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ABSTRACT
This paper presents a real-time framework to achieve accu-
rate deformation compensation using intra-operative Ultra-
sound (US) with pre-operative Magnetic Resonance Imag-
ing (MRI). It includes a shape prior based segmentation pro-
cess and a warping computation. Given two different mod-
ule templates of a region of interest (ROI), the method can
extract the same ROI from new real-time images based on
the shape prior model in the level set space. Then the seg-
mentation result and the matching transformation are used
to simulate deformation on MR images. Through experi-
mental results, we show that this novel segmentation method
can find the shape of ROI accurately. It can provide a good
assistance for real-time simulation of organ deformation.

1. INTRODUCTION

In Computer Assisted Surgery, it is essential to complement
human visual systems with computer vision. Today, most
image-guided surgeries rely on the high degree of corre-
spondence between the pre-operative images and the patient
anatomy under operation. The errors of the correspondence
are caused mainly by the geometrical distortions and tissue
deformation. The most popular method to solve the defor-
mation problem is to correlate intra-operative US with pre-
operative MRI because of its low cost, simplicity, and com-
paratively mature 2D/3D image registration technologies.

Cootes et al. [1] proposed the Active Shape Models
(ASM) which relies on the statistics of an object’s shape
and gray-level appearances gathered from a training set of
manual land-marks of the object. Arbel et al. [2] matched
pre-operative MR images to intra-operative US images hier-
archically and recursively, based on cross-correlation simi-
larity. Pennec et al. [3] handled this problem by two steps:
first conducted rigid pre-operative MR/US image registra-
tion, then ran a non-rigid tracking between pre- and intra-
operative US image sequences. They finally applied the de-
formation field of tracking to compensate the MR images.
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the Research Grants Council of the Hong Kong Special Administrative Re-
gion.

Aylward et al. [4] introduced an interesting automated and
accurate registration method based on the visible vessels in
images.

In this paper, given two registered pre-operative images
including an US image and a correspondingly reformed MR
image, we proposed a framework to simulate the deforma-
tion on the MR image space according to an intra-operative
US image. As the method in [3], our method also applies
pre-operative US images because the shape prior from an
US template has great advantages for the real-time segmen-
tation process. Our approach includes two steps. First,
the real-time shape of the ROI is extracted from the intra-
operative US image through a simple shape prior based seg-
mentation method. Second, based on the obtained real-time
shape and the transformation between the pre-operative and
intra-operative shapes, the warping of the MRI template
is computed by correspondence matching and interpolated
transformation.

2. SHAPE PRIOR BASED SEGMENTATION

Several authors have proposed their methods to incorporate
the shape prior into the Geometric Active Contours. One of
the most used methods to model the prior shapes is statistic
modelling. Rousson et al. [5] present a method to recover a
segmentation map based on global-to-local registration and
prior region statistic properties. In [6], segmentation is im-
plemented by two steps: initial segmentation and its correc-
tion based on a shape prior model. The model is obtained
through a PCA which is also used in [7]. In [8], shapes are
represented using a collection of points. It applies cluster-
ing methods instead of statistical methods to get the shape
prior model. The similarity of shapes is measured by area
information which is very high time-consuming.

In our method, we use an edge matching approach to
incorporate the shape prior into the segmentation scheme.
In 2D space, let ΨS : Ω → <+ be a Lipchitz function that
refers to a level set representation for a given shape S. This
shape defines a region < in the image plane Ω. Given these
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definitions the following shape representation is considered

ΨS(x, y) =







0, (x, y) ∈ S

D((x, y), S), (x, y) ∈ <S

−D((x, y), S), (x, y) ∈ [Ω −<S ]
(1)

where D((x, y), S) refers to the min Euclidean distance be-
tween the grid location (x, y) and the shape S. Two edges
are aligned by minimizing the difference Q defined as

Q =

n
∑

i=1

f2(pi). (2)

where n the number of points on the contour and f(pi) the
matching gradient of pi defined as

f(pi) = ΨS(T ′(xi, yi)) (3)

T is a similarity transformation as
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(4)
where s is the scale parameter, φ is the rotation angle and
(Tx, Ty) are the translation parameters in the X and Y di-
rections.

At the beginning of the segmentation, the shape prior
is posted on the test image and the matching gradient map
is constructed by calculating the matching gradient of each
point in the image. Then in each following iteration of prop-
agation, the curve is updated by minimizing the following
energy function

E(Φ) =

∫

Ω

(αG + (1 − α)Q)|∇Φ|dp (5)

where G is an edge penalty function and α is a blending pa-
rameter between the two energy terms. The matching gradi-
ent value of each point on the new contour is approximated
by the value of the corresponding point on the matching gra-
dient map. The map is updated after several evolving iter-
ations by a new matching process by minimizing Eq. (2).
These two steps alternate until the system reaches a steady-
state solution.

In order to minimize a least squares function such as
Eq. (2), we define a matrix A as

A =


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
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...
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(6)

where n is the number of curve points and p the number of
those unknown parameters. Since n usually exceeds p, this

matrix is not in general square. By differentiating Eq. (2),
the elements of the gradient vector necessary for the appli-
cation of steepest descent are given by

∂Q

∂θk

=

p
∑

i=1

2fi

∂fi

∂θk

(7)

so that the gradient vector g:
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that is
g = 2Af ′ (9)

where f ′ = [f1, . . . , fn]. Now differentiating (7) with re-
spect to θj we get
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= 2
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(10)

If we assume that the second term in (10) may be neglected
we have

∂2Q

∂θk∂θj

≈ 2

n
∑

i=1

∂fi

∂θj

∂fi
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(11)

These are the elements of the Hessian matrix H, which may
therefore be written in the form

H ≈ 2A′A (12)

The classical Newton-Raphson minimization method is

Θi+1 = Θi − λiH
−1(Θi)g(Θi) (13)

where λiis determined by a linear search from Θi in the
direction −H−1g. A modification of (13) suggested first
by Levenberg is to use the following:

Θi+1 = Θi − [λI + A′A]−1(A′f) (14)

where λ is a scalar which may be adjusted to control the
sequence of iterations and I is the (p × p) identity matrix.
In general A′A is positive definite so the procedure should
converge. We use λ to control the iterative procedure. This
enables the method to take advantage of the reliable im-
provement given by steepest descent when still far from the
minimum, and the rapid convergence of Newton-Raphson
when close to the minimum.

3. MR IMAGE MORPHING

We assume the rigid registration, between the US template
shape CTU and the MR template shape CTM , is given by
the transformation Tp. After the segmentation, we get a re-
altime organ’s shape Cr based on the prior US shape CTU

and the content of the realtime US image. Meanwhile, we
know the rigid transformation Tr between the US prior shape
and the realtime shape.
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3.1. Extraction of Evolving Path

Initially, there are several feature points on these two tem-
plates. These points are labelled by experts to point out
some important features of medical structures. They are
one-to-one corresponding. After the segmentation process,
the same feature points are labelled out on the realtime US
shape. Because it is possible that some structures are miss-
ing in each image, the number of feature points on the real-
time shape may not equal to that on the MR template.

We apply the radial projection technique to map these
feature points to each other. Radial projection works for
convex contours. The points on the contour are mapped on
a circle of radius R from one point inside the contour:

q = R
p− po

||p− p0||
(15)

where p is a point on the contour, p0 is the selected inside
point and q is the corresponding radial projection point on
the circle.

Before applying the radial projection, it is necessary to
convert the original curves, contour Tr(Cr) and Tp(CTM),
into convex contour. We implement this conversion based
on a simplified level set method where the speed depends
only on the curvature:

F = −εk; (16)

where ε is a positive constant.
At each iteration of the evolution process, only the ver-

tices of the concave parts of the curve must evolve. When
an evolution is applied to concave vertices, they move in the
normal direction. The evolution process of a curve is ap-
plied until the polygon becomes convex polygons. Finally,
we get two convex polygons ETM and Er from the trans-
formed curves Tp(CTM ) and Tr(Cr), respectively.

Then we project polygons ETM and Er in circles of the
same radius. Because there are some points in the convex
polygons that present several points on the original curves,
the projection of the collapsed points must be reconstructed
in the circle. The projected vertices on the circles from each
of the curves are merged, resulting in a polygon inscribed on
the circle containing all points qi from both convex curves.
These points on the new polygon are then mapped back onto
each of the transformed curves Tp(CTM) and Tr(Cr).

3.2. Deformation Simulation

Once we obtain the corresponding feature points on these
two transformed curves Tp(CTM ) and Tr(Cr), a rigid trans-
formation D(θ, T ) is computed which gives an alignment
between these two curves using the point correspondence.
This is done by minimizing the sum of the distances be-
tween all pairs of corresponding feature points. We inter-
polate linearly the rotation from the zero to θ and also the

(a) (b) (c)

Fig. 1. The segmentation result of an US image with an
incomplete brain. (a) The test US image, (b) The training
circular shape, (c) The estimated closed brain contour.

translation with the parameter β, β ∈ [0, 1]. For each β, we
have two transformationsD1(βθ, βT ) and D2((1−β)θ, (1−
β)T ). Then we get two new curves produced by applying
D1 on Tp(CTM ) and D2 on Tr(Cr). To compute the trans-
formation of the MR template shape in the time β, we use a
linear interpolation of the correspond points in the two new
curves for each β. This process leads to a simulation of the
deformation of the organ on the MR image space, according
to the realtime ultrasound image.

4. EXPERIMENTAL RESULTS

We set up the operation room and conduct the calibration
procedure basically following [9]. The system consists of
a magnetic position tracker, a commercially available US
scanner (ATL), and a 930-MHz Pentium III PC.

Fig. 1 is an example to illustrate the performance of
our shape prior based segmentation method. We applied an
incomplete US brain image (Fig. 1(a)) as the test image and
assumed the outline of this organ was just a closed elliptical
curve as shown in Fig. 1(b). The segmentation in Fig. 1(c)
shows that our method can successfully deal with boundary
leak using shape prior constraints.

Fig. 2 is another segmentation experiment on a MR fe-
tus image. The shape of the fetus in Fig. 2(a) is clear and
completed. Using its outline as a shape prior, Fig. 2(b) was
segmented using our method and the result is shown in Fig.
2(c). We can see even there are some missing structures
(arms and angles) in the test image, the obtained shape is
very similar to the training shape while there are some local
deformation due to the difference between the test image
and the training image. The segmentation time depends on
the input images and the initialization contours. In our ex-
periments, the average segmentation time is 2.8s.

The application of the proposed method in simulation of
organ’s deformation is shown in Fig.3. Fig. 3(a) shows the
pre-operative US image with the shape of ROI. Fig.3(b) is
the reformatted MR image corresponding to the ultrasonog-
raphy depicted location. The intra-operative US image and
the real-time shape of the ROI are shown in Fig.3(c) and the
simulated MR image is shown in Fig.3(d).
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(a) (b) (c)

Fig. 2. The segmentation result of a MR image containing
an incomplete fetus. (a) The training image with complete
fetus outlier, (b) The test image to be segmented, (c) The
final segmented closed shape of the fetus.

5. CONCLUSIONS

In this paper, a novel real-time approach is presented to cor-
rect organ deformation. We proposed a simple shape prior
based segmentation method in which shape prior knowledge
is incorporate into the geodesic active contours scheme by
an edge matching technique. Fast matching is obtained by
using the matching gradient of the contour’s points. An-
other contribution of this paper is a procedure to simulate
organ deformation using the results of the proposed seg-
mentation process. We applied the proposed approach on
several medical images. The results show that our segmen-
tation method is robust as well as fast and the deformation
correction procedure can give a good performance. Those
properties can help the clinicians in anatomical structure re-
construction and image-guided surgery.
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