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Abstract

Shape morphometry is the quantitative analysis on the shape of geometric subjects,
usually human organs and other organism. As a field of mathematics, it consists of
surface reconstruction, surface processing, landmark extraction, surface registration
and shape analysis. In this thesis, we will focus on surface registration and landmark
extraction by using Riemannian geometry. A registration between surfaces is needed
for the one-one correspondence between them so that the local shape difference be-
tween specimens can be analysed. Conformal maps have been widely used as the
registration between surfaces. As conformal maps preserve angles, the local geometry
can be preserved well. However, the existence of a conformal map is not guaranteed
when landmark are required to be matched. Therefore, the quasi-conformal map,
which is a generalization of conformal maps, are usually used as a landmark-based
registration. We propose to apply the Quasi-conformal (QC) iteration developed in
[15] to find the landmark-matching registration between medical images. The Te-
ichmiiller extremal maps (T-maps), which is the quasi-conformal map minimizing the
maximal conformality distortion among all diffeomorphism between the surfaces, can
be effectively computed by the QC iteration. For a landmark-based registration, the
landmark points, which are points of correspondence on each specimen that match
between and within populations, are needed to be extracted before the registration.
Automatic or semi-automatic algorithm is needed for large-scale experiment. In this
thesis, we will apply the QC algorithm to find registrations between some human
organs, and develop a semi-automatic landmark extraction algorithm on brainstem

surfaces.
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Introduction

In the field of biology and physiology, shape morphometry is the quantitative analysis
on the shape of geometric subjects, usually human organs and other organism. It
includes the statistical analysis of shape variation among a species and the analysis of
shape change as a result of growth, experimental treatment, evolution or diseases [25].
Traditionally, the lengths, widths, masses, angles, ratios and areas are often analysed.
Landmark points are taken from the specimen and the distance between specific
landmark points are measured as data. Statistical analysis, such as the principal
component analysis (PCA) are done on the data collected. The drawback of the
traditional approach is that the length collected are usually highly correlated. Very
little information about the shape and size is collected [23]. In modern morphometry,
the 2- or 3-dimensional coordinates of the landmark and semilandmark points on the
specimen are collected as data. The spatial information and the geometry of the
specimen can then be analysed [29].

However, shape morphometry is a much wider topic in mathematics. It consists
of surface reconstruction (reconstruction of a surface from a set of point cloud taken
from medical images, such as MRIs), surface processing (including denoising, smooth-
ing, inpainting, mesh reconstruction, etc.), landmark extraction, surface registration

(finding the one-one correspondence between surfaces) and shape analysis (statistical



analysis on the shape difference between surfaces, usually by comparing a shape in-
dex). In this thesis, we will focus on surface registration and landmark extraction by
using Riemannian geometry.

A registration is needed for the one-one correspondence between different speci-
mens. The registration methods can be divided into two types: landmark-based and
non-landmark-based. A non-landmark-based registration usually utilize geometric
structures, such as the curvature of a surface, as the reference for the registration. An
energy functional measuring the curvature mismatch, for example, can be constructed
for a surface registration problem and the diffeomorphism between the surfaces that
minimizes the energy functional can be used as the registration. On the other hand,
a landmark-based registration will map landmark points of a specimen to the corre-
sponding landmark points of another, or map the landmark points of different speci-
mens to the same spots on the parametric domain. An energy functional measuring
the landmark mismatch, for example, can be constructed for a landmark-matching
registration problem and the diffeomorphism between the surfaces that minimizes the
energy functional will be the landmark-matching registration. With the registration,
statistical analysis can be performed. An overview of different registration method
for medical images can be found in [22].

Conformal maps have been widely used for registration between two surfaces
(11,8, 27, 9]. As conformal maps preserve angles, the local geometry can be preserved
well. Given two simply-connected surfaces, there exists a unique conformal map up
to a Mobiiis transform. However, if landmark matching are required, a conformal
map may not exist. Therefore, the quasi-conformal map, which is a generalization of

conformal maps, are usually used as a landmark-based registration between surfaces.



We propose to apply the Quasi-conformal (QC) iteration developed in [15] to find the
landmark-matching registration between medical images. The Teichmiiller extremal
maps (T-maps), which is the quasi-conformal map minimizing the maximal confor-
mality distortion among all diffeomorphism between the surfaces, can be effectively
computed by the QC iteration.

For a landmark-based registration, the landmark points are needed to be ex-
tracted before the registration. Landmarks are points of correspondence on each
specimen that match between and within populations. They are biologically homol-
ogous anatomical loci recognizable on all specimens in the study. Landmarks can be
defined both locally and globally, either anatomically or geometrically. Locally de-
fined landmark includes the intersection of different components of an organism and
the local minima and maxima of curvature of a surface. Globally defined landmarks
are usually the points that are furthest away, such as the two tips of a structure.
Semilandmarks are points along a curve, usually forming a curve joining the land-
marks. They are usually ridges, valleys or geodesics on a surface [1] [4] [28]. For
simplicity, we will call both the landmarks and semilandmark as landmarks in this
paper.

Landmark points can be extracted manually. It is accurate, but the process will
be very slow for a large-scale morphometry. Therefore developing an automatic or
semi-automatic method for landmark extraction is important. Automatic landmark
extraction is fast, but we have not much control on landmark extracted. The target
landmarks may not be extracted while the extracted curves may not be landmarks.
Therefore, we propose a semi-automatic landmark extraction algorithm, which re-

quires background knowledge on the specific surface to assign different parameters



for each landmark. For each landmark, some times are needed to spend on assigning
the parameters, but the computation will be automatic and it can deal with any
number of specimens.

In this thesis, we will apply the QC iteration developed in [15] to find registrations
between some human organs, and develop a semi-automatic landmark extraction

algorithm on brainstem surfaces.

0.1 Previous Works

Surface registration, which aims at finding meaningful one-one correspondence be-
tween surfaces, has been studied extensively by different groups. Conformal surface
registration is widely used [11, 8, 27, 9]. For example, Hurdal et al. [11] proposed
to compute the conformal parametrization using circle packing and applied it to
human brain surface registration. Gu et al. [8, 27, 9] proposed to compute the con-
formal parametrization of Riemann surfaces for registration using harmonic energy
minimization and holomorphic 1-forms. Using conformal parametrization for surface
registrations is advantageous as they preserve local geometry well.

Sometimes, the deformations between surfaces may not be conformal. For ex-
ample, the normal growth of human brains may be conformal, but in case of some
diseases, the growth may be abnormal and the deformation may not be conformal.
There may not certain amounts of conformality distortion. Therefore, quasi-conformal
mappings are proposed as the smooth one-one correspondence with bounded confor-
mality distortion. Lui et al. [19] proposed to compute the quasi-conformal maps
between hippocampal surfaces which minimize curvature mismatch. The Beltrami

Holomorphic flow is used to obtain the optimal Beltrami coefficient associated to



the registration [20]. Wei et al. [30] proposed to compute quasi-conformal map-
ping for feature matching face registration. The Beltrami coefficient associated to
the landmark matching parametrization is approximated. However, exact landmark
matching and bijectivity of the mapping cannot be guaranteed, especially when the
deformations is very large. In order to find the quasi-conformal maps from the associ-
ated Beltrami coefficient effectively, the Quasi-Yamabe method is introduced, which
applies the curvature flow method to compute the quasi-conformal maps [31]. The
algorithm can deal with surfaces with general topologies. The Linear Beltrami Solver
(LBS) is introduced in [15]. It can compute the quasi-conformal mapping from its
associated Beltrami coefficient more effectively.

Landmark-based diffeomorphisms are often used to compute, or adjust, cortical
surface parameterizations [7, 13]. For example, Glaunes et al. [7] proposed to generate
large deformation diffeomorphisms of the sphere onto itself, given the displacements
of a finite set of template landmarks. Leow et al. [13] proposed a level-set based
approach to match different types of features, including points and 2D or 3D curves
represented as implicit functions. These methods provide good registrations when
the corresponding landmark points on the surfaces can be labeled in advance. On
surfaces without well-defined landmarks, some authors have proposed driving features
into correspondence based on shape information. Lyttelton et al. [21] computed
surface parameterizations that match surface curvature. Fischl et al. [5] improved
the alignment of cortical folding patterns by minimizing the mean squared difference
between the average convexity across a set of subjects and that of the individual.
Lord et al. [14] matched surfaces by minimizing the deviation from isometry. Wang

et al. [26, 18] proposed to compute the optimized conformal parameterizations of



brain surfaces by minimizing a compounded energy. The features of the surfaces are
aligned, but the landmarks are not exactly matched. Besides, the resultant mapping
may not be a diffeomorphism when the number of landmarks is large. Lui et al.
[16, 17] proposed to use vector fields to represent surface maps. The registrations
are reconstructed by the integral flow equations. A shape-based landmark matching
harmonic maps is obtained by looking for the best vector fields minimizing a shape
energy. The use of vector fields makes optimization easier, although it cannot describe
all surface maps. Landmarks are exactly matched by the resultant mapping. Zhang
et al. [32] parameterized brainstem surface conformally onto the quadrilaterally-faced
hexahedron by discrete Ricci low method. Landmarks are exactly matched but the
mapping is not continuous at the landmarks. Lui et al. [15] proposed to use the
Teichmiiller extremal maps (T-map) as the one-one correspondence between surfaces
while matching landmarks. T-map is a class of quasi-conformal maps, and the T-map
with minimal conformality distortion can be found iteratively by an iterative scheme
called the Quasi-conformal (QC) iteration. Large number of landmark constrains can

be enforced, and the bijectivity is ensured even with large deformation.



Chapter 1

Mathematical Backgrounds

1.1 Riemannian Manifold

Definition 1.1.1. A manifold is a topological space S covered by a set of open sets
{Us}. A homeomorphism ¢, : U, — R™ maps U, to the Euclidean space R".
(U, ¢0) is called a coordinate chart of M, the set of all charts {(U,, ¢4)} form the
atlas of M. Suppose U, N Uz # (. Then

Gap = b0 by o (Ua NUs) — ¢5 (Ua N Up)

is called a transition map.

If all transition functions ¢, are smooth, then the manifold is called a differential
manifold, or a smooth manifold. The atlas is a differential atlas. The maximal
differential atlas is called a differential structure.

Suppose M is a smooth manifold embedded in R", a curve on the manifold is a

map

v :(—e,e) — M.

Definition 1.1.2. A vector v € R""! is said to be tangent to M C R™™ at a point
p € M, if there exists a smooth curve v with v (0) = p and 7' (0) = v.

The set T,M of all the vectors tangent to the manifold M C R™"! at the point p
is a vector space. It is called the tangent space. A tangent vector can be abstractly
defined without embedding as follows.

Definition 1.1.3. A tangent vector is represented by elements of R™ for each co-
ordinate chart transforming via differentials of a coordinate change at the reference

7



point.

Mathematically, a tangent vector ¢ at the point p is an n-tuple (£',&2 -+ &)
of real numbers associate to a coordinate chart (z',z? --- 2") at p, such that if
<él, e ... ,é") is associated with another coordinate system (z',72,---,2") , then

it satisfies the transition rule

TR e LAY
§=2 55 W¢"

j=1

A smooth vector field £ assigns a tangent vector for each point of M, it has a local
representation

n
0
¢ (xlsz, - ,x") _ ;51 (:1:1,352, o ’xn) P
where {%} represents the vector fields associate with the iso-parametric curves of

M. They form a basis of all vector field.

Suppose ¢ : M — N is a differentiable map from M to N, v : (—¢,e) — M is
a curve, 7 (0) =p, v/ (0) =v € T,M. Then ¢ o~ is a curve on N, ¢p o~ (0) = ¢ (p).
We define the tangent vector

¢« (V) = (907)'(0) € Ty N,
as the push-forward tangent vector of v induced by ¢.

Definition 1.1.4. The tangent space 1,M is an n-dimensional vector space, its dual
space Ty M is called the cotangent space of M at p. Suppose w € T;M. Then



w:T,M — R is a linear function defined on T,M, w is called a differential 1-form
at p.
Similarly, we can define the differential 1-form field, it has the local representation

n
w(ml,xQ,--- ,:17”) = E w; (:El,mQ,--- ,:1:”) dx;
=1

where {dz;} are the dual differential 1-forms to {%}, such that

0
i) =

1, i=3j
by=9 7
0, i#]J
Definition 1.1.5. A tensor O of type (n,m) on a manifold M is a correspondence
that associates to each point p € M a multi-linear map

where

Op : TyM X TyM X -+« x T,M X T;M x - x T)M — R,

where the tangent space T, M appears m times and the cotangent space 77 M appears
n times.

Definition 1.1.6. A Riemannian manifold (M, g) is a smooth manifold M equipped
with a Riemannian metric g. A Riemannian metric on M is a family of positive
definite inner products g, : T,M x T,M — R, p € M, such that for all differentiable
vector fields X,Y on M, p+— g, (X (p),Y (p)) defines a smooth function M — R.

The Riemannian metric is a symmetric (0, 2)-tensor that is positive definite, i.e.
g(X,X) > 0 for all X # 0. Under the local coordinate system {%}, the metric
tensor can be expressed locally at p € M as

s ((£).(2))

Equivalently, the metric tensor can be written in terms of the dual basis {dxz!, - - , dz"}
of the cotangent bundle as

g= Zgijd:vi ® da’ .
i,J
Definition 1.1.7. Suppose ¢ : M — N is a differential map and (NN, g) is a Rie-
mannian manifold. The pullback metric ¢*g is a (0, 2)-tensor defined as
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¢°g (v, w) =g (¢x (v), Ps (W)
for v, w € T,,M, where ¢, (v) is the push-forward of v by ¢. [10]

1.2 Conformal Mapping

Definition 1.2.1. Let v : D — R be a real-valued function defined on a domain

DcCC. Ifue C?(D) and

Pu(z)  *u(z)
0x? Oy?

for all z € D, then u is called a harmonic function. A is called the Laplace operator.

Au(z) = =0

We denote

dz = dx + idy

dz = dx —idy

o 1,0 .0
@_5(%_20_3/)
g 1,9 .0
5_5(%“8@)

The Laplace operator can be expressed as

92
020z

Definition 1.2.2. A function f: C — C, f (z + 1y) = u+ v is called a holomorphic
function if it satisfies the Cauchy-Riemann equation:

A=14

ou_on
oxr Oy
ou ov

dy O
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As a consequence, if a function f is holomorphic, then

o _

820

and both u and v are harmonic.
A function f : D — C is called biholomorphic if it is bijective and its inverse f~*
is holomorphic.

Definition 1.2.3. A Riemann Surface represents a two-dimensional manifold M with
an atlas {(U,, z)}, such that

1. {U,} is an open covering, i.e. M C |JU,,

2. zZy : Uy — C is a homeomorphism from an open set U, C M to an open set
2o (Uy) C C, and

3. If Uy NUz # 0, then

Zg © Z;l I 2a (Ua N Ug) — 23 (Ua N Ug)
is biholomorphic.

Definition 1.2.4. Let M and M be two Riemann surfaces. A mapping f: M — M
is called a conformal mapping, if for any p € M, p = f(p) € M, and for any local

parameter charts (U, ¢) and <0, gz~§>, z=¢(p), 2= gzNS(ﬁ), then

Z=gofop ' (2)

is holomorphic in U.

Theorem 1.2.1. Let f: C — C be a holomorphic function and w = f(z). Then

dw = 8];8)6& + 8"giz)dz
-2
as 2L = 0. Therefore
of (2)|”

dw? = dwdw = ’ dzdz = \ (sz)

0z
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which implies that the pull back metric dw? induced by f is equal to the original metric

2
up to a scaling factor A = )%) , which is also called the conformal factor, and thus a

holomorphic function between planar domains preserves angles. Similarly, conformal
mappings between Riemann surfaces with metrics also preserve angles.

Theorem 1.2.2. (Riemann Mapping Theorem) Let D C C be a simply-connected
domain in the complex plane, with an interior point zg € D. There exists a unique
conformal mapping ¢ from domain D to the unit disk A, such that ¢ (z9) = 0 and

Qb/ (Zo) > 0

There are several ways to find the conformal map, which will be briefly explained
below:

For a topological disk D, a conformal map v : D — Q C R? can be computed
by minimizing the harmonic energy.

Definition 1.2.5. (Harmonic Energy) Let (M,g), (N,h) be Riemann surfaces
with metrics g and h respectively, and v : M — N is continuously differentiable.
We denote the metrics as

ds3; = Z Gop (2) dzda’,  dsi = Z hij (u(z)) du'du’.
The pull-back metric of h, u* (ds%) is defined as
ou' ou?
* 2\ _ g - P
u* (ds3;) = 2; (;hm (u(z)) e 8m5> dx“dx”.

The trace of the pull-back metric is called the energy density. It can be represented
in the local coordinate system as

ou' o’
2 _ L) — aBy
|du|” =Try (u*h) = E g7 h;j 5o DB

i7j7a7ﬁ
where 3 99 gik = Oi.
The harmonic energy is defined as

B (u) = /M dul? dViy

where dVy; = +/det gdx is the area element of M. The critical points of E in the
space of maps are called the harmonic maps.
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If the target surface N is embedded in R?® and h is the Euclidean metric, the
harmonic energy can be simplified as

E (u) = Z/M Vi) dVa.

Definition 1.2.6. (Harmonic Map Equation) The Euler-Lagrange equation of
the harmonic energy is called the Harmonic Map Equation. It can be expressed in
the local coordinates on N as

» , ouw? our .
Au'+ ) g™, (u(@) 525 i=1,2

a757j7k

where I'; is the Christoffel symbols of N.
By solving the harmonic map equation, a harmonic map can be found.

Theorem 1.2.3. (Radd’s Theorem) Assume Q) C R? is a convex domain with a
smooth boundary OS2 and D is a topological disk with a Riemannian metric g. Given
any homeomorphism ¢ : St — 99, there ewists a unique harmonic map u : D — €,
such that u= ¢ on 0D = S' and u is a diffeomorphism.

A conformal map can be computed by minimizing the harmonic energy E over all
orientation preserving diffeomorphism from D to €. Please refer to [8] for the details
of the algorithm.

For a Riemann surface with genus > 1, a conformal map can be found by the

holomorphic 1-form.

Definition 1.2.7. Let M be a Riemann surface with conformal atlas {(Ua, ¢a)}-
For each local coordinate z, = ¢, (p), two smooth complex functions f, and g, are
assigned,
faldza + gadz,
is a complex differential 1-form if it is invariant under coordinate changes, i.e. if
U, NUgs # 0, then
faldza + godz, = f/gdz,g + gﬁdiﬂ

where 2z, = ¢, 0 (bgl (25).
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Definition 1.2.8. (Holomorphic 1-form) Suppose M is a Riemann surface with
conformal atlas and w is a complex differential 1-form. If on every local coordinate,
w has the representation

w= fdz,

where f is a holomorphic function, then w is called a holomorphic 1-form. For a genus
g closed surface, all holomorphic 1-forms form a 2g real dimensional linear space.

A point p € M is called a zero point of a holomorphic 1-form w if for any local
parametric representation w = f (uq) dzq, f| », =0 According to the Riemann-Roch
theorem, there are, in general, 2g—2 zero points for a holomorphic 1-form on a surface
of genus g.

A holomorphic 1-form w can be visualized by a texture map f : M — C, which
can be computed by integrating the holomorphic 1-form on the local parametric
domain. A curve that is mapped to a horizontal line on the complex plane by f is
called a horizontal trajectory, while a curve that is mapped to a vertical line is called
a vertical trajectory. The horizontal and vertical trajectories that connect the zero
points or a zero point and the boundary is called critical trajectories, which segment
the surfaces into patches that are either topological disks or topological cylinders. A
conformal mapping can then be easily found. Please refer to [27, 9] for the details of
the algorithm.

Ricci flow is also a widely-used method for conformal mapping, which deforms the

Riemannian metric of a surface conformally by its curvature.

Definition 1.2.9. (Ricci Flow) Suppose M is a smooth surface with a Riemannian
metric g = (g;;). The Ricci flow deforms the metric g (¢) conformally according to
the Gaussian curvature K (t) by
g5 (t)
ZHAT 9K (t) gy (t
A (1) (1
If the Riemannian metric is represented in the form g (t) = e*(g (0), then the
Ricci flow can be written as

Ou (t)
= 2K
5 (t)
It can be modified to
ou _
= 2(K - K)

so that the resultant metric will have the target curvature K.
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The algorithm for discrete Ricci flow is detailed in [3, 12].

1.3 Quasi-conformal Mapping

Definition 1.3.1. A diffeomorphism f : Dy — D, is called a quasi-conformal map-
ping if and only if f is the solution to the Beltrami equation:

af of

97 () 92
for some complex-valued function p with || (2)]| . < 1. If 1 (2) = 0, then the Beltrami
equation becomes the Cauchy-Riemann equation, and the mapping is conformal. u
is called the Beltrami coefficient of f, and is usually denoted as py.

_ It el

U=

is called the mazimal dilation of f.

In the local parameter domain around a point p, the diffeomorphism f can be
approximated with respect to the local parameter by f (2) = f (p)+ /. (p) z+f: (p) 2 =
f(p)+ f.(p)(z+ u(p) z). It can be viewed as a translation to f (p), together with
a stretch map S(z) = z + p(p)z multiplied by f, (p). The translation and the
scalar multiplication is conformal, so the conformality distortion of f(z) is due to
S (z). The map S (z) will stretch an infinitesimal circle to an infinitesimal ellipses,
and the axis and magnitude of the maximal magnification and maximal shrinkage
can be determined by p(p). The angle of the maximal magnification direction is
arg (1 (p)) /2 with magnitude 1 + |u (p)|, while the axis of maximal shrinkage is the
orthogonal direction (arg (u(p)) — 7)/2 with magnitude 1 — | (p)|. Therefore, the
Beltrami coefficient ;o contains all the information about the map. See figure 1.1 for
an illustration.

Theorem 1.3.1. (Riemann Mapping Theorem for Quasi-conformal Map-
ping) Let D be a simply-connected domain in C and p(z) : D — C be a complex-
valued function with || (2)||, < 1. Then there exists a quasi-conformal mapping
g : D — A whose Beltrami coefficient is equal to p.

The theorem states that there is a one-one correspondence between the space
of quasi-conformal mappings and the space of Beltrami coefficient. We can recon-
struct the quasi-conformal map from the associated Beltrami coefficient by solving

the Beltrami equation.
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arg(u) /2

uas: al map
Circle packing (Circles to circles) (Circles to ellipses)

A) B) © D)

Figure 1.1: (A) shows a face mesh with the circle packing. (B) shows the conformal
map from the face to a unit disk. The small circles on the face are mapped to small
circles on the unit disk. (C) shows the quasi-conformal map. The small circles are
mapped to small ellipses on the unit disk. (D) illustrates the effect of the Beltrami
coefficient on the conformality distortion.

The Beltrami holomorphic flow is one of the method for computing the quasi-
conformal maps from Beltrami coefficients.

Theorem 1.3.2. (Beltrami Holomorphic Flow) There is a one-one correspon-
dence between the set of all quasi-conformal mapping of the unit sphere S* = C that fix
the points 0, 1 and oo and the set of all smooth complex-valued function p on S* such
that ||p|| . < 1. The solution f* of the Beltrami equation depends holomorphically on
1.

Let {pu(t)} be a family of Beltrami coefficient with t as a parameter, and that p
can be written as

0 (t) () = (=) + t (=) + 12 (1) (2)
for all z € C, where 1 € C* (C) and v,e (t) € L (C) with ||e (¢)||,, — 0 ast — 0.
Then for all w € C, we have
FAO (w) = f* (w) +tV (f*,v) (w) + o (Jt])

on C ast — 0, where

e P () - ) v () (7). ()’ )
vty w) . L Fmme s 0ty

It gives us the variation of f* under the variation of p explicitly.
Given the target p, we can then flow the initial map fo, usually the identity map,
iteratively to f* by

fk+1:fk+v<fk,%), k=0,1,--- ,N—1
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where N 1s the number of iterations.

The fixed points can be arbitrarily chosen. Given a quasi-conformal map f :
S? —+ S2%, and three points a, b, ¢ € S?, we can find the unique M6bius transformations
b1, : S* — S2 such that ¢y (a) = 0, ¢y (b) = 1, é1 () = oo and s (f (a) = 0,
ds (f (b)) =1, ¢ (f (¢)) = 0o. Then the composition map f = ¢y0 fo¢r! is a quasi-
conformal map fixing the points 0, 1 and oo. Thus, with the given Beltrami coefficient
1 and a three points correspondence, we can reconstruct the quasi-conformal map by
the Beltrami holomorphic flow.

The Beltrami holomorphic flow can be extended to the unit disk D, where there is
a one-one correspondence between the set of all quasi-conformal mappings with points

0 and 1 fixed and the set of Beltrami coefficient, with the variation of f# changed to

) (f” (w) = 1)

V() (w) = -

6, )
( 74 (7 (=) = D) (77 (2) = ()

v (1. ) i
+/Df“—(2)(1—f“—(2)) (-rorw)

For details about the Beltrami holomorphic flow, please refer to [20].

The reconstruction of the quasi-conformal maps from the Beltrami coefficient can
also be done by the Linear Beltrami Solver (LBS), which is developed in [15]. The
basis idea is to discretize and approximate the Beltrami equation to a linear system,
which is symmetric positive definite. The quasi-conformal map corresponding to the
given Beltrami coefficient can be computed by solving the linear system. Landmark

constrains can also be added to the linear system, and the linear Beltrami solver will
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look for the best quasi-conformal mapping whose Beltrami coefficient is closest to the

target one.

Definition 1.3.2. Under a boundary condition, a quasi-conformal map f : Dy — Dy
is called extremal if it satisfies

K[fl < Klg]

for all quasi-conformal map g : D; — D, with the same boundary condition. It gives
the least conformality distortion among all such mapping.

Definition 1.3.3. Let f : D; — D, be a quasi-conformal map with Beltrami co-
efficient . f is said to be a Teichmiiller map if there exist holomorphic function
¢ : Dy — C such that

©
||

for some constant k£ < 1. Therefore, the norm of the Beltrami coefficient of a Te-
ichmiiller map is constant, ie. |u (v)| =k for all v € R;.

p==kK

Teichmiiller map is closely related to extremal map between simply connected
surfaces. Under suitable boundary condition, an extremal map is a Teichmiiller map.
Therefore, by searching for a Teichmiiller map with minimum norm, we can obtain

an extremal map. [10, 6]

1.4 Laplace-Beltrami operator

Definition 1.4.1. Let f be a real-valued function defined on a Riemannian surface,
the Laplace-Beltrami operator is defined by Af = div(grad(f)). In the discrete case
with triangular mesh T with vertices V' = {p; : i = 1,...,n}, functions are usually
approximated by piece-wise linear functions. The function value of a point on a face
is defined by linearly interpolating the value f (p;) for vertices p; of the face. The
discrete Laplace-Beltrami operator is expressed as

(Af) (pi) = Z wij [f (pj) = f (ps)]
JEN(7)
where N (i) is the neighborhood of the vertex p;, i.e. the vertices that are connected
to vertex p; by an edge, and w;; is the weight defined on the edge p;p;. The edge
weight is determined by the cotangent formula
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pi
(N
pj
Figure 1.2:
{cot « if p;p,is on the boundary
Wij = t atcot 3 .
=25 otherwise

where o (and [) is the angle(s) against the edge p;p;, see figure 1.2.

The eigenfunctions of the discrete Laplace-Beltrami operator have some good
properties regarding the global shape of the surface. We will rearrange the eigen-
functions according to the ascending order of the absolute value of the corresponding
eigenvalues. The eigenfunction with the smallest eigenvalue is a constant function
with eigenvalue zero and contains no information. The first non-trivial eigenfunction
with smallest eigenvalue, also called the Fiedler vector, describes the longitudinal
extension of the shape. For a snake-like structure, the Fiedler vector will attain its
minimum value at one tip. The function will then increase following the shape and
attain its maximum value at the other tip. The second and third non-trivial eigen-
functions share similar properties as the Fiedler vector, as they also increase from
one end to another, but along the other two dimensions. Figure 1.3, showing the first

three non-trivial eigenfunctions of a brainstem surface, illustrates this property.

When the surfaces are of similar shape and structure, such as the surfaces of a hu-

man organ of different people, the corresponding eigenfunctions will behave similarly.
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R
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(a) b

Figure 1.3: (a), (b) and (c) show the first three non-trivial eigenfunctions of a brain-
stem surface respectively. The first eigenfunction increases from bottom to top as
shown in (a). The second eigenfunction increases from left to right as shown in (b).
The third eigenfunction increases from back to front as shown in (c).
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Figure 1.4: The first eigenfunction and the corresponding eigenloops of three different
brainstem are plotted on the surfaces.

Figure 1.4 shows the first eigenfunction of three different brainstem surfaces, with the
function value normalized to [0, 1]. Nine eigenloops, which are loops joined by points
with the same function value, are drawn on each brainstem surface in figure 1.4. The
eigenloops are choosen to be with function values 0.1,0.2,...,0.9. We can see that
the corresponding eigenloops of different brainstem surface are located at the same
region of the brainstem. The eigenloops of the second and third eigenfunction are

shown in figure 1.5 and 1.6 respectively, and the same properties can be observed.

With the above mentioned properties, we propose to use the first three non-trivial
eigenfunction of the Laplace-Beltrami operator as a reference to different regions of

the brainstem surface.

Definition 1.4.2. The discrete Laplace-Beltrami operator can be expressed in matrix
form Af = L x f(V), where f (V) is a column vector with the value f (p;) in the
i-th entry, and the matrix L is given by
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Figure 1.5: The second eigenfunction and the corresponding eigenloops of three dif-

ferent brainstem are plotted on the surfaces.

Figure 1.6: The third eigenfunction and the corresponding eigenloops of three different

brainstem are plotted on the surfaces.
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W if p;p;is an edge
L= — > wy ifi=j
“J kEN(4)
0 otherwise

The problem of finding eigenfunctions of Laplace-Beltrami operator is equivalent
to finding eigenvectors of the matrix L. In this paper, we solve the eigenvectors by

the built-in function of MATLAB. [24]



Chapter 2

Quasi-conformal Mapping For
Medical Surface Registration

2.1 Introduction

In morphometry, when comparing two surfaces, we always want to find a one-one
correspondence between the surfaces. There are two different types of registration:
landmark-based and non-landmark-based. We will focus on landmark-based registra-
tion is this paper. A good landmark-based registration should be smooth and match
the landmark points exactly, while the conformality distortion of the maps should be
small. We proposed to apply the Quasi-conformal (QC) iteration developed in [15]

to compute the Teichmiiller extremal maps (T-map) on medical surfaces.

2.2  Quasi-conformal (QC) iteration

Recall that there is a one-one correspondence between quasi-conformal maps and Bel-
trami coefficient, and with the Linear Beltrami Solver (LBS) developed in [15], we can

reconstruct the diffeomorphism from the associate Beltrami coefficient effectively by

24
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solving a linear system. The space of Beltrami coefficient is easier to be manipulated
than the space of quasi-conformal mappings. Therefore, Lui et. al. [15] proposed to
find the Teichmiiller map by finding the optimal Beltrami coefficient that minimize an
energy functional measuring the conformality distortion. The Teichmiiller extremal

map is then reconstructed from the optimal Beltrami coefficient by LBS.

2.2.1 Computing Beltrami coefficient

Given the triangular mesh (V) F') of a domain D C C, and the diffeomorphism f =
(f1, f2) : D — C, we would like to compute the Beltrami coefficient of f on each

face of D. The Beltrami equation g}f = liy a can be explicitly written as

B ofi  0fs afy 0fi ofi  0fs ofy  0f
“f‘((%‘@)* (%w—y))/((%*a—y)* (%‘a—y))’

where the partial derivatives % and

T
gradient Vo f; = (%127 %J;i) :

o= v, o))
o v1—vg
Vrfi= Ji(va)=fi(vo) |’

Vo — Vg \vg—v0|

6’; on a face T can be found by solving the

where vy, v1 and v, are the three vertices of 7. Then the Beltrami coefficient on each

face can be found.

2.2.2 Main algorithm

Given the triangular mesh (V, F') of a domain D; C C, a domain Dy C C of the same

topology, and the boundary condition g : dD; — 0Ds, we would like to compute
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the Teichmiiller extremal mapping f : D; — Ds such that f] op, = ¢ with minimum
conformality distortion.
Finding a Teichmiiller map is equivalent to finding a function f : D; — D, that

satisfies

of o Of
_— = k—— —

0z lp| 02 Fon, =9

for some constant k£ and holomorphic function ¢ : D; — C. A Teichmiiller map f is
called extremal if the infinite norm of the Beltrami coefficient associated is minimum

among all Teichmiiller maps with the same boundary constrain, i.e. for all h: D; —

Dy, satisfying hl,, = g, we have

e (Pl < NPl -

The Teichmiiller extremal mapping can be formulated as the following optimiza-

tion problem:

win [l (f) e + IV | (F)115

subject to f|, p, = g- The first term of the energy functional is measuring the maximal
conformality distortion, while the second term measures the smoothness of | (f)].
For a Teichmiiller extremal map, the first term of the energy functional is minimized,
while the second term will be zero, as the norm of the Beltrami coefficient is constant.
Therefore, the minimizer of the energy functional is the Teichmiiller extremal map.
Since there is a one-one correspondence between the set of quasi-conformal map-

pings and the set of Beltrami coefficient, the optimization problem is equivalent to
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. 2
min [|v|[, + [V [v[[];

subject to v = u(f), [[V|l, <1, and f|,, =g

The advantage of minimizing the energy functional with respect to the Beltrami
coefficient instead of the mapping is that the diffeomorphic property can be controlled
easier. The mapping is guaranteed to be diffeomorphic if the norm of the Beltrami
coefficient is less than 1. Therefore, by enforcing that |||, < 1, the map f” must
be a diffeomorphism.

In order to find the Teichmiiller extremal map, the Beltrami coefficient is itera-
tively modified through an iterative scheme called the Quasi-conformal (QC) iteration.

An initial map fy is constructed by the Linear Beltrami Solver (LBS) with the
boundary constrain g and the target Beltrami coefficient ug = 0. As boundary
constrains are enforced, the mapping found may not be conformal, i.e. u(fy) # 0.
LBS simply find the best quasi-conformal map whose Beltrami coefficient is closest
to the desire one. Secondly, the Beltrami coefficient of fy is computed and denoted

as 1. Thridly, we apply the Laplace smoothing £, defined by

ZuEN(v) v (u)
ZuEN(v) 1

where N (v) is the neighborhood of face v, on v to get fiy, which replaces the value of

L) =

each face by the average value of the neighboring faces. Then, we apply an averaging

A, defined by

1) D er 1 (u)]
[ (V)3 er

Ap(v) =
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on jip to obtain uy, where the norm of the complex-valued pu; is re-scaled to the
average of the norm of fig. The Laplace smoothing aims at lowering the norm of the
Beltrami coefficient, which correspond to the first term of the energy functional, while
the averaging aims at minimizing the second term of the energy functional, ensuring
the Beltrami coefficient to be of Teichmiiller type. The next mapping f; is then
computed by LBS with the boundary constrain and the target Beltrami coefficient
set to be py. These steps are repeated until the Beltrami coefficient converges. The
resultant f,, will be the Teichmiiller map, and its Beltrami coefficient v,, will be the
smallest among all quasi-conformal maps satisfying the boundary conditions. The

algorithm is summarized in algorithm 1.

Algorithm 1 Quasi-conformal iteration

Input: Triangular meshes (V) F)) and the boundary constrains g
Output: Teichmiiller extremal map f and the corresponding Beltrami coefficient v

Compute the initial mapping fo = LBS(p := 0, g)
Set vy = u(fo)
while ||v, — v, _1|| > € do

Set firer = A(£(1))

Set fni1 = LBS(tnt1, 9)

Set Vpny1 = ,u(fnJrl)
end while

return f,, v,

Additional landmark constrains can be added to the algorithm as the Linear Bel-
trami Solver can tackle with lots of landmarks even with large deformation. See [15]

for more details about the Linear Beltrami Solver and the QC iteration.
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2.3 Experimental result and conclusion

In this paper we applied the QC iteration to find the Teichmiiller extremal map (T-
map) between brainstem surfaces and teeth surfaces taken from MRI. Landmarks are

manually taken from the surfaces.

2.3.1 Brainstem

The brainstem is a part of the human brain. It is a key organ in the body balance con-
trol system and plays an important role in the regulation of cardiac and respiratory
function. It may also contribute to the Adolescent Idiopathic Scoliosis (AIS). There-
fore, we would like to find a one-one corresponding registration between brainstem

surfaces in order to detect the local shape difference.

Landmark points are drawn on three brainstem surfaces manually, as shown in

figure 2.1, 2.2 and 2.3 respectively.

As the bottom part of a brainstem surface contains not much information, it is
removed from the surface. The open surface is then mapped to the unit disk by
conformal mapping. This process is shown in figure 2.4. The mean curvature of the
brainstem surface is calculated. It is then plotted on the surfaces and disk as texture,
with color red representing positive mean curvature and blue representing negative

mean curvature. The red dots are the landmark points.

With the brainstem surfaces and corresponding landmark points mapped to unit
disk, we applied the QC iteration to find the Teichmiiller maps from brainstem surface

A to B, and from A to C.

For simplicity, we further pick 4 landmark points on the boundary of each unit
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Figure 2.5: The three brainstem surfaces A, B and C are mapped to squares. The
mean curvature and landmark points are plotted on each square as texture and red
dots respectively.

disk and map them to a square with the 4 landmark points as corners. Figure 2.5

shows the brainstem surfaces mapped to squares, with mean curvature as texture and

landmark points plotted on the squares

Figure 2.6 shows the Teichmiiller extremal map from A to B found by the QC
iteration. (a) shows the mesh grid and landmark points of A mapped by the T-map,
while (b) shows the original mesh grid and landmark points of B. It can be shown
that the landmark points of A are mapped exactly to the landmark points of B. The
histogram in (c) shows that the norm of the Beltrami coefficient is concentrated in
one value, and all values are less than 1, which indicate that it is a Teichmiiller map
and there is no overlapping in the mapping.

Figure 2.7 shows the diffeomorphism found by the QC iteration from brainstem
surface A to C. The histogram shows that the norm of the Beltrami coefficient is
concentrated in one value, which indicate that it is a Teichmiiller map. There is no
overlapping.

By linear interpretation, we can reconstruct the brainstem surfaces from the square
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Figure 2.6: Teichmiiller extremal map from brainstem A to B. (a) shows the mesh
grid and landmark points of A mapped by the T-map. (b) shows the original mesh
grid and landmark points of B. (c¢) shows the histogram of the norm of the Beltrami
coefficient of the map.

Figure 2.7: Teichmiiller extremal map from brainstem A to C. (a) shows the mesh
grid and landmark points of A mapped by the T-map. (b) shows the original mesh
grid and landmark points of C. (¢) shows the histogram of the norm of the Beltrami
coefficient of the map.
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(A) (B) ©)

Figure 2.8: (A) shows the original brainstem surface A. (B) and (C) show the recon-
structed brainstem surface from the Teichmiiller maps from A, by the QC iteration.
The red dots are the landmark points.

mesh. The resultant meshes will have the same number of vertices and the same
connection between vertices. The one-one correspondence between the brainstem
surfaces can then be achieved. Figure 2.8 show the reconstructed brainstem surfaces

B and C, along with the original brainstem surface A. It can be observed that the

structure of the triangular mesh are the same.

2.3.2 Teeth

Tooth A and tooth B are two molars of the same position taken from two different
people. The triangular meshes are taken from the crown of the two teeth. Land-
mark points, such as the cusps, ridges and valleys, are manually located on the teeth
surfaces. 4 points are taken from the boundary of the teeth surfaces, and the teeth

surfaces are then mapped conformally to a square, with those 4 points as the corners.
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(A) (B)

Figure 2.9: The upper images are the teeth surfaces taken from tooth A and B. The
lower images are the square meshes mapped conformally from the teeth surfaces.
Landmark points are plotted on the surfaces as red dots. Mean curvature of the teeth
surfaces are plotted on the meshes as texture.

Figure 2.9 shows the teeth surfaces A and B, and the square meshes mapped
by conformal maps. Landmarks points are plotted on the meshes as red dots, and
the mean curvature of the teeth surfaces are plotted on the meshes as texture, with

color red indicating region of positive curvature and blue indicating region of negative

curvature.

Figure 2.10 shows the Teichmiiller extremal map from tooth A to tooth B found
by the QC iteration. (a) shows the mesh grid and landmark points of A mapped
by the T-map, while (b) shows the original mesh grid and landmark points of B. It

can be shown that the landmark points of A are mapped exactly to the landmark
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Figure 2.10: Teichmiiller extremal map from tooth A to B. (a) shows the mesh grid
and landmark points of A mapped by the T-map. (b) shows the original mesh grid
and landmark points of B. (c¢) shows the histogram of the norm of the Beltrami
coefficient of the map.

(&) ®)

Figure 2.11: (A) shows the original tooth A. (B) shows the reconstructed tooth surface
B from the Teichmiiller extremal map obtained by the QC iteration. The red dots
are the landmark points.

points of B. The histogram in (c) shows that the norm of the Beltrami coefficient is

concentrated in one value, and all values are less than 1, which indicate that it is a

Teichmiiller map and there is no overlapping in the mapping.

By linear interpretation, we can reconstruct the teeth surfaces from the square
mesh. The resultant meshes will have the same number of vertices and the same
connection between vertices. The one-one correspondence between the teeth surfaces
can then be achieved. Figure 2.11 shows the reconstructed tooth surface B and the
original tooth A. It can be observed that the structure of the triangular mesh are the

salme.
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(L) (R)
Figure 2.12: (L) shows the landmark points plotted on tooth L as red dots. (R) shows
the landmark points plotted on tooth R and the flipped tooth R as red dots.

Tooth L and tooth R are two molar of the same position but on different side
of the same person. The tooth L is taken from the left side, while the tooth R is
taken from the right side. The images in the left and middle in Figure 2.12 shows
the triangular meshes of the two teeth respectively, with landmark points plotted on
the surfaces as red dots. The two meshes are of opposite orientation, so the mesh of
tooth R is flipped, by taking negative on the z-coordinate of the vertices and flipping
the faces. The flipped tooth R is shown in the images in the right in Figure 2.12. 4
points are taken from the boundary of the teeth surfaces, and the surfaces are then
mapped conformally to squares with those 4 points as corners. Figure 2.13 shows the
mapping from the teeth surfaces to squares. The mean curvature of the teeth surfaces

are plotted on the meshes as texture.

Figure 2.14 shows the Teichmiiller extremal map from tooth L to tooth R found

by the QC iteration. The landmark points are exactly matched.

By linear interpretation, we can reconstruct the teeth surfaces from the square

mesh. The resultant meshes will have the same number of vertices and the same
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(L) (R)

Figure 2.13: The upper images are the teeth surfaces taken from tooth L and R.
The lower images are the square meshes mapped conformally from the teeth surfaces.
Landmark points are plotted on the surfaces as red dots. Mean curvature of the teeth
surfaces are plotted on the meshes as texture.
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Figure 2.14: Teichmiiller extremal map from tooth L to tooth R. (a) shows the mesh
grid and landmark points of L mapped by the T-map. (b) shows the original mesh
grid and landmark points of R. (c¢) shows the histogram of the norm of the Beltrami
coefficient of the map.
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L) (R)

Figure 2.15: (L) shows the original tooth L. (R) shows the reconstructed tooth surface
R from the Teichmiiller extremal map obtained by the QC iteration. The red dots
are the landmark points.

connection between vertices. The one-one correspondence between the teeth surfaces
can then be achieved. Figure 2.15 shows the reconstructed tooth surface B and the

original tooth A. It can be observed that the structure of the triangular mesh are the

salie.

2.3.3 Conclusion

Experimental results show that the QC iteration developed in [15] is effective in
finding landmark-matching registrations for shape morphometry of medical images.
The Teichmiiller extremal maps (T-maps) between surfaces are found effectively.
The landmarks are exactly matched by the T-map and there are no overlaps in the
maps. The surfaces can be reconstructed with meshes having the same number of
vertices and the same connection between vertices. The one-one correspondence be-
tween the surfaces can then be achieved. The diffeomorphism is extremal and the
conformality distortion is minimized among all diffeomorphism with the same land-
mark constrains. Table 2.1 shows the computation time for finding the Teichmiiller
extremal maps along with the number of vertices and landmarks for the four pairs of

surfaces.



Time (s) | # of vertices | # of landmarks
Brainstem A and B 2.903 8132 40
Brainstem A and C 2.228 8132 40
Tooth A and B 3.316 10572 32
Tooth L and R 3.313 11087 29

40

Table 2.1: The computation time for finding the Teichmiiller extremal maps along
with the number of vertices and landmarks for the four pairs of surfaces.



Chapter 3

Feature Extraction of Anatomic
Structure

3.1 Introduction

There are three kinds of method to extraction landmarks on a surface: manually, auto-
matically, and semi-automatically. Manual landmark extraction is the most accurate,
as it can utilize the most of the knowledge of medical experts to locate the landmark
exactly. However, it is very time-consuming. It is good for small-scale experiment,
but not suitable for a large-scale one. An automatic landmark extraction method usu-
ally utilize the local geometric structures, such as the gaussian, mean and principal
curvature and the principal directions, to locate ridges, valleys and other features on
the surface. Those vertices and edges are then filtered, joined and smoothed to form
feature curves. Automatic landmark extraction is fast, but we have not much control
on the landmarks extracted. For most automatic landmark extraction algorithm, the
“best” feature curves will be selected based on some criteria, but there is no guarantee
that the “best” ones are consistent features instead of abnormalities, whereas some

of the desire features may not be in the best five or ten. Labeling the features will

41
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be another problem for an automatic landmark extraction algorithm. Some curves
can be extracted, but it is usually difficult to ask a computer to distinguish which
curve is the specific landmark. Therefore, we propose a semi-automatic landmark
extraction algorithm, which requires background knowledge on the specific surface to
assign different parameters for each landmark. For each landmark, some times are
needed to spend on assigning the parameters, but the computation will be automatic
and it can deal with any number of samples.

There are some consistent landmarks with high mean curvature on a brainstem
surface. We will develop an algorithm using the eigenfunction of Laplace-Beltrami
operator and Chan-Vese segmentation to extract the landmarks semi-automatically.
The eigenfunction of Laplace-Beltrami operator are consistent on surfaces with similar
structure and can be used as a reference to obtain the search region for a specific
landmark. The high curvature landmark can then be segmented from the search

region by the Chan-Vese segmentation by using the curvature as intensity of an image.

3.2 Chan-Vese segmentation

The Chan-Vese segmentation is a widely-used segmentation method that segment an
image based on the intensity of the image. It can separate higher-intensity objects
from the lower-intensity background of an image.

The basic idea is to use a level-set function to represent a contour, with positive
value in the region inside the contour, and negative value outside the contour. The
zero level-set of the function is the contour, lying in the boundary between the two

regions. We find the function ¢ by minimizing the following energy functional:
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Fleesd) = [ [VH(@)|dA+v [ H@aA+ A [ Ju-al H()dA
+)\2/9|u—62| (1—H(¢))dA

where u is the input image, and the Heaviside function H : R — {0, 1} is defined as

1 ifz>0
H(z) =
0 ifz<0O.

The first and second term of the energy functional are the regularization terms, mea-
suring the length of the contour, and the area inside the contour respectively. Since
¢ is positive in the region inside the contour and negative outside, the value H (¢) is
1 inside the contour and 0 outside. Therefore, the third term of the energy functional
is measuring the intensity difference |u — cl|2 among the region inside the contour,
and the last term is measuring the intensity difference |u — 02]2 outside the contour.

When the image is consist of a background with lower intensity of an average ¢, and
an object with higher intensity of an average ¢y, then ¢, ¢y and ¢ with positive value
in the higher-intensity region, negative value in the lower-intensity region, and value
zero on the boundary, will minimize the energy functional. Therefore, by minimizing
the energy functional, we can find a level-set function to represent the contour and
segment the image.

For details, please refer to [2].
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3.3 Proposed algorithm

There are some consistent high-curvature landmark feature located at the same region
on brainstem surfaces. The first three non-trivial Laplace-Beltrami eigenfunctions, as
discussed in section 1.4, will be able to locate each feature curve.

Let S be a brainstem surface with ', E/; V' be the triangular mesh, where F' is the
set of faces, E is the set of edges, and V = {p; : i = 1,2,...,n} is the set of vertices.

Let L be the Laplace-Beltrami matrix defined by

4
Wi 4 lfplpJ S
kEN (i)
0 otherwise
\

where w;; is the edge weight defined above in (1.4). We calculate the first three non-
trivial eigenvector, denoted fl, fg and fg respectively, of L. Then we normalize the
eigenvectors to the interval [0, 1], with the value 0 assigned to a specific end and 1 to

the other, for each of the three directions, ie.

fi= fi—min (ﬂ)
max (ﬁ) — min (ﬁ)

fori=1,2,3.

Then, by referring to a few controls, we find the appropriate set of ranges for each
landmark. For example, the red curve in figure 3.1 (a) lies in the region with the first
eigenvector in the range [0.25,0.75], the second eigenvector in the range [0,0.5], and
the third eigenvector in the range [0.25,0.75]. Let V' ={v € V' : f; (v) € [0.25,0.75]
f2(v) €10,0.5], f5(v) € [0.25,0.75]} and F” be the set of faces with all three vertices
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Figure 3.1: (a) shows the brainstem surface, with the red curve indicating a landmark

feature curve. (b) is the separated new mesh, which contains the target feature curve.
Mean curvature is plotted on the meshes as texture.

in V. Then the vertices V'’ and faces F” in this search region is separated to form a
new mesh, as shown in figure 3.1 (b).

By construction, the new mesh will be similar to a quadrilateral, and four corners
can be easily located by eigenvectors, such as by finding the vertices that minimize
fi+ fs, f1— f3, —f1— fs and — f1 + f3 respectively for the example mentioned above.
It is then mapped to a square with the four corners mapped to the corresponding
corners and boundary vertex mapped to the corresponding edge. It can be done
by the Linear Beltrami Solver with the above boundary condition and the target
Beltrami coefficients set to zero. This is shown in figure 3.2.

The mean curvature of the vertices on the brainstem surface, denoted as Clean :

V' — R, is then calculated. It is then smoothen by gaussian smoothing to get a wider
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Figure 3.2: (a) and (b) show the first and third eigenvectors on the separated mesh.
(c) shows the square mesh, with mean curvature of the brainstem surface as texture.

region of high-curvature points so that it can be segmented easier. It can done by

C = G X Chean, where C' and Clean are both arranged by the same order of V', and
(G is a matrix defined by

2;26—'1’1'—171"2/2”2 ifpip; € £
Gij =\ 7= ifi = j
0 otherwise

where o is the standard deviation.

Together with the mean curvature as intensity, the square mesh computed above

can be treated as an image. By the Chan-Vese segmentation, we can segment the

high-curvature region from the square. This region will be corresponding to the

specific high-curvature landmark on the brainstem surfaces. Two end points are then
located on the high-curvature region with the criteria that the mean curvature of the
two end points should be high and they should be farthest apart. A curve is then
drawn to join the two end points by finding the geodesic or the shortest path on the

brainstem surface. The resultant curves will be the desired landmark curves.
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Figure 3.3: From left to right, the first, third, fourth and second landmarks are drawn
manually on the brainstem surfaces as red curves.

3.4 Results and conclusion

17 brainstem surfaces taken from MRI is used to test the algorithm. There are four
ridge that can be used as landmarks on each brainstem surface (see figure 3.3 ). The
first and second ridges are two curves located on the edge of the ear-shape regions.
The third and fourth are two straight ridges alongside the valley in the middle of the
front side of the brainstem surface.
The first landmark is located in the set V; = {v € V' : fi (v) € [0.25,0.75],

fa(v) €10,0.5], f5(v) € [0.25,0.75]} and F} as the set of faces with all three vertices
in V7. The surface S; C S formed by Vi and F} are of quadrilateral shape, and
with f; increasing from one edge to the opposite, and f3; increasing from the other
direction. Figure 3.4 shows the surface S; with f;, f3 plotted on it. Then f; and f3

are normalized to [0, 1] again on Vi, by

f/ _ fi—miny, fi

1 maxy; f1—miny, fi

f/ o fs—miny; f3
L=

maxy; fs—miny, f3

The vertices that minimize f| + f}, fi — fi, —f1 — f4 and —f] + f4 respectively
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Figure 3.4: (a) and (b) show the surface Sy with the first eigenvector f; and the third
eigenvector f3 plotted on it respectively.

are the 4 corners of the quadrilateral in counter-clockwise direction. By the Linear
Beltrami Solver (LBS), we can find a quasi-conformal mapping ¢ : S; — [0, 1] x [0, 1]
with the four corners mapped to the corresponding corners and boundary mapped
to the corresponding boundary. With the mean curvature C' : V' — R calculated
and smoothed as in Section 3.3, we can find a piecewise linear intensity function
C1:[0,1] x [0,1] = R with C (g (v)) = C' (v) Yv € V; and the value of point inside a
face be linearly interpolated by the value of the three vertices of the face. Using the
intensity function C7, we get an image [ with a background of lower-intensity and a
crescentic object with higher-intensity (see figure 3.5). The latter corresponds to the
high curvature landmark that we want to extract.

By Chan-Vese segmentation, the higher-intensity object R, can be segmented.
By removing the smaller disconnected parts, we obtain a simply-connected region R;
that contains the desire landmark. We map the region back to the brainstem surface
S by g7! (see figure 3.6). In figure 3.7, the normalized fi, fo, f3 is plotted on the
region. We find that the vertices that maximize f; + f5 and — f; + fo + f3 can be used

as the starting and ending vertices of the landmark. By the Dijkstra’s algorithm with
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Figure 3.5: The square mesh S; with the intensity function C4. It consists of the
red region of higher-intensity landmark and the greenish-blue background of lower-
intensity.

_ |pi—pjl
Cij+17

edge weight of edge p;p; being w;; where Cj; is the average mean curvature
of p; and p; normalized to [0, 1], we find a path in Ry from the starting to the ending
vertex that has a short distance while following the highest-curvature vertices. The
resultant path is the desired landmark. Figure 3.8 shows the extracted landmark on
three different brainstem surfaces.

The second landmark is in the opposite side of the first landmark, with regard
to the second eigenvector, located in the set Vo = {v eV : f;(v) € [0.25,0.75],
fa(v) €0.5,1], f3(v) €[0.25,0.75]} and Fy as the set of faces with all three ver-
tices in V5. The surface Sy C S formed by V5 and F;, are of quadrilateral shape, and
with f; increasing from one edge to the opposite, and f3 increasing from the other
direction. Figure 3.9 shows the surface Sy with fi, f3 plotted on it.

Then f; and f3 are normalized to [0, 1] on V5 by the similar way as on Vi. The
vertices that minimize f] + fi, —f] + f5, —f1 — f5 and f{ — f} respectively are the 4

corners of the quadrilateral in counter-clockwise direction. The surface S5 is mapped
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(b)

Figure 3.6: (a) shows the region segmented by the Chan-Vese segmentation. By
removing the smaller disconnected parts and then mapped back to the brainstem
surface, we obtained the region in (b).

Figure 3.7: The first three eigenvectors fi, fo and f3 are plotted on the segmented
region in (a), (b) and (c) respectively.

Figure 3.8: The first extracted landmarks of three different brainstem surfaces.
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Figure 3.9: (a) and (b) show the surface Sy with the first eigenvector f; and the third

eigenvector f3 plotted on it respectively.

to the square [0, 1] x [0, 1] by a quasi-conformal mapping found by LBS, and a piece-
wise linear intensity function C5 can be found by similar way as ;. The figure
3.10 shows the image formed by the intensity function C5. We segment the higher-
intensity region R from the image by Chan-Vese segmentation, and obtained Ry, C S
that contains the desire landmark as shown in figure 3.11. Two end points defined

as the vertices that maximize f; + f3 and —f; — fo + f3 respectively are joined by
a path found by Dijkstra’s algorithm. Figure 3.12 shows the extracted landmark on
different brainstem surfaces.
By choosing the set Vi ={v eV : f (v) € [0.22,0.75], f2 (v) € [0.25,0.55]

f3(v) € 05,1} and Vy ={v eV : f1(v) €[0.22,0.75], f2 (v) € [0.45,0.75],

f5 (v) € [0.5,1]}, we can define surfaces S3, Sy C S that contains the third and fourth

landmark respectively. Figure 3.13 shows the surfaces S5, Sy cut from the brainstem

S. By the above algorithm, we can extract the third and fourth landmarks, as shown

in figure 3.14 and 3.15, respectively.

Figure 3.16 shows the four landmarks plotted on three brainstem surfaces. 17
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Figure 3.10: The square mesh S; with the intensity function Cf.

red region of higher-intensity landmark and the greenish-blue background of lower-

intensity.

Figure 3.11: The region segmented by the Chan-Vese segmentation. The smaller
disconnected parts are removed and it is mapped back to the brainstem surface.

Figure 3.12: The second extracted landmarks of three different brainstem surfaces.
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The fourth extracted landmarks of three different brainstem surfaces.

Figure 3.15
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1st landmark

2nd landmark

3rd landmark

4th landmark

Time(s) | 2.45

3.23

2.30

2.14

Table 3.1: The average compute time to extract the 4 landmarks.
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brainstem surfaces are tested with the algorithm. The resultant landmarks are con-

sistent and lying on the ridges on the respective regions. It takes an average of 2.53

seconds to extract a landmark from a brainstem surface. Table 3.1 shows the average

compute time to extract each of the 4 landmarks.

By customizing the search region and the search criteria for end points and land-

mark points, other feature landmarks can extracted. The algorithm can also be

applied to other surfaces.



Chapter 4

Conclusion

We proposed to apply the Quasi-conformal (QC) iteration proposed in [15] for land-
mark matching registration of medical images. The Teichmiiller extremal maps (T-
maps) between specimens are computed by the algorithm as the one-one correspond-
ing registration. The idea of the QC iteration is to represent a quasi-conformal
mapping by its associated Beltrami coefficient through the use of the Linear Beltrami
Solver (LBS). The Beltrami coefficient is then optimized iteratively to minimize an
energy functional measuring the conformality distortion and other factors. The resul-
tant mappings are obtained from LBS with the optimal Beltrami coefficients. T-maps
are advantageous as it minimizes the maximal conformality distortion. In this pa-
per, real brainstem surfaces and Teeth surfaces taken from MRIs are used as the
experiment subjects. Experimental results show that the algorithm is effective for
computing the T-maps. Landmarks are exactly matched by the mappings. The
computation time of the algorithm is short.

We also proposed a semi-automatic landmark extraction algorithm for brainstem
surfaces, utilizing the geometric information on the surface. The first three non-trivial

eigenvectors of the Laplace-Beltrami operator are used as a reference to indicate the

95
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search region for a specific landmark feature curve. Then, by conformal mapping
and the mean curvature of the surfaces, we created an image of the landmark in the
search region. The Chan-Vese segmentation algorithm is applied on the image to
segment the landmark, which can then be traced back to the brainstem surface. The
experimental results show that the algorithm can extract the target landmark feature

curves consistently and effectively.
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