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Modelling and ssimulation of flow and agglomeration in deep veins valves using
Discrete Multi Physics.

M. Ariané*, W. Werf, D. Vigold® A. Brill>, F. G.B Nash M. Barigod, A.
Alexiadig™*

& School of Chemical Engineering, University of Bingham, Birmingham, United
Kingdom

®Institute of Cardiovascular Sciences, UniversityBafningham, Birmingham, United

Kingdom

Abstract

The hemodynamics in flexible deep veins valves @defied by means of discrete
multi-physics and an agglomeration algorithm is lienpented to account for blood
accrual in the flow. Computer simulations of a m@mof valves typologies are carried
out. The results show that the rigidity and thegtbrof the valve leaflets play a crucial
role on both mechanical stress and stagnationdrfltiw. Rigid and short membranes
may be inefficient in preventing blood reflux, betduce the volume of stagnant blood
potentially lowering the chances of thrombosis. #Wddally, we also show that in

venous valves, cell agglomeration is driven by séign rather than mechanical stress.

Keywords. Discrete Multi-Physics, Smoothed Particle Hydraaiyics, biological

venous valve, Clot, Deep Venous Thrombosis.
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1. Introduction

Deep venous thrombosis (DVT) is a dangerous andfydatondition in which blood
thrombi form in deep veins. Such thrombi contaiodol cells (including red blood cells
and platelets) within a mesh of coagulated protéiich is predominantly fibrin. If one
of these aggregates detaches from the vein, itreach the lungs resulting in a life-
threatening complication known as pulmonary embol{®E). In the UK alone, DVT
and PE (designated together as venous thromboeshoWfTE) cause an estimated
25,000 deaths annually which exceeds the numbdeaths from breast cancer, AIDS
and road traffic accidents combined (Hunt 2009).

One of the factors exacerbating DVT is prolongedanohility (e.g. bed ridden after
surgery, limb paralysis and long-haul flights), wdehe insufficient efficacy of the
muscle pump, which normally assists blood flow tigio the leg veins, leads to sluggish
flow. Stasis and low flow states are classicallgoagated with a high probability of
thrombus formation (Reitsma et al., 2012). Becaighis, it is likely that specific flow
patterns in veins, especially around the valvesflagan play a fundamental role in the
formation of thrombi (Bovill and van der Vliet, 2D Since hydrodynamics is affected
by the valve characteristics, the valve charadtesiscan also affect thrombus
agglomeration but the actual mechanisms remaireancl

Moreover, once a person has developed DVT and ées buccessfully treated, he or
she is likely to develop other thrombus in the fatusuggesting that the person's

specific valve geometry or flexibility may also ¢ohute to the solid blood formation.
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By providing hydrodynamic information of the blofldw around the valve, computer
simulations can improve our understanding of timk Ibetween fluid dynamics and
DVT. Computational blood dynamics has been widely successfully used for cardiac
valves (e.g. De Hart et al., 2000; Fenlon and DagiaD1; Van Loon et al., 2004;
Buxton and Clarke, 2006; Watton et al., 2007; Vaorh 2010; Astorino et al., 2012;
Espino et al., 2012; Bahraseman et al., 2014; AdwAz et al., 2015; Borazjani 2015;
Halevi et al., 2015; Kamensky et al., 2015; Maradi2, Miandehi et al., 2015; Bavo et
al., 2016), but with a few exceptions so far lithgention has been given to venous
valves (e.g. Wijeratne and Hoo 2008; Keijsers et 2015). In the majority of the
venous valve simulations, the valve is fixed anel tomplex interaction between the
flow and the moving leaflets is lost. Recentlyxitde structures were investigated with
the Fluid Structure Interaction (FSI) method (Sinedal., 2016). Nevertheless, analyses
remain often limited to few cycles or implementeithvone symmetrical leaflet. One of
the reasons is related to the intrinsic difficidfythe FSI to simulate the leaflets’ contact
at the end of the closing phase. A few studies §am Loon et al. 2010, Kamensky et
al. 2015) used additional contact algorithms tooaot for the mechanical contact of
leaflets. However, the implementation of these iallilgms is complex and the frequency

of the re-meshing close to the contact point remamissue.

In this work, we use the Discrete Multi-Physics (PMapproach developed in
Alexiadis (2015) to model both the fluid dynamicsdathe flexible leaflets. This
approach was previously used for cardiac valvesa(®ret al., 2017). In this previous
paper, based on both dimensionless analysis aadtaiumerical simulations, we have
shown that size and rigidity of the leaflets, tdget with inlet velocity, are key

parameters and have determined which factors nifesit ahe hydrodynamics around
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the valve. For comparison, we focus on these paema this study, to specific flow

patterns and stress profiles in a venous valvesysising the DMP approach.

Other advantages of the approach proposed hehatisdontrary to FSI simulation, it

can account for a complete valve closure withoetube of a stabilisation algorithm.

Finally, using DMP gives the possibility of introtlng an agglomeration algorithm that
transforms a portion of the liquid into a solid.hét studies (e.g. Simao et al., 2016)
simulated cell aggregates by tweaking the viscasitthe liquid, but with the method
proposed here we can form actual solid structurékirwthe liquid phase. By
introducing the agglomeration algorithm, we idgnaimong the regions where thrombi

are most likely to form and which have the higlggsivth probability.
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2. Moddlling

2.1. Modelling approach

The DMP modelling technique used in this work isdzh on the so-called discrete
multi-hybrid system (DMHS). In the DMHS model, thiguid is represented by
Smoothed Particle Hydrodynamics (SPH) particles ridghan 1994; Morris et al.,
1997; Liu and Liu 2003), while the solid structuee divided into many notional

particles linked by computational springs (to motked elastic modulus of the solid),
computational hinges (to model the flexural modulaisd computational dashpots (to
model the viscous material behaviour). Mathemdtic#his is similar to the treatment
of molecular bonds used in Molecular Dynamic (MDy@lations. In the original paper
where the DMHS was first proposed (Alexiadis 201#h)s part of the model was
referred to as Coarse Grained Molecular Dynami&sMO) to highlight its MD origin.

Here we prefer the term Mass-Spring Model (MSM) the scales involved are
macroscopic. Readers can refer to Appendix A fdaitbeand to (Ariane et al., 2017)

for application of this methodology to biologicallves.

2.2. Geometry
In this study, we use a 2D schematic representatighe leg venous valve (Wijeratne
and Hoo 2008) as illustrated in Fig. 1. The chamaéius isZ = 0.004 m, the radius of

the valve chamber B = 0.007 m and its length ¥= 0.04 m. Three different lengths
of the membrane are studied: long (0.0256 m), rmedi0175 m) and short (0.01 m).

In order to distinguish different parts of the gextry, we refer to the region between
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the two leaflets as the ‘opening region’ and tottkie regions between the wall and the
leaflet as ‘sinus regions’. Fig. 1 shows the lamatf the opening region and one of the

two sinus regions (the other is symmetric and ket a@bove the upper leaflet).

Fig. 1. lllustration of the venous valve 2D geometry aadiple representation.

The leaflets are represented by (solid) MSM pasigbined together by springs and
hinges (fig. 1) as discussed in Appendix A. SPHigas are used for the fluid and

stationary (solid) particles for the walls. Thresydrs of particles are used for the
channel and two for each leaflet.

There are two types of parameters required forsthulations: model parameters and
simulation parameters. The first group consiststrnal parameters used by the SPH
and MSM solvers (Table 2); the second refers to dperative conditions detailed

below.

2.3 Simulation conditions

The Young’s modulug and the flexural modulus of the membrane are the results of
the MSM particles joined together by numerical gsi and hinges. The relation
between the spring gkand hinge (¥ constants and the actual Young’s modulus and
the flexural modulus is given in Ariane et al. (ZD1A viscous coefficient is added to
the MSM springs to confer viscoelastic propertiesttie membrane as in a Kelvin—
Voigt material.

Periodic boundary conditions are used at the migi#t and we implement the same
pulsatile flow (purely oscillatory) used by (Wijéne and Hoo 2008) and imposing to

each liquid particle the acceleratigmms shown in equation 1
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g =g, sin(27ft) , 1)

with amplitudegp (given in Table 1), timéand oscillation frequendy= 1/T (with T the
period oscillation). We use equation 1 as a simpdans of forcing alternating flow in
the valve, but the real oscillation is not sinusbignd the frequency is not constant. We
choseT = 4 s, which is long enough to ensure full clostitere we limit the total time
of calculation with 4 full cycles (opening and dlay which correspond to 16 s.
Previous work (Wijeratne and Hoo 2008) used& 3 s and simulated only one full
cycle. When the muscles contract, the blood withie veins is compressed and the
valve opens; when the muscles dilate, the valveed@reventing backward flow. The
blood velocity depends on the force of the musdetraction and, in general, it is
related to the level of physical activity of a siiegerson. In order to account for three
levels of physical activity, we take into accoumtee values ofjp (0.1 m &, 0.25 m &
and 0.4 m$), which result in three different flows with maxim velocities in the inlet
channel of 0.03 ms(low physical activity), 0.07 m’s(intermediate case), 0.13 nf s
(high level of physical activity) respectively. Thaw velocity is from (Simao et al.,
2016), the intermediate velocity is from (Wijerataed Hoo 2008) and we include the
third highest velocity to account for high levels physical activity. In all cases, the

flow is laminar.

The length and the flexibility of the membrane vagm person to person (Muhlberger
et al., 2008; Moore et al.,, 2011). In order to shgate a variety of individual
variations, we consider three membrane length2%®.0n, 0.0175 m, and 0.01 m). The
longest length is from (Wijeratne and Hoo 2008) "relshortest length is chosen as the

minimum size allowing a complete closure of thdléda. Regarding the flexibility and
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the stiffness, in our previous paper (Ariane et28l17), the literature review for the
aortic valve has shown that the membrane has tilygamic regimes based on the
membrane stiffness (Bavo et al. 2016; Ledesma. é&10dl4; De Hart et Al. 2000; Van

Loon et al. 2006). In the simulation, we vary thiéireess of the valve according to these

regimes (see Table 1).

Table 1. List of simulations with fluid velocities and menalne parameters.

Variation of the membrane length and the velocity with k; = 0.01J

Length of the v
membrane L Designation
[ms7]
L [m]
0.03 L0.01/v0.03/K0.01
Short
0.07 L0.01/v0.07/k0.01
L=0.01m
0.13 L0.01/vV0.13/0.01.
. 0.03 L0.0175/v0.03/0.01
Medium
0.07 L0.0175/v0.07/%.01
L=0.0175m
0.13 L0.0175/Vv0.13/}0.01.
0.03 L0.0256/Vv0.03/0.01
Long
0.07 L0.0256/Vv0.07/%.01
L=0.0256 m
0.13 L0.0256/Vv0.13/10.01

Variation of the membrane flexibility with L = 0.0256m and V = 0.07 m s*

Angular coefficient k [J] Designation
0.0001 L0.0256/Vv0.074.0001
0.002 L0.0256/V0.07/0.002
0.005 L0.0256/Vv0.07/4.005
0.02 L0.0256/v0.07/}0.02
0.05 L0.0256/V0.07/%0.05
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2.4 Agglomer ation algorithm

In order to understand the agglomeration dynamies,introduce in the model the
agglomeration algorithm developed in Ariane et (d8D17) (a brief overview of the
method can be found in Appendix B). At this stagaer focus is to understand if
hydrodynamics alone favours agglomeration at different locations. Thetual

biochemical process of thrombus formation is amegwely complex phenomenon (e.g.

Panteleev et al., 2015) and it is beyond the sobfi@s article.

Specific particle points are used as agglomeraeads. The algorithm evel time-
steps checks all the fluid particles at a distdRgg from the seeds and, with a certain

probability P, transforms some of these particles into solidaggrate-particles.

In the simulations, the values Nf Ryax andP are given in Table 2. These values do
not correspond to the real time-scale of agglonmrabut were chosen in order to
accelerate agglomeration and to observe signifigaotvth in few cycles. Since our
goal is to determine where agglomeration is mdmyi this ‘accrual acceleration’ does
not affect the validity of the results, as longtlas timescale of agglomeration is longer

than the timescale of the flow.



169 Table2. Model parameters used in the simulations.
SPH (eq.s A.5-A.7)
Parameter Value
Number of SPH wall particles (3 layers) 5360
Number of SPH valve particles (2 layers) (1) 1026, (2) 702, (3) 402
Number of SPH fluid particles (1) 89592, (2) 897¢%H,90012
Mass of each particle (fluid) 1.09° kg
Mass of each particle (wall and valve) -1@° kg
Initial distance among particles 110" m
Smoothing lengttm 2.510"m
Artificial sound speed, 10 m¢&
Densitypo 1056 kg it
Time stept 10"s
CGMD (eg.s A.10-A.11)
Parameter Value
Angular coefficienk, SeeTable 1
Hookian coefficient, 1-10° J m?
Viscous damping coefficieri, 0.01 kg
Equilibrium distance, 1-10* m
Equilibrium angle®, m/2 rad

BOUNDARIES (eq. A.15)

ConstanK 410"
Repulsive radius* 1-10°m
SOLID FORMATION (Section Formation of solid aggrées)
Number of time step for solid formatidh 0510 s
Rinax 2.510°m
Agglomeration probability? 50 %
Max bonds per solid particle 4
(a) long, (b) medium, (c) short membrane
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3. Results and discussion

3.1 Stress and residence time

According to (Simao et Al., 2016), causes of DVTaamm young people remain
unknown in most of half of the cases. When theiorgf DVT is known, thrombus
initiation is often associated with blood coaguli#i changes in the vessel wall or
immobility (Esmon 2009). In the case of immobilitgw velocity and high residence
time are the most causes of blood aggregation (@hemiet Al. 2016, Bovill et Al.
2011). Although, shear stress can also play ainotdatelet aggregation and activation.
In fact, components of the coagulation cascadepéatdlets can be activated in all shear
stresses, just mechanisms will be different. Fetaince, at low shear stress, platelets
adhere to fibrinogen, whereas at high shear stoegsn Willebrand factor (lkeda et al.,
1991). Likewise, abnormal shear stress distributtam initiate and accelerate the
formation of thrombi (Hou et Al., 2015). In the enial setting, high stress could be an
activator of platelet aggregation (Zhang et al.020 However, arterial and venous
thrombi are structurally different. In arteriesghishear may induce platelet activation
and formation of what is sometimes calletlite thrombi with few red cells in it. In
veins, the thrombus is red with many red cellspgespbin coagulated proteins. In this
case, coagulation seems to be the dominant prosegglesting a slower, time

dependant, accrual.

The following discussion focuses on both mechanstedss and residence time, to
account for the two factors that are most generedhated to thrombus formation

(Zhang et al., 2002).

11



194 3.1.1 Mechanical stress

195 Our DVT calculations show that shear stress is lugly in the opening region and
196 almost negligible everywhere else (Fig. 2a). Chhexperience, however, indicates that
197 thrombi do not form in the opening region, whereashstress is high, but rather in the
198 sinus region (Bovill and van der Vliet 2011) whéres at its lowest (Ju et al., 2016).
199 These observations suggest ttaal mechanical stress (Ttot), rather than shear stress
200 (Tshear) should be investigated and our resultsvghat, in this case, Ttot is high on

201 both sides of the membrane (Fig. 2b).

202 In a fluid, thetotal mechanical stress (or total mechanical force) is the sum of shear
203 stress (or viscous forces), inlet pressure (orspmesforce, Ptot) and gravity (or Body
204 force, ignored here). Fig. 2c shows the pressuodél@rand indicates that the higher
205 total mechanical stress on the membrane cannot be justified by pressunreeaWhen a
206 solid body moves in the fluid (acceleration or dexaion), it generates additional
207 forces (virtual mass force) that simultaneously endkre volume of the surrounding
208 fluid. These inertial forces so-calleabded forces explain the higher Ttot on the

209 membrane in the sinus region.

210 Fig. 2. Shear stress (a), total mechanical stress (l§spre (c), and velocity magnitude

211 (d) for LO.0256/V0.03/K0.01

212 3.1.2. Residencetimein the sinus

213 In Lagrangian approach, displacement is used asoxy dor residence time and the

214 following discussion is based on this parametetears of residence time.

12
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As shown in Fig. 2d, the velocity in the sinus oegis low compared to that of the
opening region; as a consequence, the resideneedtirfiuid particles in this region is
higher. Fig. 3 illustrates this point. We highligiie particles initially in the sinus in
blue and we track their position during the simolat At the end of four cycles, a
fraction of the particles has left the sinus, whiie rest remains confined in this region.
In Fig. 3, the particles are coloured accordingheir displacement, defined as the
distance travelled by each particle during the &wmn. Blue particles do not move
very much and are substantially stagnant; red gestihave higher velocity and show

higher displacement.

Fig. 3. Simulation snapshots illustrating the fluid motwirthe particles initially in the
sinus at different times (beginning of each new&ydor L0.0256/V0.03/40.01;

particles coloured according to their displacement.

In the sinus, we can identify two areas of highdfldisplacement. The first (called
‘mixing region’ in Fig. 3) corresponds to the retilation region created by the
backflow (Fig. 4). The second (called ‘compressiegion’ in Fig. 3) is below the
membrane and corresponds to the part of the flugplated by the oscillating
movement of the membrane. There is a fundamentédreince between the two
regions. While in the mixing region the fluid paléis are actually moved out of the
sinus by the backflow, in the compression regianghrticle only oscillates around the

same point due to the alternate motion of the mansr

Fig. 4. Velocity profile in the sinus area (vectors) fd@.0256/vV0.03/k0.01.

Despite the fact that both regions show high disgtsent, the actual residence time is

high only in the compression region.

13
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Displacement alone, therefore, is not enough tongdigish between regions of low and
high residence time. In order to account for timsthe next section, we introduce the

time-averaged displacement as a more accurate fooxye residence time.
3.2. Parametric study

In this section, we investigate how Ttot and disptaent are affected by (i) membrane
flexibility, (ii) leaflet length and (iii) level ofphysical activity (fluid velocity).
According to our simulations, all of these threeapaeters are particularly significant
for the performance of the valve. Comparing theedtffof these parameters among
different setups, however, is not straightforwaetduse it changes in space and time.
To compare results with respect to the same refergroint, we identify the fluid
particle in the sinus region with the highest mente stress and for every setup we
measure stress and displacement at this locatiothis way, we carry out all our
measurements at the same relative position. Howegemdicated in Fig. 5a and 5b,
displacement and Ttot also change with time. Tooaet for this, in the case of
displacement (Fig. 5a), we use the time-averageaeads of the instantaneous
displacement. In the case of Ttot (Fig. 5b), we th&emaximal rather than the average
stress because agglomeration is more affected doypdhk of the stress rather than its

average.

Fig. 5. Time evolution of the local fluid displacement éad total mechanical stress

magnitude (b) for the particle of maximal stres8.(1256/V0.03/k0.01).
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We can also quantify how both these parameterdlaiscwith time by calculating their
standard deviation; in the subsequent Fig.s, ther dvars indicate the standard

deviation.
3.2.1. Effect of membrane flexibility

The flexibility of the membrane depends on its fieé modulus. In Ariane et al. (2017)
we showed that the flexural modulus is mostly affddy thek,, for this reason, in this
section we focus on how time-averaged displacemetitmaximal stress vary with this
parameter.

In Fig. 6, both average displacement and Ttot @sareas the membrane flexibility
increases to a valuk, = 0.02 J because mechanical deformation is lowerrigid
membranes. However, the displacement for very rigidmbranes ki = 0.05 J)
increases. The reason for this can be understoamimparing Fig. 7a and 7b: kt =
0.05 J, the leaflets maintain a straight profileiniy the closure phase (Fig. 7a), while at
ka = 0.02 J they bend under the flow (Fig. 7b). Wites leaflets bend, they partially
shield the sinus region from the backflow and redtlee velocity (and therefore the
displacement). Conversely, very flexible membrafkgs< 0.005 J) highly deform and
fluctuate under the flow (Fig. 7c). This explaihg thigher standard deviation in Fig. 6

and the irregular profile of Fig. 6b fé&g < 0.005 J.

Fig. 6. Time-averaged displacement (a) and total mechbstiess (b) versus,kvalve

flexibility) for cases: L = 0.0256 m, V = 0.07 rit and k from 0.0001J to 0.05J.

Fig. 7. Simulation snapshots illustrating the fluid motwirthe particles initially in the
sinus for long valve, V= 0.07 msand three flexibilities: (a)d= 0.05 J, (b) k= 0.02 J,

and (c) k= 0.0001 J, particles coloured according to tdeiplacement.
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3.2.2. Effect of membrane length and inlet velocity

Fig. 8 shows the effect of the inlet velocity ore tisplacement and stress for three
membrane sizes. For medium or long membranes, pacted, higher velocities are
associated with higher stress and displacementsiibeg membrane, however, behaves

differently.

Fig. 8. Evolution of displacement (a) and total mechanstadss magnitude (b) with

the maximum inlet velocity.

Contrary to the medium and long membrane (see ZBigin short membranes, the
highest stress (see Fig. 9) is located at theatiper than the middle of the valve. At the
tip, the motion of the particles depends on therbggnamics at the opening region
rather than that at the sinus region and, theretbey are easily transported away by

the flow and the displacement increases signiflgant

Fig. 9. Total mechanical stress (a), velocity magnitude\ector velocity (c), and

displacement (d) in the short valve case for LO/0137/k0.01.

3.3. Agglomer ation

The main physical parameters that affect agglonoeradre the residence time and
mechanical stress. The simulations highlight twg keations: one at the sinus side of
the membrane, where stress is the highest (painb FFig. 10), and the other at the

valve/wall connection where the residence timééshighest (point An Fig. 10).

The higher mechanical stress atgushes particles closer, increasing the number of

particles insideRyax; however, because the velocity is higher, thestghes remain
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insideRyax only for a short time. At £ the opposite happens: the mechanical stress is
lower, but also, because the velocity is low (ahdyefore, the residence time is high)

and the particles remain insi@gax for longer.

High stresses and high velocities, therefore, hawaosite effects on agglomeration.
Fig. 10 shows faster growth at,, Psuggesting that residence time may be more

important for aggregation propagation in the venaalge than mechanical stress.

Fig. 10. Solid aggregates in the sinus region at two dffetimes for

L0.0175/v0.07/k0.01.

Conclusions

This article presents a discrete multi-physics rhdde both blood dynamics and
leaflets mechanics of a leg venous valve. In theuktions, we focused on mechanical
stress and flow stagnation (high residence timah@sinus region because these two
factors have been linked to the onset of blooddsdtirmation. The model is
subsequently coupled with an agglomeration algarith account for the formation and

propagation of solid aggregates in the flow.

The results show that the flexibility and the ldngf the membrane play a crucial role
in both stress and flow stagnation. Rigid membratesnot close completely and,
therefore, they may be inefficient in preventingdad reflux. However, they also allow
for a larger flow exchange between the sinus regiod the central flow reducing
stagnation and, potentially, lowering the chancéstrwombosis. Similarly, short

membranes reduce the volume of the sinus regiorchvaiso decreases stagnation.
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We also focused on the issue in venous valves drether it is mechanical stress or

stagnation that favours cell agglomeration whicty tead to thrombosis.

In order to compare the role of these two factaes jdentified the location in the sinus
with the highest stress and that with the hightegjrsation. We placed an agglomeration

seed in each of these two locations and implemesiedgglomeration algorithm.

The growth of the agglomerate at the point of maximstagnation was considerably
higher than that at the point of maximal stressisTimplies that, in the case of the
venous valve, stagnation can be more important thaohanical stress in thrombus

formation and propagation.

This result, combined with the fact that membraexilbility and length determine the
level of stagnation in the sinus, highlights thegmtial for personalised diagnostics in
the fight against deep venous thrombosis. In gpiecilength and stiffness could be
evaluated in clinical setting using existing diagtim methods. Currently, they are not
evaluated, but based on our results, if they wdded, in the future, to the toolkit of

physicians they could, potentially, help predictthg likelihood of DVT.

These data, in fact could be introduced into oscrdite multi physics model to predict,
for that particular valve, the location of maximwtagnation and provide information
that, potentially, could be converted into a proligbof thrombus formation for a

specific individual.
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Highlights:

Development of a discrete multi-physics model for both the blood dynamics and the
leaflets mechanicsin aleg venous valve.

The model accounts for the hydrodynamics, the valve deformation with contact
closure, and the solid aggregation at the same time.

The key role of the flexibility and the length of the valve in both stress and flow
stagnation are investigated.

In venous valve, stagnation can be more important than stress in thrombus formation

and propagation.



