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ABSTRACT

Echocardiography as a common place device has been widely used for diagnosis. Segmentation of left
ventricle just using the standard level set formulation based on the magnitude of intensity cannot restrict the
contour evolution completely due to the lack of sharp edges.

This paper aims to introduce a robust method for segmentation of three-dimensional echocardiography
images based on two boundary maps namely distance map and probabilistic map as stopping criteria of
contour evolution which are extracted using two different approaches. The distance map is extracted by
applying Free Form Deformation (FFD) method on manually determined landmarks of initial spherical
volume to register the landmarks to boundary of left ventricle using B-Spline interpolation. The
probabilistic map is independently created as a contour guideline to achieve probable desirable regions.
Segmentation of echocardiography volumes is implemented using a proposed energy function based on
level set formulation combined by two edge maps which is named dual source level set.

Left ventricle segmentation using proposed method illustrates expert-approved performance, providing a
reliable tool for clinical practice due to less than 2% ejection fraction error compared to manual tracing by
expert. Making use of combined distance and probabilistic map as stopping criterion in level set approach
helps to avoid the local minima and excessive contour expansion, while the left ventricle valve is open or
there is not clear edge.

Keywords: Level set, Segmentation, three-dimensional echocardiography, Dual Source.

1. INTRODUCTION image segmentation that can be categorized into
edge-driven, region-driven and model-driven
Echocardiography is a commonplace device for methods [2].
imaging, since it is noninvasive, safe and portable
while is real time and low cost compared with
Computed Tomography (CT) and Magnetic

Resonance Imaging (MRI). Therefore, it is a

Active contours have been successfully applied
to segmentation of echocardiography images for the
past two decades which can be both region-driven

potential choice to be widely used by radiologists.
However, in comparison with other medical
imaging modalities, the image quality of
echocardiography is relatively low that makes a
challenging area  for  segmentation and
distinguishing the organs. The quality weakness of
ultrasonic images returns to the physic of
characteristic artifacts such as attenuation, speckle,
shadow and signal dropout [1]. Hence, a computer
aided software as the complimentary tool can be
useful for decreasing fault diagnosis. There are
several general tendencies for echocardiography

and edge-driven. Active contours denote a general
technique of matching a deformable model to the
desired chamber of heart by means of energy
minimization [3], [4]. The energy function depends
on properties of the image such as gradients,
curvatures and intensities, and so on. Active
contours are classified as either parametric (Snake)
or geometric (Level set) which has many
advantages over parametric such as computational
simplicity and the ability to change curve topology
during deformation [5], [6]. User specifies an initial
guess for the contour, which is then moved by
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image driven forces to the boundaries of the desired
object. Active contours are very efficient at
segmenting high resolution images but it is a
challenging issue due to the noise existence,
especially in three-dimensional echocardiography.
Hence, making use of image enhancement
preprocessing methods such as noise reduction
filters and transform functions or a complimentary
procedure is usually necessary in implementing
active contours on three-dimensional
echocardiography images [7], [8], [9]. Generating
closed parametric or implicit curves or surfaces
without any necessity for training the model, makes
active contours practical [10].

Creating a statistical model based on the
intensities of homogenous areas in the
echocardiography images including blood cavities
and myocardium tissues, is the foundation of
region-driven approach [11], [12]. To this end,
prior statistical models are usually required which
can be derived from: a) Markov Random fields
[13]: Segmentation based on Markov random fields
is a statistical method supposing a probability
distribution for gray level of each pixel as a random
variable, b) fuzzy logic [14], [15]: is a powerful
method to obtain appropriate threshold for image
segmentation, c)Rayleigh distribution
decomposition [16] and d) artificial neural networks
[17]: is widely wused for medical image
segmentation. The neural networks are trained by
samples set and therefore the results are training
samples dependant. Overall, inhomogeneity and
low contrast nature of three-dimensional
echocardiography images must be considered that is
against to initial assumption (homogenous areas)
and consequently each approach needs its
considerations.

In the model-driven approaches, a statistical
model of shape and/or appearance and/or motion
from a training set is constructed which is
challenging issue due to the complex nature of the
heart. The prior-model driven approaches can be
classified based on the use of shape prior to: a)
Active Shape Model (ASM): is based on
constructing a whole shape model using manually
segmented image followed by applying Principle
Component Analysis (PCA) [18], [19], b) Active
Appearance model: is closely related to ASM but
using both Shape and gray levels information
instead of just shape information [20], [21], ¢)
Motion model: can simulate the spatial and
temporal changes of the heart displacement based
on motion pattern of cardiac cycle [22], [23].

Both fully-automatic and semi-automatic (with
user interference)  echocardiography  image
segmentation have been introduced for the past two
decades [24], [25]. It is surely preferred to utilize a
fully automatic version of heart segmentation
methods. But, according to the complexity of heart
motion, it is rationally acceptable to use a semi-
automatic approach with more precise and stable
results.

Totally, there is not any deterministic approach
of three-dimensional echocardiography image
segmentation because of the imaging nature. From
one side, in edge-driven approaches, it is not
determined whether a clear and meaningful edge is
extracted or not. From other side, in region-driven
approaches, image homogeneity plays a
fundamental  role  while is weak in
echocardiography images. Also, prior-model driven
approaches are encountered to the problems due to
the variety of cardiac abnormality and complex
motion pattern. Hence, having a hybrid probabilistic
view instead of deterministic view can be useful to
cope with these kinds of challenges (Figure 1).

In this paper, we are aiming to propose a new
level set method namely dual source level set for
echocardiography image segmentation. Both
probabilistic map and distance map are created as
the contour evolution guideline sources.

This paper is organized as follows: at first, two
capable maps are introduced in sections A and B for
contour movement controlling. Then, in section C,
the energy function of level set based active contour
is defined according to the extracted maps.
Experiments and comparisons are included in
section 3 using numerical analysis.

2. METHODOLOGY

Due to the poor quality of three dimensional
images and complicated motion manner of heart
especially in some cardiac diseases, making use of
semi-automatic echocardiography image
segmentation method not only is lead to avoid time
consuming and tedious manually segmentation but
also more accurate and reliable results can be
achieved in comparison with fully-automatic
approaches.

In this paper, a robust echocardiography image
segmentation method is proposed containing three
stapes as shown in figure 2, a) registered volume
creation followed by distance map extraction, b)
probabilistic map extraction, c) level set based
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contour evolution. Each of these steps is explained
in detail in the following sections.

[ Echocardiography image ]

———————— —— ~
’ \ ’ N

Source 1 " Source 2

[ Initial volume

v

1
,[ Distance map :l{ Probabilistic map ]
W

~ /

[ JSRRR | -

h 4

]
g ]
]

A 4 A 4

[ Level set based contour evolution J

Figure 2: Block diagram of proposed method

In figure 2, the parameters are defined as
following:

Initial volume: a sphere volume which is created
as a starting point.

Registered: implies to the registered image which
is extracted by applying registration on initial
volume.

Distance map: is a rough pattern which is used
for contour movement restriction.

Probabilistic map: is a guideline of contour
movement for fine segmentation of left ventricle
probabilistically.

2.1 Distance map extraction

At first, seven sparse points but in important
positions are manually determined at: a) Apex, b)
Mid inferoseptum long axis, ¢) Mid anterolateral
long axis, d) Mitral valve long axis, e) Inferolateral
short axis, f) Anteroseptal short axis g) Center of
left ventricle cavity (Figure 3).

Having these seven points in comparison with
complete manually segmentation of left ventricle,
are ignorable but are necessary for increasing the
accuracy and stability of proposed method.

Mid
inferoseptum

Mitral Valve \ ki

Infﬁolataral

a)
Figure 3: Mid cavity, a) long axis , b) short axis [26]

Registered volume is extracted using registration
of corresponding seven points of a default sphere to
determined control points based on B-spline Free
Form Deformation method (FFD) [27]. B-spline
FFD is computed by linear combination of splines
basis function based on non-linear transformation.
Implementation of FFD begins by placing a
uniform grid of the control points over the image.
Let ¢; j denote such a control point grid of size
n; X n; X ny with grid spacing of 8,(t) X 6,(t) X
6,(t). Then the non-linear transformation for each
image point (X, y, z) is computed as a three-
dimensional tensor product of one-dimensional
cubic B-spline as follows:

T(xy,z) =
le=—1 Y1 i1 Bl(U)Bm(V)Bn(W)‘Pi+l,j+m,k+n
M
Where i = [x/8x(0]. j=1[y/8,(V]. k=

[2/8,(D],
w=[z/8,(t)]
of (x,y,z) in the three dimensions.
through B, are cubic B-splines.

B_;()=(1-1)%/6 )
Bo(r) = 3r3 —6r2 +4)/6

Bi(r) = (-3r3+3r?+3r+1)

B,(r) =r3/6

Where r is either u, v, or w.

u=[x/8;(0] -1,  v=[y/8y(D] -,
— k and u, v, w are relative positions
Also, B_4

Euclidean distance of each pixel to registered
volume is calculated which is lead to distance map
D(x,y,z). Figure 4 shows a sample of distance map
extraction.

a) b)

Figure 4: a) One slice of echocardiography volume, b)
Corresponding distance map of extracted slice
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2.2 Probabilistic map extraction

As mentioned before, several items restrict
echocardiography segmentation such as speckle
noise, area inhomogeneity, lack of clear edge and so
on. A probabilistic approach is proposed to
overcome on limitations as much as possible.
Pve(X,y,Z) is a probabilistic edge map indicator
which is created as an contour guideline to achieve
probable desirable region and is defined by average
of the following statements for each pixel of I(x,y,z)
as input echocardiography image:

1-  Edge gradient based probability:

[VI|
P16y, 2) = oo 3

Where y denotes to power-law transformation
which must be ¥y > 1 to increases the contrast. The
parameter y is set to 5 (Figure 5).

Figure 5: Edge probability

2-  Distance to Average of Gray-levels of
Manually Sampled Pixels (AGMSP): the average of
seven manually determined points is utilized as an
intensity criterion. More distance to this mentioned
average is corresponding to less probability of
being desired pixels (Figure 6).

1

p2(x,y,2) = 1+(pixel gray level distance to AGMSP) S
Figure 6: AGMSP probability
3-  Distance to convex hull of most probable

area: The most probable area is easily achieved by
applying a threshold on averages of edge gradient
based probability and AGMSP which is not
sensitive parameter (threshold can be set between
0.6 to 0.8). It can be lead to excessive contour
expansion where there is not clear edge. Therefore,
in echocardiography, this probability is useful

where the heart valve is open. The threshold is set
to 0.7 (Figure 7).

1
Ps3 (X! Y Z) =

)

1+(pixel distance to cunvex hull)

a) b)

Figure 7: a) applying threshold on average of on
averages of edge and AGMSP probability maps, b)
Convex hull of probable area

Finally, P,,.(x,y,z) is achieved by (Figure 8) :

p1(Xy,2)+p2 (Z,y,2)+p3 (xy.2) (6)

Pive(%y,2) =

Figure 8: Probabilistic map

Pwe(X,y,2) as an effective coarse to fine
criterion is utilized to create more precise stopping
function than distance map D(x, y, z).

2.3 Level set

In the level set method a contour of interest is
embedded as the zero level set of a Level Set
Function (LSF). Let ¢ : Q = R(x,y,z) be a LSF
defined on a domain Q . The energy function is
defined by:

E((I)(X, Y, Z)) = R((I)(X, N Z)) + Eext(d)(xf Y Z)) ( )
7

Where R(¢) is the level set regularization term
which is defined by:

ROy 2) 25 [, (Vo(xy2)| - D?dx  (8)

Where x implies to (x, y, z). Since the final result
of a level set method is the zero level set of the
LSF, using a regularization term is necessary to
avoid of instability. Imposing the regularization
term to the energy function, not only is lead to
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smooth the LSF ¢ but also to maintain the signed
distance property|Ve(x,y,z)| = 1.

E..:(¢) is the external energy that is calculated
based on distance map and probabilistic map
providing dual guideline source of contour
evolution. The external energy must be minimized
when the zero level set of LSF ¢ is located at the
desired position. Therefore, E,,:(¢) is defined as
following:

Eext(p(xy,2)) =
J,, S[8(¢xy,2) IV (x,y,2)| +
aH(—d(x,y,2))]dx )
Negative value of the coefficient a is lead to
expand the initial contour. §(.) and H(.) are the

Dirac and Heaviside functions respectively which
are estimated by [4]:

S(X)z{i[1+cos(%)], [x] <K (10)
0, |x] > K
And,
1 Xy lan (™
H(x) = 21’[1+£+ﬂsm(s)]' |);|>SII(< a1
0, x < K

The parameter K is usually set to 1.5.

We define S as dual source stopping function:

S(xy,2) = (1 = Pye(x,y,2) (D(x,y,2) + £) (12)

Where  P,,.(x,y,2) and D(x,y,z) are
probabilistic map and distance map respectively. &€
is a small positive value for imposing a small
movement of contour to check whether contour has
been located in a local minima or not. Making use
of this stopping function, not only is a reason for
achieving the most probable desired edge
(especially when there is not clear edge) but also
can be lead to avoid local minima as much as
possible.

The proposed E,,:(¢) consists of two terms: a)

the first term ( fQ S6(¢)|Vp|dx) computes the line
integral of the function S(x,y,z) along the zero
level set of LSF that is located at the ventricle
boundaries when is minimized, b) The second term
(J, SH(=¢)dxdydz ) computes a weighted area of
the region Qg 2 {¢(x,y,2) < 0}.

Hence, by applying (8) and (9) in (7) the energy
function will be as following:

E(0(xy,2) = [, [5(1 = Vo y,2)D? +
Sy, 2)[8(6(x,y,2))IV(x,y,2)] +
alH(-d(xy,2))]dx (13)

This mentioned energy function can be
minimized using Gateaux derivative based on
finding the steady state solution of the following
gradient flow equation:

9% _ _9E

ot~ 0¢ (14)
This is an evolution equation of ¢(x,t) with a

spatial variable x(x,y,z) in the domain Q and a

temporal variable t = 0 while the evolution starts

with a given initial function ¢ (x,t) = ¢ (x).

According to the Euler-Lagrange statement, for a
functional of the form:

E(p) = fn k(1,1 L, 1,)dx (15)
The first variation of energy is achieved by:
ok 90k 9 ok 9k

Therefore, the function E(¢(x,y,z)) can be
minimized as following:

% = V2¢ — div (%) + 8(p)div (5%) +
S &) (17)

Where V2 and div() imply to the Laplacian and
divergence operators respectively.

2.4 Data set

Both objective and subjective expert based
evaluations were utilized to assess the proposed
method precisely. To this end, a ground truth image
was used which obtained by a synthetic image
including  two  gray levels.  Afterwards,
multiplicative noise is added synthetically to the
image I, using the equation J = I+nXI, where n is
uniformly distributed random noise with mean 0
and variance 0.4 (Figure 9).

Figure 9: a) Synthetic image without noise, b) close
synthetic volume image including multiplicative noise
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As mentioned in previous sections, three
probabilistic parameters have been created (p;, p,
and p3) to guide the direction of contour
movement. To evaluate the effect of each
probabilistic parameter while the heart valve is
opened, an open synthetic surface is created (Figure
10).

Figure 10: open synthetic surface

In order to assess the capability of proposed
approach in real data set, three dimensional
echocardiography images of eleven healthy
volunteer including 156 volumes are acquired by
IE33 Philips device (Figure 11).

Figure 11: Three-dimensional echocardiography
image
3. RESULTS

Both created open synthetic surface and close
synthetic volume are segmented by proposed
method due to speckle noise value variation and
substitution of different probabilistic parameters
(p1, P2, p3 and pgye) in stopping function S(x, y, z).
Subsequently, the precision of each segmented
volume are extracted based on following equation
(Figure 12, Figure 13):

TP
TP+FP

X 100

Precision = (18)
True Positive (TP): pixels correctly detected as
ventricle, False Positive (FP): pixels incorrectly
detected as ventricle.

—plxy)
~Tp20cy)
p3Cey)

— Average

Precision

03 us o= s o7
Speckle noise Variance

Figure 12: Precision of segmentation in close valve
echocardiography images

o P1y)
wh T p2(x.y)

P3(x.y)
—Average

Precision

(B 04 a5 s 07
Speckle noise variance

Figure 13: Precision of segmentation in open valve
echocardiography images

For more evaluations of proposed method in
segmentation of synthetic images, an index is
defined as following which implies to the
percentage of pixels that are correctly detected as
desired edge (Table 1):

TP

Pp=——
co max(N;,Ng)

19)

Where N, represents the number of edge points
of the ground truth and Ny the number of edge
points detected. TP (True Positive) is defined as the
number of correctly detected edge pixels.

Table 1. Quantitative evaluation of proposed method
in synthetic images segmentation.

Shape Noise P,
Variance
close synthetic volume 0 0.961
close synthetic volume 0.25 0.872
close synthetic volume 0.5 0.741
close synthetic volume 0.75 0.511
open synthetic surface 0 0.733
open synthetic surface 0.25 0.687
open synthetic surface 0.5 0.604
open synthetic surface 0.75 0.436

Then, the proposed method is applied on three
dimensional echocardiography images to assess the
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result of left ventricle segmentation in comparison
with manually segmentation by an expert. Figure 14
and Table 2 depict the results qualitatively and
quantitatively based on Ejection Fraction (EF)
measurement using following formula:

EF = -~ x 100
EDV

(20)
EF=Ejection Fraction

EDV=End Diastolic Volume

ESV=End Systolic Volume

SV=Stroke Volume=EDV-ESV

Figure 14: Left ventricular echocardiography image
segmentation, a) an echocardiography image, b) Expert
based left ventricle segmentation, c) coarse segmentation

based on distance map, d) fine segmentation based on
both distance map and probabilistic map (proposed
stopping function)

Table 2: Ejection Fraction calculating.

Table 3: Corresponding calculated ejection fractions
of different stopping functions.

Proposed Expert based

Ejection Fraction 57.2+12.4% 56.4+11.2%

Finally, for more evaluation of defined stopping
function in three-dimensional echocardiography
images, ejection fractions were calculated by
changing the stopping function according to the
Table 3.

S(x,y,2) Ejection Error

Fraction percentage
(1=Pue)*(D +¢) 57.2+12.4% 0.8+1.2%

(1-=P)%*(D +¢) 55.4+15.3% 1+4.1%
(1=P)%D +¢) 55.1£13.6% 1.3+2.4%
(1=P)%D +¢) 58.5+£12.5% 2.1£1.3%
D 58.9+£12.5% 2.5+1.3%

4. DISCUSSION

There is an unavoidably compromise between the
value of speckle noise and the precision of left
ventricle segmentation in three dimensional
echocardiography images. In this paper, left
ventricle segmentation has been categorized to three
approaches by highlighting prominent features of
each method. Of course, each one of the categorized
approach has its advantages that can be optimized
for left ventricle segmentation in echocardiography
images which is highly dependent on using
parameters.  Subsequently, discrimination of
performance of each segmentation method is
controversial in detail level. Therefore, in this
paper, we have proposed a hybrid method by
concentrating on prominent features of each
segmentation approach in overall. To this end, two
complement criteria (P, (x,y,z) and D(x,y,2))
were utilized in stopping function to decrease the
dependence of left ventricle segmentation precision
to the level of speckle noise. Model- driven
approach was inspirational for D(x,y, z) definition
by using a rough pattern as the contour movement
limitation. Proposing of P,,.(x,y,z) was inspired
by edge-driven and region —driven approaches that
both pixel based and regional information was
utilized.

The effect evaluation of each probabilistic
parameter in the left ventricle segmentation
demonstrated that:

P1: is very effective for increasing the precision
when the valve is closed.

P2: is effective for increasing the precision when
the valve is closed or the variance of noise is
increased.

P3: is effective for increasing the precision when
the valve is opened or the variance of noise is
increased.
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Since, we considered both probability of being
desired pixel (left ventricle edge) and expert based
desired area estimation using few samples, our
proposed approach demonstrates reliable results in
comparison  with  expert based manually
segmentation, as evidenced by less than 2% ejection
fraction error.

Finally, making use of both probabilistic map
and distance map not only leads to restriction of
excessive contour evolution in open ventricle valve
but also more precise results are achieved by
avoiding local minima as much as possible.
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Figure 1: The inspirational flowchart of proposed method
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