging Initiative (Mueller et al., 2005; Jack et al., 2008, ADNI). Our data set consists
of: 51 patients of Alzheimer’s disease (AD), 45 patients of mild cognitive impairment (MCI)
and 55 healthy controls. We use FreeSurfer software (Fischl et al., 1999a) for preprocessing.
We use Student’s t test and False Discovery Rate (FDR) (Benjamini and Hochberg, 1995)
for performance evaluation. We set out to test whether our proposed method provides a
computationally efficient and statistically powerful cortical thickness solution.

Fig. 1 summarizes our overall sequence of steps used to compute cortical thickness. First,
from MR images, we used FreeSurfer to segment and build white matter and pial cortical
surfaces (the first and second row). We model the inner volume with a tetrahedral mesh with
a triangle surface as it boundary (the third row). Then we apply volumetric Laplace-Beltrami
operator to compute the harmonic field and build isothermal surfaces on the obtained
harmonic field. Between neighboring isothermal surfaces, we compute heat kernel and
estimate the streamline by tracing the maximal heat transition probability. The thickness is
then measured by the lengths of the streamlines between white matter and pial surfaces (the
fourth row). Last, Student’s t test is applied to identify regions with significant differences
between any two of three groups and false discovery rate (FDR) (Nichols and Hayasaka,
2003) is used to assign global g-values (the fifth row), i.e., all group difference p-maps were
corrected for multiple comparisons using the widely-used FDR method. For example, the
FDR method decides whether a threshold can be assigned to the statistical map that keeps
the expected false discovery rate below 5% (i.e., no more than 5% of the voxels are false
positive findings).

2. Methods and Materials

2.1. Tetrahedral Mesh Generation Module

It is worth noticing that the tetrahedral mesh quality will affect the accuracy of solving the
partial differential equations. For example, too small dihedral angles will lead to ill-posed
stiffness matrix in the finite element method and too large dihedral angles will lead to the
interpolation and discretization errors. The common tetrahedron generation method is to
revise the tetrahedrons through the iterative processing. One class of methods are to divide
the voxels of the MRI to tetrahedrons according to the generation quality (Liu and Xing,
2013). But it usually results in the loss of the original image information because of the lack
of the boundary restriction conditions. Another class of methods intends to comply with the
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precise topology structure of the original image by adaptively adjusting the size of the
tetrahedrons (Lederman et al., 2010), which constantly use the external force to pull the
tetrahedral vertices to the boundary of the MRI. However, it neglects the quality of each
tetrahedron.

Although there is a rich literature on the tetrahedral mesh generation for medical imaging
research (e.g. Zhang et al., 2005; Lederman et al., 2011; CGAL Editorial Board, 2013; Min,
2013; Fang and Boas, 2009; Si, 2010; Kremer, 2011), it is still challenging to model the
highly convoluted cortical structure. In our prior work (Wang et al., 2004a), we proposed a
sphere carving method to use tetrahedral mesh to model cortical structure while enforcing a
correct topology on the obtained boundary surfaces. In our current approach, we build a
robust tetrahedral mesh generation module by incorporating a few existing free mesh
processing utilities (Min, 2013; Nooruddin and Turk, 2003; CGAL Editorial Board, 2013;
Lederman et al., 2011). Our work keeps a balance between surface fitness and tetrahedral
mesh quality by carefully tuning their parameters to model cortical structure. The pipeline of
our tetrahedral mesh generation algorithm for the MR images is shown in Fig. 2.

First we fill the MRI space with the cubic background voxels with binvox software (Min,
2013; Nooruddin and Turk, 2003). The space attribute of each voxel vertex is determined by
the point-to-boundary distance function ¢(x). ¢(x) is calculated using the fast marching
method (Sethian, 1996). Based on ¢(x) values, we can adaptively adjust the filled cubic
length by calculating the vertex coordinates(x or y) difference of the adjacent boundary
surface with the same z coordinate. Secondly, the cubic voxel containing the boundary
surface and the internal voxel are split into the tetrahedrons using smoothing modules in
software package CGAL (CGAL Editorial Board, 2013).

The obtained tetrahedral mesh needs to be corrected to improve the quality and the
smoothness owing to the cutting and organization operations. We call the process as the
regularization for the boundary smoothness and tetrahedron quality improvement (CGAL
Editorial Board, 2013; Lederman et al., 2011). We adopted CGAL (CGAL Editorial Board,
2013) for this purpose. This process is based on harmonic function minimization (CGAL
Editorial Board, 2013; Lederman et al., 2011) which regularizes the mesh generation by
minimizing an energy term which consists of elastic term, smoothness term, fidelity term on
the shape regularity (Lederman et al., 2011). Fig. 3 shows the two examples of generated
tetrahedral meshes with the different resolutions and their tetrahedral element qualities. In
the upper row, the figures from the left to the right are the generated tetrahedral mesh
(154,908 tetrahedrons) based on our method, the cross-section cut through the mesh
according to y-axis, the dihedral angle histograms and the tetrahedral element quality
coefficients respectively. The tetrahedral element quality coefficients will be discussed in
the Discussion Section. The bottom row indicates the same contents as the upper row except
the number of the tetrahedron elements is 382,071. The numbers within the square brackets
in the two right columns represent the value ranges of the dihedral angle and the quality
coefficients. From the result, we find that our approach can produce the better tetrahedron
element quality under the premise of maintaining the original shape of the object.
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2.2. Half-Face Data Structure for Representing Tetrahedral Meshes

To efficiently access the generated tetrahedral mesh for cortical thickness estimation, we
extended half-edge data structure (Méantyld, 1988) to half-face data structure (e.g. Kremer,
2011). A half-edge data structure is an edge-centered data structure capable of maintaining
incidence information of vertices, edges and faces for any orientable two-dimensional
surfaces embedded in arbitrary dimension. Each edge is decomposed into two half-edges
with opposite directions. Centered in half-edges, pointers are added to point to other
connected instances, such as vertices, faces and edges. An overview and comparison of
these different data structures together with a thorough description of the implementation
details can be found in Kettner (1999).

Fig. 4(a) illustrates some key concepts in half-edge data structure. It is widely used in
computer graphics and geometric modeling research. We extended it to model tetrahedral
mesh structure. In our approach, we added a half-face layer over the half-edge layer (Fig.
4(b)). Similar to half-edge structure, each face is decomposed into two half-faces with
opposite directions and appropriate pointers are added to connect tetrahedrons, faces, edges
and vertices. Such a data structure, with a cost of additional storage space for added
pointers, helps us improve the computational efficiency dramatically. For example, if we
want to access an adjacent tetrahedron, the time complexity for a brute force is about O(N),
where N is the number of tetrahedrons, while the time complexity is just O(1) with our
proposed half-face data structure (Xu, 2013).

2.3. Thickness Measurement Algorithm based on the Heat Kernel Diffusion

2.3.1. Theoretical Background—The heat kernel diffusion on differentiable manifold M
with Riemannian metric is governed by the heat equation:

Of(z,t)
ot

A, f(zt)= [N

where f(x, t) is the heat distribution of the volume at the given time. We know that the heat
diffusion process can be represented by its time dependent and its spatially dependent parts.

[z, )=F(z)T'(t) ()

Eqg. 2 is substituted to Eq. 1, we can get the Helmholtz equation to describe the heat
vibration modes in the spatial domain.

AF(z)=—MAF(z) (3)

Eq. 3 can be treated as the Laplacian eigenvalue problem with infinite number of eigenvalue
Aj and eigenfunction F; pairs. The solution of equation above can be interpreted to the
superposition of the harmonic functions in the given spatial position and time. Given an
initial heat distribution F : M — R, let Hy(F) denotes the heat distribution at time t, and
lim¢_,o Hy(F) = F. H(t) is called the heat operator. Both Ak and H; share the same
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eigenfunctions, and if 4; is an eigenvalue of Ay, then e it is an eigenvalue of H;
corresponding to the same eigenfunction.

For any compact Riemannian manifold, there exists a function ly(x, y) : R* x MxM — R,
satisfy the formula

HiF(x)=[ lLi(z,y)F(y)dy (@

where dy is the volume form aty € M. The minimum function l(x, y) that satisfies Eq. 4 is
called the heat kernel (Coifman et al., 2005b), and can be considered as the amount of heat
that is transferred from x to y in time t given a unit heat source at x. In other words, l(x,") =
H(&) where & is the Direc delta function at x : &(z) = 0 for any z # x and [ &(z) = 1.

According to the theory of the spectral analysis, for compact M, the heat kernel has the
following eigen-decomposition expression:

(z,y)=) e Mi(z)¢i(y) (5)

=0

Where J; and ¢ are the ith eigenvalue and eigenfunction of the Laplace-Beltrami operator,
respectively. The heat kernel l;(x, y) can be interpreted as the transition density function of
the Brownian mation on the manifold (Sun et al., 2009). It has significant applications in
computer vision and machine learning fields (Chung et al., 2005; Coifman et al., 2005a;
Bronstein and Bronstein, 2011; Lombaert et al., 2012).

2.3.2. Discrete Harmonic Energy—Suppose M is a simplicial complex, and g : |[M| —
IR3 a function that embeds |M| in R3, then (M, g) is called a mesh. For a 3-simplex, it is a
tetrahedral mesh, Te, and for a 2-simplex, it is a triangular mesh, Tr. Clearly, the boundary
of a tetrahedral mesh is a triangular mesh, Tr = dTe. All piecewise linear functions defined
on M form a linear space, denoted by CP-(M). Suppose a set of string constants k(u, v) are
assigned, then the inner product on CPL(M) is defined as the quadratic form:

<hgz=p Y Ko@) -fE)ew-g0)

{uv}eM

The energy is defined as the norm on CPL(M),

Definition 1 (String Energy): Suppose f € CPL(M), the string energy is defined as:

B()=<ff>= ¥ kuolf@-f@I* ,

{uv}eK

By changing the string constants k(u, v) in the energy formula, we can define different string
energies.
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Definition 2 (Discrete Harmonic Energy): (Wang et at., 2004a)] Suppose that edge {u,
v}is shared by n tetrahedrons. In each tetrahedron, there is an edge which does not intersect
with {u, v}, e.g. edge [vq, va] and [vo, v3] pair in Fig. 5. By convention, we say that this edge
is against {u, v} in this tetrahedron. Thus edge {u, v} is against a total of n edges in these n
tetrahedrons. We denote their edge lengths as Ij, i = 1, ..., n. Similarly, there is a dihedral
angle which is associated with each edge, e.g. b3 is associated with edge [vy, v3] in Fig. 5.
They can be denoted as, & =1, ..., n. The dihedral angle @is also said to be against edge [u,
v]. So edge {u, v} is against a total of n dihedral angles, &,i=1, ..., n, in these n
tetrahedrons. Define the parameters

1 n
ku,v: —Zlicot ((91') 8)
12 =

where |, i =1, ..., n, are the lengths of the edges to which edge {u, v} is against in the
domain manifold M. Eqn. 7 with the k;  is defined as the discrete harmonic energy.

Furthermore, our prior work (Xu, 2013) also proved that the discrete harmonic energy is
consistent with the traditional harmonic energy.

2.3.3. Volumetric Laplace-Beltrami Operator—In this step, we use the discrete
harmonic energy to compute the temperature distribution under the condition of the thermal
equilibrium. The problem is to solve the Laplace equation At = 0 in the cortex region 2
subject to Dirichlet boundary conditions on 012, i.e., the temperature of the outer cortical
surface equals to 1 and the temperature of the inner cortical surface equal to 0.

First we define the tetrahedral mesh of the cortex as the finite solution space and the interior
nodes and boundary nodes. Owing to the shape regularity of the generated tetrahedral mesh,
we can ensure the correctness in the finite element computation. Then we compute the local
stiffness matrix S according to the specific tetrahedron mesh:

S = k‘lﬁ [Z,j} c edge
W0 [6,]] ¢ edge

Where k;j is defined in Definition 2. Clearly, S is a sparse matrix. Secondly, add the
contribution of the local stiffness matrix to global stiffness matrix and construct the discrete
Laplace-Beltrami operator under the Dirichlet boundary condition. The volumetric Laplace-
Beltrami operator L, is defined with the form:

Ly=D=S (10
where D, the degree matrix, is a diagnal matrix defined as Dj; = %;Sj;.

Therefore, one may use the following equation to compute the temperature of the interior
vertices.
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Lpti=ty, (1)

where tjis a n x 1 vector (n is the number of the interior vertices in the tetrahedral mesh),
and t, is a m x 1 vector (m is the number of the boundary vertices in the tetrahedral mesh).
As a result, we can translate solving the Laplace equation problem into solving a sparse
linear system problem. The solution, also called as harmonic field, is also the internal
temperature distribution inside the cortex.

Compared with other rasterization-based Laplace-Beltrami operator computation methods
(e.g. Raviv et al., 2010; Rustamov, 2011), owing to the multi-resolution nature of the
tetrahedral mesh, our method may capture and quantify local volumetric geometric structure
more accurately. Similarly to some prior work (e.g. Tsukerman, 1998), we can rigorously
prove that the proposed discrete harmonic energy will converge to the continuous harmonic
energy with the increased tetrahedral mesh resolution.

2.3.4. Cortical Thickness Estimation with Heat Kernel—After we compute the
harmonic field, we can construct the isothermal surfaces. With the defined volumetric
Laplace-Beltrami operator, it is straightforward to compute the heat kernel (Egn. 5) and
apply it to estimate the cortical thickness. Specifically, the Ii(x, y) of the specific point x on
an isothermal surface m to a different point y on the next isothermal surface m’ represents
the different heat transition probability. The connection direction of the x and y according to
the maximum transition probability is the direction of the temperature gradient. And then 'y
as a starting point, we will continue to search for the next point y” in the next isothermal
surface n whose l¢(y, y’) is the maximum among the all I(y, -) by repeating this process. So a
streamline of the cortex will be obtained by finding out the maximum heat transition
probability between the isothermal surfaces. Similar to prior work (Jones et al., 2000), the
cortical thickness is estimated as the total length of the streamline.

However, our work is different from prior work (Jones et al., 2000) when tracing the
streamline, where the normals of isothermal surfaces are always used to travel to
neighboring isothermal surface. Our motivation is illustrated in Fig. 6. The heat diffusion is
illustrated with spectrum (Fig. 6(a)) and the diffusion distance is illustrated in Fig. 6(b).
Because it models heat diffusion more precisely, the heat kernel approach considers more
intrinsic geometry structures and hence may produce more robust and accurate cortical
thickness estimations.

2.4. Experiments and Validation

2.4.1. Subjects—Data used in the preparation of this article were obtained from the
Alzheimers Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The
ADNI was launched in 2003 by the National Institute on Aging (NIA), the National Institute
of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration
(FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-
year public-private partnership. The primary goal of ADNI has been to test whether serial
magnetic resonance imaging (MRI), positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assessment can be combined to measure the

Med Image Anal. Author manuscript; available in PMC 2016 May 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 10

progression of mild cognitive impairment (MCI) and early Alzheimers disease (AD).
Determination of sensitive and specific markers of very early AD progression is intended to
aid researchers and clinicians to develop new treatments and monitor their effectiveness, as
well as lessen the time and cost of clinical trials. The Principal Investigator of this initiative
is Michael W. Weiner, MD, VA Medical Center and University of California San Francisco.
ADNI is the result of efforts of many co-investigators from a broad range of academic
institutions and private corporations, and subjects have been recruited from over 50 sites
across the U.S. and Canada. The initial goal of ADNI was to recruit 800 subjects but ADNI
has been followed by ADNI-GO and ADNI-2. To date these three protocols have recruited
over 1500 adults, ages 55 to 90, to participate in the research, consisting of cognitively
normal older individuals, people with early or late MCI, and people with early AD. The
follow up duration of each group is specified in the protocols for ADNI-1, ADNI-2 and
ADNI-GO. Subjects originally recruited for ADNI-1 and ADNI-GO had the option to be
followed in ADNI-2. For up-to-date information, see www.adni-info.org.

At the time of downloading (09/2010), there were 843 subjects in the ADNI baseline
dataset. All subjects underwent thorough clinical and cognitive assessment at the time of
acquisition, including the Mini-Mental State Examination (MMSE) score (Folstein et al.,
1975), Clinical Dementia Rating (CDR) (Berg, 1988), and Delayed Logical Memory Test
(Wechsler, 1987).

In this study, the T1-weighted images from 151 subjects were used. The structural MRI
images were from the ADNI baseline dataset (Mueller et al., 2005; Jack et al., 2008). We
used FreeSurfer’s automated processing pipeline (Dale et al., 1999; Fischl et al., 1999a) for
automatic skull stripping, tissue classification, surface extraction, and cortical and
subcortical parcellations. It also calculates volumes of individual grey matter parcellations in
mm3 and surface area in mm2, provides surface and volume statistics for about 34 different
cortical structures, and computes geometric characteristics such as curvature, curvedness,
local foldedness for each of the parcellations (Desikan et al., 2006). In our experiments, our
data set consists of 51 patients of Alzhermer’s disease (AD), 45 patients of mild cognitive
impairment (MCI) and 55 healthy controls. And the demographic information of studied
subjects in ADNI baseline dataset is in Table 1 Here MMSE is short for mini-mental state
examination. It is a measurement of one’s 1Q. Full score is 30, lower means more demented.
So AD patients generally have low score.

2.4.2. Experiments—In our experiments, we first applied the new method on some
synthetic volumetric data (Sec. 3.1) to evaluate the correctness of our algorithms. We built
tetrahedral meshes on the MRI data of 151 ADNI subjects. As a proof-of-the-concept work,
the thickness measurement based on heat kernel is applied on the left hemispheres. We
applied the Student’s t test on sets of thickness values measured on corresponding surface
points to study the statistical group difference. Given each matching surface point, we
measure the difference between the mean thickness of three different groups (AD vs.
control, MCI vs. control and AD vs. MCI) by
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where U and V are the thickness means of the two groups and Sy is the standard deviation.
The denominator of t is the standard error of the difference between two means. Then
multiple comparisons are done to obtain statistical p-map and global statistical significance
(Wang et al., 2011).

3. Results

3.1. Results on Synthetic Data

Figure 7(a) and 8 (a) show the two constructed tetrahedral meshes with a spherical hole
inside a sphere and a cube, respectively. The outer surface of the mesh in Fig. 7(a) is sphere
with the center at (0, 0, 0) with radius 2, and inner surface is a sphere centered at (0, 0, 0.5)
with radius 1. The outer surfaces of the mesh in Fig. 8(a) is a cube with the center at (0, 0, 0)
with edge length 6, and the inner surface is a sphere centered at (0, 0, 0) with radius 2. Then
we set the temperature value of all the outer surfaces as 1° and inner surfaces as 0°. With the
volumetric Laplace-Beltrami operator, the temperature distribution under the condition of
thermal equilibrium and the isothermal surfaces in the mesh can be acquired. Here we
compute 100 isothermal surfaces from 0° to 1° according the step 0.005°. Among them the
isothermal surfaces of temperature 0.4°, 0.5°, 0.6°, 0.7° 0.8° and 0.9° are shown in Fig. 7(b)
and 8 (b). We can see that the isothermal surfaces change gradually from the inner surface
shape to the outer surface shape as the temperature increases.

Next the li(x, y) in Eq. 5, i.e., heat transition probabilities, are computed from a sampling
point x on the outer surface m to the different points y on the next isothermal surface m’. We
choose the maximum heat transition probability as part of the streamline from the outer
surface to the inner surface. This process is repeated until the streamline arrives on the inner
surface. Connecting the heat propagation pathes between the neighboring isothermals, we
will get the whole streamline from the outer surface to the inner surface and the thickness
can be estimated as the total length of the streamline.

Fig. 7(c) and 8 (c) illustrate some streamlines from the outer surfaces to the inner surfaces.
In order to show the heat transition process in the local region, we choose the tetrahedral
mesh in Fig. 8 as an example. Fig. 9(a) shows that the specific x on the outer cubic surface m
whose temperature is 1°, and the inner isothermal surface m’ is the surface of temperature of
0.91°. The different heat transition paths with the different transition probability from x to
the isothermal surface m’ are represented by the different color lines. The red line represents
the path which has the maximum heat transition probability, and the blue, green and black
lines indicate the transition pathes with the corresponding second, third and fourth largest
transition probability values. In order to clearly show the heat transition paths, the interval
distance between the two isothermal surfaces is enlarged to display in Fig. 9(b). We can see
the different routes obtained with different heat transition probabilities. This means that high
and low values of ly(x, -) correspond to the heat transition amount from the x to the inner
isothermal surface. Essentially, the heat transition probabilities are determined by the
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intrinsic geometry structure as illustrated in Fig. 6. From these two simple examples, we
visualize the fact that eigenvalues and eigenfunctions of the volumetric Laplace-Beltrami
Operator can represent the intrinsic volume geometry characteristics.

Some thickness measurement results in Fig. 7(a) and 8 (a) are shown in Fig. 7(d) and 8 (d)
respectively. Here the step size is chosen as 0.01 which means that the isothermal interval is
0.01°. We add the length of all the segment lines between the isothermal surfaces which
represent the maximum heat transition and obtain the thicknesses of the vertices on the outer
surface. Fig. 7(d) and 8 (d) also show that the different half outer surfaces in Fig. 7(a) and 8
(@). The color-maps indicate the estimated thickness.

3.2. Cortical Thickness Estimation Results

Fig. 10 illustrates estimated cortical thickness on four left cortical hemispheres from four
normal control subjects. In our experiments, the acquired data was interpolated to form
cubic voxels with an edge length of 0.02. The maximum edge ratio is set as 5.0. Then we set
the temperature of outer surface as 1° and 0° of inner surface. And the isothermal interval is
0.1°. The values of thickness (mm) increase as the color goes from blue to yellow and to red.

3.3. Statistical Maps and Multiple Comparisons

Comparing the thickness defined at mesh vertices across different cortical surfaces is not a
trivial task due to the fact no two cortical surfaces are identically shaped. Hence, 2D surface-
based registration is needed in order to compare the thickness measurements across different
cortical surfaces. Various surface registration methods have been proposed in (Davatzikos,
1997; Fischl et al., 1999b). These methods solve a complicated optimization problem of
minimizing the measure of discrepancy between two surface. Unlike the previous
computationally intensive methods, the weighted spherical harmonic representation in this
paper provides a simple way of establishing surface correspondence between two surfaces
without time consuming numerical optimization (Chung et al., 2007). Subsequently, the
thickness measurements in the different cortical surfaces can be interpolated into an unified
template by using the weighted spherical harmonic representation. This interpolation method
can be considered as weighting the coordinate or thickness data of the neighboring vertices
according to the geodesic distance along the cortical surface, which can improve the
accuracy of the thickness interpolation and the group-difference statistics test power.
Moreover, the weakness of the traditional spherical harmonic representation is that it
produces the Gibbs phenomenon (Gelb, 1997) for discontinuous and rapidly changing
continuous measurements. Due to very complex folding patterns, sulcal regions of the brain
exhibit the abrupt directional change so there is a need for reducing the Gibbs phenomenon
in the traditional harmonic representation. First, according to the reference (Chung et al.,
2007), we defined the weighted spherical surface heat kernel (WHK) to make the
representation converge faster by weighting the spherical harmonic coefficients
exponentially smaller. The WHK is written as
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where Q = (6, @), ' = (¢, ¢), Y| is the spherical harmonic basis of the degree | and the
order m, and the parameter ¢ controls the dispersion of the kernel WHK. This procedure
requires a cortical surface to be mapped onto a sphere (sph-mesh) based the conformal
mapping technique (Gu et al., 2004). Then the Y|, can be obtained from the sphere mesh.
Chung has proved the following equation (Chung et al., 2007)

k l
Kox f()=3 X eXp_l(l+1)U<Fi’ Yirn>Yi ()
l=0m=-—1 , ) 9 , (14)
—argmin, , [ ] Ko (20| Q) ~h(@) du(@ )du(2)

where the subspace Hy is spanned by up to k — th degree spherical harmonics, F; indicates

k l
R(Q)= exp ltlog v ()
the i — th coordinate or the i — th thickness value. ) ;m;l P Pren¥im ), we

may estimate fj,, in least squares fashion as ﬂ; (Y'Y)"1Y’F. This procedure can also be used
for compressing the global shape features of the cortical surface into a small number (k

degree) of spherical harmonics coefficients ,B.AThe spherical mesh (sph-mesh) is then refined
by resampling to a uniform grid along the sphere to generate the fixed unit sphere surface as

a template. And the spherical harmonic basis Yz;n according to this template and ﬂ&an be
used to interpolate the cortical surface coordinates and the thickness using the spherical
template. Then we will establish surface correspondence between the different subjects. In
fact, the weighted spherical harmonic representation used the geodesic distance along the
cortical surface to obtain the vertices and the thickness of the new locations in the fixed
template.

The thicknesses estimated by FreeSurfer (Fischl et al., 1999a) were also linearly interpreted

to the resampled surfaces based on the above method. The result is a retriangulation of each

surface such that all the surfaces have exactly the same number and locations of vertices and
triangles. This allows us to measure point averages across every surface vertex.

In order not to assume normally distributed data, we run a permutation test where we
randomly assign subjects to groups (5000 random assignments). We compare the results (t
values) from true labels to the distribution generated from the randomly assigned ones. In
each case, the covariate (group membership) was permuted 5000 times and a null
distribution was developed for the area of the average surface with group-difference
statistics above the pre-defined threshold in the significance p-maps. The probability was
later color coded on each surface template point as the statistical p-map of group difference.
Fig. 11 shows the p-maps of group difference detected between AD and control ((a) and
(d)), control and MCI ((b) and (e)), AD and MCI groups ((c) and (f)) and the significant
level at each surface template point as 0.05. The non-blue color areas denote the statistically
significant difference areas between two groups.
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All group difference p-maps were corrected for multiple comparisons using the widely-used
false discovery rate method (FDR). Fig. 12(a)—(c) are the cumulative distribution function
(CDF) plots showing the uncorrected p-values (as in a conventional FDR analysis). The x
value at which the CDF plot intersects the y = 20x line represents the FDR-corrected p-value
or the so-called g-value. It is the highest statistical threshold that can be applied to the data,
for which at most 5% false positives are expected in the map. In general, a larger g-value
indicates a more significant difference in the sense that there is a broader range of statistic
threshold that can be used to limit the rate of false positives to at most 5% (Wang et al.,
2012b). The use of the y = 20x line is related to the fact that significance is declared when
the volume of suprathreshold statistics is more than 20 times that expected under the null
hypothesis.

With the proposed multivariate statistics, we studied differences between three diagnostic
groups: AD, MCI and controls. Fig. 11 show the p-maps of our results: AD vs. healthy
control (d), MCI vs. healthy control (e) and AD vs. MCI (f) while (a), (b) and (c) illustrate
the p-map results from FreeSurfer suite. As expected, we found very strong thickness
differences between AD and control groups g-value: 0.0385 with heat kernel method (Fig.
11(d)) and 0.0281 with FreeSurfer software (Fig. 11(a)), strong thickness differences
between MCI and control groups g-value: 0.0289 with heat kernel method (Fig. 11(e)) and
0.0133 with FreeSurfer software (Fig. 11(b)) and relatively less thickness differences
between AD and MCI groups g-value: 0.0247 with heat kernel method (Fig. 11(f)) and
0.0101 with FreeSurfer software (Fig. 11(c)). The details of the g-values and CDF are
summarized in Table 2 and Fig. 12, respectively. We observed the continuously increasing
spreading atrophy area from AD vs MCI (Fig. 11(f)), control vs MCI (Fig. 11(e)), to control
with AD (Fig. 11(d)). The overall deficit pattern spreads through the brain in temporal-
forntal-sensorimotor sequence and our results are consistent with prior AD research (e.g.
Thompson et al., 2003).

We also note the p-maps are consistent between our results and the ones from FreeSurfer
software. Regarding the statistical power (determined by FDR corrected overall significant
values, larger values usually indicate stronger statistical powers) between the two thickness
methods, our method demonstrated the stronger or comparable statistical power for the three
groups comparisons (details in Table 2 and Fig. 12).

4. Discussion

There are three main findings in our paper. First, this paper intends to generate a high-
quality tetrahedral mesh suitable for representing the cortical structure with rich details on
surface representation by integrating a few available software packages (Min, 2013; CGAL
Editorial Board, 2013). The tetrahedral mesh can facilitate analyzing the potential field,
which has been elaborated in many literatures (e.g. Liu et al., 2012). Compared with prior
work (Jones et al., 2000; Das et al., 2009), our PDE solving computation can achieve sub-
voxel accuracy because we adopted a volumetric Laplace-Beltrami operator (Wang et al.,
2004a). Second, we propose a heat kernel method to accurately estimate the streamline with
the intrinsic and global cortical geometry information. In a prior work (Jones et al., 2000),
the computations of the streamline by solving the partial differential equations are rooted in
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computational geometry to determine the streamline directions. It neglects the inherent
geometric characteristics between the points in the mesh. Geometrically speaking, heat
kernel determines the intrinsic Riemannian metric (Zeng et al., 2012) and it can be reliably
computed through the Laplace-Beltrami matrix. Thus our work has a strong theoretical
guarantee and takes numerous other advantages of the spectral analysis such as the
measurement invariance of inelastic deformation and the robustness of the topological noise.
Additionally, compared with some existing work on volumetric heat kernel (Raviv et al.,
2010; Rustamov, 2011), our work may achieved better numerical accuracy because of the
tetrahedral mesh and the volumetric Laplace-Beltrami operator (Wang et al., 2004a). Lastly,
with a novel data structure, half-face structure, we developed a computationally efficient
software system to estimate cortical thickness and our experimental results on ADNI dataset
(Mueller et al., 2005; Jack et al., 2008) verified the observations in prior AD research (e.g.
Thompson et al., 2003; Jack et al., 2003) that the cortical atrophy is associated with AD
related clinical characteristics. Furthermore, with FDR, we empirically demonstrated that
our algorithm may have comparable or superior statistical power for cortical thickness
analysis than FreeSurfer software.

From the discussion above, generating high-quality tetrahedron elements is the key
procedure to ensure the accuracy of analyzing the potential field and computing the
streamlines based on the finite element method. In the following, we will discuss the details
about how to maintain the tetrahedral mesh quality.

4.1. High-quality Tetrahedral Mesh Generation Method

The success of the finite element method depends on the shapes of the tetrahedra. For
example, the large dihedral angles cause large interpolation errors and discretization errors,
robbing the numerical simulation of its accuracy (Krizek, 1992; Shewchuk, 2002), and small
dihedral angles render the stiffness matrices associated with the finite element method
fatally ill-conditioned. (e.g., the slightest translation of one of its vertices can cause the sign
of its volume to flip, leading to errors when determining the exterior triangular skin of the
model, and resulting in incorrect renderings and missed collisions.)

The pipeline of our tetrahedral mesh generation algorithm for the MR images is shown in
Fig. 2. After we partition the cubes into tetrahedrons and cut the tetrahedrons by the
isosurfaces. We need to correct the obtained tetrahedron mesh to improve the quality and the
smoothness. Suppose the initial vertex position is given by X, while the deformed state is
denoted by x, and the displacement vector field, v, is given by:

v=r—X (15)

The elastic energy E(v) is defined which can prevent dihedral angles from becoming too
small and tetrahedral elements from collapsing. The displacement vector field is related to
measures of deformation F and C. Here, | refers to the identity matrix. F is often called the
deformation gradient and C is referred to as the right Cauchy-Green Deformation Tensor
(Gonzalez and Stuart, 2008).
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Vo=I—-F~1
F=dzdX™' (16)
C=FTF

As done with many existing elasticity models such as the (Pedegral, 2000), an elasticity
penalty is computed using the three invariants of C. If A, Ay, A3 are the eigenvalues of F:

T =A+A34+A3
JE=MNHAINHAN] (17)
T =det(C)=AA5\}

The first invariant is most affected by large amounts of stretching, the second by large
amounts of shearing, and the third by significant changes in volume. Then a tetrahedron
quality supervision function (Lederman et al., 2011) is introduced:

W=k Wy (JE, I )+ koW (IS, JE )+ k3 W3(JS)
(=M (IS I A ()

0 T¢ < M)
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where k1, ko, k3, A1, Ao, A3 are the threshold parameters of the elastic penalty term which are
similar as the threshold in the (Wang and Yu, 2012). The functions W4 and Wy will apply a
penalty if too much stretching or shearing, i.e., too small or too large dihedral angles. And
the penalty is applied relative to the volume change respectively. The values of 11, 1o when
greater than some criterion allow modest stretching and shearing to occur. and the elastic
penalty term is given by:

E(v)=[W(Vv) (9

The elasticity will provide no resistance to small deformations, but will resist all possible
types of changes in the shape of a tetrahedron. According to Eq. 18 and Eq. 19, we try to
maximize the minimum angle to generate the better quality tetrahedron element. However,
this unilateral adjust will result in the bad fidelity of the interpolated surface over the mesh.
So the elastic penalty term and fidelity term (Lederman et al., 2011) are introduced to
control the quality of the tetrahedron mesh and fitness for the boundary of the mesh. Based
on the experiments, we set the value of 1; as 4.5, A1 as 5.5, 13 as 0.65, ky as 4, ky as 4 and k3
as 325. Then we will find that the tetrahedron elements are shown to be of good quality
based on the above method (for example in Fig. 3), i.e. the dihedral angles have been
constrained to range between 11° and 161° degrees approximately. At the same time, we can
compute the qualities of all tetrahedron elements using the following equation.
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—1_lc-C]
V=R (20)
G:(U1+Ug+03+ﬂ4)/4

Where Q is the quality coefficient, G is the geometric central coordinate, vy, vy, V3, V4 are
the four vertex coordinates of the tetrahedron, R is the radius of the circumsphere of a
tetrahedron passes through all four of its vertices. The Q value close to 1 represents higher
mesh quality (1 means equilateral tetrahedron) and the value Q close to 0 means nearly
degenerated element.

In addition, compared with the finite difference method on 3D volumetric grid (Jones et al.,
2000), our work may achieved better numerical accuracy because of the tetrahedral mesh
and the volumetric Laplace-Beltrami operator (Wang et al., 2004a). In the following, we will
do a direct comparison against the finite difference method in 3D volumetric grid.

4.2. Comparison with finite difference method

4.2.1. Error Analysis about the Curve Surface Fitting—In order to show the defect
of 3D volumetric grid which can not precisely characterize the curved surfaces at the limited
resolution, a direct numerical error comparison was conducted on the difference about fitting
smooth curved surface between the cubic mesh and the tetrahedral mesh.

In our experiments, we use an ideal spherical shell whose radius is 1 and center coordinate
is (0, 0, 0). We define the mean absolute errors as the mean relative errors of the digitalized
sphere and the ideal sphere based on the following equation,

(/2 +yi+27-1) -
0
n

n

Error==1

where n indicates the point number on the boundary of the digitalized sphere. Because the
ideal sphere radius equals to 1, the mean relative error is also the mean absolute error in
this special case.

First, Using the cubes of the different sizes to construct an ideal solid sphere (R = 1), we can
get the cubic meshes of the different resolutions. Then the mean absolute errors can be
computed between the boundary extracted from the cubic mesh and the ideal spherical
surface. The results can be found in Fig. 13, from left to right, the numbers of the cubes
which are used to generate the solid sphere are 141, 896, 1,095, 944 and 8,766, 208
respectively. And the resolutions of the three cubic meshes are 0.0309, 0.0156 and 0.0078
from the left to the right. The mean absolute errors between the spherical surface extracted
from the three cubic meshes and the ideal spherical surface are 0.0146, 0.0060 and 0.0030
respectively. Although the degree for fitting the spherical surface is improved approximately
by factor 2, the number of the cubes is increasing approximately by factor 10 and the
discontinuity phenomenon still exists. At the same time, this will lead to the increasing cost
for the thickness computation. In contrast, the tetrahedral meshes generated by the different
resolutions are shown in Fig. 14, the maximum tetrahedron volumes are 0.1, 0.01 and 0.001
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from the left to the right. The numbers of the tetrahedron in the three meshes are 12,885,
12,933 and 15,846 and the mean absolute errors between the spherical surface extracted
from the three tetrahedral meshes and the ideal spherical surface are 2.4061 x 1077, 2.4053 x
1077 and 2.4050 x 10~/ respectively.

4.2.2. Comparison of the Thickness Measurement—As we know, the streamline
from the methods (Jones et al., 2000; Chung et al., 2007) is obtained by solving laplace

equation under the condition of the equilibrium state, (i.e. A 7 (z, t)="21L0), the right of the
equation equal to zero). When we move from a vertex point on the outer surface to the next
point according to the computed gradient direction and the step length, the next point
usually is not a vertex of the digitalized mesh. Then the temperature value of this point needs
to be interpolated. Whatever interpolation method, such as the nearest neighbor
interpolation, linear interpolation or the cubic spline interpolation, there usually introduce
digital errors and result in some accumulated errors for the gradient direction estimation.
As a result, the final computed streamlines will be generally different from the ground truth
gradient lines. Moreover, the region between the object boundary and the spherical surface
is constructed by the cubic voxel. Then the accuracy of tracing the gradient of the
equilibrium state is decreased to some extent. In addition, the method needs the binary
object whose shape is close to either star-shape or convex. For shapes with a more complex
structure, the gradient lines that corresponding to neighboring nodes on the surface will fall
within one voxel in the volume, creating numerical singularities in mapping to the sphere. In
contrast, our streamline is tracing the maximum transition probability from the specific point
X on an isothermal surface to a different point y on the next isothermal surface. The Eq. 5 is
considering both the transition probability and more intrinsic geometry structures in the
tetrahedron mesh. Because the Eq. 5 contains the eigenvalues and eigenfunctions of the
Laplace-Beltrami operator. The following is the details of the comparisons. First, We
reconstructed a 3D voxel-based mesh from the boundaries of Fig. 8(a) based on the 3D
voxel grid. The boundaries contain an outer boundary which is a cubic surface and an inner
boundary which is a sphere surface. At first, we generated the 3D voxel-based volumetric
mesh through the binvox software. The mesh contains 31757 uniform cubic voxels
comparison to the tetrahedral mesh in Fig. 8 which contains 12360 tetrahedrons. Fig. 15(a)
shows the inner boundary (spherical surface) in Fig. 8(a) and Fig. 15(b) shows the generated
3D voxel grid mesh of (a). Though the number of the cubic voxels is bigger than the number
of the tetrahedrons, we can see that the boundary mesh in (b) is not as smooth as the one in
(a). The slice of the total boundaries of the 3D volumetric grid mesh is shown in Fig. 15(c).
The inner boundary of spherical surface is not smooth which can lead to the inaccurate
thickness measurement. Also so many cubic voxels will lead to increase the complexity of
the finite difference computation.

Then we set the temperature value of all the outer surfaces as 1° and inner surfaces as 0°.
With the volumetric finite difference method, the temperature distribution under the
condition of thermal equilibrium and the isothermal surfaces in the mesh can be acquired.
The isothermal surfaces are shown in Fig. 16 from left to right, the temperatures are 0.8°,
0.7°, 0.5° and 0.4° respectively. Compared with Fig. 8, the isothermal surfaces from the 3D
voxel grid mesh are coarser than the tetrahedral mesh. We found that there are some circular
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discontinuity regions in every surface. These phenomena are caused by the discontinuity of
the internal spherical surface as shown in Fig. 15(b). Next we compute the streamline from
the specific sampling point on the outer surface m to the point on the inner surface by the
finite difference method. Fig. 15(a) shows the color map of the computed thickness values.
The phenomenon of discontinuity still exists. When the resolution is increased, this
phenomenon will be somewhat reduced. However, this will bring the high computational
complexity. The key reason is that the generated volumetric mesh based on the 3D voxel
grid is difficult to fit the original smooth curved surface. While in Fig. 8(d), the color is
changing gradually and the phenomenon of discontinuity in Fig. 15(d) is disappear.

In addition, we use the same outer and inner surface as shown in Fig. 8(a) to reconstruct the
new tetrahedral mesh. The difference between the two tetrahedral meshes is that the
tetrahedral maxvol in Fig. 17(a) is 0.3 and 0.6 in Fig. 8(a). So the tetrahedral number in Fig.
17(a) is 21379 and the node number is 6581, the tetrahedral number in Fig. 8(a) is 12360
and the node number is 4252. We choose the same step size as 0.01 and the thickness
measurement results is shown in Fig. 17(b). Because the number and position of the outer
surface points in Fig. 17(b) is different from Fig. 8(d). The thickness colormap is somewhat
difference. In order to compare the absolute thickness difference at the same point position
between the two measurement results, we get the thickness results according to the points on
the outer surface in Fig. 8(d) by interpolating algorithm to Fig. 17(b). Then the thickness
differences between the two surface points are shown in Fig. 17(c). There are 633 points in
total on the outer surface, about 240 points have the difference, and the maximum of the
thickness difference is 0.018. As the interpolation error is excluded, the thickness
measurement algorithm is robust under the condition of the different resolution.

In additon, the resolution of the tetrahedral mesh and the time interval of the heat transition
will affect the measurement accuracy. In the following, we will discuss the influence of the
two factors on these cortical thickness estimation results.

4.3. Influence of the Tetrahedral mesh resolution

In our experiments, we formed the tetrahedrons from the cubic voxels with an edge length of
0.2mm. Similar to classical numerical analysis of finite element methods (e.g. Tsukerman,
1998), the resolution of the tetrahedral mesh will affect the numerical accuracy. Here we
adjusted the cubic edge length from 0.15mm to 0.35mm. Statistical p-map results with the
heat diffusion thickness measures of different cubic edge length on surface templates
representing group differences among two different groups (AD-CTL) are shown in Fig. 18.
Non-blue colors show vertices with statistical differences, uncorrected. Fig. 18(a)—(e) are the
results of cubic edge length of 0.15, 0.20, 0.25, 0.30 and 0.35mm on group difference
between AD and control, respectively. The cumulative distributions of p-values comparison
for difference detected between AD and CTL are shown in Fig. 18(f). Their g-values are
shown in Table 3. In a total of 5 comparisons, the heat diffusion method of cubic edge
length with 0.15 and 0.20mm achieved the highest two g-values. Undoubtedly, the higher
the mesh resolution can increase the thickness estimation accuracy, then improve the
statistical power. However, the computational complexity will also increase. Considering
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from the perspectives of computational accuracy and efficiency, we choose the cubic edge
length as 0.20mm.

From the Fig. 18, we also find that the significance differences of the different cubic edge
length are mainly concentrated in the highly folding area. It is reasonable because these thin
areas are modeled better only with refined tetrahedral meshes which consist of shorter cubic
lengths.

4.4. Influence of the Heat Transition Time Interval

The li(x,y) of the specific point x on an isothermal surface m to the different point y on the
next isothermal surface m’ at the same time interval has been computed in Section 3.1 (Fig.
7). At that time we choose the time interval as 0.02. As we know, the (X, y) can also be
considered as the amount of heat that is transferred from x to y in time t given a unit heat
source at x. Based on the thermodynamic conduction law, the heat of a specific point on the
higher temperature isosurface will spread to the point on the lower temperature isosurface
along the gradient direction with the largest probability. The time factor t decides the scope
of the heat acceptance on the lower temperature isosurface, i.e. the smaller the time, the
smaller the range of heat propagation. So the choice of heat transition time interval can
influence the heat gradient direction and then the thickness estimation accuracy.

The heat transfer probabilities from the specific point on the higher temperature 0.95° to the
lower temperature isosurface 0.90° within the different time interval are shown in Fig. 19(a).
With the increased time scale, the heat acceptance difference between the point along the
gradient direction and other points around gradually decreases. When the time factor is
taken as 0.2, the heat acceptance difference between the point along the gradient direction
and other points around is equal to zero. Then it is difficult to find the largest probability
direction which represents the gradient direction. Fig. 19(b) shows the heat acceptance
results on the lower temperature isosurface with the different time interval. The top left and
right are the time interval of 0.02 and 0.03, the bottom left and right are the time interval of
0.04 and 0.2. According to Sun et al. (2009), we choose the minimum time interval as

tmin:abS(LﬂOg(lO)/Amaz) (22)

where the Ayax are the chosen maximum eigenvalues of the Laplace-Beltrami operator. In
this paper, in order to obtain the accurate temperature field gradient line, we choose the
minimum time interval as 0.02.

In medical imaging field, there are various research involving the thickness estimation, e.g.
3D cell shape analysis (Nandakumar et al., 2011, 2012), 3D corpus collosum thickness
estimation (Adamson et al., 2011; Xu et al., 2013Db), etc. The proposed algorithm is very
general and may be applied to compute any biological structure thickness as long as there
are two well-defined boundary surfaces. Starting from our prior work on these techniques
(Wang et al., 2004a), here we show that the proposed heat kernel method can be adopted to
compute the cortical thickness accurately. Besides the computational efficacy and
efficiency, our method also enjoys numerous other advantages of the spectral analysis, e.g.,
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it is physically natural and its computation is numerically stable. We hope our work can
provide some practical experience and inspire more interest in 3D heat kernel related
research in medical imaging analysis society.

5. Conclusion

In this paper, we present a heat kernel based thickness estimation algorithm which can
improve the computational efficiency and accuracy for in vivo MR image cortical thickness
estimation. Through establishing the tetrahedral mesh matching with the MRI by the
harmonic energy function, we can reduce the limited grid resolution effects. At the same
time, we introduce the heat kernel to the streamline analysis to determine the heat
transferring gradient direction. With the proposed univariate statistics, we studied
differences between three diagnostic groups: AD, MCI and control. We compared our
method with the FreeSurfer software, the empirical results demonstrated the potential that
the heat diffusion method may achieve greater statistical power than the FreeSurfer software
in a total of three comparisons. In the future, we plan to apply our heat kernel diffusion
algorithm to depict the geometrical characteristics of the local and global cortical regions
and apply them in our ongoing preclinical AD research (Caselli and Reiman, 2013;
Langbaum et al., 2013).
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Figure 2.
Tetrahedral mesh generation work flow.
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Figure 3.
Two examples of generated tetrahedral meshes with the different resolutions and their

tetrahedral element qualities.
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(a) Half-edge Structure

Figure 4.

(b) Half-face structure

Illustration of half-edge structure for surface representation (a) and the proposed half-face
structure for tetrahedron representation (b). (a) was obtained from (MakeHuman Project

Team, 2013).
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V3

Figure 5.
Illustration of a tetrahedron. By convention, we say that the edge [vy, V4] is against [vo, V3]

and the dihedral angle, b3, in this tetrahedron. lp3 is the length of edge [vy, v3]. This
relationship is used to define volumetric Laplace-Beltrami operator.
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(b)

Figure 6.
Illustration of heat diffusion on cortical structure. Two boundaries are examples of pial and

white matter surfaces. (a) Heat diffusion illustration with spectrum; (b) diffusion distance
illustrated as random walk. Our heat kernel method may be able to capture the subtle
difference determined by the intrinsic geometry structures because it estimates the heat
transition probability on every intermediate point such that it may capture more regional
information than other harmonic function methods (e.g. Jones et al., 2000).

Med Image Anal. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 34

(b)
!J:i

13

12

1t
1

0.9
0.8

» 0.7
0.6
0.5

(d)

Figure 7.
The isothermal surfaces, streamline and thickness computation between the outer spherical

surface to the inner spherical surface. (a) is the volumetric mesh. (b) shows the different
isothermal surfaces. (c) shows some computed streamlines between two surfaces. (d) shows
the color map of the computed thickness values.
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Figure 8.
The isothermal surfaces, streamline and thickness computation between the outer cubic

surface to the inner spherical surface. () is the volumetric mesh. (b) shows the different
isothermal surfaces. (c) shows some computed streamlines between two surfaces. (d) shows
the color map of the computed thickness values.
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(a) (b)

Figure 9.
The heat transition paths from the specific point on the outer isothermal surface (temperature

1°) to the different points on the inner isothermal surface (temperature 0.91°). (a) shows the
heat transition paths of the different transition probabilities and (b) shows the enlarged
interval paths between the two isothermal surfaces.
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Figure 10.
Four cortical thickness measurement results. The values of thickness (mm) increase as the

color goes from blue to yellow and to red.
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Figure 11.
Statistical p-map results with the thickness measures of heat kernel diffusion and FreeSurfer

on surface templates show group differences among three different groups of AD subjects
(N =51), MClI subjects (N = 45) and control subjects (N = 55). (d—f) are the results of our
method, (a—c) are results of FreeSurfer method. (a) and (d) are group difference results of
AD vs. control. (b) and (e) are group difference results of control vs. MCI. (c) and (f) are
group difference results of MCI vs.AD. Non-blue colors show vertices with statistical
differences, uncorrected. The g-values for these maps are shown in Table 2. The g-value is
the highest threshold that can be applied to the statistical map while keeping the false
discovery rate below 5%. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Figure 12.

Cumulative Distribution of p-value for AD-CTL
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Page 39

The cumulative distributions of p-values comparison for difference detected between three
groups (AD, MCI, CTL). The color-coded p-maps are shown in Fig. 11. and their g-values
are shown in Table 2. In the CDF, the g-values are the intersection point of the curve and the
y = 20x line. In a total of 3 comparisons, the heat diffusion method achieved the highest g-

values.
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Figure 13.
The boundaries extracted from the cubic meshes with the different cube sizes.
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Figure 14.
The boundaries extracted from the tetrahedral meshes with the different resolutions.
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(c) (d)

Figure 15.
The constructed 3D volumetric grid mesh from the inner boundary of Fig. 8(a). Fig. 15(a)

shows the spherical boundary and (b) shows the generated 3D voxel grid mesh of Fig. 15(a).
(c) shows a slice of the total boundaries of the 3D volumetric grid mesh. And (d) shows the
color map of the computed thickness values based on the finite difference method.
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LeCC

The isothermal surfaces of 0.8°, 0.7°, 0.5° and 0.4° are shown from left to right.
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Figure 17.
The thickness measurement comparison between the different tetrahedral resolution. (a) is

the reconstructed tetrahedral mesh with higher resolution, (b) is the thickness measurement
result, and (c) is the thickness differences between the two surface of the different
resolution.
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(d)

Cumulative Distribution of p-value (AD-CTL) with different cubic length
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Figure 18.
Statistical p-map results with the heat diffusion thickness measures of different cubic edge

length on surface templates representing group differences among two different groups (AD-
CTL), of AD subjects (N=51) and control subjects (N=55). Non-blue colors show vertices
with statistical differences, uncorrected, (a)-(e) are the results of cubic edge length of 0.15,
0.20, 0.25, 0.30 and 0.35mm on group difference between AD and control, respectively. The
cumulative distributions of p-values comparison for difference detected between AD and
CTL are shown in (f). The g-values for these maps are shown in Table 3.

Med Image Anal. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

o
» N » -

N o

Normalized heat transition probability
o o o g o o o

e
o

o

Figure 19.

/ \ —-{io.oz |
W=
/ \ t=02
/
/)
ot o AN\
4/-0.3 -022 -0:1 U 0} \03 ﬂ\‘mﬂ

Angle deviates form the gradient direction

(a)

(

Page 46

)

b

Influence effect of heat transfer time interval. (a) shows the relationships between
normalized heat transfer probabilities from the specific point on the higher temperature
isosurface (0.95°) to the points on the lower temperature (0.90°) and the angle deviates from
the gradient direction. The curves with different colors represent the different heat transfer
time intervals. (b) shows the heat acceptance results on the lower temperature isosurface
with the different time interval. The top left and right are the time interval of 0.02 and 0.03,
the bottom left and right are the time interval of 0.04 and 0.2.
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Table 1

Demographic information of studied subjects in ADNI baseline dataset.

Gender(M/F)  Education Age MMSE at Baseline
AD 23/28 1442 +223 76.67+6.01 2344221
MCI 23/22 16.05+2.61 76.50*6.51 27.25+ 151
CTL 21/34 16.07 £2.39 76.31+4.27 29.23+0.85

Med Image Anal. Author manuscript; available in PMC 2016 May 01.

Page 47



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Wang et al.

Table 2

The FDR corrected p-values (g-values) comparison. Our proposed heat diffusion thickness measures
generated stronger statistical power than the FreeSurfer measures.

Heat kernel diffusion  FreeSurfer

AD-CTL 0.0385 0.0281
CTL-MCI 0.0289 0.0133
AD-MCI 0.0247 0.0101

Med Image Anal. Author manuscript; available in PMC 2016 May 01.

Page 48



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Wang et al.

The FDR corrected p-values (g-values) comparison with different cubic edge length selections. With the
refined cubic edge length, the group difference between AD and healthy control groups demonstrates

Table 3

increased statistical power. The p-maps and CDF are shown in Fig. 18.

Cubic edge length (mm)

g-value

0.15
0.20
0.25
0.30
0.35

0.03857
0.03850
0.03756
0.03652
0.03509
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