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Abstract
We present a new active contour-based, statistical method for simultaneous volumetric segmentation of multiple subcortical structures in the brain. Neighboring anatomical structures
in the human brain exhibit co-dependencies which can aid in segmentation, if properly analyzed and modeled. Motivated by this observation, we formulate the segmentation problem as
a maximum a posteriori estimation problem, in which we incorporate statistical prior models
on the shapes and inter-shape (relative) poses of the structures of interest. This provides a
principled mechanism to bring high level information about the shapes and the relationships
of anatomical structures into the segmentation problem. For learning the prior densities based
on training data, we use a nonparametric multivariate kernel density estimation framework.
We combine these priors with data in a variational framework, and develop an active contourbased iterative segmentation algorithm. We test our method on the problem of volumetric
segmentation of basal ganglia structures in magnetic resonance (MR) images. We compare
our technique with existing methods and demonstrate the improvements it provides in terms
of segmentation accuracy.
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Introduction

Magnetic resonance (MR) image segmentation is fundamental in obtaining anatomical and functional information from biological structures and tissues, being used towards visualization, surgical
guidance, diagnosis, and quantitative analysis [6]. MR image segmentation provides the location
of structures of interest in a non-invasive inspection and, therefore, it is a required step when analyzing the relationships between structural and functional abnormalities, which allows for diagnosis
of diseases. For example, segmentation of subcortical structures in brain MR images is motivated
by a number of medical objectives including the early diagnosis of neurodegenerative illnesses such
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as schizophrenia, Parkinson’s, and Alzheimer’s diseases. In this context, the analysis of chemicals
in Basal Ganglia structures is thought to provide important cues [4], and accurate segmentation is
necessary for such an analysis.
Variational techniques provide a principled framework for formulating segmentation problems [1,
8], and have been widely used with biomedical data. In this paper, we introduce statistical joint
prior models of multiple-structures into an active contour segmentation method in a nonparametric
multivariate kernel density estimation framework. In our previous work [9], we introduced prior
probability densities on the coupled (joint) shapes of the structures of interest for 2D segmentation.
In this paper, we propose a framework which includes not only coupled shape priors, but also intershape (relative) pose priors for the multiple structures to be segmented, and apply this technique to
3D data. We use multivariate Parzen density estimation to estimate the unknown joint density of
multiple object shapes, as well as inter-shape poses, based on expert-segmented training data. For
inter-shape pose representation, we use standard moments, which are intrinsic to shape and have
natural physical interpretations [5]. Given these learned prior densities, we pose the segmentation
problem as a maximum a posteriori estimation problem combining the prior densities with data.
We derive gradient flow expressions for the resulting optimization problem, and solve the problem
using active contours. To the best of our knowledge, our approach is the first scheme of multi-object
segmentation employing coupled nonparametric shape and inter-shape pose priors.

2

Segmentation Using Coupled Priors

We define an energy (cost) functional in a MAP estimation framework as
E(C) = − log P (data|C) − log P (C),

(1)

where C is a set of evolving contours {C 1 , ..., C m } that represent the boundaries of m different
anatomical structures (e.g. caudate nucleus, putamen, etc.). In the following, we will refer to [1]
as C&V . We choose the likelihood term P (data|C) as in C&V. In this work, we focus on building
P (C), which is a coupled prior density of multiple structures (or objects).
e and pose p, i.e. P (C) = P (C,
e p), where
The geometric information in C consists of shape C
e = T [p]C
p is a vector of pose parameters (location, size, orientation) for each structure, and C
denotes the aligned version of the boundaries (i.e. T [p] is an alignment operator that brings the
curves to some reference pose). We decompose the pose p into a global pose pglb of the ensemble of
structures, and inter-shape poses pint = (p1int , ..., pm
int ) of each structure, i.e. p = (pglb , pint ). When
the structures are globally aligned, the remaining variability in the pose of individual structures is
captured by pint . Given these definitions, we have
³

´

³ ´

e ·P C
e .
P (C) = P pglb , pint |C

(2)

e we model p
Conditioned on C,
glb and pint as independent variables, because the global pose of
the structures and inter-shape poses are not expected to provide information about each other.
1
e is assumed to be uniform since all poses p
In addition, P (pglb |C)
Then (2)
glb are equally likely.
becomes
³
´
³ ´
e ·γ·P C
e ,
P (C) = P pint |C
1

In some applications where certain global poses are more likely a priori, a non-uniform density could be used.

2

e disregards all the
where γ is a normalizing scalar. In this context, the coupled shape density P (C)
e
pose variability and focuses only on shape variability, whereas P (pint |C) provides a density on the
relative pose of shapes. The inter-shape pose prior is estimated over globally aligned multiple object
contours while the shape prior is estimated over both globally and locally aligned ones. Considering
e denote the globally aligned multiple object contours, (see Figure1) .
this key point, let C̄ = (pint , C)
We can then represent the inter-shape pose prior in terms of the curves which encompass internal
pose variation, conditioned on the shapes whose global and local pose variation is removed. Then
the overall prior can be written as:
³

³ ´

´

e .
e ·γ·P C
P (C) = P C̄|C

Using these definitions, (1) can be expressed as

³

´

³ ´

e − log P C
e .
E (C) ∝ − log P (data|C) − log P C̄|C

(3)

Segmentation is achieved by finding the set of curves C that minimize (3) through active contourbased gradient flow.

2.1

Coupled Shape Prior for Multiple Structures

e
In this subsection we discuss the learning and use of P (C).
We have N training samples, where
each sample consists of expert-segmented multiple structures. We estimate the joint shape density
e through kernel density estimation:
P (C)
N Y
m
³ ´
1 X
e
P C =
k(d(φCej , φCej ), σj ).

N

i=1 j=1

i

(4)

e Here k(., σ) is a Gaussian kernel with
We can then evaluate this density for any curve ensemble C.
standard deviation σ, φC denotes the signed distance function of contour C, the index j refers to
the j th structure in the multi-structure ensemble, and i points to the ith training sample. Finally,
d(·, ·) is a distance metric, and we use the Euclidean distance [3]. Given this learned density, its
contribution to the gradient flow for (3) is given by (expressed for m = 2 for simplicity):
N
∂φCej
1 X
= 2
λi (Ce 1 , Ce 2 )(φCej (x, y) − φCej (x, y))
i
∂t
σj i=1

³

´

where j = 1, 2, λi Ce 1 , Ce 2 =
µ µ

¶

¶

ki1 ki2

e1 ,Ce2 )
N ·P (C

(5)

, and

kij = k d φCej , φCej , σj . Note that training shapes that are closer to the evolving contour influi
ence the evolution with higher weights. Note also that the weighting function λi (Ce 1 , Ce 2 ) exhibits
the coupling between the multiple structures.

2.2

Relative Pose Prior for Multiple Structures

e
e through kernel
In this subsection we discuss the learning and use of P (C̄|C).
We estimate P (C̄|C)
density estimation as follows:
N Y
m
´
³ ³
´
1 X
e
P (C̄|C) =
k d pjint , pji
int , σj ,

N

i=1 j=1

3

(6)

th
where pji
element of the j th structure in the training set, whereas pjint
int is the relative pose of the i
is the relative pose of the j th structure in the candidate curve ensemble. Here d(·, ·) is a weighted
Euclidean distance. In 2D (for notational simplicity and without loss of generality), the relative pose
of each structure is given by pint = [A, cx , cy , θ].2 Here, A is the area, cx and cy are the coordinates
of the structure, and θ is the orientation of the structure, hall computed after
i global alignment.
m1,0 m0,1
We use moments to compute the relative poses: pint = m0,0 , m0,0 , m0,0 , θ . Here, m0,0 represents
1,0 m0,1
area, m
,
are horizontal and vertical positions relative to the mass center, and θ is the orienm0,0 m0,0
tation. Following [5], the two-dimensional
moment, m, of order p + q, on a signed distance function
R∞
R∞
p q
φ, is computed as: mp,q = x=−∞ y=−∞ x y H (−φ (x, y)) dxdy, where H is the heaviside function.
The orientation of contour C is defined as [5]

Ã
θ (C) =

1
2

arctan

¡
¡

!

¢

2 m1,0 m0,1 − m1,1 m0,0
m0,2 − m2,0

¢

m0,0 + m2
− m2
1,0
0,1

Let kij = k(d(pjint , pji
int ), σj ). Then, the gradient flow for (6) is




N
m
X
Y
∂φC̄ j
1
M P F (j, i)

=
δ² (φC̄ j ) ,
kij 
e
∂t
σj 2
P (C̄|C) · N i=1 j=1

(7)

where
M P F (j, i)

=

¡

j

m0,0 − m0,0

ji

¢

µ

X

j

mr,s

+

j

(r,s),r+s=1

¡

j

+ θ −θ

ji

m0,0

−

2
2−r
X
¢X

mr,s ji

¶¡

m0,0 ji

r s

θj

x y Mrs

j

j

xr y s m0,0 − mr,s

¡

j

m0,0

¢

¢2

(8)

r=0 s=0

for each j ∈ {1, · · · , m}. In implementation, we employ δ² , which is a smooth approximation to
j
j
δ [1]. Here, mjr,s and mji
r,s denote the moments of C̄ and C̄i , respectively, and the angles θ follow
the same convention. Due to space limitations, we are not able to provide details about the term
θj
Mr,s
, which can be found in [10].
Note that in order to specify the kernel size σj of the jth object, we use the maximum likelihood
kernel size with leave-one-out method (see [7]). This choice is used both in Sections 2.1 and 2.2.
Overall, the contributions from the C&V data term [1], coupled shape prior (Eqn. (5)), and
the inter-shape pose prior (Eqn. (7)) constitute the gradient flow for (3) . These three forces are
summed at each iteration of the segmentation process, after appropriate alignment operations [10].

3

Experimental Results

We present 2D and 3D experimental results for the head of Caudate Nucleus and Putamen of
Basal Ganglia. In this context, we implemented the 2D and the 3D schemes employing different
programming environment.
2

We drop indices for simplicity.
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(a)

(b)

(c)

Figure 1: Alignment terms used for a multi-object that consists of a red triangle and a blue square.
In each figure, the left side multi-object is a reference to which the right multi-object is aligned to.
In Figure (a) , the multi-object C is unaligned. In Figure (b) , C is aligned globally. In Figure (c) , Ce
is aligned locally, i.e. each (sub)object is aligned separately. In Figures (b) and (c) , the multi-objects
are not superimposed due to illustration reasons.
In our experiments, we demonstrate the effects of coupled shape and inter-shape pose prior in
comparison with C&V and the single shape prior [3] based segmentations. In all the experiments, we
use the same data term in each method. The usage of the same data term simplifies the comparison
of our approach with others since only the coupled shape or inter-shape pose prior components of
the methods are different.
Our ground truths are binary images which are created by medical operators who manually segmented the Caudate Nucleus and the Putamen of real brain MR images. For manual segmentation,
we designed and implemented user guided interfaces following our medical operators’ requirements.

3.1

Experiments on 2D data

We implemented the 2D scheme using C++ and Matlab. We built dynamic linked libraries in C++
that are called from Matlab. The Matlab environment was used for visualization.
In this section, we show and compare results of segmentation on real MR data. We present
results on T2 and proton density (PD) MR images. Especially PD modality presents challenges
due to its low contrast. We show the results using C&V, single shape prior, coupled shape prior,
and inter-shape pose prior. In these experiments, we also analyze several segmentation results of
using coupled shape and inter-shape pose priors both separately and together. We demonstrate the
effects of coupled shape and inter-shape pose prior in comparison with the C&V force (see [1]) and
the single shape prior (see [3]) based segmentations.
We compare the segmentations of the complete head of Caudate Nucleus and Putamen using
three methods. We demonstrate the results of this experiment in Figure 2. Each method starts
with the same initial conditions and we show the results obtained in steady state. We use a training
set of twenty binary shapes that include the structures of interest. The C&V method with curve
length penalty, alone, results in inevitable leakages for both Caudate Nucleus and Putamen (see
first column). In the second and third column, we show the results obtained using single shape prior
for separate structures. For the head of Caudate Nucleus, the single shape prior method presents
significant missing and small leakages towards the Ventricles. For Putamen, all the segmentation
results present lateral leakages. However, the proposed coupled shape prior based approach segments
both structures more effectively due to the coupling effect between shapes (see the fourth column in
Figure 2). We observe that the coupled shape force recovers the missed regions of Caudate Nucleus
5

(a)

(b)

(c)

(d)

(e)

Figure 2: Segmentation results of the Caudate Nucleus and the Putamen in an MR slice: (a) C&V
method with curve length penalty, (b) and (c) single shape prior for separate structures Caudate
Nucleus and Putamen, (d) proposed coupled shape prior only, (e) proposed coupled shape and
inter-shape pose prior. The top three lines is PD modality, while the bottom is T2.
and provides better accuracy in segmenting the Putamen, as compared to the single shape prior
method. The benefit of using a coupled prior is expected to be greater when the boundary of some
objects is not well supported by the observed image intensity (see Putamen results in the fourth
and the fifth rows, which are T2 MR modalities). When applying the synergy between the coupled
shape and the inter-shape pose forces we reduce the overall error in Caudate Nucleus and Putamen
for all images. This result is shown in Figure 2 (see fifth column). In these series of experiments, we
observe that coupled shape and inter-shape pose priors provide much more structured shape and
strong geometry constraints on objects. In particular, the size and the distance constraints between
shape pairs, improve the accuracy results significantly.

3.2

Experiments on 3D Real Data

For implementing evolving surfaces, we chose the level set framework of the ITK library, (see
http://www.itk.org/) . We inherited the SegmentationLevelSetImageFilter and the SegmentationLevelSetFunction classes from the itk namespaces. We create a filter object for each structure we
want to segment, for example one for Caudate Nucleus and another one for the Putamen. (Note
that, in this context, we use the term filter following the ITK terminology.) In each iteration of
the multi-structure segmentation scheme, each filter runs its update function one step. When all
the filters executed one step, a cross-filter operation is executed. In this cross-filter operation,
Equations (4) and (6) are evaluated.
We also use the ITK library for reading data, resampling, as well as ground truth geometric
procesing. In this context, we built an editor of ground truths, (see Section 3.3 and Figure 6) . The
VTK library (see http://www.vtk.org/) is used for visualization purposes.
The bottleneck of the time processing is registration, however. Therefore, we used a fast registration technique, based on moments (see [2]) . Figure 3 illustrates the results of registration of
6

two multi-structure objects. Each object consists of a Caudate Nucleus and a Putamen. When
applying [2], we report that the relative difference of masses of any two registered medical objects
is less than 5%. Our scheme requires about one hundred seconds to reach the steady state for each
200x200x50 voxel volume.
We built a database of seven T2 MR images, courtesy of Yeditepe hospital, and registered all
these images. We show the results of the segmentations of C&V, the shape prior, and the synergy of
shape prior and inter-shape prior based methods in Figures 4, and 5. We show a comparison among
the segmentation results of the three methods, using super-positions of transparent surfaces in
Figure 4. We present the complete combined result of the multi-structure segmentation in Figure 5.
In all the images, we show that when applying C&V there are serious leakages, for example, in
Figures 5 (c) and (d) , the left and right Caudate Nucleus overlap. Unlike this, when applying
coupled shape priors and inter-shape based priors, the left and right Caudate Nucleus structures
are separate, see, for example, Figures 5 (e) , (f ) , (g) , and (h) . We achieve better overall accuracy,
i.e. smaller Dice coefficients, when applying our method as compared to existing techniques.

3.3

3D Ground Truth Editor

An important tool that we have built is an editor of ground truths, a snapshot is depicted in
Figure 6. This editor is able to read data in DICOM and Analyze formats. The editor uses multi
modality interaction options. The editing is performed via contours that are implemented using
vtkSplineWidget class. A saving module performs reconstruction of the volume marked by the
contours.

4

Conclusion

In this paper, we have proposed a multi-object segmentation approach that employs coupled shape
and inter-shape pose prior information of different Basal Ganglia structures. We employ an active
contour framework towards evolving different contours in parallel. We employ training based priors
to estimate the coupled shape information as well as the inter-shape pose information among structures of interest. The priors are modeled using Parzen density estimation. We have demonstrated
our approach in several experiments, in which poorly contrasted difficult shapes are segmented. We
have also experimentally shown our scheme’s capabilities of occlusion recovery.
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 3: Registration of two multi-structure objects. Each multi-structure object consists of a
Caudate Nucleus and a Putamen. Figure (a) represents two unregistered multi-structure objects.
Figures (b) and (c) represent the Caudate Nucleus and the Putamen parts of the objects in (a) .
Figure (d) represents the registration result of the objects in (a). (e) and (f ) represent the Caudate
Nucleus and the Putamen parts of the objects in (d) .

(a)

(b)

(c)

(d)

Figure 4: Comparison of segmentation results. Figures (a) and (c) represent Caudate Nucleus
segmentation results. Figures (b) and (d) show Putamen segmentation results. Figures (a) and (b)
represent a comparison between the result achieved using C&V with the one obtained using shape
prior methods. While the segmentation result of C&V is shown in green, the shape prior method’s
result is shown in blue. Figures (c) and (d) represents a comparison between the result achieved
using the shape prior method with the one obtained by employing the shape the inter-shape pose
prior methods. The segmentation result of the shape prior based method is shown in green, while
the synergy of the two methods is shown in blue.
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(a)

(b)

(c)

(d)

(e)

(f )

(g)

(h)

Figure 5: A result of 3D segmentation of a multi-structure object using our method. The red and
blue structures represent Caudate Nucleus and Putamen, respectively. Odd and even columns illustrate views from an upper and an under point (as related to the volume of interest), respectively.
In this context, the volume is rotated horizontally (as related to the viewer position) from odd to
even and adjusted. The adjustment aims keeping the Ventricles as a reference. Figures (a) and (b)
show ground truths. Figures (c) and (d) show the volumetric segmentation result of C&V. Figures (c) and (d) show severe leakages that occur in the Caudate Nucleus and the Putamen segmentation respectively. Figures (e) and (f ) show the segmentation result when using shape prior.
Figures (g) , and (h) show the segmentation result when using shape the inter-shape pose prior.

Figure 6: 3D ground truth editor. The left part is a 2D sectioning plane. This plane is superimposed
to the volumetric data in the right part of the editor window, in order to provide the medical operator
cues about the 3D positioning. Several other indicators are also provided, for example the number
of the slice in the processed set, as can be seen in the upper part of the window.
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