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Abstract. In this work, we deal an elasticity model in 2D and 3D dimension for deformation under
constraint by taking into account the direction of the deformation displacement. This work is a result of an
article [A. Azzayani et al., Br. J. Math. Comput. Sci. (2016)] in which we use the same mathematical model
by fixing the fiber orientation. Then, if we considered the case of eignvalue and eigenvector, and which is the
case of this work, we can be able to control the deformation of the heart in the image processing. This
mathematical model can be used to describe the heart deformation taking into account the orientation of the
fibers for estimating global and regional parameters of the left ventricular function. In first, we start by
presenting the proposed mathematical model on a domain  CR" (n=2 or 3), and we give the existence and
uniqueness of solution to the mathematical model is given (in both 2D and 3D dimension). Secondly, we give
numerical simulations with FreeFem software, simulations results and comments are given in the end. In the
end, we will discuss about the image treatment with this model and its feasibility to help doctors in the

diagnosis of heart disease.
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1 Introduction

Cardiovascular disease is a major disease and the leading
cause of death in industrialized countries. In this perspec-
tive, the evolution of the treatment of this disease has
grown strongly in recent decades, particularly in cardiac
image processing, which allows doctors to give a more
reliable and useful diagnosis to treat this type of disease
[1].

Understanding and modeling of the cardiac system
require a multidisciplinary approach integrating know-
ledge of the physics and specificities of data acquisition
systems, the physiology and physio-pathology of the heart
and the cardiovascular system, signal processing and image
processing.

When we say signal processing and image processing,
we talk about restoration and segmentation of cardiac
image.

This image processing remains a time-consuming task,
and of course subject to considerable variability within and
between operators. Research in the field of medical image
processing aimed at making the process of analyzing
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specific images faster and more automatic to reduce
subjectivity and time required for implementation of the
algorithms [2].

Then, the aim of this work is, in first to continues which
is been treated in article [3], and second to make this study
more close to reality by treating the case of eigenvalues and
eigenvectors. To better explain, we know that in reality, we
know that when taking a cardiac image, the heart deforms
in several directions, and therefore the difficulty that
appears here and to control this direction to better have a
correct image (not blurred) and define well if there is an
anomaly that appears.

For this, we represent a section of the left ventricle of
the heart by Q, an open bounded of R" (n=2 or 3),whose
boundary is denoted by T.

We denote by u the vector that describes the
displacement of a material point x in (), and K a part of
), where in the constraint is verified.

The first section is devoted to give all the theoretical
analyzes of the proposed model of elasticity with
constraints [4-6].

In the second section, and before the conclusion, the
proposed model is validated by numerical simulations [7,8],
which has been performed with Free Fem software [9].
The interpretation of those simulations is given.
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2 The elasticity model with stress fiber
orientation

2.1 The mathematical model

In this section, we focus on the case where the displacement
u is described by a model of elasticity in both cases 2D and
3D dimension, taking into account the orientation of the
fibers in the heart deformation. Let n€ 2, 3 and ) an open
bounded domain in R". We define the strain tensor:

enn(u) ea(u) e1n(u)

&21 (U) €29 (U) Ean (U)
e(u) =

en1(u)  ena(u) &nn(u)

where &;;(u) = 3 (@ n au;) and the stress tensor

o1 (u) o1a(u) o1n(u)

021(U) 022(U) UQn(u)
o(u) =

on1(u)  opa(u) Onn (W)

where o;;(u (Zskk )zSZj + 2p8(w).

The parameters >0 and @ >0 denote the Lame
constants. The proposed mathematical model is defined as
follow:

—divo(u) = f in Q,
g(uyw=060w  inKcqQ, (1)
u=20 inT,

K is the part of (), where in the constraint is verified
and w is the associate eigenvector of eigenvalue 6 and
represent the orienting displacement.

The weak formulation of the problem (1) is written as
follows:

/Q[(ﬁ[div(u).dz’v(v) +2ue(u) : e(w)de Voe(H)(Q))?

—I—/K)L(e(v).w))ndx = [ fudx

Q
/K (e(v).w)gdz = /K (0.w)qdz

Vg€ (L (K))?

(2)

Now, we proceed to solve the problem (2) by the
Lagrangian optimization method as defined in [10,11], and

we have the following problem:

min max L(v n)
ue(HY(Q))* re(L2(K))?

with:

L(u,h) = /Q ((B(div(w)? + 21 (e

dx—/fud:c

+ [ e+ [ Gwaads— [ @t

A is the Lagrange multiplier.
Let define the functional F as, for all we L*(K)", we

have:
dm — / fudzx

+ [ w)wrde + /K (sw)w)gds ~ [ (G:0)qds

Then, for demonstrate the existence and uniqueness of
solution of the problem (1), we announce the following
theorem:

Theorem 1 If the functional F admits a fixed point,
then the problem (2) admits a unique solution.

Proof see [4]

And we have:

Theorem 2 The problem (2) admits a unique solution.

Proof. First, if we fixe w and 6 for the first time, and we
noted it w' and ', we canl deduce that the problem (2)
admits a unique solution u (see [3]).

After that, We seek w® from the solution u' in the
equation g( )w Ow, and we apply the same approach, and
we found «°.

We use this process until we fall to the same solution w
which defines the fixed point of F.

Then we have:

Flw) = /Q [(B(div(w))? + 2(e

- f.uzdac—l—/(e(uz).wQ))\Qdm
Q K

—|—/K(,s(u2).w2)q2da:—/K(GQ.wQ)qux

- /Q [(B(div(u))? + 2u(e(u))?)de

+ [ fatde =~ [ (lat)wpldo

_/K(g(ul).wl)qldx—|—/K(91.w1)q1da§
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F(w?) — F(w') = L(u® — u!', 2% — A1)
—I—/Ks(u —u)(w —w)(A* — ¢°)dx
—i—/K(é’Qw2 — 0w gPdx
F(w?)-F(w') = L(u® — u*, 2% — A1)

—|—/K(w2 —whe(u? —uh)(A? — ¢)dx
—|—/K(8(u2)w2£(u1)w1)q2dx

then
F(uw?) — F(w') = L(u? — u!, 2% — A1)

—I—/K(w2 —whe(u? —u) (A — ¢*)dx

—i—/K(s(uQ)(w2 —wh)g?— e(ut —uP)w'Pdx

we have two cases,
first case: if e(u' — v*)w'¢> >0
then, we have

F(w?) — F(w') < L(u? —u, 2 — A1)

—I—/K(w2 —whe(u? —u') (A — ¢*)dx

+ [ ) w? ~ wh)ida

and we know that L(u® — u', A — ') = 0 because ' and v

are solutions of the initial problem.

SO
|F(w?) = F(w')| < [Jw* —w'l| 2,

x([[e(u? — UI)HLZ(K)H)‘2 - q2)||L2(K)
+ |‘8(u2)||L2(K)|‘q2||L2(K))'

We deduce that F is a Lipchitz function, and then F
admits a fixed point.

second case: if ¢(u' — u*)w'q® <0

we have

F(w?) — F(w') = L(u? — u!, 2% — A1)

—l—/K(w2 —whe(u? —uh)(A? - ¢)dx

—i—/K(s(uQ)(w2 —wh)g?— e(ut —uP)w'Pdx

S0
F(w?) — F(w') < L(u? —u*, 2% — A1)

—|—/K(w2 —wHe(u? —ut)(A? — ¢?)dzx

—|—/K2£(uZ)(w2 —wh)Pdx

arec walus
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Fig. 1. Case without constraint.

Then
[F(w?) = Fwh)] < [Jw® —w'l] 2,
x([[e(u® - UI)HL?(K)”)‘Q - q2)||L2(K)
+2/e(w?) ] 20 18] 22 )

We deduce that F is a Lipchitz function, then F admit a
fixed point [12]. Based on Theorem 1, we deduce that the
problem (2) has a unique solution.

And since we have an equivalence between the two
problems (2) and (1), therefore the problem (1) also has a
unique solution.

3 Numerical results

Now we proceed to the processing of this image, and
defining the contours by a crown, and we consider the
conditions at the edge of type direchlet.

The simulations are performed for the case without
stress and the case with strain constraint for the elasticity
problem, and we obtain the following results:

3.1 Comment

In Figure 1, we have presented the case where we have no
constraints. Then, in Figure 2, and based on the result of
Figure 1, it can be clearly seen that the displacement
follows the direction of the core fibers, even if one changes
direction as in Figure 3, always the displacement follows
the direction of the fibers of the heart.

On the other hand, if the direction of the fibers of the
heart is fixed, at the same time the displacement is initiated
by a direction against the fixed one of the displacement, one
falls on a result of an almost null displacement, which is the
case in Figure 4.

In the Figure 5, we can deduce that the deformation
follows the direction in the case of eigenvalues and
eigenvectors, and it’s the general and real case.

If we summarize, we can say that it has been shown that
the depletion u of a point of the wall of the left ventricle
follows the direction of the orientation of the fibers of the
left ventricle in the deformation.
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Fig. 2. First case with constraint of displacement u in direction w.
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Fig. 3. Second case with constraint of displacement u in direction w.

4 Image processing of the heart

In this section, we will focus on the processing of an image
of the heart, especially the left ventricle, for the application
of the simulations made above [13-15]. In this case, we take
the following image, mentioned in Figure 6, of the left
ventricle taken by an MRI.

We define the contours of the left ventricle in the
previous image. In this case, we want to define the most
corrected contours to make a good segmentation of the left
ventricle. Based on the previous results, we control the
direction of the deformation to calculate the thickness of
the walls and therefore define the radius of the contours of
the segmentation, and we have the results in Figure 7, as
follow:

Mo 000166079
MO 000177151

B0 0001SEITE
B0 000100305
W0 000210267

Fig. 4. Case with constraint where the displacement u does not
follow the direction w.
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Fig. 5. Case of eigenvalues and eigenvectors.

Fig. 6. Heart image taken by an MRI.
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Fig. 7. Segmentation of an image of the heart taken by an
MRI.

5 Conclusion

As a conclusion, this work has been devoted to study the
problem of elasticity under pressure to consider the
direction of displacement of the structure.

We have seen, first, the existence and uniqueness of
solution of the elasticity model with the stress of
deformation.

Then we performed numerical simulations in Free-
Fem for our proposed model of elasticity, with different
cases of direction of displacement, with and without
stress.

The results of this study are useful for a good
extraction of the characteristics of the information in a
cardiac image, in particular, as regards detection of the
contours of the left ventricle of the heart, under stress of
deformation.

We are thankful to the Financial support from the entrepreneur-
ship and development laboratory, Faculty of Legal, Economic and
Social Sciences of SALE, Mohammed V University. This allow us
to get the best working conditions within our scientific research
community in Morocco.
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