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SUMMARY

In this paper, the influence of the upstream boundary condition in the numerical simulation of an
aortic bileaflet mechanical heart valve (BMHV) is studied. Three 3D cases with different
upstream boundary conditions are compared. A first case consists of a rigid straight tube with a
velocity profile at its inlet. In the second case, the upstream geometry is a contracting left
ventricle (LV), positioned symmetrically with respect to the valve. In the last case, the LV is
positioned asymmetrical with respect to the valve. The cases are used to simulate the same 3D
BMHV. The change in time of the LV volume is calculated such that the flow rate through the
valve is identical in each case. The opening dynamics of the BMHV are modelled using fluid-
structure interaction (FSI). The simulations show that differences occur in the leaflet movement
of the three cases. In particular, with the asymmetric LV, one of the leaflets impacts the blocking
mechanism at its open position with a 34% higher velocity than when using the velocity profile,
and with an 88% higher velocity than in the symmetric LV case. Therefore, when simulating such
an impact, the upstream boundary condition needs to be chosen carefully.
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1. INTRODUCTION

The dynamics of a bileaflet mechanical heart valve (BMHV) depend on passive
movement, i.e. the opening and closure of the leaflets are governed by the pressure
gradients and flow fields in the heart and arteries (in case of atrioventricular valves) [1].
For the numerical simulation of BMHVs, several types of boundary conditions can be
used. However, since the dynamic movement of the valve leaflets is interacting with the
resulting flow field, the (geometrical) boundary conditions need to be chosen carefully.
Commonly an unsteady inflow velocity profile is imposed at the upstream inlet. The
shape of the velocity profile at the inlet can be chosen uniform [2,3,4,5], trapezoidal
[6,7], plug flow [8,9,10,11], or fully developed [12,13]. Another approach is to
implement a boundary condition that incorporates the upstream geometry and dynamics
of the blood flow. For a BMHYV in the aortic position, this can be done by a model of the
contracting left ventricle (LV). When the LV contracts, a flow into the aorta is generated,
forcing the opening of the aortic valve. The filling of the LV is controlled by the mitral
valve. In literature, models of the LV are used wherein the position of the aortic valve
with respect to the mitral valve is taken coplanar [14,15,16,17,18] or non-coplanar
[19,20,21,22,23,24].

In previous work it was shown that significant differences in the geometry
downstream of the valve can induce significant differences in valve leaflet kinematics
[3]. In this paper, the use of a velocity profile and a contracting LV as upstream boundary
condition is discussed and evaluated through 3D numerical simulations.

Moreover, in many experimental tests [25-29], the upstream and downstream geometry is
simplified into a tube with an imposed flow rate, whether with or without downstream
(axi)symmetric Valsalva sinuses. Therefore, the comparison performed in this study
between the different inflow profiles gives a first quantification of the error that is made
in such experimental setups.

The paper is structured as follows. First, the details of the numerical simulations and the
boundary conditions are discussed. Subsequently, the resulting valve leaflet kinematics,
the dynamics and the flow fields are described and the spatial and temporal convergence
(of the leaflet kinematics and the velocity fields) are investigated. Finally, the conclusions
are discussed and summarized.

2. METHODS

In this section, the setup of the 3D cases is discussed. First, the numerical simulation of
the dynamics of a BMHV is described. Subsequently, the details of the boundary
conditions are discussed.

2.1 Fluid-structure interaction simulation of the BMHV

The numerical simulation of a BMHV is a complex fluid-structure interaction (FSI)
problem because the movement of the leaflets strongly interacts with the surrounding
fluid motion and, therefore, the dynamic equilibrium at the fluid-structure interface needs
to be taken into account.

The dynamics of the BMHV with rigid leaflets is calculated by a recently developed
FSI algorithm [3]. This strong coupling algorithm uses separated solvers for the flow and
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the structural domain. Its convergence process is accelerated by a dynamically changing
relaxation matrix, as first developed in [2,20] and later optimised in [3]. The method is an
extension of the one described in [30] and predicts the moments (and thus the angular
accelerations) of the next coupling iteration through a linearization of Newton’s Second
Law with a finite difference approximation of the Jacobian. The components of this
Jacobian are the derivatives of the moments (exerted by the flow on the leaflets) with
respect to changes in leaflet angular accelerations and are numerically derived from the
flow solver by variations of the leaflet positions. A detailed description of the FSI
algorithm can be found in [3]. Moreover, in [2,3] it is shown that this (quasi-Newton)
method outperforms more commonly used relaxation schemes (like the fixed relaxation
and Aitken A’ relaxation) in needed coupling iterations per time step and CPU time.

The BMHYV used in the simulations is a model of the 25mm ATS Open Pivot Standard
Heart Valve in aortic position with the orifice inner diameter measuring 20.8mm [2,3].
The valve model is simplified at the hinge regions for reasons of grid motion by cutting
away the blocking mechanism and hinges at the casing, as can be seen in Figure 1. This
model is previously used in [2,3].

However, although the blocking mechanisms at the open and closed positions are cut
away and are thus absent, their interaction with the leaflets is modelled by limiting the
leaflet motion between a fully open and fully closed position, as described in [2,3].

2.2 Boundary Conditions

Since the downstream conditions are not of interest in this study, the downstream
geometry is simplified to a rigid straight tube with diameter 22mm. A physiological
pressure is imposed at the outlet boundary, although in a rigid geometry the pressure
level does not affect the flow field (since only the pressure gradient appears in the
equations).

Upstream of the valve, the flow rate is specified. This is done by the use of different
types of upstream boundary conditions, resulting in the three cases that are visualised in
Figure 2.

In the first case, a rigid straight tube (with diameter 22mm) is placed upstream with a
velocity profile imposed at the inlet (Figure 2(a)). The used velocity profile is an aortic
flow pulse with a time cycle of 1s and is displayed in Figure 3(a). It is the same uniform
velocity profile as is used in [2,3].

Secondly, an upstream (geometrically) contracting LV is used, as is done in [15]. Two
cases are constructed. One case consists of a LV positioned symmetrically with respect to
the rotation axes of the valve leaflets (Figure 2(5)). In the other case, the LV is positioned
asymmetrical with respect to the rotation axes of the valve leaflets (Figure 2(c)). Both
models of the LV are simplified by assuming coplanarity of the mitral and aortic valve
[14,15,16,17,18]. Since in this study only the opening of an aortic BMHYV is analysed,
solely the contraction of the LV needs to be simulated, with the mitral valve thus
completely closed. Therefore, the assumption of coplanarity of the valves is sufficient.
Moreover, the shape of the LV is modelled as a prolate spheroid, as is commonly done
[14,16,17,19,31,32,33,34]. The long-to-short-axis ratio of the spheroid is kept constant at
2 throughout the contraction, which is considered the normal reference for a human LV
[32].
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The change in time of the LV volume is calculated such that the flow rate through the
valve in the two LV cases is identical at every time level to the case with the velocity
profile at the inlet. Therefore, an end-diastolic volume of 111ml is chosen for the LV.
The contraction results in an end-systolic LV volume of approximately 40ml. Both
volumes are well within the reference range for healthy men [35]. The equations that
govern the motion of the LV wall at every time level are derived in Appendix 1. The
exact dimensions of the used LV models are included in Appendix 2.

All the geometries are meshed with approximately 800 000 tetrahedral cells. The
arbitrary Lagrangian-Eulerian (ALE) approach is followed, which means that the fluid
grid follows the motion of the structure and subsequently needs an update to maintain
good quality. This update of the fluid grid is done by remeshing and spring-based
smoothing.

Blood is modelled as an incompressible Newtonian fluid with density and dynamic
viscosity equal to respectively 1050 kg/m’ and 4E-3 Pa-s. A no-slip boundary condition is
applied at the walls. No turbulence model is used, implying laminar flow.

3. RESULTS

The opening phase of the valve leaflets is simulated from ¢ = Os (begin of systole) to ¢ =
0.125s (peak of systole) by 250 time steps with constant time step size (At = 0.0005s).

3.1 Valve leaflet kinematics

The movement of the leaflets is depicted in Figure 3. The angular positions (Figure 3(a))
are calculated relative to the fully open position. Therefore, “0” refers to the closed
position and “1” refers to the open leaflet.

Initially, the flow through the valve accelerates rapidly, resulting in large positive
leaflet angular accelerations and increasing leaflet angular velocities. However, after this
rapid flow acceleration, the acceleration of the flow through the valve starts to decrease
(but remains positive until peak systole). This decrease induces negative leaflet angular
accelerations and decreasing leaflet angular velocities. The peak of the leaflet angular
velocity is obtained at #=0.019s.

Since the resulting leaflet motion is symmetric and synchronous in the two symmetric
cases (i.e. the velocity profile and the symmetric LV), only one of the two leaflets of each
of these two cases is shown for clarity. Although the results for these two cases are
similar, significant differences occur in the leaflet movement. In particular, the leaflet
reaches the fully open position approximately 0.0015s sooner when using the velocity
profile. Furthermore, when using the velocity profile, the leaflet impacts the blocking
mechanism with an angular velocity of 2.33rad/s, compared to an angular velocity of
1.66rad/s in the symmetric LV case. The 40% higher angular velocity in the case with the
velocity profile will result in higher stresses in the leaflets.

The above described symmetrical leaflet motion is in strong contrast to the
asymmetric LV case in which a significant asymmetric and asynchronous movement of
the leaflets is observed. In particular, one of the leaflets does not reach the fully open
position, but achieves equilibrium at approximately 0.976. This is in strong contrast to the
other leaflet, which reaches the fully open position even sooner than in the two
symmetric cases. Furthermore, this leaflet impacts the blocking mechanism at the open



position with an angular velocity of approximately 3.12rad/s, and thus with a 34% higher
velocity than when using the velocity profile.

3.2 Valve leaflet dynamics

Subsequently, the moments acting on the leaflets are studied (Figure 4). It is observed
that the (reaction) moments acting on the leaflets in the open position (after the impact)
remain the largest when using the velocity profile.

In the asymmetric LV case, the two leaflets experience different dynamics. The leaflet
that reaches the fully open position (i.e. the outer leaflet), remains in this open position
with a reaction moment (exerted by the blocking mechanism at the casing) that is smaller
than in the case with the velocity profile, but larger than in the symmetric LV case.
However, the other (inner) leaflet does not reach the open position but remains in
dynamic equilibrium at position 0.976 with thus very small acting moments.

Finally, it is noted that the (peak) values of the moments at the impact depend on the
temporal discretization and, therefore, a comparison of these values between the cases
has no physical meaning, as is discussed in the following.

At the time of impact, the moment becomes infinite because the leaflets are considered to
be stiff. However, the time integrated value of the moment (also called the impulse of the
moment) has a finite value and is proportional to the sudden change in angular velocity.
Since finite time steps are used in a simulation, the computed moment related to a
‘sudden’ velocity change will also be finite and, moreover, it will depend on the time step
size. This implies that, at the time of impact, the computed value of the moment has no
physical meaning (it should be infinite) and, therefore, cannot be used. This is in contrast
to its time integrated value (i.e. the resulting impulse of the moment) and thus also to the
sudden change in angular velocity, since both parameters are independent of the time step
size for small time steps.

Therefore, in section 3.1, this sudden change in angular velocity is used (and not the
value of the moment) to compare the strength of the impact between the different cases.

3.3 Flow field

The velocity flow field of the three cases is visualised in Figure 5 and Figure 6,
respectively taken at # = 0.019s (peak leaflet angular velocity) and ¢ = 0.125s (peak
systole). The typical three jets downstream of the valve are clearly visible at peak systole
(see Figure 6(a,b) and Figure 7). For the velocity profile case, the largest flow rate is
observed in the middle jet at the centre of the tube. This is in contrast with the two LV
cases, where very large flow rates are seen at the casing. However, in Figure 5(c) and
Figure 6(c) it is observed that the flow upstream the valve is more uniform in the LV
cases than with the velocity profile.

Furthermore, when the LV is positioned asymmetrically with respect to the valve, this
results in large asymmetries in the flow field. For example, at the inflow of the valve
casing in Figure 6(b,right) and Figure 7, it is observed that the outer (right) jet has a
larger flow rate than the inner (left) jet. Moreover, the incoming flow makes an angle
with respect to the centerline of the valve casing (see Figure 8). Due to this asymmetric
inflow, a large pressure is observed in Figure 8 at the inner leaflet upstream the rotation
axis.
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3.4 Spatial and temporal convergence

The spatial and temporal convergence is studied by varying the time step size and the
grid size, as is already done in [3] for the geometry with the straight tube and the velocity
inlet profile.

The influence of the time step size is analysed by performing simulations with two

different time step sizes: Az = 0.0005s and Az = 0.00025s.
Furthermore, a spatial (grid) convergence study is performed. This is done for each of the
three cases by constructing two grids with different sizes. Both grids are constructed by
defining the mesh size at the leaflet walls. Subsequently, a size function is applied at
these leaflet walls, which means that in the direction perpendicular to the leaflet walls,
the grid size in the geometry increases at a specified rate. The first grid is the grid that is
used in previous simulations, so the gap between leaflets and casing is meshed with two
cell rows. Therefore, the grid measures 0.05mm at the leaflet walls. It consists in total of
approximately 800 000 tetrahedral cells and is denoted as the “fine grid”. In the second
grid, one cell layer is constructed in the gap between leaflets and casing. The grid has
thus size 0.lmm at the leaflets and is composed of approximately 400 000 tetrahedral
cells. In the following, this grid is referred to as the “coarse grid”.

Since the impact at the open position is a main interest in this study, the spatial and
temporal convergence is checked by assessing the time level and the leaflet angular
velocities of this impact. For each of the cases, three simulations are performed: the fine
grid with A7 = 0.0005s, the fine grid with Az =0.00025s and, finally, the coarse grid with
At = 0.00025s. Subsequently, the time level and the mean angular velocity of the impact
at the open position are calculated in each of the simulations and included in Table 1,
together with their average u. It is observed that temporal and grid convergence is
sufficiently achieved for the leaflet motion. The resulting leaflet movement is thus
independent of the used grid resolution and the time step size.

Moreover, a comparison of the flow fields for different time step sizes and grid sizes is
included. This is done by comparing the velocity fields at two time levels (i.e. # = 0.05s
and ¢ = 0.1s) for the symmetric and asymmetric LV case, which are, respectively,
depicted in Figure 9 and 10. The results show that for each case and at each time level,
the resulting velocity fields are very similar. Therefore, they prove the temporal and grid
convergence of the simulations performed in the study.

4. DISCUSSIONS

The results show that the leaflets impact the open position with a higher velocity in the
case with the velocity profile than with the symmetrically positioned LV. Moreover, the
moments on the leaflet in the open position (after the impact) remain the largest in the
case with the velocity profile. Both observations are explained by the larger flow rate
located at the centre of the tube when using the velocity profile (due to the development
of the flow towards a parabolic shape in the upstream straight tube). The larger flow at
the centre results in larger pressure and viscous forces acting at the centreline of the
leaflets. Since at the centreline of the leaflet the largest leverage is obtained, these larger
forces induce larger moments (with associated larger angular accelerations) in the
velocity profile case, and therefore explain the above mentioned results. It can be



reasoned that the cases with the velocity profile are less physiologically correct than the
cases with the LVs, since in the LV only the flow rate is forced, whereas in the case with
the velocity inlet not only the flow rate, but also the shape of the inlet profile is forced
upon the flow.

Moreover, when analyzing the case with the asymmetrically positioned LV, the
asymmetric inflow induces large pressures at the inner leaflet upstream of the rotation
axis. This region of large pressure creates a counteracting moment that prevents the inner
leaflet from opening entirely. The asymmetric flow also induces the sooner opening of
the outer leaflet, since it results in a larger moment that enables the outer leaflet to reach
the open position sooner and with larger velocity.

Furthermore, when analysing the impact of the leaflets at the fully open position, it is
observed that one of the leaflets in the asymmetric LV case impacts the blocking
mechanism with a 34% higher velocity than when using the velocity profile, and with an
88% higher velocity than in the symmetric LV case. Therefore, since a higher impact
angular velocity results in higher stresses in the leaflet, this leaflet is more prone to
mechanical wear and material fatigue (and thus leaflet fracture) than in the other cases.

It can be concluded that when simulating BMHVs in unphysiological (symmetrical)
geometries, the mechanical stresses and the induced material fatigue (and clinically
observed leaflet fracture) can be underestimated. Therefore, these results stress the need
for the use of realistic boundary conditions when simulating the dynamics and structural
aspects of BMHVs.

In this study, several simplifications and assumptions are made that can affect the
results. Firstly, no interaction or feedback between the upstream and downstream
boundary condition are taken into account.

Secondly, the model of the LV is simplified. For example, the movement of the LV wall
is modelled solely by a contraction. A more physiologically correct LV model should
also include the wringing of the LV wall. Moreover, the diastolic filling of the LV
through the mitral valve is not taken into account and, hence, the resulting large swirling
flow in the LV (as observed in [14,16,17,18,19]) is absent. Finally, the mitral valve and
the aortic valve are assumed coplanar, which is physiologically not the case. It is
expected that without all these simplifications the LV will yield much more asymmetry to
the valve inflow, thus generating much more asymmetry in the valve leaflets dynamics.
Thirdly, the valve model is simplified at the hinge regions for reasons of grid motion by
cutting away the blocking mechanism and hinges at the casing. However, due to this
simplification, the resulting opening angular velocity of the valve leaflets could become
slightly overestimated since the additional counteracting moment created by the
decelerated squeeze flows near the pivot hinge regions (i.e. the so-called pivot effect, as
observed in the experiments in [36]) is absent. Nevertheless, if occurring, this pivot effect
will affect the magnitude of angular velocity for all the cases in a similar way. Therefore,
the relative comparison between the three different cases, as is done in this study, will
remain valid.

5. CONCLUSIONS

When simulating the flow dynamics of (bileaflet mechanical) heart valves, the choice of
the upstream boundary condition is important and impacts on the resulting leaflet motion.
In particular, when using the asymmetric LV, one of the valve leaflets impacts the
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blocking mechanism at its open position with a 34% higher velocity than when using the
velocity profile, and with an 88% higher velocity than in the symmetric LV case.
Therefore, since a larger impact velocity results in larger stresses in the leaflet, this leaflet
in the asymmetric LV will be more prone to mechanical wear and material fatigue (and
thus leaflet fracture) than in the other cases. It is concluded that when simulating BMHV's
in unphysiological (i.e. symmetrical) geometries, the mechanical stresses and the induced
material fatigue (and clinically observed leaflet fracture) can be underestimated.
Therefore, these results stress the need for the use of realistic boundary conditions when
simulating the dynamics and structural aspects of such an impact.

Finally, in experimental tests, the upstream and downstream geometry is sometimes
simplified into a tube with an inflow profile. Therefore, the comparison performed in this
study between the velocity profile and the two more realistic inflow profiles (generated
by the contracting LVs), gives a first quantification of the error that is made in such
experimental tests.
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APPENDIX 1: LV motion

In this appendix, the equations governing the motion of the LV wall are described. The LV is modelled as a
prolate truncated spheroid [14,16,17,19,31,32,33,34].

Equation of the surface of a truncated spheroid

When the origin of the axes system is located at the centre of the spheroid, the surface of a spheroid (i.e. an

axisymmetric ellipsoid) is generally expressed by
2 2 2

X y z° 1
! v
with
—a<z<a
—a<y<a @)
—c<x<c

The parameters a and ¢ indicate respectively the short and the long axis of the spheroid.
In order to truncate the spheroid, the position of the intersection between a cylinder (with diameter 2r, r < a)
and the spheroid is calculated:

X y z
ER A @
y2+22 :rz

which can be solved as

x2 :(I—Iij-cz 4
a
x:ic‘ l—r—z ®)
a

Therefore, the equation that describes the surface of a truncated spheroid is given by
2 2 2

resulting in

X y z
St ©
with
—a<y<a
2
7
—01/1——2£x£c 7
a
The volume of the LV

The volume of the truncated spheroid is calculated as:

11
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®)
The parameters a and c, that determine the shape of the spheroid, are a function of the time. Therefore, at
every time level 7, the volume V(?) is given by:

o)
V(t)=n-alt) -t %.,_ 1— r +[ a(t)j )

Moreover, the coefficient a(?) is set as a constant relation with ¢(?):

)= (10)

By doing this, the spheroid is controlled by one parameter c(¢), since the parameter a is usually fixed in
case of a LV. When ¢ > 1, the spheroid is called “prolate”.
Equation (9) becomes:

a’-r? ’
— 1= 5
|2 [t c(t) (11)
a 3

Calculation of the value c(t+At):
When using the velocity profile, a flow rate Q(++Af) flows into the straight tube (with diameter ») at each
time level +A#:
Q(t+At)=v(t+At)-7z-r2 (12)

with v(#+Af) the aortic flow velocity at time level #+A¢, as visualized in Figure 3(a). This flow rate can also
be obtained by a contraction of the truncated spheroid:

V(e+At)=V(t)+O(t + At)- At (13)
From Equation (12) and (13) the appropriate value for c(#+At) is calculated at every time level t+A¢ by
Newton iterations.

Calculation of the movement of the LV wall at time level t+At:

The diameter and (absolute) coordinates of the truncation is fixed in the simulations. Therefore, the
spheroid will not only reduce in volume during the contraction, but it will also undergo a translation in

12



order to maintain a correct truncation. Therefore, in order to simplify the wall motion, the axes system is
translated from the centre of the spheroid to the centre of the truncation. The equation describing the
position of the LV wall at time level ¢ is thus given by:

x(t)—c 1—M 2
[ (£)—cle) ) } . a2 . o (1) :1 14
c(t)z c(t)2 c(t)2

Moreover, no wringing of the LV wall is allowed, only contraction. Therefore, the azimuth (7/2-¢) and the

inclination € of each point at the LV wall is constant:
2 2

y +z

¢ =Cst & tang = =Cte (15)

0 =Cst < tanf === Cte

N\‘<

The values for tanf and tang can be calculated from the coordinates (x(t), y(t), z(t)) at time level #:

tan((/’(t)): - y(t);(:)Z([)z (16)

an(6()) = y(g

And, thus, at time level At

tan(plt + A1) = e+ a0 + 2(c+ ary  an(pl0)

(e + A7) a7
_ y(t + At) _
tan(Q(¢ + At)) = e+ A1) = tan((z))
Moreover, the equation for the spheroid’s surface at this new time level is:
2
2 2
(x(t+At)—c(t+At) -2 ]
C(t"_At) 0!2'Z(I+Al)2 +a2-y(t+At)2 -1 (18)
ot + Ay ct+ Ay ct+ )
Since
y(t+ At +2(z+ At = tan(p(e))” - x(t + At)° (19)
the previous equation can be rewritten as
2
2 2
[x(t+At)—c(t+At) -2 ]
(t +At) > -tan(p(t)’ -x(e+41)” _ . (20)
clt+aty clt+aty

and solved for x(f+ Ar), giving:

- St 2)-a ) (s a)rar) e+ af va - anlpl) )

a’ -tan(p(?)) +1

Previous equation is only used with “+”, because “-” lies in the part of the spheroid that is cut off by the
truncation.

From

x(l + A4t

yl(t+At) +z(t + At) = tan(p(r)) - x(z + A¢)’ 22)
y(t + At) = tan(6(2))- z(z + Ar)
the new coordinates for y(t + At) and z(t + At) are solved

+ tan(p(0)] x{e+ A
Arvarf = (fo +tan(0())) @)

y(t+ At) = tan((¢))- z(¢ + Ar)

13
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In summary, the new coordinates (x(t + At), y(t + At), z(t + At)) of each point at the LV wall are calculated as
a function of the coordinates at previous time level #:

)= \/(C(H-Al‘)—a’I’)'(C(t+At)+a-r)+\/c(t+At)2 +atr? ~tan(go(z‘))2

a’ ~tan(go(t))2 +1

x(t+ At

24)

Z(e+At) = tan(p(r))’ - x(f+At)

y(t + At) = tan(0(z))- z(t+ At)

APPENDIX 2: Dimensions of the used LV models

In this appendix, the dimensions of the end-diastolic and end-systolic volumes of the used LV models are
summarized. All the dimensions of the volumes and inner diameters are consistent with the reference range
for normal healthy men in [35]. Since the long-to-short-axis ratio is kept fixed at 2, the value for « is equal
to 2 [32].
First, the dimensions of the end-diastolic LV volumes (of 111ml) are given:

For the symmetrically positioned LV:

¢ =47.53mm,;
r=11.09mm.
For the asymmetrically positioned LV:
¢ =48.52mm,;
r= 18mm.

After the contraction, the following end-systolic LV dimensions (volume = 40ml) are obtained:
For the symmetrically positioned LV:

¢ =34.14mm;
7=11.09mm.
For the asymmetrically positioned LV:
¢ =137.66mm,;
r=18mm.
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Table 1: Sensitivity to the temporal and spatial resolution of the calculated time level and leaflet
angular velocity when impacting the open position. For each case, the average u is calculated.

Figure 1: View on the ATS Open Pivot™ Standard Heart Valve with leaflets marked in black in
an opened position. The casing is visible (in white). (a) without simplification of the blocking
mechanism at the hinges; (b) with simplification of the blocking mechanism and the hinges.

Figure 2: View on the geometry of the simulated cases, with the boundary conditions.
Downstream: pressure outlet (in red). Upstream: (a) inflow velocity profile (in blue), (b)
symmetrically positioned contracting LV, (c¢) asymmetrically positioned contracting LV.

Figure 3: Plot of the aortic flow velocity (@) and the leaflet movement: angular position (a),
angular velocity (b) and angular acceleration (c). Aortic flow velocity (---), Leaflet with velocity
profile (—), Leaflet with symmetrically positioned LV (---), Inner leaflet with asymmetrically
positioned LV (---), Outer leaflet with asymmetrically positioned LV (---). The impact at the
open position is shown magnified at the right.

Figure 4: Plot of the moments. Leaflet with velocity profile (—), Leaflet with symmetrically
positioned LV (---), Inner leaflet with asymmetrically positioned LV (--), Outer leaflet with
asymmetrically positioned LV (--). The impact at the open position is shown magnified at the
right.

Figure 5: Velocity flow field (in m/s) during opening (¢ = 0.019s). (leff) inflow velocity profile,
(middle) symmetric LV, (right) asymmetric LV. (@) longitudinal section perpendicular to leaflet
rotation axes, (b) cross-section at the inflow of the valve casing, (¢) axial section between the two
leaflets.

Figure 6: Velocity flow field (in m/s) at peak systole (¢ = 0.125s). (left) inflow velocity profile,
(middle) symmetric LV, (right) asymmetric LV. (a) longitudinal section perpendicular to leaflet
rotation axes, (b) cross-section at the inflow of the valve casing, (c¢) axial section between the two
leaflets.

Figure 7: Plot of the flow velocity magnitude (in m/s) as function of the transversal position at
peak systole (¢ = 0.125s). Shown is the intersection between the longitudinal section (Figure 5(a)
& 6(a)) and the inflow section (Figure 5(b) & 6(b)) for each of the cases.

Figure 8: View on the asymmetrically positioned LV case at peak systole (¢ = 0.125s). Velocity
vectors are shown in black on the longitudinal section, as already used in Figure 5(a) and Figure
6(a). The pressure levels (in Pa) are coloured on the leaflets surfaces, clearly indicating the high
pressure region at the inner leaflet upstream the hinge axis.

Figure 9: Sensitivity study of the velocity field (in m/s) to the spatial and temporal discretization
for the symmetric LV case: (up) ¢t = 0.05s; (down) t = 0.1s; (a) fine grid and Az = 0.0005s; (b) fine
grid and A¢ = 0.00025s; (¢) coarse grid and Az = 0.00025s.

Figure 10: Sensitivity study of the velocity field (in m/s) to the spatial and temporal discretization
for the asymmetric LV case: (up) t = 0.05s; (down) t = 0.1s; (a) fine grid and At = 0.0005s; (b)
fine grid and Az = 0.00025s; (¢) coarse grid and Az = 0.00025s.
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Velocity profile Symmetric LV Agﬂgi‘:flelt‘v

9 [ s | o e | o [ ey
Coarse | Ar=10.00025s | 0.06825 2.284 0.06925 1.403 0.06575 2.653
Fine | Ar=0.00025s | 0.06725 2.475 0.06850 1.650 0.06425 2.728
Fine | Ar=0.00050s | 0.06850 2.332 0.07000 1.658 0.06350 3.123
H 0.06800 2.364 0.06925 1.570 0.06450 2.835

Table 1: Sensitivity to the temporal and spatial resolution of the calculated time level and
leaflet angular velocity when impacting the open position. For each case, the average u is
calculated.
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( a) : (bY
Figure 1: View on the ATS Open Pivot' ™ Standard Heart Valve with leaflets marked in
black in an opened position. The casing is visible in white. (a) without simplification of
the blocking mechanism at the hinges; (b) with simplification of the blocking mechanism

and the hinges.
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b
“.‘4

(i

(b) (c)
Figure 2: View on the geometry of the simulated cases, with the boundary conditions.
Downstream: pressure outlet (in red). Upstream: (a) inflow velocity profile (in blue), (b)
symmetrically positioned contracting LV, (¢) asymmetrically positioned contracting LV.
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Figure 3: Plot of the aortic flow velocity (a) and the leaflet movement: angular position
(a), angular velocity (b) and angular acceleration (c). Aortic flow velocity (---), Leaflet
with velocity profile (—), Leaflet with symmetrically positioned LV (---), Inner leaflet
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(-+-). The impact at the open position is shown magnified at the right.
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Figure 4: Plot of the moments. Leaflet with velocity profile (—), Leaflet with
symmetrically positioned LV (---), Inner leaflet with asymmetrically positioned LV (---),
Outer leaflet with asymmetrically positioned LV (----). The impact at the open position is
shown magnified at the right.
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Figure 5: Velocity flow field (in m/s) during opening (¢ = 0.019s). (/eft) inflow velocity
profile, (middle) symmetric LV, (right) asymmetric LV. (a) longitudinal section
perpendicular to leaflet rotation axes, (b) cross-section at the inflow of the valve casing,

(c) axial section between the two leaflets.
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Figure 6: Velocity flow field (in m/s) at peak systole (¢ = 0.125s). (left) inflow velocity
profile, (middle) symmetric LV, (right) asymmetric LV. (a) longitudinal section
perpendicular to leaflet rotation axes, (b) cross-section at the inflow of the valve casing,

(c) axial section between the two leaflets.
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--------- Symmetric LV —-—-— Asymmetric LV Velocity profile

Figure 7: Plot of the flow velocity magnitude (in m/s) as function of the transversal
position at peak systole (¢ = 0.125s). Shown is the intersection between the longitudinal

section (Figure 5(a) & 6(a)) and the inflow section (Figure 5(b) & 6(b)) for each of the
cases.
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Figure 8: View on the asymmetrically positioned LV case at peak systole (¢ = 0.125s).
Velocity vectors are shown in black on the longitudinal section, as already used in Figure
5(a) and Figure 6(a). The pressure levels (in Pa) are coloured on the leaflet surfaces,
clearly indicating the high pressure region at the inner leaflet upstream the hinge axis.
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(@) (b) (c)

Figure 9: Sensitivity study of the velocity field (in m/s) to the spatial and temporal
discretization for the symmetric LV case: (up) ¢ = 0.05s; (down) t = 0.1s; (a) fine grid and
At =0.0005s; (b) fine grid and A¢ = 0.00025s; (c) coarse grid and Az = 0.00025s.
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(c)

Figure 10: Sensitivity study of the velocity field (in m/s) to the spatial and temporal
discretization for the asymmetric LV case: (up) ¢ = 0.05s; (down) t = 0.1s; (a) fine grid
and A7 = 0.0005s; (b) fine grid and Az = 0.00025s; (c¢) coarse grid and Az = 0.00025s.
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