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SUMMARY

In order to reduce the complexity of heart hemodynamics simulations, one-way coupling approaches

are often considered as an alternative to fluid-structure interaction (FSI) models. A possible short-

coming of these simplified approaches is the difficulty to correctly capture the pressure dynamics

during the isovolumetric phases. In this work, we propose an enhanced resistive immersed surface

(RIS) model of cardiac valves which overcomes this issue. The benefits of the model are investigated

and tested in blood flow simulations of the left heart.
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1 INTRODUCTION

Despite the major progress achieved during the last fifteen years (see, e.g., [1, 2]), the full simulation

of heart hemodynamics with FSI remains a very challenging problem in scientific computing. Among

the main fundamental difficulties, we can mention the large deflections of interfaces, the topology

changes induced by contacting leaflets and the subsequent high pressure-drops. In order to mitigate

the complexity of the problem, simplified models have recently been proposed (see [3, 4, 5, 6]). Basi-

cally, these approaches combine a simplified modeling of valves dynamics with an one-way kinematic

coupling of the heart hemodynamics with the myocardium mechanics. This means that synthetic or

measured displacements are imposed on the boundaries of the fluid cavities.

The reduced complexity of replacing a full FSI model in the heart with a one-way coupling approach

comes however at a price. Indeed, since the dynamical aspects of the coupling are neglected, pressure

within the ventricle is not correctly determined during the isovolumetric phases. In this work, we

propose an approach which overcomes this issue. The main idea consists in enhancing a resistive im-

mersed surface (RIS) model for valves dynamics [6, 7] with pressure data coming from measurements

or from mechanical simulations. Thus, with this improvement, both kinematic and dynamic aspects

of the coupling between fluid and structure are taken into account allowing the correct definition of

the pressure when both valves are closed.

2 METHODOLOGY

For the sake of simplicity, we consider only the two fluid cavities – left ventricle and atrium – of

the left heart. The corresponding fluid domain is denoted by Ω(t). We assume that its boundary

∂Ω(t) is partitioned as ∂Ω(t) = Γwall(t) ∪ Γext(t), where Γwall(t) corresponds to the part where the

motion is prescribed (i.e., the internal walls of the ventricle and the atrium) and Γext(t) to the external

boundaries (i.e., the aorta and pulmonary veins) where a given pressure pext is enforced. We denote

by n the outward unit normal to ∂Ω(t). The closed configurations of the aortic and mitral valve are

given in terms of an oriented surface denoted Σ(t), immersed in Ω(t), and with an unit normal nΣ

(pointing outwards the left ventricle).



The opening and closing dynamics of the aortic and mitral valves are described by a simplified im-

mersed resistive surface model [6, 7] in which the mechanics of the leaflets are neglected. We assume

that the pressure within the left ventricle pLV is known (e.g., via measurements or simulations) and

that both pext and pLV are homogeneous in space. We introduce the notation δP = pext − pLV. The

dynamics of the blood velocity u and pressure p in Ω(t) are described by the following system in-

volving the Navier-Stokes equations in ALE formalism where ·|A is the ALE time derivative and w

is the computational mesh velocity:
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δΣ(t) = 0 in Ω(t),

∇ · u = 0 in Ω(t),

u = w on Γwall(t),

σ(u, p)n = −pextn on Γext(t).

(1)

Here, the symbol δΣ(t) denotes Dirac’s measure on Σ(t) and R(t) is a time-dependent function, with

values in [0,Rmax], which describes the opening and closing dynamics of the valves (see [6, 7]). Note

that (1)1 enforces the following interface condition across Σ(t):

Jσ(u, p)nΣ(t)K +R (u−w) = −δPnΣ(t) on Σ(t). (2)

where the symbol denotes the J·K jump across Σ(t). Using the incompressibility condition (1)2,

we can show that in the case of both valves are closed (i.e., R(t) = Rmax), the relation (2) yields

R−1
max(p − pext) = −R−1

maxδP in the left ventricle, so that p is equal to pLV as wished. The case

δP = 0, i.e., without any interface pressure correction, corresponds to the original immersed resistive

surface model [6, 7], which enforces p = pext during the isovolumetric phases.

3 RESULTS

The motion of the endocardium is prescribed using a displacement field obtained from an electro-

mechanical model of the heart [8]. This displacement is extended to the inside of the ventricle using

an appropriate non-linear lifting operator [9]. The aortic valve model comes from a computerized

tomography (CT) scan and the mitral valve model has been designed with the software 3-matic from

physiological in vivo data [10]. Finally, the physiological ventricular pressure pLV used for the cor-

rection in our tests comes from the above mentioned electro-mechanical simulations [8].

In order to illustrate the difficulties mentioned in the introduction, we first present the results obtained

without any correction in the RIS model. In terms of blood velocity and vortices, we computed the

velocity field for a typical cardiac cycle lasting 0.8 s. Its typical shape during the filling of the ventricle

is depicted in Figure 1 (left). These results are relatively close to the behavior observed in in vivo

experiments [4, 11]. Blood flow is oriented towards the anterior side of the ventricle surface inducing

a local vortex near the apex before the opening of the aortic valve. These results are representative

of other 3D simulations we ran. On the contrary, the pressure shows a non-physiological behavior

during isovolumetric phases (i.e., when both valves are closed). In vivo studies [12] show that the

ventricular pressure should decrease towards the atrium pressure immediately after the closing of the

aortic valve. In the simulations, it remains equal to the aortic pressure for an additional period of

around 0.20 s, as depicted in Figure 1 (right).

To highlight the benefits of the proposed correction, a comparison of the computed pressure with

and without the new term is carried on with a simplified geometry of the heart. The setting of this

toy model is presented in Figure 2 (left). The pressure is set to 100,000 dyn/cm2 at the outlet and

to 0 dyn/cm2 at the inlet. An arbitrary periodic displacement has been applied on the ventricle’s

boundaries Γ2 to simulate the beating of the heart. Finally, the imposed pressure pLV is a periodic

function we chose – depicted in Figure 2 (right) – mimicking the global behavior of the ventricular

pressure in real physiological cases. Each change of value of pLV corresponds to the closing or

opening of a valve. This is simultaneous with the change of value of the resistance of the valves as

shown in Figure 2 (right).



The results obtained with the toy model are presented in Figure 3. In Figure 3 (left), no correction

is applied. The computed pressure inside the ventricle is then not well-defined when both valves

are closed and get an arbitrary intermediate value between atrium’s pressure and aorta’s pressure. In

Figure 3 (right), the correction is applied on both closed valves. One can observe that the ventricular

pressure is now correctly defined when both valves are closed and equal to pLV, the chosen imposed

pressure.

Figure 1: Typical computed results in the realistic full heart model. On the left: 2D cut of the velocity

field in cm/s during ventricle’s filling. On the right: volume-averaged pressure values in dyn/cm2 with

respect to the time in s during a cardiac cycle. The atrium is colored in red, the ventricle in yellow

and the aorta in blue.

Figure 2: Definition of the toy model. On the left: definition of volumes (Ωi), boundaries (Γi) and

RIS (Σi). On the right: definition of the pressure imposed on the ventricle pLV in dyn/cm2 and of the

resistance of each valve with respect to the time in s.

Figure 3: Comparison of volume-averaged pressure values in dyn/cm2 with respect to the time in s for

the toy model. On the left: results computed without corrective term. On the right: results computed

with corrective term. The atrium is colored in red, the ventricle in yellow and the aorta in blue.

4 CONCLUSION

A new reduced model for heart valves has been presented to correct the problem of definition of the

ventricular pressure during isovolumetric phases. It consists in enhancing the original RIS model with

an additional term involving a priori data on the ventricle pressure during the isovolumetric phases.

Several tests have been performed to illustrate its benefits: a simulation on a full heart model without

any correction to highlight the problem and a comparison of the computed pressure on a simplified

geometry with and without the correction.



The proposed approach offers a good compromise between complex fully coupled fluid-structure

simulations and physiologically inaccurate one-way coupling simulations. The next step will be the

integration of this strategy into the left heart model in order to correctly simulate the opening and

closing of the valves as well as the correct ventricular pressure during the whole cardiac cycle.
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