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ABSTRACT

In this paper, a new framework for brain warping via land-
mark matching is proposed using implicit representations
or the level set method. We demonstrate this powerful tech-
nique by matching landmark curves identified on brain sur-
faces. Each landmark curve to be matched is represented by
the intersection of the zero level sets of two level set func-
tions. A diffeomorphic mapping from the template to the
target image is then generated by solving a non-linear Euler
transport equation with a semi-Lagrangian formulation for
the corresponding level set functions. This representation
technique has applications in mapping growth processes,
recovering intra-operative brain deformation, and integrat-
ing and comparing brain imaging data across subjects and
groups.

1. INTRODUCTION

Computational anatomy [1, 2] is an emerging new discipline
that deals with analyzing and detecting features in large col-
lections of brain imaging data. In this paper, we propose a
novel approach for feature based brain image warping based
on implicit representations. This approach is in essence for-
mulated using the level set method [3] and implemented
in a semi-Lagrangian formulation. This semi-Lagrangian
formulation provides the link between the now well-known
level set method, originally in the Eulerian framework, and
the well established field of image warping. In the field of
image warping, a similarity measure is typically first cho-
sen based on the nature of the image matching problem. A
body force is then derived from the similarity measure to de-
form the template image. Commonly used similarity mea-
sures fall into two different categories, namely, intensity-
based global similarity measures (e.g. intensity cross cor-
relation or mutual information) and feature-based similarity
measures. In order to obtain a smooth deformation field,
regularization on the deformation is introduced with formu-
lations borrowed from continuum mechanics in physics or
radial basis function neural networks [4]. The framework

we introduce in this paper is a unifying approach that can
deal with all types of landmarks, including points, curves,
surfaces, and subvolumes. Furthermore, it shares similar
variational principles as commonly used for intensity-based
global similarity measures, thus allowing direct and easy
incorporation of both intensity and feature-based similarity
measures into our approach.

2. THEORY

In this paper, we will focus on warping 3D landmark curves,
which are extracted from brain surfaces, flattened onto unit
square in 2D, and converted to implicit representations. The
most common method (e.g., [5]) for performing this task
is by landmark point matching. In short, the strategy is
to place equal numbers of equidistant points on the corre-
sponding two curves, and match the points respectively by
applying point matching techniques. One of the main prob-
lems with this approach is that relaxation within the curve
is not allowed due to the fact that it is explicitly parameter-
ized into an ordered set of points. Moreover, incorporating
this approach to other intensity based warping techniques is
relatively inconvenient as the cost functionals have different
forms.

Implicit representations, on the other hand, solve these
problems efficiently. In fact, all types of feature based match-
ing techniques can be formulated in implicit form, and ex-
tension to 3D is straightforward. Furthermore, due to the
variational nature of this approach, incorporation of feature
constraints into intensity-based warping techniques is natu-
ral.

The curve matching technique we use in this paper is
motivated by the well-known geodesic active contours first
proposed in [6], which deals with image segmentation by
detecting boundaries with automatic topological changes.
This approach could be viewed as finding the variational
minimizer of a penalty functional based on the gradient map
of the original imageI(x). If we embed the closed curves
that segment the image as the zero level set of the level set



functionΦ, we seek the minimization of the following cost
function with respect toΦ:

min
Φ

∫
Ω

δ(Φ) |∇Φ |F (∇I(x) )dx. (1)

Here F (∇I(x)) serves as an edge-detection function,
taking small values when locally large gradient is found in
the imageI(x). Thus, with the above cost functional mini-
mized, the zero level set ofΦ stops where object boundaries
are detected.

The above overview of the geodesic active contours pro-
vides us with several insights. Most importantly, an energy
minimization process allows us to deform a curve to a de-
sired position. However, several pieces are missing if we
want to apply the same level set strategy to curve matching.
First of all, the landmark curves encountered in brain map-
ping are often open curves (e.g. sulcal traces) rather than
closed in the geodesic active contours model. This can be
solved by introducing a second level set function as a cut-
off function as proposed in [7]. Namely, an open curveC in
2D can be represented by the intersection of the zero level
sets of two level set functionsΦ1 andΦ2:

C =
{
x

∣∣ Φ1 (x) = 0,Φ2 (x) ≥ 0
}
. (2)

With this implicit level set representation for curveC, the
length ofC can be obtained by the following integral:

Length of C =
∫

Ω

δ(Φ1) |∇Φ1 |H (Φ2) dx. (3)

Here,δ(·) andH(·) are the delta function and the Heaviside
function. The next problem encountered when adapting the
geodesic active contours model is that the original active
contours model is implemented in the Eulerian formulation,
thus making it impossible to track grid deformation. In or-
der to track the grid deformation, we have to re-formulate
the level set method in the semi-Lagrangian formulation.
That is, instead of updating the values of a level set function
Φ at the grid points, we solve for a displacement fieldu(x)
such that the updated level set functionΦupdated is related
to the original level set functionΦ in the following way

Φupdated (x) = Φ (x− u). (4)

Lastly, how do we design a suitable minimization prob-
lem such that the curves in the template image are deformed
to the same position as curves in the target image? The an-
swer to this question again uses a standard notion in the
level set method, namely, the concept of distance functions.

Now we are ready to tackle the curve matching problem
in computational anatomy. We will use one pair of land-
mark curves to illustrate this approach. Let us assume that
the curve in the template image is represented byΦ1 andΦ2

and its distance functionDΦ with Ψ1, Ψ2 andDΨ defined

similarly for the curve in the target image. By applying dis-
placement fieldu to the template image instead of updating
the level set functions on the image, and integrating along
the two open curves the distance function of the other curve,
we propose the following cost function (with respect tou)
for curve-based image warping:∫

Ω

δ(Φ1(x− u))
∣∣∇Φ1(x− u)

∣∣H(Φ2(x− u))DΨ(x)dx

+
∫

Ω

δ(Ψ1(x))
∣∣∇Ψ1(x)

∣∣H(Ψ2(x))DΦ(x− u)dx. (5)

Notice each term in (5) is simply a line integral as in (3)
weighted by the distance function of the other curve. It is
easy to see that this cost function is always non-negative
and only takes a zero value when the two curves are exactly
matched.

We now can calculate the body force contributed by this
cost function as in [8], which is the derivative with respect
to the displacement fieldu:

Body force = −
{

H2〈∇DΨ,
∇Φ1|x−u∣∣∇Φ1|x−u

∣∣ 〉
+δ1δ2DΨ〈∇Φ2|x−u,

∇Φ1|x−u∣∣∇Φ1|x−u

∣∣ 〉}∇Φ1|x−u

−δ1DΨH2div
( ∇Φ1|x−u∣∣∇Φ1|x−u

∣∣)∇Φ1|x−u

+DΨδ1δ2

∣∣∣∇Φ1|x−u

∣∣∣∇Φ2|x−u

+H(Ψ2)δ(Ψ1)
∣∣∇Ψ1

∣∣∇DΦ|x−u. (6)

Here the bracket notation〈·, ·〉 denotes the usual inner prod-
uct between vectors, and∇Φ1|x−u evaluates the gradient
of Φ1 under the current deformationu. Notationsδ1, δ2 and
H2 are defined as:δ1 = δ( Φ1(x−u) ), δ2 = δ(Φ2(x−u) ),
andH2 = H( Φ2(x− u) ).

In order to obtain a diffeomorphim solving the curve
matching problem, we model the deformation field by a
non-linear Euler transport equation as pioneered in [9] and
in related later works, e.g., [1, 10]. In short, an artificial
time t ∈ [0, 1] is introduced and we model the mapping
x → x− u as the inverse mapping of the solution of a non-
linear Euler transport equation with velocity fieldv(x, t):

g−1(x, t = 1) = x− u(x) (7)

∂g(x, t)
∂t

= v(g(x, t), t). (8)

A modified algorithm of Beg’s algorithm (in [10]) is
then used to minimize the following cost function by adding
a penalty onv to the cost function in (4)

min
u

(
cost function (5) +

∫ 1

t=0

‖v(·, t)‖2
Ldt.

)
(9)



HereL is a second-order self-adjoint differential operator
and

‖v(·, t)‖2
L =

∫
Ω

〈Lv(x, t), Lv(x, t) 〉dx. (10)

whereΩ is the image domain.
With proper choice of the operatorL, a diffeomorphic

flow is ensured. In this paper, we follow [10] with the choice
L = −a · 4+ b · Id.

Numerically, the level set functions are initialized to be
the signed distance function to their zero level sets. How-
ever, since the level set functions are carried over by the cur-
rent deformation field, the nice property of signed distance
function will be violated as soon as computation starts and
thus causes numerical inaccuracy. In order to avoid this,
the level set functions have to be re-initialized every certain
number of iterations as described in detail in [8]. For other
details on implementation issues, please refer to [8].

3. RESULT

To test the program, brain MR images from one normal
subject and an average human brain template of cortical
anatomy as discussed in [2] are compared. A template of
3D structural and functional landmark curved lines is de-
lineated on the brain surfaces. Figure 1 shows the left side
brain surface of this individual and the corresponding 10
landmark curves used for comparison. The brain surfaces
are represented by a spherically-parameterized, triangulated
3D mesh, and thus on the flattened-out parameter space the
landmark curves could be easily re-identified. Furthermore,
a RGB color code is used to store the original 3D position
at each point in the flat parameter space. The landmark
based warping is then applied in the parameter space and
the deformation can then be pulled back into 3D brain sur-
faces using the color-coded 3D information. Figure 2 and
3 shows the flattened brain surface of this subject before
and after warping with the landmark curves and deforma-
tion field overlaid. A one-to-one, onto, and diffeomorphic
brain surface mapping between this subject and the average
human brain is thus obtained, and can then be used for fur-
ther analysis.

4. REFERENCES

[1] U. Grenander and M. I. Miller, “Computational
anatomy: An emerging discipline,”Quarterly of Ap-
plied Mathematics, vol. 56, no. 4, pp. 617–694, 1998.

[2] P. Thompson and A. W. Toga, “A framework for com-
putational anatomy,”Computing and Visualization in
Science, vol. 5, pp. 13–34, 2002.

[3] S. Osher and J. A. Sethian, “Fronts propagating
with curvature-dependent speed - algorithms based on

(c)

Fig. 1. A normal human brain overlaid with the 10 landmark
curves (3 of them not seen in this view) used for warping:
central sulcus (Cen), precentral sulcus (Pre), postcentral sul-
cus (Pos), sylvian fissure (Syl), middle frontal sulcus (Mid),
primary intermediate sulcus (Pri), collateral sulcus (Col),
olfactory sulcus (Olf), and olfactory control line (Olc)

hamilton-jacobi formulations,”Journal of Computa-
tional Physics, vol. 79, no. 1, pp. 12–49, 1988.

[4] M. H. Davis, A. Khotanzad, and D. P. Flamig, “3d
image matching using a radial basis function neural
network,” Proc. 1996 world congress on neural net-
works, pp. 1174–1196, 1996.

[5] C. Davatzikos, “Spatial normalization of 3d brain im-
ages using deformable models,”J. Comput. Assist. To-
mogr., vol. 20, no. 4, pp. 656–665, 1996.

[6] V. Caselles, R. Kimmel, and G. Sapiro, “Geodesic
active contours,” International Journal of Computer
Vision, vol. 22, no. 1, pp. 61–79, 1997.

[7] P. Smereka, “Spiral crystal growth,”Physica D, vol.
138, no. 3-4, pp. 282–301, 2000.

[8] W. H. Liao, Mathematical techniques in object match-
ing and computational anatomy: a new framework
based on the level set method, Ph.d. dissertation,
UCLA, 2003.

[9] G. E. Christensen, R. D. Rabbitt, and M. I. Miller,
“Deformable templates using large deformation kine-
matics,” IEEE Transactions on Image Processing, vol.
5, no. 10, pp. 1435–1447, 1996.

[10] M. I. Miller, A. Trouve, and L. Younes, “On the
metrics and euler-lagrange equations of computational
anatomy,”Annual Review of Biomedical Engineering,
vol. 4, pp. 375–405, 2002.



(a)

(b)

Fig. 2. An example of brain warping using landmark curve
matching from the normal subject in Fig. 1 to the average
human brain template: (a)The flattened brain surface over-
laid with identified landmark curves in Fig. 1. (b)The same
brain surface overlaid with landmark curves of the average
human brain.
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Fig. 3. The brain surface of the normal subject in Fig. 1
after warping the landmark curves in Fig. 2(a) to the land-
mark curves of the average human brain in Fig. 2(b): (a)The
warped brain surface of the normal subject overlaid with
landmark curves of the human average brain. (b)The same
warped brain surface overlaid with the grid deformation.


