®PLOS | one

Check for
updates

G OPEN ACCESS

Citation: Zhu G, Ismail MB, Nakao M, Yuan Q, Yeo
JH (2019) Numerical and in-vitro experimental
assessment of the performance of a novel
designed expanded-polytetrafluoroethylene
stentless bi-leaflet valve for aortic valve
replacement. PLoS ONE 14(1): €0210780. https:/
doi.org/10.1371/journal.pone.0210780

Editor: Davide Pacini, Universita degli Studi di
Bologna, ITALY

Received: December 26, 2017
Accepted: January 2, 2019
Published: January 30, 2019

Copyright: © 2019 Zhu et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This project is supported by the National
Medical Research Council (NMRC) of the Republic
of Singapore (NMRC/CIRG/1435/2015), China
postdoctoral science foundation grant
(2016M600781) and the Fundamental Research
Funds for the Central Universities grant
(XJJ2017032). The funders had no role in study

RESEARCH ARTICLE

Numerical and in-vitro experimental
assessment of the performance of a novel
designed expanded-polytetrafluoroethylene
stentless bi-leaflet valve for aortic valve
replacement

Guangyu Zhu@ "2, Munirah Binte Ismail?, Masakazu Nakao®*, Qi Yuan', Joon Hock Yeo?

1 School of Energy and Power Engineering, Xi’an Jiaotong University, Xian, Shaanxi, China, 2 School of
Mechanical and Aerospace Engineering, Nanyang Technological University, Singapore, Singapore,
3 Cardiothoracic Surgery, KK Women'’s and Children’s Hospital, Singapore, Singapore

* masakazu.nakao @singhealth.com.sg

Abstract

The expanded polytetrafluoroethylene (ePTFE) heart valve can serve as a viable option

for prosthetic aortic valve. In this study, an ePTFE bi-leaflet valve design for aortic valve
replacement (AVR) is presented, and the performance of the proposed valve was assessed
numerically and experimentally. The valve was designed using CAE software. The dynamic
behavior of the newly designed bi-leaflet valve under time-varying physiological pressure
loading was first investigated by using commercial finite element code. Then, in-vitro tests
were performed to validate the simulation and to assess the hemodynamic performance of
the proposed design. A tri-leaflet ePTFE valve was tested in-vitro under the same conditions
as a reference. The maximum leaflet coaptation area of the bi-leaflet valve during diastole
was 216.3 mm?. When fully closed, no leakage gap was observed and the free edges of the
molded valve formed S-shaped lines. The maximum Von Mises stress during a full cardiac
cycle was 4.20 MPa. The dynamic performance of the bi-leaflet valve was validated by the
in-vitro test under physiological aortic pressure pulse. The effective orifice area (EOA),
mean pressure gradient, regurgitant volume, leakage volume and energy loss of the pro-
posed valve were 3.14 cm?, 8.74 mmHg, 5.93 mi/beat, 1.55 ml/beat and 98.99 mJ, respec-
tively. This study reports a novel bi-leaflet valve design for AVR. The performance of the
proposed valve was numerically and experimentally assessed. Compared with the refer-
ence valve, the proposed design exhibited better structural and hemodynamic perfor-
mances, which improved valve competency. Moreover, the performance of the bi-leaflet
design is comparable to commercialized valves available on the market. The results of the
present study provide a viable option for the future clinical applications.
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Introduction

Congenital birth defects such as aortic incompetence may lead to aortic failure. Nowadays,
there have been a number of publications indicated the growing enthusiasm in the aortic valve
repair techniques in children [1, 2]. Because of the encouraging mid- and long-term results in
treating aortic stenosis or aortic regurgitation, percutaneous or surgical aortic valve repair is
generally recommended as the primary management strategy in pediatric patients with aortic
valve diseases [1, 3, 4]. Despite the fact that aortic valve repair has developed rapidly in pediat-
ric patients, aortic valve replacement (AVR) may still be required in some cases, such as signif-
icant valve destruction and those after repair failure [4].

The search for an ideal aortic valve substitute has been ongoing for more than fifty years
[5], and multiple mature surgical options for AVR are available for patients, including Ross
procedure (pulmonary autograft), aortic homograft, mechanical prosthesis, and bio-prosthetic
valves. However, the selection of a proper prosthesis for the pediatric patient can be challeng-
ing and controversial [1, 6], and each choice has its advantages and limitations.

The Ross procedure is a widely accepted surgical option for treating aortic valve failure [7-
11]. In the Ross procedure, the aortic valve of the patient is removed, and the pulmonary valve
(autograft) of the patient is transplanted to the aortic site. As the valve substitute is alive after
implantation, it can grow with the patient. Additionally, long-term anticoagulation is not
required after this procedure. However, the Ross procedure is limited by the complex surgical
techniques and extensive time required, and furthermore, it is not suitable for certain patients
(patients with a diseased pulmonary valve, large discrepancies between pulmonary and aortic
valve sizes or a connective tissue disorder).

The aortic homograft (allograft) comes from the human donor and is thought to be a suit-
able substitute for patients who are too small for mechanical or bio-prosthetic valves [12]. In
addition, the aortic homograft offers several advantages, including good hemodynamics, low
thrombogenicity, and no anticoagulation after implantation. Nevertheless, the adoption of
aortic homograft is constrained by its suboptimal durability and limited availability [13].

Bioprosthetic valves, otherwise known as tissue valves, can be derived from various sources,
including porcine (pig), bovine (cow) and homografts or allografts. The main advantage of
such valves is that patients do not require life-long anticoagulation. However, the use of bio-
prosthetic valves in patients has significant disadvantages. Tissue valves are less durable than
their mechanical counterparts. The lifespan of such valves is between 8 to 20 years, after which
replacement is required.

Despite the above-mentioned advantages and limitations of the available valve substitutes,
the small conduit size of pediatric patients may bring along additional challenges on the valve
design [14].

The good clinical outcomes of using expanded polytetrafluoroethylene (ePTFE) bi-leaflet
valve substitutes for pulmonary valve replacement (PVR) in right ventricular outflow tract
reconstruction (RVOT) for pediatric patients, however, provided a useful reference to over-
come the challenges on the aortic site.

The ePTFE valved conduit for PVR has shown particular promise as the preeminent valve
in pediatric patients. For the pediatric patients with small pulmonary artery size, ePTFE has
been reportedly used for PVR not only with tricuspid configuration but also with monocuspid
and bi-leaflet configurations [15]. Despite the native pulmonary valve also composed with
three leaflets, positive results of the using of bi-leaflet prostheses in PVR has been widely
reported [15-24]. Miyazaki et al. reported excellent outcomes of the ePTFE valves (monocus-
pid, bi-leaflet and tri-leaflet) for right ventricular outflow tract reconstruction (RVOT) in a
multicenter study in Japan [24], of which the mean follow-up was 3.6 years (1.1 months to 10
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years) and the free of reoperation rate at 10 years was above 92%. In another clinical trial,
Miyazaki et al. implanted ePTFE valves (monocuspid, bi-leaflet and tri-leaflet) for RVOT

in 157 patients (aged 16 days to 45.4 years, median 2 years) [14], and no mortality, morbidity
or reoperation were reported during the follow-up period (5.6 to 63.7 months, mean 20.8
months). Moreover, the good biocompatibility of ePTFE artificial heart valves has been veri-
fied by several clinical studies [14, 25, 26]. In recent literature, the ePTFE membrane was also
selected as the material for aortic valve extension [27].

However, the performances of the bi-leaflet ePTFE valve prostheses in the aortic site are yet
to be studied. In this study, numerical simulation and in-vitro experiments were conducted to
investigate the dynamic and hemodynamic performances of a novel designed bi-leaflet ePTFE
valve prostheses under aortic loading. A fully sutured tri-leaflet valve [28, 29] was tested under
the same conditions as a reference.

Materials and methods
Valve design

The native aortic valve has a complex geometry and structure, and thus, it is difficult to
completely mimic the native valve in a prosthetic heart valve(PHV) design. Important design
parameters for PHVs include effective orifice area (EOA), jet velocity, pressure gradient, regur-
gitation and thrombogenic potential, leaflet coaptation height and geometries of the leaflets
[30].

At the beginning of this study, the range of several parameters, including the diameter (25
mm) and valve height (25-30 mm), were pre-defined by the surgeon in the team. Besides the
quantitative parameters, an S-shaped free edge at the closed configuration that implies a sur-
plus coaptation was expected [29]. The extra coaptation would play an important role to main-
tain the functionality of the valve when the aorta become bigger due to growth. In addition,
the following design principles were obeyed in the design strategy [31]:

« Easy and steady valve preparation;

« Consistent preparation procedure;

o Minimum trans-valvular pressure drop;
o Minimum regurgitation;

« Easy to implant;

« Available in a wide range of sizes;

To achieve the goal of the design, the leaflet’s commissure edge was incorporated with the
aortic root. The length of the leaflet’s free edge was carefully selected, which is important to
guarantee the full coaptation and to prevent unwanted leaflet twisting. The initial position of
the leaflets was set to a fully open configuration.

A series of different leaflet designs based on the parameters and principles mentioned
above were created in CAE software (Solidworks, Dassault Systems S.A., Paris, France). The
leaflet designs were then converted to fully nonlinear finite element code ABAQUS (ABAQUS,
Inc., Pawtucket, RI) to verify their function. The criterion of a successful design include: 1)the
valve could properly open and close under static pressure loading applied on the leaflet surface;
2) An S-shape free edge can be observed in after the valve closed. Based on the above-listed
parameters and requirements, the parametric design method was utilized in this study. Totally
5 models were generated by the engineer in our team. The one presented in Fig 1 is the only
design that fully meets the above-mention requirements.
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Fig 1. The geometry of the bi-leaflet valve.
https://doi.org/10.1371/journal.pone.0210780.9001

FEM simulation

The dynamic behaviors of the molded bi-leaflet valve, including dynamic deformation, leaflet
coaptation area, and stress distribution were investigated dynamically by using ABAQUS/
Explicit modulus.

The ePTFE membranes were assumed to be isotropic and homogenous. An elastic modulus
of 34 MPa and a density of 1100 kg/m> were assigned to the ePTFE leaflet. The aortic root was
modeled as a flexible hollow cylinder. The elastic modulus and density of the aortic root were
set to 2 MPa and 2000 kg/m3, respectively [29]. Poisson’s ratio was set to 0.45 for all materials
to account for the incompressible behavior of the membrane and tissues. The valve and aortic
root were meshed using 4-node, doubly curved quadrilateral shell elements with reduced inte-
gration. A uniform thickness of 0.1 mm was assigned to the valve, while the thickness of the
aortic root was defined to 0.4 mm.

The model was assumed to be stress-free in the fully open configuration. The radial
displacement of the aortic root ends was constrained. Commissures of the leaflets were con-
nected to the aortic root by using the tie boundary condition to simulate suturing in clinical
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Fig 2. FEM model of bi-leaflet valves.
https://doi.org/10.1371/journal.pone.0210780.9002

applications. Contacts between the leaflets, and between the leaflets and conduit were consid-
ered. Fig 2 shows the FEM model.

To obtain a converged solution, an aorto-ventricular pressure gradient at diastolic (71.6
mmHg) were gradually applied to the valve leaflets in 0.1s. At the end of this step, the leaflets
were at a closed, diastolic, stressed configuration. Then time-varying and spatially uniform
physiological aorto-ventricular pressure gradient loadings over a full cardiac cycle of 0.83 s
were applied on the valve leaflets (Fig 3). In the contact model, the friction coefficient of 0.5
was set.

In-vitro experiment

To assess the hemodynamic performance of the proposed design and to validate the FEM sim-
ulation, in-vitro experiments were carried out. According to FDA regulations, a full range of
pre-clinical in-vitro test composed of 12 parts, which include bio-compatibility of the material,
durability testing, hemodynamic performance, structural performance and fatigue assess-
ments, etc. [32], is required. However, as the current study represents only the initial stage of
valve design, only hemodynamic performance and dynamic performance were investigated in
the in-vitro experiment.

Preparation of physical models. As described in the introduction, the preparation of the
valve leaflet should be easy, steady and consistent. Thus, a set of resin molds was fabricated by
using 3D printing technology (Fig 4(a)). The molds shared the same geometry of the model
used in the FEM simulation. ePTFE membrane (Gore-Tex, Preclude Pericardial Membrane,
W.L. Gore & Assoc., Flagstaff, AZ, USA) of 0.1 mm thickness were selected as the leaflet mate-
rial. The valve leaflets were prepared by placing the ePTFE membrane in the mold and cutting
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Fig 3. Time-varying pressure loading applied in the FEM simulation over a full cardiac cycle.

https://doi.org/10.1371/journal.pone.0210780.g003

along the edge. The aortic root was constructed by using a silicon polymer (VIV, MCP-HEK
Tooling GmbH, Kaarst, Germany). The commissures of the leaflets were sutured to the aortic
root with one running 4-0 polypropylene suture following the suture mark in the conduit (Fig
4(b)). As a reference, a fully sutured tri-leaflet valve that composed of ePTFE was also created
and tested under the same in-vitro conditions in the experiment section (Fig 4(c)). The diame-
ters of both valves at the base and at the commissures are 25 mm, and the overall leaflet heights
of the bi-leaflet valve and tri-leaflet valve are 25 mm and 21.6 mm, respectively.

Experimental set-up and flow conditions. The Vivitro pulse duplicator (Vivitro Systems
Inc., Victoria, BC, Canada) (Fig 5(a)) was used to generate physiological pressure and flow in
the left ventricle and aorta. Two Millar MIKRO-TIP Pressure transducers (SPC 330A, Millar
Instruments, Inc., Houston, TX, USA) were placed in the left ventricle and ascending aorta 10
mm above the commissural level to monitor the trans-valvular pressure gradient. The dynamic
behaviors of the valve leaflet were captured by using a high-speed camera (FASTCAM-PCI R2

(@) ®) ©

Fig 4. The (a) resin mold, (b) bi-leaflet valve and (c) reference tri-leaflet valve.

https://doi.org/10.1371/journal.pone.0210780.9004
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Fig 5. Experimental setup.
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model 500, Photron USA, Inc., San Diego, CA, USA). The frame rate was set to 250 fps. The
flow through the aortic site was measured by an electromagnetic blood flow meter (501D, Caro-
lina Medical Electronics, East Bend, NC, USA). The experimental setup is illustrated in Fig 5(b).

The ventricular and aortic pressures were measured at the exit of the left ventricle and the
exit of the aorta model. The pressures were controlled by adjusting the resistor and piston
movement magnitude. The systolic and diastolic pressures in the aorta are 120 mmHg and 80
mmHg, respectively.

Flow profiles were measured by the flow probe placed at the exit of the left ventricle and
were used to calculate the flow speed, cardiac output and regurgitation. All tests were con-
ducted at a stroke volume of 75 ml (5.4 L/min) and a heart rate of 72 beats/min.

Working fluid. An aqueous solution of glycerol (42% by weight) was used as the working
fluid to mimic blood. The dynamic viscosity and density of the working fluid were 3.52 mPa-s
and 1038 kg/m”>, respectively.

Data acquisition. TTL signals generated by the amplifier of a Vivitro system were used as
trigger signals. The flow meter, pressure transducer and high-speed camera were synced by the
trigger signal. Before data collection, the system was allowed to run until all readings were sta-
ble to avoid measurement errors.

Results
FEM simulation

Dynamic behaviors. The dynamic behaviors of the leaflets were analyzed in the FEM sim-
ulation. During a full cardiac cycle, the closing phase of the bi-leaflet valve is 0.055 s, and the
fully closed state is maintained for 0.41 s. The leaflets require 0.04 s to reach the fully opened
position, and the fully open state lasts 0.325 s. Fig 6 shows the dynamic displacement of the
leaflets in a full cardiac cycle.

Coaptation parameters. The contact pressure normal to the leaflet was used to indicate
the state of contact. A negative contact pressure indicated that the leaflet was in contact with
the conduit, and a positive contact pressure implied that the leaflets were in contact with each
other. Fig 7 shows the distribution of the contact pressure on the leaflets in the fully closed
position. It is clear that the entire free edges of the leaflets are in the contact state at this posi-
tion, and no leakage area was found.
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Fig 6. Selected frames of the dynamics deformation during a full cardiac cycle for the proposed leaflet design.

https://doi.org/10.1371/journal.pone.0210780.9006
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Fig 7. Contact pressure (a) between leaflets and (b) between leaflets and conduit.

https://doi.org/10.1371/journal.pone.0210780.g007
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Fig 8. Coaptation area of a single leaflet over the cardiac cycle.

https://doi.org/10.1371/journal.pone.0210780.9008

The coaptation area of a single leaflet over a cardiac cycle is plotted in Fig 8. The maximum
coaptation area of the proposed design is 216.3 mm®.

The maximum coaptation height of the proposed valve leaflet is 13.37 mm (Fig 9).

Leaflet stress distribution. Fig 10(a) and 10(b) showed the distributions of compressive
stress and Von Mises stress for the proposed bi-leaflet design at the fully closed position
during the maximum stress magnitudes observed. The greatest compressive stress occurs
at the bending site of the leaflets, which is 1.90 MPa. High Von Mises stress exists along the
commissures, and the maximum Von Mises stress of 4.29 MPa appears at the corner of the

commissures.

In-vitro performances

The in-vitro performance of the proposed bi-leaflet valve and reference tri-leaflet valve were
assessed under the same experimental conditions. Fig 11 shows the left ventricular pressures,
aortic pressures and trans-valvular pressures of the two valves.

Dynamic behaviors. To analyze the structural dynamics, key frames from the film
recorded by the high-speed camera were extracted (Fig 12).

The starting point of the recording was defined as t = 0. The opening of the leaflets begins
att = 0.024 s for both valves tested. The opening stage, fully opened stage, and closing stage of
the bi-leaflet valve and the reference valve are 0.056+0.00 s and 0.1£0.00 s, 0.152+0.00 s and
0.12+0.00 s, 0.132+0.00 s and 0.136+0.00 s, respectively. The leaflets of the proposed bi-leaflet
and the reference valve closed fully at 0.364 s and 0.38 s, respectively (Table 1).

Hemodynamic performance. The mean trans-valvular pressure of the proposed bi-leaflet
valve during the systolic phase is 8.74 mmHg, which is approximately 7.6% lower than that of
the reference valve. The trans-valvular pressure and the aortic flow of the valves are shown in
Fig 13.

The regurgitant volume (V) and leakage volume (V) were 5.93 ml and 1.55 ml per cycle
for the proposed bi-leaflet valve and 7.09 ml and 2.81 ml for the reference valve, respectively.
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Thus, the regurgitant fraction (RF) can be calculated by using Eq (1):

VR+ VL

F

RF =

x 100%, (1)

where Vp, is the regurgitant volume, V; is the leakage volume and V. is the forward volume.
The equation from ISO: 5840:2005 [33] was applied to evaluate the maximum EOA Eq (2):

o
EOA = — <mMs
51.64/AP/p @)

where EOA is the effective orifice area of the valve (cm?), AP is the mean systolic trans-valvular
pressure gradient (TPG) in mmHg, p is the working fluid density (g/cm?), and Qgays is the
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https://doi.org/10.1371/journal.pone.0210780.9010

root mean square volumetric flow rate (ml/s) (Eq (3)).

Performance index (PI), which represent the normalized resistance of the valve [34], was
evaluated by using Eq (4):
EOA

sew

Derived from the Bernoulli equation, the energy loss of the left ventricle that is associated
with the valve prosthesis was calculated by integrating the aorto-ventricular pressure times the
flow rate with respect to time [31, 32, 35] (Eq (5)):

E, — 0.1333 / " Ap(H)Q()dt, (5)

fy

where E; is the energy loss (m]), to to t; is the range of a cardiac cycle, Ap is the aorto-ventricular

— Aortic Root 150+ = Aortic Root
— Left Ventricle — LeftVentricle
-=- Aorto-Ventricular 2 100+ --- Aorto-Ventricular
£
£
o 50+
3
]
0
g 0 Ve "V @ T _—-vV I 1
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(@) ®

Fig 11. Time-varying pressure loadings of (a) bi-leaflet valve and (b) reference tri-leaflet valve measured during the in-vitro experiment.

https://doi.org/10.1371/journal.pone.0210780.g011
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Fig 12. Dynamic deformation of the proposed bi-leaflet valve (top) and reference valve (bottom).
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pressure difference (mmHg) and Q(t) (ml/s) is the volume flow. The calculated parameters are

listed in Table 2.

Discussion

The goal of the current study was to develop a reliable bi-leaflet valve for patients who need
AVR. A novel design of the bi-leaflet valve was proposed in the current study. The dynamic

Table 1. Comparison of structural dynamic behaviors between bi-leaflet and tri-leaflet valve. (Mean + SD).

Proposed bi-leaflet valve Reference tri-leaflet valve P
Opening (s) 0.056 £ 0.00 0.10 = 0.00 <0.001
FullyOpened (s) 0.15 £ 0.00 0.12 £ 0.00 <0.001
Closing (s) 0.13 +0.00 0.14 £ 0.00 <0.01
https://doi.org/10.1371/journal.pone.0210780.t001
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Fig 13. Trans-valvular prssures and aortic flow rates of the (a) bi-leaflet valve and (b) reference tri-leaflet valve over one cardiac cycle.
https://doi.org/10.1371/journal.pone.0210780.9013
12/27

PLOS ONE | https://doi.org/10.1371/journal.pone.0210780 January 30, 2019


https://doi.org/10.1371/journal.pone.0210780.g012
https://doi.org/10.1371/journal.pone.0210780.t001
https://doi.org/10.1371/journal.pone.0210780.g013
https://doi.org/10.1371/journal.pone.0210780

®PLOS | one

Numerical and in vitro experimental assessment of a novel designed ePTFE bi-leaflet valve for AVR

Table 2. In-vitro results of the hemodynamics parameters. (Mean + SD).

Proposed bi-leaflet valve Reference tri-leaflet valve
Vg (ml/beat) 5.93+£0.20 7.09 +£0.15 <0.001
V. (ml/beat) 1.55 +0.04 2.81+0.03 <0.001
RF (%) 10.26 + 0.00 14.37 + 0.00 <0.001
TPG (mmHg) 8.74 + 0.07 9.89 +0.07 <0.001
E; (m]) 98.99 +7.94 129.03 + 6.34 <0.001
EOA (cm?) 3.14 +0.02 2.86 +0.01 <0.001
PI 0.64 + 0.00 0.58 + 0.00 <0.001

https://doi.org/10.1371/journal.pone.0210780.t002

and hemodynamic performances of the newly designed valve were assessed in FEM simula-
tions and in-vitro experiments. The results were compared with the reference valve that was
tested under the same conditions.

Verification of the bi-leaflet valve design

Before further discussion, it is necessary to verify that the performance of the current design
complies with the technical standard. As the well-accepted industry standard, ISO 5480:2055
provides a full set of criteria for evaluating a valve design [33]. The criteria that related to the
current study are listed in Table 3.

The EOA and RF values of the valves tested in this study all satisfy the criteria of the stan-
dard, which provided the basis for further discussion.

Validation of the FEM simulation

The dynamic behavior of the leaflets is a key characteristic for assessing the performance of an
aortic valve design [29]. Thus, the dynamic behavior of the valve was selected as the validation
criterion. Dynamic deformation of the FEM model and the in-vitro model was compared in
this section. Fig 14 shows a morphological comparison between the two models.

Fig 15 shows the dynamic processes of the models. After fully closing, S-shaped free edges
were observed in the FEM model and the in-vitro model.

Table 4 lists the specific times required for different phases of the FEM and in-vitro models.

During the in-vitro experiment and the FEM simulation, the same boundary conditions
were used to ensure a proper comparison. The morphological characters and the dynamic
behaviors of the in-vitro and FEM models matched well. Thus, the proposed FEM simulation
has been validated to some extent.

Coaptation and stress

The coaptation height, coaptation area and stress distribution obtained from the FEM simula-
tion were compared with the corresponding parameters reported by our group in the FEM
investigation of a fully sutured tri-leaflet valve [28, 29]. Table 5 lists these data.

Table 3. Minimum performance requirements for aortic valve prostheses.

Valve size (TAD, mm) 19 21 23 25 27 29 31
EOA (cm®) >0.7 >0.85 > 1.00 >1.20 > 1.40 > 1.60 > 1.80
RF (%) <10 <10 <10 <15 <15 <20 <20

https://doi.org/10.1371/journal.pone.0210780.t003
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(b) Fully close position
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Fig 14. Morphological comparison of the FEM model and the in-vitro model in fully opened and fully closed
positions.

https://doi.org/10.1371/journal.pone.0210780.g014
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Fig 15. Dynamic process of the FEM and in-vitro model.

https://doi.org/10.1371/journal.pone.0210780.9015

As a critical parameter for assessing the competence of the valve, the maximum coaptation
height of the bi-leaflet valve is nearly three times greater than that of the tri-leaflet valve, which
suggests the former may be more competent. However, the A, of the bi-leaflet model is 27.81%
smaller than that of the tri-leaflet model, which could be due to the different contact patterns
of the designs. In the bi-leaflet design, most of the leaflet is in contact with another leaflet, and
the remaining part of the leaflet is in contact with the conduit. In the tri-leaflet valve, the entire

Table 4. Time required for different phases of the FEM and in-vitro models.

Phases Cost of time / s Proportion of a cardiac cycle / % Difference / %
in-vitro model FEM model in-vitro model FEM model

Opening 0.056 + 0.00 0.050 6.747 6.024 12

Fully open 0.152 + 0.00 0.160 18.313 19.277 -5

Closing 0.132 +0.00 0.155 15.904 18.675 -14

https://doi.org/10.1371/journal.pone.0210780.t004
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Table 5. Coaptation and stress parameters.

H_, (mm)
A (%)
Max Von Mises stress (MPa)

Max compressive stress (MPa)

Current bi-leaflet valve Fully sutured tri-leaflet valve Difference / %
13.37 4.50 197.11
37.32 51.70 -27.81
4.20 3.92 7.14
1.90 2.13 -10.79

H,, max coaptation height; A, percentage of the maximum coaptation area to leaflet surface area;

https://doi.org/10.1371/journal.pone.0210780.t005

leaflet is in contact with two other leaflets, thus increasing the contact area. The impact of the
reduced A. is discussed further in a later section.

Mechanical stress has long been related to calcification and structural failure of aortic valve
prostheses [36, 37]. Thubrikar et al. reported in an in vivo study [37] that, high compressive
stress is closely correlated with the calcification of aortic valve prostheses leaflets. In addition
to the compressive stress, the tensile stress and shear stress that act on leaflets may lead to the
failure of the valve structure [36]. The multiple stress components can be represented by the
Von Mises stress. Our current results show that the highest compressive stress occurs at the
site of the leaflet that is most bent. The same pattern was also observed in the FEM model of
the tri-leaflet valve. However, the maximum compressive stress of the bi-leaflet valve is 10.8%
smaller than that of the tri-leaflet valve. The highest Von Mises stress value in the bi-leaflet
valve is slightly higher (by 7.1%) than that in the tri-leaflet valve. The maximum Von Mises
stress occurs at the commissures ends in both valves.

As mentioned in the validation section, S-shaped free edges were observed when the bi-leaf-
let valve was fully closed. This observation ensured good coaptation of the leaflets and pro-
vided more safety for the closure [29].

Dynamics and hemodynamic performance

As the FEM simulation only considered structural behaviors, evaluation of the dynamics and
hemodynamic performance of the bi-leaflet design was performed by comparing the in-vitro
results. The bi-leaflet valve and reference tri-leaflet valve were compared.

The results show that while both valves are capable of normal function, the dynamic perfor-
mance of the proposed bi-leaflet valve is superior to that of the reference tri-leaflet valve. The
bi-leaflet design required for less time than the tri-leaflet valve in the opening and closing
phase. The opening of the bi-leaflet valve is 44% faster than the reference valve. During the
close phase, the time cost of the bi-leaflet design is 2.9% less than the reference valve. This
observation suggested that the leaflet mobility of the proposed bi-leaflet design is better than
the reference valve. The fully opened state of the proposed valve lasts 26.7% longer than that of
the reference valve, corresponding to 0.152 s and 0.12 s, respectively.

In addition, the novel designed bi-leaflet valve also exhibited favorable hemodynamic per-
formance in all aspects studied compared with the reference valve. The trans-valvular pressure
measurements indicated that the pressure drop of the bi-leaflet valve is 11.63% lower than that
of the reference tri-leaflet valve, which in turn implies a lower flow impedance. The RF, regur-
gitant volume and leakage volume of the bi-leaflet valve are 4.11%, 16.36% and 44.84% lower
than those of the reference valve, respectively. Based on the directly measured parameters, the
calculated EOA and energy loss of the bi-leaflet valve are 9.7% larger and 23.28% smaller than
those of the reference tri-leaflet valve, respectively. The larger EOA of the proposed valve
design lowers the risk of post-operative trans-valvular pressure, thus reducing the resistance to
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forward flow and energy loss. In addition to the results of the structural dynamic investigation,
the simpler geometrically structure of the bi-leaflet valve guarantees faster coaptation, thus
leads to a smaller regurgitant volume than the reference valve.

To further validate the function of the design proposed, a more extensive comparison of the
hemodynamic performance was performed between the bi-leaflet valve proposed in the cur-
rent study and aortic valve prostheses reported in the literature (Table 6).

Two critical parameters, EOA and mean pressure gradient, were selected from the table
and compared visually in Figs 16 and 17. All selected valves are sized 25 mm on the label.

As illustrated in Fig 16, the EOA of the proposed bi-leaflet valve is ranked 2"¢ among all 13
types of valves compared. The differences in the mean pressure gradients among different
valve types are not obvious, and the proposed bi-leaflet valve exhibited comparable hemody-
namic performance to currently available valve designs.

In addition to EOA and mean pressure gradient, the regurgitant and leakage volumes of the
proposed valve were reasonable compared with available data (Fig 18).

Impact of the bi-leaflet design on coronary flow

Coronary arteries that connect to the left and right sinuses of aortic root are responsible for
supplying blood to the heart. Unlike its tri-leaflet counterparts, the impact of the unique struc-
tural characteristics of the proposed bi-leaflet prosthetic aortic valve on the coronary flow is
still unclear due to the very limited data.

To clarify the impact of the proposed bi-leaflet valve on the coronary flow, CFD simulations
were conducted to investigate the coronary perfusion at t = 0.4 s of Fig 13, of which is the
beginning of the diastolic of the left ventricle, and the maximum coronary flow can be
expected around this point under physiological conditions.

In the simulations, the coronary arteries were added to the conduits of the bi-leaflet model
and the tri-leaflet model, respectively (Fig 19).

The deformed bi-leaflet valve and tri-leaflet valve at t = 0.4 s were extracted from the FEM
simulation results and incorporated into the their own conduits, respectively (Fig 20).

The in-vitro measured flow rate (-6.2 ml/s) was assigned to the distal ends aorta as inlet
boundary conditions. Lump parameter resistance Rc; and R, were assigned to the end of left
and right coronary arteries, respectively (Fig 21). The Rc, is 34625 dyne-s/cm® and the R, is
40338 dyne-s/cm”’. Due to the current CFD simulations were performed under steady-state
conditions, the authors did not consider the distal vascular compliance in the lumped parame-
ter models.

In the CFD simulation, rigid wall assumption was assumed. The fluid was model as a New-
tonian fluid with a dynamic viscosity of 3.5 mPa-s and a density of 1040 kg/m”.

The flow rates at the ends of coronary arteries were monitored on both models and listed in
(Table 7).

Based on the CFD simulation, the differences in coronary flow between the bi-leaflet model
and tri-leaflet model are small than 2%. The bi-leaflet valve shows no noticeable impact on the
coronary flow compared with its tri-leaflet counterpart.

Impact of the bi-leaflet design on the flow in aorta

The flow in ascending aorta is highly affected by the aortic valve. Abnormal flow characteris-
tics, such as eccentric jet and stress distribution, play important roles in the development of
ascending aorta dilation [58-60].

Despite the proposed bi-leaflet valve prosthesis is well-designed for AVR that open and
close in a symmetrical manner, particle image velocimetry (PIV) measurements were
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Table 6. Comparison of hemodynamic performance between proposed bi-leaflet valve and reported aortic valve prosthesis.

Valve Type CO |HR Size [TPG EOA Vi Vi RF E; PI

Polymeric bi-leaflet 54 |72 25 8.74+£0.07 |3.14+£0.02 |593+0.20 | 1.55+0.04 | 10.26 +£0.00 | 98.99 £7.94 | 0.64 £ 0.00

Polymeric tri-leaflet [31] 5 - 22 3.2 334 1.2 6.5 - - -

Polymeric tri-leaflet [32] 56 |- 21 2091 1.47 - - 2.43 - -

Tissue tri-leaflet [32] 56 |- 21 16.57 1.95 - - 7.08 - -

St. Jude [38] - - 25 1.67+0.09 - - - - -

St. Jude [39] 54 |- 25 11 3.23 9.7 - - - -

Bjork-Shiley Monostrut [39] 54 |- 25 12 2.37 7.3 - - - -

Carpentier-Edwards [39] 54 |- 25 - 1.52 1.2 - - - -

Bjork-Shiley [40] - - 25 4.9+3.9 3.51+1.66 - - - - 0.7240.34

Carpentier-Edwards [40] - - 25 9.6+7.1 2.53+1.39 | - - - - 0.52+0.28

Hancock [40] - - 25 7.9+4.1 2.23£0.74 - - - - 0.46x0.15

Medtronic Hall [38] - - 25 1.82+0.14 | - - - - -

Hancock [38] - - 25 1.2240.21 - - - - -

Medtronic Open Pivot [38] - - 25 11.1+£0.8 2.1+0.1 - - - - -

Mosaic bioprosthesis [41] - - 25 12.2+5.8 2.39+0.76 | - - - - -

Perimount bioprosthesis [41] - - 25 13.7+4.4 2.07+0.35 | - - - - -

Freestyle stentless bioprosthesis [41] - - 25 5.1£3.3 2.0£0.5 - - - - -

Perimount Magna pericardial xenograft [42] - - 25 7.8£1.8 2.35£0.30 | - - - - -

Medtronic Mosaic bioprosthesis [42] - - 25 11.8+3.3 1.75+0.53 - - - - -

Perimount Magna pericardial xenograft [43] - - 25 | 8.4+2.6 2.33+0.18 | - - - - -

Perimount Standard pericardial xenograf [43] | - - 25 10.7+6.6 1.89+0.59 | - - - - -

St. Jude Medical Regent [44] - - 25 5.8+3.4 2.5+0.9 - - - - -

Trifecta aortic bioprosthesis [45] - - 25 1145 - - - - -

Trifecta aortic bioprosthesis [46] - - 25 4.8 2.1 - - - - -

St. Jude Toronto porcine [46] - - 25 - 1.9 - - - - -

Hyaluronan-Polyethylene flexible valve [47] 5 - 25 2.34+0.5 4.6+0.4 - - - -

TTK Chitra tilting disc vale [48] - - 25 7.9+4.5 1.38+0.16 - - - - -

Terifecta aortic bioprosthesis [49] - - 25 6.9+2.3 2.3+04 - - - - -

JenaValve [50] - - 25 10.3+4.8 - - - - -

Tri-leaflet pericardium [51] - - 26 9.4+3.2 2.3+0.6 - - - - -

Trifecta aortic bioprosthesis [52] - - 25 7.843.3 - - - - - -

Trifecta aortic bioprosthesis [53] - - 25 7.6 2.27 - - - - -

Medtronic Hall tilting disk [54] 5 - 25 - 3.07 4.7 4.3 10.83 - -

St. Jude bi-leaflet [54] 5 |- 25 |- 3.23 55 52 12.68 . .

Bjork-Shiley Monostrut [54] 5 - 25 - 2.62 5 4.2 9.8 - -

Edwards pericardial [55] - - 25 14.0+2.6 1.8+0.2 - - - - -

Medtronic Mosaic [55] - - 25 15.9+2.9 1.8+0.2 - - - - -

Trifecta aortic bioprosthesis [56] - - 25 8.4+3.3 1.33+0.44 | - - - - -

Starr-Edwards 5 70 |25 - 1.62 4.3 - - - 0.33

Bjork-Shiley Convexo- Concave [34] 5 70 |25 - 2.37 7.3 - - - 0.48

Bjork-Shiley Monostrut [34] 5 70 |25 - 2.62 7.6 - - - 0.53

Medtronic Hall [34] 5 70 25 - 3.07 8.4 - - - 0.62

St. Jude Standard [34] 5 70 |25 - 3.23 9.9 - - - 0.66

St. Jude Regent [34] 5 70 |25 - 3.97 11.2 - - - 0.81

CarboMedics [34] 5 70 |25 - 3.14 6.1 - - - 0.64

Sorin Bicarbon [34] 5 70 |25 - 2.39 - - - - 0.69

Carpentier-Edwards Porcine 2625 [34] 5 70 |25 - 1.52 <2 - - - 0.31
(Continued)
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Table 6. (Continued)

Valve Type CO |HR Size TPG EOA \ %3 Vi RF E; PI
Carpentier-Edwards Porcine 2650 [34] 5 70 |25 - 2.36 <2 - - - 0.48
Carpentier-Edwards Pericardial 2900 [34] 5 70 |25 - 3.25 <2 - - - 0.66
Hancock Porcine 242 [34] 5 70 |25 - 1.93 <2 - - - 0.39
Hancock MO Porcine 250 [34] 5 70 |25 - 2.16 <2 - - - 0.44
Hancock II Porcine 410 [34] 5 70 |25 - 2.1 <2 - - - 0.43
Mosaic Porcine [34] 5 70 |25 - 2.11 <2 - - - 0.43
Medtronic Freestyle Porcine [34] 5 70 |25 - 341 <4 - - - 0.69
St. Jude Toronto [57] - - 25 9.2+3.5 1.7+0.6 - - - - -
Perimount [57] - - 25 6.9+4.4 2.2+0.6 - - - - -

CO, cardiac output; HR, heart rate; PI, performance

https://doi.org/10.1371/journal.pone.0210780.t006

conducted on the bi-leaflet and reference tri-leaflet prosthesis to further verify the downstream
flow characteristics.

During the measurement, the PIV was triggered at the systolic peak and 60 pairs of PIV
images were captured in the central of ascending aorta. The images were carefully calibrated
and post-processed in the DaVis software (LaVision, Germany). The adaptive correlation
method calculates velocity vectors within an initial interrogation area (IA) of 32 x 32 pixels
with 50% overlapping.
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Fig 16. Comparison of EOA between the current design and commercially available prosthetics.

https://doi.org/10.1371/journal.pone.0210780.g016
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Fig 17. Comparison of the mean pressure gradient between the current design and commercially available
prosthetics.

https://doi.org/10.1371/journal.pone.0210780.g017

Fig 22(a) illustrated the velocity field downstream of the bi-leaflet valve at the systolic peak.
Similar to its tri-leaflet counterpart(Fig 22(b)), no eccentric jet was observed.

Based on the velocity fields, the shear stress distribution downstream the bi-leaflet valve
and the reference tri-leaflet valve was calculated, respectively (Fig 23). Similar shear stress lev-
els were observed in the ascending aortas.
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Fig 18. Comparison of (a) regurgitant volume and (b) leakage volume among the valves.

https://doi.org/10.1371/journal.pone.0210780.g018
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Fig 19. Modeling of the conduits with coronary arteries.
https://doi.org/10.1371/journal.pone.0210780.9019

(b) Tri-leaflet valve configuration att=0.4 s

Fig 20. Diagram of valve configurations at t = 0.4 s.
https://doi.org/10.1371/journal.pone.0210780.9020
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Fig 21. Diagram of the boundary conditions.
https://doi.org/10.1371/journal.pone.0210780.9021

Limitations

The investigation on the feasibility of bi-leaflet ePTFE aortic valve prosthesis is still in the very
early stage. Despite the bi-leaflet concept has been used as PVR prosthesis in the RVOT recon-
structions successfully, some important investigations are yet to be carried out before the
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Table 7. Coronary flow rates of both models.

Model Flow rate (ml/s)

Left coronary Right coronary
Bi-leaflet 3.36 2.84
Tri-leaflet 3.31 2.89

https://doi.org/10.1371/journal.pone.0210780.t007
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Fig 22. Velocity fields in the ascending aorta.
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Fig 23. Shear stress distributions in the ascending aorta.

https://doi.org/10.1371/journal.pone.0210780.9023
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clinical application of the proposed prosthesis in AVR operations due to the pathological and
hemodynamics environment in aorta differ from that in the pulmonary artery.

Firstly, the long-term durability of the ePTFE prosthetic valve under aortic loading is yet
to be explored by high cycle fatigue tests. Additionally, systemically in-vitro investigations
of the impact of the sinuses of Valsava (height, depth, etc.,) on the local hemodynamics and
the dynamic performance of the bi-leaflet valves would be necessary for the next stage of the
study. Thirdly, the impact of the bi-leaflet aortic substitute on coronary perfusion and down-
stream flow is largely unknown, and detailed investigations should be conducted in the next
stage. Last but not least, animal trials would be required previous to any clinical applications.

Conclusion

In conclusion, this study presents a novel ePTFE bi-leaflet valve prosthesis for AVR, and the
dynamic and hemodynamic performance of the proposed bi-leaflet valve under physiological
aortic loading were evaluated by using numerical and in-vitro experimental methods. The
preliminary results showed that the bi-leaflet valve design is not only capable of serving as

an aortic valve substitute under aortic physiological loadings in terms of structural dynamic
behaviors, but also shows encouraging outcomes in certain critical hemodynamic parameters,
including EOA, TPG, and RF when comparing with its commercialized counterparts. These
novel findings could have implications for the further studies on the use of the ePTFE bi-leaflet
valve in the pediatric patients who need AVR.

Supporting information

S1 Video. The motion of the bi-leaflet valve cusps under aortic flow conditions.
(MOV)

$2 Video. The dynamic behavior of the bi-leaflet valve captured by high speed camera.
(MOV)

Acknowledgments

This project is supported by the National Medical Research Council (NMRC) of the
Republic of Singapore (NMRC/CIRG/1435/2015), China postdoctoral science foundation
grant (2016M600781) and the Fundamental Research Funds for the Central Universities
(XJJ2017032).

Author Contributions

Conceptualization: Masakazu Nakao, Joon Hock Yeo.
Funding acquisition: Masakazu Nakao, Joon Hock Yeo.
Investigation: Guangyu Zhu.

Methodology: Guangyu Zhu, Munirah Binte Ismail.
Resources: Masakazu Nakao.

Supervision: Joon Hock Yeo.

Writing - original draft: Guangyu Zhu.

Writing - review & editing: Munirah Binte Ismail, Qi Yuan, Joon Hock Yeo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210780 January 30, 2019 23/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210780.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210780.s002
https://doi.org/10.1371/journal.pone.0210780

o m o
@ * PLOS | ONE Numerical and in vitro experimental assessment of a novel designed ePTFE bi-leaflet valve for AVR

References

1. David TE. Aortic Valve Replacement in Children and Young Adults. Journal of the American College of
Cardiology. 2016; 67(24):2871-2873. https://doi.org/10.1016/j.jacc.2016.04.023 PMID: 27311526

2. Tweddell JS. Are complex aortic valve repairs a real alternative to replacement in children? European
Journal of Cardio-Thoracic Surgery. 2017; 52(3):588-589. https://doi.org/10.1093/ejcts/ezx177 PMID:
28874029

3. Konstantinov IE, D’'Udekem Y, Brizard CP. Ross operation or aortic valve repair in neonates and
infants? The Journal of Thoracic and Cardiovascular Surgery. 2014; 148(1):362—363. https://doi.org/10.
1016/j.jtcvs.2014.02.053 PMID: 24939021

4. Alsoufi B, D’Udekem Y. Aortic valve repair and replacement in children. Future Cardiol. 2014; 10:105—
115. https://doi.org/10.2217/fca.13.88 PMID: 24344667

5. Lower RR, Stofer RC, Shumway NE. Autotransplantation of the pulmonic valve into the aorta. The Jour-
nal of thoracic and cardiovascular surgery. 1960; 39:680—687. PMID: 14418561

6. Mazzitelli D, Guenther T, Schreiber C, Wottke M, Michel J, Meisner H. Aortic valve replacement in chil-
dren: are we on the right track? European journal of cardio-thoracic surgery. 1998; 13(5):565-571.
https://doi.org/10.1016/S1010-7940(98)00069-4 PMID: 9663540

7. Ross D. Replacement of aortic and mitral valves with a pulmonary autograft. The Lancet. 1967; 290
(7523):956-958. https://doi.org/10.1016/S0140-6736(67)90794-5

8. Talwar S, Malankar D, Garg S, Choudhary SK, Saxena A, Velayoudham D, et al. Aortic valve replace-
ment with biological substitutes in children. Asian cardiovascular & thoracic annals. 2012; 20(5):518—
524. https://doi.org/10.1177/0218492312439400

9. Brancaccio G, Polito A, Hoxha S, Gandolfo F, Giannico S, Amodeo A, et al. The Ross procedure in
patients aged less than 18 years: the midterm results. The Journal of thoracic and cardiovascular sur-
gery. 2014; 147(1):383-388. https://doi.org/10.1016/j.jtcvs.2013.02.037 PMID: 23490251

10. Oury JH, Hiro SP, Maxwell JM, Lamberti JJ, Duran CMG. The Ross procedure: Current registry results.
Annals of Thoracic Surgery. 1998; 66(6):S162—-S165. https://doi.org/10.1016/S0003-4975(98)01028-5
PMID: 9930440

11. Morales DLS, Carberry KE, Balentine C, Heinle JS, McKenzie ED, Fraser CD. Selective application of
the pediatric ross procedure minimizes autograft failure. Congenital Heart Disease. 2008; 3(6):404—
410. https://doi.org/10.1111/j.1747-0803.2008.00221.x PMID: 19037980

12. WangK, Zhang H, Jia B. Current surgical strategies and techniques of aortic valve diseases in
children. Translational Pediatrics. 2018; 7(2):83-90. https://doi.org/10.21037/tp.2018.02.03 PMID:
29770290

13. Folesani G, Calcara G, Minniti G, Polesel E. Reoperation for aortic homograft failure using an Edwards
Intuity valve. Interactive CardioVascular and Thoracic Surgery. 2016; 22(3):378-380. https://doi.org/10.
1093/icvts/ivv343 PMID: 26675562

14. Miyazaki T, Yamagishi M, Nakashima A, Fukae K, Nakano T, Yaku H, et al. Expanded polytetrafluor-
oethylene valved conduit and patch with bulging sinuses in right ventricular outflow tract reconstruction.
The Journal of thoracic and cardiovascular surgery. 2007; 134(2):327-332. https://doi.org/10.1016/].
jtcvs.2007.03.030 PMID: 17662769

15. Ootaki Y, Williams DA. To create or pull from the shelf? Journal of Thoracic and Cardiovascular Sur-
gery. 2018; 155(5):2092—-2093. https://doi.org/10.1016/j.jtcvs.2018.01.048 PMID: 29486890

16. Lee CHC, Lee CHC, Kwak JG, Song JY, Shim WS, Choi EY, et al. Bicuspid pulmonary valve implanta-
tion using polytetrafluoroethylene membrane: early results and assessment of the valve function by
magnetic resonance imaging. European journal of cardio-thoracic surgery: official journal of the Euro-
pean Association for Cardio-thoracic Surgery. 2012; 0(2011):1-5.

17. Quintessenza JA, Jacobs JPJ, Chai PJ, Morell VO, Lindberg H. Polytetrafluoroethylene bicuspid pulmo-
nary valve implantation experience with 126 patients. World Journal for Pediatric and Congenital Heart
Surgery. 2010; 1(1):20-27. https://doi.org/10.1177/2150135110361509 PMID: 23804719

18. Quintessenza J, Jacobs J. Late replacement of the pulmonary valve: when and what type of valve?
Cardiology in the Young. 2005; 15:58-63. https://doi.org/10.1017/S1047951105001046 PMID:
15934693

19. Quintessenza Ja, Jacobs JP, Morell VO, Giroud JM, Boucek RJ. Initial experience with a bicuspid poly-
tetrafluoroethylene pulmonary valve in 41 children and adults: a new option for right ventricular outflow
tract reconstruction. The Annals of thoracic surgery. 2005; 79(3):924—-31. https://doi.org/10.1016/j.
athoracsur.2004.05.045

20. Quintessenza JA. Polytetrafluoroethylene pulmonary valve conduit implantation for chronic pulmonary
insufficiency. Cardiology in the Young. 2014; 24(06):1101-1103. https://doi.org/10.1017/
S$1047951114002200 PMID: 25647385

PLOS ONE | https://doi.org/10.1371/journal.pone.0210780 January 30, 2019 24/27


https://doi.org/10.1016/j.jacc.2016.04.023
http://www.ncbi.nlm.nih.gov/pubmed/27311526
https://doi.org/10.1093/ejcts/ezx177
http://www.ncbi.nlm.nih.gov/pubmed/28874029
https://doi.org/10.1016/j.jtcvs.2014.02.053
https://doi.org/10.1016/j.jtcvs.2014.02.053
http://www.ncbi.nlm.nih.gov/pubmed/24939021
https://doi.org/10.2217/fca.13.88
http://www.ncbi.nlm.nih.gov/pubmed/24344667
http://www.ncbi.nlm.nih.gov/pubmed/14418561
https://doi.org/10.1016/S1010-7940(98)00069-4
http://www.ncbi.nlm.nih.gov/pubmed/9663540
https://doi.org/10.1016/S0140-6736(67)90794-5
https://doi.org/10.1177/0218492312439400
https://doi.org/10.1016/j.jtcvs.2013.02.037
http://www.ncbi.nlm.nih.gov/pubmed/23490251
https://doi.org/10.1016/S0003-4975(98)01028-5
http://www.ncbi.nlm.nih.gov/pubmed/9930440
https://doi.org/10.1111/j.1747-0803.2008.00221.x
http://www.ncbi.nlm.nih.gov/pubmed/19037980
https://doi.org/10.21037/tp.2018.02.03
http://www.ncbi.nlm.nih.gov/pubmed/29770290
https://doi.org/10.1093/icvts/ivv343
https://doi.org/10.1093/icvts/ivv343
http://www.ncbi.nlm.nih.gov/pubmed/26675562
https://doi.org/10.1016/j.jtcvs.2007.03.030
https://doi.org/10.1016/j.jtcvs.2007.03.030
http://www.ncbi.nlm.nih.gov/pubmed/17662769
https://doi.org/10.1016/j.jtcvs.2018.01.048
http://www.ncbi.nlm.nih.gov/pubmed/29486890
https://doi.org/10.1177/2150135110361509
http://www.ncbi.nlm.nih.gov/pubmed/23804719
https://doi.org/10.1017/S1047951105001046
http://www.ncbi.nlm.nih.gov/pubmed/15934693
https://doi.org/10.1016/j.athoracsur.2004.05.045
https://doi.org/10.1016/j.athoracsur.2004.05.045
https://doi.org/10.1017/S1047951114002200
https://doi.org/10.1017/S1047951114002200
http://www.ncbi.nlm.nih.gov/pubmed/25647385
https://doi.org/10.1371/journal.pone.0210780

®PLOS | one

Numerical and in vitro experimental assessment of a novel designed ePTFE bi-leaflet valve for AVR

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Dur O, Yoshida M, Manor P, Mayfield A, Wearden PD, Morell VO, et al. In vitro evaluation of right ven-
tricular outflow tract reconstruction with bicuspid valved polytetrafluoroethylene conduit. Artificial
organs. 2010; 34(11):1010-6. https://doi.org/10.1111/j.1525-1594.2010.01136.x PMID: 21092044

Bernstein D, Dur O, Yoshida M, Pekkan K. Bicuspid-valved PTFE conduit optimization for pediatric
RVOT reconstruction. 2011 |IEEE 37th Annual Northeast Bioengineering Conference (NEBEC). 2011;
p. 1-2.

Yoshida M, Wearden PD, Dur O, Pekkan K, Morell VO. Right ventricular outflow tract reconstruction
with bicuspid valved polytetrafluoroethylene conduit. The Annals of thoracic surgery. 2011; 91(4):1235—
8; discussion 1239. https://doi.org/10.1016/j.athoracsur.2010.11.010 PMID: 21440151

Miyazaki T, Yamagishi M, Maeda Y, Yamamoto Y, Taniguchi S, Sasaki Y, et al. Expanded polytetra-
fluoroethylene conduits and patches with bulging sinuses and fan-shaped valves in right ventricular out-
flow tract reconstruction: Multicenter study in Japan. The Journal of thoracic and cardiovascular
surgery. 2011; 142(5):1122-1129. https://doi.org/10.1016/j.jtcvs.2011.08.018 PMID: 21908008

Takahashi Y, Tsutsumi Y, Monta O, Kato Y, Kohshi K, Sakamoto T, et al. Expanded polytetrafluoroethy-
lene-valved conduit with bulging sinuses for right ventricular outflow tract reconstruction in adults. Gen-
eral thoracic and cardiovascular surgery. 2010; 58(1):14—18. https://doi.org/10.1007/s11748-009-0527-
9 PMID: 20058136

Miyazaki T, Yamagishi M, Maeda Y, Taniguchi S, Fujita S, Hongu H, et al. Long-term outcomes of
expanded polytetrafluoroethylene conduits with bulging sinuses and a fan-shaped valve in right ventric-
ular outflow tract reconstruction. The Journal of Thoracic and Cardiovascular Surgery. 2018; 155
(6):2567-2576. https://doi.org/10.1016/}.jtcvs.2017.12.137 PMID: 29510932

Nosal’ M, Poruban R, Valentik P, Sagat M, Nagi AS, Kantorova A. Initial experience with polytetrafluor-
oethylene leaflet extensions for aortic valve repair. European Journal of Cardio-Thoracic Surgery. 2012;
41(6):1255-1258. https://doi.org/10.1093/ejcts/ezr214 PMID: 22241004

Zhu G, Nakao M, Yuan Q, Yeo JH. In-vitro Assessment of Expanded-Polytetrafluoroethylene Stentless
Tri-leaflet Valve Prosthesis for Aortic Valve Replacement. Proceedings of the 10th International Joint
Conference on Biomedical Engineering Systems and Technologies. 2017;(28):186—189.

Xiong FL, Goetz WA, Chong CK, Chua YL, Pfeifer S, Wintermantel E, et al. Finite element investigation
of stentless pericardial aortic valves: relevance of leaflet geometry. Annals of biomedical engineering.
2010; 38(5):1908-1918. https://doi.org/10.1007/s10439-010-9940-6 PMID: 20213213

Claiborne TE, Slepian MJ, Hossainy S, Bluestein D. Polymeric trileaflet prosthetic heart valves: evolu-
tion and path to clinical reality. Expert review of medical devices. 2012; 9(6):577-594. https://doi.org/10.
1586/erd.12.51 PMID: 23249154

Burriesci G, Marincola FC, Zervides C. Design of a novel polymeric heart valve. Journal of medical engi-
neering & technology. 2010; 34(1):7—-22. https://doi.org/10.3109/03091900903261241

Claiborne TE, Sheriff J, Kuetting M, Steinseifer U, Slepian MJ, Bluestein D. In vitro evaluation of a novel
hemodynamically optimized trileaflet polymeric prosthetic heart valve. Journal of biomechanical engi-
neering. 2013; 135(2):021021. https://doi.org/10.1115/1.4023235 PMID: 23445066

ISO 5840:2005—Cardiovascular implants—Cardiac valve prostheses.

Yoganathan AP, He Z, Casey Jones S. Fluid mechanics of heart valves. Annual review of biomedical
engineering. 2004; 6:331-362. https://doi.org/10.1146/annurev.bioeng.6.040803.140111 PMID:
15255773

Bernacca GM, O’Connor B, Williams DF, Wheatley DJ. Hydrodynamic function of polyurethane pros-
thetic heart valves: influences of Young’s modulus and leaflet thickness. Biomaterials. 2002; 23(1):45—
50. https://doi.org/10.1016/S0142-9612(01)00077-1 PMID: 11762853

Deiwick M, Glasmacher B, Baba H. In vitro testing of bioprostheses: influence of mechanical stresses
and lipids on calcification. Annals of Thoracic Surgery. 1998; 66(6):S206—S211. https://doi.org/10.1016/
S0003-4975(98)01125-4 PMID: 9930449

Thubrikar MJ, Deck JD, Aouad J, Nolan SP. Role of mechanical stress in calcification of aortic biopros-
thetic valves. Journal of Thoracic & Cardiovascular Surgery. 1983; 86(1):115-125.

Baumgartner H, Khan SS, DeRobertis M, Czer LS, Maurer G. Doppler assessment of prosthetic valve
orifice area. An in vitro study. Circulation. 1992; 85(6):2275-2283. https://doi.org/10.1161/01.CIR.85.6.
2275 PMID: 1591841

Yoganathan AP, Chaux A, Gray RJ, Woo YR, DeRobertis M, Williams FP, et al. Bileaflet, tilting disc and
porcine aortic valve substitutes: In vitro hydrodynamic characteristics. Journal of the American College
of Cardiology. 1984; 3(2 1):313-320. https://doi.org/10.1016/S0735-1097(84)80014-5 PMID: 6693619
Gray RJ, Chaux A, Matloff JM, DeRobertis M, Raymond M, Stewart M, et al. Bileaflet, tilting disc and

porcine aortic valve substitutes: In vivo hydrodynamic characteristics. Journal of the American College
of Cardiology. 1984; 3(2 1):321-327. https://doi.org/10.1016/S0735-1097(84)80015-7 PMID: 6693620

PLOS ONE | https://doi.org/10.1371/journal.pone.0210780 January 30, 2019 25/27


https://doi.org/10.1111/j.1525-1594.2010.01136.x
http://www.ncbi.nlm.nih.gov/pubmed/21092044
https://doi.org/10.1016/j.athoracsur.2010.11.010
http://www.ncbi.nlm.nih.gov/pubmed/21440151
https://doi.org/10.1016/j.jtcvs.2011.08.018
http://www.ncbi.nlm.nih.gov/pubmed/21908008
https://doi.org/10.1007/s11748-009-0527-9
https://doi.org/10.1007/s11748-009-0527-9
http://www.ncbi.nlm.nih.gov/pubmed/20058136
https://doi.org/10.1016/j.jtcvs.2017.12.137
http://www.ncbi.nlm.nih.gov/pubmed/29510932
https://doi.org/10.1093/ejcts/ezr214
http://www.ncbi.nlm.nih.gov/pubmed/22241004
https://doi.org/10.1007/s10439-010-9940-6
http://www.ncbi.nlm.nih.gov/pubmed/20213213
https://doi.org/10.1586/erd.12.51
https://doi.org/10.1586/erd.12.51
http://www.ncbi.nlm.nih.gov/pubmed/23249154
https://doi.org/10.3109/03091900903261241
https://doi.org/10.1115/1.4023235
http://www.ncbi.nlm.nih.gov/pubmed/23445066
https://doi.org/10.1146/annurev.bioeng.6.040803.140111
http://www.ncbi.nlm.nih.gov/pubmed/15255773
https://doi.org/10.1016/S0142-9612(01)00077-1
http://www.ncbi.nlm.nih.gov/pubmed/11762853
https://doi.org/10.1016/S0003-4975(98)01125-4
https://doi.org/10.1016/S0003-4975(98)01125-4
http://www.ncbi.nlm.nih.gov/pubmed/9930449
https://doi.org/10.1161/01.CIR.85.6.2275
https://doi.org/10.1161/01.CIR.85.6.2275
http://www.ncbi.nlm.nih.gov/pubmed/1591841
https://doi.org/10.1016/S0735-1097(84)80014-5
http://www.ncbi.nlm.nih.gov/pubmed/6693619
https://doi.org/10.1016/S0735-1097(84)80015-7
http://www.ncbi.nlm.nih.gov/pubmed/6693620
https://doi.org/10.1371/journal.pone.0210780

®PLOS | one

Numerical and in vitro experimental assessment of a novel designed ePTFE bi-leaflet valve for AVR

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Eichinger WB, Botzenhardt F, Guenzinger R, Bleiziffer S, Keithahn A, Bauernschmitt R, et al. The effec-
tive orifice area/patient aortic annulus area ratio: a better way to compare different bioprostheses? A
prospective randomized comparison of the Mosaic and Perimount bioprostheses in the aortic position.
The Journal of heart valve disease. 2004; 13(3):382—388; discussion 388—389. PMID: 15222284

Dalmau MJ, Maria Gonzélez-Santos J, Lopez-Rodriguez J, Bueno M, Arribas A, Nieto F. One year
hemodynamic performance of the Perimount Magna pericardial xenograft and the Medtronic Mosaic
bioprosthesis in the aortic position: a prospective randomized study. Interactive cardiovascular and tho-
racic surgery. 2007; 6(3):345-349. https://doi.org/10.1510/icvts.2006.144196 PMID: 17669862

Dalmau MJ, Mariagonzalez-Santos J, Loépez-Rodriguez J, Bueno M, Arribas A. The Carpentier-
Edwards Perimount Magna aortic xenograft: a new design with an improved hemodynamic perfor-
mance. Interactive cardiovascular and thoracic surgery. 2006; 5(3):263—267. https://doi.org/10.1510/
icvts.2005.120352 PMID: 17670564

Bach DS, Goldbach M, Sakwa MP, Petracek M, Errett L, Mohr F. Hemodynamics and early perfor-
mance of the St. Jude Medical Regent aortic valve prosthesis. The Journal of heart valve disease.
2001; 10(4):436—442. PMID: 11499586

Dell’Aquila AM, Schlarb D, Schneider SRB, Sindermann JR, Hoffmeier A, Kaleschke G, et al. Clinical
and echocardiographic outcomes after implantation of the Trifecta aortic bioprosthesis: An initial single-
centre experience. Interactive Cardiovascular and Thoracic Surgery. 2013; 16(2):112-115. https://doi.
org/10.1093/icvts/ivs460 PMID: 23159508

Bavaria JE, Desai ND, Cheung A, Petracek MR, Groh MA, Borger MA, et al. The St Jude Medical Tri-
fecta aortic pericardial valve: Results from a global, multicenter, prospective clinical study. The Journal
of Thoracic and Cardiovascular Surgery. 2013; p. 1-9.

Prawel Da, Dean H, Forleo M, Lewis N, Gangwish J, Popat KC, et al. Hemocompatibility and Hemody-
namics of Novel Hyaluronan-Polyethylene Materials for Flexible Heart Valve Leaflets. Cardiovascular
Engineering and Technology. 2014; 5(1):70-81. https://doi.org/10.1007/s13239-013-0171-5

Malhotra A, Pawar SR, Srivastava A, Yadav BS, Kaushal R, Sharma P, et al. Clinical and hemodynamic
study of tilting disc heart valve: Single-center study. Asian Cardiovascular and Thoracic Annals. 2014;
22(5):519-525. https://doi.org/10.1177/0218492313475640 PMID: 24646514

Permanyer E, Estigarribia AJ, Ysasi A, Herrero E, Semper O, Llorens R. St. Jude Medical Trifecta™
aortic valve perioperative performance in 200 patients. Interactive Cardiovascular and Thoracic Sur-
gery. 2013; 17(4):669-672. https://doi.org/10.1093/icvts/ivi270 PMID: 23825161

Reuthebuch O, Inderbitzin DT, Ruter F, Jeger R, Kaiser C, Buser P, et al. Single-Center Experience
and Short-term Outcome With the JenaValve. Innovations: Technology and Techniques in Cardiotho-
racic and Vascular Surgery. 2014; 9(5):368-374. https://doi.org/10.1097/IM1.0000000000000100
PMID: 25251551

Meong GS, Hyun SY, Jong BC, Je KS, Hyun KC, Jun SK. Aortic Valve Reconstruction with Use of Peri-
cardial Leaflets. Texas Heart Institute journal. 2013; 41(6):585-591.

Modi A, Budra M, Miskolczi S, Velissaris T, Kaarne M, Barlow CW, et al. Hemodynamic performance of
Trifecta: Single-center experience of 400 patients. Asian Cardiovascular and Thoracic Annals. 2015; 23
(2):140-145. https://doi.org/10.1177/0218492314533684 PMID: 24823382

Phan K, Ha H, Phan S, Misfeld M, Di Eusanio M, Yan TD. Early hemodynamic performance of the
third generation St Jude Trifecta aortic prosthesis: systematic review and meta-analysis. The Journal
of Thoracic and Cardiovascular Surgery. 2015; https://doi.org/10.1016/}.jtcvs.2015.01.043 PMID:
25802135

Walker PG, Yoganathan AP. In vitro pulsatile flow hemodynamics of five mechanical aortic heart valve
prostheses. European journal of cardio-thoracic surgery. 1992; 6(Suppl 1):S113-S123. https://doi.org/
10.1093/ejcts/6.Supplement_1.5113 PMID: 1389270

Seitelberger R, Bialy J, Gottardi R, Seebacher G, Moidl R, Mittelbock M, et al. Relation between size of
prosthesis and valve gradient: Comparison of two aortic bioprosthesis. European Journal of Cardio-tho-
racic Surgery. 2004; 25(3):358-363. https://doi.org/10.1016/j.ejcts.2003.12.011 PMID: 15019661

Yadlapati A, Diep J, Barnes M, Grogan T, Bethencourt DM, Vorobiof G. Comprehensive hemodynamic
comparison and frequency of patient-prosthesis mismatch between the St. Jude medical trifecta and
epic bioprosthetic aortic valves. Journal of the American Society of Echocardiography. 2014; 27
(6):581-589. https://doi.org/10.1016/j.echo.2014.01.002 PMID: 24534651

Chambers J, Rimington H, Rajani R, Hodson F, Blauth C. Hemodynamic performance on exercise:
comparison of a stentless and stented biological aortic valve replacement. The Journal of heart valve
disease. 2004; 13(5):729-733. PMID: 15473470

Hope MD, Hope TA, Meadows AK, Ordovas KG, Urbania TH, Alley MT, et al. Bicuspid Aortic Valve:
Four-dimensional MR Evaluation of Ascending Aortic Systolic Flow Patterns. Radiology. 2010; 255
(1):53-61. https://doi.org/10.1148/radiol.09091437 PMID: 20308444

PLOS ONE | https://doi.org/10.1371/journal.pone.0210780 January 30, 2019 26/27


http://www.ncbi.nlm.nih.gov/pubmed/15222284
https://doi.org/10.1510/icvts.2006.144196
http://www.ncbi.nlm.nih.gov/pubmed/17669862
https://doi.org/10.1510/icvts.2005.120352
https://doi.org/10.1510/icvts.2005.120352
http://www.ncbi.nlm.nih.gov/pubmed/17670564
http://www.ncbi.nlm.nih.gov/pubmed/11499586
https://doi.org/10.1093/icvts/ivs460
https://doi.org/10.1093/icvts/ivs460
http://www.ncbi.nlm.nih.gov/pubmed/23159508
https://doi.org/10.1007/s13239-013-0171-5
https://doi.org/10.1177/0218492313475640
http://www.ncbi.nlm.nih.gov/pubmed/24646514
https://doi.org/10.1093/icvts/ivt270
http://www.ncbi.nlm.nih.gov/pubmed/23825161
https://doi.org/10.1097/IMI.0000000000000100
http://www.ncbi.nlm.nih.gov/pubmed/25251551
https://doi.org/10.1177/0218492314533684
http://www.ncbi.nlm.nih.gov/pubmed/24823382
https://doi.org/10.1016/j.jtcvs.2015.01.043
http://www.ncbi.nlm.nih.gov/pubmed/25802135
https://doi.org/10.1093/ejcts/6.Supplement_1.S113
https://doi.org/10.1093/ejcts/6.Supplement_1.S113
http://www.ncbi.nlm.nih.gov/pubmed/1389270
https://doi.org/10.1016/j.ejcts.2003.12.011
http://www.ncbi.nlm.nih.gov/pubmed/15019661
https://doi.org/10.1016/j.echo.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24534651
http://www.ncbi.nlm.nih.gov/pubmed/15473470
https://doi.org/10.1148/radiol.09091437
http://www.ncbi.nlm.nih.gov/pubmed/20308444
https://doi.org/10.1371/journal.pone.0210780

o m o
@ * PLOS | ONE Numerical and in vitro experimental assessment of a novel designed ePTFE bi-leaflet valve for AVR

59. ChiQ,HeY,LuanY, Qin K, Mu L. Numerical analysis of wall shear stress in ascending aorta before
tearing in type A aortic dissection. Computers in Biology and Medicine. 2017; 89:236-247. https://doi.
org/10.1016/j.compbiomed.2017.07.029 PMID: 28843154

60. Rodriguez-Palomares JF, Dux-Santoy L, Guala A, Kale R, Maldonado G, Teixid6-Tura G, et al. Aortic
flow patterns and wall shear stress maps by 4D-flow cardiovascular magnetic resonance in the assess-
ment of aortic dilatation in bicuspid aortic valve disease. Journal of Cardiovascular Magnetic Reso-
nance. 2018; 20(1):28. https://doi.org/10.1186/s12968-018-0451-1 PMID: 29695249

PLOS ONE | https://doi.org/10.1371/journal.pone.0210780 January 30, 2019 27/27


https://doi.org/10.1016/j.compbiomed.2017.07.029
https://doi.org/10.1016/j.compbiomed.2017.07.029
http://www.ncbi.nlm.nih.gov/pubmed/28843154
https://doi.org/10.1186/s12968-018-0451-1
http://www.ncbi.nlm.nih.gov/pubmed/29695249
https://doi.org/10.1371/journal.pone.0210780

