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An eSnake model for medical image segmentation
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Abstract

is introduced in the paper. In our new method an electrostatic field on a template plane above the original image plane is designed to form

A novel scheme of ex temal force for detecting the object boundary of medical image based on Snakes (active contours)

the map of the extemal force. Compared with the method of Gradient Vector Flow (GVF), our approach has clear physical meanings. It
has stronger ability to conform to boundary concavities, is smple to implement, and reliable for shape sgmenting. Additionally, our
method has larger capture range for the external force and is useful for medical image preprocessing in various applications. Finally, by
adding the balbon force to the electrostatic field model. our Snake is able to represent long tube-like shapes or shapes with significant pro-
trusions or bifurcations, and it has the specialty to prevent Snake leaking from large gaps on image edge by using a two-stage segmentation
techni que introduced in this paper. The test of our models proves that our methods are robusts precise in medical image segmentation.
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Deformable model is a curve or a surface driven
partial differential equations (PDE) method for image
segmentation and pattern recognition. Two types of
deformable models have been developed previously.
One is the parametric deformable model proposed by
Kass et al.!"", which formulates the curve explicitly
in the parametric form. The other is the geometric
deformable model, which implicitly characterizes the
curve by a level set function developed by Osher,
Sethian and implemented by Malladi' ? . Hybrid
methods are proposed to combine the techniques of
both models, such as the Geodesic Active Contour
model proposed by Caselles .

The parametric deformable model, also known as
the Snakes or active contour; is aiming al minimizing
a specified energy function subject to some con-
straints. Although the level set method is an attrac-
tive mathematical framework and it can govern the
curvature-dependent front evolution, implicit formu-
lations are not nearly as convenient as the explicit
ones, because parametric formulations incorporate ad-
ditional control mechanisms. In the cases of poor con-
trast boundaries, large gaps in boundaries or high
noise commonly existing in medical, infrared and re-
mole sensing images the parametric model is a better
choice

Taking advantage of edge detection techniques
the parametric deformable model becomes mature and
robust for practical usage in medical im age segmenta-
tion and pattern recognition. The research is mainly
focused on three areas, the curve representation relat-

ed to internal force' ¥, the external force and ener-
gy minimization methodd * ™", The famous external
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M

force model includes Gradient, Balloon'",
maps[lq and Gradient Vector Flow (GVF)
etc. The problem in modeling external force is to find
one kind of force that can possess large range capture,
push the curves to the concavities or convexes and
stop the evolving Snakes at the edge gaps. It is a
dilemma to construct one optimized model for ex ternal
force. Compared with other external forces, the GVF
model partly overcomes these obstacles by taking the
concepts from optical flow. The shortcoming of GVF
is that it is difficult to understand and it has no physi-
cal and geometric meanings. Moreover, GVF is im-
possible to push or pull the contour to the significant
concavities or convexes. GVF also lacks the power to
stop the contour at large gaps in some conditions.

Motivated by the basic ideas of GVF, we de-
signed a model of external force which has clear phys-
ical meanings. This approach utilizes a template plane
above the original image plane. Then, the pixels at

* Supported by National Natural Science Foundation of China (Grant Nos. 10275003 and 10175004), and Natural Science Foundation of Beijing

(Grant No. 3011002)

™ N . )
%%, To s hom correspondence should he addressed. {E-mail: hao@plu, edy. cn



Progress in Natural Science Vol. 15 No. 5 2005 www. tandf. co. uk/journals 425

the image edge are regarded as point electric charges,
which contribute the electrostatic potential on the
template plane to the forming of the electrostatic
field. The precision of segmentation is desirable. In
most cases, there are no requests for changing the pa-
rameters of the Snake. Furthermore, the special vec-
tor field coming from this model is helpful for thin-
ning the monochromatic images, assisting the design
of anisotropic filters, and analyzing the image optical
flow. In order to make the contour conform to the
shapes with complex topology such as long tube-like
shapes or shapes with significant branching or protru-
sions, another model structured by joining a geometric
based balloon force is also proposed in the paper,
which only needs to take a few efforts to find the
suitable parameters such as regulating slightly the
weight of the balloon force sometimes. The algorithm
of explicit finite difference method is applied for the
numerical solution and we found that the computing
time is stable for most usages if all parameters are ap-
propriate according to the constraints described
above. Since the model we developed here is mainly
based on electrostatic field, we call it eSnake model.

1 Analysis of GVF and the electrostatic field
description

A traditional Snake is a curve or contour with
the formulation of X(s)=[ x(s), y (s)], s€[0, 1],
which moves through the spatial domain of an image
to a local area with minimized energy. For a normal
grey-level image I (x, y), the energy of the Snake
can be expressed as:
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where o and 8 in Eq. (2) are weighting parameters
that control the Snake’ s tension and rigidity. Gs(x,
y) is the two-dimensional Gaussian function with
standard deviation 0, and V is the gradient factor.
According to the Fuler-Lagrange condition of varia-
tion calculus, the minimum of E which represents
the final stable energy of a Snake must satisfy the fol-
lowing equation;

oX ()= BX ()= Epuernone(s) = 0, (4)

where V Ek‘,xlemfﬂme (S >: _FExlem(S ) .

It is easy to apply the finite difference method
(FDM) in time domain to find a solution of Eq. (4).
Because Eioal is usually close to the largest value at
the beginning of the curve evolution, we have
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In GVF, the extemal force is usually generated by
the equation

E:J (ui+u§+vi+vi)
+ v B ly—=vy Pdxdy. 6)

In Eq. (5), Fextem(xs y)=[ u(x, y)s v(x, y)],
and in Eq. (6), is a weighting parameter for gov-
erning the tradeoff between the first and second terms
in the integrand. Equation (6) creates an energy field
containing both degree of divergence and curl for a
vector field. Using the calculus of variation and finite
difference method again, Fexiem (X5 ¥ ) can be calcu-
lated according to

u(x, y, t) =4 V’zu(x,y, t)

—[ulx,y, )= fx(x, )]
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It is shown that the meaning of the GVF is not obvi-
ous and there is no more progress after Xu and
Prince” developed GGVF (generalized gradient vec-
tor flow ). Due to the complexity of GVF itself, the
GGVF does not show its stable numerical solution.

) L [15
In Ivins’s PhD thesis J, he structured a force

EExernfome(X) - |i+ (9)

x P
which is similar to an electrostatic force. However, as
an illustration, external force energy in Snakes is un-
usable because the infinite value can be produced

when i(x, y)=X(x, y).

In the 2D image space, there were several at-
tempts to solve the problem, but the results often had
disconnected or false edges in edge detection. There-
fore, people have to find another method to solve the

problem with an acceptable precision.
2 Electrostatic field of eSnake model

The progress in our paper is that we propose a
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physical model to overcome the infinite problem in
Eq. (9) by using an electrostatic field formed above
the plane of the target image. The principle is showed
in Fig. 1.
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Fig. 1.
eSnake.

Schematic diagram for calculation of electrostatic field of

Suppose each pixel in the discrete 2D image do-

main is a unit electriccharge, the potential
P plane2 (x25 12 ) on the plane by the pixel (x, y) can
be derived:
P plane2 (x25 ¥2)
_ _e 1
T 20 J(xz—x)2+ a— )+ '
ao

Therefore, the distribution of the electric field inten-

sity between (x1, y1) and (x1, y1) can be described
as:

AP(x2, y2)
EXZ(XQ, y2)= TX;Z&
P2t Dyy2) — P2 — 1), y2)
— 3 ,
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AP (x5 y2)
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which is an explicit expression of the external energy,
and it can reach very high accuracy if the time step
taken in the calculation is small enough. Further-
more, the method is fast enough for the calculation
and easy for explaining the result.

During the model development, the most impor-
tant, parameter 4 .is defined as the distance betw een

two planes. In the case of 7> 0, Pplane2 (x Ly s
very sensitive to the value of 4. Since the distance
between pixels is at least equal to one in the image
and the potential field is usually symmetric, different
h values are tested with three small circle charges
w hose radii along the x axis are R=0.5, R=1, and
R=35, respectively, (Fig. 1) which is used to solve
Eq. (10) for estimation of the & volumes. E can be

computed from d U (x )/dx. The results are shown
in Fig.2.

0,06

0,04

0.02

0

=002

=]

-().04

—0.06

—0.08

—0.10
—0.12

0

X
(h)

Fig. 2. Results of the calculated E, with different # and R val-
ues. (a) Plots of £, with ~=0.1, 0.2, 0.5 0.4 R=0.5;
(b) pbtsof E, with /~=0.5, 1.0, 1.5 2.0, R=35.

The position on the x axis where Ex equals 0 in-
dicates that the edge point is found by Snakes. The
testing results show that the smaller 4 is, the more
accurately it represents the position of the circle edge.
At the same time, the smaller the value of 4 is, the
less smooth the edges of the electric field are. From
the tests we estimate that /4 should be in the range
of (0, 1] . For example, when #=0.2, the detecting
precision is within one pixel, which is a trade off re-
sult between adaptive shape and edge detection accu-
racy. In our experiments, /i was taken as 0.2, 0.5
and 1.0. Figure 3 shows the potential surface and the
electrostatic field distribution obtained from our
method.
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Fig. 3.
age; (b) potential surface; (c) electrostatic field; (d) curveevolv-

Example of the eSnake model principle. (a) Orginal im-
ing process.

3 Balloon force in eSnake

Although it can give better segmentation results
than GVF, the electrostatic force model we estab-
lished still has a similar problem in GVF. It lacks the
ability to move along long tubular shapes or shapes
with significant branches and protrusions. To over-
come these drawbacks, a balloon force is added. Co-
hen introduced a pressure force which has the feature
like an inflating or deflating balloon' ' . It can be ex-
pressed as:

M (s), a3
where n (5) is a unit vector normal to the curve at
point v(s) and A is the amplitude of the force. There
are two kinds of balloon force: geometry based model

F'Balloon =

and region based model'*'¥ derived from the former
one. Region based balloon force is impossible to oper-
ate on monochromatic images and is difficult to work
well for identifying the shape region in which the
grey level is not very homogeneous. We choose the
geometry based balloon model by simply expressing it as;

_ A _ _Ax
nx*jKyL‘, ny =" TAy I a4

This formula gives satisfactory results from the test-

ng.

Taking both Eq. (11) and Eq. (14) as the exter-
nal forces and apply the explicit finite difference
method the equations for our Snake can be estab-
lished as:

x (A — x(t)
At
— oy ()= Bx (1) + VEx(xs )

+ Any (x (), y (), (15
y@+A8 —yQ)
At
= a(1)— Byw(t)Jr YE, (xyy)
+ Ay (x (), y (1)), (16)

The procedure of the solution has two steps to pull
the contour leaking out of the large gap of the image
edges. In the first step, we took alarge ¥, and let A
be smaller than 7, e.g. Y=0.05 and A=0.008. In
the second step, we took 7 as asmaller value and let
A equal 0, e.g. Y=0.01 and A=0, which give the
results that the electric outside field is stronger than
the inside one. The structure keeps the contour leak-
ing out from the gaps in the image, which can not be
driven back. The structure makes the parameters
more stable and let the structured eSnake be more ro-
bust.

4 Experiments and results

4.1 Method of testing

Edge detection plays an important role in the
segmentation by the Snake. Gradient, Laplacian,
Prewitt and Sobel filters with thresholds, as well as
the anisotropic filters were used for the edge detec-
tion. In our testing, Canny detectorl "9 \was chosen
due to its optimal performance. Two kinds of Canny
detectors were used; one was standard; the other was
a simplified algorithm which gives an edge with thick
lines Chttp://www. pages. drexel. edu/ ~ weg22).
The contour of eSnake islocated close to the middle of
the thick lines at the edge, which is specified by
charge attraction force domain in the electrostatic field.

Guéziec' " pointed out that although many re-
searchers had published their applications in this
field, only a few of them were reliable and successful
in practice; because they paid more attention to inno-

vation than to the algorithm in practicel '

. In prac-
tice, the reliability is more important. Therefore, we
give a full test of our algorithm with various kinds of
images. In our tests, = 0 is supposed because the
smoothing ability is not the feature we pursue and the
fourth order of derivative exerts little impact on the
contour. In our tests, if there was not any special

declaration, the parameters were chosen as A= 0. 1,

0(:0. 59 720.059 >\:O. 0089 h: 0. 2.
4.2 eSnake with electrostatic field

The large capture range, the ability to stop at
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the edge gaps of the images are indicated by the re-
sults of Fig. 4. Fig. 5 (a) and (b) show that our
model is better than the GVF model in penetrating
into concave and convex edges. It can be seen from
Fig.5(c) and (d) that in the stopping curve at large
gaps, our model has poorer performance but it turns
into a merit when adding balloon force to eSnake.
The original image in Fig. 6 (a) has more noise,
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which was treated with a Gaussian filter, then passed
with the simplified Canny filter. In the condition of
h=0.5, the contour line is located in the middle of
the edge. A comparison between GGVF and eSnake
is shown in Fig 7. Even in the case of 7=1.0, eS-
nake gives the better result for detecting the concavity
in the top region of the image.
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Example of the eSnake model. (a) Original image; (b) result of eSnake; (¢) original image; (d) result of eSnake.
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Example of the eSnake model. (a) Result of GVF; (b) result of eSnake; (c¢) result of GVF; (d) result of eSnake.

Fig. 6.
on edges (d) result on image. A=0.5.

Bhdder image processing using the eSnake model. (a) Bladder image of M RI; (b) detected edges and initial Snake; (¢) result

Fig. 7.
of eSnake. 7= 1.0.

4.3 eSnake with Balloon

We used the two stages for segmentation tests
with parameters Y= 0.01 and A= 0. All the other
parameters are the same as those described in section
4.1 if they are not specified. Fig. 8 shows that the
eSnake with balloon force conforms to, long tube-like

Heart image processing using the eSnake model. (a) Heart image of MRL; (b) results of GGVF; (¢) detected edges; (d) result

shapes or shapes with significant protrusions and bi-
furcations, as well as the shapes with sophisticate ge-
ometric boundaries. Fig. 9 gives examples of two
stages eSnake segmentation and Fig. 9(b) shows a
large gap on the edge. In Step 1, the curve goes out
of the boundary and in Step 2, it is pulled back.
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Fig 8.

Example of the eSnake model. (a) Original image; (b) result of eSnake; (¢) original image; (d) result of eSnake. For (a) and

(b) A=0.01 in step 1; for (¢) and (d) ¥Y=0.03, A=0.007 in step 1.

Fig. 9. CT image processing using the eSnake model.
step I; (d) final result of step 2. Instep 1, A= 0. 006.

5 Conclusion

We have introduced a new external force model
and named it an eSnake, which has clear physical
meanings for the Snakes in 2-D space domain. The
force was calculated as an electrostatic field on a tem-
plate plane above the original image plane. We find
that it can allow a flexible initialization of the active
contour; encourage converging to boundary concavi-
ties and convexes, and minimize the effect of spurious
edges. Cooperating with the Balloon force, eSnake is
capable of moving through the long tube-like shapes
or shapes with significant protrusions and bifurca-
tions. By adapting two stages segmentation tech-
nique, eSnake can stop the growing curves at the
large gaps. From various experiments, it is demon-
strated that our method is reliable, precise and robust
for shaping complex boundaries. In addition, our al-
gorithm is simple in practical usage.

Further investigation will be emphasized on ap-
plying our scheme to the segmentation of the multipli-
able objects together with the study of the 3-D surface
segmentation. In particular, the vector map created
by our electrostatic field model might be useful for
image preprocessing such as image thinning, filtering
and optical flow research, which is useful in medical
image processing.
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