INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN BIOMEDICAL ENGINEERING
Int. J. Numer. Meth. Biomed. Engn@000;00:1-26
Published online in Wiley InterScience (www.intersciemgkey.com). DOI: 10.1002/cnm

Effects of walking in deep venous thrombosis: a new integrat
solid and fluid mechanics model

Josep M. LopeZ, Gerard Fortuny, Dolors Puigjanér, Joan Herreryy Francesc
Marimor? and Josep Garcia—Benrfett

IDepartament d’Enginyeria Informatica i Matematiques)itkrsitat Rovira i Virgili, Av Paisos Catalans 26,
Tarragona, Catalunya, Spain
2Departament d’Enginyeria Quimica, Universitat Rovirailigili, Av Paisos Catalans 26, Tarragona, Catalunya, Spai
3Departament de Medicina i Cirurgia, Universitat Rovira riyfli, Hospital Sant Joan, Reus, Catalunya, Spain
4Servei de Radiologia i Diagnostic per la Imatge, HospitahBJoan, Reus, Catalunya, Spain

SUMMARY

Deep venous thrombosis (DVT) is a common disease. Largenthircn venous vessels cause bad blood
circulation and pain; and when a blood clot detaches fromia wall, it causes an embolism whose
consequences range from mild to fatal. Walking is recomradngd DVT patients as a therapeutical
complement. In this study the mechanical effects of walking specific patient of DVT were simulated by
means of an unprecedented integration of three elemenesl geometry, a biomechanical model of body
tissues and a computational fluid dynamics (CFD) study. Atebmputerized tomography (CT) images of
a patient’s leg with a thrombus in the popliteal vein was eyt to reconstruct a geometry model. Then a
biomechanical model was used to compute the new deformedegepof the vein as a function of the fiber
stretch level of the semimembranosus muscle. Finally, a §tEBy was carried out in order to compute the
blood flow and the wall shear stress (WSS) at the vein and thusrwalls. Calculations showed that either
a lengthening or shortening of the semimembranosus mustl®la decrease of WSS levels up to0é&.
Notwithstanding, changes in blood viscosity propertieblood flow rate may easily have a greater impact
in WSS.
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1. INTRODUCTION

Deep venous thrombosis (DVT) takes place when blood cldigware called thrombi, form inside
one of the deep veins and interfere in the normal blood @tguh. DVT can cause post—thrombotic
syndrome with chronic pain and leg swelling that restriet platient’s mobility. But DVT can result
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in much more devastating effects or even death if a clot otspafrit detach and travel through
the venous system [1]. A clot that travels through the bltedsn is called a thrombo—embolus
and if it becomes lodged somewhere in the pulmonary vassykiem it can cause an embolism.
Ischemic injury, infarction, and necrosis of the tissuethimaffected area are some of the possible
consequences of embolisms. Venous thromboembolism iseastisthat includes both DVT and
pulmonary embolism. It is an important health problem noayedas it affects ne&% of the
population and it has a mortality rate of abaus [2, 3].

The standard treatment of DVT combines several concurtenmants: administration of drugs,
pneumatic compression devices and prevention of immgbdit the lower extremities [4].
Prevention of immobility is achieved by prescribing physiactivity, usually swimming or walking,
to patients with DVT. It is well known that patients feel thgiain alleviated when they are
physically active. Physical activity is recommended in snaredical guides for DVT patients [4],
and evidences of its beneficial effects are supported by abaumi prospective studies [5-7].
Notwithstanding, the specific effect of the physical atyivon the mechanical behavior of the
thrombus is unknown.

The purpose of the present work is to assess the effects &fngabn the blood flow within a
thrombotic popliteal vein for a specific DVT patient. A new dab that integrates solid and fluid
mechanics simulations has been developed, as detailedanfaltows.

2. MODEL AND METHODS

As can be seen in Figures 1 and 2, the popliteal vein is clogketssemimenbranosus muscle.
Consequently, a deformation of this muscle, as the one peztlwhen walking, will cause a
deformation of the popliteal vein, which in turn will influea the blood flow within the vein.
To simulate the effect of this influence we developed a mailogy, whose main components
are sketched in Figure 3. The methodology combines thremegits, namely a real geometry, a
biomechanical model of body tissues and a CFD study, andhgists of three main steps.

In the first main step, labeled (I) in Figure 3, a number of bxiews of CT scan images, such
as the one shown in Figure 2, were used to build a 3D geometdehod a 10 cm long portion of
the patient’s leg. This base geometry model is a discréizadf the original volume into a large
number of tetrahedral cells. Each cell is categorized ategrto the type of tissue it represents:
1-vein, 2-semimembranosus muscle and tendon, 3-bonessivpanuscle, 5-soft tissue (see Figure
2).

In the second step, labeled (II) in Figure 3, we computed th#orchation of the base
geometry model as a function of the lengthening/shorteihthe active (semimembranosus)
muscle. We used a biomechanical model that assumes the sarbiianosus muscle to be a
hyperelastic volume-preserving fiber-reinforced comeasiaterial with transverse isotropy [8, 9].
Under these assumptions, the along—fiber lengtheningtésting) of this muscle will produce
its concentric contraction (expansion) in the transveisatopic plane in Figure 2. The level of
a lengthening/shortening of the active muscle is charaetgrby the value of the fiber stretch
parameterj.
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EFFECTS OF WALKING IN DVT: AN INTEGRATED BM AND CFD MODEL 3

Following the approaches previously reported [8-10] werattarized the deformation of the
semimembranosus muscle by means of an uncoupled form oftiie gnergy that additively
separates the dilatationdlif,,;) and deviatoric ¥V,s,) responses of the tissue. In Refs. [8-10]
two independent strain—energy functions for the muscle taedtendinous tissues were used.
The place where muscle and tendon join is called myotendinmection. The shift from muscle
to tendon is characterized by a gradual transition in mechastiffness that minimizes stress
concentration [11, 12]. We consequently defined a singérstenergy function whose deviatoric
partis a parameterized addition of the muscle energy fan¢t’’”’ ) and the tendon energy-function
(WE,):

W(Xa Ca (1(),04) = Wvol(X) + Wiso(X; 11;12714;I5> -
- UOl(X> + O‘(X>ij (X’ Ila127I4ﬂI5> + (1 - a(X»Wt (X’ 117127I4>

150 150

1)

Note that as we assume volume preservation for the seminagmdus muscléy,;(X) = 0in the
present study. In Eq. (1Y is the local point( is the right Cauchy-Green deformation tensgris

the local fiber direction of the undeformed muscle dpdre the deviatoric invariants ¢f defined

in Table I. The superindexea andt refer to muscle and tendinous tissue, respectively, and the
functiona(X), plotted in Figure 4, characterizes the gradual change frora tendinous fibers to

pure muscle fibers
A
OL(X) = A1 exp <W> (2)

Here A; and A, are constants (see Table Il) asdX ) is the normalized distance 6f to the center
of mass of the musclei(X) € [—1,1]). The type of tissue in positioX is pure muscular (pure
tendinous) whem(X) = 1 (a(X) = 0) (see [13] for details).

Under the above assumptions the Cauchy stress tensam be written as

o=pl+2 [(g—lwl/ +I1Z—IW2/> B - ZTWQ/BQ+I4ZTW:G®G+I42—[M5/(G®B~Q+@~B®@)
3)
wherea is the local fiber directionp is the pressure ang = C7 denotes the left Cauchy-Green
deformation tensor [8, 14]. Following [8] and [9] the dewiat parts of the strain energy for muscle

and tendinous tissue were described by

W (X, I, Io, Is, I5) = Wi (14, Is) + W3 (11, I, Is) + W3 (14) 4)
Wiso(X, I, I, In) = Wi (L1, Ip) + Wy (Ia) + Wi (11, Iz, L) (5)
with
1.
Wit =G, (I_g - 1> (6)
4
Wi = Gy | cosh (1L —1s 2 )
= cos —_—
o 2VIa
C C
Wil I) = = (L =3) + 5 (I = 3) ®)
Wy (I, 12, 1s) = Cs [exp (Is — 1) — L] )
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AL S BNV 0.4) A <0.6M07 (10)
OX |l 1=4(1 =M Aop)® 0.6Xos1 <A< 14Nop
SVt 0 A<l
A a; =¢ C3(exp(Cy(A—1))—1) 1<A<A* (11)
Cs)\ + Cg A >\

In Egs. (6)-(11\ = /I, , andG;, C;, A\, andA* are constants whose values and physical meaning
(if any) are listed in Table II.

The rest of materials labeled in Figure 2 were consideretkim @l) as deformable solids, where
an elastic and linear isotropic response was assumed. Thesvaf the Young’s modulus and
Poisson’s coefficient for each of the elastic materials mted in Table Ill. The material model
for the semimembranosus muscle defined by Eqgs. (1)—(11yalith the Young’s modulus for the
rest of elements in Figure 2 and the geometry were enterdtbtfirtite element solver of the Code
Aster package [15]. This software was used to compute thermiefd configuration that resulted
under a specific value of the fiber stretch parameteNote that this finite element code applied
an iterative process to solve the nonlinear equations tle&ded the deformed geometry. At each
iteration step Egs. (1)-(2) and (4)—(11) were used to uptiatetress fieldy, according to Eq. (3).
The base geometry correspondsite: 1, and a total of fifteen different geometries were computed,
for fifteen values of\ in the rang€0.8, 1.4], which is representative of the fiber stretch involved in
walking.

In the third step of the current method, labeled (Ill) in Figw, for each of the deformed
geometries the 3D mesh inside the vein region was extracigé anore refined tetrahedral mesh
was built. These refined meshes were exported to the CFDrselvere the Navier—Stokes and
continuity equations were solved for the blood flow inside gopliteal vein. The Navier—Stokes
and continuity equations for incompressible flow can betemiis

Lo - ool (@l

V.U 0 (13)

whereU is the flow velocity vectorp andy respectively are the fluid density and viscosity and
the pressure. In the CFD simulations we used the OpenFOAMSHI6]; details of the numerical
procedure may be found elsewhere [17]. We modeled the flovioafdbusing both the Newtonian
model, with a constani value in Eq. (12), and a non—Newtonian viscosity model whéseosity

is a function of the local strain rate Following Fortuny et al. [17] we used the non—Newtonian
Bird—Carreau model [18,19]

1= fioo + (110 — froo)[1 + (15)3] (7= 1/2 (14)

with ¢ = 3.313 s,n = 0.3568, jtoe = 3.45 x 1073 Pa- s andug = 0.56 Pa- s.
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EFFECTS OF WALKING IN DVT: AN INTEGRATED BM AND CFD MODEL 5
3. RESULTS AND DISCUSSION

Fifteen different values of the fiber stretch parametexyithin the range).8 < A < 1.4 [20] were
considered. Figure 5 shows two axial views of the calcula&fdrmed geometries for values of
A = 0.8 and1.4. Both views correspond to the same height and each particwdterial is denoted
with a different color. The underlying computational mestaiso depicted in this figure. With the
different values of\ a slight change in the area and shapes of muscles and veirecatosbrved,
specially in the active muscle, whose transversal arearbessmaller as the fiber stretch increases,
and in the passive muscle to the bottom left of Figure 5. Theimam deformation of the popliteal
vein segment is found in the outlet region where the semimeandsus muscle is closer to the vein
and therefore only a small part of the stress exerted by tisel@oan be absorbed by soft tissue. The
deformation of the vein outlet cross—section is illustdate Figure 6 for three values of, namely

A = 0.8, 1 and1.4. Note that as the semimembranosus muscle either shortesrgtihens the whole
vein segment is tilted in the — y plane. Not only the shape of the vein changes withut, more
importantly, so does the area of the vein wall and the outtedsz-section; see the computed values
of these quantities in Table IV. In particular, it can be seefable IV that the maximum change in
the vein wall area with respect to the basic undeformed étatel) is 2.8% for A = 0.8 whereas the
change in the outlet cross—section area is considerabhehigvith a maximum increase 0#.6%

for the largest fiber stretch level,= 1.4.

Figure 7 shows three instances of the blood velocity distidim at the outlet cross—section
calculated for three values of the fiber stretch paramedenaty A = 0.8, 1, and1.4. An increase in
cross—section area will result, for a given blood flow ratey decrease of the corresponding velocity
levels. Such an effect is well reflected in the contours oftiFégr(c),\ = 1.4, where the maximum
velocity levels are a1.1% lower than those observed for the undeformed geometry () of
Figure 7(b). Itis also worth noting in Figure 7(a—c) thatpafted out in [17], the passage of blood
through the narrow gap in between the thrombus and the velinisva critical issue. Fortuny et
al. [17] investigated the blood flow in the undeformed throtbpopliteal vein segment, i.e., the
case with\ = 1 in the current study, for several flow rates in the rafge7 cm?/s. In the present
study we assumed a flow rate Bf= 5 cm®/s as a characteristic value on the average. Figure 8(a)
shows the calculated surface—averaged WSS values at leoteithand the thrombus surfaces for
all of the X values considered. As expected, the average WSS values #irttimbus surface are
always larger than the corresponding values at the vein Wwaboth cases, the peak WSS values
are obtained for the undeformed geomelry: 1, and they steadily decrease with either increasing
or decreasing. In the case with maximum fiber stretchi= 1.4, such a WSS decrease reaches a
9.6% at the vein wall and &0.8% at the thrombus surface.

To estimate the possible effects of a more intense physkestise we also performed the CFD
calculations for a flow rate df = 10 cm? /s. Figure 8(b) shows the corresponding variations of the
WSS levels as a function of. A twofold increase in/ leads to an increase in WSS by a factor
larger than two, in qualitative agreement with the finding.@]. A comparison of Figure 8(a) and
Figure 8(b) reveals that in spite of the disparity of WSS Ietke shape of the WS3-profiles is
almost identical for both values of the blood flow rate.

A decrease in the calculated WSS values is to be basicalgciadsed with a decrease in the
maximum velocity levels which, as was discussed abovecalhgidepend on the cross—section
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area of the vein segment. Thus, it is important to understamdnechanisms leading to a decrease
in the cross—section area for either an increase or a decmneas(see Table IV). It is found in
the calculations that intramuscular pressure reachesvaler 200 kPa, a quantity which exceeds
the one of the intravenous pressure in the popliteal veih [ierefore, as the muscle lengthens its
transversal section decreases and the popliteal vein dgp@m the contrary, as the muscle shortens
its transversal section increases and the soft tissue legwegainst the popliteal vein, which in turn
is displaced towards the femur (see Figures 5 and 6). Howthespopliteal vein expands also in
this situation as a consequence of the lesser value of Yeunmgdulus for the soft tissue present in
the area, which allows the pressed vein to expand at its egpen

Fortuny et al. [17] also showed that non—Newtonian visgasffects were especially relevant for
the lowest blood flow rates calculated. Thus, for the lowest flate ofV = 5 cm? /s the complete
set of CFD calculations were also performed using the sameMewtonian viscosity model as
in [17]. The corresponding variations of the WSS levels withre shown in Figure 9. The relative
difference in WSS values at the vein and thrombus surfacemdler than it is for the Newtonian
fluid calculations in Figure 8(a). The WSS levels in Figure®also found to decrease, with respect
to the undeformed case af= 1, with either increasing or decreasiiglin the case with maximum
fiber stretch,A = 1.4, such a WSS decrease reaches 18, at the vein wall and &.8% at the
thrombus surface. It is also shown in Figure 9 that the WS$®@se with increasing is faster for
the thrombus surface than it is for the vein wall to the pdiatt for A > 1.27 the former of the two
WSS curves is below the latter. Such a phenomenon, which aashserved for the Newtonian
fluid calculations in Figures 8(a), (b), is most probably &ditributed to the better ability of the
non—-Newtonian model to characterize the curvature of flogastlines as a result of the increased
curvature of the geometry.

We have so far assumed that a constant value of the blood ftewifais maintained throughout
the whole walking cycle { =5 or 10 cm?®/s for mild or intense exercise, respectively). The
assumption of an averagé value representative of the whole walking cycle seems redse
but it obviates the effects of the muscle action on the blood ftate itself. The mechanism
relating skeletal-muscle actions and blood flow rate is comiynknown as skeletal-muscle pump.
According to the muscle pump idea, the action of skeletalalegswould produce an increase of
the blood flow rate that would be roughly independent of ofaetors such as heart rate or arterial
blood pressure.

It was found in the present CFD calculations that the dropé&i S'S levels observed in Figures
8 and 9 is roughly proportional to a decrease in the caladilptessure gradieny/p. That is, the
assumption of a constaRtp instead of a constarit would probably imply an increase of the blood
flow rate in the deformed vein geometries. In order to chealcinstanVp will produce an increase
in V we performed an additional set of CFD calculations in whieghpwescribed, for each of the
deformed geometries in Table IV, a constant value of thespiresgradientVp. In particular, we
set at both the inlet and outlet vein sections the same preedistribution that had been previously
calculated for the base undeformed geometry 1, and a flow rate o/ = 5 cm?/s. The CFD
software then produced, for each particular geometry,citgiand pressure fields yielding the
proper flow rate level in order to fulfill the governing equeis (12) and (13). Note that the
assumption of a constaiip along the walking cycle seems reasonable indeed for theerurr
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EFFECTS OF WALKING IN DVT: AN INTEGRATED BM AND CFD MODEL 7

range of values of the fiber stretching parameter, not fanfko= 1, and blood flow rates around
V =5 cm?3/s, i.e., conditions that are characteristic of a mild exersisuation.

Figure 10 shows the calculated flow rates as a function ofdtieeamuscle stretching parameter,
A, for both the Newtonian and non—Newtonian blood viscositydeis. We can see in this plot
that when the active muscle shortens< 1) there is only a very slight increase inh whereas as
the muscle stretches (> 1) the blood flow rate increases more significantly up to a maxrmnof
about15% for A = 1.4. Note that there is little dependence of the predidteglues on the viscosity
model as the blood flow rate level is basically determinedieychanges in the geometry of the vein.
Figure 11 shows that the predict€dvalues fit well to a linear dependence with the vein outlessro
section area, i.e., the values listed in Table IV. That ighasaction of the active muscle results in
an increase of the vein cross section area the blood flow oatequently increases for a fixed level
of Vp. Itis also worth noting that the dependence of the surfacraged? S.S values (not shown
here) on) in these additional calculations was rather the oppositehat is observed in Figures
8 and 9 agV S S levels were increasing/decreasing with increasing/adesingV’; notwithstanding,
the observed/ SS variations withA were modest, abodt’ at most.

It seems well established today that the enhancement ofabe bupply (hyperemia) to skeletal
muscles during exercise is primarily due to the vasoditatb blood vessels that is induced by
one or several chemical agents [22, 23]. Notwithstandings also commonly accepted that the
skeletal-muscle action also contributes, to a lesser drehigxtent depending on the particular
situation, to exercise—induced hyperemia (see, e.g.283-While a detailed study of the skeletal—
muscle pump phenomenon is beyond the scope of the currektwehave shown that the cyclic
stretching—shortening of an active muscle might result geain level of vasodilation which in
turn would lead to some increase in blood flow rate. Note thatcurrent results do not contradict
but rather complement the notion of chemically induced hgpga. That is, in relatively large blood
vessels, such as the popliteal vein, muscle action mighipatsduce some vasodilation and therefore
partially contribute to the global hyperemia phenomenon.

4. CONCLUDING REMARKS

In this study we developed a methodology to analyze the teffiewalking on both the shape of a
thrombotic popliteal vein and on the blood flow inside it. liranethodology, first a set of CT images
of a segment of the popliteal vein with a thrombus of a spepéient was used to reconstruct a base
geometry model. Then a computational mechanical model wad to determine the deformation
of the base geometry model as a function of the shortenimggthening of the semimembranosus
muscle. This computational model yielded fifteen deformeaigetries which were then used in the
corresponding CFD simulations to calculate the blood flothathrombotic area.

Note that the current methodology assumes a one—way salidifflieraction. That is, the CFD
simulations have no influence on the calculated deformatidrihe geometry model, as it can be
seen in Figure 3. The calculated values of the pressure draipei blood flow along the whole
vein segment are about two orders of magnitude smaller than(absolute) values of stress,
lo| ~ 2 x 105 Pa, found in the region around the vein wall during the stépcéiculations (and
most of such a pressure drop corresponds indeed to thelmatidgri of the force of gravity). Thus,
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8 J.M. LOPEZ ET AL.

the assumption that the solid calculations are indeperafehe particular state of the blood flow
within the vein seems to be well founded.

Our computations showed that for a given value of the blood ftate the WSS levels at
both the thrombus and vein walls were reduced in all of theexdavestigated as a result
of the vein deformation (see Figures 8 and 9). That is, eithetretching or a contraction
of the semimembranosus muscle would result in a reductiodra§ forces at the thrombus.
Notwithstanding, it is important to notice that the compl#nount of reduction in WSS levels is
smaller than the one resulted from the reduction in bloodoggy associated to the administration
of drugs [17, 29]. Moreover, WSS is known to increase rapdith blood flow (compare Figure
8(a) to Figure 8(b) to observe the change in WSS levels obdain the present study). Then,
walking, an activity which will be beneficial for patient’salth on the overall, might produce either
a decrease or an increase on WSS levels in the thromboticlepiending on the increase of blood
flow produced by a higher heart beat rate. In particular, éctirrent patient’s case results reported
by Fortuny et al. [17] suggest an increase in WSS levels d@htioenbus surface according to the law
WSSx V139 Thus the reduction of0.8% in Figure 8(a) will be counterbalanced by an increase in
blood flow rate of just &.5%. Indeed, it would appear that the effects of walking on ttedIflow
will be patient—specific. The methodology described in gaper provides the framework for the
development of an automated process that will help physidia tailor medical recommendations
and treatments to each specific patient.

In addition, we also carried out a set of CFD calculations mol the pressure drop between
the inlet and outlet vein sections was fixed so that a diffevatue of the blood flow rate was
obtained for each particular deformed geometry model. § @@served in these calculations that an
increase of the vein volume induced by the action of the neusdulted in a slight increasex( at
most) of the blood flow rate. This result suggests a future dihinvestigation on the effects of the
application of compression devices in thrombotic veinst like a shortening—lengthening of the
muscle changes the geometry of both the area around the metitha vein itself, and this change
results in a significant modification of WSS amdlevels, applying a permanent or a pneumatic
compression through external devices may produce a sigfiiect. The changes in the geometry
model and the resulting variations of the WSS levels woudah the computed for a given distribution
of the external pressure exerted on the leg.
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Table I. Definition of the deviatoric invariants for the righauchy-Green deformation tensor
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Table II. Values and physical meaning (if any) of the contstanvolved in the model described by Egs.

(1)—(112).

Constant] Physical meaning | Value Reference
G, along-fiber shear modulus 5x10? Pa
Go cross-fiber shear modulus 5x10% Pa
Cs 2.7 x 10% Pa
Cy rate of uncrimping of 46.4

the collagen fibers [9]
Cs 5.x10% Pa
Cs —5.1 x 10® Pa
Aofl optimal fiber stretch 1.4
A* fiber stretch at which the 1.03

collagen fibers are straightened

Cq 1.385 x 107 Pa
O 0 [8]
Ay 1.105
As 0.1
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Table Ill. Values of the Young’s modulus and Poisson’s cogdfit for each of the elastic materials.

Material Young’'s modulus| Poisson’s coefficienf Reference
Bone tissue 12 GPa 0.3 [30]
Passive muscle 3 kPa 0.45 [30]
Soft tissue 1 kPa 0.45 [31]
Popliteal vein 2 kPa 0.45 [32,33]
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Table IV. Calculated surface area and outlet cross secfitimeopopliteal vein for fifteen instances of the
fiber stretch parametex.

A Vein wall | Outlet cross—section
area ¢m?) area ¢m?)
0.80 26.23 1.23
0.87 26.21 1.21
0.94 26.20 1.20
1.00 26.19 1.18
1.06 26.30 1.19
1.10 26.32 1.19
1.13 26.40 1.21
1.14 26.43 1.22
1.16 26.47 1.23
1.19 26.52 1.24
1.21 26.59 1.26
1.23 26.65 1.27
1.27 26.72 1.29
1.32 26.81 1.32
1.40 26.93 1.36
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Prepared usingnmauth.cls DOI: 10.1002/cnm



EFFECTS OF WALKING IN DVT: AN INTEGRATED BM AND CFD MODEL 15

Figure 1. Sketch of a sagital section around the knee shoelements that are relevant to the current

problem: (1) segment investigated of the popliteal vein) a@ive muscle (semimembranosus) and tendon,

(3) femur, (4) passive muscles (here quadriceps muscE9oft tissue, (6) knee cap. The A—A'line denotes
the particular cross-section corresponding to the axialn@age which is shown in Figure 2.
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Figure 2. Computerized tomography (CT) image correspanttnan axial view above the knee. The 1—

5 labels, consistent with the ones used in Figure 1, denbjepdpliteal vein with a thrombus, (2) active

(semimembranosus) muscle, (3) femur, (4) passive mug8lesoft tissue. The arrows plotted in the active

(semimembranosus) muscle represent the concentric egpgm®duced by an along—fiber shortening of
this muscle.
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Figure 3. Flow diagram of the developed methodology illatitig which data and parameters were taken as
initial inputs, which steps were followed and which modetis aoftware were used.
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Figure 4. Plot of the tendon—muscle transition functi®(X ), defined in Eq. (2). The limiting values= 0
anda = 1 respectively correspond to pure tendinous tissue and puseurtar tissue.
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a)

b)

Figure 5. Axial view of the calculated deformed geometri@stivo values of the fiber stretch parameter
A = 0.8 and1.4. See Figure 2 for the meaning of labels.
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(a)

(b)

(c)

Figure 6. Perimeter of the vein outlet cross—section inetlu@ses with: a) minimum value of fiber stretch
(A = 0.8), b) non—deformed geometry & 1), ¢) maximum value of fiber stretch & 1.4).

Copyright© 0000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engn@000)
Prepared usingnmauth.cls DOI: 10.1002/cnm



|U] (m/s)
0 0.025 0.05 1 1987115 0.1
a)
|U] (m/s)
0 0.025 0.05 1 1987115 0.1
b)
Copyright© 0000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engn@000)

Prepared usingnmauth.cls DOI: 10.1002/cnm



22

U] (m/s)
0 0.025 005  0.075 0.1

m—

c)

Figure 7. Outlet velocity distributions calculated usihg hon—Newtonian viscosity model for a blood flow

rate of5 cm?® /s in the cases with: a) minimum value of fiber stretah= 0.8), b) non—deformed geometry
(A = 1), and c) maximum value of fiber stretch £ 1.4).
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Figure 8. Variation with\ of the average WSS levels at the vein and thrombus walls écafculations with
the Newtonian viscosity model and blood flow rate of{aj= 5 cm? /s and (b)V = 10 cm?/s.
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Figure 9. Variation with\ of the average WSS levels at the vein and thrombus walls écafculations with
the non—Newtonian viscosity model and a blood flow rat& 6f 5 cm? /s
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Figure 10. Values of the calculated blood flow rateas a function of the active muscle stretching parameter,

), for two sets of calculations with either the Newtonian amel hnon—Newtonian viscosity models. In each

set of calculations, a unique pressure distribution isguileed at the inlet and outlet vein sections such that
the referencé” = 5 cm? /s level is obtained for the base geometry with-= 1.
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Figure 11. Linear fit of theV" values of Figure 10 as a function of the corresponding ardaetein
outlet cross—sectior, whose values are shown in Table IV. The fit equationsiare 3.52A + 0.84 and
V = 3.94A + 0.34 for the Newtonian and non—Newtonian calculations, re$gelgt
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