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Abstract

Cardiovascular system diseases are the major cafigesrtality inthe world. The most important and wid
used tool for assessing the heart state is echogaaghy (also abbreviated as ECHO). ECHO imagesiae:
e.g. for location of any damage of heart tissueszalculation of cardiac tissue displacement at artrary
point and to derive useful heart parameters likee sind shape, cardiac output, ejection fractiompnc
capacity. In this paper, a robust algorithm for rheshape estimation (segmentation) in ECHO imag
proposed. It is based on the recentiiyoduced variant of the level set method calledel set without edge
This variant takes advantage of the intensity valfiarea information instead of module of gradietiich ic
typically used. Such approach guarantees stakitity correctness aflgorithm working on the border betw¢
object and background with small absolute valuérafge gradient. To reassure meaningful resultsjnitage
segmentation is proceeded with automatic Regionintdrest (ROI) calculation. The main idea of |
calculations is to receive a triandike part of the acquired ECHO image, using linékough transforn
thresholding and simple mathematics. Additionaily,order to improve the images quality, an anigut
diffusion filter, before ROI calculation, was usedhe proposed method has been tested on
echocardiographic image sequences. Derived resuifirm the effectiveness of the presented method.
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1. Introduction

Every year cardiovascular system diseases areethmom of over 7 million premature
demises in the world. One of the main cardiovascritk factors is hypertension, leading
among others to left ventricle (LV) rebuilding. Boland, cardiovascular system diseases are
responsible for about half of all demises. The peapder 65 represent almost of 20% of this
number. According to the Polish Acute Coronary Sgnies (PL-ACS) register 152 452
hospitalizations had been noted because of ACS ®otober 2003 to February 2007 [1].

Estimation of left ventricular shape in ultrasomichocardiographic images (ECHO) is
recognized as the one of the main non-invasive odstlof assessing the risk of heart and
cardiovascular diseases. Due to the complexityeaafrthinternal structures, the presence of
strong disturbances in ultrasonic images (specldpecular reflections, echoes, shadows,
Gaussian noise of electronics) and low contraste of fine structures, LV shape estimation
is a difficult and time-consuming task. EvaluatwminlLV rebuilding progression in time is an
additional challenge due to very high value of reation error as a result of significant
distinctions in LV outline produced by differentysficians.

In this context, development of an automatic anusd LV shape estimation method
performed in real-time is very important [2]. Tagiimto account features of the USG data
source, such method should consist of:

— initial filtration aiming at reduction of disturbees and edge enhancement,
— initial image segmentation aiming at approximateudation of region of interest,
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— iterative estimation of LV shape by image segmématrocedure.

From the technical point of view, heart structuoedline performed by a medical doctor
during LV shape estimation is equivalent to imaggmsentation. The image segmentation
process can be understood as image data divisithre teeparable subsets. In case of medical
images, received results should correspond toargatiomical structures. In other words, as a
result of the segmentation procedure applied to BCldta one should receive a wall of heart
or chamber shape estimation. Examples of inteigdi@HO structures are presented in
Fig. 1.

Fig. 1. - Example of ECHO image, four chamber vi&V, — right ventricle, LV - left ventricle, RA -ght
atrium, LA - left atrium, HW — Heart walls (imagétained from: Department of General Medicine and
Geriatrics, Collegium Medicum, Jagiellonian UnivgrsKrakow)

Image segmentation algorithms usually use the iindtion contained in the image as the
basis for its action. The simplest image segmantatiethods are based on thresholding [3]
operation. Such methods use the pixel value dyréattlassify the given pixel as an object or
a background i.e.: if the pixel value fulfils thevgn condition, the pixel is classified as the
background, in the opposite case as the object.tfAteshold value, for the classification
process can be specified manually by the user @aritbe computed by the algorithm based
on e.g. the image histogram. More advanced algostluse the information about the
neighbourhood of each pixel (e.gegion growing algorithrin

Another group of algorithms are model based methéasactive contour(or a snakég
proposed by Kass [2] is the most recognized exampluch an approach. It uses a curve
evolving in time as a model of the boundary of $egmented object in the image. The level
set algorithm [4, 5] is another, yet more versatikthod. The level set approach uses the zero
level of the evolving surface (3D) to representlibendary in the 2D segmented image.

The problem of effective segmentation and heatictire tracking in echocardiographic
images is the current research topic widely comsilén the literature [6-11].

In the paper, a novel approach to echocardiograpbignentation based on Level Set
method using information about value arrangemeptdsented. Section 2 consists of the idea
and description of the Region of Interest calcalatand segmentation technique. Evaluation
and estimation results, visual examination and tjiadive analysis are shown in section 3.
The last section consists of a conclusion and ge&or of future works.

2. Echocardiographics image segmentation
2.1 Proposed method — the idea

The proposed method of heart segmentation in ectiiocgaphic images is based on three
main steps. The first step is responsible for sttrdc image de-noising. The dominant noise
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in ultrasonic images is the multiplicative noiseowwm as speckle. Since most of the
information in ultrasonic images is edges based,appropriate denoising filter should
concurrently remove noise and protect or even eséharisting edges in the image. For this
purpose a nonlinear diffusion filter has been aubli12] in the proposed algorithm. In the
second step an area of image undergoing segmentaticestricted to the diagnostically
relevant part. For this purpose an automatic algaribased on Hough transformation [13] is
proposed (Fig. 2). The last step of the algoritsrthie image segmentation. For this purpose
the active contour algorithm implemented by theeleset method [4, 5] in Chan-Vese [14]
variant is used.
X g

Fig 2. Line detection based on Hough transformtdadgh space for a single line
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Fig. 3. Example of Hough space and lines computat £quation 1 based on the maximum value of Hough
transform

2.2 An automatic determination of image area forggeentation

A heart ultrasonic image is produced by object mettscanning with many ultrasonic
beams. The diagnostically relevant part, also dakgion of interes{ROI) is a cone-shaped
structure in the ultrasonic image. The rest parthef rectangular image (see Fig. 3) is
assigned a zero value by the device. The value pikel inside the ROl depends on the
reflection level of the object that is represertigdhe pixel. The most reflective parts are the
tissue boundaries, in contrast to homogeneousetiesiblood that almost do not reflect the
ultrasonic beam. Therefore, the heart chambersabnest black, whereas their walls are
relatively white. This property causes the segntemtaalgorithm possible to make an error,
i.e. to treat the background as an object. In omle@void such situation, the authors propose
an automatic method to restrict the segmentatiea & the diagnostically essential part only.

In the first step the algorithm computes a binagskn- an approximation of the ROI. In
this operation image thresholding with the thredhed¢t on 30 is used. Subsequently, the
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Hough transform [14] of the obtained binary masicasnputed. The values of the Hough
transform represent the length of the lines with¢bordinatesq, p) in the image (see Fig. 2).
The cone-shaped ROI (see Fig. 3) is limited by straight lines and an arc. In the image
space the straight linéx, y) is represented by the equation

- P
y = —ctg(6) x+ sn@)’ )

wherep — is the distance between the lirend the origin, wherea@is an angle of the vector
from the origin to the closest point on the ligag the length of this vector) (see Fig. 2).
Parametersd p) of two lines limiting the ROI are determined byaeination of the values
of Hough transform coefficients. The coordinatestvad coefficients that have the highest
values anddwith opposite sign are picked up as the sougldrmeaters g, o).

The coordinates of the centre of the arc (limiting ROI from the bottom) are equal to the
coordinates of the intersection of two limitingds The radius of the arc is equal to the
distance from the arc centre to the opposite bgrdint of the binary mask.

2.3 ECHO images segmentation

Boundaries of heart structures that are visibl&E@HO images usually get blurred and
corrupted by noise. Therefore the method for segamtien of echocardiographic images
proposed in the paper is based on an active comodel that is implemented by the level set
method in Chan-Vese variant [14].

The AC algorithm models the segmented object boyndéth a parametric curve
C(s) = (X(s), N(s)), which is evolving in time. The paramet&{1[01] is a normalized
arclength of the curv€(s) andx(s) andy(s) are points on it. The curve evolution process is
controlled by two influencing forces. The interiiaice associated with the contour internal
energyEiy is responsible for keeping the contour smoothtinaous and short. The external
force associated with contour external eneEgy is responsible for attracting the curve
towards the object boundary. Thexternal energyis supposed to be minimal when the
contour reaches the object boundary position. Ewwlwf the classical AC is related to the
energy minimization problem that can be stated®s [

E=[ Eq9)s=[E,(q9)s+[E.(q9ks, )

where:

e = aBICEI +AICS)
int — 2 )

C4s) andCs{s) denote the first and the second derivativ€() in respect t®, respectively,
a, B are coefficients weighing the curve internal egeE«has a form of an edge detector in
most of practical applications e.g.:

Eee = 101 Y)IF, (4)

where I(x, y) denotes the intensity of an image point with dimates %, y) and
O=[a/dx, d/dy]" is a gradient operator.

A very popular gradient-based edge estimator (4gissitive to image noise. Moreover, its
application possibly leads to large segmentatisargr when object boundaries are not well
defined (not sharp enough). In such cases methasksdbon the image area intensity value

(3)
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like the one proposed by Chan and Vese [14] areerappropriate. The algorithm proposed
by Chan-Vese tries to divide the imalgiato two disjointed parts that are representedway
constants; andc,. The segmentation problem as described by Chae-vas be stated as an
energy minimization problem:

F(C.c,c,) = ullen(C) + y [area(;,q.C)
+A ﬂ 1(x,Y) —cl\zdxdy+/12 _ﬂ I(xy) - cz\zdxdy' ()

insidg(C) outsidgC)
Additional regularization terms in (5) are the lénof the curvelén(C)) and the area of the
region inside the curv€ (aredinsiaC)). The use of the image intensity value inside and
outside curveC as an information-controlling curve evolution et of the most commonly
used gradient information (4) is the main advantaggpproach (5).
In the proposed algorithm the cur@ein equation (5) is represented by the zero level o
function gwhich is called the level set function [6]:

c={eey)1@xy) =0} 6)

The signed distance function is used as the latdlunictiong In such formulation the image
area inside the curv€ is represented by a set of points ) for which ¢x,y)>0 e.qg.
inside(C):{(x,y)|qo(x, y)>0} and similarly, the image area outside the curve €L a

outsidgC) ={(x,y) |@(x y) < }.
Using the level set functiog, equation (5) can be written as:

F(g.c.c,) = ullen(g =0) + y larea(¢ 2 0)
+4; [[10x y) ¢ [*dxdy+ 4, [[1(xy) = c,|*dxdy %
@0 <0

Minimization of the above functional leads to theldf-Lagrange equation. It leads to
evolution equation after introducing an artificishe [14]:

%j” =6g(w){umi{§z]—y—m(l -¢,) +A,(1 -¢,)’ | =0, (8)

wherey> 0, y> 0, 11> 0, A2 > 0 are fixed parameters. The delta function akgularization
has the form of:
1_ ¢
o.(9 lTE'éW' 9)
and&> 0 is a small regularization term.

Representing an evolving curve as a zero levebkéinction g eliminates the problem
occurring when the evolving curve changes its togple.g. splits or merges. In level set
formulation curve splitting or merging is equivalen splitting or merging sets of image
points &,y) for which ¢(x,y) has a constant sign.

An initial contour has to be supplied in order tarsthe evolution process. The curve
obtained from the current image segmentation candeel as a starting curve for the next
image when segmenting image sequence representiegrasystole. In such cases, the initial
contour has to be supplied for the first frame oftlgan be either a contour drown manually
by the user or derived automatically by an alganith

In the discussed method the initial contour is espnted by an ellipse. The centre of the
ellipse is pointed out by the user near the ceafréhe segmented structure e.g. the left
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ventricle. Other ellipse parameters are derivednoyphological processing of a binary mask
that is obtained by thresholding (threshold sGpan ECHO image. First, the small details
are removed by the opening operation. Next, weakections between objects are removed
by eroding operation. In the result, a binary agpration of heart structures in the image is
obtained. Chambers are represented by the comgtaobismask elements (pixels) with value
1, whereas walls by elements of 0 value. Finalhg et of mask elements for which the
centre point provided by the user belongs is chdsémused as a basis for ellipse parameters
calculation. Due to eroding operation, the deteediallipse fits inside the segmented object.

3. Method evaluation and estimation results

The described algorithm has been tested on a falwehocardiograpy images sequences
obtained from the Department of General Medicind &weriatrics, Collegium Medicum,
Jagiellonian University, Cracow, Poland.

Assessment of the heart shape estimation qual@ylditonsist of two parts. The first one
is the shape estimation in ECHO data, and sectiedshtape mapping accuracy of medical
imaging devices (e.g. Computed Tomography [15]k @hthors focussed on the first part and
assessed segmentation quality in comparison witiualacontouring by experts.

A set of 6 exemplary frames chosen from the ECH@inbd sequences is shown in
Fig. 4. In this figure, white contours mark the gbs of the left ventricle estimated by the
proposed method. It can be observed that the seatdtalso correct when the boundary in the
left part of the images is not present. The alparitis working stably all the time and the
contour evolution is kept inside a diagnosticalievant area.

When the shape of the left ventricle is estimatats can easily calculate changes of the
area of the left ventricle during heart systoleFlg. 5, deviation of estimated area of the left
ventricle in time from its mean value is present€drresponding frames from Fig. 4 are
marked by arrows with numbers. The shape of theecdrom Fig. 5 together with its
periodicity (regularity) can be a valuable inforinatof chamber behavior in time.

In all the experiments, parameters of the algorithere set in the following way=2,
=1, A1i=1, A ,=1. The number of iterations was 70, whereas the @i one image frame was
396 by 531 pixels. The proposed algorithm was imgleted in Matlab language on Intel
Core 2 Quad 2.66 GHz, 2 GB RAM. Its computatiorahplexity in terms of time spent for
the calculation of one image frame is: 119.58 sciiicludes 0.4 s for image denoising, 0.18
s for ROI calculation and 1.7 s for one iteratidéith@ contour evolution.

Fig. 4. Segmentation results using the proposetiadePicture numbers represent the place in ECHO
sequence marked in Fig. 5
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Fig. 5. Area minus mean value of received contawageform. Arrows with numbers indicate places of
pictures from Fig. 4 in the ECHO sequence

In order to evaluate the shape estimation accutheyresults were compared with manual
outlines done for 132 real ECHO by an expert, whigha gold standard in this case.
Evaluation was carried out on the methodology preeskin [16]. Three parameters for each
frame were calculatedfrue Positive FractionTPF), False Negative FractiofFNF) and
False Fraction(FF) defined as:

N
Z M1 (X Y)

1

[M=[11M=

TPF =2 = sensitiviy; (10)
D D Lesr (% Y)
x=1y=1
1 forlgr(xy)=legsr(xy)=1
M = ; 11
e (%) {0 for othercases an
N M
ZZM FN (Xv y)
TNF =210 = specificiy; (12)
x=1y=1
1 forlgsr(%y)=000gr(xy)=1
M = ; 13
e (%) {0 for other cases (13)
N M
DMt (v y) —lesr (%)
_ x=1y=1
FF=1- - : (14)
ZZIGT (xy)
x=1y=1

where IgT(X,y) — binary mask which represents the results frbwn manual contouring,
lest(X,y) - binary mask which represents the results frown proposed method (1 means
object, 0 - background).
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TPF gives us information on the number of pixels bgiag to the object (in this case
ventricle), which were classified correctly. On tbiher handFNF tells us the number of
pixels in the frame which were not classified asoaject by the automatic algorithm with
reference to ground tru&inally, FF representing a wrong classification takes placerwh
during manual contouring a pixel was classifiedaasobject but in the automatic method it
was not and the opposite way.

The obtained results for the proposed method irs@dram form are presented in Fig. 6.
Additionally, average values of coefficients (1(0)2), (14) calculated from results presented
in Fig. 6, are shown in Table 1.

In order to evaluate the quality (e.g. variatiord aepeatability) of manual contouring,
which is a reference to our method, two expertsih@s each (in different moments of the
day), manually contoured the same, randomly chomage frame. In Fig. 7 we can see all of
the contours plotted by the experts with marked m&@ape. SubsequentlyPF, FNF and
FF factors were calculated using a mean shape oft6scontours as a ground true
(Table 1),lgT(x,y) was a mean shape ahgr(x,y) was a single contouring.

T
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Fig. 6. Histogram of FNF, TPF, FF values for resolt the proposed method

Fig. 7. Variation in manual contouring (left) anshtours along plotted on white background with mean
contour marked as black line (right)

From TPF turns out that on average 4 % of pixels belongothe mean contour, which
was our ground true, were not outlined by expettalla A lower value ofFF and TPF is
caused by the different size of the segmented tstrei¢factors have relative value, e.g. one
wrongly classified pixel for a structure which c@ts of 100 pixels decrea3é°F by 0.01,
for a structure which consists of 1000 pixels icr@ases only by 0.001) and problems with
poor quality of the heart border in some frameseré&fore, it is practically impossible to asses
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the image segmentation algorithm quality using micak values ofFPF, FNF, FF only.
Numerical values of the mentioned factors shouldl&ys considered together with a visual
inspection of the results as it is presented in EBignd 5. Visual examination confirms the
effectiveness of the proposed method.

t

Fig. 8. 3D visualization of exemplary results

Table 1. Average value dPF, FNF, FF

TPF FNF FF
Proposed Method 0.91 0.10 0.82
Variat_ion of Manual 0.96 0.03 0.93
Contouring for one frame

In Fig. 8 exemplary results for one whole sequeseepresented after 3D reconstruction
which allows to consider the shapes of the receteedours within the whole set of data.

4. Conclusions

A method for automatic segmentation of heart stmest in ECHO images was proposed in
the paper. The described algorithm involves thelofohg three steps: removing
multiplicative noise from an image by nonlinear faéion filtration, determination of
diagnostically relevant area by Hough image tramsétion, and finally image segmentation
with active contour algorithm. Erroneous situatiavith pixels representing background are
classified as an object by an algorithm were exadudy the proper restriction of the
segmented area and controlling contour evolutiatess using information other than image
gradient magnitude.

The efficiency of the proposed algorithm has beemnfirmed by the comparison of 132
real ECHO outlines from the proposed method with dmes provided by an expert. Gold
standard requirements have been fulfilled.

In future work, the authors want to compare desgctidlgorithm with other techniques and
use the proposed solution to calculate, importesrnfa medical point of view, coefficients
which describe the heart state.
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