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Abstract

OBJECTIVES: The aim was to evaluate the impact of a bicuspid aortic valve (BAV) on local shear stress and on the pressure profile on the
elements of the aortic root (AoR).

METHODS: The experiment setup included a BAV with aortic valve stenosis (n=5 pigs, 67+3.5kg) and insufficiency (n=5 pigs,
66.7 £4.4kg). By implanting 6 high-fidelity microsonometric crystals in each AoR, we determined the 3-dimensional (3D) geometry of the
AoR. Experimental and geometric data were used to create a 3D time- and pressure-dependent computed fluid dynamic model of the
AoR with the BAV.

RESULTS: 3D AoR geometry was determined by AoR tilt (x) and rotation angle (f). Both values were maximal at the end of diastole:
24.41+£1.70° («) and 20.90 + 2.11° (f8) for BAV with stenosis and 31.92+11.51° () and 20.84 + 9.80° () for BAV with insufficiency and mini-
mal at peak ejection 23.42 £1.65° (), 20.38 + 1.61° () for stenosis and 26.62 +7.86° («), 19.79 + 8.45° () for insufficiency. In insufficiency,
low shear stress of 0-0.08 Pa and moderate pressure (60-80 mmHg) were present. In BAV with stenosis, low shear stress of 0-0.5 Pa and
moderate pressure (0-20 mmHg) were present at diastole; at peak ejection high shear stress >2 Pa and elevated pressure of >80 mmHg
were present.

CONCLUSIONS: In a BAV with aortic valve stenosis, the haemodynamics are less favourable. The elevated pressure with elevated shear

stress may over the long term promote degenerative processes in the leaflets and consequently valve function failure.

Keywords: Aortic valve stenosis * Aortic valve insufficiency + Aortic root + Computed fluid dynamic simulation

INTRODUCTION

The bicuspid aortic valve (BAV), which represents the most com-
mon congenital heart defect, has been associated with aortic wall
dilatation, aneurysm formation and dissection [1-3]. Even in a
normally functioning BAV, aortic wall disease most frequently
targets the ascending aorta [4, 5]. The exact mechanism behind
the disruption of aortic wall integrity is the subject of ongoing
discussion. The haemodynamic hypothesis puts forth the idea
that altered aortic valve anatomy is a key factor in pathological
flow characteristics and thus is a cause of aortic wall disease
[6-8]. However, complex flow conditions per se were not only as-
sociated with the BAV but were also considered to be the source
of the pathological processes occurring at the ascending aorta in
a tricuspid aortic valve [6]. There is growing evidence that the

tPresented at the 31st Annual Meeting of the European Association for Cardio-
Thoracic Surgery, Vienna, Austria, 7-11 October 2017.

BAV influences flow conditions in the ascending aorta [9-11],
which results in pathological shear stress and wall pressure pro-
files. The shear stress and pressure alterations form normal pat-
terns that may be considered as important trigger factors for a
degenerative process in the aortic wall.

Despite investigations on the impact of the BAV on flow con-
ditions in the aorta using sophisticated and technically demand-
ing approaches [10, 11], the effects of the pattern of local
haemodynamic conditions on aortic root (AoR) elements with
BAV have only been evaluated in a few reports [10, 12]. The
mechanism of the relatively early degeneration of the BAV com-
pared to that of the tricuspid aortic valve has not been investigat-
ed in all its facets. The link between AoR 3-dimensional (3D)
deformation and haemodynamic performance has been de-
scribed previously. A novel numerical approach defining the AoR
as a 3D geometrical shape was introduced [13]. A similar analysis
was applied in a recent report aimed at defining the spatial

©The Author(s) 2018. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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Figure 1: Distances between the 3 commissures in the bicuspid aortic valve with valve insufficiency (A) and in the bicuspid aortic valve with valve stenosis (B). In both
morphological modalities, the distances measured at the LCS and RCS are similar and larger than those measured at the NCS (P> 0.05). ED: end diastole; ES: end of
systole; LCS: left coronary sinus; Max: maximal/peak ejection; Mid-D: mid-term of diastole at mitral valve opening; Min: end of the isovolaemic contraction; NCS:

non-coronary sinus; RCS: right coronary sinus; STJ: sinotubular junction.

deformation of the AoR with BAV. Our computed fluid dynamics
(CFD) simulation, based on experimental and geometric data,
provided time- and pressure-dependent local shear stress and
pressure profiles of the BAV with valve stenosis and insufficiency.

MATERIALS AND METHODS
Animal protocol

The research protocol was approved by the local committee on
animal care of the Office Vétérinaire Cantonal, Lausanne
Switzerland. The mean body weight of the animals was as fol-
lows: BAV with aortic valve stenosis, 67 +3.5kg (n=5 domestic
pigs) and BAV with aortic valve insufficiency, 66.7+4.4kg (n=5
domestic pigs). The methods, including a description of the 3D
geometry of the AoR, and the CFD simulation, were described
previously [13]. Briefly, monitoring was performed using a jugular
venous catheter for central venous pressure, invasive arterial
pressure at the femoral artery and 5-lead echocardiography [13].
Cardiopulmonary bypass was established by a 26-Fr venous can-
nula (SmartCannula®, Lausanne, Switzerland) in the right atrium
and a 2-Fr cannula (Eopa® cannula, Medtronic Inc., Minneapolis,
MN, USA) at the aortic arch. Full systemic heparinization (activat-
ed clotting time >480s) was used throughout the procedure.
After the ascending aorta was cross-clamped, the aorta was
opened superior to the sinotubular junction (STJ). Subsequently,
the tricuspid aortic valve was transformed into a BAV Type I.
A BAV was created by suturing the conjoined coaptation be-
tween the left and right coronary leaflets. Stenosis of the valve
was created in 5 consecutive animals by partial suture of the co-
aptation between the left and non-coronary leaflet coaptation, as
well with partial suture of the coaptation between the right and
non-coronary leaflet coaptation. Insufficiency was obtained in 5
animals by removing the lunula of the non-coronary leaflets.

In each AoR, high-resolution ultrasonic crystals (2mm, 200 Hz,
Sonometrics Corporation, London, ON, Canada) were implanted at 3
commissures and at their projection at the level of the AoR base.
Pressure at the ascending aorta and left ventricle was obtained by
high-fidelity catheter-tipped pressure transducers (Millar Instruments,
Houston, TX, USA) [13, 14]. After the animals were weaned from

the cardiopulmonary bypass and haemodynamic stability was estab-
lished, 10 registrations of 10 min each were done. At the end of the
experiment, the heart was explanted, and an autopsy was performed
to confirm the correct position of all 6 crystals [13, 14].

3-dimensional geometry during the cardiac cycle

Cardiac cycle-related 3D AoR geometric deformation was as-
sessed at the following times: (i) the beginning of isovolaemic
contraction, (i) aortic valve opening, (iii) peak ejection, (iv) end
of systole, when the aortic valve closes and at (v) the end of iso-
volaemic relaxation at the lowest pressure value in the left ventri-
cle when the mitral valve opens [15].

The 3D AoR geometry is defined as an oblique triangular prism
[12, 16]. The upper triangle corresponds to the level of the STJ;
the 3 points of the triangle [intervalvular triangle (IVT)] are at the
anterior, right and left commissures. The inferior triangle is at the
level of the AoR base, and the edge points correspond to the ver-
tical projections of the 3 commissures to the base of individual
IVT [13, 14, 16].

Data acquisition and definition of 3-dimensional
deformation

Measured distances between the crystals and left ventricular and
ascending aorta pressures were synchronized using Digital
Sonomicrometer System software (Sonometrics Corporation).
Time and pressure-related 3D deformation of the AoR was de-
fined through post-measurement data processing (CardioSoft
program, Sonometrics Corporation). The following distances
were measured: (i) intercommissural distances, (ii) the distance
between crystals at the base of the AoR, (iii) the vertical distances
corresponding to the height of each IVT and (iv) the diagonal dis-
tances corresponding to the diagonal deformation of each sinus.
The radius at the ST) and the AoR base was calculated according
to Euclidian space rules [13, 14, 17].

Definition of aortic root tilt and torsion angle

The AoR tilt angle () was defined as the angle between the ST)
and the AoR base. Defining the origin (0, 0, 0) of the x-y-z 3D
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Figure 2: Distance between the intervalvular triangle base in bicuspid aortic valve with valve insufficiency (A) and in bicuspid aortic valve with valve stenosis (B). In
both morphological modalities, the distances at the LCS and RCS are similar and larger than those measured at the NCS (P > 0.05). ED: end diastole; ES: end of systole;
LCS: left coronary sinus; Max: maximal/peak ejection; Mid-D: mid-term of diastole at mitral valve opening; Min: end of the isovolaemic contraction; NCS: non-coro-

nary sinus; RCS: right coronary sinus.

coordinate system in the middle of the non-coronary sinus
(NCS), the tilt angle corresponds to the angle between the ST)
plane and the z-y plane [17, 18]. The rotation angle (f5) was de-
fined as rotation around the z-axis of the AoR base and the STJ
plane [13, 14].

Statistical analysis of measured data

Data are presented as mean and standard deviation. Statistical
analysis was done with SciPy 0.18.0 (Python Software Foundation
scientific library, Beaverton, OR, USA). Changes in measured pa-
rameters during the cardiac cycle were tested for significance us-
ing 2-sample (unpaired) t-tests. The mean values of the
intercommissural and basal distances were compared, with a
P-value <0.05 rejecting the null hypothesis.

Computed fluid dynamic modelling of the aortic
root

A CFD model of BAV with stenosis and insufficiency was estab-
lished to evaluate local pressure and shear stress profiles. The
corresponding geometry of each BAV AoR modality was de-
signed based on experimental data. The dimensions of the AoR
prism (as defined per the sonomicrometric crystals) were used to
build 8 geometric models in accordance with the cardiac cycle
and time-set values. A discretized set of 100 geometrical models
was interpolated and generated in order to reproduce the geo-
metric deformation of the AoR and the movement of the 3 leaf-
lets during the complete cardiac cycle as mentioned previously
[13, 14]. The ANSYS ICE MCFD (ANSYS Inc., Canonsburg, PA,
USA) preprocessor tool was used to generate the multiblock
structured grids needed by the Navier-Stokes Multi Block flow
solver. An O-grid topology (which aligns the hexahedral cells of
the structured grid with the walls of the geometric model) was
used to refine the mesh close to the walls in order to correctly
capture the laminar boundary layer in these regions [13, 14]. The
grid for the AoR comprises 308 structured blocks for around 1.8
million cells. Blood was modelled as a Newtonian fluid with a vis-
cosity of 4 x 103 Pa and a density of 1060 kg/m>. On the AoR
wall, and on 3 leaflets, no-slip boundary conditions were im-
posed. A pulsatile velocity flow profile, pressure at the left

ventricle and ascending aorta pressure were applied according to
measured values from the experimental scenario. The Navier-
Stokes Multi Block solver uses a cell-centred finite volume
method to solve the compressible Navier-Stokes equations
[13, 14]. Spatial discretization was ensured by a 4th-order central
scheme, and time discretization was resolved by an implicit
scheme [13-15, 19].

RESULTS

BAV with valve stenosis and valve insufficiency was created suc-
cessfully in all animals. After the animal was weaned from cardio-
pulmonary bypass and stable haemodynamic conditions were
achieved, recordings were performed 10 times over a period of
10 min. Ten consecutive cardiac cycles were chosen for analysis.

In aortic valve stenosis, the invasively measured steady-state pres-
sure values were as follows: mean systolic pressure
87.61+6.61 mmHg, mean diastolic pressure 71.33+8.13 mmHg.
For valve insufficiency, the mean systolic pressure was
79.66+797mmHg and the mean diastolic pressure was
38.33+10.47 mmHg. In BAV with insufficiency, the mean transvalv-
ular gradient at ejection was 21.19+8.55 mmHg and at diastole, it
was 18.69+4.57mmHg whereas in stenosis, at ejection it was
49.24 + 3.55 mmHg and at diastole it was 39.04 + 4.24 mmHg.

3-Dimensional geometry of the aortic root during
a cardiac cycle

The expansion of the left coronary sinus (LCS), the right coronary
sinus (RCS) and the NCS in BAV with stenosis and insufficiency
showed the following patterns: The intercommissural distances of
the LCS and RCS in BAV with insufficiency were as follows: maxi-
mal distance at peak ejection, 19.56+1.68 for LCS, 17.62+1.21
for RCS and 15.45+2.47 for NCS (P<0.05) minimal distance at
the end of isovolaemic relaxation, 15.43+0.60 for LCS,
14.08+1.96 for RCS and 12.16 +1.66 for NCS (P <0.05) (Fig. 1).
A similar pattern of intercommissural distances was noted in BAV
with stenosis (Fig. 1). The maximal distance at peak ejection was
17.83+2.00 for LCS, 17.68+1.25 for RCS and 15.04+3.00 for
NCS (P<0.05); the minimal distance at the end of isovolaemic
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Figure 3: Radius changes at aortic root base and sinotubular junction in bicuspid aortic valve with valve insufficiency and in stenosis (A). Relative changes in both aor-
tic root modalities at the AoR base and ST (B). AoR: aortic root; ED: end diastole; ES: end of systole; Max: maximal/peak ejection; Mid-D: mid-term of diastole at mitral

valve opening; Min: end of the isovolaemic contraction; STJ: sinotubular junction.

relaxation was 15.85+1.64 for LCS, 15.73+1.43 for RCS and
13.80+2.88 for NCS (P < 0.05) (Fig. 1).

A similar pattern was observed at the base of the AoR. In BAV
with insufficiency, the maximal distances occurred at peak ejection:
20.00 £ 2.48 mm for LCS, 22.12+0.96 mm for RCS and 15.33£0.84
for NCS (P<0.05); the smallest distances occurred at the end of
isovolaemic relaxation: 17.74+1.89 mm for LCS, 19.39+1.03mm
for RCS and 14.16 £ 0.64 mm for NCS (P < 0.05). In BAV with steno-
sis, expansion of the LCS and RCS base was identical and larger
than expansion of the NCS base. Maximal expansion occurred at
peak ejection: 17.64 £1.78 mm for LCS, 17.54+1.35mm for RCS
and 14.88+2.91 mm for NCS (P < 0.05) (Fig. 2).

In BAV with insufficiency, the relative radius deformation at the
ST) was larger, as at the AoR base. Compared to the baseline value
at the end of diastole, the largest expansion was noted at peak ejec-
tion: 26.62+4.37% for the STJ and 11.29 +4.46% for the AoR base.
The smallest expansion occurred at the end of the isovolaemic con-
traction: 0.62 +2.84% for the ST) and 1.67 +0.3% for the AoR base
(Fig. 3). In BAV with stenosis, the deformation of the radius at the
ST) was larger than at the AoR base. The largest expansion was at
the peak ejection: 12.99 +4.01% for the ST) and 5.39+ 0.33% for the
AoR base and smallest at end of the isovolaemic contraction:
0.84+1.40% for the STJ and 0.67 + 1.40% for the AoR base (Fig. 3).

The AoR tilt angle («) is defined as the angle between the ST)
and AoR base plane, whereas the rotation (f5) angle is a horizon-
tal displacement of the STJ over the AoR base. In BAV with insuf-
ficiency, the tilt angle («) reached its maximal value at the end of

the isovolaemic contraction, 31.90+1.15° and its minimal value
at peak ejection at 26.98+0.78°. At closure of the aortic valve, it
was 26.98 +0.82°. From here on it increased; at closure of the mi-
tral valve, it was 31.2+1.07°. In BAV with stenosis, a similar pat-
tern in tilt angle dynamics was observed, with a maximal value at
the end of an isovolaemic contraction of 24.41+1.72°, minimal
values at a peak ejection of 23.4+1.65° and at an aortic valve
closure of 23.5+1.64°. From here on, the tilt angle increased
again up to the value measured at the end of the diastole,
24.26+1.7° (Fig. 4).

The AoR rotation angle (f8) pattern was as follows: In BAV with
insufficiency, it reached its maximal value at the end of the isovo-
laemic contraction, 21.47 +0.90°, and its minimal value at peak
ejection, 19.79+0.85°. From here on, the angle increased, and, at
closure of the mitral valve, it was 20.84 £0.98°. In BAV with ste-
nosis, the rotation angle was as follows: maximal value at the end
of isovolaemic contraction, 21.10+1.72°, and minimal at peak
ejection, 20.38+1.61° and aortic valve closure, 19.92+0.84°.
From here on, the rotation angle increased up to the value mea-
sured at the end of diastole, 20.9 +1.73° (Fig. 4).

Computational fluid dynamics simulation of the
bicuspid aortic root

Shear stress profile. In BAV with insufficiency, AoR components
such as the IVT, 3 commissures, the lunula, the valve hinge region
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Figure 4: Tilt and rotation angle in insufficiency (A) and in stenosis (B). ED: end diastole; ES: end of systole; Max: maximal/peak ejection; Mid-D: mid-term of diastole

at mitral valve opening; Min: end of the isovolaemic contraction.

and the body of the leaflets were exposed to low shear stress
ranging between 0 and 0.5 Pa. At peak ejection, the lunula, the 3
commissures and the superior part of the IVTs were in a moder-
ate shear stress of 0.5-1.4 Pa. At the end of systole, the middle re-
gion of the leaflets was exposed to a moderate to high shear
stress of 0.5-1.8Pa. In BAV with stenosis, the following shear
stress pattern was observed: At the end of diastole and at the end
of the isovolaemic contraction, the IVT, the valve hinge region
and the body of the leaflets were exposed to a low shear stress of
0-0.5Pa. The lunula at the 3 commissures was exposed to high
shear stress >2 Pa. At peak ejection the lunula, the 3 commissures,
the superior one-third of the leaflets and the superior part of IVT
were exposed to high shear stress >2 Pa. At fusion of the 2 leaf-
lets, more than half of the leaflet surface was in high shear stress
>2 Pa. At valve closure, AoR components were in a low shear
stress range of 0-0.5Pa with the exception of the lunula (Fig. 5,
Video 1).

Pressure profile. The pressure profile on the surface of the AoR
components was as follows: In BAV with insufficiency, at the end
of diastole and at the end of isovolaemic contraction, the pres-
sure was in a moderate range of 50-70 mmHg. At peak ejection,
the lunula was exposed to a moderately high pressure of 70-
80 mmHg, whereas the rest of the AoR was in a moderate pres-
sure range of 50-70 mmHg. From the end of systole to the end

of diastole, a moderate pressure profile of 50-70 mmHg was
found again.

In BAV with stenosis, at the end of diastole and isovolaemic
contraction, AoR components were exposed to a low pressure of
0-30 mmHg. At peak ejection, the 3 commissures, the 3 IVTs, the
valve bodies and the nadir were exposed to a moderate pressure
of 50-70 mmHg. Nadirs were exposed to a low pressure load of
0-30 mmHg. From closure of the aortic valve, the lunula, the 3
commissures, the 3 IVTs, the valve bodies and the nadirs were
exposed to low pressure (Fig. 6, Video 2).

DISCUSSION

This experimental study provided numerical 3D real-time and
pressure-dependent shear stress and pressure profile analysis of
the AoR with BAV in aortic valve stenosis and insufficiency.
Elevated shear stress and pressure at the surface of the leaflets was
registered during the whole period of ejection in BAV with valve
stenosis. This occurs at valve coaptation, at the 3 commissures and
at the superior one-third of the valve body. In addition to the
mentioned regions, a large area is exposed to elevated shear stress
at the fusion of conjoined leaflets, where the effective valve steno-
sis was created. Importantly, there is rapid pressure and shear
stress augmentation at the mentioned regions at the transition
from the end of isovolaemic contraction to the effective ejection
phase. This process occurs with a factor >2 for shear stress and a
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Figure 5: Shear stress profile in insufficiency (A) and stenosis (B). LCS: left coronary sinus; Max: maximal/peak ejection; Min: end of the isovolaemic contraction; RCS:

right coronary sinus.

factor of 2-30 for the pressure profile. Note that from the period
of aortic valve closure to the ejection, the elements of the AoR are
exposed to low shear stress and pressure. Findings in valve insuffi-
ciency were less spectacular. Pressure and shear stress oscillation
from diastole to systole were practically not registered. In BAV
with insufficiency, the AoR components were exposed to elevated
pressure during the whole cardiac cycle. This may not be surpris-
ing, because aortic valve closure does not occur, and the elevated
pressure is de facto a consequence of the equilibration of the hy-
draulic pressure between the ascending aorta and the left ventricle.
The shear stress for BAV with insufficiency was in a low range.

AoR has a complex 3D morphology, and the spatial relation of
its elements and their natural shape alterations results finally in
an asymmetric geometric pattern. When one is studying the
complex 3D relations, it may be self-explanatory that each indi-
vidual element is an essential contributor in its normal function.
In fact, AoR 3D dynamics comprise a sequence of well-defined
and precise interactions of the AoR components during the car-
diac cycle. The geometric 3D deformation of the AoR may be de-
fined by 2 global parameters, the tilt and rotation angles. This
numerical approach, which was defined previously [13], was also
used in a recent analysis as a bench model to evaluate the impact
of the BAV on haemodynamic conditions in an individual AoR.
When comparing our CFD simulation, which is based on

4-dimensional (4D) time, pressure-related geometry and invasive
pressure and flow measurements, we emphasize that our ap-
proach reflects the real local shear stress and pressure conditions
as accurately as possible. In contrast, in the recent literature, the
finite simulation of the elements of the BAV [10-12] and their ef-
fects on flow and shear stress are mostly supported by non-inva-
sive diagnostic tools (such as 4D magnetic resonance imaging)
that, in fact, do not reflect real-time flow and pressure-
dependent 4D AoR deformation. The simulations are in some in-
stances based on mathematical calculations and approximations
of the local haemodynamic conditions [10, 12, 13].

Analogous to the native geometry in BAV with insufficiency or
stenosis, 3D deformation of the AoR changes from a tilted cone at
diastole to almost a straight cylinder-like geometry at ejection [13].
This almost cylinder-like form brings the left ventricular outflow
tract, the AoR and the ascending aorta into almost straight align-
ment. This process occurs with the one goal of minimizing resis-
tance on AoR components during the short phase of large-volume
blood flow. Based on the analysis of the geometry of the BAV, it
seems that the morphology of the aortic valve per se does not in-
fluence in a global manner the 3D geometry of the AoR that is
similar to the deformation in native AoR [13]. Consequently, one
would conclude that the haemodynamic profile of shear stress
and pressure in BAV with stenosis or insufficiency would not alter
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Figure 6: Local pressure in bicuspid aortic valve with valve insufficiency (A) and stenosis (B). LCS: left coronary sinus; Max: maximal/peak ejection; Min: end of the iso-
volaemic contraction; RCS: right coronary sinus.
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Video 1: Shear stress profile in bicuspid aortic valve with stenosis (A) and insufficiency (B).
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Video 2: Pressure profile in bicuspid aortic valve with stenosis (A) and insufficiency (B).

tremendously from that in the native AoR [13]. This conclusion i,
however, only partly true: In BAV with insufficiency, the pressure
and shear stress remain in low ranges during the entire cardiac cy-
cle and, as such, most closely approach the haemodynamics of the
native artic root. This situation does not prevail in valve stenosis,
where the pressure and the shear stress demonstrate prompt aug-
mentation at the ejection phase. Because the elevated shear stress
and pressure augmentation on the surface of the vascular wall are
considered as strong predictive factors for vessel wall degeneration
and development of sclerosis, one may suppose that the BAV with
stenosis would undergo a degenerative process. Consequently, the
sclerotic process that occurs at the region of leaflet fusion and
the commissures would lead to the deterioration of valve mobility
[20, 21] and the grade of stenosis.

Clearly, our results were obtained from an experimental trial
with its associated limitations, which include the acute and open
chest nature of the experiments, the relative myocardial ischaemia
and the invasive nature of the experiments. One should consider
that the accuracy of the experimental results differs from that ob-
tained from natural congenital BAV stenosis, the insufficiency of its
morphology and the duration, which actually is a long-lasting con-
dition. We recognize that valve disease created in an experimental
setting does not correspond in all details to the actual congenital
condition. Therefore, we believe that long-term animal experi-
ments would shed light on the details of the pathological aspects
of congenital BAV.

However, we emphasize that, using a method that was de-
scribed and validated previously, the results of these experiments
established a link between BAV disease and local haemodynamic
conditions. We strongly believe that our results provide insight
into the haemodynamic impact of the BAV, both locally and also
in a global time-dependent manner. As such, based on recent
analyses, one may consider a BAV aortic valve with a stenotic
component as a precursor of valve degeneration that, at some
point, is an indication for elective valve intervention. Further, the
data presented may be considered when designing a reconstruc-
tive procedure for BAV such as in reimplantation and leaflet re-
construction. Namely, any post-procedural residual stenosis may

result in pathological local haemodynamic conditions that would
lead to failure of the neo leaflets. However, this hypothesis needs
further experimental and clinical evaluation.

Conflict of interest: none declared.
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