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Abstract—Surgical aortic valve replacement is the most common
procedure of choice for the treatment of severe aortic stenosis.
Bioprosthetic valves are traditionally sewed-in the aortic root by
means of pledget-armed sutures during open-heart surgery.
Recently, novel bioprostheses which include a stent-based
anchoring system have been introduced to allow rapid implan-
tation, therefore reducing the duration and invasiveness of the
intervention. Different effects on the hemodynamics were clin-
ically reported associated with the two technologies. The aim of
this study was therefore to investigate whether the differences in
hemodynamic performances are an effect of different anchoring
systems. Two commercially available bio-prosthetic aortic valves,
one sewed-in with pledget-armed sutures and one rapid-deploy-
ment, were thus tested in this study by means of a combined
approach of experimental and computational tools. In vitro
experiments were performed to evaluate the overall hydrody-
namic performance under identical standard conditions; compu-
tational fluid dynamics analyses were set-up to explore local flow
variations due to different design of the anchoring system. The
results showed how the performance of cardiac valve substitutes
is negatively affected by the presence of pledget-armed sutures.
These are causing flow disturbances, which in turn increase the
mean pressure gradient and decrease the effective orifice area. The
combined approach of experiments and numerical simulations
can be effectively used to quantify the detailed relationship
between local fluid-dynamics and overall performances associ-
ated with different valve technologies.
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INTRODUCTION

Aortic stenosis (AS) is the most common valvular
heart disease in industrialized countries, and its impact
on public health is expected to increase due to the
aging population.® Surgical aortic valve replacement
with either a mechanical or a biological valve is con-
sidered the golden standard of care in patients with
severe AS.*3 In elderly patients, sewed-in, stented
bioprosthetic valves are the most commonly implanted
devices.”” They typically consist of a plastic and/or
metal frame, coated with fabric or tissue, holding three
leaflets made of xenograft soft tissue. At the base of the
valve, a sewing ring covered in fine fabric is attached.
For the implantation, pledget-armed sutures are com-
monly used to secure the valve in either an intra- or
supra-annular position."*** To decrease the surgical
trauma of the implantation procedure, and the asso-
ciated peri-operative risks, less invasive procedures
have been explored.!? Hence, rapid-deployment valve
systems have been recently introduced to the clinical
arena.'>'® Currently, two systems are commercially
available in this group of devices, also generally known
as “‘sutureless valves’: Sorin Perceval (Sorin Group,
Italy), and Edwards Intuity (Edwards Lifesciences,
CA). Both are inserted either via full- or mini-ster-
notomy or via right anterior thoracotomy. These
valves can be rapidly implanted by the dilatation of a
stent frame to ensure the anchoring of the prosthesis.
Radial pressure of the stent frame should ensure a safe
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contact between the device and the debrided aortic
annulus with no requirement for pledget-armed su-
tures. Clinical studies evaluating these valves suggested
safe implantation with associated reduced duration of
cross-clamp and cardiopulmonary bypass time com-
pared to conventional valves.?® In addition, the devices
seem to show excellent early hemodynamic out-
come."?® Such improved hemodynamic performance
might be related to the absence of pledget-reinforced
sutures." A recently published in vitro study supports
this hypothesis.*® However, in current clinical studies,
the influence of the suture technique is still under
debate.??

The assessment of the hemodynamic performance
associated with heart valve substitutes has been
extensively standardized (ISO 5840:2009). In particu-
lar, standardized experiments have been defined to test
novel valves,'*! to compare available devices®! or, as
in the context of this study, to measure the influence of
suture techniques on the bioprosthesis performance.*
Furthermore, computational modelling has become an
increasingly recognized tool for analysing the flow
conditions associated with the implantation of valve
prostheses. Computational fluid dynamics (CFD) tools
can in fact provide detailed information about flow
field and mass transport in complex geometries and
contribute to highlighting mechanisms of pathogene-
sis.*® In this context, Bluestein and colleagues investi-
gated the complex hemodynamics of a bileaflet
mechanical heart valve through unsteady CFD simu-
lations.” Streamlines visualization revealed vortex
shedding in the wake of the valve leaflets during the
deceleration phase, and particle paths showed the
presence of platelets within the shed vortices. This
hemodynamic phenomenon might explain platelet
aggregation and, consequently, the development of
free emboli carried downstream by the shed vortices.
Sirois and Sun examined the risk for shear-induced
hemolysis and platelet activation using a numerical
bioprosthetic valve model.?® From the resulting
hemodynamic quantities such as flow velocity, wall
shear stress at the valve leaflets and turbulent losses,
they found that the folded geometry of the valve
leaflets in the fully open position might have an impact
on the hemodynamic performance of the bioprosthetic
valve. Another computational study compared the
hemodynamics and thrombogenicity of two bileaflet
mechanical heart valves using CFD blood models
interacting with the moving valve leaflets.'* Pressure
gradients and velocity patterns were comparable
between the two valve models, whereas differences
were noted in the platelet stress accumulation during
the regurgitation flow phase. These findings suggested
that the different designs of the two valves might lead
to different extents of platelet activation. More re-
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cently, a testing approach, which combines in vitro and
in silico tools'®® has been suggested to evaluate the
effects of small valve design variations by not only
recording the overall performance, but also highlight-
ing the flow disturbances which might explain any
difference.

This approach seems to be particularly indicated to
characterize the influence of mounting techniques,
such as the presence of pledget-armed sutures. Hence,
the aim of this study is to compare the performance of
one bioprosthesis implanted with standard surgical
fixation technique against its rapid deployed counter-
part. The quantified effect of different mounting ele-
ments will help to understand the role played by the
surgical implantation technique and to improve design
of future valve substitutes according to the detected
hemodynamic influence.

MATERIALS AND METHODS

The hemodynamic performance of two biopros-
thetic valves were compared in this study, namely the
sewed-in bioprosthetic aortic heart valve Carpentier-
Edwards PERIMOUNT Magna Ease Aortic Heart
Valve (Magna) and the rapid-deployment biopros-
thetic aortic heart valve Edwards Intuity Valve System
(Intuity). These two devices are based on the same
valve platform. A stainless steel frame holds together
three leaflets made of fixed bovine pericardium. Both
valves are designed to be placed in the same, supra-
annular position, and differ only in their mounting
system. While the Magna valve is sewed into the aortic
root with pledget-armed sutures, the Intuity valve
system is anchored with a polyester sealing cloth-cov-
ered, balloon-expandable, stent frame at the inflow
aspect (Fig. 1).

The hemodynamic properties of Magna and Intuity
were investigated by means of both experiments and
CFD simulations, which will be described in the fol-
lowing sub-sections.

Experimental Testing

In vitro, two valve samples, one Magna and one
Intuity were tested. The nominal size of the devices was
23 mm (internal diameter 22 mm, profile height
15 mm, external sewing diameter 28 mm). The Magna
valve was tested in two configurations with
(Magna_Pledgets) and without pledget-armed sutures
(Magna). The valves were mounted on silicon rubber
holders, which were specifically designed and manu-
factured for this study by moulding technique. The
holders for testing Intuity and Magna were identical.
The holder to test Magna_Pledgets was embedded with
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FIGURE 1. The two valves tested in this study: Carpentier-Edwards PERIMOUNT Magna Ease Aortic Heart Valve (Magna) and
Edwards Intuity Valve System (Intuity). (a) Front view of Magna; (b) bottom view of stitched Magna including the pledget-armed
sutures (magnified); (c) front view of Intuity; and (d) bottom view of Intuity. At the bottom part of the Intuity valve it is possible to
distinguish the polyester covered stent frame to be expanded for ensuring the anchoring of the valve.

polyester to avoid the tearing of the sutures. For fix-
ation, polyester, non-absorbable, braided, coated su-
tures with 6 x 3 x 1.5 mm firm PTFE pledgets were
used (CV Pass, PremiCron, Braun, Germany). These
sutures have oval shaped pledgets with reduced mate-
rial and they were chosen to minimize potential out-
flow-tract obstruction.

Fluid dynamic performance was assessed by means
of a hydro-mechanical pulse duplicator (ViVitroLabs
Inc., Canada) which simulates the function of the
ventricle to generate pulsatile flow through the heart
valve substitute. This system,”’ designed to comply
with ISO 5840 and FDA requirements, was able to
replicate a physiological range of operating conditions.
The bioprostheses were tested in the aortic position
with a mechanical control valve (Sorin Allcarbon
valve) mounted in the mitral position. Saline solution
(0.9% w/v of NaCl) was used in the tests. Pressure
measurements were acquired using Millar Mikro-Tip
catheter transducers (Millar Inc., Huston, TX). Flow
was measured using an electromagnetic flow probe
(Carolina Medical Electronics, East Bend, USA)
placed in the aortic position (upstream the valve).
Hydrodynamic parameters were acquired at increasing
cardiac outputs between 2 and 7 L/min, with a mean
arterial pressure of 100 mmHg, a fixed heart rate of 70
beats/min (bpm) and systole occupying 35% of the
cycle. The measurements were collected during ten
cardiac cycles and analysed in the VSI software pack-
age (VSI, ViVitro, Victoria, BC, Canada). The leaflets

kinematics were visualised using a high-speed camera.
For each sample, a total of ten measurements were
recorded and consequently analysed for statistical
significance using one-way ANOVA test.”® Two-sam-
ple t-tests assuming unequal variances were performed
to verify the significant difference (p < 0.05) of mean
pressure gradient and effective orifice area (EOA) for
varying cardiac outputs. EOA was calculated accord-
ing to the following definition [1]:

EOA — DVeus (1)
51.6 %

where EOA is the effective orifice area in square cen-
timetres, gy, 1S the root mean square forward flow in
ml/s, Ap is the mean pressure difference in mmHg, and
p is the density of the test fluid in g/cm?.

Computational Analyses

In silico CFD models were set up to replicate the
systolic forward flow phase of the tests at 5 L/min,
with the valve leaflets in open configuration. The 3D
models reproduced the main geometry of the experi-
mental apparatus. The fluid domains included the pipe
connecting the ventricular chamber to the valve holder
(i.e., inlet pipe), the valve holder, the valve leaflets and
the aortic root (i.e., the outlet pipe). This volume was
selected to calculate flow and pressure differences
across the valves. The inlet and outlet pipes were
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40.0 mm in length and 28.0 mm in diameter. The de-
sign of the aortic root replicated the size and shape of
the glass element used in the experiments (44.7 mm in
height, 33.2 mm in diameter at the bottom and
28.8 mm at the top). The fluid domain also included
the fluid pool surrounding the valve leaflets in open
configuration. The geometry of the valve leaflets was
derived according to the following steps (visualized in
Fig. 2). First, a microCT acquisition of Magna and
Intuity valves was performed with a spatial resolution
of 40.4 um. The microCT scanner was a Metris X-Tek
HMX ST 225 CT (Nikon) available at the Natural
History Museum (London, UK). The analysis of the
images confirmed that the design of frame and leaflets
were identical for the different devices. Second, a CAD
model of the device with closed leaflets was recon-
structed by segmenting the acquired images with
commercial software (Mimics Research 17.0, Materi-
alise). Third, the opening of the leaflets was simulated
with a preliminary finite element analysis. Each leaflet
was modelled with 7424 quadrangular shell elements
(a thickness of 0.5 mm, a mass density of 1120 kg/m”,
a linear elastic modulus of 6 MPa, and a Poisson
ratio of 0.45). A pressure of 120 mmHg was applied
on the leaflets to cause their opening. Simulations
were performed using commercial software (Abaqus
6.14, Dassault Systemes). Finally, the obtained open
configuration of the leaflets was compared to images
acquired during the experiments of both the valves at
5 Lpm and 70 bpm. Snap shots of the systolic phase
of all the valves were in fact recorded by a high-speed
camera (Nikon 1 V1, Nikon, Japan) placed over the
aortic root coaxial with the valve and superimposed
to the model of the leaflets. A correction (i.c.,
adjustment of the opening pressure) was applied to
the model of the leaflets to match the captured orifice
area.

The three different anchoring systems were mod-
elled as depicted in Fig. 3 (light blue): (a) for the
Magna by including a cylinder with a 28.0 mm diam-
eter to represent the internal dimensions of the valve
holder; (b) for the Intuity, by adding a truncated cone
with a 10.4 mm slant height and to mimic the presence
of the anchoring stent and its connection to the holder;
and (c) for the Magna_Pledgets by subtracting a tor-
oidal volume from the 3D domain at the level of the
upper conical part of the valve holder to model the
pledgets used for suturing the valve into it.

The obtained geometries were meshed with ANSYS
Meshing (Ansys Inc., Canonsburg, PA) software, using
hexahedral elements for the pipe components and
tetrahedral elements for the central part including the
valve. For the latter, a curvature size function was
adopted in order to refine the grid size according to the
elements’ curvature on edges and faces. The near-wall
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regions were discretized using prism inflation layers
defined by: maximum number of layers = 14, first
layer thickness = 3 x 107> m and growth rate = 1.2.
Following mesh sensitivity tests, based on the evalua-
tion of mean pressure changes at the inlet, approxi-
mately 1.2 million elements were used as the grid
density for all geometries, with maximum and mini-
mum face sizes of 4 x 107> and 7 x 10 m, respec-
tively. Figure 4 shows the mesh and the boundary
conditions of the Intuity model as an example.

The fluid was modelled as Newtonian, homoge-
neous and incompressible with density = 1000 kg/m?
and dynamic viscosity = 0.001 kg/m/s. A time-varying
velocity profile was applied at the inlet section, whereas
constant zero pressure was imposed at the outlet.
Moreover, the pipe walls were assumed as being rigid
and a no-slip boundary condition was prescribed. The
inlet velocity tracing for each model was reconstructed
from the experimental flow signal measured in the
systolic window. In Fig. 4 the waveform imposed to
the Intuity model inlet is given as an example. The
velocity profile was modelled as flat, since the section
where flow was measured in the experimental set up
was only 1.1 diameters downstream the entrance of the
inlet pipe. It is worth noting that, by neglecting wall
compliance, the pressure drop across each model was
independent of the imposed outlet pressure. Therefore,
it was calculated as equal to the time-varying inlet
pressure. Unsteady particle tracking was used to
quantify the particles residing in the 3D domain and
the particle residence time (PRT), i.e., the time that has
elapsed since the particles at any location throughout
the domain entered the lumen.'® The inlet of the model
was uniformly seeded with 4000 particles which were
released every 1/70th of the cardiac cycle. Particles
were assumed to be massless, thus passively following
the flow field, and diffusion was neglected given the
short residence time of the particles in this computa-
tional domain. Furthermore, adhesion between parti-
cles or between particles and side-walls was not
accounted for. A 5th order Runge—Kutta integration
algorithm was used as the tracking scheme with a
maximum error tolerance of 107>,

From a fluid-dynamic perspective, the simulated
experimental conditions were characterized by high
peak velocity (i.e., 1.3-1.4 m/s) through the valve, a
sudden change in diameter due to the presence of the
valve, as well as pulsatile conditions (heart
rate = 70 bpm). Hence, the expected high Reynolds
and Womersley numbers warranted the choice of using
a turbulence model in order to handle the complex flow
field characterizing the investigated 3D domain. The
shear stress transport k—w turbulence model was
adopted.”” A turbulent intensity of 1% and length
scale of 6.3 x 107*m were applied at the inlet
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(a) microCT images (b) Reconstructions (c) Finite element analyses

FIGURE 2. Phases of the modelling of the valve leaflets: (a) microCT images were acquired with high resolution (40.4 um); (b) a
3D model of the bioprosthesis was reconstructed following the segmentation of the images; (c) open configuration of the leaflets

as obtained by finite element analyses.
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FIGURE 3. Anchoring system (light blue) and aortic root with valve leaflet (translucent grey) included in the model of compu-
tational fluid dynamics with highlighted the different sizes [mm] of the three settings: (a) Magna; (b) Intuity and (c) Magna_Pled-
gets.
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FIGURE 4. CFD model of Intuity with mesh and scheme of boundary conditions: at the inlet section, a time-varying velocity flat
profile was applied as derived from experimental measurements; at the outlet, pressure was kept constantly equal to 0 mmHg.
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boundary. In a boundary layer flow, it is recom-
mended® that a non-dimensional magnitude, Y, be
sufficiently small (i.e., <4). Y is defined as:

pu'y
- 2
p (2)

Y+

where p is the fluid density, u* is the friction velocity at
the nearest wall (defined as the square root of the ratio
between the wall shear stress and the fluid density), y is
the distance from the nearest wall and u is the fluid
dynamic viscosity. Computer simulations were run
using ANSYS Fluent (Ansys Inc., Canonsburg, PA).
The SIMPLE algorithm was set as the pressure—ve-
locity coupling scheme, with second-order spatial dis-
cretization for solving the Navier—Stokes and
turbulence equations. A second order implicit method
was applied for the transient formulation, with a time
step of 4 x 10™*s, which was determined by the
widely known Courant—Friedrichs—Lewy condition.
For each model, three systolic cycles were run on a
parallel cluster compute node, with two Quad-Core
Intel Xeon E5620 processors, requiring about 7 h for
one cycle. Results from the last cardiac cycle were used
to calculate pressure drops and PRT, as well as to
display colour maps of pressure, velocity and wall
shear stress (WSS). Other investigated quantities were
the turbulent kinetic energy (TKE) and the localized
normalized helicity (LNH). The TKE is the kinetic
energy per unit mass'® associated with the fluctuating
component ¥(x, t) of the velocity field, and is defined as
follows:

TKE(x, 1) = %p[ﬁ(x, 1)+ 0(x,0) +73(x, 0] (3)

where p is the flow density and ¥;(x, ¢) denotes the ith
component of ¥(x, ). TKE was computed in order to
study turbulence in the 3D domain. LNH is a measure
of the alignment/misalignment of the local velocity and
vorticity vectors, its value ranges from —1 to 1 and its
sign indicates the direction of rotation of helical
structures.”® It is defined as the cosine of the angle
between the velocity (v(x, 7)) and the vorticity (w(x, 7))
vectors of the flow in each point x of the 3D domain
and per each time point ¢ according to:

v(x, 1) - w(x,1)
[v(x, )[[w(x, 1)]

LNH values close to —1/+1 indicate a marked
alignment of the velocity and vorticity vectors, which is
the necessary condition for highly helical flow. Points
in the domain with the same LNH absolute values and
opposite signs reveal the presence of counter-rotating
helical structures of the same intensity. LNH iso-sur-
faces were computed for a better visualization of the
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LNH(x, 1) = 4)

complex flow patterns developing downstream the
valve.

RESULTS

Experimental Testing

The experiments provided a comparative assessment
of the hydrodynamics of the three valve configurations
tested.

The results reported in the graphs of Fig. 5a show
how the trends of mean pressure gradient (MPG) and
effective orifice area (EOA) did not differ significantly
between the Intuity and the Magna valves (p = 0.80,
p = 0.51, respectively). For varying cardiac outputs,
the Magna Pledgets had significantly higher MPGs
than the Intuity (p < 0.05) and the Magna valve
(p <0.05). In particular, the Magna_Pledgets valve
showed an average increase of 2.18 mmHg in terms of
MPG compared to the Magna tested without pledgets
and an average increase of 2.41 mmHg compared to
the Intuity. The measured EOA (Fig. 5b) was found to
be equivalent (p = 0.51) for Magna and Intuity with
an average difference of 0.13 cm”. The Magna_Pled-
gets had a significantly reduced EOA in all the tested
conditions compared to both Intuity and Magna
(p < 0.05). Peak pressure gradients measured at 5 L/
min were 24.70, 24.13, and 32.62 mmHg for Intuity,
Magna and Magna_Pledgets, respectively. Regurgitant
fractions at 5 L/min, expressed as percentage of the
stroke volume, were 3.44 £+ 1.94 for the Intuity,
4.93 £ 1.53 for the Magna and 7.08 £ 3.86 for the
Magna_Pledgets.

Computational Analyses

The mean pressure drops obtained from CFD sim-
ulations were 1.33 mmHg (peak 27.9 mmHg) for the
Intuity model, 1.58 mmHg (peak 25.5 mmHg) for the
Magna and 1.92 mmHg (peak 30.9 mmHg) for the
Magna_Pledgets.

For each valve, the local fluid dynamics was anal-
ysed at three time points during the simulated cycle,
namely peak systole (or mid-acceleration i.e.,
t; = 40 ms after the beginning of systole), peak flow
(t, = 80 ms) and mid-deceleration (#3 = 180 ms).
Overall, the pressure drops increased during the
acceleration phase reaching peak values, decreased by
70% at peak flow and were close to 0 mmHg at the end
of systole. Pressure recovery was observed at peak flow
and mid-deceleration in all models, whereas at peak
systole only the Magna_Pledgets model presented non-
uniform pressure distribution in the annulus region.
The latter showed lower pressure values in this region
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(i.e., 15 mmHg), in contrast to the sutureless models
(i.e., 17 mmHg) which presented a gradual pressure
decrease along the main flow direction.

Peak systolic wall shear stress on the leaflets internal
surfaces showed a similar pattern in the three valves
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FIGURE 5. Graphs of mean pressure gradient (top) and
effective orifice area (bottom) for increasing cardiac outputs
of the three valves tested.
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(Fig. 6), with WSS concentration at the commissures
and on the leaflets free edges (maximum values were
41.8-52.4, 37.7-55.3 and 40.1-46.5 Pa for Intuity,
Magna and Magna_Pledgets, respectively). However,
the Magna_Pledgets valve displayed a low WSS region
at the leaflet base (min WSS = 0.86 Pa, being about
94% lower than the WSS observed at the free edge).

The resulting peak Reynolds and Womersley num-
bers were about 30,000 and 31, respectively, for all the
valves. This indicated that the investigated flow fields
were likely characterized by turbulence. Therefore, we
computed the TKE in the three valve models at peak
flow and mid-deceleration. Overall, TKE was
approximately zero in the entire 3D domain except for
the valve region and/or the leaflet wake. The greatest
TKE values (0.07-0.08 J/kg) were reported at mid-
deceleration in all the models. In Fig. 7, TKE is plotted
on axial cross-sections. Once again, Intuity and Magna
valve models presented similar patterns, whereas the
Magna_Pledgets showed higher TKE (x13) in the re-
gion adjacent to the internal surface of the leaflets, as
well as greater values (i.e., 24%) in the leaflet wake.

By analysing the velocity field through the valves, it
is possible to observe in all models a wide central flow
jet with eddies formation between the open leaflets and
the sinuses during the acceleration phase, and its
propagation downstream at peak flow and mid-decel-
eration. In addition, small vortices and recirculation
zones at the internal leaflet base of the Magna_Pled-
gets valve were noticed during the entire cycle, as
magnified by the flow pathlines on the annulus plane
(Fig. 8). Although backflow velocity magnitude was
small, this never occurred in the sutureless valve
models, indicating that pledget-armed sutures played a
unique role in determining the flow field.

The presence of flow disturbance and recirculation
in the Magna_Pledgets model was also revealed by the
number of residual injected particles and by their RT.
The number of residual particles with RT >0.1 s, i.e.,
one-third of the simulated cycle, was higher in the
Magna_Pledgets model than in the others (606 vs. 425

Magna_Pledgets

FIGURE 6. Wall shear stress (WSS) contours at peak systole (#; = 40 ms) on the internal surfaces of the leaflets, with

Magna_Pledgets valve displaying a low WSS region at the base.
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and 307 in the Intuity and Magna model, respectively)
and their RT was overall longer.

Figure 9 displays iso-surfaces of localized normal-
ized helicity (LNH) at peak flow and mid-deceleration.
Bulk flow across the Intuity and Magna valves was
characterized by counter-rotating fluid structures with
moderate helicity intensity, as shown by the positive
and negative LNH values (£0.5) of the iso-surfaces.
Such fluid structures were well defined at peak flow in
both models, with two counter-rotating structures lo-
cated at each leaflet position, whereas disorganization
of the flow field appeared during the deceleration
phase. Furthermore, complex flow fields, characterized
by secondary flows with different patterns between the
three valve models, were highlighted by the in-plane
flow pathlines on transverse cross-sections downstream

the valve (Fig. 9). In the Magna_Pledgets model flow
patterns differed from those of the other models
mainly at mid-deceleration, when the flow field was
described by fewer and smaller sized eddies.

DISCUSSION

This study aimed to investigate the effects on the
fluid dynamics of different anchoring systems of aortic
valve prostheses. In particular, the pledget-armed su-
tures were isolated in order to quantify their role on
the performances of specific bioprostheses. Such
assessment was carried out by comparing two devices
commercially available: the Carpentier-Edwards
PERIMOUNT Magna Ease valve and its rapid-de-
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FIGURE 7. Mapping of turbulent kinetic energy displayed in the axial cross-sections of the three models at peak flow (&, = 80 ms)

and mid-deceleration (#; = 180 ms).

Intuity

Magna

Magna_Pledgets

Velocity

(m/s)
12

FIGURE 8. Details of the velocity fields with flow pathlines in axial cross-sections of the three models at peak flow (&, = 80 ms).
Small vortices and recirculation zones were identified at the internal leaflet surfaces of the Magna_Pledgets valve (red arrows).
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FIGURE 9. Iso-surfaces of localized normalized helicity at peak flow (f, = 80 ms) and mid-deceleration (&3 = 180 ms). Axial
velocity contours and in-plane pathlines are displayed on transverse cross-sections downstream the valves.

ployment evolution, the Edwards Intuity valve system.
These valves, based on identical functional compo-
nents (i.e., leaflets and supporting frame), were selected
among different commercially available valves to ex-
clude the influence of any effects due to different valve
constructions and materials. The results confirm that
the pledgets-armed sutures can negatively affect the
haemodynamic performance of the valve substitutes.
Hence, a system which includes a reduced number of
pledgets might be preferable. The comparison was
performed with a combined approach of experimental
and computational analyses with a twofold objective:
measuring the different performance and investigating
the reasons for such alteration.

Opverall, a synergetic approach, combining experi-
ments and numerical simulations, can be advantageous
to thoroughly test existing and novel devices. On the
one hand, the experimental set-up, i.e., the pulse
duplicator system, allowed inferring the baseline of the
device properties according to the standards pre-
scribed. These data are usually neither available in the
literature nor from the manufacturers, especially for
novel devices. They are crucial to implementing a
realistic computational model, which is able to repli-
cate standard operative conditions. On the other hand,
CFD analyses could enrich the results of the experi-
mental campaign by providing insights on the local
fluid-dynamics that can potentially explain the reasons
for different valve performance.

It is well known that the fluid-dynamic performance
of a bioprosthesis depends on frame design, type and
position of the leaflets.”!”*® However, the recent
introduction of rapid-deployment valves has high-
lighted the potential hemodynamic improvements re-
lated to the absence of sutures. Clinical studies
comparing rapid-deployment and conventional sewed-
in aortic heart valves reported differences regarding
MPG and EOA, seemingly confirming this positive
tendency."'® However, the currently available clinical
studies do not directly compare different techniques, as
they are either retrospective and nonrandomized or
include different prostheses, and are therefore open to
potential biases. In addition, the measurements of the
isolated effect of different anchoring systems in vivo
may only be possible in large and strictly defined pa-
tient cohorts. Hence, a combination of in vitro and in
silico tools was here considered to address such a
question on the complex flow dynamics.

Gold standard experiments were used, first of all, to
quantify fluid-dynamic characteristics by means of a
certified pulse duplicator system. Overall, the results of
the tests showed excellent fluid dynamic performance
of both valves platforms (Magna and Intuity), which
were tested according to the ISO 5840 standard. In this
context, all three tested configurations exceeded the
minimum performance requirements (i.e., EOA larger
than 1.0 cm? and regurgitant fraction smaller than
10%). These findings were also in accordance with an
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analogous study reported in the literature. In particu-
lar, the study by Marquez et al.>! reported very similar
findings with regards to a valve predecessor of the
Magna valve tested in this study (i.e., Carpentier-Ed-
wards PERIMOUNT). However, the in vitro assess-
ment showed how the different anchoring systems can
result in a marked difference between sutured and ra-
pid-deployment valves, with the first one showing sig-
nificantly lower values of EOA and higher pressure
gradients and regurgitant fractions, assessed in all the
tested conditions. Also, it was shown how the perfor-
mance of the Intuity is similar to the Magna valve, if
tested without pledget-armed sutures. This comparison
also confirmed the hypothesis that the identical design
of frame and leaflets corresponds to the equivalent
fluid dynamic performance. These results strengthened
the choice of including these two valves in this study.
Pledgets are essential to securing the valve within the
aortic root in supra-annular position. For this reason,
it was fundamental to include them in the experimental
set-up. However, we used special sutures with low-
profile pledgets to reflect our current clinical practice.
Results may be more pronounced with different suture
types. Our results suggested the importance of closely
reproducing the post-implant configuration, whereas
possible, for the accurate determination of the valve
performance.

Computational fluid dynamics analyses were set up
in order to replicate the experimental flow conditions
when the valve leaflets were fully open, and thus to
investigate the local fluid-dynamics variations in a
realistic manner. In this context, the geometry of the
apparatus was accurately replicated in silico by com-
bining direct measurements, for aortic root and pled-
gets, and images acquired with a high-speed camera for
capturing the leaflets in the open configuration. The
implementation of a turbulence model was driven by
the experimental conditions, which revealed high val-
ues of Reynolds and Womersley numbers. The fluid
used for the CFD analyses was characterized by
physical properties comparable with those of the saline
solution employed in the experiments. In such condi-
tions, the fluid reached a peak velocity of around
1.35 m/s, which is certainly higher than the values
observed in vivo (aortic peak velocity = 0.9/1 m/s
leading to peak Reynolds numbers of 8000/10,000).
Although the CFD working conditions were not
physiological, we aimed at replicating those of the
experimental tests as accurately as possible. By repro-
ducing only the systolic phase, turbulence was likely to
occur in most of the simulated cycle. In fact, in order
to have a laminar flow under pulsatile conditions with
a Womersley number of 31, the Reynolds number
should not exceed approximately 7000. This implies
that fluid velocity is <0.3 m/s, which in our case holds
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for only 30% of the simulated cycle. Hence, we chose
to apply the SST k—w turbulence model as allowing
good convergence when both laminar and turbulent
flows may be present in the same fluid domain, pro-
vided that proper mesh density and Y values near the
wall are used. To this end, we previously performed a
mesh sensitivity analysis and ensured that the near-wall
Y™" values were sufficiently small (i.e., <4).

Overall, the results of the simulations showed a
trend in agreement with the experiments. They con-
firmed the link between geometry and fluid dynamics
with the presence of pledgets modifying the perfor-
mance of the valve. As expected, the main difference
between computational and experimental results was
found in the calculation of the mean pressure drop, as
computer simulations did not take into account the
transient phases of opening and closing of the leaflets.
In contrast, the calculation of peak pressure differences
showed a good agreement (average difference <10%)
of the values quantified with both in vitro and in silico
analyses. Moreover, timing of the computational flow
and pressure drop tracings well replicated the in vitro
test. In that, peak flow was observed at 40 ms after
peak systole in both cases, in line with the results by
Sirois and Sun.® The evaluation of the local fluid
dynamics quantities displayed a comparable behaviour
of the Intuity and Magna valves, as reported in the
experimental tests, and was in agreement with results
from the literature. WSS on the leaflet surfaces and
TKE distributions throughout the 3D domain reflected
those obtained from previous studies, which investi-
gated the hemodynamics of heart valve prostheses
using computational models.''*® However, TKE val-
ues calculated in the present study were greater than
those reported in the literature'® owing to the higher
Reynolds number characterizing the present flow field.
The identification of eddies in the sinuses was consis-
tent with findings of experiments which implemented
particle imaging velocimetry techniques.'> By com-
paring our results from the valve models with and
without sutures, interesting findings can be high-
lighted. First, it was found that the presence of pled-
gets leads to non-uniform distribution of pressure and
WSS, which may have long-term deleterious effects on
valve function. Such considerations will require to be
correlated with durability data not yet available. Sec-
ondly, TKE mapping confirmed that all the valves
introduce or amplify the effects of turbulence and that
deceleration causes phases of flow instabilities.'®
Moreover, in the Magna Pledgets model, an aug-
mented turbulence was observed in the proximity of
the valve leaflets. This increase might explain the dif-
ferent WSS distribution. Third, the LNH iso-surfaces
enabled the visualization of complex flow patterns.
Namely, the presence of helical flow structures made it
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possible to observe flow stabilization and further dis-
organization of the flow field downstream of the
valves. This finding proved that helicity contributes to
kinetic energy transport reduction from the inertial to
the dissipation scale, thus mitigating the transitional
effects and promoting flow stabilization.”> Neverthe-
less, within the Magna_Pledgets model LNH iso-sur-
faces were more disorganized than those in the other
two models. This led to mild formation of eddies
during the deceleration phase, and to a lower flow
stabilization compared with the sutureless valve mod-
els. Finally, the higher RT of the particles released in
the Magna_Pledgets model, along with the eddies
developed at its leaflet base, revealed more consider-
able flow disturbance and recirculation, which may be
contributing in turn to platelet aggregation and
thrombosis.

Importantly, findings of this study are limited from
a computational perspective as a purely CFD
approach simulated only the systolic phase, with the
valve leaflets in a fixed open configuration. Further-
more, the CFD model did not take into account the
compliance of the implantation sites, which is instead
included in the experimental set up. Even if the trend
of experimental and computational results is analo-
gous, these simplifications can likely explain the
absolute differences of the results obtained, suggesting
the implementation of a fluid—structure interaction
(FSI) model if a complete validation of the numerical
method is to be attempted. However, for the specific
purpose of this study, we opted for a CFD method-
ology to focus our comparison on the different local
fluid-dynamics associated with altered anchoring sys-
tems. A similar approach was followed by Sirois and
colleagues to correlate the local haemodynamics to the
risk of blood damage.”® The combination of compu-
tational models with experimental findings should
compensate for this current limitation. The recent ad-
vances brought by FSI*®*2%37 with the integration of
different computational techniques will be nevertheless
explored in future studies. Finally, only one size of
device (i.e., 23 mm) was tested in this study to repre-
sent an average size. A wider experimental and com-
putational campaign should therefore be performed to
generalize the results of this study.

CONCLUSIONS

Pledget-armed sutures negatively affect the perfor-
mance of cardiac valve substitutes. The performance of
rapid-deployment valves has been confirmed to be
non-inferior to their traditional counterparts. A com-
bined approach of experiments and numerical simu-
lations can be effectively used to quantify the

relationship between local fluid-dynamics and overall
performance associated with different valve technolo-
gies.
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