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Abstract: Heart failure is a progressive and often fatal
pathology among the main causes of death in the world.
Animplantable total artificial heart (TAH) is an alterna-
tive to heart transplantation. Blood damage quantifica-
tion is imperative to assess the behavior of an artificial
ventricle and is strictly related to the hemodynamics,
which can be investigated through numerical simulations.
The aim of this study is to develop a computational model
that can accurately reproduce the hemodynamics inside
the left pumping chamber of an existing TAH (Carmat-
TAH) together with the displacement of the leaflets of
the biological aortic and mitral valves and the displace-
ment of the pericardium-made membrane. The proposed
modeling workflow combines fluid—structure interaction
(FSI) simulations based on a fixed grid method with com-
putational fluid dynamics (CFD). In particular, the

kinematics of the valves is accounted for by means of a
dynamic mesh technique in the CFD. The comparison
between FSI- and CFD-calculated velocity fields con-
firmed that the presence of the valves in the CFD model
is essential for realistically mimicking blood dynamics,
with a percentage difference of 2% during systole phase
and 13% during the diastole. The percentage of blood
volume in the CFD simulation with a shear stress above
the threshold of 50 Pa is less than 0.001%. In conclusion,
the application of this workflow to the Carmat-TAH pro-
vided consistent results with previous clinical studies
demonstrating its utility in calculating local hemody-
namic quantities in the presence of complex moving
boundaries. Key Words: Fluid-structure interaction—
Computational Fluid dynamics—Blood damage evalua-
tion—Total Artificial Heart— Carmat.

Heart failure is a progressive and often fatal pa-
thology among the main causes of death in the world.
The treatment of this pathology is generally palliative,
which includes drugs, cardiovascular rehabilitation,
and multi-site pacing. The only effective long-term
treatment for patients with advanced bi-ventricular
heart failure is whole heart transplantation, which is
associated with the problem of the chronic shortage
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of donors hearts (1). An alternative to heart trans-
plantation is a totally implantable artificial heart
(TAH). The development of mechanical circulatory
support systems, the history of the artificial heart,
and the role and significance of existing TAH tech-
nologies can be found in the literature (2-6).
Although the hemocompatibility of an artificial
ventricle depends on the materials used at the blood
interfaces, the quantification of the hemodynamics is
also important as it can lead to blood damage. Blood
damage includes different mechanisms such as he-
molysis, platelet activation, destruction of the von
Willebrand factor (vWf), alteration of the coagula-
tion cascade, thrombosis and emboli, and reduced
functionality of the white blood cells (7). Hemolysis,
which is the destruction of red blood cells due to
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membrane breakage, is caused by high shear stress
(typically above 150 Pa) with a sufficient exposure
time (typically above 100 ms) (8). The activation of
platelets, cells without a nucleus involved in physi-
ological hemostasis and pathological thrombosis, is
also caused by mechanical shearing associated with
the exposure time (typically above 50 ms) (8.,9).
Hemolysis can lead to hemolytic anemia whereas the
platelet activation can lead to cerebral stroke after a
while. The thrombogenic potential of a blood pump-
ing device, as a matter of fact, can be evaluated by the
quantification of the shear stress field (10). Another
important aspect that can descend from a nonphys-
iological shear stress is the conformation change of
vW{, which also influences the platelet deposition
and aggregation (11-13).

Shear strain rate, defined as the local gradient in
velocity between adjacent flow streamlines, is usually
calculated from numerical simulations. Gathering ac-
curate values of the shear strain rate and the shear
stress will help to estimate the blood damage (14).

Computational fluid dynamics (CFD) and fluid-
structure interaction (FSI) models can be employed
to investigate the fluid dynamic behavior of the
blood, as well as the kinematics of the TAH com-
ponents, for example, the membrane and the valve
leaflets (15).

CFD and FSI approaches are different. CFD calcu-
lates the flow field with prescribed pressures and/or
flow rates at the inlets/outlets of a model. The model
usually has rigid or moving walls, whose displace-
ments are a boundary condition set. FSI evaluates
the fluid dynamics and the structure displacements as
results of inlet/outlet pressures or volume flow rates.
In other words, in the FSI approach, the results of
the structural part directly impact the fluid dynamic
fields and vice versa (properly defined two-way FSI).

In the past, different CFD models were adopted
to investigate TAHs by imposing moving boundar-
ies to the fluid domain using theoretical (16) and
experimental data (17). The membrane motion was
prescribed in those studies, which, however, did not
include biological valves. Marom et al. (10) studied
the influence of the presence of disk valves in a TAHs
model by imposing a theoretical movement and de-
scribing the membrane movement with a mathemat-
ical function. Avrahami et al. (18) compared a CFD
analysis based on the experimental wall movement
with a fully coupled FSI simulation; these authors
concluded that CFD might be used to accurately
describe the behavior of a ventricular assist device.
However, in their study, the valve leaflets were mod-
eled in fully open or fully closed positions both in
the CFD and FSI models. A number of researchers
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used 3D FSI analyses considering the interaction be-
tween the membrane and the fluids, but neglecting
the valve opening and closing movements at each
inlet/outlet surfaces during the cardiac cycle (19-21).
Others studies considered the disk valve motion
but only in a 2D model (22). The FSI studies, like
the one described by Avrahami et al. (18), adopted
an arbitrary Lagrangian—-Eulerian (ALE) kinematic
approach, with a moving fluid grid according to the
structure displacement; it reproduced accurately the
hemodynamics near the structures, to estimate for
example the blood damage indexes like wall shear
stress and particle residence time (23). It is also
known that the ALE formulation guarantees very
accurate results near the interface between the solid
structures and the fluid (24) with respect to the fixed
grid approaches, for example, the immersed bound-
ary method, which is an alternative relatively less
computationally expensive than the FSI approach.
In fact, numerical FSI simulations with ALE method
and the inclusion of deformable valves are compu-
tationally expensive due to the necessary remeshing
step. Furthermore, these simulations need particular
attention to ensure the continuity of the fluid do-
main during the diastole, when the valves are closed
and any fluid gap is absent (25). To the best of the
authors’ knowledge, literature works with an ALE
description of an artificial ventricle with biological
valves are missing. To best of our knowledge, the FSI
studies of TAH in the literature (18-23) consider
only mechanical valves.

The aim of this work is to provide a robust compu-
tational workflow suitable to the study of the mem-
brane, the valve and the fluid dynamics within an
existing artificial ventricle, namely the left chamber
of the Carmat-TAH. To this purpose, an FSI simula-
tion based on a non-boundary fitted method is pro-
posed followed by a detailed CFD simulation, which
allows a better capture of the local hemodynamic
quantities, like the shear rate, hardly feasible with
the FSI. A CFD simulation with the calculated mem-
brane movement, but neglecting the valve dynamics,
is also included to show the important impact of the
presence of the valves on the fluid dynamics within
the chamber.

MATERIALS AND METHODS

The Carmat-TAH (Fig. la) is a bioprosthetic
pulsatile electro-hydraulic biventricular support to
replace the heart in patients with end-stage heart
failure. It works under a pulsatile flow, mimicking
the natural heart with an adaptive flow according to
the patient needs (1). It is composed of two ventricles
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(a]

Membrane

FIG. 1. (a) Carmat total artificial heart with left (LV) and right
ventricles (RV) (26), (b) CAD model of the both ventricles, (c)
blood wall, (d) membrane (in red) and oil wall of the left ventricle.
[Color figure can be viewed at wileyonlinelibrary.com]

containing a hydraulic fluid (silicone oil) and a blood
cavity separated by a flexible hybrid membrane com-
posed of two layers, polyurethane in contact with
the hydraulic fluid and pericardium in contact with
the blood. Two electric rotary pumps reproducing a
physiological systolic and diastolic phase actuate the
silicone oil part of the circuit (1). A polyurethane
sac around the TAH containing the hydraulic fluid
reserve works as a compliance chamber. Electronic
sensors and microprocessors embedded into the
Carmat-TAH automatically adjust the beat rate (up
to 161 bpm) and the stroke volume (up to 60 mL) ac-
cording to the venous return to produce a pulsatile
blood flow. Ultrasound transducers, placed inside
the oil cavity, detect the position of the membrane.
A grid of small hemispheric pattern is placed at
the center of the polyurethane layer to improve the
echogenicity.

FSI simulation

The geometry of the left chamber, extracted from
the entire CAD model of the entire Carmat-TAH,
is shown in Fig. 1b. It is composed of the oil com-
partment, the membrane and the blood compart-
ment (Fig. 1c and d). The volume of the left and right
chambers of the Carmat-TAH are 50 and 30 cc, re-
spectively. The valves are 16-mm height with a diam-
eter of 25 mm. The internal surfaces of the original
model were considered for the oil and blood walls.
Blood and oil walls do not change shape during

the functioning; thus, they can be modeled as rigid
bodies. All parts were discretized with Hypermesh
(Altair Eng. Inc., Troy, MI, USA). The walls were
meshed with 28 718 quadrangular shell elements
with a thickness of 0.1 mm (Fig. 2a). The membrane
was the main deformed part and it was composed of
two different layers: polyurethane on the oil side and
pericardium on the blood side (Fig. 2b). The mem-
brane was discretized with 55 958 eight-node hexa-
hedral solid elements by mapped meshing. The walls
and the membrane were connected node by node to
prevent any leakage of fluid and any artificial con-
tact between the membrane and the walls. The inlet
and outlet biological valves were modeled with a
thickness of 0.25 mm. After a mapped meshing with
1806 fully integrated four-node quadrangular shell
elements (single valve), the valves were placed at the
location of the real device (Fig. 2a). The adopted
meshes have a number of elements established on the
basis of accuracy estimations from previous studies
of ours (26,27). The fluid parts were built according
to the shape of the walls. Four components were de-
fined: fluid domain, which could be either blood or
oil depending on the movement of the membrane, oil
inlet, mitral inlet, and aortic inlet (Fig. 2c). The fluid
parts, considered as a Newtonian fluid, were meshed
with Eulerian hexahedral elements with a high qual-
ity of uniform and totally cube-like elements. The
element size was about 0.76 mm. The total element
number for the fluid domains was 443 134. All TAH
materials were considered elastic by fitting experi-
mental data provided by Carmat (data not shown).
The properties assigned to the different model parts
are listed in Table 1.

The rigid walls and the edges of the membrane
and the leaflets in contact with the wall were fixed in
all directions. The outer surface of the fluid domain
was fixed in all directions. The simulations consisted
of two steps: (i) a pressurization step (“P” in Fig. 3)
where the pressure in the aorta inlet started from
zero and reached the physiological value of 120 mm
Hg, while the pressure at the mitral inlet was kept
to zero; these pressure values were kept constant
for the rest of the simulation; (ii) a volume flow rate
curve was imposed on the oil inlet to reproduce two
cardiac cycles (Fig. 3). The imposed volume flow
rate provided a 60 mL of stroke volume, with a fre-
quency of 90 bpm and 33% systole/cycle time ratio
according to the standard working condition of the
Carmat-TAH. Three couplings were set up to simu-
late the FSI during the cardiac cycles: (i) between the
fluid and the rigid wall, (ii) between the fluid and the
valves, and (iii) between the fluid and the membrane.
More details about the FSI method can be found in
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FIG. 2. (a) Left ventricle rigid wall (yellow) with the meshed membrane inside, the aortic valve (AV) and the mitral valve (MV); (b) mesh
details of the valve and the membrane composed of bovine pericardium (BP) on the blood side and polyurethane (PU) on the oil
side; (c) fluid mesh, where the structures are immersed in, with oil (OIL), mitral (MIT) and aortic (AO) inlets; (d) CFD mesh of the blood
domain between the membrane and the valves. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1. Material properties of the different model components

Density (g/cm?) Elastic modulus (MPa) Poisson ratio Viscosity (Paes)
Polyurethane 1.1 14 0.4 -
Pericardium 1.1 3.2 0.4 —
Walls 1.3 3500 0.4 —
Valves 1.1 8 0.48 —
Blood 1.06 — — 0.00356
Oil 0.96 — — 0.0249

previous studies of ours (26,27). FSI simulations were
performed with LS-DYNA 971 Release 9.0 (LSTC,
Livermore CA, USA). Results are displayed at rep-
resentative time points of the cardiac cycle: 0.76 s (Z,
),0.82s (t;),0.94 s (t,), 1.12s (t5), 1.25s (t4), and 1.38 s
(t5) (Fig.3).They correspond to the starting point of the
cardiac cycle (¢,), the evolution of the diastole (from ¢
to t;) and the evolution of the systole (from ¢, to f5).

CFD investigation

The mesh of the CFD model was created consid-
ering the blood between the membrane and the two
valves. The CFD meshes (Fig. 2d) are composed of
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970 285 tetrahedral elements. Fluent 18.0 (ANSYS
Inc., Canonsburg, PA, USA) was used for the com-
putations. A user-defined function was used to pre-
scribe the membrane and the valves displacements
at each time-step as obtained from the FSI analysis.
The implemented algorithm is based on the coupling
of the nodes belonging to the fluid domain face in
the CFD model with those belonging to the struc-
tural domain of the FSI model. For comparison, a
simplified model in which the valves were replaced
with inlet and outlet surfaces was also considered.
Blood shear stress was calculated in the 3D blood
domain, inside the ventricle, to quantify blood
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FIG. 3. Imposed oil flow rate (black dotted line), mitral pressure
(red line), and aortic pressure (blue line). Black stars on the
curve are the time points where results are analyzed. [Color
figure can be viewed at wileyonlinelibrary.com]

damage, based on the results of the CFD simulations.
Blood damage was evaluated in terms of volumet-
ric distribution of shear stress (28,29) with regard
to specified thresholds for hemolysis (150 Pa) and
platelets activation (50 Pa) (8).

RESULTS
FSI simulation

The displacement of the membrane and valves,
and the Von Mises stresses in the membrane are

E319

synthetically shown in Fig. 4. After the pressuriza-
tion step, the oil and blood pressures were negative
and the mitral valve with zero-pressure in the mitral
inlet was open. Then the pressure in the blood side
increased until exceeding the 120 mm Hg of the aor-
tic outlet and the aortic valve moved to the open con-
figuration. During the heart cycle, the membrane
completely unfurled and experienced an inversion in
curvature as demonstrated in Fig. 5, which illustrates
the membrane’s median line at different time points.
Figure 6, left column, reports the velocity color maps
on a median cross section in five different instants
during the cardiac cycle.

CFD investigation

The mid and right columns in Fig. 6 show the ve-
locity contour maps on a median cross section for the
two CFD simulations (with and without valves). The
maximum velocity values in the left ventricle at the
five different instants of the cardiac cycle are also
reported. Differences among the models with valves
and without valves were remarkable. In fact, the ve-
locities in the CFD simulation with valves, consid-
ered as the reference model, were more similar to
those evaluated with the FSI model. The percentage
difference varied between 2% and 13% in the differ-
ent instants, whereas it shows greater values (from 4
to 45%) when compared to the results of the CFD

FIG. 4. FSI kinematics of the membrane and the valves, and Von Mises stresses of the membrane in the simulated cycle. [Color figure

can be viewed at wileyonlinelibrary.com]

Artificial Organs, Vol. 42, No. 10,2018
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FIG. 5. FSI membrane displacement at different time points
during the cardiac cycle. [Color figure can be viewed at
wileyonlinelibrary.com]

model without valves. The smallest difference, as ex-
pected, was visible when the aortic valve was fully
opened (differences between 2 and 4%). This figure
clearly shows that incorporating the valve dynamics
in the CFD simulations leads to a more realistic rep-
resentation of the blood hemodynamics in the ven-
tricle, where the typical jet-like structures near the
valves are created.

As for blood damage, less than 0.001% of ventri-
cle’s blood volume was found according to a shear
stress above each threshold. The high shear stress
area was located around the aortic valve where the
flow was high during the systolic phase (Figs. 6-8).
These first results indicate an a priori good hemo-
compatibility, which was coherent with previous in
vivo (30,31) and clinical results (32,33).

DISCUSSION

In this study, a new workflow to reproduce
the hemodynamics inside the left chamber of the
Carmat-TAH together with the movement of the
aortic and mitral valves and the membrane is pre-
sented. Although in the recent years numerical
studies about the TAH have been conducted, with
both FSI and CFD numerical analyses, there are
still a significant number of simplifications and
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limitations, for example, the a priori prescription of
the displacement of the (16) or of the valve leaflets
(10), the presence of the valves, but only in fixed
opening or closing configurations (18-21). To the
best of the authors’ knowledge, this is the first work
where a CFD analysis of a TAH considers the realis-
tic movement of both membrane and valves to eval-
uate blood damage.

We compared two CFD simulations with moving
boundaries (with and without valves) to show that
the fluid dynamic field in the absence of the valves
(although with the same membrane motion) sub-
stantially differs from the one with valves, in terms
of both global and local hemodynamics, for example,
the shear rate field and velocity fields with jet-like
shape. The CFD simulation without valves is a dis-
tinctive feature of biological valves, as reported in
some experimental tests (34,35).

In the literature, to the best of the authors’ knowl-
edge, biological valves have not been considered
when simulating an artificial ventricle. There are,
however, a few CFD studies with mechanical valves
(18-23), whose leaflets move as rigid bodies under
a prescribed roto-translational displacement in the
CFD simulations.

The quantification of blood damage is important
when analyzing the behavior of an artificial ventri-
cle. The in silico hemolysis prediction is based on a
reliable description of the blood fluid dynamics in-
side the device (15). For this reason, the fluid domain
needs to be numerically described with an ALE kine-
matic approach (36), which rises the issue of model-
ing the valves in TAH devices. Mechanical valves can
be studied with an ALE approach to ensure the con-
tinuity of the fluid domain upstream and downstream
from the valves (10,22); while the modeling of biolog-
ical or deformable valves is much more difficult (25).
This work proposes a robust simulation methodology
to evaluate the hemodynamics of the left chamber
of the Carmat-TAH. Firstly, an FSI simulation was
carried out. From the original CAD files, the geom-
etry of the external wall, the membrane and the two
biological valves were obtained; after the discretiza-
tion phase, all the structures were immersed in a fluid
grid in order to obtain a complete and realistic sim-
ulation that took into account the coupling between
the membrane and the valves with the fluids in the
ventricle. Mesh sensitivity tests were performed for
the structural and fluid grids based on the experience
of previous studies (26,27). The boundary conditions
prescribed to the model were chosen with the aim
to reproduce a physiological working environment.
The imposition of different boundary conditions in
terms of heart rate or aortic pressure is a future step
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FIG. 6. Comparison of velocity fields from FSI, CFD-with valve and CFD-without valve at different time points along the cardiac cycle.
The maximum velocities in the entire blood domain are reported. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIG. 7. Percentage of the blood inside ventricular cavity
subjected to a shear stress above 50 Pa and 150 Pa during one
cardiac cycle. The inset shows the curves when the aortic valve
is opening. [Color figure can be viewed at wileyonlinelibrary.com]

to better investigate the effects of these parameters
on the global and the local hemodynamics.

In the second part of the work, as the fixed grid
approach does not resolve the immersed surfaces ac-
curately (25), the blood domain was analyzed with
a CFD simulation imposing the structure movement
(membrane and valves) as resulted from the FSI
simulations. In particular, the presence of the valves
was assessed in the CFD simulations. The compari-
son between FSI and CFD velocity fields confirmed
that the presence of the valves in the CFD model
is important to reproduce realistic blood dynamics.
The adopted workflow composed of sequential sim-
ulations can obtain accurate fluid dynamic features,
hardly caught by a sole FSI analysis based on a fixed
grid technique. Since, wall shear stresses, vortices,
and local vector velocity fields nearby the interface
between solid structures and fluid in the FSI simu-
lations are not reliable the proposed workflow can
easily be applied to evaluate indexes as the ratio of
blood subjected to high shear stress at each time-step.

Plane 1
»

Plane 2 Plane 3

FIG. 8. Shear stress contour maps in diastole (t
wileyonlinelibrary.com]
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) and systole (t =

In addition, a comparison of the hemocompatibility
performance between several geometries during
preclinical studies can also be made (30,31), thus
optimizing hemocompatibility design. Some recent
works (12,36-38) adopted the shear stresses as the
main parameter to evaluate blood damage indexes
in VAD or TAH devices, stressing the importance
to obtain reliable fluid dynamic results from the nu-
merical simulations. They used these indexes of their
hydrodynamic performance and hemodynamic char-
acteristics to analyze, compare, or evaluate different
devices. Nascimbene et al. (12) proved the strictly
relation between shear stress and hemolysis. Recent
works (36,37) on VADs showed a relative fluid vol-
ume with shear stress above the threshold of 150 Pa
comparable with our results. Moreover, in the valida-
tion work of Wappenschmidt et al. (36), the goodness
of the FSI methodology to calculate this hemolysis
indexes was verified. In vivo analysis in calves con-
firmed that the Carmat-TAH maintains the hemody-
namic parameters in an acceptable range (30) with
no signs of coagulation activation (31). In this regard,
results from our simulations with less than 0.001%
of ventricle’s blood volume with a shear stress above
the threshold is consistent with these experimental
observations indicating the soundness and potential-
ities of the proposed workflow.

This study has limitations. First is the assumption of
constant pressure on the mitral inlet and aortic out-
let. The autoregulation of these pressures was not in-
corporated into the model and needs to be addressed
in future works by introducing a lumped parameter
boundary condition. This could reproduce the real ca-
pability of a TAH to adapt the working conditions to
the patient’s needs. Second, due to the long computa-
tional time, only two cardiac cycles were reproduced

Plane 4

L
)“80 °0

Plane 5 Plane 6

0 [Pa] 10

- @ ]

t,) plotted in six different planes. [Color figure can be viewed at
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in the CFD analysis; a more focused investigation on
the remeshing algorithm could resolve this problem
and allow performing washout studies. An additional
future development of this work is to perform an ex-
perimental test to validate this sequential approach.
However, by analyzing the valve leaflet motion, we
observed a behavior similar to that examined in pre-
vious studies of ours (26,27) and by other groups
(39,40), who compared the numerical results with
experimental evidence. Although we do not have
specific experimental data to validate the prediction
of the membrane motion, we believe that our results
can be representative of a realistic behavior.

CONCLUSION

The numerical workflow presented in this work
describes the local hemodynamics in an artificial
ventricle with fairly good reliability. The shear rate
values and the local hemodynamics can be used for
the estimation of blood damage in total artificial
heart devices. The application to the Carmat-TAH
provides consistent results with those from previous
clinical studies and demonstrate the relevance of the
workflow. The comparison of the hemocompatibility
performances across different designs during pre-
clinical investigations would offer the capability to
optimize the geometry and to better predict hemody-
namic aspects for future TAH or VAD developments.
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