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Abstract

This paper presents a novel method for 3D image segmentation, where a Bayesian formulation, based
on joint prior knowledge of multiple objects, along with information derived from the input image,
is employed. Our method is motivated by the observation that neighboring structures have consistent
locations and shapes that provide configurations and context that aid in segmentation. In contrast to
the work presented earlier in [1], we define a Maximum A Posteriori (MAP) estimation model using
the joint prior information of the multiple objects to realize image segmentation, which allows
multiple objects with clearer boundaries to be reference objects to provide constraints in the
segmentation of difficult objects. To achieve this, muiltiple signed distance functions are employed
as representations of the objects in the image. We introduce a representation for the joint density
function of the neighboring objects, and define joint probability distribution over the variations of
objects contained in a set of training images. By estimating the MAP shapes of the objects, we
formulate the joint shape prior models in terms of level set functions. We found the algorithm to be
robust to noise and able to handle multidimensional data. Furthermore, it avoids the need for point
correspondences during the training phase. Results and validation from various experiments on 2D/
3D medical images are demonstrated.

l. Introduction

Image segmentation remains an important and challenging task due to poor image contrast,
noise, and missing or diffuse boundaries. To address these problems, Snakes or Active Contour
Models (ACM) (Kass et al. (1987)) [2] have been widely used for segmenting non-rigid objects
in a wide range of applications, where an initial contour is deformed towards the boundary of
the object to be detected by minimizing an energy functional. These methods maybe sensitive
to the starting position and may “leak” through the boundary of the object if the edge feature
is not salient enough.

In more sophisticated deformable models, the incorporation of more specific prior information
into deformable models has received a large amount of attention. Cootes et al. [3] find
corresponding points across a set of training images and construct a statistical model of shape
variation from the point positions. The best match of the model to the image is found by
searching over the model parameters. Staib and Duncan [4] incorporate global shape
information into the segmentation process by using an elliptic Fourier decomposition of the
boundary and placing a Gaussian prior on the Fourier coefficients. Zeng et al. [5] develop a
coupled surfaces algorithm to segment the cortex by using a thickness prior constraint.
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Leventon et al. [6] extend Caselles' [7] geodesic active contours by incorporating shape
information into the evolution process.

Our work is also a prior-information-based approach to image segmentation. As an extention
of the neighbor-constraint deformable model presented earlier in [1], our work shares the
observation that neighboring structures have consistent locations and shapes that provide
configurations and context that aid in segmentation. In contrast to the work presented in [1],
the MAP segmentation framework that we present in this paper is based on a joint prior
information of the multiple objects in the image (instead of using the conditional local neighbor
prior information). The objects with clearer boundaries in the image can be used as reference
objects to provide constraints in the segmentation of difficult objects. Our work also shares the
common aspects with a number of coupled active contour models [1][5][8], where multiple
level set functions are employed as the representations of the multiple objects within the image.
By using this level-sets based numerical algorithm, several objects can be segmented
simultaneously.

The strength of our approach is the incorporation of joint prior information of multiple objects
into image segmentation to improve the segmentation results as well as reduce the complexity
of the segmentation process by providing prior constraints from multiple neighboring objects.
Our model is based on a MAP framework using the joint prior information of neighboring
objects within the image. We introduce a representation for the joint density function of the
neighbor objects and define the corresponding probability distributions. Formulating the
segmentation as a MAP estimation of the shapes of the objects and modeling in terms of level
set functions, we compute the associated Euler-Lagrange equations. The contours evolve while
attempting to adhere to the neighbor prior information and the image gray level information.

Il. Description of the Model

A. MAP Framework with Joint Prior Information Of Multiple Objects

As presented in our previous work in [1], probabilistic formulations are powerful approaches
to deformable models. Deformable models can be fit to the image data by finding the model
shape parameters that maximize the posterior probability. Consider an image | that has M
shapes of interest; a MAP framework can be used to realize image segmentation combining
joint prior information of the neighboring objects and image information:

S; =argmax, p($1,82,...,8i...,8 )
=argmaxS,-p(I|Sl,Sz,...,SM)p(Sl,SZ,...,SM)i=l,2,...,M (1)

where Sy, Sy, ..., Sum are the evolving surfaces of all the shapes of interest.

p(l|S1, Sy, ..., Sm) is the probability of producing an image | given Sy, Sy, ..., Sp. In 3D,
assuming gray level homogeneity within each object, we use the following imaging model

[9]:
17(1|SlsSZ ---- S,\I)
M
:H{ I1 exp
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where c4j and o4 are the average and variance of | inside S;, c,j and o5; are the average and
variance of | outside S; but also inside a certain domain Q; that contains S;.

p(S1, Sy, ..., Snm) is the joint density function of all the M objects. It contains the neighbor prior
information such as the relative position and shape among the objects. In many cases, objects
to be detected have one or more neighboring structures with known or clearer boundaries in
the image. These known or easily segmented objects can be used as reference objects to provide
constraints in the segmentation of those difficult objects. Assume Sy =&, Sy =&, ..., S| = §
(1 <1< M) are the known shapes in the image, Si+1, Sj+2, ..., Sy are the difficult shapes to be
segmented. Then the MAP framework in equation (1) can be written in this form:

Si=
argmax [ p(/IS1=£1,82=&2, ... 81=61. S k1. .. S,)
P(S1261, 826, S1=E S a1, S, )=+ 1,142, M1 < I<M @

B. Joint Prior Model Of Multiple Objects

To build a model for the joint prior of the neighboring objects, we choose level sets as the
representation of the shapes [1][6][8], and then define the joint probability density function p
(S1, S2, ..., Sm) in equation (1).

Consider a training set of n aligned images {l4, I, ..., 5}, with M objects or structures of
interest in each image. The surfaces of each of the Mn shapes in the training set are embedded
as the zero level set of Mn separate higher dimensional level sets with negative distances inside
and positive distances outside the object, as shown below:

Yu Yo ... Yu
T= LPZI \p22 . \{1211
‘Pm ‘{I.wz s LPM., (4)

Using the technique developed in [6], each of the Wjj(i=1, 2, ..., M;j =1, 2, ...n) is placed as
a column vector with N9 elements, where d is the number of spatial dimensions and N9 is the

number of samples of each level set function. We can use vector Xj=| ‘I’IT,-, ‘ng, e ‘P,‘TH IT as
the representation of the M objects of interest in image ;. Thus, the corresponding training set
is{x1, x2: ---, xn}- Our goal is to build a joint model of the multiple objects over the distribution
of the level sets vector y.

Following the lead of [6][8], the mean and variance of the level sets vector y can be computed
using Principal Component Analysis (PCA). The mean level sets vector, y, is calculated using

. L
X IZZ\Q‘

J=1 ©)]

For each level sets vector y; in the training set we calculate its deviation from the mean, dy;,
where

de:Xj—,\/,j:l,Z,...,n (6)
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Then each such deviation is placed as a column vector in a MNY x n dimensional matrix Q.
Using Singular Value Decomposition (SVD), Q = UZVT. U is a matrix whose column vectors
represent the set of orthogonal modes of joint variation of the M objects and X is a diagonal
matrix of corresponding singular values. An estimate of the joint level sets of the M objects
y can be represented by k principal components and a k dimensional vector of coefficients o
(where k < n)[3]:

)} =/\_/ +Ura (7)

To write equation (7) in the level sets form, we have:

¥, ¥,
¥, p
= 2 +Ura
‘~P” \Pu (8)

Under the assumption of a Gaussian distribution of joint level sets represented by o, the joint
probability density function of neighboring objects, p(Sy, Sy, ..., Sm), can be approximated by:

1 .
p(a)= exp [— Eal 2z lal

_
’ k
(2”) |2k| (9)

Figure 1 shows a few of the 16 MR cardiac training images used to define the level set based
shape model of the endocardial boundary of the left and right ventricles. Before computing
and combining the level sets of these training shapes, the curves were rigidly aligned. By using
PCA of the joint level sets of the two structures, we can build a model of the joint shapes of
left and right ventricles. Figure 2 illustrates zero level sets corresponding to the mean and three
primary modes of variance of the distribution of the two ventricles jointly.

We also show a 3D training set of two rigidly aligned subcortical structures: the left amydala
and left hippocampus in Figure 3. Figure 4 shows the three primary modes of variance of the
left amydala and left hippocampus. Note that the zero level sets of the mean joint level sets
and primary modes appear to be reasonable representative shapes of the classes of objects being
learned. This shows that our joint prior model of multiple objects successfully incorporates the
neighbor prior information such as the relative position and shape among the objects and unifies
them under one framework.

In our active contour model, we also add some regularizing terms [1]: a general smoothness
Gibbs prior for the region boundaries pg(S1, S, ..., Sp) and a model for the size of the region

Pa(S1, Sz, ... Sm).

- —.U'Qg ds
pB(Sl,Sz,...,sM):r[e 95,
i=1 10
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M
Pa (SI’SZ" . 7SM) :I—[eﬂ'"A?
: (11)

where A is the size of the region of shape i, c is a constant and p; and v; are scalar factors. Here
we assume the boundary smoothness and the region size of all the objects are independent.
Thus, the joint prior probability p(S1, Sy, ... Sp) can be approximated by a product of the
following probabilities:

pS1,82,...,8m)= P((Y)‘PB (51’52""’SM)
-[)A(Sl,Sz,...,SM) (12)

Therefore, equation (1) can be approximated by:

p(sl7S27--~aS,w|1)
M
o FI{ [ —exp

i=1 \(x,y2)inside(S ;)

. H exp [ _ (I(x.y,2)—c2) ]}
(x.y.2)outside(S ;).inside(Q;) 20y

M § asM
-Ile H'ﬁfldsl—[e"'l/‘f
i=l i=1

1

20

i

_ Uxy)—cy) J

exp [ —3a’%! (1]

Ve (13)
Since:
:S'\,- :argmaxsip(Sl,Sz,...,Si,...,SMII)
=argminsi [-log.p(S1,82,...,8i,....8,,D]i=1,2,....,.M (14)
Let
E= —111])(51,52,...,S,‘,...,SMU)
o T, {/lli : f“._lmllk(mII(x, v, 2) — cul*dxdydz
+A - f [ (x,y,2) = C'gflzdxd_yrdz}
(xy2)outside(S ; )inside(9;) -
+Z;‘;’lp,-§5,d.s'+2f11v,-Af+w,—a’ Tla (15)

Given the first | objects in the image, the MAP estimation of the other shapes of interest in

equation (3), S; (i=l+1, [+2, ..., M), is also the minimizer of the above energy functional E.
This minimization problem can be formulated and solved using the level set method and we
can realize the segmentation of multiple objects simultaneously.

C. Level Set Formulation of the Model

In the level set method, S; is the zero level set of a higher dimensional level set y; corresponding
to the i th object being segmented, i.e., Sj = {(x, Y, 2)|wi(X, ¥, ) = 0}. The evolution of surface
S;j is given by the zero-level surface at time t of the function wi(t, X, y, z). We define y; to be
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positive outside S; and negative inside S;. Each of the M objects being segmented in the image
has its own S;j and ;.

For the level set formulation of our model, we replace S; with w; in the energy functional in
equation (15) using regularized versions of the Heaviside function H and the Dirac function
3, denoted by H, and &, [9] (described below):

E (cy;, ¢, (//i|i:l+1, +2,...M)
==Y {m [ ofs Wi (x,,2)) Vi (x,y, 2) |dxdydz
+v; [ o (1= He (5 (x,y,2))) dxdydz
+ i ) oM (X, y,2) = cul* (1 = He (4, (x, 9, 2))) dxdydz
20 [ 11 (4, 2) = ca He (@ (x,y, ) dxdydz)
N i o T .
(Gun-w) . (Gu-w).....(6w.)-v.) ]
Uz tut

+w;

l(G W) - w])r, (G- w})r,.-.,(G W) - %)Tr (16)

where Q denotes the image domain. G(-) is an operator to generate the vector representation
(as shown in section I1-B) of a matrix by column scanning. g(-) is the inverse operator of G().
To compute the associated Euler-Lagrange equation for each unknown level set function v,
we assume that the M — | difficult objects are related to the | easy neighbor objects
independently, keep c4j and cy; fixed, and minimize E with respectto y; (i=1+1,1+2, ...
M) respectively. Parameterizing the descent direction by artificial time t > 0, the evolution
equation in y;i(t, x, y, z) is:

;i . Vi
Wi =50 i) | i - div | g5 | +vi
+ Al = el = Aaill - C2i|2]
—Wi- 8 U[\,Z;lUl\ll (G (l//,) = lz,)l
uli(wo-w)) ‘
i=l+1,1+2,...M (17)

!
—wi- g |UnZ' %
=

where U, is the ki, part of the matrix Uy respectively, i.e., [Ux]"= [ UL U, UATM] Each
Uy has the same size.

D. Evolving the Surface

&
We approximate H, and 8. as follows [9]: /7, () =1 [ 1+ 2arctan ()} % (2) =n(52+z2)- cyj and

Jol (53,2) - (1 = H(W; (x,,2))) dxdydz
Cyi are defined by: " W= Jo (1= HWi(x,y,2))dxdydz
Sl (.y.2) - H Wi (x.y,2)) dxdydz
S o, H Wi (x,y,2) dxdydz

c2i (i) =

Given the surfaces yij(i =1, 2, ...M) at time t, we seek to compute the evolution steps that bring
all the zero level set curves to the correct final segmentation based on the joint prior information
of the objects and image information. We first set up p(a) from the training set using PCA. At
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each stage of the algorithm, we recompute the constants ¢t (tﬂf-) and ¢2i (l/'f) and update y/*!

A
This is repeated until convergence.

To simplify the complexity of the segmentation system, we generally choose the parameters
in our experiments as follows: A4j = A = Aj, pj = 0.00005-2552, v; = 0 [9]. This leaves us only
two free parameters (wj and ;) to balance the influence of two terms, the image data term and
the neighbor prior term for each object. The tradeoff between neighbor prior and image
information depends on the strength of the neighbor prior and the image quality for a given
application. We set these parameters empirically for particular segmentation tasks, given the
general image quality and the neighbor prior information.

lll. Applications to Medical Imagery

We have used our model on various medical images, with at least two different types of shapes,
at least one of which can be regarded as the reference object. All the tested images are not in
their training sets. The variations captured by the principal components in level set based
distribution model (Uy)in this paper are based on rigid alignment of the training data.

We first consider a 2D cardiac image with two structures of interest, the left and right ventricles.
The training set consists 16 images like those in Figure 1. In Figure 5 top, we show the
segmentation of the left and right ventricles using only image information, by which the curves
cannot lock onto the shapes of the objects. In Figure 5 bottom, we show the results obtained
using our model, where the right ventricle is the reference object. The curves are able to
converge on the desired boundaries even though some parts of the boundaries are too blurred
to be detected using only gray level information. Both of the segmentations converged in a
couple of minutes on a 2.00GHz Intel XEON CPU.

We then consider a 2D MR brain image with eight subcortical structures of different intensities
and with blurred boundaries. Figure 6 shows a few of the zero level sets of post-aligned eight
subcortical structures from 12 2D MR training images. Figure 7 top shows a few steps of the
segmentation using only gray level information. Only the lower (posterior) portions of the
lateral ventricles can be segmented perfectly since they have clearer boundaries. Figure 7
bottom shows the results of using our joint shape prior model, where the ventricles are the
reference objects for all the other objects. Segmenting all eight subcortical structures took
approximately several minutes.

We also test our method using 3D medical images. Figure 8 shows a few steps in the
segmentation of the left and right amygdalae and hippocampi in a MR brain image.
Segmentating the four structures can be very tough without using prior information since all
of them have very poorly defined boundaries. After using our neighbor constraint joint prior
model, as shown in Figure 8, the four structures can be clearly segmented, where we choose
the amygdalae as the references since they have relative smaller variances of the shapes.
Segmenting these 3D images (with size 172 x 148 x 124) took approximately a couple of hours.

To validate the segmentation results, we test our model on 12 different images for each of the
above 3 cases respectively, the tested images are not in their training sets. We then compute
the undirected average distances of pixels between the boundaries of the computed
segmentation A (N points) and the boundaries of the manual segmentation B: H(A, B) = max

(h(A,B), h(B, A)),h (A, B) =5-X,, min, lla - bll For our experiments, the mean distances show
improvement in all the 3 cases comparing with/without the joint shape prior as shown in Table
1. Virtually all the boundary points obtained using our model lie within one or two voxels of
the manual segmentation.
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We also test the robustness of our algorithm to noise. We add Gaussian noise to the MR image
in Figure 7 (the mean intensities of white/gray matters: 70/48), then segment it. Figure 9 shows
the segmentation results with Gaussian noise of standard deviation of 20 (left), 30 (middle)
and 40 (right). In Figure 10, we show the segmentation errors of the lower portion of the left
lateral ventricle in three cases: with no prior, with shape prior, and with joint neighbor prior.
As the variance of the noise goes up, the error for no prior increases rapidly since the structure
is too noisy to be detected using only gray level information. However, for the methods with
shape prior and with joint neighbor prior, the errors are much lower and are locked in a very
small range even when the variance of the noise is very large. Note that our joint neighbor joint
prior model achieves the smallest error among all the cases.

In our work, we have focused on balancing the weights of the image data (A;) and neighbor
prior (wj) with all the other parameters fixed. For all the applications presented in the paper,
the weights of the image data and prior information can be varied by around 30% with the
corresponding segmentation errors changing by no more than 5%. Thus, our method is not
sensitive to the balance of the weights.

V. Conclusion

A new model for automated segmentation of images containing multiple objects by
incorporating neighbor prior information in the segmentation process has been presented. We
wanted to capture the constraining information that neighboring objects provided and use it
for segmentation. We define a MAP estimation framework using the prior information
provided by multiple neighboring objects to segment several objects simultaneously. We
introduce a representation for the joint density function of the neighbor objects, and define
joint probability distributions over the variations of the neighboring positions and shapes in a
set of training images. We estimate the MAP shapes of the objects using evolving level sets
based on the associated Euler-Lagrange equations. The contours evolve both according to the
neighbor prior information and the image gray level information. Multiple objects in an image
can be automatically detected simultaneously.
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Fig. 1.
Outlines of left and right ventricles in 6 out of 16 2D MR cardiac training images gated and at
a fixed point in the cardiac cycle.
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Fig. 2.
The three primary modes of variance of the left and right ventricles.
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Fig. 3.
Zero level sets of two post-aligned subcortical structures-left amydala and left hippocampus
in 12 3D MR training images.
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Fig. 4.
The three primary modes of variance of the left amydala and left hippocampus.
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Initial Middle

Fig. 5.
Three steps in the segmentation of 2 shapes in a 2D cardiac MR image without (top) and with
(bottom) neighbor prior (Aj = wj = 0.5,i =1, 2).
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Fig. 6.
Outlines of 8 sub-cortical structures in 6 out of 12 MR training images.
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Initial Middle

Fig. 7.

Segmentation of 8 sub-cortical structures (the lateral ventricles (A; = 0.8, wj = 0.2), heads of
the caudate nucleus (A; = 0.3, w; = 0.7), and putamina (&; = 0.2, ©j = 0.8)) in a MR brain image
without prior information (top) and with joint shape prior (bottom).
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Initial Middle

Fig. 8.

Initial, middle, and final steps in the segmentation of left and right amygdalae and hippocampi
2i=0.1,0;=0.9,i=1,2,3,4.) ina3D MR brain image. Three orthogonal slices (coronal,
sagittal, and axial) and the 3D surfaces are shown for each step. The training set consists of 12
MR images.
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Fig. 9.
Initial and final steps in the segmentation of 8 sub-cortical structures in a MR brain image with
Gaussian noise of ¢ = 20 (left), o = 30 (middle), and 40 (right).
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Segmentation errors (unit:[pixel]) with different variances of Gaussian noise.
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TABLE |

Distance between the computed and manual boundaries

(Unit:[pixel]) | Cardiac | 2D brain | 3D brain
no prior 9.2 8.3 5.8
with prior 16 2.0 2.2

Proc IEEE Comput Soc Conf Comput Vis Pattern Recognit. Author manuscript; available in PMC 2010 May 5.

Page 19



