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A B S T R A C T

A comparative study has been depicted between the contour and topographic watershed segmentation approach
for short-axis 5D cardiac sequences with MRI for medical decision. The fifth dimension has been defined as the
excitation of pixels based on the gray scale around the myocardium without consideration of the morphological
structure of the heart in 3D and fourth dimension (time). Three patients were performed the first is healthy, the
second has a genetic disease, and the third had a heart failure syndrome for a dimension ROI ¼ 150mm, average
age is 54 years old, and mean of weight ¼ 86 kg. A contouring and watershed segmentation algorithm for a
sample of 63 Cine Fiesta MRI sequences for short-axis cuts with Matlab and its in-box toolbox complements was
implemented.

For a healthy patient 13.4% tolerance rate for the estimation of the stroke fraction, 6.4% for a patient with
genetic disease, 8.7% error rate for a patient with heart failure symptom. The results show that the regurgitation
fraction by the contour approach for a patient case with symptom of the presence of a genetic disease is 0.0335%
for an aortic valve, 0.248% for a mitral valve, an error rate 0.16% for estimating this parameter for the aortic
orifice with the watershed segmentation approach. In return, for a patient with suspected heart failure (stenosis or
regurgitation) the regurgitation fraction is estimated by 0% for aortic valve, 1.49 e þ 03% for a mitral valve, an
error rate 11.76% compared to the watershed segmentation approach. The results are validated clinically. The
Optimization of the topographic watershed approach with mutual information was simulated for the extraction of
measurements (ejection fraction, regurgitation rate) within the left ventricle for three patient types (healthy,
genetic pathology and heart failure). The results are considered interesting compared to the clinical assessment.
1. Introduction

The segmentation task of the medical image that offers a large
number of distinct loci for interaction that can act on a deep level for
diagnostic assistance. Image segmentation based in various models and
partial differential equations are promoter in view of their flexibility and
computing performance. Segmentation models can be classified into
contour-based models [1, 2, 3] or on the classification of regions [4, 5, 6].
Contour methods extract local features as well as first and second order
derivatives of the image. The major drawback is the noise control during
image processing. The variational problem offers a solution based on
chunks with smooth boundaries. During iterations of numerical compu-
tation, the setting is crucial and topological changes are not allowed.
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Selective segmentation models are considered most suitable for appli-
cations, such as surgical simulation, medical diagnosis, object tracking,
etc., to ensure the finality of experts to extract objects of interest in the
image object of prognosis [7]. Gout et al. [8] introduced use a set of
landmarks on the contour of interest for the geodesic active contour
model based on geometry constraint. Later Badshah et Chen [9] proposed
to improve the results by combining the term region with the region
information in order to make the model more robust, especially for noisy
images. These two level set functions perform two tasks simultaneously
to describe a new variational model [10]. The object of segmentation is
used to track the boundaries and the other focuses on the region of in-
terest which is close to geometric constraints. The average channel
image, which can extract textural and inhomogeneous objects introduces
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Table 1. Recent work and contribution.

Approach for cardiac imaging Dimension Conditions of acquisition

Contour Segmentation [19, 20] 4D (3D þ t) Short axis sequences

Region Segmentation [21, 22] 3D

Fully automatic segmentation [23, 24] 4D (3D þ t)

Watershed Segmentation [25, 26] 3D þ4D left atrial surface þ Short axis sequences

Our purpose: Contour segmentation þ watershed segmentation 5D (3D þ Time þ Blood flow) [27, 28,29] Short axis cine Fiesta and its study of flow in apnea

Figure 1. Goals and contribution.

Figure 2. Illustration of the CA evolution process towards the contours of the
object of interest [21].
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the selective segmentation model [11, 12]. Several research projects
have focused on watershed segmentation. Image decision making is often
deduced from the first segment the image (ie, gathering neighboring
pixels into homogeneous regions) and then a classification step based on
the supervised region. In such a process that uses watershed approach
[13], the type of the segmentation stage is crucial for the final graded
result. The watershed algorithm dynamically combines nodes into ho-
mogeneous network segments regarding their topological relationships
and detection states. These groups of distributed data streams allow
manipulation in space instead of individual nodes in order to realize
network segments as programming abstractions describing various query
processes to be executed [14]. This method proves its effectiveness in the
field of medical imaging segmentation in research work [15, 16, 17, 18].
In this paper, our main objective is to make a comparative study between
these two approaches, their impact in the diagnosis for the identification
of heart and valvular diseases, to value the results obtained in the context
of medical prognosis.

2. Contribution

The validation of our approach for the design of short-axis 5D cuts
requires clinical validation through the segmentation phase. This step
allows the experts to deduce a set of measurements for left ventricular
analysis (tele-diastolic volume, tele-systolic volume, systolic ejection
volume, indexed tele-diastolic volume, indexed tele-systolic volume,
cardiac output, systolic ejection fraction, cardiac index, maximal filling
rate, left ventricular mass, cardiac index, flow compensation ...), as well
as the maximum and minimum velocity rate for the study of valvulo-
pathies. Indeed, the segmentation approach adopted by the clinical
environment is the endocardial and epicardial contour method in order
2

to extract these dies. At this point, the physician adjusts the perimeter of
the myocardial muscle by pointing to the contour so that the "Report-
Card" diagnostic platform filed by "General Electric Healthcare" connects
these points to obtain the final shape of the contour. This technique
suffers from several deficiencies that can affect the accuracy of the car-
diac parameters and subsequently the medical inference.

Several previous works have focused on 2D and 3D dimension-based
cardiac imaging segmentation approaches such as segmentation by con-
tour, region and watershed. The size and type of slices during examination



Figure 3. (a) basal slice (blue) selection of myocardium (b) apical epicardial selection (red) for segmentation of 3 patients.
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have an impact on extractedmeasurements and their precision for decision
making. for purpose it is to develop a fifth dimension of flow which con-
sists in extracting newmeasurements for medical diagnosis. A comparative
study has been described to evaluate the precision of the fraction mea-
surement systolic ejection by adopting the approach of segmentation by
contour and by watershed. Table.1 presents a summary of recent work
based on segmentation approach comparing in our contribution.

Following this context, our main contribution consists to re-estimate
some parameters and extract new measures for the flow study compared
to the clinical assessment. The work seeks to is to estimate the fraction of
systolic ejection with the watershed approach to deduce the contribution
of our strategy and to make a synthesis for what is most suitable for the
medical diagnosis. Figure 1 summarizes this vision as well as the valu-
ation of the objectives of each task.
Figure 4. Segmentation of the left ventricle and extract

3

3. Methods and materiels

To apply our methodology, we chose three patients: the first is
healthy, the second has a genetic disease, and the third had a heart failure
syndrome for a dimension ROI ¼ 150mm. The first case aged 53 had the
following coordinates: 76.4 kg weight, 155 cm height, area of Body Area
(ASC) 1.8 m2. Our study is articulated around 360 cuts of type 2 short-
Axis Cine-MRI with slice position ¼ -64.691.

The third 59-year-old case had the following coordinates: 78 kg of
weight, with 400 cuts of type Short-axis cine-MRI with slice position ¼
-96.737. The last patient had 54-year-old case and the following co-
ordinates: 106 kg weight, 172 cm height, body Surface Area (ASC) 2.2
m2. The 300 cuts are of type short-axis cine-MRI with slice position ¼
-104.81.
ion of cardiac measurements for a healthy patient.



Figure 5. Segmentation of the left ventricle and extraction of cardiac measurements for the second patient with presence of genetic abnormality.
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We used as tools to implement the contour segmentation approach
and watershed: MATLAB, the MEDVISO platform with the Platform
OPENGL., MIPAR V1.5.6 for the estimation and evaluation of cardiac
measurements for the study of sequences of flow, we generated the stacks
with the MRIcros project and the Batch Processor toolbox for a 38-year-
old patient, 180cm tall and moderate obese with 101kg and ASC ¼
202cm2. These flow studies are depicted as QFlow sequences with slice
position ¼ -115.75 in 360 acquired in real time. Informed consent was
obtained from all patients for our experiments within the International
Center Carthage Medical in Tunisia.

4. Mathematical concepts, experiments and results

In this section, we will implement the contour segmentation approach
for left ventricle analysis. This study will be divided into two parts: the
extraction of a measurement set for each patient and comparing it with
the clinical assessment, and in the second stage it is to estimate indices
for the aid to the identification of valvulopathies.
Figure 6. Segmentation of the left ventricle and extraction of cardiac
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4.1. Active contour segmentation in the left ventricular: estimation and
extraction of cardiac measurements

4.1.1. Mathematical concept
An active contour (CA) is a curve that evolves from an initial shape to

the boundaries of the object of interest. The CA technique has become
very popular and is widely used in image segmentation. The main
objective of this technique is to segment an object by iteratively
deforming a contour until it reaches the contours of the object by mini-
mizing an energy calculated from different criteria. During this minimi-
zation process, the points of the curve will move so that the curve at the
next iteration has a lower energy; and the CA thus evolves until it reaches
the boundaries of the desired object.

Figure 2 illustrates the process of converging the CA from its initial
state to the boundaries of the object of interest. An operator, prior
knowledge or other processing on the first image must provide the
initial state. Let us denote I an image defined on a domainΩ and I (x) the
intensity of the pixel x such that x Jukcy Ω. We use in our work the level
measurements for the third patient with heart failure syndrome.



Figure 7. Patient with suspicion of presence of genetic disease (a) correspondence between hunting chamber sequences and their flow study, (b) blood flow
compensation.
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set method which considers the evolutionary curve as the zero level of a
surface [30, 31]. The distortion of the surface induces a deformation on
the shape of the curve. This process stimulates the evolution of the
turnover and, eventually, the segmentation of the object of interest. Let
C be a firm contour representing the zero level of these sets of levels of a
signed distance function ɸ, (i.e., C ¼ {x | ɸ (x) ¼ 0}). The purpose of this
process is to implicitly evolve the contour C such that the convergence ɸ
<0, (the inside of C) and ɸ> 0 (the outside of C) respectively represent
the object of interest and the bottom. In the formulation of sets of levels,
a Heaviside function is used to specify the interior and exterior of C
[32]. The following approximation of the Heaviside function Ң ɸ (x)
specifies the interior of C:ɸ(x)

HΦðxÞ¼

8>>><
>>>:

ΦðxÞ > ε
1
2

�
1þΦ

ε þ 1
π � sin �

π �ΦðxÞ
ε

�

ailleurs

; (1)
Figure 8. Patient with suspected heart failure (a) correspondence between hunt
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Similarly, the outside of C is specified by ((1- Ң ɸ (x)) The energy is
calculated only on a narrow band around C in order to decrease the
complexity of the calculation of the standard method of sets of levels
[33]. This area around C is specified by the derivative of Ң ɸ (x) and is
defined by the Dirac delta function δɸ (x) as follows:

δΦðxÞ¼

8>>>>>><
>>>>>>:

1 ΦðxÞ ¼ 0

0 jΦðxÞj < ε
1
2ε �

�
1þ cos

π ΦðxÞ
ε

�

ailleurs

; (2)

4.1.2. Contour segmentation for short-axis cuts
In this section, we use this mathematical concept to implement an

algorithmic approach to active contour segmentation to evaluate and
analyze the left ventricle. We start our case study by a healthy patient and a
medical conclusionwithnocardiacabnormalities aswell as a secondpatient
ing chamber sequences and their flow study, (b) blood flow compensation.



Figure 9. Flow study for a patient with genetic pathology syndrome (a) blood flow simulation, (b) negative and positive flow simulation, (c) maximum blood flow
velocity, (d) minimal blood flow velocity, (e) Average blood velocity, (f) Kinetic energy.
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with a confirmed genetic disease and a third case with heart failure syn-
drome are shown respectively in Figure 3, Figure 4.Figure 5 and Figure 6.

The parameters that are deduced as a result for the first patient:
myocardial mass in the diastolic ejection¼ 129g, myocardial mass in the
systolic ejection ¼ 93g, a systolic ejection volume ¼ 50 ml, a diastolic
ejection volume ¼ 109 ml, systolic volume ¼ 59 ml, systolic ejection
fraction ¼ 54% and cardiac output 59 bpm in Figure 4. We also obtained
a simulation of systolic ejection volume as a function of time with
maximum value 100 ml as well as a representation of the diastolic
ejection volume with maximum value about 120 ml.

The parameters that are deduced as a result for a second patient
carrying a genetic disease: myocardial mass in the diastolic ejection ¼
209 g, myocardial mass in the systolic ejection ¼ -49 g, a volume of
systolic ejection ¼ 50 ml, a diastolic ejection volume ¼ 269 ml, systolic
volume ¼ 219 ml, a systolic ejection fraction ¼ 81% and cardiac output
56 bpm in Figure 5. We also obtained a simulation of systolic ejection
6

volume as a function of time with a maximum value of about 485 ml as
well as a representation of the diastolic ejection volume with a maximum
value of about 250 ml.

4.1.3. Active contour segmentation for the flow study
In this section, we will exploit the 2D blood flow sequences for the

study of valvulopathies. In this case there are two types of valve abnor-
malities: stenosis and regurgitation. Our case study is limited for the
analysis of mitral valve and aortic valve performance in the left part of
the heart. The essential signs of mitral stenosis are thickening of valves,
the restrictive aspect of their diastolic opening, and dilation of the left
atrium and left auricle, whereas aortic valve stenosis is an obstacle hin-
dering the ejection of the blood into systole and resulting in a pressure
gradient between the LV and the aorta due to the reduction of the valve
opening area. However, the mitral leak corresponds to a reflux of blood
from the LV to the LA in systole due to a defect of continence of the mitral



Figure 10. (A) Graph with valued vertices, lower sections and minima: (a): A graph whose vertices are valued by a function F, vertices which belong to minima of F
are surrounded in bold; (b): lower section from F to level 3; (c): lower section from F to level 4; (B) Example of watershed by flooding an image. The presented images
are equipped with 4-adjacency. (a): An image F; (b): the minima of F are labeled A, B and C; (c) watersheds (obtained by flooded watershed) are labeled according to
the associated minimum F; the corresponding flood EPL consists of unlabeled points (C) Topographic watershed. (a): Amusement basins associated with function F in
Fig A. a. The basin of attraction of the minimum of F composed of three (respectively two) vertices is labeled A (or B), (b): The basins of attraction of the function of Fig
B equipped with the 4-adjacency [ 29].

Table 2. Summary of the properties checked by the different watersheds. In the table, S (respectively NS and NA) means satisfied (or does not meet, and does not apply).

Watershed Approach P1 P2 P3 P4 P5

By Flood S NS NS ? NS

Topographic NS S S S NS

Inter-pixel NS S S NS NS

Topological S NS S NS NS

H. Sakly et al. Heliyon 6 (2020) e05547
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Figure 11. Mode of transformation of medical images and Segmentation procedure.

Figure 12. Patient 1: (a) watershed segmentation, (b) calculates the mutual information coefficient, (c) comparison between the original image and the segmented
image, (d) estimation of the surface ejection fraction.

H. Sakly et al. Heliyon 6 (2020) e05547
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Figure 13. Patient 1: (a) Stack of 4D blood flow, (b) Mutual information coefficient estimation, (c) watershed segmentation, (d) comparison between blood flow
sequence and segmented sequence.
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valve. On d�esigne par L'insuffisance aortique correspond au reflux de
sang de l'aorte vers le ventricule gauche en diastole en raison d'un d�efaut
de continence de la valve aortique [34].

We selected from our database two patients: the first has a syndrome
of genetic disease and the second has a risk of having a heart failure that
can be a stenosis or regurgitation. Simulation of aortic and mitral flow as
well as maximum and minimum velocity with kinetic energy in a region
of interest segmented by the contour approach. The phase of corre-
spondence between the magnitude image (hunting chamber) and the
phase image (the study of the blood flow) which consists of identifying
the place of the valves in the heart to quantify the compensation of the
flow in the selected zone in (Figure 7, Figure 8) and a case of a patient
with genetic pathology syndrome described in Figure 9).

In this section, we selected 3 patients (healthy, with heart failure
syndrome, with to evaluate the active contour segmentation approach for
in order to estimate the following cardiac measures: myocardial mass in
diastolic ejection, myocardial mass in systolic ejection, systolic ejection
volume, diastolic ejection volume, systolic volume, stroke fraction, and
cardiac output Simulated systolic ejection volume versus time as well as a
representation of the diastolic ejection volume for these three cases.

Subsequently, we proposed to evaluate the left ventricular contractility
function, the radial and fractional velocity behavior, the parietal and
fractional thickness, and the estimation of the radius of the zone of interest
segmented by the segmentation approach bull's eye with seven sectors.
9

4.2. Segmentation by the topographic watershed approach: optimization
with the mutual information technique and estimation of the ejection
fraction

4.2.1. Definition and mathematical concept
For its topographic interest, the watershed is a grayscale image

perceived as a topographic relief. The gray level of a pixel in the image
shows its altitude in the topographic relief, the dark pixels correspond to
the valleys and basins of the relief while the light pixels correspond to the
hills and ridges.

Mathematical morphology is the basis of segmentation of the water-
shed approach. A rigorous definition is proposed in terms of topographic
distance. Based on this context, the topographic distance is reduced to the
geodesic distance and the watershed becomes the skeleton by zone of
influence. The algorithms of minimal paths on graph are revisited and
make it possible to propose new algorithms of construction of the
watershed; some of them are cited in more detail in [35]. Intuitively, a
drop of water falling on a topographic relief flows as quickly as possible
to a regional minimum in a descending way [36, 37, 38].

The topographic watershed approach consists in considering Mwith a
minimum of F. The basin of attraction (topographical) of M (for F) is the
set of points of V from which M is the only minimum of F which can be
reached by a path of greater slope for F. The watershed by topographic
distance of F is the set of points of V that do not belong to any basin of



Table 3. Advanced measurement extracted with watershed approach.

Measurements for the aortic
orifice for the first patient

Measurements for the aortic
orifice for the second patient

Segmented surface 1882 px 3351 px

Surface fraction (regurgitation) 0.19458% 0.39049%

Ration aspect 2.245 2.0335

Convex zone 2997 px 4120 px

Eccentricity 0.89532 0.87073

Equivalent Diameter 48.9514 px 65.3194 px

Feret diameter 86.3134 px 110.3902 px

Number of characteristic 709 1376

First moment of inertia 1074548.5744 px 2462936.7699 px

First Moment of Inertia/Surface 570.961 734.9856

Length-X 86 px 84 px

Length-Y 60 px 80 px

Major axis length 87.3223 px 97.3236 px

Minor axis length 38.8956 px 47.8596 px

Moment of invariance (Omega-1) 6.5924 9.1185

Moment of invariance (Omega-2) 78.6843 132.5951

Moment of invariance (Phi-1) 0.30338 0.21933

Moment of invariance (Phi-2) 0.033823 -0.016292

Orientation -8.7065 -51.1875

Perimeter 286.115 px 305.706 px

Perimeter/Area 0.15203 0.091228

Roughness 1.5925 1.2295
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attraction. Figure 10 mentions the watershed design with topological
distance and its characteristics [38].

4.2.2. Classification of watershed approaches: rationale for choosing the
watershed approach by topological distance

Based on the synthetic study that was done by Jean COUSTY [38], the
watershed approach by topographic distance has been validated in three
mathematical properties compared to the watershed (flood, topological,
inter-pixel).

The properties that are addressed in this summary in Table 2 are as
follows: Let P ⊆ V be a watershed (flood, topographic, inter-pixel, or
topological distance) of F and ψ all the associated basins.

1 The set P is a W-thinning ofMðFÞ;
2 For every M '2 ψ, for every point p 2M0, there exists, in M 0, a path of

greater slope from p to M, M being the unique minimum of F included
in M';

3 For any pair of attraction basinsM01;M022ψ, the connection value (for
F) betweenM01andM02 is equal to the connectionvalue (for F) between
M1 and M2, the two minima of F such that M1 ⊆M01 and M2 ⊆M02;

4 For every vertex p of P, there exist M1 and M2 two minima distinct
from F which can be reached since p by a descending way;

5 For every vertex p of P, there exist M1 and M2 two minima distinct
from F which can be reached since p by π_1 ¼ <p, x1, ...... xk> π_2 ¼
<p, y1, ...... yl > two descending paths such that xi 2 M01, i 2 [1; k],
and yi 2 M02, i 2 [1; l]; M01 2 ψ and M02 2 ψ.

None of the watershed definitions discussed so far will check the
five properties presented in Table 2. Intuitively, however, it would
seem consistent to have a mathematical framework and a definition of
watershed that checks this set of properties. Based on the validation of
the watershed approach by topographic distance in relation to these 3
mathematical criteria, our choice to implement it is approved by this
notion in order to exploit it to estimate the fraction in surface and
volume for the cuts of the 4D blood flow and our 5D short axis
sequence.
10
4.2.3. Description of the mutual information strategy
The mutual information strategy consists of measuring the normalized

and absolute amount of mutual information between the current and
"Companion" images. Thenormalizedvalue is ameasureof image similarity
that is suitable for images of similar intensity different types [39, 40].

A method is proposed and verified to select the optimal segmentation
of stack reconstruction for 5D short-axis cuts as well as the cuts of the
original MRI flow according to an accuracy selection criterion of the
watershed segmentation. To make this selection, a precision comparison
parameter has been defined. This is the value of mutual information
between the images acquired from the sample and the projections of the
segmented volumes. In this work, it has been shown that this mutual
information parameter between the segmented volume and the reference
volume is correlated.

To estimate the difference between acquired images and segmented
volumes, an MI coefficient was used. MI proved to be an effective
discrepancy measure for comparing images and was even used for the
registration of medical images. Higher MI values indicate a greater
reduction in uncertainty (high correspondence between images) and a
value of 0means that the variables (images) are statistically independent.
MI is given by [41].

MI¼Σa;b PABða; bÞlog½PABða; bÞ = PAðaÞPBðbÞ� (3)

On note par PA (a), PB (b) les histogrammes marginaux normalis�es des
images A et B, respectivement, PAB (a, b) est leur histogramme commun,
et a et b l'intensit�e valeurs d'une paire de voxels dans les images A et B.

4.3. Evaluation of the ejection fraction by topographic watershed
segmentation: optimization with the maximization of mutual information

Our method is based on the watershed algorithm is the application of
shape primitives. This watershed approach is applied to pixel groups
based on their intensities in the 5D short-axis image. The output of the
stack segmentation generated by these sequences represents the homo-
geneous areas of gray level intensities for each pixel representation. After
applying this segmentation approach, the optimization is done with MI to



Table 4. Summary report.

Mesures Estimate by the active contour approach (short-axis cut) Clinical assessment (short-axis cut)

Healthy patient Patient with genetic disease Patient with heart failure Healthy patient Patient with
genetic disease

Patient with
heart failure

M-ED(g) 129 209 131 137 357,1 127,4

M-ES(g) 93 -49 151 147 366,4 141,4

EDV (ml) 109 269 194 126,2 135,3 131,9

ESV(ml) 50 50 108 41,1 17,1 61,1

SV(ml) 59 219 86 85,1 118,3 70,9

EF (%) 54 81 45 67,4 87,4 53,7

HR (bmp) 59 56 69 73 56 69

Estimation par l'approche de contour (s�equence du flux sanguin)/valve aortique Not defined

Mesures/Flow (925 ms) Patient with genetic disease Healthy patient Patient with heart failure

F-Net (ml) 0,314 Without flow study 0,106

Vel (l-min) 0,192 0,00722

F-asen (ml) 0,315 0,106

F-des (ml) -0,00105 0

F-Reg (%) 0,0335 0

Estimation par l'approche de contour (s�equence du flux sanguin)/valve mitral

Mesures/Flow (852 ms) Patient with genetic disease Patient sain Patient with heart failure

F-Net (ml) 0,29 Without flow study -0,0476

Vel (l-min) 0,0117 -0,00324

F-Asen (ml) 0,29 0,00343

F-desc (ml -0,000721 -0,051

F-Reg (%) 0,248 1,49 eþ03

Segmentation by watershed by
topological distance

Healthy patient Segmentation with watershed
by topological distance

Clinical assessment

Patient with genetic disease Without flow study Patient with heart failure Patient with
genetic disease

Healthy patient Patient with
heart failureMesures Short-axis 5D cuts Short-axis 5D cuts Without flow study

FE/S (%) [85–91] diastole et systole step [45–65] diastole and systole step 71 45

FE/V (%) 73,65 56,19 ND ND

Mesures Flow sequences 4D Flow sequences 4D ND

F-regur (%) 0.19458 ND 0.39049
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evaluate the ejection fraction in the regions that contains our recon-
struction and section stacks (5D minor axis and blood flow).

The measurement of the surface fraction of the selected pixels in the
current image (short-axis 5D and blood flow sequence) is to count all the
selected pixels and divide the number by either the total number of pixels
in the image or by the total number of selected pixels in a selected
memory image. On the other hand, the measurement of the volume
fraction of the pixels selected in the reconstruction counts all the selected
pixels and divides the number by the total number of pixels in the
reconstruction of our models.

We present the design of our container in Figure 11 to manage our
implementation process of the topological distance watershed approach
as well as a description of our data format.

4.3.1. For 5D short-axis cuts: implementation and extraction of
measurements

In order to implement the watershed, approach we chose a patient
with a suspicion of having a genetic disorder. A comparison between the
original image of the short-axis cut 5D and the segmented image was
simulated as well as the estimate of the ejection fraction at the surface
during the systole and diastole phase and a volume ejection fraction
deduced with watershed ¼ 73.65% in Figure 12.

A second case was selected in our database with suspicion of heart
failure. A comparison between the original image of the short-axis cut 5D
and the segmented image was simulated as well as the estimate of the
ejection fraction at the surface during the systole and diastole phase and a
volume ejection fraction deduced with watershed ¼ 56.19%.

4.3.2. For 4D stream stacks: implementing and retrieving metrics
By adopting the same strategy for these two patients, we chose to

segment the aortic port for the left side of the heart in the 4D stream
stacks with a metric of the mutual information and the comparison was
made with the function of two-point correlation in Figure 13.

The results shown in Table 3 support the effectiveness of choosing the
watershed approach for the quantification and estimation of the fraction
of regurgitation for aortic flow. Based on the "SPIN" imaging concept or
"pixel velocity" imagery for the study of flow sequences, scaling and stack
manipulation highlights the crucial moment between the change of the
diastole phase and systole. This methodology aims to set the pixel speed
at this critical instantiation and clarify the contour of cardiac morphology
for blood flow cuts. This functional dimension of the flux is considered as
fifth dimension f (t) for the flow cuts after the treatment that has been
performed on the stacks in our container and with elimination of the
morphological structure of the heart in 3D. This strategy was developed
in the previous chapter to extract the fifth dimension in a reciprocal way
for short-axis cuts by existing pixels around the myocardium for the
deformation of the flow.

5. Discussion

In this section, a comparative summary in Table 4 between the active
contour segmentation approach was described, its disadvantages
compared to that presented in the clinical routine in short-axis sections
and flow sequences. The results show that if we repeat the same contour
segmentation approach we obtain for a healthy patient 13.4% tolerance
rate for the estimation of the stroke fraction, 6.4% tolerance rate for a
patient with genetic disease, 8.7% error rate for a patient with heart
failure symptom. The impact of using the watershed approach by topo-
graphic distance shows an efficiency when estimating the ejection frac-
tion for short axis 5D cuts as well as the regurgitation fraction for flow
stacks; the results show that the regurgitation fraction by the contour
approach for a patient case with symptom of the presence of a genetic
disease is 0.0335% for an aortic valve, 0.248% for a mitral valve, an error
rate 0.16% for estimating this parameter for the aortic orifice with the
watershed segmentation approach. In return, for a patient with suspected
heart failure (stenosis or regurgitation) the regurgitation fraction is
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estimated by 0% for aortic valve, 1.49 e þ 03% for a mitral valve, an error
rate 11.76% compared to the watershed segmentation approach. The
results are validated clinically. The estimation of this crucial parameter
for the medical decision for these two cases with the watershed approach
is closer and more reasonable compared to the clinical assessment with
high precision rate for evaluation of ejection fraction and regurgitation.

For medical decision making, it is concluded that the results seem to
be promoters for the detection of cardiac abnormalities. The extraction of
the fifth dimension of flowwhich consists in exiting the pixels around the
myocardium makes it possible to avoid misalignment during the seg-
mentation phase. According to Oliver tree vignaux [34], a delineation
error of 20� can produce an error of 6% and this can have a huge impact
on the estimation of the systolic ejection fraction. Following these ob-
servations, we have proposed to adopt the concept 5D imaging and
changing the contour segmentation approach used in clinical routine to
the watershed approach, and estimating the gray-gray pixel average at
the myocardium to calculate the ejection fraction.

5.1. Model limitation

Detection of myocardial contours is an essential prerequisite for the
detection and quantification of myocardial infarction and valve disease
artificially induced in rats on cardiac MRIs with injection of contrast
product.

We propose a method of segmentation by watershed on short axis
cine fiesta slices of the left ventricle on cardiac MRIs and their study of
flow. The gradient vector flux which has been proposed as the fifth
dimension has enabled us to determine a fairly efficient method of
detecting myocardial contours, despite noisy and low contrast images
according to the acquisition criteria of cardiac examinations. Therefore,
this method is not initialization dependent; the initial contour does not
need to be very close to the desired contour. The segmentation is carried
out in two stages: detection of the endocardium then detection of the
epicardium from the endocardial contour previously obtained. Indeed,
this segmentation approach based on 5D imaging requires performant
machines with a parallel calculation with architecture (CPU-GPU) as well
as powerful algorithms from Navies-Stokes to extract new measurements
for medical diagnosis such as strain, stress and vortex field. The results to
segmented contours was compared with the Report-CARD tool and we
obtain encouraging results despite the limitations of our models.

6. Conclusion

The region-based segmentation approach of CAs allowing segmen-
tation of the object of interest that benefits from the advantages of local
and global statistics to guide the CA towards the contours of the object of
interest was described. The proposed approach shows robustness both in
for heterogeneous attributes with improper initialization of CA and in the
criterion of noise in the image. Among the advantages of the contour
segmentation approach is that topology changes are automatically
handled. The distance function ɸ is used to manage stable and accurate
numerical schemes while the geometric features of the contour can be
assessed from the function ɸ. The formulation can be easily extended to
larger dimensions. This method has an important computational cost, it
consists of avoiding the calculations that on a band surrounding the zero
level of ɸ and to update this band each time the curve approaches its
edges. Thus, the calculation costs are significantly reduced. The main
contribution, via this approach, is the estimation of the cardiac mea-
surements for 4D short-axis sections and 2D blood flow sequences
directly from the MRI, it is to mark the inaccuracy of these parameters for
the same approach used in the clinical routine. Based on the definition
and algorithms of watershed, we proposed an alternative solution for left
ventricular myocardial segmentation in cine-type MRIs for 5D slices to
evaluate ejection fraction and regurgitation fraction to evaluate the de-
gree of severity of the leak in the aortic valve. The method has been
validated clinically. We have shown the accuracy of the results produced
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by watershed by comparing them with CA segmentation versus clinical
routine. Finally, we presented an analysis indicating that the watershed
applied globally to the space-time 5D space with the functional flow
dimension makes it possible to maintain a certain regularity with respect
to the experts' diagnosis.

The limit of this approach is the toughness of assessing the fraction of
stenosis from the flow sequences, we then propose to model the aorta in
3D and solve the Navier-Stokes equation as a function of time for the
blood fluids as perspective and extension of our strategy. For future
works and prospects, artificial intelligence (AI) can boast great perfor-
mance, particularly in image analysis for diagnostic purposes, but, in
daily clinical practice, the results of AI are based on evidence. are still few
in number, but expanding rapidly in cardiology. Thus, we propose to
develop an approach of segmentation by contour and by supervised
watershed based on deep learning to improve the accuracy of measure-
ments for medical decision making.

7. Summary points

- Propose a comparative study between the contouring and topo-
graphic watershed segmentation approach for cardiac short-axis 5D
sequences with MRI for medical decision.

- Analyze the fifth dimension which described as the excitation of
pixels based on the gray scale around the myocardium without
consideration of the morphological structure of the heart 3D (x,y,z)
and the fourth dimension (time).

- apply an optimization of the topographic watershed approach with
mutual information and extract a set of measurements (ejection
fraction, regurgitation rate) within the left ventricle for three patient
types (healthy, genetic pathology and heart failure).

- The results are considered interesting compared to the clinical
assessment.

- The limit of this approach is the difficulty of estimating the fraction of
stenosis from the flow sequences, we then propose to model the aorta
in 3D and solve the Navier-Stokes equation as a function of time for
the blood fluids as perspective and extension of our work.
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