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Abstract. Rheumatic heart disease is the result of damage to the heart
valves, more often the mitral valve. The heart valves leaflets get inflamed,
scarred and stretched which interrupts the normal blood flow, resulting
into serious health condition. Measuring and quantifying clinically rel-
evant features, like thickness, mobility and shape can help to analyze
the functionality of the valve, identify early cases of disease and reduce
the disease burden. To obtain these features, the first step is to auto-
matically delineate the relevant structures, such as the anterior mitral
valve leaflet, throughout the echocardiographic video. In this work, we
proposed a near real time method to track the anterior mitral leaflet
in ultrasound videos using the parasternal long axis view. The method
is semi-automatic, requiring a manual delineation of the anterior mitral
leaflet in the first frame of the video. The method uses mathematical
morphological techniques to obtain the rough boundaries of the leaflet
and are further refined by the localized active contour framework. The
mobility of the leaflet was also obtained, providing us the base to analyze
the functionality of the valve (opening and closing). The algorithm was
tested on 67 videos with 6432 frames. It outperformed with respect to
the time consumption (0.4 s/frame), with the extended modified Haus-
dorff distance error of 3.7 pixels and the improved tracking performance
(less failure).
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1 Introduction

1.1 Motivation

Mitral valve diseases are widespread and are commonly affected by Rheumatic
Heart Disease (RHD) [1]. RHD is an autoimmune disease that usually begins in
childhood. It starts as a strep throat infection that is caused by the streptococci.
If the strep throat infection is untreated, it results into rheumatic fever. The
repeated episodes of rheumatic fever slowly damages the heart valves.

Following one of the most relevant published studies [2,3], about 15.6 million
people are affected globally from RHD, and require medical follow-up, being
responsible for 233,000 deaths per year. Heart valve diseases create a massive
economic burden on health authorities. The average surgery cost to treat mitral
regurgitation was 24.871 ± 13.940 dollars per patient in Europe [4–6]. The heart
valve treatments and operations are not only expensive, but also a highly risky
cardiac process [7].

The literature suggests the cost effective solution of using penicillin in the
early stage [8]. It reduces the probability of recurrence of the rheumatic fever,
resulting less risk of damage to the heart valves. Therefore, earlier detection is
considered vital to control disease progression and to estimate disease burden in
low-resource regions of the world [1].

RHD thickened the Anterior Mitral Leaflet (AML) that directly affects the
shape and mobility of the leaflet, resulting into pathologies like stenosis and
regurgitation. Quantifying the degree of change in morphological features helps
to identify early cases and to control disease progression.

The key benefits of using the Echocardiography modality are its non-ionizing,
non-invasive property and is able to analyze fast moving structures like AML
in real time. It is a low cost modality and is available as a portable device that
makes it the most appropriate choice to use it in low resource areas [9].

The Parasternal Long Axis view provides the most suitable window to mea-
sure and quantify the clinically relevant parameters of the mitral valve such
as, thickness, mobility and valvular anatomy (Fig. 1) [10]. To achieve this the
first step is to segment and track the structures throughout the cardiac cycle.
Manual segmentation is undesirable, given its impracticality, subjectivity and
expert knowledge required. Automatic and semi-automatics methods to identify
and track mitral valve structures can improve the diagnostic process, providing
quick and objective measurements of clinically relevant parameters, even without
any expert cardiology knowledge.

1.2 State of the Art

Active contour models were used to delineate the objects with deformable shapes
and were extensively used by the research community for segmentation and
tracking of the structures in medical images. The reason to adopt this kind
of approach is their robustness against image noise and shape fragmentation,
ability to track non-rigid motion and its capability to incorporate geometric
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Fig. 1. Parasternal long axis view, (adapted from [24]) (A): showing Mitral valve (MV),
Anterior Mitral Leaflet (AML), Posterior Mitral Leaflet (PML) and other structures.
(B): Shows the MV in Diastole/Systole phase, the thickened and hockey shape leaflet.

constraints, such as the expected shape [11]. Optical flow was integrated in the
active contour framework to segment and track the AML in echocardiography
[12]. The limitations of the proposed method are, incapability to track large
frame to frame displacement of AML, require manual initialization in the first
frame and was computationally expensive to process a single cardiac cycle (20 m).
In another work, transformation fitting was used to obtain initial boundaries
that are further refined by the two connected active contours [13]. The proposed
method requires initialization, parameter adjustment, failed in high displacement
(≥10 pixels) and is computationally expensive with 1.8 s/frame for the ten itera-
tions. A fully automatic and unsupervised method was based on outlier detection
in a low rank matrix to track the region of the AML, in both 2D and 3D ultra-
sound images [14]. Despite the fact that it is fully automatic, it is very sensitive
rank and noise. Literature review demands a real time segmentation and track-
ing algorithm with less user interaction and the ability to efficiently track the
mitral valve when faced with a large frame to frame displacements [11–14].

Mathematical morphology is widely used in image processing for analysis of
shapes, geometrical and topological structures. They were previously used to
segment the left ventricle [15], myocardium, ischemic viable and non-viable in
echocardiography [16].
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1.3 Objectives and Contributions

The objective of this work is to obtain robust and real-time tracking of the AML
in ultrasound videos.

Our key contribution in this work is the novel use of combined morphological
operators and active contours to address robust AML tracking in frames with
large displacement.

The remainder of the paper is organized as follows. Section 2 provides the
methodology adopted in this paper. In Sect. 3 we report the results that demon-
strate the accuracy of the proposed algorithm and finally Sect. 4 concludes the
paper with a discussion on the problem, our contribution to it and the future
work.

2 Methodology

In the first step, echocardiography video is read, followed by contrast stretching
to normalize the illumination of the image. In this work, we assumed the per-
fect segmentation (manual) in the first frame and is provided in priori. In each
step, two successive frames are iteratively selected. Since AML is a thin region
that shows fast motion, the thin regions of the successive images are extracted
followed by the regions with large displacement, using basic mathematical
morphological techniques. These regions are subsequently merged with the seg-
mentation result of the preceding frame and filtered, in the candidate region
module. Obtained regions are classified by taking into account their shapes and
geometrical properties. The obtained boundaries of the AML with morphological
operator are not well localized. Therefore localized active contour model is used
to refine the obtained boundaries. After having the segmentation results, we pro-
ceed to the post processing step of AML analysis. A summary of the proposed
processing pipeline is depicted in Fig. 2, and each step will now be discussed in
detail.

Fig. 2. AML tracking pipeline (adapted from [24]).
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2.1 Thin Region Extractor

In this stage, two consecutive frames were extracted iteratively until the whole
cardiac cycle was covered. The basic mathematical morphological operations
were used that requires, the input image and the structuring element of suitable
size and shape. These morphological operations can be used for both binary and
grayscale images. For the resolution of the videos used in this papers experiments
the maximum recorded thickness of the AML was 24 pixels. Following this, we
used the grayscale images with the disk shape structuring element of width
24 pixels, to extract the potential regions.

Finally, The thin AML region (Fig. 3C) is extracted by taking the difference
between the grayscale input image (Fig. 3A) and the grayscale opened image
(Fig. 3B) with the flat disk shape structuring element of 24 pixel diameter.

Fig. 3. (A) Grayscale image (B) Morphological opening (C) Top-hat transform
(adapted from [24]).

2.2 Displaced Region

Based on the analysis of the AML in the PLAX view, the thin AML region
shows a very large displacement in successive frames, compare to other regions
in an image. Other regions such as, septum, inferior wall (Fig. 1) do not show
significant displacement in successive frames and thus the regions are overlapped.
This prior information is meaningful to overcome the problem of tracking in
frames with large AML displacement.

The focus of this module is to extract region that showed large displacement
from frame t − 1 to frame t. That can simply be achieved by taking the differ-
ence of successive frames followed by selecting only the positive intensity values
(Fig. 4). Hard threshold is then applied to get the binary image.

Dispt
gray = [It (x, y) − It−1 (x, y)] Dispt

gray < 0 (1)
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Fig. 4. Regions with high displacement at four different times (frames) (adapted
from [24]).

2.3 Candidate Image

The segmented region obtained at the time t− 1 is filtered to remove the regions
which belong to the blood pool (black region) in frame at time t. The filtered
region is then summed up with the results of the displaced region module. Small
discontinuities (with a distance of 2 pixels or less) were merged by a morpho-
logical closing using a disk shape structuring element with a radius of 2. The
obtained results are shown in Fig. 5.

2.4 Region Classification

The regions extracted from the last module are classified as the AML or the
outliers, based on the morphological features such as area, centroid, minor axis
length, major axis length. These features provides the structural and locality
information to assign the probability of being the AML or outlier.

These basic morphological features do not typically change significantly in
successive frames. In ideal conditions, these features should be constant through-
out the cardiac cycle. The features obtained from the manual segmentation in
the first frame is used as a reference for the upcoming frame. After processing
each frame, the reference features are automatically updated with the average,
by using the feedback channel (Fig. 6).

An error matrix is designed that compute the relative error compare to the
segmentation in previous frames. The error matrix consist of four vectors, area
error: computes the change in area, centroid error: computes the change in loca-
tion, major/minor axis length error: computes the change in length and width.
Next, the region with the minimum overall error is classified as the AML and
other as outliers.
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Fig. 5. Candidate image for final AML classification (adapted from [24]).

Fig. 6. Classification scheme (adapted from [24]).



Tracking Anterior Mitral Leaflet in Echocardiographic Videos 153

2.5 Refining Using Active Contours

The active contour framework has been widely used for the purpose of image
segmentation and tracking [17]. The contour deforms under the internal and
external energy to segment the desired object. The active contours can be
broadly divided as, the edge based and the region based [18,19].

The edge based active contours [18] uses the image gradient (edges) to attract
the contour towards the desired boundary. Active contour framework requires
the placement of contour close to the object and is sensitive to the image noise.
However, it work reasonably well in images with heterogeneous regions.

The region based active contours [19] uses the global intensity statistics of
the regions to evolve the contour, until find the optimum choice. They are not
sensitive to initial placement of the contour and is insensitive to noise.

Automatic Initialization. The boundaries of the AML obtained by the
mathematical morphological techniques are used to initialize the active contour
framework. Initial boundaries are close to the real boundaries, but are not well
localized. Therefore, analyzing local regions can provide robust and well defined
boundaries, with a few iterations.

Localized Active Contours. Ultrasound images are very noisy and frequently
contain heterogeneous regions, and as such neither edge based contours, nor
region based contours are a suitable choice. In this situation, we need a model
that take the benefits from both edge and region based active contours. A local-
ized region-based active contour (LAC) framework [20] were proposed to address
this problem. This hybrid region-based curve evolution is robust to noise and
doesn’t rely on the global configuration of the image.

The rough boundaries of the AML obtained from the morphological opera-
tors were used to initialize the LAC framework, to refine the leaflet boundaries.
The algorithm is based on the analysis of the local circular regions with five
pixels radius, at each point on the curve. At each point the algorithm locally
identifies the background and foreground optimally by their mean intensities.
The formulation of the local energy function along the curve is defined as:

∂φ
∂t (x) = δφ(x)

∫
Ωy

B (x, y) δφ (y) .((I (y) − ux)2

−(I (y) − vx)2)dy + λδφ(x)div
[

∇φ(x)
|∇φ(x)|

] (2)

Here, δ is the Dirac function, B (x, y) represents a region that locally defines
the interior and the exterior of the region at point x and the radius of the
local region is specified by the user. The uniform modelling energy is used as
an internal energy [19]. The localized version of the internal energy is defined
as the local interior regions and exterior regions at each point on the curve.
(υx, νx) are the localized version of means at each point x. The second term
is the normalization term that keeps the curve smoother. It penalizes the arc
length based on the weights λ tuned by the user.
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2.6 AML Analysis

Skeletonization. Prior to perform the analysis, the shape of the AML is sim-
plified by using skeletonization. The morphological thinning is used to get a line
of one pixel width, while preserving the topological characteristics of the AML.
Skeletonization works in the same way as morphological operators, convolving
the structuring element (template) on the binary image. The Mark-and-Delete
based templates were found very reliable and effective for thinning algorithms
and thus used in this work [21]. Ultrasound images are usually affected by the
speckle noise resulting into irregular boundaries, producing superfluous minor
branches of the skeleton. These branches are filtered out to extract the fun-
damental part of the skeleton. This can be done by computing the Euclidian
distance between the branch and the end points. All those branches whose length
are less than the defined threshold (6 pixels) are discarded.

Motion Patterns. The focus of this module is to compute the motion pattern of
the AML and analyze to extract the meaningful information. The mean motion of
the X and Y coordinates of the skeleton was computed. The motion of the AML
in X-axis was small and doesn’t provide any meaningful information. However,
the motion of the AML in Y-axis has shown large motion with a unique pattern.
The mean of the y-coordinates of the AML skeleton for each frame is plotted
against time, showing the motion pattern of the AML (Fig. 7). The cardiac cycle
is divided into systole and diastole phase based on the maximum and minimum
of the peaks of the obtained motion pattern. The classification helps to label the
AML as open or close and will be useful for the analysis such as, computing the
thickness when the valve is open. Further work can help to classify frames in
early filling and late filling phase (Fig. 7). The late filing will be useful to extract
frames in which the AML is perpendicular to the ultrasound beam. This is the
best position to measure the thickness of the AML tip, which provides a strong
clue regarding the presence or not of diseases.

Shape. The hockey stick like appearance of the AML in PLAX view is an
indicator of stenosis. A condition in which the heart valve leaflets get restricted
(narrowed, blocked) resulting into interruption in the normal blood flow. In order
to identify this condition, we proposed the measurement of the local curvature
on the skeleton of the AML. A template based method is used to measure the
local bending of the AML [22]. We tested two template based methods, the
trigonometrical and crossover point method (Fig. 8).

The trigonometrical approach relates the crossover angle with the curvature
(Eq. 3). The crossover angle is the angle between the crossover point, where
the curve intersect the disk mask and the X-axis of the disk. This approach is
sensitive to noise to estimate the precise angle of the crossover points.

Ktr =
2sinθc

1 − sin2θc
(3)
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Fig. 7. Motion patterns generated by AML (adapted from [24]).

The crossover point approach approximate the curvature by computing the
area between curve and the disk, and is related to the crossover angle (θc) [22].
The squared area covered by the curve and disk are inversely proportional to
the curvature (Eq. 4).

Kcp =
1

A2
(4)

Fig. 8. Curvature approximation using area and crossover angle θc.
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The obtained area is large for the small curvature. Thus the reciprocal of
squared area is close to zero that increase the confidence by avoiding infinity
and the reliability of the approach.

The experiments has shown that the area based method is less sensitive
to speckle noise and provide smoother results, and thus used for this analysis.
For each frame, we measured the local curvature at each point on the AML
skeleton, followed by computing the overall mean to obtain the global curvature.
In stenosis, the leaflet is restricted and can be identified by the curvature (shape)
change.

We observed that the motion pattern of the AML and the pattern of the
global curvature change are correlated. When the valve opens the curvature of
the AML tends to decrease showing the straightness of the leaflet and when the
valve opens the curvature start increasing, suggesting the bending of the leaflet.
This motion shape relation might help in future by providing a clue to identify
pathological condition.

For a better visual representation of the motion and curvature pattern, we
first smoothed the curved and then normalize to restrict it in the range (0–1)
(Fig. 9).

3 Results

3.1 Materials

An initiative from the Real Hospital Português, in Recife, Brazil lead to the
screening of 1203 childrens and pregnant women, looking for cardiac patholo-
gies. All patients were tested regarding the presence of streptococcal infection
and short mitral valve videos were recorded. The data were collected using dif-
ferent ultrasound devices (M-Turbo, Edge II model by SonoSite, Vivid my model

Fig. 9. Motion and curvature pattern of AML, red: motion pattern, green: curvature
pattern. (Color figure online)
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by GE healthcare and CX50 model by Philips), with a wide range of transduc-
ers, frequency and scanning depths. Sixty seven of these exams was manually
annotated by the doctors using Osirix software and were used to test the novel
method proposed in this work. These sixty seven videos include a total of 6432
frames with a dimensions of 422 × 636 pixels. The proposed method has been
implemented using MATLAB R2016b.

3.2 Extended Modified Hausdorff Distance (E-MHD)

The Modified Hausdorff Distance [23] was proposed to obtain a distance measure
to match two objects. In this work, we extended this approach by categorizing the
segmented region as false positive, false negative and true positive. We assumed
that the nearest point between Automatic Segmentation (AS) and Ground Truth
(GT) with Euclidean distance smaller than 2 pixels are true positives. The part of
the AS that is falsely segmented as AML were considered false positives and the
parts of the GT that were missed by the automatic segmentation were considered
as false negatives, always using 2 pixels distance as reference T (Fig. 10).

dAS→GT = min {AS, SEG} FP = d > T TP = d < T

dGT→AS = min {AS, SEG} FN = d > T TP = d < T

DMHD = max [avg (dAS→GT ) , avg (dGT→AS)] (5)

3.3 Segmentation and Tracking

In this section, we analyze and compare the tracking ability of the proposed
algorithm on 67 cases in 2D ultrasound videos, obtained from the PLAX view. To
validate the algorithm, we compared the results of the proposed algorithm with
the doctors annotation. Results were also compared with the reference state of
the art algorithm [25]. The reference algorithm used the modified internal energy

Fig. 10. Region classification (adapted from [24]). (Color figure online)
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(open-ended contour) and external energy (added Harris cornerness measure),
to track the AML in ultrasound. We used the E-MHD error to compute the
relative Euclidean distance between AS and GT.

In this work, we assumed perfect segmentation (manual annotation) in the
very first frame of the video, followed by defining the region of interest. It helps
to removes the irrelevant structures from the right and left of the AML.

3.4 Quantification

The performance metric used are: the E-MHD error, the number of failures and
the processing time. The morphological operators are relatively fast to obtain the
boundaries of the AML, spending on average 0.4 s/frame, however the reference
algorithm consumes 1.2sec/frame. To refine the obtained boundaries, we used
the LAC that consumes about 0.7 s/frame. The boxplot is used for the statistical
analysis of the mean E-MHD and the number of failure in each video. The E-
MHD error was computed for each frame of the video and the mean E-MHD
error was saved in a vector for visual inspection.

The boxplot of E-MHD error (Fig. 11) shows that the median E-MHD error
of our method is smaller than the reference algorithm, 3.7 and pixels 5.2 respec-
tively. The most frequent error for our method lies between 3.14 to 4.6 pixels.
However, the reference algorithm covers the comparatively large range from 4.6
to 6.6 pixels. The overall range of our method is also improved, from 2.12 to
5.54, whereas the reference covers the higher values from 3.32 to 8.06 pixels. In
the Fig. 10, the red dots shows the outliers.

Proposed method has shown an improvement in tracking, with a median
number of failure in each video of 2 (Fig. 12). The reference method failed twice
as much than proposed method (median of 4). The most frequent range of failure

Fig. 11. Extended modified Hausdorff distance error, 67 cases.
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Fig. 12. Number of failure in each video, 67 cases.

in proposed method is between 1 to 5 failures. On the other side, the reference
method shows lies between 3 to 6 failures.

Proposed algorithm has performed reasonably well, with respect to time con-
sumption, E-MHD and the number of failures. The limitation of the work are
the incapability of the algorithm to avoid segmenting the neighbor regions. The
algorithm is robust to segment the whole leaflet with a sensitivity of 85% and a
recall of 72%.

Fig. 13. Segmentation results, red: doctors’s annotation, green: proposed method.
(Color figure online)
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The segmentation results were plotted for better problem understanding. The
Fig. 13A, B shows the reasonable results with fully segmented AML and with
the small region falsely segmented as the AML. However, in Fig. 13C we have
the discrete regions in an image and thus missed by the proposed algorithm
and is one of the reason, why the proposed method fails. In Fig. 13D, the pro-
posed method has segmented not only the AML, but also segmented the chordae
tendineae and the posterior aorta. These missing and over-segmented regions are
the responsible of having large E-MHD, with low sensitivity and recall.

4 Discussion and Future Work

In this work, a new tracking approach is proposed that uses morphological oper-
ators to predict the location and boundaries of the AML. To obtain more precise
boundaries, the localized active contour framework is adopted. The algorithm
is found robust to track in the difficult situations when the valve opens with
the mean AML displacement of about 35 pixels. In such situation, the active
contours often fails to segment the boundaries (edges) that are far from the con-
tour. The proposed algorithm outperform the reference algorithm with respect
to time, however it is still slow to get the real time performance of the algorithm.

The main limitation of the algorithm is its incapability to avoid segmenting
the neighbor regions (chordae tendineae, cardiac walls, septum etc.). It happens
because the intensity and texture of the neighbor regions are similar. The chor-
dae tendineae and the posterior aorta are directly connected with the AML,
containing the same features. So we dont have any reliable feature that identify
starting and ending of the leaflet. In this work, we define the region of interest
that minimize this problem, however we need an automatic system that robustly
define the region of interest and impose the shape constraints in the active con-
tour frame work to further improve the segmentation performance.

Another limitation of the proposed algorithm is its incapability to recover
from the failure. This is the situation that occur frequently due to low quality of
the image and due to the missing structures in several frame of the ultrasound
video.

In future, we will focus to overcome the limitations such as, the time con-
sumption, reduce failure, minimize segmenting irrelevant regions, and finally to
estimate and quantify morphological features to identify pathological cases.
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