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Abstract

The present study aimed to understand the effect of venous valve lesion on the valve cycle.
A modified immersed finite element method was used to model the blood—tissue interactions
in the pathological vein. The contact process between leaflets or between leaflet and sinus
was evaluated using an adhesive contact method. The venous valve modeling was vali-
dated by comparing the results of the healthy valve with those of experiments and other sim-
ulations. Four valve lesions induced by the abnormal elasticity variation were considered for
the unhealthy valve: fibrosis, atrophy, incomplete fibrosis, and incomplete atrophy. The
opening orifice area was inversely proportional to the structural stiffness of the valve, while
the transvalvular flow velocity was proportional to the structural stiffness of the valve. The
stiffening of the fibrotic leaflet led to a decrease in the orifice area and a stronger jet. The
leaflet and blood wall shear stress (WSS) in fibrosis was the highest. The softening of the
atrophic leaflet resulted in overly soft behavior. The venous incompetence and reflux were
observed in atrophy. Also, the atrophic leaflet in incomplete atrophy exhibited weak resis-
tance to the hemodynamic action, and the valve was reluctant to be closed owing to the
large rotation of the healthy leaflet. Low blood WSS and maximum leaflet WSS existed in alll
the cases. A less biologically favorable condition was found especially in the fibrotic leaflet,
involving a higher mechanical cost. This study provided an insight into the venous valve
lesion, which might help understand the valve mechanism of the diseased vein. These find-
ings will be more useful when the biology is also understood. Thus, more biological studies
are needed.

Introduction

Chronic venous disease (CVI) is common in Western countries. In Europe, the cost to society
owing to this disease has already exceeded 10 million Euros per million inhabitants per year
[1,2]. In the USA, the varicose veins have afflicted up to 35% of adults [3]. Currently, the
awareness of valve dysfunction, which contributes to varicose veins and venous phlebitis, has
increased [4]. It is reported that [5,6] the valve dysfunction is mostly induced by valve failure
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and insufficiency. The prosthetic valve is a primary solution to treat the insufficient valve
because the surgical correction is still technically challenging. A basic understanding of venous
dynamics and valve functions, especially related to the diseased valve, is required to guide the
design and implantation of valve prosthesis.

The development of inspection techniques [7-9] facilitated the knowledge of the morphol-
ogy and functions of the healthy and insufficient valves. The typical valve lesions, their patho-
logical behaviors, and their distinct features relative to the healthy ones have been observed.
The ex vivo experiments [10] provided a means to mimic the valve mechanics and hemody-
namics in the diseased vein. Certain valve damages, such as slit and rupture in artificial valves,
could lead to a basic understanding of tailor-made reflux and leakage. Nevertheless, the actual
physical mechanism of the diseased valves still remains unclear [11]. Especially the pathology
is complicated and occurs irregularly, and the measurement of the mechanotransduction dur-
ing the blood-valve interaction is limited. Thus, it is still challenging in vivo/in vitro to under-
stand the valve dynamics and hemodynamics in the diseased vein clearly.

Computational modeling is a convenient tool to simulate the physiological valve and obtain
the corresponding quantities [12-15]. Buxton et al. [12] employed a spring lattice model to
illustrate the basic physics of vein valves. They investigated the dynamics of the valve opening
area, and captured the unidirectional nature of the blood flow across the venous valve. Owing
to a few reports on the mechanical properties [16,17], limited studies have explored venous
valve modeling, particularly for the pathological cases [18-22] with insufficient biological
knowledge [4]. Of the existing numerical studies, only Soifer et al. [19] studied the effects of
stiffened venous valves on the neighboring valve using the arbitrary Lagrange-Eulerian (ALE)
method. Simio et al. [18] and Ariane et al. [20,21] modeled the interaction between the
agglomeration and the vein and studied the clotting dynamics and its effect on the reverse
flow. Chen et al. [22] studied the helical flow induced by the relative positions of the valves and
its corresponding effects on the stagnation. These studies are essential steps in studying the
pathological vein valve, and they provided useful information on the hemodynamics around
the valve and improved the relevant understandings. Nevertheless, studies related to the valve
lesions induced by the abnormal elasticity are inadequate, especially when the abnormal elastic
property is reported as one significant etiology of valve disease [2,6].

Inspired by the aforementioned issues, a modified immersed finite element method (IFEM)
[23] was adopted in this study to investigate the effect of valve lesions, namely, fibrotic and
atrophic remodeling of the valves [24,25]. The employment of IFEM could consider finite
deformation of the venous tissues immersed in the background fluid, without high computa-
tional cost and complicated techniques for re-meshing on the fluid-solid interface. The modi-
fications on the original IFEM, ghost fluid [26], and adhesive contact could approximate the
physical interaction between the blood and the tissue, or between the tissues. Successful appli-
cations of IFEM to aortic valve modeling [27] and of the adhesive contact method to cell-
matrix contact [28] have demonstrated their feasibilities in this study. In addition, studies on
heart and aortic valve modeling [29,30] have revealed that pressure and velocity fields of three-
dimensional (3D) and two-dimensional (2D) models are comparable. A 2D finite element
modeling was adopted in this study for computational efficiency. With the use of this finite ele-
ment modeling, a benchmark problem of normal valve modeling could be verified by compar-
ing the results with the existing data. The resulting geometric orifice area (GOA) [31],
volumetric flow rate [32], wall shear stress (WSS) [19], and mechanical cost function [33] in
pathological cases were further compared between the healthy and the unhealthy valves to
understand the effect of valve lesions on the valve dynamics and venous hemodynamics.

This study comprises the following sections. Section 2 introduces the employed numerical
algorithms and computational technique. Section 3 describes the finite element modeling
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along with parameters of the healthy and pathological veins. Section 4 presents and compares
computational results of the veins. Section 5 summarizes the results, followed by the discus-
sion. Section 6 presents the relevant conclusion.

Numerical method

The key ingredients of the numerical method were the modified immersed finite element fluid
solver, hyperelastic structural solver, adhesive contact algorithm, and fluid-structure coupling
approach. The nomenclature used in this study is listed in Table 1.

Modified immersed finite element fluid solver

Based on the original IFEM [23], a Lagrangian solid ° fully immersed in a Eulerian fluid Q
was used. The solid mesh and fluid mesh were independent so that no body-fitted mesh or re-
meshing costs were involved in the computation. Moreover, the modified IFEM introduced an
idea of the ghost fluid [26] by replacing the previous artificial fluid [23] with the ghost fluid.
Then, the Eulerian fluid domain  consisted of a real fluid domain " and ghost fluid domain
(%, as shown in Fig 1. The ghost fluid domain (¥ included both ghost and inactive nodes. The
property parameters of the ghost fluid were infinitesimal, and the inactive nodes were not
counted into the computations of the Navier-Stokes (N-S) equations and the fluid-structure
interaction (FSI). Using a Dirac delta function d(x), density and dynamic viscosity of the
Eulerian fluid domain  were calculated as follows:

with
1, xe@
kﬂx—fMQZ{ovxem (2)

where p/ is the fluid density and ¢ is the dynamic viscosity.
The governing equations were the unsteady and incompressible N-S equations and written
as follows:

v,, =0,
on Q x [0, T] (3)
{ p[vi.t + (Vi,j)vj] = 0y + pf;s

Table 1. List of principal quantities.

Quantities Symbol Units
Spatial coordinate x, x° cm
Material coordinate X cm
Velocity vl v cm/s
Displacement d cm
Density p,pl p° glem’®
Dynamic viscosity wou’ g/(cm-s)
Damping coefficient c g/s
Force F kg-m/s®
Body force f m/s>
Cauchy stress ol 0° g/(cm-s?)
Time s

https://doi.org/10.1371/journal.pone.0213012.t001
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Deforms

0¥y The Lagrangian solid

A solid immersed in fluid

The Eulerian fluid
Fig 1. Computational domain decomposition.
https://doi.org/10.1371/journal.pone.0213012.9001
with
0y, =—P;+ ,u(vw. + vj‘,,.) on Q x [0, T]. (4)

where v; and f; are the velocity and body force components in the ith direction, respectively; o;;
is the quantity of the Cauchy stress tensor; and p is the pressure. A second-order fractional
step finite element method [34] was used to improve the pressure stability in the N-S equa-
tions (see S1 Appendix).

After the introduction of the ghost fluid, an immersed sharp interface I"** existed between
0/ and Q€. The velocity boundary conditions of the interface I" were exactly prescribed
through the interpolation between I"*' and the solid boundary I"*. Along with other prescribed
conditions on I'/, both the Dirichlet boundary condition I"* and the Neumann boundary con-
dition I"* on the fluid domain Q were employed:

(5)

(Vi)r" = ﬁi? on I’ (= FVJ Urv.isi;
(O-ij ’ nj)l"r = Eia on Ft (= Fff Urt.isi.

where #; and ¢, are the prescribed velocity and traction, respectively; and #; is the normal vec-
tor of I or "™,

The Streamline-Upwind Petrov-Galerkin (SUPG) and Pressure-Stabilizing Petrov-Galerkin
(PSPG) formulations were employed to solve the N-S equations [23]. The QI1QI element of
second-order accuracy was chosen for equal-order pairs of velocity and pressure. Employing
the GMRES iterative algorithm [23,35], the discretized residuals of velocity r}, and pressure 7}
were as follows:

{ = fQ{TlSicle,ivj.j + (Nl,i + TsupgkaI,k)[p(viﬁt + ViJViJ> — 0y —f1}dQ
rf = fQ{TPSPgNLi[p(Vi,t + Vz:jvi,j) — 0y — pfz] + vajj}dQ

were computed based on the Jacobian-free Newton-Raphson technique [36]. Here, 7°/%, 1%,
and 7 denote the stabilized parameters in the SUPG and PSPG. Ny, is the derivative of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0213012 March 4, 2019 4/26


https://doi.org/10.1371/journal.pone.0213012.g001
https://doi.org/10.1371/journal.pone.0213012

'PLOS|ONE

An IFEM study of venous valve lesion

shape function Nj (at node I) with respect to x;. For detailed derivations, one can refer to the
study by Zhang et al. [23].

Hyperelastic structural solver

Polynomial nonlinear functions were used for the hyperelastic model. Two types of constitu-
tive laws were used to explain the behavior of the tissues [37]:

WP = ¢ (o — 1) + (e — 1) + ¢y(I, — 3) + ¢, (I, — 3)( — 1)4c,(I, — 3)° (7)

Wvulve _ Co(exp(cl(ll _ 3)2 + CZ(OC — 1)4) — 1) (8)

where the five-parameter polynomial-type strain energy descriptor YW**' is given for the wall
tissue and the three-parameter exponential-type function YW is given for the valve tissue; ¢;
is the material coefficient; and I, and & are the stretch invariants in the “1” direction and fiber
angle direction, respectively.

The general expression [38,39] for the Cauchy stress ¢° in this type of material is written as
follows:

s )4 ow
o, =P + 28—11sz + WFiLNLNMFjM )
where p is a Lagrange multiplier enforcing incompressibility; F = 0x*/0X" is the deformation
gradient tensor; B = FF" is the left Cauchy-Green deformation tensor; and N(X®) is the unit
vector of the fiber-axis direction in the initial configuration.
The governing equation of solid dynamics is written as follows:

o+ pfi—pvi,—cv;=0 onQ x[0,T] (10)

where fis the body force, p* is the density, v* is the velocity, and c is the damping coefficient.
Using the Galerkin method, the dynamic (Eq 10) was transformed into the discretized formu-
lation as follows:

MI/(d;i,t).t + Clld;i,t + Kl]d;i =F, (11)

where the mass matrix M, = [N, p°N,d<2’, the stiffness matrix K, = [,.D,;,B,;B,,dQ’, and
the damping matrix Cy; = f,,Mp; + fKy;, with f,,, and f; denoting the mass coefficient and the
stiffness coefficient, respectively. The nodal force Fj; was combined by the nodal traction F}, =
s ;N dl” and the nodal body force Fj, = JoP*fiN,d€2 . The displacement of a solid element

d; was discretized with the following interior nodes:

d; = ;inlNId;i (12)

1

where nen is the number of nodes per element. The integration was simplified through the use
of isoparametric coordinates. Following this, the semi-discrete (Eq 11) was further discretized
in time using the Newmark scheme [40]. The discrete equation is written as follows:

Kfm + i)M + (fe + HAt)K} da

1 1
= OALF' + (1 — 0)AtF ™ + gMdff’At + (fm + @) Md* ™ +[f,— (1

— 0)AKd" ™ (13)
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where 0 is a constant equaling to 0.5, f,, = 0.05, and f; = 0.272. The matrices (in Eq 16) were
formed by Cholesky factorization and assembled in “skyline” form [40]. The Cholesky forward
and back-substitution [40] were employed to solve the equation systems.

Adhesive contact between solids

Contact between tissues is a common phenomenon during venous valve cycle [8], such as
valve closure. The adhesive contact algorithm [41] is used to build the contact model. As
shown in Fig 2A, I' ; represents the ith infinitesimal surface of the solid €2}, and I} ; represents
the jth infinitesimal surface of the solid €. The contact force F/ between them was a long-
range force associated with an inter-body interaction potential ¢(r) [41] as follows:

F = B fndads [o()rdr (1)

where ;, daj, and n; are the dimensionless density, the area, and the normal vector of I'' ,
respectively; §; and da; are the variables of I} ; dot is the angle of the cone formed by I' ; and
the mid-point B of I} ; and s;; is the distance from point Bto '} ;. A 12-6 Lennard-Jones

model was chosen for the potential:

or=e[(2)" 23] s

where ¢ is the potential well, ry is the equilibrium distance, r is the distance variable, and r €
[si5 oo]. Thus, counting the force over all the contact areas creates a strong repulsion to enforce
the nonpenetrability condition between two tissues. With different values of €, the contact
condition could be soft or hard according to the situation, while additional attention was paid
to the time step size.

As illustrated in Fig 2B, a dimensionless distance - was used to help understand the quanti-

tative relationship between r and repulsion. When ;- € [0.4,0.7], it was flexible to adjust the
contact force so that the potential penetration was opposed timely and the solids were in suit-
able positions. For the efficiency, the contact computation could only consider the elements

adjacent to the boundaries of the leaflets and the sinus. In the existing valve studies [31,39], the
structure and movement of the bileaflet valves were nearly symmetric to the longitudinal

i ; :
/ (b) Lennard-Jones interaction force
8 Al :
[=] i ! i
.g 2 Strong repulsion Weak repulsion
2 i L2 i
i ! =
4\ S
= ! P
'3_2. i : =
i: i ' 0.8 | 1.0
O ! : \

0.3 0.4 05 . 0.6 0.7 08
1/1y

Fig 2. Schema of contact model. (a) The interaction force in the adhesive contact model. (b) The relationship between
the contact force F/ and the distance r,.

https://doi.org/10.1371/journal.pone.0213012.9002
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cross-section of a vessel. Thus, contact between venous tissues also occurred at the central
transverse plane.

Fluid-structure coupling

The fluid-structure coupling was achieved through the interpolation between the immersed
sharp interface I"* and the solid boundary I"*. Representative elements adjacent to I"* and
I'* were chosen to specify the interpolations.

As illustrated in Fig 3A, interpolation of velocity from I"* to I"* was implemented by trans-
mitting velocity v} to fluid node b as follows:

v, =V, + Vvl (16)

where V denotes the gradient operator with respect to x and I, = x, — x;,. Node B'is a node
shared by the fluid and solid so that v{, = v*(X},) = v, = v(x).

The fluid stress upon I"* was transmitted from I"*' using the bilinear feature of the shape
function, which neglected the shear stress due to the no-slip condition, as shown in Fig 3B.
Several auxiliary nodes b', ¢, d', and e’ were assumed on the boundaries of the fluid element.
Fluid node a' (or the solid node A) was calculated through bilinear interpolations as follows:

{PW = ofp, + (1 —o)p, + (1 — o) (1 = B)p, + (1 = B)p, (17)
v, = oy, + (1 — o)y, + (1 — o) (1 = f)v, +a(l = B)v,

with a = Lg/lec = Ly /lap and B = lpe/lye = Lio /4., I denoting the distance between nodes i and j.
Afterward, the fluid traction # upon the solid was calculated as # = —# according to Newton’s
third law. A mesh size ratio of fluid to solid should be between 0.5 and 2.0 to facilitate the inter-
polations [23], which was 1.0 in this study. The sensitivity analysis of mesh size has been ana-
lyzed and properly chosen for the fluid-structure coupling, along with that of the time step (see
S2A Appendix and S1 Fig).

Numerical implementation

The proposed FSI method included a fluid module, a solid module, a contact module, and two
interpolation modules. By employing an explicit coupling scheme, the algorithm procedure
was as follows:

Fig 3. Schema of fluid-structure interaction models. (a) The interpolation of velocity from solid to fluid. (b) The
interpolation of traction from fluid to solid.

https://doi.org/10.1371/journal.pone.0213012.g003
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1. Solid governing equations were solved with the previous hydrodynamic force and contact
force; coordinates of the deformed solid were updated.

2. The density and dynamic viscosity of the entire computational domain were updated, and
the velocities of the solid were interpolated onto the immersed interface within the domain.

3. The N-S equations on the fluid domain were solved with the prescribed conditions at
boundaries and the interface.

4. The hydrodynamic forces on the solid were then calculated at the solid boundary via an
interpolation scheme on the flow grid.

5. The existence of contact was predicted according to the distance between solids. The con-
tact force was calculated if it existed, then moving to the next step.

As mentioned earlier, the explicit coupling was quite simple, robust, and efficient. The
implicit coupling could be easily implemented, if needed, by iterating between the fluid and
solid solvers at each time step. Finally, the FSI method, where the modified IFEM and adhesive
contact algorithm were employed, was implemented in Fortran 90.

Finite element modeling of vein
Geometry model

The finite element model was constructed according to the characteristic dimensions of a
bovine saphenous vein to ensure consistent dimensions in a vein structure [17], as illustrated
in Fig 4. The vein model was featured with a thin wall, a symmetrical bileaflet valve, and sinus
pockets. The valve leaflet was semi-lunar shaped and proximally directed, set 0.8 cm away
from the distal end of the vein. The detailed dimensional parameters are listed in Table 2.
Since the sinus geometry was unclear, its bugled height /i was set as 0.05 cm to ensure that the
mean diameter of the vein was consistent with that in [17].

According to the principle of IFEM [23,27], the vein was immersed in the Eulerian fluid
domain of size 2.5 x 1.071 cm®. The distensions of the wall and the sinus were thus considered.
Owing to the requirement in adhesive contact, an initial gap ug = 0.018 cm between the leaf-
lets was preserved to prevent the initial penetration.

Material properties

Recent histological studies [16,42] have indicated that the local nature of the venous valves is
transversely isotropic in the longitudinal cross-section. This information helped plausibly
assume that the tissues of the valve and wall were pseudoelastic and locally isotropic with
respect to the fiber axis [16]. When the constitutive (Eqs 10 and 11) of the hyperelastic model
were employed, the fiber-reinforced terms involving o were simplified in the transverse plane.
The property parameters of the vein based on previous data [42,43] are given in Table 3.

Note that the parameters were not given for the corresponding tissue due to the fiber-rein-
forced terms. Similar to the existing numerical studies [12,19], the elasticity of the valve was
specially adapted to allow the physiological valve behavior reported by Lurie et al. [8] and Mir-
najafi et al. [44]. The characteristic parameters C0, C1, C3, and C5 were scaled. The initial elas-
tic modulus of the wall and valve tissues was 1.5 MPa [10,19] and 200.0 kPa, respectively
[16,17]. The mechanical property of venous sinus was assumed a quarter of that of the wall
material owing to the scanty information available about it.

In the 2D fluid domain, blood was modeled as a Newtonian liquid. The density p/ of full
hematocrit was 1.08 g/cm? [45]. The dynamic viscosity 4/ was 0.0036 Pa-s at 37 degree
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Fig 4. Geometry and size of the venous model. (a) Vein sample (obtained from [17]). (b) 3D structure. (c) 2D model.
https://doi.org/10.1371/journal.pone.0213012.9g004

centigrade [46]. A plane strain assumption could be adopted for the 2D simulation because the
length of the valve specimen was far greater than the thickness [16,17].

Boundary conditions

For a normal valve cycle, the ongoing force of flow is strongly related to gravity and muscle
pump [8]. Physiologists suggested that [4] hydrostatic pressures below the right atrium derived
from the weight of the blood column and were expressed as a constant multiplier (0.77 mm

Table 2. Dimensional parameters of the vein model.

Structure Dimension Label Direction Size (cm)
Wall Length Ly Longitudinal 2.50
Wall Luminal diameter d Radial 0.691
Wall Thickness to Radial 0.040
Valve Depth d, Longitudinal 0.573
Valve Height h, Radial 0.310
Valve Thickness t, Radial 0.020
Valve Gap [ Radial 0.018
Sinus Depth d, Longitudinal 0.922
Sinus Bulged height h Radial 0.050
Sinus Thickness t, Radial 0.030

https:/doi.org/10.1371/journal.pone.0213012.t002
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Table 3. Material properties of the three parts of the vein model.

Part Density (g/cm3) CO (kPa) Cl1 C3 (kPa) C5 (kPa)
Wall [10] 1.10 - - 2.00 187.5
Valve [16,17] 1.10 417 0.06 - -
Sinus [16,17] 1.10 - - 0.50 46.875

https://doi.org/10.1371/journal.pone.0213012.t003

Hg/cm) of the vertical distance in centimeters. Along with a muscular pump p,ymp» a maxi-
mum pressure gradient of 4.0 mm Hg (Ap = p/gL, + Ppump) Was then imposed for alternate
positions of supine and standing, as shown in Fig 5. The inflow at the inlet was set as parabolic
and pulsatile flow at 60 cycles/min, mimicking the venous pump. In each cycle, a short initial
period of 0.05 s was set in the pulsed-wave function to relax the leaflets in an initial closed
state. Except for the inlet and the outlet, other boundaries of the fluid domain had constraints
in both the pressure and velocity. Finally, the vein was constrained at both ends of the wall.

Finite element modeling

In the 2D simulation, either the mesh size or the time step size was based on the considerations
of mesh sensitivity, time step sensitivity, Courant-Friedrichs-Lewy condition, and ghost node
arrangement. With a mean mesh size of 0.008 cm, the vein structure consisted of 2864 quadri-
lateral elements: 1408 for the wall, 632 for the valve, and 824 for the sinus. The Eulerian fluid
domain consisted of 47,762 quadrilateral elements. The time step size was 0.0004 s. Regarding
the contact parameters, the equilibrium distance g, was 214, namely, 0.036 cm; the potential
well £ was —4.0 ] to keep a weak repulsion at the equilibrium position; and the dimensionless
densities ; and f; were 1.0 for the venous tissues.

Typical valve lesions

Recent studies have estimated that the incidence as a cause of CVI was approximately 80% for
post-thrombotic damage and 20% for primary valvular incompetence. In post-thrombotic syn-
drome, the residual thrombus is replaced by fibrous tissue and the fibrotic process is entrapped
in valve leaflets [4]. According to the angioscopic evidence of valvular incompetence [7],
58.2% assessed cases are classified as depressed valve or atrophy. For the high prevalence,
fibrosis and atrophy are two typical valve lesions investigated in this study.

Considering that the valve lesions are irregular in the biological tissues, the remodeling was
assumed covering the total leaflet, including the alterations of elasticity and thickness. The
fibrosclerotic remodeling was considered as thickening (25%) and damaged elasticity (stiffer)
[47]. The elasticity of the atrophic leaflet was regarded as weakened [7]. For the incomplete
lesion, one leaflet of the valve was assumed fibrotic or atrophic. Finally, four typical valve
lesions are given in Table 4.

Similar to a recent study on pathological valves [19], the elasticity of the fibrotic leaflet
increased 10 times. Following such a rule, the atrophic leaflet was modeled by reducing the
modulus to 1/10. Additionally, the dimension and geometry of the pathological models were
assumed the same as those in the normal vein, along with the same inlet flow conditions.

Results

Two groups of simulations were reported in this study. The first was intended to validate the
computed results of the normal valve both qualitatively and quantitatively against the physio-
logical measurements and numerical simulations. The second focused on the effects of the
valve lesions on the valve dynamics and venous hemodynamics. The results of different valves
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wave function.
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were compared to display the characteristics of valve lesions. For each case, only a valve cycle
was presented, which took 25.07 h in the Intel Core i7-4790HQ processor with the main fre-
quency 3.60 GHz.

Validation of normal valve model

A normal valve cycle in physiology includes four phases: opening, equilibrium, closing, and
closed [8]. Fig 6 depicts various valve configurations and planar flow streamlines correspond-
ing to each phase. In the opening phase (Fig 6A), rapid inflowing blood led to strong ejection
on the leaflets. The venous tissues were pushed and distended owing to the transvalvular pres-
sure gradient, and the leaflets rotated around the hinge point immediately and made an angle
of nearly 30 degrees with the wall. Then, the ejection was separated from the leaflet surface and
flowed across the orifice. In the equilibrium phase (Fig 6B), the leaflets oscillated and swung in

Table 4. Material properties of the bileaflet valves with mechanical lesion.

Case Valve lesion Leaflet State CO (kPa)
*CFV Fibrosis " No. 1 Fibrotic 4170
No. 2 Fibrotic 4170
CAV Atrophy No. 1 Atrophic 41.7
No. 2 Atrophic 41.7
IFV Incomplete fibrosis No. 1 Fibrotic 4170
No. 2 Healthy 417
IAV Incomplete atrophy No. 1 Atrophic 41.7
No. 2 Healthy 417

* CFV, completely fibrotic valve; CAV, completely atrophic valve; IFV, incompletely fibrotic valve; IAV, incompletely atrophic valve.
" No. 1 and No. 2 represent the left and right leaflets illustrated in Fig 5A, respectively.

https://doi.org/10.1371/journal.pone.0213012.t004
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Fig 6. Various valve configurations and flow streamlines in a normal valve cycle. (a) In the opening phase, 0.08 s. (b) In the equilibrium phase,
0.30s. () In the closing phase, 0.51 s. (d) In the closed phase, 0.8 s. (e) In the closed phase, 1.0 s.

https://doi.org/10.1371/journal.pone.0213012.g006

the maximum opening position. In the closing phase (Fig 6C), the velocity of the ejection
decreased, the venous tissues recoiled, and the blood reversely flowed from the distal outlet.
The closing phase ended when the leaflets were in “contact” (Fig 6D). The reverse flow was
prevented from flowing across the valve. In the closed phase, the flow pattern varied little
while the coaption of the leaflets was becoming more evident with greater amounts of their
surface contacting together. The valve performance and flow pattern complied with the
reported physiological phenomena in the corresponding phase [8].

The duration of each phase could be further understood according to the time-varying
behavior of the venous tissues, as shown in Fig 7. The maximum orifice size Igoa (0.494 cm)
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Fig 7. (a) Time variations of the venous behavior: A, opening phase, 0.05-0.20 s; B, equilibrium phase, 0.20-0.39 s; C, closing phase, 0.39-0.68 s; and D, closed phase,
0.68-1.05 5. Ad’,, is the displacement of the marked position on the anterior wall, Ad’,, is the displacement of the marked position on the posterior wall, and Ad’s is the
displacement of the sinus. (b) Time variation of the geometric orifice area Agoa.

https://doi.org/10.1371/journal.pone.0213012.9007
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appeared in the equilibrium phase, which was 71.4% of the initial luminal diameter d,. This open-
ing amplitude was consistent with the physiological situation (60%-70%) in the saphenous veins
[48,49]. Also, the distensions of the sinus and wall contributed to the opening of the orifice. Previ-
ous studies reported [4] that the valve had a funnel shape with an elliptic-shaped orifice when
opening. Thus, the orifice area was calculated as A, = 7(d, + 2H.)l;0, /4, with the long axis of
dy + 2h’; and the short axis of I [8]. Time variation of Agoy is given in Fig 7, and the law was
the same as that of Igo, after including the distension of venous sinus.

During the presented valve cycle, the transvalvular venous flow was approximately plug-
shaped, as shown in Fig 8A. The slight asymmetrical flow patterns at different times indicated
that the flow orientation had small oscillations with the leaflets oscillating.

According to the in vitro experiment of Qui et al. [32] that velocity was almost uni-
formly distributed normal to the longitudinal cross-section, the volumetric flow rate Q

(Q=n[(d, + 2H) Ol‘;o" ¥ dy]/4) between the leaflets was integrated. As shown in Fig 8B,
the peak (transvalvular) flow rate Q was 11.68 cm?®/s at 0.28 s, while the peak (transvalvu-
lar) velocity was 40.5 cm/s. The mean maximum velocity was 28.89 cm/s for the vein
diameter 0.691 cm, which complied with the linear inverse relationship between mean
maximal diameter and mean peak venous velocity reported in [50]. Further, the reverse
flow started at 0.50 s at the outlet and the peak reverse flow velocity appeared around the
orifice and was -4.6 cm/s (Fig 6C), which was consistent with the findings of Lurie et al.
[51] that the normal valve could be closed when the reverse flow velocity was low.

Pressure drop in the vein is another feature of the valve functioning. As shown in Fig 9, the
pressure difference was the greatest at the leaflet base (hinge) and smallest at the tip. When the
opening orifice was maximum, the pressure gradient was 220 Pa (1.67 mm Hg) and less than 3
mm Hg, agreeing with the stipulation for a biological venous prosthesis in opening function
[11,14,52]. Accordingly, the first principal strain on the anterior surface of the valve base was
the greatest of the vein. The negative strain appeared on the upper surface of the valve, indicat-
ing the compressive loading from the ejected flow. In the closed phase, the pressure gradient
reversed its direction, and a significant strain occurred on the upper surface owing to the flex-
ure of the leaflet in the upstream direction.

The WSSs of blood and valve are illustrated in Fig 10 to verify the mechanotransduction
further against the existing calculated results. As the blood outside the wall was assumed as the
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Fig 9. Contours of the pressure and the first principal strain (MPSN) at the maximum opening orifice and the
closed valve configuration.
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background fluid for immersing the vein, its stress is not given here. During the opening
phase, evident fluid shear stress (2.8-3.6 Pa) appeared on the upper surface of the leaflet,
which was maximum and close to 3.3 Pa as calculated by Soifer et al. [19]. The maximum solid
shear stress in the opening phase occurred on the base region, and the resulting stress was
between 5.0 kPa [19] and 20.0 kPa as reported by Chen et al. [33] and Ariane et al. [20]. In the
closed phase, the fluid wall shear stress (FWSS) exhibited apparent decrease while the solid
wall shear stress (SWSS) increased, which was owing to the coaptation of the leaflet. The low
FWSS in the sinus pocket region decreased from the maximum value of 0.8 Pa to 0.08 Pa. It
suggested that the sensitive region was of significance in influencing endothelial mechanism
and promoting thrombosis or intimal hyperplasia, being consistent with the biological data
available [53].

Note that a brief parameter analysis is further presented in S2B Appendix and S2 Fig for the
length of the leaflet tip and the contact parameters.

Effect of valve lesion on valve closure

The first focus of this simulation was to determine the extent of effects of valve lesions on the
valve closure. As illustrated in Fig 11, the GOA was inversely proportional to the structural
stiffness of the valve. In the equilibrium phase, Agoa(CAV) > Agoa(IAV) > Agoa(Normal)
> Agoa(IFV) > Agoa(CEV).

Furthermore, the duration of each phase in the proposed cycle was altered due to different
vein responses. Especially for the CAV, the valve remained incompletely closed at 1.0 s, as
shown in Fig 12A. Each leaflet finally leaned against the sinus, with rotations of 56.09 degree
(the No. 1 leaflet) and 44.9 degree (the No. 2 leaflet) and repulsion forces of 0.32 dyne/cm (No.
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1) and 1.80 dyne/cm (No. 2). Similar to the leaflet of the CAV, the No. 1 leaflet (atrophic) of
the IAV leaned on the sinus (Fig 12B), and the No. 2 leaflet (healthy) rotated anticlockwise
74.9 degree to close the valve. It seemed like a mono-leaflet valve [33]; the healthy leaflet had
the sole role in presenting the reverse flow. Except the GOA, only small variations in durations
of the equilibrium phase were found in the fibrotic cases relative to the normal valve.

0.6F —— Normal case
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Fig 11. Time variation of the GOA.
https://doi.org/10.1371/journal.pone.0213012.9011
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Fig 12. Valve configuration and flow streamlines in the cases of (a) CAV and (b) AV at 1.00 s.
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Effect of valve lesion on venous volume

The variations of valve closure induced by the valve lesions led to particular flow patterns in
the vein. Although the flows became more complicated, the transvalvular flow velocity and
outflow velocity were almost proportional to the structural stiffness of the valve. The flow char-
acteristics of the atrophic cases are shown in Fig 13. For fibrotic cases, smaller motion range
resulting from the less elasticity caused a stronger jet and vice versa, which was similar to that
reported by Soifer [19].

The influence on the venous volume [54] could be quantitatively found. Using the time
integration, the venous volumes of the antegrade and retrograde flows were determined
(Table 5). For one cycle, the forward flow rates were related to the valve lesions as follows: Q
(CAV) > Q(IAV) > Q(Normal) > Q(IFV) > Q(CFV). Instead, the law of the reverse flow rate
was unclear. Particularly for the atrophic lesion, the venous volume of the reverse flow still
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Fig 13. Normalized maximum velocity of (a) the transvalvular flow and (b) the outflow. The maximum velocities for the normal valve are

calibrated to 100%.

https://doi.org/10.1371/journal.pone.0213012.9013
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Table 5. Venous volume and the related time of different valves for one cycle.

Valve Forward flow (cm®) Reverse flow (cm?) Critical time (cycle)
Normal 3.50 -0.030 56%
CFV 1.98 -0.064 53%
CAV 2.97 -1.150 45%
IFV 2.89 —-0.040 55%
1AV 3.20 —-0.241 56%

https://doi.org/10.1371/journal.pone.0213012.t005

increased at the end of the proposed cycle because the valve leaflets failed to close. Such a situa-
tion remained even after the proposed cycle (not presented in this study) and the duration
exceeded 0.5 s, which is a marker of the so-called “reflux” in physiology [55]. Also, the reversed
venous volume in the CAV led to an evident decrease in its transporting capacity.

Effect of valve lesion on WSS

As illustrated in Fig 14A, the maximum blood WSS of different cases differed proportionally
to the structural stiffness of the valve during the opening phase, given its relationship with the
orifice area and blood velocity. The maximum leaflet WSS seemed to follow the similar law, as
shown in Fig 14B. Both the FWSS and the SWSS of the CFV were the highest, and those of the
CAYV were the smallest.

For the atrophic leaflet, it was further seen that the FWSS and SWSS were subjected to a
peak in the early opening phase, which should be related to its weak resistance to the inflowing
blood pressure, as shown in Fig 15A. In the closed phase, a second increase in the SWSS was
seen for all the cases, which was consistent with that found in another numerical study of the
pathological venous leaflet [19]. This trend needs further exploration. For example, the No. 2
leaflet (healthy) of the IAV had a second increase in its WSS, which was induced by the tension
when the No.2 leaflet rotated toward the No. 1 leaflet, as shown in Fig 15B.

The primary mechanism of valve lesions influencing the valve biology was that the low-
shear-stress regions in the pockets behind the leaflets might cause flow stagnation and enhance
destruction of the vein. Both the FWSS and SWSS were analyzed for the base region of the leaf-
let because the sinus side of the region was critically sensitive to mechanical stimuli [56]. In the
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Fig 14. Maximum WSS of (a) the blood and (b) the leaflet for different cases.
https://doi.org/10.1371/journal.pone.0213012.9014
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Fig 15. Blood and leaflet WSSs (a) at 0.30s and (b) at 1.0 s for the IAV.

https://doi.org/10.1371/journal.pone.0213012.g015

CFV, an apparent shear stress was seen on the sinus, where the endothelial cells existed, indi-
cating significant mechanical stimuli, as shown in Fig 16A. Another apparent stress occurred
on the exterior sinus wall owing to the material gradient between the wall and the sinus. (Note
that the sinus dynamics are not detailed to focus on the valve in this study.)

As illustrated in Fig 16B, low blood WSS in the stagnation and high valve WSS in the base
region were identified through a mechanical cost (mechanical cost = solid WSS/fluid WSS)
[33]. Both FWSS and SWSS at the backside of the sinus were used, as shown in Fig 16C and
16D. The moment was chosen when the FWSS was the lowest and the decreasing SWSS was
still high, such as 0.54 s for the CFV (Fig 16A). The apparent difference in the cost was normal-
ized as 1:3.28:1.66:2.13 for the leaflet of the normal valve, the leaflet of the CFV, the healthy
leaflet of the IFV, and the healthy leaflet of the IAV. It showed that the biomechanical condi-
tions became hemodynamically less favorable in the CFV [56].

Discussion

This study presented a 2D numerical venous model to mimic the realistic valve cycle. It ana-
lyzed the valve dynamics and hemodynamics of the pathological situation in veins, such as
venous incompetence and blood reflux. Limited by the scanty information and adequate atten-
tion, previous relevant studies were inadequate, especially most of them focusing on the
healthy leaflets. In venous valve modeling, the wall and sinus were fixed [12,13] and the trans-
porting capacity (venous volume) was seldom mentioned [20]. A modified IFEM modeling
was employed on the basis of the anatomical data [17,24,57] and the physiological pressure
conditions [4] to gain a new understanding of the valve cycle in the diseased vein. The sensitiv-
ity analyses of mesh size and time step for the modified IFEM were verified using small models
before the valve modeling.

The proposed 2D model represented the longitudinal cross-section of a 3D geometry. The
velocity and pressure fields were comparable and still available for biomechanical analysis
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[29,30], although the examined parameters in the present model would probably differ from
3D valve model in results, such as the vortical and helical flows. A 2D model has a distinct
advantage of less cost on finite element computation, which lowers the dimensions of matrix
storage in computational modules and accelerates the solution time with limited computing
power. It took 23.52 h on the available hardware to solve one case, while similar models in 3D
could take weeks or more.

The benchmark problem of a normal venous valve cycle was validated by comparing the
dynamics and hemodynamics against the published ones. Although some detailed characteris-
tics of the flow were not obvious owing to the rough assumption of the sinus structure and
material, the classical four phases proposed by Lurie et al. [8] were observed in a single cycle.
In the opening phase, the transvalvular pressure gradient decreased from the leaflet base to the
tip and was lower than that stipulated in the biological venous prosthesis [52], indicating that
the modeling valve was soft and its opening function was closer to that of the native valve.
Also, the maximum opening orifice was within the physiological level reported by Lurie et al.
[48]. Although the specific extent of the sinus distension contributing to the opening orifice
was seldom mentioned in in vitro/in vivo studies [24], the present study suggested that the
compliance of the venous tissues had a known positive role in the valve opening. The
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significant role of the flexural behavior of the elastic leaflet [58] in the valve cycle was also
detected because the valve could be closed under the low reverse flow velocity and neutral
pressure gradient [51]. Particularly, the leaflet stress had a second increase when the leaflet
became closed. The low-fluid WSS in the sinus pocket region and high-solid WSS in the leaflet
base region complied with the common clinical knowledge. Their agreement with the existing
numerical results suggested the feasibility of the stress analysis in the present valve modeling.

The leaflet opening was inversely proportional to the venous structural stiffness owing to
the valve lesion induced by the varying elasticity. The atrophic leaflet particularly failed to be
closed or was so-called incompetent. The atrophic leaflet leaning on the sinus wall might be a
potential sign of abnormal valve cycle because Lurie et al. [8] reported that the valve leaflets
did not open all the way out to touch the sinus wall but made an angle of about 30 degrees
with the wall. In the equilibrium phase, the posterior surface of the leaflet attached on the sinus
wall with a small gap (S3A Fig). Similar to the CAV (S3B Fig), the atrophic leaflet in the IAV
displayed extremely weak resistance to the hemodynamic action. The IAV could be reluctantly
closed owing to the large rotation of the healthy leaflet. It showed that the healthy leaflet had a
dominant role in valve functioning and was subjected to relatively higher FWSS and SWSS.
Therefore, the healthy leaflet in IAV was prone to destruction and a commissural reflux canal
[9] might even be shaped after a long-term performance. Hence, the atrophy lesion might be
considered a significant risk factor leading to incompetence and reflux. This valve lesion
gained adequate attention from researchers because the prevalence of incompetent valves (in
the healthy internal jugular vein) was 36.8%-38.4% [5], while 28.9% of venous reflux finally
developed into varicose veins [55]. The described mechanism might help in elucidating the
relationship between the incompetent valve and the reflux, providing a prospective under-
standing of the valve closure mechanism in the diseased vein with the valve lesions.

Valve fibrosis due to phlebitis was another significant factor in venous insufficiency.
Fibrotic leaflets were characterized by increased collagen and reduced elastin content, and
thus became rigid. Then, the decreased motion range of fibrotic leaflet led to a stronger jet.
Moreover, the transvalvular blood volume became smaller, which could be supposedly
regarded as a signal of a decrease in blood transporting capacity. Although such a shift in vol-
ume could be accommodated within the large venous system, severe symptoms (such as blood
pooling) usually developed from the local worsening of the transporting capacity [4]. The
described mechanism might provide a preliminary understanding of the hemodynamics of the
diseased vein with fibrosis. Also, the similar flow feature could be exactly employed as a patho-
logical signal for the fibrotic lesion.

The hemodynamics and valve dynamics are related to the primary mechanism of valve biol-
ogy. In this study, low-blood WSS was seen for all the cases on the sinus pocket. The base
region of the valve experienced the highest leaflet stress, thus accelerating the negative influ-
ence on the biology because blood and leaflet WSSs of an abnormal valve are altered in the
opposite trend simultaneously, such as in fibrosis. Suppose that the biomechanical condition
was in an equilibrium, the alterations of the WSSs induced by the valve lesion would interrupt
the equilibrium because FWSS was easier to be sensed by the endothelial cells. Then, the
mechanotransduction would initiate, and thrombotic and inflammatory cells in sinus regions
might accumulate and adhere [59]. The results of cost function indicated a signal of the deteri-
oration of the pathological situation because the lower cost function correlated with less inti-
mal hyperplasia. The CFV might be the undesirable case biologically because subsequent
damage of the fibers could lead to the deterioration of the pathological situation [60]. This
described mechanism was really significant. It could be employed to provide quantitative
proof for early detection of the deterioration symptoms in the diseased vein.
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Additionally, this novel study used an immersed type method and an adhesive contact
method in exploring the pathological valve. It is still a preliminary study, although it provided
a valuable understanding of the abnormal behavior in the vein, such as incompetency, venous
reflux, obstruction and closure. The geometry and constitution still need improvement. For
example, the sinus feature is unclear and its material property is assumed between those of the
wall and the leaflet. Thus, the employed bending stiffness of the leaflet resulted in a conserva-
tive valve configuration in the closing-closed phase. Also, the assumed gap between the leaflets
was inevitably introduced owing to the limited choice of the present contact methods. A com-
parison of the present modeling with the physiological venous valve still showed limitations
and room for improvement, whereas the agreement with the existing results suggested that the
modeling was sufficiently capable of simulating the venous valve cycle. According to the
described mechanisms in the diseased vein in this study, the influence of the presented four
valve lesions was clearly known. Also, the corresponding biological mechanisms need to be
revealed so that the understanding of the results can be improved. This may further assist in
achieving complete understanding, efficient bioprosthesis, and more effective treatment of the
diseased valve.

Conclusions

A fluid-structure interaction model was constructed using a modified IFEM in this study to
mimic the venous valve cycle. The contact action between venous tissues was explored using
the adhesive contact algorithm. The presented model provided a robust and high-fidelity solu-
tion by comparing with the established model using the FSI method. The resulting valve
dynamics and hemodynamics were also validated by the existing results. This novel study
quantitatively and qualitatively analyzed venous incompetence and blood regurgitation in a
pathological valve. This simulation provided a prospective understanding of the effect of valve
lesion on the venous valve cycle. Comparison between the healthy valve and the pathological
valve further reflected the relationship between the valve lesion and the valve functioning. The
presented results provided the understanding of the mechanisms of venous incompetency and
reflux in the diseased valve. The preliminary understanding of the relationship between
healthy and unhealthy leaflets in the incomplete lesion was also achieved.

The present study was still in its preliminary stages and had some limitations, although the
valve modeling was capable of simulating a normal valve cycle and providing the valve
dynamic and hemodynamic results. Further studies should focus on improvements, such as
3D modeling, the realistic closed valve configuration, and the helical flow. The present geome-
try and constitution should also be improved to get closer to the native venous valve structure
and function. Further investigation of venous valve lesion is required, particularly in vivo/in
vitro, to improve the current understanding for an efficient bioprosthesis and more effective
treatment of the diseased valve.

Supporting information

S1 Fig. Sensitivities of the mesh size and time step. (a) Material and geometry of test model.
(b) Effect of mesh size on solid deformation. (c) Effect of time step size on solid deformation.
(d) Fluid velocity of Point Q with different mesh sizes. (e) Fluid velocity of Point Q at different
time step sizes.

(TIF)

S2 Fig. Sensitivities of the geometry and contact factors. (a) Geometric change in the leaflet
length. (b) Contact force on the leaflets. (c) Sensitivities of the GOA to d, and £. (d)

PLOS ONE | https://doi.org/10.1371/journal.pone.0213012 March 4, 2019 21/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s002
https://doi.org/10.1371/journal.pone.0213012

@ PLOS | ON E An IFEM study of venous valve lesion

Sensitivities of the contact force to d, and £. Here A is the result of the normal valve, B, the
result of the larger contact stiffness and C the result of the shorter leaflet.
(TIF)

S3 Fig. Flow patterns and valve configurations of (a) completely atrophic valve and (b) incom-
pletely atrophic valve in the equilibrium phase.
(TIF)

S1 Appendix. Second order fractional step finite element method (SOFES-FEM).
(DOCX)

S$2 Appendix. A, Sensitivity of the mesh density and time step in the proposed modified
IFEM. B, Factor analyses of geometry and contact parameters.
(DOCX)

S1 Movie. Blood and valve kinematics for the normal.
(AVI)

S2 Movie. Blood and valve kinematics for the CFV.
(AVI)

S$3 Movie. Blood and valve kinematics for the CAV.
(AVI)

S4 Movie. Blood and valve kinematics for the IFV.
(AVI)

S5 Movie. Blood and valve kinematics for the IAV.
(AVI)

$6 Movie. Blood and valve dynamics for the CAV.
(AVI)

S7 Movie. Blood and valve dynamics for the IAV.
(AVI)

Acknowledgments

This study was partially funded by the Key Aviation Scientific and Technological Laboratory
of High-speed Hydrodynamic under grant ASFC-20132365001 and financially supported by
the National Natural Science Foundation of China (Grants No. 51479007 and No. 11672215).

Author Contributions
Conceptualization: Xiang Liu.

Data curation: Xiang Liu.

Formal analysis: Xiang Liu.

Funding acquisition: Lisheng Liu.
Investigation: Xiang Liu.
Methodology: Xiang Liu, Lisheng Liu.
Project administration: Lisheng Liu.

Resources: Lisheng Liu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213012 March 4, 2019 22/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213012.s012
https://doi.org/10.1371/journal.pone.0213012

® PLOS |ONE

An IFEM study of venous valve lesion

Software: Xiang Liu.

Supervision: Lisheng Liu.

Validation: Xiang Liu.

Visualization: Xiang Liu.

Writing - original draft: Xiang Liu.

Writing - review & editing: Xiang Liu, Lisheng Liu.

References

1.

10.

1.

12.

13.

14.

15.

16.

Carpentier PH, Maricq HR, Biro C, Ponc¢ot-Makinen CO, Franco A. Prevalence, risk factors, and clinical
patterns of chronic venous disorders of lower limbs: A population-based study in France. J Vasc Surg.
2004; 40: 650—659. https://doi.org/10.1016/j.jvs.2004.07.025 PMID: 15472591

Vuylsteke ME, Thomis S, Guillaume G, Modliszewski ML, Weides N, Staelens |. Epidemiological study
on chronic venous disease in Belgium and Luxembourg: Prevalence, risk factors, and symptomatology.
Eur J Vasc Endovasc Surg. Elsevier Ltd; 2015; 49: 432—439. https://doi.org/10.1016/j.ejvs.2014.12.031
PMID: 25701071

McLafferty RB, Passman MA, Caprini JA, Rooke TW, Markwell SA, Lohr JM, et al. Increasing aware-
ness about venous disease: The American Venous Forum expands the National Venous Screening
Program. J Vasc Surg. 2008; 48: 394-399. https://doi.org/10.1016/}.jvs.2008.03.041 PMID: 18572373

Meissner MH, Moneta G, Burnand K, Gloviczki P, Lohr JM, Lurie F, et al. The hemodynamics and diag-
nosis of venous disease. J Vasc Surg. 2007; 46: S4—-S24. https://doi.org/10.1016/j.jvs.2007.09.043
PMID: 18068561

Akkawi NM, Agosti C, Borroni B, Rozzini L, Magoni M, Vignolo LA, et al. Jugular Valve Incompetence. J
Ultrasound Med. 2002; 21: 747-751. https://doi.org/10.7863/jum.2002.21.7.747 PMID: 12099562

Eberhardt RT, Raffetto JD. Chronic venous insufficiency. Circulation. 2014; 130: 333—346. https://doi.
org/10.1161/CIRCULATIONAHA.113.006898 PMID: 25047584

Yamaki T, Sasaki K, Nozaki M. Preoperative Duplex-Derived Parameters and Angioscopic Evidence of
Valvular Incompetence Associated With Superficial Venous Insufficiency. J ENDOVASC THER. 2002;
9: 229-233. https://doi.org/10.1177/152660280200900217 PMID: 12010107

Lurie F, Kistner RL, Eklof B, Kessler D. Mechanism of venous valve closure and role of the valve in cir-
culation: a new concept. J Vasc Surg. 2003; 38: 955-961. https://doi.org/10.1016/S0741 PMID:
14603200

Calota F, Mogoanta SS, Vasilescu MM, Vasile |, Pasalega M, Stoicea MC, et al. The valvular segment
of the lower limbs venous system: Anatomical, physiological and physiopathological aspects. Rom J
Morphol Embryol. 2010; 51: 157—-161. PMID: 20191137

Buescher CD, Nachiappan B, Brumbaugh JM, Hoo K a, Janssen HF. Experimental studies of the
effects of abnormal venous valves on fluid flow. Biotechnol Prog. 2005; 21: 938—45. https://doi.org/10.
1021/bp049835u PMID: 15932277

Tien W-H, Chen HY, Berwick ZC, Krieger J, Chambers S, Dabiri D, et al. Characterization of a biopros-
thetic bicuspid venous valve hemodynamics: implications for mechanism of valve dynamics. Eur J Vasc
Endovasc Surg. Elsevier Ltd; 2014; 48: 459-64. https://doi.org/10.1016/j.ejvs.2014.06.034 PMID:
25150441

Buxton GA, Clarke N. Computational Phlebology: The Simulation of a Vein Valve. J Biol Phys. 2007;
32: 507-521. https://doi.org/10.1007/s10867-007-9033-4 PMID: 19669438

Zervides C, Giannoukas AD. Computational phlebology: reviewing computer models of the venous sys-
tem. Phlebology. 2013; 28: 209—-18. https://doi.org/10.1177/0268355512474250 PMID: 23479775

Chen HY, Berwick ZC, Kemp A, Krieger J, Chambers S, Lurie F, et al. Prosthetic venous valve patient
selection by validated physics-based computational models. J Vasc Surg Venous Lymphat Disord.
Society for Vascular Surgery; 2015; 3: 75-80. https://doi.org/10.1016/j.jvsv.2014.07.003 PMID:
26993684

Ariane M, Allouche MH, Bussone M, Giacosa F, Bernard F, Barigou M, et al. Discrete multi-physics: A
mesh-free model of blood flow in flexible biological valve including solid aggregate formation. Gao Z-K,
editor. PLoS One. 2017; 12: e0174795. https://doi.org/10.1371/journal.pone.0174795 PMID: 28384341

Huang HYS, Lu J. Biaxial mechanical properties of bovine jugular venous valve leaflet tissues. Biomech
Model Mechanobiol. Springer Berlin Heidelberg; 2017; 16: 1911-1923. https://doi.org/10.1007/s10237-
017-0927-1 PMID: 28631145

PLOS ONE | https://doi.org/10.1371/journal.pone.0213012 March 4, 2019 23/26


https://doi.org/10.1016/j.jvs.2004.07.025
http://www.ncbi.nlm.nih.gov/pubmed/15472591
https://doi.org/10.1016/j.ejvs.2014.12.031
http://www.ncbi.nlm.nih.gov/pubmed/25701071
https://doi.org/10.1016/j.jvs.2008.03.041
http://www.ncbi.nlm.nih.gov/pubmed/18572373
https://doi.org/10.1016/j.jvs.2007.09.043
http://www.ncbi.nlm.nih.gov/pubmed/18068561
https://doi.org/10.7863/jum.2002.21.7.747
http://www.ncbi.nlm.nih.gov/pubmed/12099562
https://doi.org/10.1161/CIRCULATIONAHA.113.006898
https://doi.org/10.1161/CIRCULATIONAHA.113.006898
http://www.ncbi.nlm.nih.gov/pubmed/25047584
https://doi.org/10.1177/152660280200900217
http://www.ncbi.nlm.nih.gov/pubmed/12010107
https://doi.org/10.1016/S0741
http://www.ncbi.nlm.nih.gov/pubmed/14603200
http://www.ncbi.nlm.nih.gov/pubmed/20191137
https://doi.org/10.1021/bp049835u
https://doi.org/10.1021/bp049835u
http://www.ncbi.nlm.nih.gov/pubmed/15932277
https://doi.org/10.1016/j.ejvs.2014.06.034
http://www.ncbi.nlm.nih.gov/pubmed/25150441
https://doi.org/10.1007/s10867-007-9033-4
http://www.ncbi.nlm.nih.gov/pubmed/19669438
https://doi.org/10.1177/0268355512474250
http://www.ncbi.nlm.nih.gov/pubmed/23479775
https://doi.org/10.1016/j.jvsv.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26993684
https://doi.org/10.1371/journal.pone.0174795
http://www.ncbi.nlm.nih.gov/pubmed/28384341
https://doi.org/10.1007/s10237-017-0927-1
https://doi.org/10.1007/s10237-017-0927-1
http://www.ncbi.nlm.nih.gov/pubmed/28631145
https://doi.org/10.1371/journal.pone.0213012

® PLOS |ONE

An IFEM study of venous valve lesion

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lu J, Huang HYS. Biaxial mechanical behavior of bovine saphenous venous valve leaflets. J Mech
Behav Biomed Mater. 2018; 77: 594-599. https://doi.org/10.1016/j.jmbbm.2017.10.028 PMID:
29096125

Siméao M, Ferreira JM, Mora-Rodriguez J, Ramos HM. Identification of DVT diseases using numerical
simulations. Med Biol Eng Comput. Springer Berlin Heidelberg; 2016; 54: 1591-1609. https://doi.org/
10.1007/s11517-015-1446-9 PMID: 26780462

Soifer E, Weiss D, Marom G, Einav S. The effect of pathologic venous valve on neighboring valves:
fluid-structure interactions modeling. Med Biol Eng Comput. Springer Berlin Heidelberg; 2016; 55: 991—
999. https://doi.org/10.1007/s11517-016-1575-9 PMID: 27663560

Ariane M, Wen W, Vigolo D, Brill A, Nash FGB, Barigou M, et al. Modelling and simulation of flow and
agglomeration in deep veins valves using discrete multi physics. Comput Biol Med. Elsevier Ltd; 2017;
89: 96—1083. https://doi.org/10.1016/j.compbiomed.2017.07.020 PMID: 28797741

Ariane M, Vigolo D, Brill A, Nash FGB, Barigou M, Alexiadis A. Using Discrete Multi-Physics for studying
the dynamics of emboli in flexible venous valves. Comput Fluids. Elsevier Ltd; 2018; 166: 57—63.
https://doi.org/10.1016/j.compfluid.2018.01.037

Chen HY, Diaz JA, Lurie F, Chambers SD, Kassab GS. Hemodynamics of venous valve pairing and
implications on helical flow. J Vasc Surg Venous Lymphat Disord. Elsevier Inc.; 2018; 6: 517-522.e1.
https://doi.org/10.1016/j.jvsv.2018.02.005 PMID: 29909857

Zhang L, Gerstenberger A, Wang X, Liu WK. Immersed finite element method. Comput Methods Appl
Mech Eng. 2004; 193: 2051-2067. https://doi.org/10.1016/j.cma.2003.12.044

Kliewer MA, Delong DM, Lalouche J, Paulson EK, Frederick MG, Carroll A. Sonographic assessment of
lower limb vein diameters for implications for the diagnosis and characterization of deep venous throm-
bosis. Am J Roentgenol. 1997; 5: 1253—-1257.

Pascarella L, Lulic D, Penn a H, Alsaigh T, Lee J, Shin H, et al. Mechanisms in experimental venous
valve failure and their modification by Daflon 500 mg. Eur J Vasc Endovasc Surg. 2008; 35: 102—10.
https://doi.org/10.1016/j.ejvs.2007.08.011 PMID: 17890112

Fedkiw RP, Aslam T, Merriman B, Osher S. A Non-oscillatory Eulerian Approach to Interfaces in Multi-
material Flows (the Ghost Fluid Method). J Comput Phys. 1999; 152: 457—-492. https://doi.org/10.1006/
jcph.1999.6236

Yao J, Liu GR, Narmoneva DA, Hinton RB, Zhang Z. Immersed smoothed finite element method for
fluid-structure interaction simulation of aortic valves. Comput Mech. 2012; 50: 789—-804. https://doi.org/
10.1007/s00466-012-0781-z

Zeng X, Li S. Multiscale modeling and simulation of soft adhesion and contact of stem cells. J Mech
Behav Biomed Mater. Elsevier Ltd; 2011; 4: 180-189. https://doi.org/10.1016/j.jmbbm.2010.06.002
PMID: 21262496

Poulton R, Caspi A, Milne BJ, Thomson WM, Taylor A, Sears MR, et al. Three-Dimensional Fluid-Struc-
ture Interaction Simulation of Bileaflet Mechanical Heart Valve Flow Dynamics. Ann Biomed Eng. 2004;
32: 1471-1483. https://doi.org/10.1016/S0140-6736(02)11602-3Association PMID: 15636108

Bavo AM, Rocatello G, lannaccone F, Degroote J, Vierendeels J, Segers P. Fluid-Structure Interaction
Simulation of Prosthetic Aortic Valves: Comparison between Immersed Boundary and Arbitrary
Lagrangian-Eulerian Techniques for the Mesh Representation. PLoS One. 2016; 11: e0154517. https://
doi.org/10.1371/journal.pone.0154517 PMID: 27128798

Luraghi G, Wu W, De Gaetano F, Rodriguez Matas JF, Moggridge GD, Serrani M, et al. Evaluation of
an aortic valve prosthesis: Fluid-structure interaction or structural simulation? J Biomech. The Authors;
2017; 58: 45-51. https://doi.org/10.1016/j.jpiomech.2017.04.004 PMID: 28454910

Qui Y, Quijano RC, Wang SK, Hwang NHC. Fluid dynamics of venous valve closure. Ann Biomed Eng.
1995; 23: 750-759. https://doi.org/10.1007/BF02584474 PMID: 8572425

Chen HY, Berwick Z, Krieger J, Chambers S, Lurie F, Kassab GS. Biomechanical comparison between
mono-, bi-, and tricuspid valve architectures. J Vasc Surg—Venous Lymphat Disord. Society for Vascu-
lar Surgery; 2014; 2: 188—193. https://doi.org/10.1016/j.jvsv.2013.08.004 PMID: 26993186

Codina R. Pressure stability in fractional step finite element methods for incompressible flows. J Com-
put Phys. 2001; 170: 112—140. https://doi.org/10.1006/jcph.2001.6725

TAKIZAWA K, TEZDUYAR TE. Space-time fluid-structure interaction methods. Math Model Methods
Appl Sci. 2012; 22: 1230001. https://doi.org/10.1142/S0218202512300013

Schultz MH. Gmres: a generalized minimal residual algorithm for solving nonsymmetric linear. SIAM J
Sci Stat Comput. 1986; 7: 856—869. https://epubs.siam.org/doi/10.1137/0907058

Kaul N, Huang HYS. Constitutive modeling of jugular vein-derived venous valve leaflet tissues. J Mech
Behav Biomed Mater. Elsevier Ltd; 2017; 75: 50-57. https://doi.org/10.1016/j.jmbbm.2017.06.037
PMID: 28692845

PLOS ONE | https://doi.org/10.1371/journal.pone.0213012 March 4, 2019 24/26


https://doi.org/10.1016/j.jmbbm.2017.10.028
http://www.ncbi.nlm.nih.gov/pubmed/29096125
https://doi.org/10.1007/s11517-015-1446-9
https://doi.org/10.1007/s11517-015-1446-9
http://www.ncbi.nlm.nih.gov/pubmed/26780462
https://doi.org/10.1007/s11517-016-1575-9
http://www.ncbi.nlm.nih.gov/pubmed/27663560
https://doi.org/10.1016/j.compbiomed.2017.07.020
http://www.ncbi.nlm.nih.gov/pubmed/28797741
https://doi.org/10.1016/j.compfluid.2018.01.037
https://doi.org/10.1016/j.jvsv.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29909857
https://doi.org/10.1016/j.cma.2003.12.044
https://doi.org/10.1016/j.ejvs.2007.08.011
http://www.ncbi.nlm.nih.gov/pubmed/17890112
https://doi.org/10.1006/jcph.1999.6236
https://doi.org/10.1006/jcph.1999.6236
https://doi.org/10.1007/s00466-012-0781-z
https://doi.org/10.1007/s00466-012-0781-z
https://doi.org/10.1016/j.jmbbm.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/21262496
https://doi.org/10.1016/S0140-6736(02)11602-3
http://www.ncbi.nlm.nih.gov/pubmed/15636108
https://doi.org/10.1371/journal.pone.0154517
https://doi.org/10.1371/journal.pone.0154517
http://www.ncbi.nlm.nih.gov/pubmed/27128798
https://doi.org/10.1016/j.jbiomech.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28454910
https://doi.org/10.1007/BF02584474
http://www.ncbi.nlm.nih.gov/pubmed/8572425
https://doi.org/10.1016/j.jvsv.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26993186
https://doi.org/10.1006/jcph.2001.6725
https://doi.org/10.1142/S0218202512300013
https://epubs.siam.org/doi/10.1137/0907058
https://doi.org/10.1016/j.jmbbm.2017.06.037
http://www.ncbi.nlm.nih.gov/pubmed/28692845
https://doi.org/10.1371/journal.pone.0213012

® PLOS |ONE

An IFEM study of venous valve lesion

38.

39.

40.
41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Humphrey JD, Strumpf RK, Yin FC. Determination of a constitutive relation for passive myocardium II.
Parameter estimation. J Biomech Eng-Trans ASME. 1990; 112: 340-346. https://doi.org/10.1115/1.
2891193

May-Newman K, Yin FC. A constitutive law for mitral valve tissue. J Biomech Eng. 1998; 120: 38—47.
https://doi.org/10.1115/1.2834305 PMID: 9675679

Smith | M, Griffiths D V ML. Programming the finite element method. John Wiley & Sons; 2013.

Fan H, Ren B, Li S. An adhesive contact mechanics formulation based on atomistically induced surface
traction. J Comput Phys. 2015; 302: 420—438. https://doi.org/10.1016/j.jcp.2015.08.035

Sokolis DP. Passive mechanical properties and constitutive modeling of blood vessels in relation to
microstructure. Med Biol Eng Comput. 2008; 46: 1187—1199. https://doi.org/10.1007/s11517-008-
0362-7 PMID: 18612671

Kaul N, Huang HYS. Constitutive modeling of jugular vein-derived venous valve leaflet tissues. J Mech
Behav Biomed Mater. Elsevier Ltd; 2017; 75: 50-57. https://doi.org/10.1016/j.jmbbm.2017.06.037
PMID: 28692845

Mirnajafi A, Raymer JM, McClure LR, Sacks MS. The flexural rigidity of the aortic valve leaflet in the
commissural region. J Biomech. 2006; 39: 2966—-2973. https://doi.org/10.1016/j.jbiomech.2005.10.026
PMID: 16360160

Kenner T. The measurement of blood density and its meaning. Basic Res Cardiol. 1989; 84: 111-124.
https://doi.org/10.1007/BF01907921 PMID: 2658951

Irace C, Carallo C, Scavelli F, Loprete A, Merante V. Lack of association between systolic blood pres-
sure and blood viscosity in normotensive healthy subjects. Clin Hemorheol Microcirc. 2012; 51: 35—41.
https://doi.org/10.3233/CH-2011-1506 PMID: 22240365

Bovill EG, Vliet A Van Der. Venous Valvular Stasis—Associated Hypoxia and Thrombosis: What Is the
Link? Annu Rev Physiol. 2011; 73: 527-545. https://doi.org/10.1146/annurev-physiol-012110-142305
PMID: 21034220

Lurie F, Kistner RL. The relative position of paired valves at venous junctions suggests their role in mod-
ulating three-dimensional flow pattern in veins. Eur J Vasc Endovasc Surg. Elsevier Ltd; 2012; 44: 337—
340. https://doi.org/10.1016/j.ejvs.2012.06.018 PMID: 22824347

Puggioni A, Lurie F, Kistner RL, Eklof B. How often is deep venous reflux eliminated after saphenous
vein ablation? J Vasc Surg. 2003; 38: 517-521. https://doi.org/10.1016/S0741-5214(03)00413-0 PMID:
12947270

Moneta GL, Bedford G, Beach K, Strandness DE. Duplex ultrasound assessment of venous diameters,
peak velocities, and flow patterns. J Vasc Surg. 1988; 8: 286-291. https://doi.org/10.1016/0741-5214
(88)90280-7 PMID: 3047442

Lurie F, Kistner RL, Eklof B. The mechanism of venous valve closure in normal physiologic conditions. J
Vasc Surg. 2002; 35: 713-717. https://doi.org/10.1067/mva.2002.121123 PMID: 11932668

Delaria GA, Phifer T, Roy J, Tu R, Thyagarajan K, Quijano RC. Hemodynamic evaluation of a biopros-
thetic venous prosthesis. J Vasc Surg. 1993; 18: 577-586. https://doi.org/10.1016/0741-5214(93)
90067-V PMID: 8411465

Davies PF. Endothelial Mechanisms of Flow-Mediated Athero-Protection and Susceptibility. Circ Res.
2007; 101: 10-13. https://doi.org/10.1161/CIRCRESAHA.107.156539 PMID: 17615377

Coffman JD, Lempert J a. Venous flow velocity, venous volume and arterial blood flow. Circulation.
1975; 52: 141-145. https://doi.org/10.1161/01.CIR.52.1.141 PMID: 1132117

Robertson L a., Evans CJ, Lee a. J, Allan PL, Ruckley C V., Fowkes FGR. Incidence and risk factors for
venous reflux in the general population: Edinburgh vein study. Eur J Vasc Endovasc Surg. Elsevier Ltd;
2014; 48: 208-214. https://doi.org/10.1016/j.ejvs.2014.05.017 PMID: 24951373

Simmons CA, Grant GR, Manduchi E, Davies PF. Spatial Heterogeneity of Endothelial Phenotypes
Correlates With Side-Specific Vulnerability to Calcification in Normal Porcine Aortic Valves. Ajr Am J
Roentgenol. 2005; 7: 792-799. https://doi.org/10.1161/01.RES.0000161998.92009.64

Martinez R, Fierro CA, Shireman PK, Han H-C. Mechanical buckling of veins under internal pressure.
Ann Biomed Eng. 2010; 38: 1345-53. https://doi.org/10.1007/s10439-010-9929-1 PMID: 20094913

Vesely |, Derek Boughner. Analysis Of The Bending Behaviour Of Porcine Xenograft Leaflets And Of
Natural Aortic Valve Material: Bending Stiffness, Neutral Axis And Shear Measurements. J Biomecho-
nics. 1989; 22: 655-671.

Davies PF. Endothelial Mechanisms of Flow-Mediated Athero-Protection and Susceptibility. Circ Res.
2007; 10: 10-13. https://doi.org/10.1161/CIRCRESAHA.107.156539

PLOS ONE | https://doi.org/10.1371/journal.pone.0213012 March 4, 2019 25/26


https://doi.org/10.1115/1.2891193
https://doi.org/10.1115/1.2891193
https://doi.org/10.1115/1.2834305
http://www.ncbi.nlm.nih.gov/pubmed/9675679
https://doi.org/10.1016/j.jcp.2015.08.035
https://doi.org/10.1007/s11517-008-0362-7
https://doi.org/10.1007/s11517-008-0362-7
http://www.ncbi.nlm.nih.gov/pubmed/18612671
https://doi.org/10.1016/j.jmbbm.2017.06.037
http://www.ncbi.nlm.nih.gov/pubmed/28692845
https://doi.org/10.1016/j.jbiomech.2005.10.026
http://www.ncbi.nlm.nih.gov/pubmed/16360160
https://doi.org/10.1007/BF01907921
http://www.ncbi.nlm.nih.gov/pubmed/2658951
https://doi.org/10.3233/CH-2011-1506
http://www.ncbi.nlm.nih.gov/pubmed/22240365
https://doi.org/10.1146/annurev-physiol-012110-142305
http://www.ncbi.nlm.nih.gov/pubmed/21034220
https://doi.org/10.1016/j.ejvs.2012.06.018
http://www.ncbi.nlm.nih.gov/pubmed/22824347
https://doi.org/10.1016/S0741-5214(03)00413-0
http://www.ncbi.nlm.nih.gov/pubmed/12947270
https://doi.org/10.1016/0741-5214(88)90280-7
https://doi.org/10.1016/0741-5214(88)90280-7
http://www.ncbi.nlm.nih.gov/pubmed/3047442
https://doi.org/10.1067/mva.2002.121123
http://www.ncbi.nlm.nih.gov/pubmed/11932668
https://doi.org/10.1016/0741-5214(93)90067-V
https://doi.org/10.1016/0741-5214(93)90067-V
http://www.ncbi.nlm.nih.gov/pubmed/8411465
https://doi.org/10.1161/CIRCRESAHA.107.156539
http://www.ncbi.nlm.nih.gov/pubmed/17615377
https://doi.org/10.1161/01.CIR.52.1.141
http://www.ncbi.nlm.nih.gov/pubmed/1132117
https://doi.org/10.1016/j.ejvs.2014.05.017
http://www.ncbi.nlm.nih.gov/pubmed/24951373
https://doi.org/10.1161/01.RES.0000161998.92009.64
https://doi.org/10.1007/s10439-010-9929-1
http://www.ncbi.nlm.nih.gov/pubmed/20094913
https://doi.org/10.1161/CIRCRESAHA.107.156539
https://doi.org/10.1371/journal.pone.0213012

@ PLOS | ON E An IFEM study of venous valve lesion

60. LiuY, Dang C, Garcia M, Gregersen H, Kassab GS. Surrounding tissues affect the passive mechanics
of the vessel wall: theory and experiment. Am J Physiol Hear Circ Physiol. 2007; 293: 3290-3301.
https://doi.org/10.1152/ajpheart.00666.2007 PMID: 17873018

PLOS ONE | https://doi.org/10.1371/journal.pone.0213012 March 4, 2019 26/26


https://doi.org/10.1152/ajpheart.00666.2007
http://www.ncbi.nlm.nih.gov/pubmed/17873018
https://doi.org/10.1371/journal.pone.0213012

