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Abstract. This paper presents the application of a new active contour algorithm for object
detection in 3D space. The introduced model is based on techniques of curve evolution for
segmentation and level sets. We minimize an energy which can be considered as a particular
case of the minimal partition problem. In the level set formulation, the problem becomes a
“mean-curvature flow”-like evolving the active contour, which will stop on the desired
boundary. However, the stopping term does not depend on the gradient of the image, as in the
classical active contour models, but is instead related to a particular segmentation of the
image. The method can be put into a 3D level-set framework using a Lipschitz function ¢ for

automatic topology changes. The novel developed 3D algorithm was used for 3D
segmentation of endocardial wall in the left ventricle. The experimental results demonstrated
the efficiency of the proposed scheme. The segmented cardiac image was then used by our
previously developed 3D tracking algorithm to track the endocardial wall motion which
resulted in a fully automatic 3D point-wise tracking software for analyzing 3D cardiac MRI
images.
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1. Introduction

Segmentation of the left ventricle is of great clinical interest, since it is the first step in
analyzing cardiac images. Primary works on automatic segmentation of cardiac images were
based on simple techniques such as thresholding or region growing [1]. However these
methods could not represent subvoxel resolution. Some more elaborated approaches were
probabilistic or statistical [2,3]. A disadvantage of probabilistic models is that they require a
learning database to adapt themselves with the pathology. Therefore, this imagebase should
be relatively large. Furthermore, the database is image modality dependent and so it is
cumbersome to apply the algorithm to new types of image data. A recent segmentation model
which is useful in cardiac images is level set model [4]. The level set model is problematic in
including a priori information and also is computationally intensive for 3D+T cardiac data
sets. Another segmentation algorithm is 3D active appearance model [5]. This model has
problems of coping with shape variability outside the learning set, and it is computationally
expensive to have a learning set that includes all phases of the cardiac cycle. Deformable
models or active contours [6,7] and snake models rely on the edge-function, depending on the
image gradient to stop the curve evolution. Chan and Vese proposed a different active contour
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model which was not based on the gradient of the image for the stopping process [8]. Their
model could detect contours either with or without gradient, for instance objects with very
smooth boundaries or even with discontinuous boundaries. However, their model was
presented in the two dimensional space [8].

We have previously developed a fully 3D active mesh model based on a finite-element
deformable volume to achieve efficient representation of global and local deformations [9].
However, an accurate and efficient 3D segmentation algorithm was needed for automation of
the tracking algorithm. In this paper, we have introduced a fully 3D surface detection
algorithm and used it for detection of cardiac wall in the left ventricle for the first phase of
cardiac cycle in MRI images. The extracted surface was then used by the tracking algorithm
for point-wise tracking of the cardiac wall motion which resulted in a fully automatic 3D
point-wise tracking software for analyzing 3D cardiac MRI images. This paper is organized
as follows. In section 2, we formulate the 3D object detection model. In section 3, we use the
algorithm for MR cardiac images and then use the results for tracking cardiac motion. Finally
in section 4, conclusions are drawn.

2. Object detection

Let / be a 3D image and Bis an object located in / .We propose a 3D model for active
contours to detect object B, based on techniques of curve evolution. For this purpose, we
consider the initial surface as a sphere which could be anywhere in 7 . The initial sphere starts
deforming until it stops on the desired boundary.

2.1 Algorithm development
Let Q be a bounded open subset of R, with 8@ its boundary and u, be a given 3D image,

u, : 2 — R Let us define the evolving Surface S in @, as the boundary of an open subset of

o (le. wc Q and S =0w ). In what follows, inside S denotes the region® , and outside
denotes the region Q —w .Consider a simple case where the 3D image u, is formed by two

regions of piecewise constant intensity. Denote the intensity values by u, and « .Furthermore,
assume that the object to be detected has a region whose boundary is S, and its intensity is

u; . Then, consider the following “fitting” term:
2
F(S)+ F,(5)= I|u0(x,y,z)—cl| dxdydz
inside (S)

+ I|u0(x,y,z)— c, |2dxdydz

outside (S )

(M

The constants ¢, andc, are the averages of u, inside and outside S, respectively. If the
surface S is outside the object, F,(S)~0and F,(S)>0. In case that § is inside the object
then, F,(S)>0andF,(s)~0. If S is both inside and outside of the object then, F,(S)>0
and F, (S)> 0. Finally, the fitting energy is minimized ifS =S, i.e. if the surfacesS is the
boundary of the object.

irlf{Fi(S)"‘Fz(S)}zOzE(So)"'Fz(So) ()

In our 3D active contour model, we will minimize the above fitting term and will add some
regularizing terms to (1) to introduce the energy functional F' (c1 Y ) , defined by:
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Flc,,c,,S)= p- Area(S)+v - Volume(inside(S))

+4, “uo (x,,2)-c, |2dxdydz
inside(S) (3)

+ 4, I u, (x,y,z)— cz|2dxdydz

outside(S)

where 4, >0, A, >0, v>0 and x>0 are fixed parameters.

Now we want to find the values ofc,, c,and § so that F (cl,cz,S) 1s minimized. This
problem can be formulated using level sets as follows. The evolving surface S can be

represented by the zero level set of the signed distance function (Lipschitz function)
9:Q— R’asin (4)
o(x,y,z,t=0)==1d
S=0w= {(x,y,z) eQ,p(x,y,z,) =O}
inside(S) = w={(x, y,2) e Q, 0(x, y,z,) > 0}
outside(S) = w = {(x, y,z) € Q, 9(x, y,2,) < 0}

“4)

In (4), d is the distance of (x,y,z) with boundary surface 0w in ¢=0. Therefore, we
replace the unknown variable S by ¢. Now consider the Heaviside function 4, and the
Dirac measure o :

I, z=0

H(Z)z{o 2<0

. () =%H<z) )

We can rewrite the lateral surface ¢ =0 and the inside regions ¢ = 0with these functions.

As H is positive inside the boundary surface and is zero in other regions, the volume of the
inside regions will be the integral of H(¢). The gradient of # defines the boundary surface.

So summation of it on the assumed region defines the outside boundary surface,
mathematically:

Volume {(p > 0}: IH ((p(x, v, Z)):lxdydz
Area {p =0} = jVH(go(x,y,z))dxdydz (6)

= J.é‘o ((/7()(, ) Z))‘V (P(x, v, Z)‘dxdydz ,
Q

Similarly, we can rewrite the previous energy equations so that they are defined over the
entire domain Q rather than separated into inside( S ): ¢ > 0 and outside (S') : ¢ <0 Then, the

energy F(c,,c,,S) can be written as:
Fc,,c,,S)
= u[5(p(x,, 2 )V o(x, y, 2 )drdydz
Q
+ VJ‘ H(p(x, y, z)xdydz
o (7)

+ 4, j ‘uo(x, y,z)— ¢, ‘ZH(w(x, y,z))dxdydz
o

+ 1, J. ‘uo (x,y,2)-c, ‘2 (- H(p(x, y, 2)))dxdydz
Q
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The constants ¢, and ¢, are the average of u, in ¢ >0 and ¢ <0, respectively. So they are
easily computed as:

o2 o, . vt

ci(p)=2 (8)
((D) J H ((p(x, v, Z))dxdydz
J.”O (x, v, z)(l - H((o(x, v, z)))dxdydz
e2(p)=2 9
T ok s e ®

Keeping c,and c,fixed, and minimizing /' with respect to ¢, we can deduce the Euler—

Lagrange partial differential equation from (7). We parameterize the descent direction by
t >0, so the equation go(x, v, 2z, t) is:

ot

For solving the above equation, we first need to regularize H(z),0(z). Chan and Vese [8]
propose:

%(s((p)-{u-di{g—;j—v—a(uo—qfw(uo—czf o (10)

11 z 1 ¢
H|z)=—+—arctan |- | §|z)=—. (11)
()27r (a} ()7252+22
Chan and Vese [8] give the following discretization and linearization of (10):
1
%k 0k (o )
At = 5&- (pi,j,k [hTAE
Ai n+l
i)k
X 2 2 2
J(A“”Zj,k)z/(” | AT ARES (DR GO (€D
17
+—Ay
nr
y
1
A+¢Z}—,k (12)
2 (.Y b 2
\/(?’511, j,k—(/’fl,j,k)/ (2h) +(A+¢’5fj,k)z/(” ot =l ) (2
+£Ag
2
Ai n+l1
i)k

2 2 |,z

n n n n n 2

\/(V’Hl,j,k‘%—l,j,k)/ (2h) +(%,J-+1,k—%,j_1,k)/ (2h) *(A“’i,j,k)z/(” )
n 2 n 2

*V*/ﬁ(uo,i, j,k*cl(¢ )) +/12(M0,i, j,k*02(¢ )) ]

where the forward differences of ¢ ; , are calculated according to (13).
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X X

A0 ik =P ik " Prot jio D ik = P jr TPijk
y y

A= ik =Piik TP A ik =P TPijk (13)
z z

2= ik =Pijk ~Pijr1o8+ 0k = Pijun TPiju
The segmentation algorithm is then:
1) In 3D image sequences the “Volume of Interest” is defined.

2) We assume the initial surface ¢°ing,and also »-o0.

3)for fixed number of iterations do
- alp")and o) are obtained from (8) and (9).

2" is computed from (12).
end

4)This algorithm adopted for segmentation of the endocardium ,hence Segmentation of the
cardiac external wall is done manually by the operator.

5) We filter the segmented image to eliminate noisy regions of the surface, for example the
resulted regions which correspond to papillary muscles

6) We use linear interpolation to convert the voxels to cube elements.

7) The segmentation result of the first frame is used for the active mesh software.

3. Result

We evaluated the algorithm on cardiac images. In Fig. 1, we have shown the segmentation of
the first phase of 4D gradient-echo images. In Fig. 2 epicardial and endocardial contours of
these images are shown and in Fig. 3 the surface of cardiac wall resulted by the segmentation
algorithm in the first phase of gradient-echo images is shown.

‘t? a F_.-"'"?

Fig. 1. Segmentation of gradient-echo images
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Fig. 3. The surface of cardiac wall

The obtained surface of the first phase of cardiac cycle is then used by active mesh algorithm
to track the cardiac wall motion [9]. In Fig. 4, the result of tracking of the left ventricle wall
by active mesh algorithm in Gradient-echo image is shown. The results show that the
algorithm can track the cardiac motion in all 3 dimensions with significant resolution.

End diastole

End systole

Fig. 4. Tracking the wall of left ventricle

For quantitative evaluation of the algorithm performance in tracking the internal cardiac
walls, the tracked surfaces obtained by the algorithm and the surfaces extracted by
segmentation software were compared. The comparison was done by finding the similarity
index between two surfaces [9]. The obtained errors are shown in Table 1.

10
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Table 1. The tracking algorithm error

Frame 2 3 4 5 6 7

Error (%) 143 471 ]5.15 1471 1427 ]4.1

4. Conclusion

In this paper, we developed a 3D segmentation algorithm based on a levelset approach. Our
model is not based on an edge-function to stop the evolving curve on the desired boundary.
Also, we do not need to smooth the initial image, even if it is very noisy and in this way, the
locations of boundaries are very well detected and preserved. For automatic segmentation of
cardiac walls, we have enhanced our previously developed tracking software. Further
enhancements of tracking software could be conducted in order to model cardiac muscle
anisotropy and nonlinearity. In addition, the present correlation-based search method may be
improved for the estimation of tangential motion in the consecutive frames. Shape-based
tracking algorithms seem to be better choices for perpendicular and tangential motion
estimation. Finally, a regularization term can be added to these equations for reducing the
computational cost as well as obtaining a more robust estimation of deformation fields.
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