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Abstract. Segmentation of echocardiography images presents a great challenge
because these images contain strong speckle noise and artifacts. Besides, most
ultrasound segmentation methods are semi-automatic, requiring initial contour
to be manually identified in the images. In this work, a level set algorithm based
on the phase symmetry approach and on a new logarithmic based stopping
function is used to extract simultaneously the four heart cavities in a fully au-
tomatic way. Then, those contours are compared with the ones obtained by four
physicians to evaluate the performance, reliability and confidence for eventual
clinical practice. That algorithm evaluation versus clinicians’ performance is
made using several metrics, namely Similarity Region, Hausdorff distance, Ac-
curacy, Overlap, Sensitivity, and Specificity. We show that the proposed algo-
rithm performs well, producing contours very similar to the physicians’ ones
with the advantage of being an automatic segmentation technique. The experi-
mental work was based on echocardiography images of children.

Keywords: heart segmentation, echocardiographic images, phase symmetry,
level set, similarity index.

1 Introduction

Medical ultrasonography is an important tool for imaging the heart structures, since it
is noninvasive, safe, portable, and the images are available in real-time and the cost is
low compared to other medical imaging techniques [1, 2]. Another reason for its suc-
cess is that the information it provides is very helpful in clinical diagnosis of heart
diseases, and also in emerging areas such as image-guided interventions [3, 4]. Ana-
tomical quantitative information about the heart chambers is crucial for clinicians,
namely wall motion, valves function, and volume estimation.

Today, most of the used methods are still semi-automatic requiring human interac-
tivity to select the correct region of interest (ROI) [5-7]. Fully automatic segmentation
[8] can reduce this intra-expert variability and provide clinical valuable information
about the cardiac cavities and their respective volumes, working also as an important
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step to achieve 3D heart reconstruction, which quality is greatly influenced by the
segmentation accuracy. Most recent segmentation methods based in deformable mod-
els, as parametric models or geometric models including level-set, are used to identify
not only heart regions [9-11], but also lungs [12-18], vascular or neural structures[19]
and to assist the classification of pathologies [20, 21].

Active contours have been used for image segmentation and boundary tracking
since the first introduction of snakes by Kass [22]. The basic idea is to start with
initial boundary shapes represented in a form of closed curves, i.e. contours, and itera-
tively modify them by applying shrink/expansion operations according to the con-
straints of the image. Methods to accomplish those operations were introduced by
Kass [22], and then reformulated in the context of partial differential equations [23]
(PDE) by Caselles [24] using the level set framework.i

Geometric active contour model was the first level set implemented active contour
model for the image segmentation problem. It was simultaneously proposed by Ca-
selles [24] and by Malladi [25]. This model is based on the theory of curve evolution
and geometric flows. The geodesic active contour model proposed by Caselles [24]
allows connecting classical “snakes” based on energy minimization and geometric
active contours based on the theory of curve evolution. In order to improve the seg-
mentation performance, the integration of edge and region based information sources
using active contours has been proposed by a few authors. Paragios [26] proposed the
geodesic active region model for supervised segmentation, integrating edge and re-
gion-based in an energy function. Zhang [27] also apply this association to achieve
robust and accurate segmentation results. He tried to solve the problem from a more
geometric perspective, describing the advantages of the model over Chan method [28]
on medical images with complex backgrounds.

The use of level set theory has provided more flexibility and convenience in the
implementation of active contours. Depending on the implementation scheme, active
contours can use various properties used for other segmentation methods such as
edges, statistics, and texture. In the present work, we describe the segmentation me-
thod based on level set that is capable to identify simultaneously the four heart cham-
bers. The used phase symmetry approach, which acts in the frequency domain extract-
ing low level features, is of great importance for the success of the algorithm [9, 10,
29]. The segmentation results are compared with those provided by the reference
contours provided by four physicians, using several metrics of similarity.

The outline of the paper is as follows. In section 2, we describe the segmentation
method and the metrics used for the evaluation. Then, the algorithms are applied to
children echocardiographic images. The results and discussion are presented in sec-
tion 3, and finally, the conclusions are formulated in section 4.

2 Methodology

2.1 Overview of the Segmentation Algorithm

The applied segmentation algorithm is composed by several phases. First, low-level
features are extracted from the collected images (see figure 1) using a Phase-based
Symmetry Detection, a procedure based on gradient/luminance information and on Log
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Gabor wavelet by finding symmetric or partial symmetric components in the frequency
space, allowing the enhancement of shapes in the images (see figure 1b) [29].

Second, a modified level set is used that minimizes the function by solving the cor-
respondent partial differential equation. A higher dimensional function ¢(x,?) is mani-
pulated to evolve a contour (or surface) implicitly, where the zero level is used to
extract the evolving contour C = {x|¢(x) = 0} .

%: |V¢I[div(%)+v]P (1)

The initial function ¢,is a mask based on the Euclidean distance, where the central
pixel has the biggest value and the remaining pixels decrease towards zero till they meet
the image limits. Then, the function is updated at each iteration, based on shrink and
expansion operations depending of the level set curvature and the stopping function P.

c) d

Fig. 1. Segmentation method: (a) original Image, (b) detecting low-level features, (c) applying
the segmentation method, (d) post-processing

The stopping function P is represented by:

P = log (|’_75| +1) @
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where is the average intensity value of the image /and is the dynamic range of the
region being analyzed. This stopping function of logarithmic variation performs ad-
justments to the regions in study until the convergence is reached. This happens after
few iterations. The segmentation result is illustrated in figure 1c.

The last step consists in the post-processing, where all the smaller regions detected
are removed by using morphological operations in order to obtain smoothed contours.

2.2 Validation Metrics

To evaluate the performance of the segmentation algorithm, we compare the extracted
contours with the reference contours drawn by some physicians. For that goal the
following six metrics are used.

Similarity Region (SR) is based on the difference between two regions [30, 31].
A.B
A+ B

The Similarity Region varies from zero to one where the value ‘0’ corresponds to the
total dissimilarity of the two regions, and the value ‘1’ to the exact overlapping.

SR=2 (3)

Hausdorff Distance (h) defines a distance between two given curves (A and B).
Whenever an overlap between them occurs that distance is zero, otherwise the
distance from each point in A to all points in B [32, 33] is calculated, and the smallest
value is kept. Finally, the highest value is searched from the collected set of distances.

h(A,B) = max { min { d(a,b) } } )
aeEA DbeB

The Hausdorff Distance does not have a defined variation range as the other metrics;
the minimal and best value is zero (contours overlapping).

Accuracy, Overlap, Sensitivity, Specificity: These four measures are based on the
relation between two regions defined by two contours A and B [34]. The pixels of
both regions are classified as: Npp = pixels present in both regions; Nty = pixels
absent in both regions; Ngp = pixels present in B, absent in A; Ngy = Pixels present in
A, absent in B. Thus,

Npp + Ny

A = 5
cetraty Nrp + Npy + Npp + Npy ©)

Overlap = Nre (6)
Nrp + Npp + Npy

e Nrp
Sensitivity = Neo T New 7
TP FN

NTN

—_— (8)
Npy + Ngp

Specificity =
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Accuracy is the ratio of correctly classified points in the ROI; Overlap gives the
amount of intersection between A and B; Sensitivity gives the information of the
pixels that are correctly classified and belong to the contour; Specificity measures the
proportion of pixels that are correctly classified as not belonging to the contour. All of
these metrics have a range from zero to one, where one represents the optimal value.

2.3 Dataset

The data set has 240 cardiac chamber regions extracted from sixty images with a
resolution of 768x576 pixels, selected from several children echocardiographic vid-
eos. The reference cavity contours drawn by the experts, were obtained with the help
of a graphical interface, then minimizing the inherent error associated to hand drawn
contours and the following necessary digitalization. Figure 2a-c illustrates the proce-
dures for the references delineation.

Fig. 2. Reference contours acquisition: (a) points defined by the user, (b) cubic spline interpola-
tion, (c) four cavity contours used as reference

3 Results and Discussion

This work consists of the performance analysis of all extracted contours from the
dataset by the proposed algorithm, and the reference contours drawn by physicians.
For that, two distinct inter-observer comparisons will be defined, namely Algorithm
vs. Physician and Physician vs. Physician.

3.1 Comparison between Contours

The performance evaluation of the algorithm versus clinicians was accomplished by
using the metrics described previously.
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Fig. 3. Similarity Region Box-Plot Graphic: Alg - Algorithm; P1, P2, P3, P4 - four Physicians

Figure 3 shows the results for the Similarity Region metric. The median values for
the first four columns that represent the Algorithm vs. Physician behavior are 0.89,
0.87, 0.89, and 0.88. The remaining median values are 0.90, 0.90, 0.89, 0.91, 0.89,
0.89 that are slightly superior to the previous ones, however the difference is very
small (0.01 in average), then illustrating similar performances for the analyzed com-
parisons. It was also verified that the metrics Accuracy, Overlap, Sensitivity and Spe-

cificity show similar results.

Fig. 4. Contour Outlier SR for Algorithm vs. Physician (Alg_P1)

From figure 3 it is observed the presence of a considerable number of outliers. In
figure 4 it is depicted the worst outlier (Alg_P1) using the SR metric. The correspond-
ing computed value was 0.46 dealing with the evaluation of the cavity identified by
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the arrow. This worst case is a result of the fact that the boundaries are not clearly
defined for this cavity, due to the presence of an artifact. That motivated the physician
to draw the cavity region according to his knowledge and experience.

3.2 Single Cavity Analysis

A single cavity comparative study was also accomplished. Figure 5 shows the results
related to the Left Ventricle (LV) using the Hausdorf Distance. Again, two compara-
tive approaches were considered: Algorithm vs. Physician (first 4 columns) so called
as set A and Physicians vs. Physicians (last 6 columns) referred as set B.

The calculated median values in set A are 17, 17, 13, 21 while in set B those values
are 19, 19, 20, 21, 20, 17. These results lead us to conclude that the extracted contours
by the algorithm are closer to the physician’s ones than what is verified when the
performance of an expert is compared with the other experts. Comparing the 25"
percentile in the interquartile range for the set A (values: 14, 13, 17, 9) and the set B
(values: 15, 16, 16, 19, 16, 14) it is observed that set A has lower values meaning
lower error, then better performance than it is provided by of a physician, using as
reference the others physicians.

Similar conclusions are obtained comparing the 75" Percentile of set A (values: 21,
20, 25, 15) and set B (values: 21, 22, 27, 27, 24, 25). From the analysis, it can be
concluded that the interquartile ranges for Algorithm vs. Physician present normally
smaller dispersions than it is verified for Physician vs. Physician.
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Fig. 5. Hausdorff Distance Box-Plot Graphic for Left Ventricle

The evaluation of the other heart cavities has led to similar results. Also, the same
study was carried out for the metrics, Accuracy, Overlap, Sensitivity and Specificity,
and the results agree with the ones produced by the Hausdorff metric.
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4 Conclusions

Cardiac boundary extraction from echocardiographic images remains an important
clinical challenge. We have proposed an improved algorithm for automatic contour
extraction on apical long-axis four chamber view sequences of echocardiograms.

We tested the algorithm on a representative clinical dataset composed by two hun-
dred and forty cavities and compared the results to contours manually sketched by four
clinicians. That analysis was carried out by using some figures of merit, where the per-
formances algorithm vs. physician and physician vs. physician were of concern.

It was observed that the algorithm provides results that are comparable to the inter-
observer variability when the four cavities contour extraction are analyzed. Also, the
algorithm performance is good when a single cavity is tested for algorithm vs. physician
behavior, and presents superior results to the physician vs. physician achievements.

The positive results obtained with the present work, motivated the authors to pro-
ceed the development of new approaches for the simultaneous segmentation of the
four cardiac chambers, thus assisting image-guided interventions and helping the
experts in the clinical diagnosis, namely in the detection of congenital heart diseases.
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