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WHAT THIS PAPER ADDS

We present both experimental and simulation results to highlight the performance of a prosthetic venous valve.
The findings enhance our understanding of the function of native venous valve and the design of a prosthetic
venous valve for potential treatment of chronic venous inefficiency.

Background: Chronic venous insufficiency (CVI) of the lower extremities is a common clinical problem. Although
bioprosthetic valves have been proposed to treat severe reflux, clinical success has been limited due to
thrombosis and neointima overgrowth of the leaflets that is, in part, related to the hemodynamics of the valve. A
bioprosthetic valve that mimics native valve hemodynamics is essential.

Methods: A computational model of the prosthetic valve based on realistic geometry and mechanical properties
was developed to simulate the interaction of valve structure (fluid—structure interaction, FSI) with the
surrounding flow. The simulation results were validated by experiments of a bioprosthetic bicuspid venous valve
using particle image velocimetry (PIV) with high spatial and temporal resolution in a pulse duplicator (PD).
Results: Flow velocity fields surrounding the valve leaflets were calculated from PIV measurements and
comparisons to the FSI simulation results were made. Both the spatial and temporal results of the simulations
and experiments were in agreement. The FSI prediction of the transition point from equilibrium phase to valve-
closing phase had a 7% delay compared to the PD measurements, while the PIV measurements matched the PD
exactly. FSI predictions of reversed flow were within 10% compared to PD measurements. Stagnation or stasis

regions were observed in both simulations and experiments. The pressure differential across the valve and
associated forces on the leaflets from simulations showed the valve mechanism to be pressure driven.
Conclusions: The flow velocity simulations were highly consistent with the experimental results. The FSI
simulation and force analysis showed that the valve closure mechanism is pressure driven under the test
conditions. FSI simulation and PIV measurements demonstrated that the flow behind the leaflet was mostly
stagnant and a potential source for thrombosis. The validated FSI simulations should enable future valve design
optimizations that are needed for improved clinical outcome.
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INTRODUCTION

Chronic venous insufficiency (CVI) of lower extremities is a
common clinical problem, which constitutes 2% of the total
Western society health-care budget. The main cause is that
the venous valves of the patients become incompetent
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resulting in venous reflux and distal venous hypertension.
The venous insufficiency can be primary (idiopathic) or sec-
ondary (post-thrombotic). Secondary venous insufficiency is
primarily caused by deep vein thrombosis (DVT) or trauma.*

Current management of patients with chronic deep venous
incompetence (CDVI) is limited to strategies that manage
symptoms. Prosthetic valve implantation is one proposed
alternative for treating CDVI, which may restore all or part of
the function of the native venous valve. Although several
valve designs had been proposed in the last decade,” * long-
term durability and thrombosis remain as major hurdles. The
validation of computational simulations that enable future
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valve design optimization is needed to avoid empirical design
iterations that are costly in time and resources.

The phasic nature of venous flow makes the flow dynamics
highly interactive with the leaflets. Owing to the large
deformation of leaflets and the strong interaction between
leaflets and blood, fluid—structure interaction (FSI) simula-
tions are necessary to understand the full dynamics of such
complex interactions.”® Recently, the FSI simulation has been
successfully applied to compare valve architectures (mono-,
bi-, and tricuspid) and the implications of these designs on
the fluid and solid mechanics of the valve leaflets.”

Particle image velocimetry (PIV) is a powerful in vitro
technique to resolve flow fields with high spatial resolution
for cardiovascular studies. Several groups have applied this
technique to measure flow fields around mechanical,
prosthetic, or native aortic valves,® *° but results in these
studies are not applicable to venous flow. Using echo
speckles of red blood cells (RBCs) as flow tracers, Nam
et al.'* applied the velocimetry technique with a high-
frequency ultrasound system (HFUS) to image the motions
of valve cusps and vortices behind the sinus pocket at the
perivalvular area in a human superficial vein. The resolvable
flow velocity of HFUS was limited to 4.2 mm/s due to the
30-Hz frame rate, which is much lower than the peak ve-
locity (18.2 cm/s) reported by Lurie et al."* in patients. For
studying the fluid dynamics around the prosthetic venous
valves, the PIV technique has recently been applied to study
the effect of the sinus and the coupling dynamics between
a pair of valves."*"* The major drawback of this technique is
the lack of fluid or solid stresses data.

The main objective of the current study was to validate a
FSI simulation method that can fully simulate the coupling
dynamics to characterize the fluid dynamics of a bio-
prosthetic bicuspid venous valve. An in vitro PIV system was
used to validate the FSI model, which was then used to
determine the pressure and forces acting on the valve to
reveal the mechanism of valve dynamics as likely pressure
driven rather than flow driven under the test conditions.”
The combination of experiments and simulations also serve
as virtual testing tools to optimize the design of a bio-
prosthetic venous valve.

MATERIALS AND METHODS

Computational methods of FSI simulation model

The FSI methods were detailed in a previous publication.’
The fluid domain is governed by the Navier—Stokes and
continuity equations as expressions of laws of physics. The
solid domain is governed by the momentum and equilib-
rium equations. Further details of the numerical methods
have been described in previous publications.”’

In vitro experimental set-up of PIV

The in vitro experimental set-up using the PIV technique is
described in detail in our previous publications.”*** Fluo-
rescent tracer particles seeded to the test section emit
lights from the pulsed laser light source and was recorded
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by a charge-coupled device (CCD) camera for calculating the
local flow velocities. Image pairs were first pre-processed to
remove the valve area and the unwanted reflections. Each
pre-processed image pair was then divided into interroga-
tion sub-windows to be processed by cross-correlation PIV
algorithms to find the mean particle velocity inside each
interrogation window.™ The outlier filter’® was a median
filter normalized by the median of the neighboring velocity
residuals, and the outliers were then replaced by interpo-
lating the neighboring vectors.

Experimental conditions

The mean flow rate was set at 0.35 L/min at 15 beats per
minute, with the peak flow rate at 1.1 L/min and the peak
inflow pressure at 40 mmHg. This is in agreement with the
flow range in a normal human based on previous studies.””*°

Working fluid

In the flow scale in this study, the particulate behavior of
individual cells is insignificant because the vessel is much
larger than individual blood cells. The fluid mechanical
behavior of blood can therefore be approximated by a
viscous fluid. The working fluid was a solution of glycerol
and water at a volume ratio of 2:3. The resultant viscosity at
25 °C was 3.66 CSt, and the Reynolds and Womersley
numbers were 358.5 and 4.47, respectively.

Prosthetic valve

The bioprosthetic valve used for the in vitro PIV experiments
in this study was provided by Cook Biotech Inc. (West Lafay-
ette, IN, USA; Fig. 1). The valve was a third-generation bio-
prosthetic venous valve (BVV3) frame with a 12 mm nominal
diameter. The valve is a bicuspid design to mimic a native
venous valve. Fixed tissues cut into leaflet shape were sutured
onto a shape memory nitinol frame that can be deployed with
a catheter system. More detail can be found in Pavcnik et al.”

RESULTS

Hemodynamic results

The flow and pressure data of the valve are shown in Fig. 2,
where the four phases of the valve cycle’” can be identified

Figure 1. The bioprosthetic valve used in the studies.
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Figure 2. Valve log of the PIV experiment processed using MATLAB.
Red line: valve inflow pressure. Blue line: outflow pressure. Green
line: flow rate. Black line: pressure difference between inflow and
outflow pressure. FFStart (upward-pointing green triangles): start
of forward flow. FFEnd (downward-pointing green triangles): end
of forward flow. EQEnd (magenta diamond): End of equilibrium.
CVENd (yellow triangle): end of closing volume.

and described as follows. The bulk flow rate increases until
it reaches a peak value (from FFStart to EQEnd), and the
rate of increase can be identified with two different slopes.
This period is the opening phase and the equilibrium phase,
separated by the change of the slope of the flow rate. The
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flow rate then decreases to a negative peak value and the
pressure difference increases (from EQEnd to CVEnd). This
period is the valve-closing phase, since the flow rate is
reducing. The flow rate then stabilizes around zero until the
end of the cycle, and the pressure difference starts to build
up after the flow rate reaches the minimum magnitude
(from CVEnd to FFStart). This period is the valve-closed
phase, since the valve is closed and flow is stopped by
the valve which increases the pressure difference.

PIV—FSI comparison

Representative figures of the resolved velocity field are
overlaid with vorticity field from the PIV experiments and
the FSI simulation in Fig. 3A and B, respectively. The PIV
results showed that the flow is stagnant at the proximal side
of the leaflets. The lack of valve sinus likely prevented
vortices formation. As the valve closes, the leaflets collapse
in response to the adverse (negative) pressure gradient and
form coaptation to stop the flow. Both the PIV and the FSI
show that a jet forms at the exit of the valve, while the
pocket regions had extensive stagnation regions.

The comparison of the temporal flow rate waveform
from the pulse duplicator, PIV, and FSI simulation is shown
in Fig. 4A. PD and PIV traces matched very closely with each
other, as expected, since both are measuring the same
apparatus and flow. A good agreement between the FSI

Figure 3. (A) The PIV velocity field and vorticity. (B) The FSI flow field during opening and closed stages. Both the PIV and FSI showed that a
jet formed at the exit of valve, while the sinus regions had extensive stagnation. The test valve had a degree of asymmetry. The velocity

color scale is in cm/s. The quantitative comparisons are in Fig. 4.
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Figure 4. (A) The comparison of flow rate waveforms from pulse duplicator (measured by standard flow meter), PIV and FSI simulation. The
transient dynamics of the output waveforms were similar. (B,C) Comparisons of flow velocity profiles measured by PIV and simulated from

FSI. Detailed descriptions are in the associated text.

results and the PD and PIV measurements was also
observed. The transient dynamics of the waveforms were
similar. The reverse flow during the final stage of closure
was also predicted by the FSI simulation. The FSI prediction
of the transition point from equilibrium phase to valve-
closing phase had a 7% delay compared to the PD log,
while the PIV measurements matched the PD log exactly.
Furthermore, the FSI prediction of reversed flow compared
to PD measurements were within 10% agreement.

Comparisons of flow velocity profiles at cross-sections
measured by PIV and simulated from FSI are shown in
Fig. 4B,C. Fig. 4B and C are flow velocity profiles at cross-
sections perpendicular to the flow at 1 and 2 mm down-
stream from the leaflet tips. The velocity profile was plotted
as a function of % diameter. 0% diameter is at the vein wall,
50% is at the center of lumen, and 100% is at the opposite
vein wall. The velocity profiles obtained from PIV and FSI
results were very similar.

Force analysis of FSI model

Fig. 5 shows the force analysis results of the FSI simulations.
Fig. 5A shows the pressure difference between the proximal
and distal side of the valve leaflet at different leaflet loca-
tions. The pressure difference increases at the start of the
cycle, reaches a peak value, and then decreases to become
negative after valve closure. This result matches very well to
the four valve phases: opening, equilibrium, closing, and full

closing.*? During opening, the pressure difference was the
largest at the leaflet base (hinge) and smallest at the tip.
After closing, the pressure difference became the same at
the base, middle and tip. The force on the leaflet shows a
similar trend as the pressure differential (Fig. 5B). The force
increased during opening, decreased during closing and
became negative after closing.

DISCUSSION

Validation of FSI simulation model

The comparisons in Fig. 4 show good agreements between
the experimental PIV and PD methods and the computa-
tional FSI simulation model. High flow velocities were
observed at the center of the lumen, while flow velocities
decreased towards the wall, as expected. Owing to the
asymmetry of the test valve, the velocity profile skewed off
center and was not completely symmetric. In summary, the
temporal and spatial comparisons between FSI and PIV
were reasonable and the transient dynamics were highly
consistent.

Similarities and differences to native valves

The flow characteristics are similar to the native valve case,
with a noticeable difference. Lurie et al.**?° investigated the
venous valve closure mechanism on healthy volunteers un-
der normal physiological conditions using duplex ultrasound
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Figure 5. (A) The pressure differential across the valve increased
during opening, decreased during closing and became negative
after closure. The delta P at leaflet base (hinge) was largest while it
is the least at the tip during opening and closing. After closure, the
delta P became about the same at the base, middle and tip. The
delta P pre- and post-valve was similar to delta P at leaflet base.
(B) The overall force on the leaflet shows a similar trend as delta P.

imaging. Flow separation at the leading edge of the cusp and
reattachment at the wall of the sinus were observed. They
concluded that the vortical flow in the sinus region plays an
important role in the valve operation and prevents stasis
inside the valve pocket. Owing to the resolution limitation of
the ultrasound imaging, there was no detailed flow field
information to show the vortex behind the leaflet.

The present findings reflect similarities and differences
between native and prosthetic valves. Since the bicuspid
design of the prosthetic valve mimics the general structure
of the native valve, the bulk flow around the prosthetic
valve is similar to that of a native valve. There were three
differences between the implant prosthetic valve and the
native valve that, however, can alter the local flow patterns
around the valve. First, the lack of sinus and hence the
space behind the leaflet was small such that the valve
reached its equilibrium stage without the vortex presented
behind the leaflet. Second, the valve leaflets were different
in material and geometry. Third, the attachment of the valve
to the vessel wall was different. For the prosthetic valve,
the attachment of the valve to the vessel was through the
nitinol frame. Since the valve leaflets and vein vessel
deform significantly during valve phases, the last two dif-
ferences play significant roles in changing the valve opening
geometry that affects the local flow characteristics.
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Valve closure mechanism

In the early 1990s, van Bemmelen et al.?* studied the venous
dynamics based on in vivo measurements from healthy vol-
unteers using B-mode echo imaging. The valve performance
was investigated during the Valsalva maneuver, creating
higher pressure proximal to the studied venous segment. Qui
et al.?” performed in vitro experimental studies on both
stented and stentless bovine jugular valves. Velocity data
were measured using laser Doppler velocimetry (LDV) on the
valve inlet and 2 cm downstream of the valve to quantify flow
reflux. The results did not confirm findings from van Bem-
melen et al.”' but suggested that the venous valve is a
pressure differential-driven rather than a flow-driven device.

The results from both PIV experiments and FSI simulations
suggest that the current prosthetic valve is driven by the
pressure differential across the valve under the tested con-
ditions. FSI simulations showed the pressure differential
across the valve increased during opening, decreased during
closing and became negative after closing (Fig. 5A). During
opening, the P differential was largest at the leaflet base
(hinge) and least at the tip. After closure, the P differential
became the same at the base, middle, and tip, as the effects
of flow at the various locations are minimized after closing.
The force on the leaflet showed a very similar trend as the P
differential (Fig. 5B). The force increased during opening,
decreased during closing and became negative after closing.
Additionally, the flow data showed that the flow rate started
to decrease at about 55% of cycle, indicating the start of valve
closing. This is significantly earlier than the negative flow
which appeared later in the cycle (Fig. 4A). The negative flow
is likely the result of final stage of valve closure, because the
deformation of the closing valve created a volume change
and the fluid behind the leaflet was squeezed backwards. The
above findings are consistent with previous studies,'*?
suggesting that the valve under the tested flow condition is
pressure differential driven and venous reflux is not neces-
sary for the valve to close. The flow reversal has been shown
to lead to vascular dysfunction due to the reduction of nitric
oxide concentration.’*** Clinical studies also show evidence
of CVD progression due to abnormal venous reflux.”®

Impacts on valve design

To prevent thrombosis, the leaflet geometry and motion
must be optimized to minimize flow stagnation regions
without leaflets contacting vessel wall. Since the leaflet is a
fixed biologic graft material, the endothelialization of the
valve is expected to initiate at leaflet base as the endothelial
cells proliferate from the vein wall onto the valve. In order
for the phenotype of the endothelial cells to be normal, the
fluid shear stress and solid stress are key variables that must
be within the physiological range. We have used the vali-
dated FSI simulations for evaluation of valve architectures
based on endothelial shear stress and solid wall stress,” and
proposed that valve design optimization can be achieved by
minimizing the ratio of leaflet wall stress and fluid wall shear
stress. A virtual design of valves is more efficient and less
time-consuming than an empirical trial and error approach.



464

Limitations

The flow field in veins is complicated due to compliance of
veins, variable arteriolar and venular resistance, influence of
the surrounding muscular pump, and the phasic resistance
imposed by respiration. External pressure from muscles
may change vein geometry and the veins are highly
compliant unlike the simplified glass tube models.

Under certain physiological conditions, the valve motion
may be influenced by factors other than pressure differ-
ence. While the local muscle pump (calf muscle contraction)
can generate pressure difference across the valve, there are
other significant physiological and anatomical variables. For
example, a change of position from supine to upright po-
sition can induce reflux because of the presence of gravity
(hydrostatic column), and in turn induce the motion of the
valve. The valve motion and flow structure under these
circumstances are beyond the scope of this study.

CONCLUSIONS

The FSI spatial and temporal simulations of flow velocity
were found to be in good agreement with the experimental
results obtained from PIV. The FSI and PIV results were also
compared and validated with the flow waveform from PD
measurements. Both FSI and PIV results showed that the
valve tested was a pressure-driven device and the presence
of stagnation zones that may be a major source for
thrombosis. The validated FSI simulations enable further
design optimization for improved long-term outcome of the
bioprosthetic valve, such as the profile of valve leaflets to
avoid flow stagnation and reduce the risk factor of throm-
bosis and remodeling caused by endothelial shear and solid
stress.
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