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The combination of reduced models of cardiac valve dynamics with a one-way kinematic uncoupling of
blood flow and electromechanics is a widespread approach for reducing the complexity of cardiac hemo-
dynamics simulations. This comes however with a number of shortcomings: artificial pressure oscillations,
Correspondence missing isovolumetric phases and valve laws without precise continuous formulation. This paper is aimed
Corresponding author M.A. Ferndndez, at overcoming these three difficulties while still mitigating computational cost. A novel reduced model of
Email: miguel fernandez @inria. fr valve dynamics is proposed in which unidirectional flow is enforced in a mathematically sound fashion.
Artificial pressure oscillations are overcome by considering a fluid-structure interaction model, which cou-
ples bi-ventricular electromechanics and blood flow in the left cavities. The interface coupling is solved
in a partitioned fashion via an unconditionally stable loosely coupled scheme. A priori energy estimates
are derived for both the continuous coupled problem and its numerical approximation. The benefits and
limitations of the proposed approaches are illustrated in a comprehensive numerical study.
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1 | INTRODUCTION

The numerical simulation of cardiac hemodynamics (that is, of blood flows in the heart chambers) opens many fascinating
perspectives for enhanced device design, treatment planning and clinical decision (see, e.g.,"'? for recent reviews), notably
because computer simulations provide direct access to mechanical quantities (such as local pressures and shear stresses) which
can hardly be measured in a non-invasive fashion. The genuine multi-physics nature of the heart function makes these simulations
a permanent challenge in computational modeling and scientific computing. Indeed, a complete mathematical model of cardiac
hemodynamics must involve also the interaction with different additional complex phenomena, such as cardiac electromechanics
and valve dynamics.

The simulation of all the fluid-structure interaction phenomena involved in the heart is a complex problem, with only a few
studies reported in the literature so far (see?*2%7) Heart valves are definitely a bottleneck of the problem, particularly due to
their large deflections, fast dynamics and contact phenomena at high pressure-drops. Fortunately, not all cardiac hemodynamics
simulations require a complete multi-physics model of the heart, and alternative reduced modeling options can be considered
depending on the relevant physics driving the phenomena of interest (see, e.g., '%).

With the purpose of reducing the computational complexity of the problem, several reduced models of cardiac hemodynamics
have been proposed in the literature. One of the most widespread approaches consists in combining a reduced modeling of the
valve dynamics with a one-way kinematic uncoupling of blood flow and cardiac electromechanics. In short, motion data, coming
either from electromechanical simulations (see, e.g., 82U or from imaging measurements (see, e.g., [ #1>UOIZUSIOR0R1R2)
is enforced on the boundaries of the fluid cavities, while the opening and closing of the valves is described by switching boundary
conditions (see, e. g.,23 2%) or via resistive immersed methods (see222011012

k]

Journal 2023;00:1-34 wileyonlinelibrary.com/journal/ © 2023 Copyright Holder Name 1



2 | 0.RUZ, J. DIAZ, M. VIDRASCU, P. MOIREAU, D. CHAPELLE & M.A. FERNANDEZ

These modeling simplifications come however at a price. First, unphysical pressure oscillations are observed during the
opening/closing phases of the valves. This often requires the prescription of artificial refractory periods. Second, the isovolumetric
phases are neglected in the cardiac cycle, since the fluid pressure within the ventricle is not well defined in a fully enclosed
domain with Dirichlet data. In'' (see also'%), this issue has been overcome by leveraging the natural leakage induced by the
resistive immersed valve model (for moderate values of the resistance), but it requires an a priori knowledge of the ventricle
pressure. And third, the opening/closing valve laws generally lack mathematical soundness. They are indeed defined in a time
semi-discrete framework (as a discrete algorithm rather than as a mathematical model), without a clear continuous counterpart.
The contributions of this paper are aimed at overcoming these three issues.

We first introduce a novel reduced valve model in which unidirectional flow is enforced in a mathematically sound fashion
through an inequality constraint on the fluid velocity across the immersed valve. This naturally avoids the need of artificially
switching between different interface conditions or between different values of the resistance. Related unilateral constraints have
been proposed in another context with the purpose of deriving energy estimates for the Navier-Stokes equations with outflow
boundary conditions (see?Z282%) In the context of kinematical uncoupling, numerical evidence indicates that this approach
reduces the magnitude of the spurious pressure oscillations but it does not remove them.

We postulate that these artificial oscillations are due to the lack of compatibility between the kinematical data enforced on the
cardiac cavities and the status of the reduced valve model. We investigate this hypothesis by proposing a cardiac hemodynamics
model which combines the above mentioned reduced valve dynamics models with a fluid-structure interaction model in the left
ventricle. Alternative fluid-structure interaction models for the left-ventricle have been proposed in V31323334 - A galient feature
of our proposed approach is that it couples a bi-ventricular model of active cardiac mechanics with the Navier-Stokes system in
the left heart. Furthermore, in order to mitigate computational complexity, notably with respect to the kinematically uncoupling
approach, the interface coupling is numerically solved via a Robin-Robin loosely coupled scheme reported in"> (see also=0%),
which is expected to deliver nearly optimal accuracy. An a priori energy estimate, guaranteeing unconditional energy stability, is
derived for the resulting fully discrete method. A comprehensive numerical study, involving a simplified and a realistic left-heart
geometry, illustrates the accuracy and robustness of the proposed approach. Numerical evidence indicates, in particular, that
fluid-structure interaction removes the above mentioned spurious pressures oscillations, irrespectively of the considered reduced
valve model.

The rest of the paper is organized as follows. Section 2] presents the different mathematical models considered in this paper:
from active cardiac mechanics, blood flow and reduced valve modeling to kinematical uncoupling and fluid-structure interaction.
The numerical approximation of the proposed coupled fluid-structure interaction system is addressed in Section [3] We introduce
a loosely coupled scheme and derive an energy stability estimate. Section[d]is devoted to the description and discussion of the
numerical examples. Finally, a summary of the main results and some directions of future work are drawn in Section 5]

2 | PROBLEM SETTING AND MATHEMATICAL MODELS

In this section, we introduce a distributed fluid-structure interaction model of the left ventricle. The myocardium is described
as a passive hyperelastic material with an active law along the muscle fibers (Section[2.2)), whereas fluid flow within the left
cavities is modeled by the incompressible Navier-Stokes equations with a reduced modeling of the valve dynamics (Section [2.3).

2.1 | Geometrical setting

We denote by €2 C R3 the reference computational domain, partitioned as €2¢ U (), where ¢ stands for the left heart fluid cavities
and {2 represents the ventricles myocardium (see Figure. The fluid domain can be split into three regions Qlfa uQie UQlfV, which
respectively correspond to the fluid cavities in the left atria, ascending aorta and left ventricle. For the solid domain we consider
the partition QY U QF, where QY and Q¥ respectively denote the left and right ventricular myocardiums. As mentioned above,
the present study focuses on the fluid-structure interaction between the left ventricular flow and the myocardium mechanics.

. . . Lo def
This interaction takes place at the left ventricle endocardium interface, denoted by I'; = o0l N ok,
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a

FIGURE 1 Geometrical description of the reference computational domain §2.

2.2 | Cardiac mechanics model

The mechanical response of the myocardium is described by the fundamental law of dynamics, formulated in a total Lagrangian
approach, in terms of the deformation map ¢ : Q) x R* — R3. This mapping describes the position of each point in the reference

configuration at any given time instant. The solid displacement field y : 2 x R* — R? is defined as y(x, t) < @(x, 1) —x for

all x € €. We introduce the deformation gradient of the solid Fi < V¢ =1+ Vy, where I denotes the identity matrix. The
Jacobian of the solid system is given by the relation J C detF s- The boundary of Q5 (see Figure i is assumed to be partitioned
asI U, UT, UT, UTY, where I'; denotes the endocardium of the right ventricle, I', the apex of the heart, I'y, the base of the
heart, I'y the annulus of the mitral and tricuspid valves, and I'j the endocardium of the left ventricle. For simplicity, the solid
is assumed to be clamped on I'y, and a viscoelastic boundary condition is enforced on I', U I'y,, which emulates the support
provided by the surrounding tissue (e.g., as the pericardium).

The mechanical response of the cardiac tissue is described in terms of the second Piola-Kirchhoff stress tensor 3, which is
assumed to be composed of a passive contribution X, and an active contribution X,. We combine both contributions using an
extension of the classical Hill-Maxwell rheology scheme, which takes into account the nonlinear response, as outlined inCEEE
Therefore, the overall second Piola-Kirchhoff stress tensor of the cardiac tissue can be expressed as 3 = 3, + X,. The passive
behavior, primarily influenced by the collagen and elastin matrix surrounding the heart fibers, is fully three-dimensional (3D)
and is composed of hyperelastic and viscous contributions:

OW(E) OW,(E)
= + —,
OE OFE

where E stands for the Green-Lagrange strain tensor, defined by the relations

%

ey

1
EY 5€-D. € < F'F,.
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The cardiac tissue is modeled as nearly incompressible and transversely isotropic, with a privileged direction along the muscle
fibers, represented by their unit tangential vector a. The hyperelastic potential is inspired from the Holzapfel-Ogden constitutive
law (see*) and defined as

We = (1 =3) + (s = 3) + Coe™ V™ 4 Coe®U " s (U — 1) - £ In(Jy),
where J, & wC, J, & 1) — C?), Js «f 4TCa are the reduced invariants and p1, f12, Co, C1, C2, C3, k denote model
parameters adjusted on the specific regions of the heart tissue. On the other hand, we consider the following simple relation for
the viscous pseudo-potential

W, = gl ()7, 2)

where v denotes the passive viscosity coefficient.

The active behavior, driven by the chemical reactions within myocytes that induce the contraction and relaxation of sarcomeres
(resulting in the subsequent contraction and relaxation of the myocardium along the fibers of the heart), is modeled following the
approach outlined in“®%%. The dynamics of the active stiffness k. and of the contractile stress 7, produced by the sarcomeres are

hence given by )
ke == (|ue| + o |éc]) ke + nokoluels.,

3)

To=— (|ue| + oy ‘éc|) Te + ecke + ngopluely,
where e, represents the extension along the fibers, which is further elaborated below, and u. denotes the chemical activation
(or electrical input) and Ixl, < max{x,0}. The term a4 |éc| accounts for the bridges destruction upon rapid length changes.
The parameter 0 < ny < 1 is a reduction factor that accounts for the Frank-Starling effect, which describes the relation of the
maximum active tension with the current strain of the sarcomeres. The constant k is the maximum stiffness, while o accounts

for the solid contractibility.

[ e o,

He
‘ [YAYAVAY. ‘ 7. ke

U

N

[
L

W,

v

E X

FIGURE 2 Rheological model from=34%,

3840 the passive and active elements of the myocardium tissue are assembled using the rheological scheme of

Following
Figure 2] The total stress acting along the fiber results from a balance of contractile and elastic stresses, respectively denoted o,

and oy. The contractile stress is given by the constitutive relation

Oc = Te + lcéc, 4
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where p. > 0 is a dissipation coefficient. On the other hand, the elastic stress produced in the sarcomeres (due to the elastic
response of the Z disks) can be modeled as

os = Eges, (5
where E represents the Young modulus of the elastic component of the sarcomeres and e; is the elastic extension of these

components. The overall stress along the fibers, denoted by o,, can be related with the contractile and elastic stresses according
to the following relations (see"%):

Ua:lf;eszlf;ec' ©
On the other hand, the extension along the fibers, denoted by e,, is related with the contractile and elastic extensions as
1+2e, = (1+2¢)(1 + 2e,). 7
Additionally, e, is given in terms of the Green-Lagrange strain tensor as
ea ¥ d"Ea. 3
The final relation for the active behaviour is described as
Y.=oa®a.
Note that from, (7)), we get . e
g
so that this expression can be used to eliminated e; in the above relations. In particular, owing to (5) and (), we have
0y = By (10)

E,—.
(1 + 2e.)?
Similarly, by combining @), (6) and (), we get the following dynamics for e,

(ea —ec)(1 +2e,)

e+ 7. =E
Hebe T e = s T e

We can then use (§)) to express e, in terms of E in the two previous relations, which together with (3)) closes the active modeling.
A lumped parameter (0D) model is used to describe the blood flow in the right cardiac cavities (see, e.g.,%Y). The coupling
with ventricular tissue is operated by the relations

FXn,=-Pmn, on I,

/ Jsus . Fngs = Qr(Pra Par,ra Pat,r)v

The first enforces the dynamic balance on the fluid-solid interface I';, in terms of the unknown homogeneous fluid pressure
P, while the second corresponds to the balance of mass in the right ventricular cavity, with O, denoting the net flux across the
valves given by the function

Kal,r(Pr _Pat,r) lf Pr S Pat,r:
def .
Ou(Pr, Purr, Pas) = 0 if Py < Pr < Py, (11
Ka.r,r(Pr _Par,r) 1f Pr 2 Par,r~

Here, Py, Py, respectively denote the right atrium and pulmonary artery pressures, respectively, while Ky, K, stand for the
conductances of the valves in the open configurations. Furthermore, a two-stage Windkessel system is used to model the impact
of the external circulation on the dynamics of the unknown arterial pressure P, (see, e. g.,42), viz.,
Pl o,
p.r
Pd,r_Par,r _ va,r_Pd,r
Rp,r B Rd,r

Cp,rPar,r +
(12)

Cd,rP d,r +

b}
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where Pg, stands for the unknown distal pressure, Py for a given remote venous pressure and Ry, Cpr and R, Cq,r respectively
denote the proximal and distal parameters.

The resulting active cardiac mechanics system reads therefore as follows: find the displacement y : s x R* — R3, the velocity
ug : Qg x R* — R?, with u, = Oy, the extension along the fibers e, : {2, x R* — R, the active stiffness k. : y x R* — R*, the
active tension 7. : {0s X R* — R, the right ventricular pressure P, : R* — R, the right proximal pressure P, : R* — R and the
right distal pressure P4, : R* — R such that

psOus —div(FS(E, e.)) =0 in
_OW.  OW, E a"Ea-e.)

Y= +—+ in €,
OE T oF T T (+2ep T M K
. (@"Ea—e.)(1 +2a"Ea)
Heee + T = Eg a _Ci_ 23c)3 in €,
i{c =— (‘ue| + Oy |e(|) ke + nokoluel, in €,
Te =— ( ue‘ + g ‘ec‘) Te + ecke + ngopluely  1n Qs,

y=0 on T, (13)
F3ng+ay+bug=0 on [,UTy,
FXYn,=-Pn, on I},

/ Jsug 'F;Tns = Qr(Pr, Par,ra Pat,r),
I

' Parr - Pdr
Cp,rPar,r = IQr|+,
Ry :
; Pd,r - Par,r va,r - Pd,r
Cd,rPd,r + = 5
Rp,r Rd,r

where pg stands for the solid density and a, b > 0 are given coefficients of the viscoelastic support boundary condition on I'y U I'.
The type of boundary conditions imposed on the left endocardium wall I'} depends on the type of model coupling approach
considered with the fluid in the left ventricle. This will be discussed in Section 2.4l below.

2.3 |  Fluid model with reduced valve dynamics

The dynamics of the fluid flow within the left cavities are described by the incompressible Navier-Stokes equations in arbitrary
Lagrangian-Eulerian (ALE) formulation. The current configuration of the fluid domain, denoted by £2¢(¢), is hence parametrized
by the so-called ALE map A : ; x R* — R3, with A, &« A(-, ) one-to-one and so that Q:(¢) = A (Q, 1), for all £ > 0. The
ALE map .A can be given in terms of the displacement of the fluid domain y, : Q¢ x R* — R3, as A(x, 1) s ys(x, 7). Note
that both .4 and y; are arbitrarily defined in the interior of ;. With the ALE map, we can define the computational domain
velocity, also called ALE velocity, as w = 0,.A, the gradient of deformation F &« V A and the Jacobian J ' det F.

The boundary of the fluid domain {2 is assumed to be partitioned as I';, UL ULy, UL, UL (see Figure , where I', C 891{‘

denotes the left atrium wall, I'y,, C 0€%° the wall of the ascending aorta, I',, C 8(21;‘ \ T}, the inlet of the pulmonary veins left
atrium and I',, C 691{1 \ T',w the outlet of the ascending aorta. Furthermore, the closed configuration of the mitral and aortic
valves are represented through two immersed surfaces, denoted by I'y,y and Iy, respectively, oriented with the normal vector n¢
along the flow direction.
Remark 1. For a given field f defined in the current configuration {2¢(¢), we shall use the notation]A” to defined its corresponding
ALE description in )¢, by composing with the ALE map, namely, j?(x, 1) < f(Ax,1),1) Vx € Q. Conversely, a given field
defined in the reference configuration €2s can also be transported into the current configuration by composition with A, ! For the
sake of simplicity, this composition is omitted. For instance, w in (T4); below has to be read as w o .At_'.
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The fluid problem in the left cavities with a reduced model of the valve dynamics consists in finding the fluid velocity
7 Q x RY - R3, and the fluid pressure p : Q) x R* — R, such that

pf((?,uIA +u-w)- Vu) —divo(u,p) + Z Sr,(w-w,p)or, =0 in  Q(),

i€{mv,av}
divu =0 in Qg0), (14)
u=0 on I',UTl,,,

Pt
U(u,P)"f + 5 |u . nf‘_u = _va,aonf on va U o,

with pr standing for the fluid density, ér, for the Dirac measure on the immersed surface I'; and o (u, p) for the fluid Cauchy
stress tensor, given by:

(S e 1
ow,p) S pl+2me@), @) s 5 (Vu+vaT),

L . . . def~
where pf > 0 denotes the dynamic viscosity of the fluid. Furthermore we have used the general notation f =fo A, !, for any

ﬁeld]? defined in the reference configuration 2.

As boundary conditions, we impose a non-slip condition on I', U Iy, while we consider normal tractions on I'py U I'y,. The
enforced pressure Ppy40(?) is analytically given in Iy, while in I'y, it is determined through a one-stage Windkessel model.
Furthermore, in order to circumvent potential backflow numerical instabilities on Neumann boundaries (see, e. g.,43), we include
the following dissipative term, 5 ’u . nflfu, with ‘x‘i = max{0,—x}. Finally, the term f1. (u —w, p) represents the fluid stress
jump [o (u, p)n¢] induced by the opening and closing dynamics of the valve I';, with the notation

def def

1S - Il S [fln. oo % Jim fe+en) VxeT

The term f1. (u —w, p) can be modeled in different ways. In this work, we consider the resistive immersed surface (RIS) approach
and we propose as well a novel reduced valve modeling approach, with superior mathematical foundations.

2.3.1 | Resistive immersed surface valve model

In the RIS model, introduced in* (see also=*''%), the expression of f1 (u —w, p) is given by a distributed Ohm’s law, namely,

Sfr,(w—w,p)=Rp(O)(u-w) on I} 5)

where Rr,(?) plays the role of a time-dependent resistance which regulates the fluid flow across the valve I';. Typically, Rr,(¢)
vanishes when the valve is open and takes a large value R joseq Whenever the valve is closed. The transition between these two
states of the valve depends on both the current status of the valve (closed or open) and on the nature of the flow across I';.
Roughly, the basic idea consists in closing the valve when the relative flow rate becomes negative (or smaller than a given
tolerance) and opening the valve when the pressure jump across the valve reaches a positive value. The dependence of R, on
u —w and p is hence rather intricate. In fact, instead of providing an explicit continuos expression of R; in terms of u —w and
p, the RIS model is often formulated in a time semi-discrete framework by setting the valve resistance at time level n, R’ll/_, as
a function of RE', u"' —w"" and p"!' via the procedure reported in Algorithm|1|(see). Furthermore, refractory times and
continuous transitions of the resistance are often necessary to mitigate the impact of pressure oscillations observed during the
opening and closing of the valves.

2.3.2 | Velocity-constrained valve model

‘We introduce here a novel reduced model for the valves, which, unlike the RIS model, has a sound mathematical formulation.
The main idea of this modeling approach consists in enforcing unidirectional flow via an inequality constraint on the normal
relative velocity at the interface I';. This yields the optimality conditions

(w—-w) -n; >0, [o,png- n>0, (ﬂa(u,p)nf]] '”f) ((u —-w) ~nf) =0 on I} (16)
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Algorithm 1 Explicit resistance update in the RIS valve model.

if R'l'{l =R.osed (closed valve) then
if [[p"']>0 then

R%i=0
else

R’IZ‘, = Rglosed
end if

else if R’f‘il =0 (open valve) then
if [@'-w")-n; <0 then

erl‘, = Zlosed
else
R%I:O
end if
end if

with i € {ao, mv}. Note that the stress jump [o (u, p)ng] - ns across the interface I'; corresponds to the (scalar) Lagrange multiplier
associated with the inequality constraint (u—w) - n; > 0. Thus, the second relation simply enforces that it has to be positive (when
the valve is closed) or zero (when the valve is open). Finally, the third corresponds to the so-called complementary condition.

.frl‘nf

(u—w) - ng

FIGURE 3 Graphical representation of the penalized velocity constraint (I9) as a regularization of the ideal graph (dotted).

The optimality conditions (T6) can equivalently be rewritten as the following non-linear identity (see, e.g.,** Chapter 6):
1
lo@.png] - e = —|@—w) - ni—e[o@pnd -ng_ on T (17)

for all & > 0. In this work, we consider a penalized version of (I7), which amounts to taking e sufficiently small, so that the stress
contribution o (u, p)ny] - ny in the right-hand side of (I7) can be neglected. Furthermore, we assume no tangential friction, viz.,

[o@,png - 7¢=0 on T, (18)

where T¢ denotes the tangential basis vectors on I';. We hence consider the following expression for f7- :

1
frw=w.p)=— |@—w)-ne| ng on Ty, (19)

which is graphically represented in Figure[3]

There are several fundamental differences between the reduced valve models given by (T5) and (I8)-(T9). First, the open and
closing dynamics in (T9) are entirely driven by the local sign of (u —w) - n¢ on T';, without the need of the explicit switch between
resistances of Algorithm[I] Second, in constrast to (I3)), the relation (T9) can be straightforwardly combined with an implicit
time-stepping scheme. This introduces a genuine non-linear term in the discrete problem, which can be handled in the fluid
solver with a few Newton iterations (as in the numerical results of Section[d). Finally, it is worth noting that (owing to (I8)) the
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fluid can slip tangentially along the valve whenever it is closed, which is not the case of (I3)). This could be avoided by adding a
suitable penalty term on the tangential velocity in (T8). This variant is not explored in this work.

2.3.3 | Open valve configuration

In order to obtain a physiological flow pattern within the left ventricle (see, e.g.,*'!%), the open configuration of the mitral valve,
open

denoted here by 'y~ (see Figure , must be integrated within the blood flow model (T4). To this purpose, a term similar to
(T3). supported on 'y and with associated resistance Ryoxr, is added to the momentum conservation equation (T4));.

FIGURE 4 Geometry of the mitral valve: closed configuration (in green) and open configuration (in purple).

In the case of the RIS valve model of Section[2.3.1| the value of Rporen is simply given in terms of the R, (see, e.g.,*>1%),

that is,
0 if RFmv = Rclosed’
Rpggen = ,
Rclosed if RI“mv =0.
In the velocity-constrained model (Section[2.3.2), since there is no switch between resistances, the open configuration is activated
. . . def
in terms of the relative flow rate across the closed configuration, Qy,y = fr (u —w) - ny, as follows:

R 0 if va S Qmin,
r = .
Reiosed 1 Omv > Omin,

where QOn, stands for an user-defined minimal flow tolerance which characterizes the closed valve configuration.

24 | Model coupling approaches

In this work, cardiac hemodynamics are simulated by considering two different types of modeling coupling approaches on the
the left ventricle interface I';: kinematical uncoupling (or one-way) approach and fluid-structure interaction (FSI).

24.1 | Kinematically uncoupled model

In this modeling approach, the fluid system (T4) is solved with a prescribed motion of the fluid cavity Qf(¢) through the relations

yf = L:(ydata)? w= 6fyf7 A = IQf +yf, Qf(t) = A(Qf9 t)7 (20)
u=w on I}

Here, Yy, © 1 X RY — R3 denotes a given displacement of the left ventricle endocardium T} and the symbol £ stands
for a (possibly nonlinear) lifting operator from I'; to €). In practice, y,,,, can be obtained from imaging measurements (see,
e.g., JHIOIAISIOR0RIEZ) or from electromechanical simulations (see, e.g., 82U T the latter case, this amounts to solve
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Ydata

FIGURE 5 One-way kinematical uncoupling approach in the left ventricle.

(T3) with a lumped parameter description of the fluid also in the left heart, namely, by adding the relations
FXYn, =-Ping on I,

(2D
/ Jus - F;Tns = QI(PI’Par,I,Pat,l):
I

where Py, Py and P, respectively stand for the pressure in the left ventricle, left atria and aorta, and Q) denotes a net flux valve
function similar to @) Finally, a two-stage Windkessel model, similar to (12)), is considered to describe the dynamics of the
unknown pressure P,. This approach is schematized in Figure [5]

24.2 | Coupled fluid-structure interaction model

In this modeling approach, the dynamics of the solid (I3) and of the fluid (T4) are coupled through the following standard
interface coupling conditions on the endocardial interface I'}:

Y=L ()"D) . w=0y, As=lg +y, () =AY, 1),
u=uo0A"' on Ty, (22)
F¥n,=-Jo(u,p)F 'n; on T.
The first relation enforces the so-called geometrical compatibility condition, the second corresponds to the kinematic continuity

while the third enforces the dynamic equilibrium at the fluid-solid interface I';. This approach is schematized in Figure[6]
We conclude this section by providing an a priori energy estimate for the coupled system given by (T3), (T4) and (22).
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FIGURE 6 FSI coupling approach in the left ventricle.

2421 | A priori energy estimate.
We define the total energy of the system as

def POf 2 P 2 1 2 a 2 Cor 2, Gy 2
£ & 5||u||w,)+§||us||0,gs+/ﬂs We(y)+§/QSESIeSI +/Q Ut SR, + 20 1Pul + S21py, 2,

where the first two terms represent the instantaneous kinetic energy of the fluid and the solid, respectively. The third term
corresponds to the elastic energy of the solid and the fourth term to the (passive) elastic energy of the heart fibers. The fifth term
accounts for the microscopic elastic energy of the actin-myosin bridges, with U, denoting the density of elastic energy stored in
the sarcomeres and whose dynamics are given by the following relation (see>®):

Ue == (|ue| + o |ec]) Ue + 7eée + noUpluel.., (23)

where Uy > 0 stands for the initial elastic energy in the sarcomeres.

Remark 2. As outlined in, from the relation (@) it follows that k. € [0, ko], provided that k.(0) € [0, ko]. Furthermore, it
follows from (23) that U, > 72/(2k.) > 0.

We also introduce the total energy dissipation rate of the system as

def, .
D) S2p¢ [le@)|[g g, ds+ D /fn-u+/ (Iuel+adIeCI)Uc+/
} /T Qs Q

i€{mv,av

ow, .
,uCIéCI2+/ ~:E
o, OE

s s

2 \Pay — Pars? 1P,
+b||us||%aurb+<Km |Pr = Pag |, + Kugl Py — P2 + =320 4 290 )

Rp,r Rd,r
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Here, the first and second terms correspond to the dissipation induced, respectively, by the viscosity of the fluid and by the
reduced modeling of the valves. Note, in particular, that the second term is non negative whenever the valves are fixed (i.e.,
wlr, = 0). The third term represents the energy dissipated during the binding and unbinding mechanisms and the fourth the
passive dissipation within the sarcomeres. Finally, the last two terms correspond respectively to the passive viscosity of the
cardiac tissue and the dissipation induced by the reduced valve and circulation models.

Theorem 1. Let (y, us, ec, ke, Te, Yg, W, Py Py, Pary, Pay) be solution of the coupled system (13), (I4) and @22)). The following energy
identity holds

PVSTP 'y
£ty + / D) = £(0) + / / noUslue], ~ 3 / / Pt ng+ / ( U KPPy~ P ) (24)
i€{pv,ao} Rd’r B

where the second term in the right-hand side represents the work produced by the actin-myosin engines and the third and fourth
terms the work delivered by the external pressures.

Proof. The proof follows by combining energy arguments from*“® and“®. We first proceed by taking the scalar product of (T3),
with us and of (T4); with u. By integrating the resulting expressions over 2, and Q4(¢), respectively, and by adding them and
using the interface conditions (22)) and the boundary conditions in (I3 and (T4), we get the following fundamental identity:

/ pfa,uIA-u+pf/ (u—w)-Vu-u+2u/ le () 1> + Z /fF u+ Z pf/ |u - ng|_lul?
Q¢(t) Q¢(t) Qe(1)

i€{mv,av} i€{pv,ao}
T
+pS/ atus~us+/ E:DyE~uS+/ (ay+bus)'us+Pr/ JSF;TnS~uS— Z /Pu ng, (25)
Q Q Ul I i€{pv,ao}
T2 T3

where the linear operator DyE is defined as

1
DE v, & 5 FIVve+ (V) Fy).

We now proceed by estimating each term 7}, i = 1,2, 3, separately. Using a change of variables, the identity 0,/ = J(fvTv,

integration by parts in the convective term and (22), it follows that (see, e.g.,°):
f
P d 2 2
T =—— 17 +2u/ e) /f
2.dr Q(t) Q(0) | | Z "

i€{mv,av}

As regards the solid contributions, we first note that owing to (I3)), and to (8) we have

. oW,  OW,\ :
S:E= ‘E+ a Ea. 26
/ /<6E aa) /“ ¢ 20

On the other hand, by differentiating in time (§)) and by using (7) and then @) and (3)), we get

/oaaTEa=/ aaéa=/ O'sés+/ O'Céc=/ Esesés+/ Tcéc+/ ucéf
Q Q Q4 Qs Q4 Q Q

By inserting this relation into (26) and using (23], we have

d S 1 ow, .
=— (p/ ’us|2+/ We+*/ Esles|2+/ Uc) + — ' E
dr \ 2 Jo, o 2 Ja, Q o, OE

S
# SIylRor, + blulon, + [ neite [ (] +asled U= [ motifud..
Q Q Q

s s s

Finally, for the third term, using (T3)y we get

T3 = PrQr = Pr’Qr|+_Pr|Qr|_ = (Pr_Par,r) |Qr|+ +Par,r|Qr|+_Pr|Qr|_- (27)
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Owing to the expression of the valve function (TI)), we have
2
(Pr _Par,r) 1Okl = Karx ’Pr _Par,rL .

On the other hand, using a standard energy argument in (12), we obtain

d G Cdr |Parr_Pdr|2 |Pdr|2 varPdr
PurQrly = — | BEIPy P + —FIPg, PP ) + —2—5 e
ar,r Qr + dr ( 2 ar,r 7 d,r Rp,r Rd,r Rd,r

For the last term in (27), using (T1)) again, we have
PO =~ (Pr - Pat,r) 1Ol + Pats| Ol = Ky ol Py — Pat,rlz + Kot Patrl Py — Pagsl-.

Finally, the energy equality (24) follows by gathering all the above relations into (23) and by integrating the resulting expression
over the time interval (0, 7). This completes the proof. O

Remark 3. Tt should be noted that by using the Young’s, Cauchy—Schwarz, trace and Korn’s inequalities in the right-hand side of
(24)), we can absorb the velocity and Windkessel pressures contributions into D(r), which yields the a priori energy bound in
terms of the problem data

5(t)+1/r'D(t)<S(O)+/Z/ noUy| ue | +CTCK Z /t/ |P-‘2+1/t(|p‘ |2+K. P, ‘2)
2 0 N 0 JQ l+ W } o Jr, t 2 0 vs,r at,r [Latr ,

i€{pv.ao

where Cr, Cx > 0 denote denote the constants of the trace and Korn’s inequalities, respectively. In particular, since wir, = 0 for
i € {mv,av}, we havefn -u > 0, so that D(r) > 0.

3 | NUMERICAL APPROXIMATION

This section is devoted to the numerical approximation of the non-linear coupled system (13)), (I4) and 22).

31 | Time semi-discretization: Robin-based loosely coupled scheme

.. L. . . . def .
The time interval (0, T) is discretized into N sub-intervals (,, t,+1), Where 1, = Tn, T = ty, and 7 denoes the time-step length. In
what follows, we shall make use of the following standard notation:

def 1 1 def f1 A+
an+l:7n+l_n’ nty; C ,
o E g, S
for the first-order backward finite difference and the midpoint value, respectively.
The fluid subproblem (T4) is discretized in time using a first-order backward Euler scheme with a semi-implicit treatment of
the convective term. For the solid subproblem (I3), a modified mid-point scheme is considered for the momentum conservation

equation (T3); with the so-called Gonzalez correction of the stresses, given by (see?):

" OWe pel  wnil
n+% def a—,—We(E +1)_ 87(E +2) B g+l
DIMEE ]E”Jr% |2 E"2, (28)
with the definitions
En+% d:ef E(y"+%), En+% d:ef 87—En+1, (29)
Owing to (I), the discrete passive stress tensor is given by
sprd et OWe ety D et

OE OE
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where, using the chain rule and (2)), the viscous-pseudo potential contribution yields

ow. 1 def
En+
3E —(E"?) =

n+i

1
vDyE™> - ug *. (30)
Following"®, the dynamics of the active component are discretized in time using a first-order backward Euler scheme in terms of

. . def def . .
the discrete variables e*!, o' ‘= 71/, /kn+T and "' = | /kr*!, which guarantees the positiveness of k' and the bound on
the discrete elastic energy in the sarcomeres (see Remark ] below).

For the time-discretization of the interface conditions (22)), we build on the loosely coupled approach proposed in> (see
also*®3%), This basically consists in combining an explicit treatment fo the geometrical compatibility (22)); with the following
Robin-Robin discretization of the kinematic/dynamic coupling conditions (22)), 3

l A~ o~ T~
F"+ hoi nS +aus P =au' -J'e@", pYF") Ay on I, a1
l o~ '~
Jn+la_(un+l’pn+l)(Fn+l)—Th\f+ ail\"*'l — auf+2 +]na_(un’pn)(Fn)—Tnf on T,

where « > 0 is the so-called Robin parameter (user-defined). A salient feature of (31)), notably with respect to alternative loosely
coupled schemes reported in the literature (see, e.g., 4202125333 “iq that the scheme can be proved to deliver unconditional

stability and nearly optimal accuracy (see=>).

The proposed time semi-discrete approximation of the coupled problem (13), (14) and (22)) reads therefore as follows: For
n>0:

1. Solve active solid: Find y™*!' : Q° = R, w0 Q8 — R, ™ 2 8 — R o™ Q5 — R, 4" 1 Q8 — R and
(et prl P’;;l) € R3 such that u; *2 o aTy”” nd

ar,r °

| §
psdru™! — div (FZ*?E”*Z) -0 in Q.

1

ol 1 i+ E(d"E™a-é?
2n+2 _2n+ 2?2 + s( — 20 )a®a in QS’
(1+2e )
TE™q— ™) (1 +2a"E™ 2 a
,yn+l n+l+uca en+1 E ( c )( ) in Qs,

(1427’
a (,yn+l)2 (l n+l|+0éd |a en+l|) n+]) +n0k()|l/ln+ |+ in Qs;

noo Iu””l ki 1 1
aTngI = 7n+18762+1 Ll - (1 - On+] Qn+1) - E (lu:+2 I + |a-,—€g+1 |) Qn+1 in QS’

7n+1 20-0,}/
1__pel 1
aE 2”+2ns = —(ay’”% + bu:f;lz) on I',UTY, (32)
y*'=0 on T,,
f+%§n+%n = —Pn+%n on T,
+1 ped +1 +1 o+l ont
J:l 2”? Z(F:L ) Qr( ” Per,PZtr )s

4] 1
1 on+s n+3 ~ ~ T~
YOS g+ ol = ol - Je@”, p)YFY e on T,
n+ 1l n+3
Pyt —P
il ar,r e+t
Co, 0 Parr ——— =10 4,
Ry
n+ N+ "+%
] Pd,r2 —Par,rz va,r(tn.;.%)_Pd,r
Cd,ra-,—Pd’r + = .
Rp,r Rd,r

2. Fluid domain update:

y?+l - c (yn+l|F]) , wn+ - Ty;t+l’ An+] _I +yn+1 in Q;Hl — An+l(Qf). (33)
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3. Solve fluid: Find #"*' : Q¢ — R3 and p™*! : Q¢ — R such that

piO "™ 4+ pr(” —w™) - Vu —dive @™ p™h+ Y e =0 i 9,
i€{mv,av}
dive’' =0 in Q{Z”,
1 .
u™' =0 in T}, UT,,

n+l Pr n n+1
o(u 5 |u 'nf’_u— —Ppiaont  on Tpy U T,

l —~ T~
I P YETY T+ aw™! = ol + e @, pYFY TRy on T

, prl+1 )n

Remark 4. As shown in"®, the scheme preserves the sign properties of k™*! € (0,ngko) as well as the bound U"*! >
(T 12k > 0.

3.2 | Finite element approximation: fully discrete scheme

For the spatial approximation of the time semi-discrete scheme introduced in the previous section, we adopt a finite element
methodology. To this purpose, we let 7, and 7, be triangulations of the reference domains €25 and 2, respectively, where the
subscript 2 > 0 indicates the level of spatial refinement. We assume that 75, and 7¢;, match on the fluid-solid interface I'}, and
that Tz, is also fitted to the immersed surfaces I'py, "5y and o™, We define the following finite element spaces for the fluid
velocity, fluid pressure and fluid domain displacement, respectively,

Vir € {Fin € [CQ0F 50l € PIEIT VK € Tin ),

O = {G € CO(QNTimy UT4y UTEM) : Gilg € Py(K) VK € Tin}
Wi & {yf’h €Vin ¥, =0 on Iy UL, U™},

Note that the discrete pressure space Q) is made of piece-wise affine functions which are globally continuous in €2 except
across the immersed valves I'y,,y, Iy and T'iby'. This is fundamental in order to guarantee interfacial mass conservation across
the valves. For the approximation of the solid displacement and velocity, we consider the finite elements space

def
Vor £ {rn € [CQF vl € PKOT VK € Ty vl =0}
We also introduce the interface matching trace space

.- {voulr, :vsn € Vi } = {Vealr, : ¥en € Vin ),

which will be used in the formulation of the spatial discrete counterpart of (31)). Finally, we denote by L, : A, — Wy, a given

discrete counterpart of the lifting operator £ involved in (33).

n+1 n+l n+l s

The dynamics of the active mechanics variables e/, and 7" in @]) are discretized in space (element-wise) using a

collocation scheme at each quadrature pointgq,;, [ = 1,..., Ny, where Ny, &« |7;hlnq and ng denotes the number of quadrature
points in each element of the triangulation 7 ;. This yields a total number of N, , degrees of freedom for each discrete unknown,
viz., given by the arrays
def Noh def Ny Nor
ega;ll < egl L qi/ , Z+1 = { 7+1 }1 qll , n+1 { ;1+1} LY ) (34)
The proposed fully discrete approximation of the non- hnear coupled problem (I3)), (T4) and (22) is detailed in Algorithm 2}

In the solid step (33), the symbols a;, E n+2 EZT , EZJ;Z , 2, ? indicate the evaluation of the correspondlng field at the quadrature

pointg;,, [ =1,...,Ny;. Note that the stress along the fibers at g; is evaluated in terms of the discrete unknowns @]) which is
then integrated via quadrature formula in the discrete principle of virtual work of the solid. It is also worth noting that, at each
Newton iteration of (33)), the increments associated to the unknowns (34)) can be eliminated from the solid tangent system by a

static condensation procedure (see, e.g.,40).
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Algorithm 2 Fully discrete Robin-based loosely coupled scheme.

Forn > 0:

1. Solve active solid: Find ot ult et ot At PEL P PR € Vg X Vg x RN s RNon e (RF)Yr x R X R x R

ar,r »

with ., = ,y;*" and such that
—n+l L1 n+l
/ oruy), vs,h+/ 3P i DyE"? vy, +a/ Ug,’ Vi +/ (ayh +bush ) Ve =
Qs I r,uly,
n n+d on+l ol
+C¥/ uh vs,h_/ )‘h'vs,h_/ Js ZP ?(F 2) Vsh * R,
Iy Iy f
I
T
—n+t + +1 s\ E" al —el
EZZ=En2+En ( l - 2cl )al®ah
P
(1+2e, 2)
1 1 1
TE,n+§ n+§ T n+§
a-—e 1+2a E, *a
a; ! 1 /
,Y[n+1 n+1 +,LLca en+1 E ( l c,l )( : / )’
142 n+s 3
( + ec,l )
+1 +1 +1 +1
0r () = = ('] + ca |Oreid']) () + nokoluts' |, (35)
1
0.0|Mn+ k 1
n+l _ _n+l ntl , 100 + 0 7+1 - nty n+l 7+1
d-0" = a"'eCJ + ln+1 - 2007y o ) (‘ue.l ‘ + ’a e, ) ar,
n+% n+% n+% -T n+% n+% n+%
Js Uy, - (Fs ) ng = Qr(Pr ,Par,r s Loy ),
Iy
n+d n+d
P2 —-P, 2 1
1+l ar,r dr |+
C a Parr R - |Qr |+
p.r
e+ n+ L 5
n+1 Pd rz _Par,rz PVSJ(tn+%) _Pd,r
Cdra P > = ,
p.r Rd,r
forallvs, € Vipandl=1,...,Nyj.
2. Update fluid domain:
+1 +1 +1 n+l +1 +1 n+l
Yin = Lailr),  wit = 0ryi A =1o,+yg, . QF = A (Q). (36)
~n+1 ~
3. Solve fluid: Find (@, pi*!) € Vi), € Oy, such that
a un+1 Ve — (dlvw +l)un+1 Vir +a (u W n+l, (un+1 +l) (v ))
Pi0r Un f,h — Pf f,h et \Ups W >Ph s Gh
Q?H Q’“’
+1 +1. . n+l +1 +1 +1 Pt +1
+sGeL Wy, Wy ven) + E /fr (™ —wim L p") v + 5 |u2 '"f| w," v
ic{mv,av} Cpvao
~n+l ~ n+l ~ ~ +1
+Oé/ u, -vep =OL/ us’hz 'Vf,h+/ )\Z ‘Vf’h—/ vaaovfh ng (37)
Fl F] Fl vaUFao
for all Vs, gn) € Vin X Qg
4. Interfacial fluid stress update: Set )\Zﬂ € Ay, with
n+l n n+l ~n+1
Ay =N talug,’ ~u, ) on I (38)
As in“?, the fluid trilinear form the fluid sub-problem (37)) is given by the relation
n+l, n+l __n+l dff n n+l V n+l Pt d ny,,n+1
g (up, withs @™ pi™H), ens an)) = pr (uy, — ) Vu" v+ — (divupu,”™ - vep
QrH—l 2 Qn+]
f f
Pt nty +1
S0 -l g vy
e (39)

+ 24 / ;") e~ | p"div, + / qndiva;
QrH-] Qm-] Qn+]
f f

1. 1 1 f
+sfh(uh»wz+ (un+ ’pn+ )’(vhv ‘Ih))
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The second term in the right-hand side corresponds to the so-called Temam’s trick (see, e.g.,>%), to cope with the fact that the
discrete fluid velocities are not divergence-free. The third term is a strongly consistent interfacial stabilization, introduced in>,
which serves to balance the contributions of the convective term on the interface, by noting that u"lp, # w™!Ip, = u'SH% Ir,. Finally,
the last term in (39) corresponds to the Streamline Upwind Petrov-Galerkin (SUPG)/Pressure-Stabilized Petrov-Galerkin (PSPG)
stabilization (see, e.g.,””), which guarantees robustness for high local Reynolds numbers and with respect to the lack of inf-sup
stability in the fluid velocity/pressure discrete spaces V,/QOs .

On the other hand, to cope with the stability issues related to the lack of discrete geometric conservation law (see, e. g.,56), the
fluid sub-problem includes the following weakly consistent stabilization term (from>” Chapter 5):

+ 1. n+l def Pt +1 +1 Pr . +1y, n+l
s, witut vy =~ w,” vep— | wy ven |+ (divw™ uy™ - vy (40)
27’ Qi+l n 2 Qn+l

Finally, it is also worth noting that the relation (38)) in Algorithm[Z]is nothing but the spatial discrete counterpart of (31)),, in which
the intermediate variable X’” approximates the interfacial fluid stress on the reference configuration J**'& @™, p* ' )Y(F"™")Tn;
as a variational residual (see35 .

3.3 | Discrete energy bound: unconditional stability

The purpose of this section is to derive an energy bound for the numerical approximation of the coupled problem (13), (14) and
([22) provided by Algorithm[2] For n > 1, the discrete energy is defined as

def Pf P 2 1 2 E. 2
& 0 g + S||ush||m+/ WE+ 3 (il + LINI )+ [ Sl [ o

o G

|2 p r
+§Hyh||1"uu1“h |Parr
and the discrete dissipation rate as

ow,
. OE

f n-y _zn-l 3 g
Dy e2l~tf|‘€(u )Hom"' Z /fF wj, + allug,’ H01“1 BT

ie{mv,av}

+/ (‘u2|+ad‘&eﬁ|)U§+/ Nc|aTeg|2+b||ug|\2Faurh+Kar,r|P;’*%_P:;éyi
s Qg
51 n—l‘Z 71 1‘2

2 2 T2

Pd,r _PHIJ ’Pd,r
+

Rp,r Rd,r

+ K| P2 = Pus(1,0) [ + |

The following result establishes that, up to some numerical dissipation, Algorithm 2]satisfies an energy estimate similar to the
one provided by Theorem [I]for the continuous coupled problem (13)), (T4) and (22)).

N-1
Theorem 2. Let {(y;*', ultt e, o Ay uptt it X’“)} , C Vi X Vi x RVai 5 RNan 5 RNan x Vi x Qg X Ay, be
n=

given by Algorithm 2] The following energy estimate holds:

5h+Z7'Dm+1<gh+Z /onu’"+1| > Z /P(tm+1)u

m=0 i€{pv,ao} m=0

l’l’l+2

n—1 n—1
(t 1 )P 1
+ Z T S N K Pty )P~ Pty )| (A1)

m=0 m=0
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n 1 . .
Proof. The proof builds on the energy arguments reported in> and=%, We first proceed by taking v, = us;f in (33). Owing to

n+ 1 def

the relation DyE'”% ‘ug,’ =E™2 S 9,E™" and by using (28), the stiffness term yields

—n+i n+l 5W
/ O :DyE"J’% -uS;,Z = OB ZEE Em +/
Q QS

., OE

L
+/ oy lfa®a: 0E", (42)
Qs
oWy - 1 .1
=/ O, Wo(E"™Y) +/ ——L(E™z): E"2 +/ on 28 ”“,
Q Q OE Qs
where, according to (T0) and (8], we have used the notations
n+l n+l
n+2 defE €.l —€ n+l def TEn+2
Oal™ = n+iy2’ al
(1 + 2ec’l 2)
for/=1,...,Ng;. It hence only remains to estimate the las term in @) coming from the active contribution. It should be noted

that a little abuse of notation is made in this term, where the integral over {2 has to be read as a quadrature formula. To this

purpose, we also introduce the notations

n+1 n+1

n+1 def ea[ _ec[ n+ def n+% n+ def ;41 n+1 .n+%
sl = el o = Eseg)”, =M0 el
cl
which yields the stress identities
n+3 n+i
n+% _ Uc,l _ Js,l

al

n+y n+i
1+ 2es’l 1+ 2eCJ

Additionally, we also introduce the collocated discrete elastic energy stored in the sarcomeres

a Un+1 _ ,yn+lgn+la en+1 (|un+1| + O£d|a en+1 )Un+1 +n0Uo‘Mg,+11|+-

By combining the above relations, we have

n+4 n+ n+
2 —U za en+l 28 en+l

Ua,l

78 |en+1 +,yln+1 Q;Hla en-i]—l + ,Uc|8 en+l
Therefore, by using (@3), we finally get

E

N P s / prel0 e

2 0

/ O_d 26 n+1 _/
Q Q s

# [ @+ (i + g 0ret?) U - mati i)

s

By gathering all the above contributions, the energy balance of the solid system yields

p\a H n+1||OQ +a / W(En+1)+3 / < n+1|2+Un+1) +/ 88‘; (EI‘L+2) Eﬂ'H—2 +/ Mcla en+1|2
QS

+/ (| n+l| +Ozd|8 en+1|) Un+1+0l/ (un+1_uh) yn+1 / )\n n+1
Q

/noUo|u”+1| /JMZP’HE(F )T n+1

Finally, for the last term on the right endocardial boundary, we have

n+d on+l oo+l —T 1 n+ et
/ Jq 2p? (F 2 ) n+ 2 Q 2
Fr

(43)

(44)



LEFT HEART HEMODYNAMICS SIMULATIONS WITH FSI AND REDUCED VALVE MODELING 19

so that, by proceeding in a similar fashion as in the proof of Theorem|[I] we have

1 1
n+§ n+§ 2 n+ 2
n+l n+l nt+l 2 r Cdr |Py —Py.71 Py’
P; Qr =Kar,r Pr Pdrrz |+ P 8 |Pn+1|2 8 |Pn+1|2 + I
Rp,r Rd,r
n+ 1
Pozptt
i+ n+ 2 n+4 n+ 7+ vs,r dr
+ Ko P2 = P2 P 4 Ko P2 1P — P21 R
T

~n+l

The energy balance of the fluid subproblem is obtained by taking V¢4, gn) = @), ,p;+') in (37). By integrating by parts in the

1
. . . n+s
convective term, using the relation wZ” Ir, =, Ir, and the fact that s, > 0, we have

i
agu (uy Wi i, pi), i, ) > 2pl|€@p)|[5 o + % /Qf (div wi)le1?

By combining this bound with @0) and (38)), we finally get the following energy estimate for the fluid:

50 [0 o g + 206 e g+ - / i —wit g gt

i€{mv,av}
n+l’\n+1 n+l  n+l
/ bV - / Prtl ot onp. (45)
I TpyUT

We now proceeding by adding the relations (#4)) and (43)), and after some mathematical manipulations, it only remains to
control the following interfacial terms on the right-hand side:

iy —uly ulst) = Nl + (N

T,

These terms can be handled as in°2, which yields

Q [ i~n2 12 1 2 2 ntl ang2
= % (1l -85 1) + 5 (100 [0 ) -l =3

The energy bound (@I) then follows by multiplying by 7 the resulting expression and then summing over m =0, ...,n— 1, which
completes the proof. O

We conclude this section by noting that, using an argument as in Remark 3] the following energy bound can be inferred from

@1):
n-1
5h+z Dm+‘<gh+z /onu’"“| CTCK > ZT||P(Z‘,"+1)||OF+Z 1Pty )

m=0 i€{pv,ao} m=0
t,
+ § L 5 WPar(ty )P,

m=0

which guarantees the unconditional stability of Algorithm 2]in the energy norm.

4 | NUMERICAL RESULTS

In this section, we present the numerical results of the left heart hemodynamics obtained using both the kinematical uncoupling
approach of Sectiond.Tand the fluid-structure interaction model of Section[#.2.2] The computational geometries used in the
numerical simulations were obtained from the Zygotﬂ heart model. For the solid we isolate the right and left ventricles and the
endocardial surfaces are smoothed, with the 3—mati(ﬁ| software, by removing trabeculae and papillary muscles (see Figure[7(a)).

¥ https://www.zygote.com
§ https://www.materialise.com
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For the fluid, the endocardial surface of the left ventricle is first extracted and a volume mesh of the left ventricular cavity is
constructed, which ensures the interface matching nature of the fluid and solid meshes (see Figure[7(b)). The endocardial surfaces
of the left atrium and of the ascending aorta are then extracted from the Zygote heart model, and volume meshes of these cavities
are then generated, by incorporating the closed configuration of the immersed mitral I';,,, and aortic ', valves, and the open
configuration of the mitral valve I'nty" in the fluid domain. These immersed surfaces are duplicated in the fluid mesh (cracked
mesh), which facilitates the introduction of strong discontinuities in the pressure approximation across the valves. The solid and
fluid volume meshes are made of tetrahedra, and obtained using the 3D Gmsh meshing software (see™8). More specifically, the
solid mesh is composed of 45,584 vertices and 106,747 tetrahedra, while the fluid mesh is composed of 28,090 vertices and
148,333 tetrahedra. Fiber directions in the solid bi-ventricular mesh are synthetically generated using the automatic procedure

(a) Solid mesh. (b) Fluid mesh. (c) Combined fluid-solid mesh.
FIGURE 7 Computational meshes for the fluid and the solid sub-domains.

FIGURE 8 [Illustration of the fiber distribution in the right and left ventricles.

reported in5%0 where distance maps are computed in order to prescribe fiber elevation angles varying linearly from -65 degrees
(epicardium) to +65 degrees (endocardium) across the thickness. The resulting fiber distribution is illustrated in Figure|[§]

The numerical computations have been performed using the fluid solver of the FELiScEﬂl library and the cardiac mechanics
solver of the MoReFENﬂ library. Owing to the genuine partitioned nature of Algorithm@ the FSI coupling is performed by
linking the two softwares in a segregated fashion, via an external coupling interface based on the Zeronﬂ message passing
library.

T https:/gitlab.inria.fr/felisce
# https://gitlab.inria.fr/MoReFEM
I https://zeromq.org
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41 | Kinematical uncoupling

In this section, we use the kinematical uncoupling modeling approach to delve into the influence on the left heart hemodynamics
of the reduced valve models introduced in Sections and First, the 3D-0D cardiac mechanics problem and is
solved with an analytical electrical input u., which mimics the FitzHugh-Nagumo dynamics (see®?), and initiates at the apex
of the heart. Afterwards, the fluid problem (14) and (20) is solved separately, using the left endocardial motion provided by the
3D-0D cardiac mechanics solution, for both the RIS and the velocity-constrained reduced valve models.

Parameter Left Ventricle  Right Ventricle

w1 (Pa) 0.0 0.0

Lo (Pa) 0.0 0.0

Co (Pa) 1.9-10° 1.9-10°
C 1.1-107! 1.1-107!
C, (Pa) 1.9-103 1.9-10°
Cs3 1.1-107! 1.1-107!
v(Nsm) 70 70

& (Pa) 2105 2-10°

TABLE 1 Passive physical parameters of the cardiac mechanics model.

Parameter Left Ventricle  Right Ventricle

aqg 1.5 1.5

oo (Pa) 46-10° 3.72-10°
Es(Pa) 3-107 3.107
ko (Pa) 1-10° 1-10°
n(Nsm™) 70 70

TABLE 2 Active physical parameters of the cardiac mechanics model.

Parameter Left Ventricle  Right Ventricle
Co(m*Pal) 2.107 2.10710
Ry (Pasm™) 2107 1-107
Cqg(m3*Paly 505-107 1-10°8
Ry (Pasm™) 2108 3107
Pys (Pa) 1-10° 1-10°
TABLE 3 Parameters of the Windkessel model.

Parameter Left Ventricle

pr (kgm™) 1006

e (Pas) 0.004

Relosed (kg m—Z 5_1) 107

e (m?skg™) 1077

TABLE 4 Physical parameters of the fluid model.

The values of the considered physical parameters for the cardiac and fluid models are reported in Tables [[H4} The ventricles
are assumed to be initially in a pre-loaded configuration, corresponding to the beginning of the diastolic phase. This initial
configuration is obtained by solving a static version of (i.e., time derivatives are set to zero) with a preload pressure of
P; =25 Pa in the right ventricle and of P; = 500 Pa in the left ventricle. The initial configuration of the fluid domain is then
retrieved by lifting the initial solid displacement via (20);. The fluid is assumed to be initially at rest.
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The electromechanical and fluid simulations cover a complete heart beat with a duration of # = 0.85 s. We consider a fixed
time step of 7 = 5 - 10 seconds for the solid domain, and 7 = 10~ seconds for the fluid domain. The smaller time step in the
solid facilitates the convergence of the Newton iterations during the ventricular contraction phase.

(a) t = 150 ms. (b) =300 ms. (c) t =450 ms.
displacement (m)
0.00e+00 1.03e-02 2.50e-02
[ - i .
5.15e-03 1.55e-02

FIGURE 9 Deformed left heart cavity configurations and snapshots of the endocardial displacement magnitude at three different time instants.

(a) t = 150 ms. (b) =300 ms. (c) t =450 ms.
pressure 6Pa)
5.41e+00 8.73e+03 1.80e+04
—

i) =
4.37e+03 1.31e+04

FIGURE 10 Long axis snapshots of the pressure and velocity fields at three different time instants.

Figure 9] provides some snapshots of the endocardial displacement magnitude. During the filling phase (Figure [9fa)), the fluid
domain primarily displaces laterally. In contrast, during the ejection phase (Figure[J[b)), a significant displacement is observed
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FIGURE 11 Simulated Wiggers diagrams.

near the apex of the left ventricle, representing its contraction. The isovolumic relaxation phase (Figure [9c)) shows a slight
decrease in the displacements due to the isovolumetric constraint.

In Figure [I0] we have reported the fluid pressure and velocity fields obtained with the velocity constrained model on a long
axis cut plane of the left heart at three different time instants. Similar results are obtained with the RIS model, which are omitted
here for the sake of conciseness. At the filling phase (Figure[I0[a)), the emergence of a single vortex that rotates clockwise is
clearly visible, which is in agreement with available physiological observations (see, e.g.,%3%). At this stage, the pressure in the
left atrium is slightly larger than in the left ventricle, which induces blood flow from the left atrium to the left ventricle. On the
other hand, the pressure in the aorta is higher than in the left ventricle, indicating that the aortic valve is closed, and there is no
flux in that region. During the ejection phase (Figure[I0(b)), there is a flux from the left ventricle to the aorta, with a slightly
higher pressure in the former region. At this stage, the pressure in the left atrium is lower than in the left ventricle, indicating that
the mitral valve is closed, and there is no flux in this region. Finally, during the iso-volumetric relaxation phase, the pressure
inside the left ventricle is higher than in the left atrium but lower than in the aorta, indicating that both the mitral and aortic
valves are closed.

Figure [T presents the numerical Wiggers diagrams obtained with the RIS model and the velocity constrained reduced valve
models. For comparison purposes, the 0D left ventricular pressure provided by the cardiac mechanics model (T3) is also shown.
One can clearly see that both models produce strong spurious oscillations in the ventricular pressure, which are not observed in
cardiac mechanics simulation. The peak pressure occurs at ¢ = 225 and ¢ = 226 ms with values of 1.7 - 107 Pa and 44101.3 Pa for
the RIS and the velocity constrained model, respectively. Lower oscillations are thus observed in the latter. Moreover, the RIS
model exhibits a more pronounced delay in the onset of iso-volumetric relaxation. However, the oscillations persist irrespective
of the valve model considered. These results suggest that the presence of spurious oscillations may be more related to the type of
model coupling approach between the fluid and solid than to the reduced model considered for the valves.

4.2 |  Fluid-structure interaction

The purpose of this section is twofold. We first consider a representative simplified two-dimensional setting in which numerical
evidence on the accuracy of Algorithm [2]is provided (Section [4.2.1)). The impact of the free Robin coefficient v and of the
number of correction iterations is addressed in this example. Finally, in the context of the coupled FSI problem (13), (T4)
and (22), we delve into the capabilities of Algorithm [2]to provide physiological simulations of the left heart hemodynamics
(Section[d.2.2), notably when compared with kinematical uncoupling results of the previous section.
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421 | Academic test case

We consider a simplified two-dimensional geometrical setting which retains the main fundamental ingredients of the cardiac

. . . . . ... . L . def
cycle phases in the left ventricle. The fluid domain ) is assumed to be partitioned in three disjoint sub-domains {2 =

[0,0.025] x [0,0.031], Q> < [0.025,0.115] x [0,0.03] and Q3 = [0.115,0.14] x [0, 0.03] (dimensions in m), which respectively

correspond to the atrium, the left ventricle and the aorta. The mitral and aortic valves are described by the immersed interfaces
def def . . . . .
Ip = 001 N Ok, and I'ys = 00 N O3, respectively. The boundaries of the three fluid domains are partitioned as follows:

39@1 = 1fr,11 U Plf’] U F]fj,l UT, 3Qf,2 =Iu F}TJJ UT' 1, UTI'y; and ang = F?}; U th,S U ].—‘?3 UT 2, see Figure

T}, L I
T
rin | Qe Qf o Qs 3 Iy
ISP T3
e, 7, Py

FIGURE 12 Geometrical configuration.

(@) t=0.775s. (b) 1=0825s.

(c) t=0.875s. (d) t=0.925s.
pressure (Pa)
0.00e+00 5.00e+03 1.00e+04

[ e
2.50e+03 7.50e+03

FIGURE 13 Snapshots of the fluid pressure and velocity fields obtained with AlgorithmEIfor 7 =107, a = 10* at four different time instants.

Flow in the fluid cavities is described by the Navier-Stokes system (I4) with the RIS model (T3)) for the valves. The dynamics
of the myocardial wall I'} are described by a non-linear Timoshenko beam model (see, e.g.,@), with the following time-periodic
source term which replicates the effect of the active contraction/relaxation:

P 5075 tanh (100( — mt, —0.1)) + 5075 if 1 € (mtp,0.18 + mty),
¢ ~5075 tanh (100(t — mz, —0.2)) + 5075 if 1€ (0.18 + mty, (m + D)1y,

where 1, <0.25 is the length of the period and m € N indicates the current period number. As regards the boundary conditions,
the solid domain is clamped at its extremities OT'j. A non-slip condition is enforced on the fluid upper wall I't | UT' 5, a symmetry
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condition on the fluid bottom wall TP, U I'}, U T'p; and the following conditions are enforced on the inlet and outlet fluid
boundaries:

o(u,pn; + % |u -nfLu =-100nr; on I‘iff‘l,

a‘(u,p)nf+% |- n¢|_u=-(10* +R/ u-ne)ng on IRy
ey
Finally, coupling conditions similar to (22) are imposed on the fluid-solid interface I'j. The fluid and the solid are assumed to be
initially at rest. kgm™, as Young’s modulus E = 10° Pa and as Poisson ratio v = 0.5.
The fluid density is set to pr = 1006 kg m=, the dynamic viscosity to 1 = 0.004 Pas and the outlet resistance to R =
1.5 - 10*Pas m™>. For the the solid we take as density p; = 1200 The resulting coupled problem is approximated numerically
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FIGURE 14 Temporal evolution of the area IQ;ZI obtained with the strongly coupled scheme and Algorithm|2|(3 correction iterations and different av).
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FIGURE 15 Time history of pressure obtained with the strongly coupled scheme and Algorithmfor a = 10* and different time-step lengths.

using Algorithm 2] as in Section [3] with the exception that the Timoshenko beam is discretized in space using linear MITC
(Mixed Interpolation of Tensorial Components) beam elements (see, e.g.,%>), available in the FELiScE library. The fluid mesh is
made of 2202 triangles and the solid mesh of 40 segments.

For illustration purposes, we have reported in Figure T3] some snapshots of the fluid pressure and velocity fields obtained
with Algorithmfor 7=10"s, a = 10* kgm2 572 and by performing 3 correction iterations. We recall that each correction
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FIGURE 16 Time history of the area IQ’&ZI obtained with the strongly coupled scheme and Algorithmfor o = 10* and different time-step lengths.
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FIGURE 17 Pressure-area loops obtained with the strongly coupled scheme and Algorithmfor o = 10* and different time-step lengths.

iteration amounts to perform once more Steps 1 and 3 of Algorithm [2] with updated Robin conditions, which enhances the
accuracy of the approximation. In fact, iterating in this way until convergence yields a strongly coupled scheme. During the
filling phase (Figure Eka)), the valve ', is open while I'y3 remains closed, allowing fluid to fill the ventricular domain €.
Subsequently, the pressure in ()¢, exceeds that in )¢ but remains lower than in (23, so that both valves I'j; and I'»3 are closed
(see Figure Eb))). During this phase the pressure increases smoothly with no area change in §2f,. In contrast, during the ejection
phase (Figure @c)), the pressure in {2, exceeds that in €23, which triggers the opening of the valve I',3. Finally, Figure Ed)
corresponds to the situation in which both valves are closed, as the pressure in ()¢, is higher than in )¢ but lower than in (3.
Here, the pressure decreases smoothly with the are of €2f, remaining constant. In summary, this 2D FSI example reproduces the
four main phases of the cardiac cycle in the left ventricle: passive filling, isovolumetric contraction, ejection, and isovolumetric
relaxation.

In order to asses the accuracy of Algorithm 2] (for different 7, o and corrections iterations), we compare the results obtained
with those of the strongly coupled scheme. The time histories of the ventricular area I€)f,| obtained with Algorithm |Z| with
a € {6-10%8-10% 10% 1.2 - 10*}, 7 = 10~ and 3 correction iterations are reported in Figure We can clearly see that the
accuracy of Algorithm [2]is sensitive to c. In particular, small and large values of « can compromise accuracy. These results are
also in agreement with the error estimates provided in®>, which postulate an optimal value of « scaling as /psE.

Figure |E| compares the evolution of the average pressure within the ventricular cavity €, for different time-step lengths
7€ {107,210, 10} and corrections iterations in Algorithm The value of the Robin parameter is fixed and set to o = 104,
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based on the results of Figure [[4] Once more, for comparison purposes we also show the results obtained with the strongly
coupled scheme, for lowest time-step length 7 = 107*. As the number of correction iterations increases or the time-step length 7
decreases, the pressure approximation provided by Algorithm [2]converges to the reference provided by the strongly coupled
scheme. For large 7, further correction iterations are necessary for accuray. However, for moderate and small values of 7,
the approximation is close to the reference solution irrespectively of the number of correction iterations. Regardless of the
improvement in accuracy when increasing the number of correction iterations or decreasing the time-step lengths, there are no
significant differences in the evolution of the pressure with respect to these user-defined parameters.

The temporal evolution of the area of the fluid domain €2f, is reported in Figure@} We can clearly observe that the area is more
sensitive than the pressure to the time-step length and the number of correction iterations. Particularly, the evolution of the area
is underestimated for large values of 7 or a small number of correction iterations. A salient feature of the results of Figure[T6] is
that it provides numerical evidence on that Algorithm [2]can accurately capture phases of constant areas (the isovolumetric phases
in the cardiac hemodynamics setting) by reducing 7 or by increasing the number of correction iterations. Similar conclusions can
be inferred from Figure[T7] which provides the pressure-area loops obtained with the strongly coupled scheme and Algorithm 2]
for o = 10* and different time-step lengths. The maximum pressure remains similar for all cases, regardless of the time-step
length or the number of correction iterations. Nevertheless, the impact of these user-defined parameters on the area is evident. In
general, the smaller the time-step lengths, the fewer correction iterations are necessary to capture the iso-area phases.

4.2.2 |  Left heart hemodynamics

The purpose of this section is to illustrate numerically the capabilities of Algorithm [2| to provide meaningful left heart
hemodynamics simulations, via the approximation of the coupled FSI problem (13), and (22). We also compare the
impact on these simulations of the two reduced valve dynamics models presented in Section The geometrical setting,
initial conditions and computational meshes are the same as in Section The considered physical parameters are also those
reported in Tables We simulate three heartbeats, each with a duration of # = 0.85 s. Based on the results of Algorithm
in the simplified cardiac example of Section weset 7 =2.5-10*s, a = 10*kgm s~ and two correction iterations are
performed at each time-step, to accurately capture the isovolumetric phases. In the following, we only present the results of the
last heartbeat, that is, for the time interval [1.7,2.55].

Velocity Constrained - - - - Velocity Constrained - - - - Velocity Constrained - - - -
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(a) Left ventricle pressure. (b) Left ventricle volume. (c) Pressure-volume loop.

FIGURE 18 Pressure and volume time-histories obtained with A]gorithm with 7 = 2.5 - 10%, o = 10* and two correction iterations.

Figure [18| presents the pressure and volume time-histories of the left ventricle and the associated pressure-volume loops
obtained with Algorithm [2]and the two reduced valve models. Both reduced models yield similar results, which is also consistent
with the results presented in Section However, unlike the kinematic uncoupling approach, here no spurious pressure
oscillations are seen. This provides numerical evidence on that, as postulated in the introduction, the artificial pressure oscillation
observed with the kinematic uncoupling approach are due the lack of compatibility between the kinematical constraint and the



28 0.RUZ, J. DIAZ, M. VIDRASCU, P. MOIREAU, D. CHAPELLE & M.A. FERNANDEZ
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FIGURE 19 Snapshots of the solid displacement magnitude (deformed configuration) at different time instants, obtained
with Algorithm with 7 =2.5- 10, o = 10* and two correction iterations.

status of the reduced valve model. It is also worth noting that the results of Figure [I8]show a good reproduction of isovolumic
phases.

For illustration purposes, snapshots of the displacement, velocity and pressure fields of the solid and the fluid are presented in
Figures [T9] [20]and [2T} respectively. The cycle starts with the ventricles entering a phase of passive filling. During this phase, the
mitral and tricuspid valves are open, allowing blood flow from the atria to the ventricles (see Figure 20(a)). At this stage, the
fluid forms a jet immediately after the mitral valve, leading to the generation of a vortex ring that rotates clockwise, located
almost at the intermediate section of the left ventricle, as shown in Figurem This is consistent with biomedical literature
(see, e.g.,m). This flow induces an increase in volume in the left ventricle, and also in the right ventricle due to the lumped
parameter fluid coupled with it (see Figure[I9(a)). The rate of volume rise remains nearly constant from the mid-to-late diastolic
phase. The filling phase continues until the ventricles begin to contract, which marks the end of the diastolic phase. During this
phase, the flow from the left atrium to the left ventricle remains relatively constant at a rate of 57.56 mLs™' . The end-diastolic
volume (EDV) is EDV| = 105.85 mL for the right ventricle and EDV, = 125.72 mL for the left ventricle, consistently with
physiological values reported in literature (see, e.g.,06/6768)

At the end of the diastolic phase, the cardiac cycle transitions into the systolic phase, marked by the ventricular contraction.
This contraction leads to an increase in the intraventricular pressure of the right and left ventricles. The increase in the
intraventricular pressure induces a backflow from the ventricles to the atrium, leading to the closure of the tricuspid and mitral
valves in the right and left ventricle, respectively. This marks the beginning of the isovolumic contraction phase, during which
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FIGURE 20 Snapshots of the fluid velocity magnitude at different time instants (deformed configuration) obtained with
Algorithm@, with 7 =2.5 - 104, a = 10* and two correction iterations.

both cavities are closed while the ventricles contract. During this stage, the intraventricular pressure increases but remains lower
than the aortic pressure, as seen in Figure 21(b)] Figure 20(b)|illustrates the velocity field, which becomes more homogeneus
due to the contraction of the myocardium.

The isovolumic contraction phase persists until the pulmonary and aortic valves open, as the intraventricular pressures
increases to a value higher than the pressures in the pulmonary artery and aorta. This results in the opening of the pulmonary
and aortic valves, marking the beginning of the ejection phase. This phase is characterized by the ejection of the blood from
the right ventricle into the pulmonary artery and from the left ventricle into the aorta. This phenomenom is evidenced by the
substantial deformation in both the right and left ventricles, as it can be appreciated in Figures and [T9(d)} During the
first part of this phase, the intraventricular pressures continue to increase reaching maximum values of p| max = 22849 Pa and
Prmax = 4494.78 Pa at t = 2.004 s and t = 1.99825 s, respectively, consistently with the physiological ranges reported in the
literature (see, e. g.,. The fluid volume in the left ventricle decreases as the ventricle contracts, reducing gradually the
intraventricular pressure and the blood flux from the left ventricle into the aorta. Figures illustrate the unsteady
nature of the flow, with a maximum flow rate of 319.13 mLs™! at r = 2.00875 s followed by a constant decrease towards the end
of the ejection phase, in correspondence with the small deformations of the ventricles.

The ejection fraction (EF) represents the percentage of blood leaving the heart during contraction, given by EF < SV/EDV

where SV represents the stroke volume, computed as SV &ef EDV - ESV, with EDV representing end-diastolic volume, and
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FIGURE 21 Snapshots of the fluid pressure and velocity fields at different time instants (deformed configuration) obtained
with Algorithm with 7 =2.5- 10, o = 10* and two correction iterations.

ESV representing end-systolic volume. The ejection fraction of the left ventricle is EF = 0.457, within the physiological range
reported in the literature (see, e. g.,mm).

During the last part of the ejection phase, the ventricles start to repolarize. This electrical change triggers the relaxation of
the heart muscles, gradually easing the contraction of the ventricles. As the ventricular contraction diminishes, the pressure
inside the ventricles drops below the pressure in the pulmonary artery and aorta (see Figure[21(e)). This drop in pressure causes
the pulmonary and aortic valves to close, while the tricuspid and mitral valves remain closed. This phenomenon signifies the
start of the isovolumetric relaxation phase, during which both ventricular chambers remain closed as the ventricles continue
to relax and return to their original configuration, as seen in Figure[T9(e)] Similar to the isovolumetric contraction stage, the
velocity field becomes more homogeneous during this phase (see Figure 20(e)). During the isovolumetric relaxation phase, the
intraventricular pressure continues to decrease until its value is lower than the pressure in the atrium. Subsequently, the tricuspid
valve and mitral valve open, initiating the filling stage and starting a new heart cycle.

5 | CONCLUSION

In this paper, we have introduced a novel reduced model of valve dynamics which circumvents the limitations of traditional
resistive immersed surface (RIS) approaches, where valve laws are given in a pure algorithmic fashion. The basic idea consists
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in enforcing unidirectional flow through a penalized inequality constraint on the normal velocity of the fluid. The price to pay
(notably with respect to RIS) is a semi-smooth non-linearity in the fluid solver, which can however be efficiently handled with
a few Newton iterations. The numerical comparisons between RIS and the velocity constrained models indicate that, though
different in essence, they deliver rather similar results. In particular, artificial pressure oscillations are observed in both when
combined with a one-way kinematic uncoupling approach.

An alternative left heart hemodynamics modeling approach which combines the above mentioned reduced valve dynamics
models with a fluid-structure interaction (FSI) coupling in the left ventricle has also been proposed. In order to mitigate
the computational complexity of the coupled system, the interface coupling is solved with a Robin-Robin loosely coupled
scheme (Algorithm[2). A salient feature of the proposed method is that an a priori energy analysis (Theorem [2) guarantees the
unconditional stability of the fully discrete approximations. The left heart hemodynamics simulations showed that the above
mentioned spurious pressure oscillations are removed by the FSI coupling, irrespectively of the reduced valve model considered.
The results also showed that the proposed loosely coupled scheme is able to reproduce more physiological isovolumetric phases
with a temporal grid of around 4000 time-steps per cardiac cycle (i.e., 7 = 2 - 10~*s), a couple of correction iterations and a
judicious choice of the Robin coeficient o (previously tuned in a simplified cardiac setting). Finally, simulated bio-markers such
as ejection fractions, end-diastolic volume and min/max ventricular pressures where within the physiological ranges.

Extensions of this work can explore several directions. Ongoing work focuses on the electromechanical simulation of the atria
via a 3D-shell modeling framework, which enables the use of general constitutive laws and facilitates the coupling with the
surrounding media (e.g., the left ventricle). A more comprehensive left heart hemodynamics model could hence be envisioned,
by incorporating FSI coupling with the atrium. Finally, a natural extension of the present work is also to tackle the open problem
of second-order accuracy in the loosely coupled scheme (see’”, for preliminary investigations in this direction).
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