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Summary

The alteration of blood flow around an OPTEASE R© inferior vena cava filter with

one or two blood clots attached was investigated by means of computational fluid

dynamics. We used a patient–specific vein wall geometry, and we generated differ-

ent clot models with shapes adapted to the filter and vein wall geometries. A total

of eight geometries, with one or two clots and a total clot volume of 0.5 or 1 cm3,

were considered. A non–Newtonian model for blood viscosity was adopted and the

possible development of turbulence was accounted for by means of a three–equation

model. Two blood flow rates were considered for each case, representative for rest

and exercise conditions. In exercise conditions, flow unsteadiness and even turbu-

lence was detected in some cases. Pressure and wall shear stress (WSS) distributions

were modified in all cases. Clots attached to the filter downstream basket consider-

ably increased averaged WSS values by up to almost 50%. In all the cases a flow

recirculation region appeared downstream of the clot. The degree of flow stagna-

tion in these regions, an indicator of propensity to thrombogenesis, was estimated

in terms of mean particle residence times and mean blood viscosity. High levels of

flow stagnation were detected in rest conditions in the wake of those clots that were

placed upstream from the filter. Our results suggest that one downstream placed big

clot, showing a higher tendency to induce flow instabilities and turbulence, might be

more harmful than two small clots placed in tandem.
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1 INTRODUCTION

Pulmonary embolism (PE) is a severe disease that can be life-threatening if left untreated. It occurs when blood flow in the
pulmonary vascular system is partially blocked. In most cases, PE is caused by thrombi (blood clots) that migrate from deep
veins in the legs and become lodged in the pulmonary vessels. Reports conducted in several countries in the last decade revealed
that PE incidence was within the range of 0.5−1.1 per 1000 persons–year1–4. The standard treatment for PE, the administration
of anticoagulant drugs5, is complemented under certain circumstances with the implantation of a filter in the inferior vena cava
(IVC)6–8. IVC filters are metal devices created to help in the prevention of PE by capturing thrombi that are traveling with the
blood flow and could therefore reach the pulmonary vessels. The efficacy of IVC filter implantation as a therapy is disputed. A
clinical study made on a large basis of 1200 patients suggested the convenience of IVC filter placement in those DVT patients
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with diagnosed PE8. On the contrary, other clinical studies concluded that the implantation of an IVC filter brings no statistically
significant benefit to patients treated with anticoagulant therapy9. In addition, a number of possible complications following
implantation of filters have been reported, such as IVC thrombosis, or filter tilting, fracture and migration10,11. In our previous
computational fluid dynamics (CFD) simulations12 we showed the importance of knowing the drag forces acting on the filter as
high values of these forces might contribute to the appearance of the aforementioned complications.

The focus of the current study is on the alteration of the blood flow caused by the presence of one or two blood clots attached
to an OPTEASE R© retrievable IVC filter13. This particular filter model has become in recent years a popular choice among
practitioners; for example, 1 787 out of a total of 13 151 entries on IVC filters in the MAUDE database14 over the past five years
corresponded to the OPTEASE R© model. The OPTEASE R© IVC filter displays a hexagonal symmetric double basket geometry
which provides two different clot capturing areas. The topic on how the presence of an IVC filter, with clots attached to it, affects
the blood flow has been the subject of a number of studies. It seems well established that partial occlusion of the vein due to
the presence of clots leads to the appearance of regions with flow recirculation15,16 or even turbulent flow17–20. In turn, these
recirculating flow regions would be prone to become areas of thrombogenesis16,21,22. Harlal et al.18 used a photometric technique
to visualize the disturbance on the flow around a TRAPEASE R© IVC filter (a non–retrievable precursor of the OPTEASE R© filter)
induced by the presence of large clots (1.5 cm3) attached either to the upstream or the downstream basket. These authors reported
large regions of flow stagnation and/or flow reversal, with the presence of flow unsteadiness and high–intensity turbulence, in the
wake of the clots. Stewart et al.15 performed measurements of the partially occluded flow around the TRAPEASE R© IVC filter
(as well as other two filter models) by means of the digital particle imaging velocimetry. In their experiments with a 1.62 cm3

clot upstream from the filter these authors observed the presence of flow recirculation zones both upstream and downstream of
the clot.

Early in vitro experimental studies, such as the ones cited in the previous paragraph15,17,18, were conducted using tubes to
model the IVC wall. More recently, the availability of 3D printers has made possible the use of patient–averaged models for the
vein wall23,24. Similarly, CFD simulations have evolved from the simple tube geometry16 into patient–averaged models19,20,25

and, more recently, patient–specific models12,26 for the IVC wall. The latter computational works12,26 showed that patient–
specific vein models together with a non–Newtonian model for blood viscosity are to be used in CFD simulations when accurate
predictions of WSS and secondary flow features are desired.

In the experiments and CFD simulations cited above, some basic shapes were assumed for the clot models. As an example,
Wang et al.27 produced a visual scale for clots with volumes in the 0.25 − 4 cm3 range modeled either as spheres or cones
plus hemispheres. In particular, for clots trapped in the central part of the vein common shapes are spheres16,20, cylinders
ended with hemispheres16 and cones (frustums) ended with one (two) hemispheres16,17,25,26. For clots trapped next to the vein
wall, commonly considered geometries are spheres16 and half– or full–tori, either circular or ellipsoidal15,17,19. Such basic
shapes commonly assumed for the blood clots are not quite realistic, as shown in some instances of cavograms available in the
literature28–30. It is observed that the clots tend to adapt to the shapes of the filter and, in the case of upstream clots, also to
the vein wall. Hence, the assumption of unrealistic basic shapes for clots may become a limitation in the CFD simulations. To
address this issue we propose to use clot models whose shapes are in better agreement with those observed in cavograms.

In the present work we simulated the partially occluded flow around an OPTEASE R© IVC filter using a patient specific
geometry for the vein with two different infrarenal blood flow rates, namely Vin = 20 and 80 cm3∕s, respectively representative
of the rest and exercise conditions of the patient12. We designed clot models that displayed shapes completely adapted to the
geometries of the filter and/or the vein wall. We set the focus on issues such as the existence of flow stagnation and flow
recirculation zones and even the development of flow instabilities and turbulence. Moreover, we paid special attention to the
assessment of increased WSS and pressure levels on the vein walls as a result of the presence of one or two clots attached to the
filter.

2 MODELS AND METHODS

2.1 Geometry models

Both the patient–specific IVC geometry model and the OPTEASE R© filter geometry model, pictured in Figure 1, are the same that
were used in our previous work12. The IVC geometry was built from computed tomography (CT) images of a real patient who
did not have any filter inserted. The vein segment is 14.1 cm long in the vertical (z) direction and it includes the entrance region
of the two renal veins. The lumen areas at the inlet and outlet cross–sections respectively are Ain = 3.7 cm2 and Aout = 5.1 cm2
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FIGURE 1 Posterior view of the IVC geometry model with the filter placed inside, together with side and zenithal projections
of the filter model.

and the surface area of the vein wall is Awall = 125.3 cm2. The OPTEASE R© filter features a double basket structure that is
associated with two clot capturing regions, a lateral one upstream of the filter and a central one on the downstream basket. The
surface area of the filter model is Afilter = 2.703 cm2.

The present clot models were loosely inspired by previously published cavograms28–30 and previous experimental and compu-
tational investigations17–19. Three types of clots were considered: essentially conical clots, annular clots that encircle completely
a section of the vein inner wall, and piece–like clots that span only a limited angle. For each type of clot a small and a large
version, having volumes close to Vclot = 0.5 and 1.0 cm3, respectively, were produced. Thus, six different clot models, whose
geometries are shown in Figures 2 and 3, were generated. Note that the conical clots (CS, CL) are axisymmetric and are centrally
placed on the downstream filter basket whereas the annular (AS, AL) and the piece–like (PS, PL) clots are asymmetric and are
placed upstream from the filter (see Figure 3). The main characteristics and dimensions of these six clot models are summa-
rized in Table 1. The premise that we followed when generating the clot models was to adapt the shape of the clot as closely as
possible to the shape of the elements, filter struts and/or IVC wall, they were attached to.

Conical clots (CS, CL) were conceived as frustums with two endings shaped as a piece of an ellipsoid. As seen in Figure 4A,
the frustum profiles were not modeled as straight lines but as a portion of the filter profile instead. This figure also includes the
elliptic endings. Note that the connection of all pieces was required to be smooth. As a result, the conical models were thus
characterized by four parameters (�0, �1, �2, �3) whose values are further constrained by the clot volume requirement. Conical
clot surfaces were obtained by revolving the profile in Figure 4A around the axis of abscissas.

The generation process of both annular (AS, AL) and piece–like (PS, PL) clots comprises three steps. The first step, illustrated
in Figure 4B, is the same for both types of clots and it consists in the definition of a closed curve in a plane containing the main
filter axis. This curve is almost tangent to a portion of the filter and then turns to close itself beyond the vein profile. The second
step is slightly different for the two kind of clots. For annular clots, a solid surface is generated by rotating the curve obtained
in the first step by 360◦ with respect to the filter axis. In contrast, to generate piece–like clots this curve is rotated only up to
some angle and during the rotation the curve is also progressively shrunk down to a point (see Figure 5A). In the third step
either the annular clot or the piece–like clot is finally obtained by intersecting the surface obtained in the second step with the
vein wall and keeping just the part that remains within the vein (see Figure 5B). Note that as a consequence of the realistic IVC
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FIGURE 2 Geometry models of clots. For the sake of clarity, the size of each individual plot is not consistently scaled with
the corresponding clot volume.

wall geometry the shape of the annular clot is not axisymmetric despite that the whole 360◦ span was revolved. Two additional
geometric models were generated by combining the small downstream conical clot (CS) with either the small annular (AS) or
the small piece–like (PS) upstream clot. The corresponding combo models will be hereinafter referred to as CS+AS and CS+PS,
respectively.

CS
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FIGURE 3 Geometric models of clots after placement in the IVC. Note that the view angle in these plots is different from the
one used in Figure 2. Two additional geometries, not represented here, were generated by combining the 0.5 cm3 conical clot
with either the 0.5 cm3 upstream annular clot (CS+AS) or the 0.5 cm3 upstream piece–like clot (CS+PS).
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Label CS CL AS AL PS PL

Brief Description conical conical annular annular piece–like piece–like
Volume (cm3) 0.500 0.999 0.498 0.997 0.506 1.029

Location
Downstream Downstream Upstream Upstream Upstream Upstream

basket basket from filter from filter from filter from filter

Attached to Filter struts Filter struts
Filter struts & Filter struts & Filter struts & Filter struts &

IVC wall IVC wall IVC wall IVC wall
Axisymmetric? /

Angular span
Yes / 360◦ Yes / 360◦ No / 360◦ No / 360◦ No / 164◦ No / 259◦

Characteristic size
(cm)

1.15 1.48 0.32 0.43 0.46 0.56

Maximal length (cm) 1.00 0.78 1.15 1.24 1.34 1.25

Clot–lumen contact
area (cm2)

3.22 5.15 4.66 6.75 2.94 5.01

Clot–IVC wall
contact area (cm2)

– – 4.14 6.99 2.64 4.44

Minimal lumen
cross–area (cm2)

2.46 1.70 2.03 1.69 2.70 2.09

Maximal vascular
occlusion (%)

29.7 50.1 39.6 49.5 19.8 40.2

Number of triangles
in surface mesh

4 110 24 794 8 218 11 729 4 849 8 245

TABLE 1 Main characteristics and dimensions of the clot geometry models used in the present simulations. Characteristic
size stands for diameter in the conical clots (CS, CL) and for maximal radial protrusion length in the rest of clots.
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FIGURE 4 Filter (red) and clot (blue) profiles. The pale brown line, included as a reference, indicates the approximate location
of the vein wall. Abscissas (�) correspond to length along the filter axis and ordinates (r) are radial distances to the filter axis.
(A) Conical clot profile: the portion between �1 and �2 corresponds to the frustum and the �0−�1 and �2−�3 portions correspond
to the ellipsoidal endings. (B) Annular and piece–like clots. The blue line represents the closed curve needed in the first step
of the clot generation process. A part of it comes from the filter profile and the rest is obtained from interpolation after a few
control points are customarily placed above and to the left of the filter (even outside the vein wall).
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FIGURE 5 Generation of the piece–like clot models. (A) Progressive shrinking of the initial curve during the rotation process.
(B) Surface of the clot (red) wrapped around the vein wall (brown). The part of the clot that is outside the vein wall is discarded.

2.2 Computational meshes

The surface meshes for the IVC wall were obtained by means of a refinement of the same base surface mesh that was used in our
previous work12. This base surface mesh, which was previously adopted after careful testing as the best compromise between
accuracy and economy, consisted of 68 432 triangles with an average area of 0.183 mm2 and edge lengths in the 0.55–0.8 mm
range. We also showed in our previous work12 how this base surface mesh had to be locally refined (to a maximum of 72 098
triangles) to allow a proper characterization of the flow regions around filter elements located near the IVC wall. Similarly, as
illustrated in Figure 6A for the PL case, in the present work the IVC wall meshes were specifically refined to ensure that the
rich flow dynamics in the clot wake was properly captured. The edges of the triangles in the refined regions of the mesh were
in the 0.25–0.4 mm range; see Figure 6B for a close–up of a region including refined and unrefined triangles. As a result of the
refinement, the size of the refined IVC surface mesh was increased up to a maximum value of 104 973 triangles.

As discussed above, the annular and piece–like clots were meant to be attached to the vein wall. Consequently, a seamless
connectivity between the clot and the IVC wall surface meshes was adopted in each case; a detail of such a smooth mesh
connection is shown in Figure 6C for the PL case. As is illustrated in this figure, a consistent average size of the triangles was
prescribed for both the refined regions of the IVC wall mesh and the clot surface mesh. The number of triangles used in the
surface meshes of each of the six clot models are included in Table 1. A unique surface mesh for the filter model, consisting of
57 270 triangles12, was used in all the cases investigated.

Once the surface meshes for the IVC wall, filter and clot models were created and properly combined for each of the geometries
considered, the corresponding three–dimensional (3D) meshes to be used in the CFD simulations were generated. These 3D
meshes were based on tetrahedrons with the total number of cells ranging between 4 073 828 and 10 315 813, the highest number
corresponding to the case with the large piece–like clot (PL). The general trend was that relatively large 3D meshes were needed
in those cases with an upstream clot due to the refinement introduced in the IVC wall surface mesh (see Figure 6) and also to the
fact that annular and, especially, piece–like clots, protrude into the vein lumen (see the characteristic size entry in Table 1). The
use of large 3D meshes increases the computational cost of the CFD simulations but this is a price worth paying considering
that long flow recirculation regions, featuring rich dynamics, are to be expected in the clot wake15,17,18.
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FIGURE 6 Example of triangular mesh on vein (pink) and clot (red) walls. (A) General view for the PL case with a vein wall
mesh refined in the area near clot and filter. Rectangles correspond to areas magnified in (B) and (C). (B) Detail of an area in
the vein wall mesh with refined and unrefined parts. (C) Detail of an area including vein and inner clot walls.

2.3 Conservation equations

The CFD simulations were performed using the OpenFOAM open source code31. The code solves numerically the differential
mass and momentum conservation equations for an incompressible flow,
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where U = (ux, uy, uz) is the velocity vector, p is the dynamic pressure, � is the fluid density, � is the fluid molecular viscosity
and �T ∕� = �T is the so called turbulent or eddy kinematic viscosity which accounts for the possible effects of turbulence on the
mean flow field. Equations (1) and (2) were solved under the no–slip boundary conditions (ux = uy = uz = 0) at all solid walls
(IVC wall, filter and clot surfaces) and a convective boundary condition with p = 0 was prescribed at the IVC outlet section.
At the IVC and renal veins inlet sections the fully developed flow assumption was used to calculate the velocity distributions
and pressure gradients12. A value of � = 1060 kg∕m3 was used for the blood density and the non–Newtonian Bird–Carreau
viscosity model32,
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was assumed. In Eq. 3, the values of the constants were � = 3.313 s, n = 0.3568, �∞ = 3.45×10−3 Pa ⋅ s and �0 = 0.056 Pa⋅s33,
and the scalar quantity 
 is the so–called shear rate, which depends on the second invariant (II) of the rate–of–strain tensor, 
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The use of a non–Newtonian viscosity model for blood in the CFD simulations has been recommended as it provides a more
reliable description of the blood flow in the IVC12,26. The Bird–Carreau model, which was also used in our previous work12, has
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become a popular choice for modeling blood flow26,34–41. It should be however noted that many other non–Newtonian models
have also been used quite often in previous studies to characterize blood viscosity; see, for example35,37–42.

For the eddy viscosity, �T , we used the kL − kT − ! closure model of Walters and Cokljat43,

�T = �T (kL, kT , !) (5)

where kL and kT respectively are the laminar and turbulent specific kinetic energy and ! is interpreted as an inverse time–scale
for turbulence. In the kL − kT − ! model an additional partial differential equation for each of these three turbulent quantities
must be solved together with Eqs. (1) and (2)43 (these differential equations are not included here for the sake of conciseness).
Wrankat and Cokljat’s model was devised to predict transitional flows and it is therefore suitable to the present problem where
the blood flow, originally laminar, might endeavor transition to turbulence due to the disturbance imposed by the presence of
clots. In fact, Ren et al.20, who used the kL − kT − ! model in the simulation of Newtonian blood flow with an idealized vein
and clot geometry, observed the development of high levels of turbulent kinetic energy downstream of the obstacle in some
instances. The present setup of the turbulence simulation differs from Ren et al.’s in one relevant aspect. Ren et al. prescribed
significant levels of turbulence in all the inlet streams whereas we instead imposed the condition

kL = kT = �T = 0 (6)

at the three inlet sections. That is, all blood flows entering the IVC segment were assumed to be fully laminar so that turbulence,
if actually developed, would be exclusively the result of internal flow instabilities.

In our previous work12 we solved the conservation equations for steady state solutions only, that is, we assumed )U∕)t =

0 in Eq. (1). Since one of the aims of the present study is to investigate flow unsteadiness we also solved the conservation
equations (including the ones for kL, kT and!) using the Euler first order implicit time–marching scheme. In these unsteady flow
simulations, the inlet velocity and pressure boundary conditions were held at constant (time–independent) values, an approach
referred to by Ren et al.20 as statistically stationary flow conditions. The initial conditions U (t = 0) = kL(t = 0) = kT (t =

0) = !(t = 0) = 0 were imposed on all the calculation cells. Numerical testing proved that a uniform time step of Δt = 10−3 s
was small enough to guarantee the accuracy and stability of the time–marching procedure. Since the complete time–integration
procedure was found to be far more computationally expensive than it was the corresponding steady flow simulation (typically,
about one order of magnitude in terms of total CPU time), we first carried out steady state simulations for all the cases considered
and only in those cases where convergence into a stationary solution was not achieved the corresponding unsteady simulation
was launched. In all of such instances, the solution was found to evolve into a periodic orbit and after time–periodicity was well
established (no significant changes on oscillation amplitude and frequency were observed) time–integration was maintained for
at least ten additional cycles. Hence, we assumed that only one stable solution of the conservation equations, either a steady state
or a time–periodic one, exists for each of the cases considered. To test such a hypothesis, we slightly perturbed all the previously
obtained solutions and used the perturbed field as the initial condition for the corresponding unsteady flow simulation; in all
the cases, the disturbance decayed very fast and the time–marching sequence was therefore promptly returning into the original
solution.

2.4 Post–processing

The open–source Paraview software44 was used for the visualization of the calculated flow solutions (a specifically tailored
version of Paraview is included by default in the standard OpenFOAM installation). As will be seen in what follows, we used
Paraview to plot contours of wall shear stress and pressure on solid–surfaces, to plot contours of different quantities on certain
slices of the lumen volume, to integrate and plot flow streamlines and to determine and plot the shape of 3D iso–surfaces while
determining altogether the resulting enclosed volume.

We used the OpenFOAM built–in post–processing utility to compute the wall shear stress (WSS) distributions on the solid
surfaces and their surface averaged values (WSS). The resultant skin friction force (F⃗f ) over the whole surface was computed
by numerical integration of the local values available on each cell. The resultant surface averaged pressure force (F⃗p) vector was
computed in a similar way but taking into account that local forces exerted by pressure are normal to each particular surface
cell. The corresponding moduli of these resultant forces are respectively denoted as Ff and Fp. The resultant drag force, i.e., the
overall drag exerted by the blood flow on a given surface, was then calculated as F⃗d = F⃗f + F⃗p and its modulus is denoted as Fd .
One may expect the total viscous force, Ff , on a given surface element to be roughly proportional to the element surface area
while the total pressure force, Fp, would be also dependent on the particular orientation of the surface element; that is, surface
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elements transversely aligned to the blood flow may yield considerably high Fp values12. Note that Fd = |F⃗f + F⃗p| ≤ Ff + Fp

due to
F 2
d
=
(
Ff + Fp

)2
− 2FfFp (1 − cos �) (7)

where � denotes the angle between the F⃗f and F⃗p vectors. That is, Fd will be smaller than the sum of Ff and Fp unless the
viscous and pressure force vectors are perfectly aligned (� = 0).

In the unsteady flow simulations, a number of instantaneous fields were stored on disk during the time–integration. Surface
averaged wall shear stress and resultant forces were calculated for each of these instantaneous fields and finally the time–average
of each quantity was computed. It is interesting that even though large oscillations in time of local quantities were detected (as
will be shown below) the variations in time of surface average quantities (WSS, Ff , Fp) were small (instantaneous values of
these quantities departed at most about a 0.5% from the time–averaged value). As an indicator of the potential development of
turbulence, we monitored the turbulence intensity, TU , based on the so–called total fluctuation kinetic energy43 (kL + kT ) and
the modulus of local velocity (|U |):

TU = 100

√
2
(
kL + kT

)

|U |
(8)

3 RESULTS

Two different values of the inlet blood flow rate, respectively representative of the rest and exercise conditions of the patient12,
were considered at the IVC infrarenal inlet section, Vin, and at the two renal vein inlet sections, Vren. These flow values were
Vin = 20 cm3∕s (1.2 L/min) and Vren = 7 cm3∕s (0.42 L/min) for the rest condition and Vin = 80 cm3∕s (4.8 L/min) and
Vren = 10 cm3∕s (0.6 L/min) for the exercise condition. The values of the Reynolds number at the infrarenal inlet section (based
on the hydraulic diameter and surface averaged values of velocity and blood kinematic viscosity) were Rein = 141 and 870 for
the rest and exercise conditions, respectively. Steady state solutions were obtained in all the CFD simulations with the lower
blood flow rates (rest condition). For the exercise condition, steady solutions were obtained in the CS, AS, PS, AL and CS+PS

cases whereas periodic flow solutions were obtained in the CL, PL and CS+AS cases.

3.1 Wall shear stress

In our previous work12 we found that the implantation of IVC filters produced no significant change in the WSS distribution
on the vein wall. As illustrated in Figure 7 for the simulations under rest conditions, the presence of blood clots attached to the
OPTEASE R© filter clearly alters the WSS wall distributions with a distinct contour pattern for every particular case. Conical
clots (Figures 7B and 7E) produce a high WSS region downstream of the clot location. As these clots are centrally placed, the
blood flow is channeled towards the vein wall. This effect leads to high velocity gradients near the wall, which in turn result
in high WSS values. Annular (Figures 7C and 7F) and piece–like (Figures 7D and 7G) clots produce instead a region of low
WSS downstream of the clot. As clots of these two types are attached to the vein wall, the blood flow is directed inwards thus
resulting in low WSS values on the vein wall. The WSS contour plots in Figures 7H and 7I reveal that in the cases with two
clots the superposition principle cannot be assumed. If we compare either Figure 7H (CS+AS) with Figure 7C (AS) or Figure 7I
(CS + PS) with Figure 7D (PS) we see that the low WSS wall region past the upstream clot is considerably shorter in the combo
cases (CS+AS, CS+PS). As will be seen below, the presence of a clot generates a region of flow recirculation past the obstacle.
Thus, in the combo cases we may infer that the axial distance between the upstream and the downstream (conical) clots is far
too short for a complete flow redevelopment.

The calculated values of surface averaged WSS on the vein wall (WSS) are shown in Figure 8. When compared with the filter
alone case, conical clots are the ones producing the largest WSS increase, especially in the CL case under exercise conditions
where the WSS increment is almost 50%. Note that this conical clot, having a volume of 1 cm3, largely obstructs the blood flow
as it induces a maximum vascular occlusion slightly above 50% (see Table 1). As shown in Figure 9B, when compared with
the filter alone case under exercise conditions (Figure 9A) the CL clot not only induces the high WSS region around the clot
location but a patch of high WSS also appears in the vein wall region above the right renal vein (note that highest contour level
in the plot, WSS = 5 Pa, is almost four times larger than the WSS = 1.31 Pa reference value of the filter alone case). On the
other hand, the presence of annular clots (AS, AL) produces instead a reduction in WSS levels in Figure 8, a decrease which is
qualitatively consistent with the corresponding local WSS wall distributions portrayed in Figures 7C and 7F. We also can see in
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FIGURE 7 Wall shear stress (WSS) distribution on the vein wall and inner surface of annular and piece–like clots under rest
conditions: (A) filter alone, (B) CS. (C) AS. (D) PS. (E) CL. (F) AL. (G) PL. (H) CS+AS. (I) CS+PS. See Figures 2 and 3 for the
meaning of the case labels and Table 1 for a summary of each clot characteristic features.

Figure 8 that the presence of a piece–like clot (PS, PL) produces little change on the calculated WSS levels except for the PL case
under exercise conditions, where a significant increase of about 15% is observed. The corresponding local WSS contours plotted
in Figures 9C and 9D help to qualitatively explain such an increase. As was previously observed under rest conditions (Figure
7G), a wall region of low WSS is clearly visible in Figure 9C downstream of the clot, a fact that would hint not to an increase but
to a decrease of the surface averaged WSS value. As can be seen in Table 1, the PL clot features a maximum vascular occlusion
of 40.2% and its angular span is 259◦. Consequently, in the PL case under exercise conditions as the blood flow is diverted away
from the side of the IVC wall the clot is attached to, it is also pushed against the opposite side of the wall. As a result, the region
of high local WSS on the vein wall, shown in Figure 9D, appears. This high WSS region together with the high WSS patch above
the right renal vein, also apparent in Figure 9C, more than compensate for the low WSS region downstream of the PL clot.

High WSS values at the vein wall might be indicative of a potentially harmful situation. In particular, shear stress–mediated
activation of platelets, a precursory mechanism of thrombogenesis, has been reported for sustained values of WSS above 5
Pa45–47. From a broader standpoint, it seems that episodes of hypertension together with high WSS values might trigger structural
changes of the vein wall involving the activation of endothelial and smooth muscle cells48.



JOSEP M. LÓPEZ ET AL 11

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 1.4

 1.5

C
S

A
S

P
S

C
L

A
L

P
L

C
S +A

S

C
S +P

S

W
S

S
 r

at
io

Rest
Exercise

FIGURE 8 Ratio of calculated WSS values on the vein wall to the corresponding values for the filter alone case under rest and
exercise conditions. The reference values in the filter alone case are WSS = 0.299 and 1.310 Pa for rest and exercise conditions,
respectively12.

WSS (Pa)
5

4

3

2

1

0

(A) (B) (C) (D)

FIGURE 9 Wall shear stress (WSS) distribution on the vein wall and inner surface of the PL clot in selected cases under
exercise conditions: (A) Filter alone, no clot. (B) CL. (C, D) PL. In parts A–C the view angle is the same as it was in Figure 7
whereas in the plot of part D a rotation of about 140◦ around the z–axis was applied.

3.2 Changes in pressure distribution

We previously found12 that the insertion of the OPTEASE R© filter resulted in an increase of the total pressure drop along the IVC
segment from 4.6 to 10.7 Pa (0.080 mm Hg) in rest conditions and from 17.9 Pa to 52.8 Pa (0.40 mm Hg) in exercise conditions.
Considering that the filters are designed to disturb the blood flow as little as possible, it seems that the presence of clots will
notably increase the total pressure drop. Figure 10A shows the pressure distribution on the vein wall for the filter alone case and
exercise conditions. This pressure distribution is taken as the reference in parts B–D where the calculated pressure variations
(Δp) with respect to the filter alone case are plotted. In all the cases investigated the presence of a clot induces the appearance
of a flow recirculation region past the obstacle. Such flow regions are characterized by small pressure values, as reflected by the
blue regions of highly negative Δp at the vein wall in Figures 10B–D. Upstream from the obstacle pressure levels in the vein
lumen experience instead a strong increase, which is reflected by the red regions of high Δp in the vein wall plots. Summary
information on pressure variations for the rest of cases, not plotted in Figure 10, is given in Table 2. As a general trend, the
conical clots are the ones producing the highest upstream positive variations in pressure (Δp99) on the vein wall whereas the
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FIGURE 10 (A) Pressure distribution on the vein wall as calculated in exercise conditions for the filter alone case. Variation
of pressure on the vein wall, Δp, caused by the presence of the clot for the cases (B) PL, (C) AL and (D) CL. (E) Pressure
distribution on the conical clot surface calculated for exercise conditions in the CL case.

strongest downstream negative variations in pressure (Δp1) correspond to the annular clots. Note that in the combo cases the
values of the upstream Δp99 are consistent with, but slightly inferior to, the addition of the corresponding pressure variations in
the single clot simulations.

It will be shown in the next subsection (3.3) that strong pressure differences along the surface of a clot will result in strong
total drag forces (Fd) on the clot. As illustrated in Figure 10E for the CL case under exercise conditions, pressure drops around
a clot are much steeper than are pressure drops on the vein wall (Δp99%−Δp1% in Table 2). The pressure contours in Figure 10E
show that as the clot is being pushed by the blood flow a strong pressure rise is observed on its upstream facing elliptic–like
surface, with pressure values as high as p = 204 Pa (1.53 mm Hg). The minimum pressure values (p = −150 Pa) are observed
instead around the clot rim, the imaginary line where the clot reaches its maximal diameter. The blue colored ring with very
low (negative) p values denotes that flow separation occurs at the clot rim, a physical phenomenon which in turn originates the
flow recirculation phenomena that will be analyzed in subsection 3.4. In addition, variations in the pressure around a clot are
also important because they suggest that the clot is experiencing strong forces. The analysis of the forces is the topic of the next
section.
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CS AS PS CL AL PL CS+AS CS+PS

Rest
Δp99% (Pa) 3.71 1.79 1.12 9.07 3.49 4.27 5.09 4.58

Δp1% (Pa) −0.40 −2.36 −1.07 −1.67 −3.73 −3.52 −0.60 −0.39

Δp99% − Δp1% (Pa) 4.11 4.15 2.19 10.74 7.22 7.79 5.69 4.97

Exercise
Δp99% (Pa) 26.4 27.5 14.2 91.7 49.0 67.9 51.0 38.6

Δp1% (Pa) −8.9 −36.2 −16.8 −27.8 −44.3 −37.9 −15.3 −10.0

Δp99% − Δp1% (Pa) 35.3 63.7 31.0 119.5 93.3 105.8 66.3 48.6

TABLE 2 Statistically significant values of pressure variations on the vein wall (Δp, or pressure in the filter plus clot case
minus pressure in the filter alone case). A value of Δp1% means that 1% of the vein wall surface has this value of Δp or less. A
value of Δp99% means that 1% of the vein wall surface has this value of Δp or more. Δp99% and Δp1% indicate the maximal and
minimal values of the variation of pressures between each case and the filter alone case. The values Δp99% − Δp1% provide an
estimate of the pressure drop around the clot.
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FIGURE 11 Magnitude of the pressure (Fp), pressure plus skin friction (Fp + Ff ) and total drag (Fd) forces exerted on the
filter surface under (A) rest conditions and (B) exercise conditions.

3.3 Forces on the filter and clot surfaces

In our previous work12 we found that, in the absence of a clot, the magnitude of the surface averaged total drag force on the
OPTEASE R© filter was about Fd = 50 and 300 dyne under rest and exercise conditions, respectively. Figure 11 shows the values
of the total forces on the filter calculated in each of the simulations. The leftmost column of these plots corresponds to the filter
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alone case. The presence of clots provokes a change in the values of both the skin friction (Ff ) and pressure (Fp) forces exerted
on the filter. It is noticeable that, as a general rule, the total drag force (Fd) exerted on the filter is increased when annular or
piece–like clots are present whereas it is reduced if there is a conical clot instead. Figure 12 shows that the Fd values on the
surface of a clot are much larger than the corresponding values on the filter surface in Figure 11. We can also see in Figure 12
that in all the cases Fp is much larger than Ff . Comparison of Figure 12A with Figure 12B shows that a four fold increase in the
infrarenal blood flow rate, from rest to exercise conditions, leads in most cases to an increase of about one order of magnitude
in the clot Fd values. In rest conditions (Figure 12A) the small piece–like clot PS produces a total drag force, Fd , larger than do
the other two small clots (AS and CS) despite having smaller clot–lumen contact area (see Table 1). Figure 12A also shows that
Fd < Ff +Fp for the cases with a piece–like clot (PS, CS+PS). The reason for the inequality is that the two resultant force vectors,
F⃗p and F⃗f , are not well aligned (� ≫ 0 in Eq. (7)). The pressure force (F⃗p) in the piece–like clots is roughly aligned normal to
the IVC wall whereas in the conical and annular clots F⃗p is well aligned with the blood flow direction (more or less oriented
along the z−axis). The conical and annular clots are axisymmetric (or nearly so) and therefore a large amount of cancellation
between the x− and y− components of the local F⃗p takes place during the surface integration. The comparatively short angular
span of the PS clot (156 ◦; see Table 1) precludes most of the cancellation effect and the resulting angle between F⃗p and the main
flow direction is about 80 ◦. This alignment of F⃗p in the PS case reflects the fact that the blood flow is pushing the piece–like
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FIGURE 12 Magnitude of the forces on the surface of the clots under (A) rest conditions (B) exercise conditions. For the sake
of clarity, columns for Fp and Fp + Ff are superimposed.
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clot mostly against the vein wall. The largest PL clot is at an intermediate position: with a larger angular span of 259 ◦ the angle
between F⃗p and the main flow direction is about 60 ◦. Note that in the CS+PS combo case, the contribution to Fd from the PS

element is considerably larger than the corresponding Fd value for the piece–like clot case, PS, (see Figure 12).
A question related to the above discussion is what fraction of the Fd force on annular and piece–like clots is supported by

the filter, or otherwise is directly supported by the vein wall region the clot is attached to. The aforementioned results on the F⃗p

alignment suggest that in the smaller piece–like clot (PS) most of the total drag force will be sustained by the vein wall tissue
surrounding the clot. With conical clots, and to a lesser extent with annular clots, the drag force exerted by the blood flow on
the clot would be in turn transferred from the clot into the filter. The Fd values plotted in Figures 11 and 12 therefore suggest
that as a result of having trapped one or more clots the total force exerted by the filter on the vein wall at its docking sites might
become several times larger. Consequently, the risk of complications such as filter tilting, migration or strut fractures would be
also considerably higher, especially under exercise conditions.
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FIGURE 13 Contour plots of the vertical velocity component, Uz, at a selected plane slice for the (A) PL and (B) CS+PS

simulations under rest conditions. Projections of a number of 3D streamlines, originated downstream of the clots, are also shown.
The slice plane has been chosen to contain the filter axis and to divide the piece–like clot into two roughly symmetric parts. The
final integration time was the same for all the particle trajectories plotted.

3.4 Flow recirculation regions

Flow recirculation regions are formed downstream of the clot in all the cases considered, as respectively illustrated in Figure
13A and B for the PL and CS+PS cases under rest conditions. In those cases with annular or piece–like clots alone, the blood
flow is channeled through the central region of the vein lumen (see Figure 13A) whereas the presence of a conical clot forces
most of the blood flow throughout an annular region in between the clot and the vein wall (Figure 13B). Table 3 shows the values
of the recirculation region volume, Vrec , calculated in each case. As a general trend, the extent of the flow recirculation region
grows with increasing blood flow rate and clot volume. For a given flow rate and clot size, Vrec also depends on the particular
geometry of the clots and it is remarkable that the annular and piece–like clots produce larger recirculation regions than the
conical clots do. In the combo cases, one might expect the Vrec value to be roughly the sum of the recirculation volumes for the
respective single clot cases. The CS+PS case under exercise conditions does not follow this rule as its Vrec = 0.70 cm3 value
is even smaller than the corresponding value for the PS simulation (Vrec = 0.96 cm3). Under exercise conditions, the presence
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of the downstream (conical) clot partially inhibits flow recirculation past the upstream (piece–like) clot. Note that under rest
conditions, as the recirculation volume of the piece–like clot is much smaller (see Table 3), there is basically no interaction
between the two clots in the CS+PS case.

Case CS AS PS CL AL PL CS+AS CS+PS

Rest

Vrec(cm
3) 0.15 0.29 0.24 0.31 0.91 1.54 0.48 0.38

t̄in(s) 2.76 2.65 2.74 2.66 2.52 2.53 2.64 2.62
t̄sta(s) 2.59 11.26 20.30 2.71 9.87 31.71 4.17 4.13
�rec∕� 1.25 2.13 3.16 1.11 1.81 2.03 1.75 2.26

Exercise

Vrec(cm
3) 0.20 1.01 0.96 0.74 2.04 2.64 1.16 0.70

t̄in(s) 0.70 0.68 0.72 0.66 0.66 0.69 0.66 0.69
t̄sta(s) 0.77 1.04 1.74 0.91 1.11 1.43 1.00 1.08
�rec∕� 0.92 0.95 1.24 0.85 1.06 1.10 0.94 1.13

TABLE 3 Data on recirculation regions, characterized as the lumen volume with Uz < 0. The Vrec symbol denotes the
recirculation volume, tin is an estimate of the average time in which blood travels from the infrarenal inlet section to the suprarenal
outlet section, and tsta is an estimate of the average residence time of blood in the recirculation region. The tin and tsta times are
calculated by numerical integration of a large number of trajectories of idealized (inert) particles being carried by the flow. In
these calculations, particles were homogeneously seeded throughout the recirculation region (tsta) or the infrarenal inlet section
(tin). The � and �rec symbols denote the volume averaged viscosity values in the whole blood lumen and in the flow recirculation
region, respectively.

FIGURE 14 Two different views of an individual particle trajectory for the PL case under rest conditions. The final integration
time of the selected trajectory was tsta = 75.71 s.

It has been stated in the literature on the subject that flow recirculation and stagnation regions become ideal environments
for clot growth18. In this respect, a quantity more relevant than the size of the flow stagnation region is the residence time, tsta,
that (on the average) blood will remain trapped within the wake region downstream of the clot49. The estimates of tsta shown in
Table 3 were obtained by numerical integration of a large number of trajectories throughout the recirculation region. Note that



JOSEP M. LÓPEZ ET AL 17

for steady state solutions each of such individual trajectories is also a flow streamline. The tin reference quantity shown in Table
3, also obtained by numerical integration of many trajectories, can be interpreted as the average time in which an idealized,
microscopic fluid parcel travels from the infrarenal inlet section to the suprarenal outlet section. As expected, tin is roughly
inversely proportional to the blood flow rate, Vin, and it is nearly independent of the clot geometries involved in each case. On
the contrary, the tsta values listed in Table 3 are strongly dependent not only on Vin but on the particular clot geometry as well.
At the higher blood flow rate (exercise conditions), values of the tsta∕tin ratio are at most about two (in the PS and PL cases).
Under rest conditions, we can see in Table 3 much larger tsta values for the annular (AS, AL) and piece–like (PS, PL) clots, with
a highest tsta∕tin = 12.5 in the PL case, whereas conical clots yield tsta values still comparable to the corresponding tin ones.
Consequently, in the wake of the conical clot in Figure 13B flow streamlines spin at most two or three times along rather random
looking paths, before they escape. For the PL case in Figure 13A, we can see instead that streamlines tend to spin for much
longer within the narrow recirculation region near the vein wall. To further illustrate this issue, Figure 14 shows the detail of an
individual trajectory, viewed from two different angles, for the PL case under rest conditions. The view angle in the lef plot of
Figure 14 is similar to the one used in Figure 13 whereas the view angle in the right plot of Figure 14 was chosen to stress the
fact that streamlines in the wake of this clot may spin many times, tracing unruffled, quasi–2D paths (i.e., each streamline spin
is almost closed on a given plane, roughly normal to the view plane of the plot).

It seems also clear that, as a general rule, the higher is the blood viscosity in a given flow region the higher will be the risk
of thrombogenesis in that region. Table 3 also includes calculated values of the ratio of the average blood viscosity within the
recirculation region, �rec , to the corresponding average viscosity on the whole calculation domain, �. For a given blood flow
rate and clot size, the lowest and highest viscosity ratios are respectively observed for the conical and the piece–like clots. For
a given clot geometry, the values of the viscosity ratio are always larger at the lowest blood flow rate (rest conditions); in fact,
in exercise conditions �rec exceeds � at most in 24% (in the PS case). The combination of high residence times (tsta) and high
blood viscosity (�rec) in the wake regions of the piece–like clots and, to a lesser extent, of the annular clots strongly hints to the
possibility of a further clot growth under rest conditions (i.e., the conditions representative of what a real patient will experience
most of the time).

3.5 Flow unsteadiness and turbulence

Time–periodic solutions were obtained in the CS+AS, PL and CL cases under exercise conditions. As shown in the pressure time
evolution plots of Figure 15, the oscillations in the CS+AS (Fig.15A) and CL (Fig.15C) cases display a very similar period of
about 0.16 s whereas in the PL case (Fig.15B) a much larger period of about 0.3 s is observed. The amplitudes of the oscillations
in Figures 15A–C are by no means insignificant.

Inspection of the contours of the vertical velocity component, plotted in Figure 16 (A,B), helps to understand the nature of
the flow oscillation in the CS+AS case. Despite the symmetry of the conical clot both the blood flow distribution around it and
the shape of the recirculation region in its wake are strongly asymmetric. The wake behind the conical clot bends to the left in
the plane of Figure 16, that is, to the same side where the strongest flow jet in between the clot and the vein wall is observed.
Note that the probe that collected the data plotted in Figure 15A was strategically placed in the shear layer region in between the
strong blood jet and the conical clot wake. At some particular time instances, as illustrated in Figure 16A, the probe location lies
within the flow stagnation region and lower p and negative Uz values were then recorded. The opposite situation, when higher
p and positive Uz values were recorded, is illustrated in Figure 16B.

The appearance of the secondary peak in the time evolution plotted in Figure 15C, and the corresponding velocity phase dia-
gram in Figure 15D, hint at the potential appearance of the period–doubling phenomenon (were the flow or geometry conditions
somehow modified). In most dynamical systems period–doubling is a well established precursor of a subsequent transition to
chaos50. It is therefore not surprising that, as shown in Figure 15E, significant levels of the so-called laminar kinetic energy,
kL, are found in the wake of the conical clot. Interestingly, the turbulence model predicts no real turbulence development in this
case as the levels of turbulent kinetic energy, kT , are maintained to zero (within the limits of numerical accuracy) in the whole
calculation domain. The corresponding Uz contour plots in Figures 16(C,D) reveal that the physics underlying the oscillation in
the CL case is similar to that observed in Figure 16(A,B) for the CS+AS case, i.e., the recirculation region behind the conical clot
oscillates and keeps bending leftward. Note however that in Figures 16(C,D), contrary to what is observed in Figures 16(A,B),
the strongest vertical motion is on the right side of the conical clot.
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FIGURE 15 Time evolution of pressure (A-C) and turbulence intensity (E), as recorded at selected monitoring locations in
the clot wake for the (A) CS+AS, (B) PL and (C,E) CL simulations under exercise conditions; see Eq. (8) for the definition of the
turbulence intensity, TU . Part (D) shows the Uz∕Uy phase diagram corresponding to the same time interval and probe location
as in (C). In parts (A-C) and (E) the tper symbol in the axis of abscissas label denotes a reference value of the integration time
when the flow oscillation was deemed to be already fully periodic.

Moreover, in the CL case under exercise conditions we found that significant levels of kL and �T where restricted to a small
region downstream of the conical clot. That is, as the flow redeveloped downstream of the clot all signals of turbulence devel-
opment vanished. As mentioned above, flow measurements by Leask et al.17 and Harlal et al.18 in experimental setups with
similar conical clots but of a larger volume (1.5 cm3) showed the existence of large regions of turbulent flow downstream of the
obstacle. In order to find out whether a sufficiently large total clot volume would result in a more intense turbulence develop-
ment we endeavored an additional combo simulation (CL+PL) having both the 1 cm3 conical clot and the 1 cm3 piece–like clot
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FIGURE 16 Results for the (A, B) CS+AS case and (C, D) the CL case under exercise conditions. Contour plots of the vertical
velocity component, Uz, are shown at a selected plane slice at two time instants. Projections of a number of streamlines are also
shown. The small purple circle denotes the location of the probe where data plotted in Figure 15 were recorded.

under exercise conditions. The computed recirculation volume was Vrec = 1.51 cm3, less than the sum of the corresponding
Vrec values obtained in the cases with either clot alone (0.74 and 2.64 cm3 for the CL and PL cases, respectively; see Table 3).
As can be seen in the time evolution of Figure 17A, a periodic solution was also obtained with significant levels of turbulent
flow quantities. In this case, the calculated levels of turbulent kinetic energy, kT , were significant although smaller, in about one
order of magnitude, than the corresponding kL values. Note that the frequency of the oscillation in Figure 17A is considerably
higher than the frequency observed in the PL case (Figure 15B) and also slightly higher than the frequencies observed in the
CS+AS (Figure 15A) and CL cases (Figure 15C, E).

The contours of turbulence intensity (TU ) shown in Figures 17C–E illustrate the fact that in the CL+PL simulation turbulence
is mostly being generated in the wake of the conical clot, as well as in the region near the left side of the vein wall, downstream
of the clot location. The 3D isosurface of the total fluctuation energy (kL + kT ) in Figure 17B shows that, in contrast with the
CL case, turbulence does not decay but rather intensifies as the flow redevelops downstream of the clots. The additional blood
flow through the right renal vein (Vren = 10 cm3∕s) induces the appearance of turbulence near the right side of the vein wall.
The subsequent flow inlet through the left renal vein (Vren = 10 cm3∕s) pushes flow, having high levels of fluctuating kinetic
energy, away from the left side of the wall.

4 DISCUSSION AND CONCLUSIONS

In the present study we used CFD simulations to assess the effects on the blood flow of one or two clots attached to an
OPTEASE R© IVC filter. This filter features a double basket structure to enhance its clot capturing ability. It has therefore two
independent clot capturing regions, a first one between the upstream basket and the vein wall and a second one within the
umbrella–like central region of the downstream basket. In order to render the present simulations as realistic as possible we
used a patient–specific vein wall geometry, we designed clot models whose shape was perfectly fitted to the filter struts and
to the vein wall (see Figure 3) and we used a non–Newtonian model for blood viscosity. We found that the presence of either
an upstream placed or a downstream placed clot considerably alters the WSS distribution on the vein wall. In the cases with a
downstream clot the blood flow is channeled around the obstacle so that a ring–like vein wall area of high WSS values arises
(see Figures 7B and E). As a consequence, the presence of a downstream clot increased the surface averaged wall shear stress
(WSS), especially at high blood flow rates (exercise conditions; see Figure 8). The upstream clots produced instead an extended
wall region with low WSS behind the clot (see Figures 7C, D, F and G), indicative of very low values of the wall shear rate
(typically, 
w < 10 s−1). The existence of vein wall regions with low local 
w and WSS values is also indicative of flow recircu-
lation and stagnation phenomena that take place downstream of the clot. Moreover, the occurrence of low 
w values has been
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FIGURE 17 Results for the additional CL+PL simulation under exercise conditions. (A) Time evolution of the turbulence
intensity,TU , as recorded at a point represented by the small black circle in parts (C–E). (B) Isosurface of (kL+kT ) = 10−4m2s−2,
colored according to the levels of the vertical component of velocity, Uz, at the particular instant with t − tper = 1.5. (C–E)
Contour plots of TU at a selected plane slice and three time instants respectively close to minimum, intermediate and maximum
values of TU in part (A), namely t − tper = 1.14 (C), 1.34 (D) and 1.5 (E). The plane of the slice used in parts (C–E) contains
the probe point (denoted by a black circle) and is slightly behind (lower y) the parallel plane containing the filter axis.

reported to considerably enhance the adherence of erythrocytes to the vein wall, a physical mechanism which in turn might pro-
pitiate thombogenesis51. On the overall, the WSS values decreased in most of the cases in the presence of an upstream clot, or
otherwise they just slightly increased.

The presence of clots also induces major changes in the pressure distribution within the blood lumen and along the vein wall.
A considerable pressure raise is observed upstream from the clot whereas the wake region behind the clot is characterized by
low pressure values. It is true that the increase in the total pressure drop along the simulated IVC section caused by the presence
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of the filter having clots attached (0.95 mm Hg at most, in the CL case under exercise conditions) is modest from a clinical point
of view. That is, the maximum increment in pressure drop would be a small percentage (about 1% at most) of the patient’s blood
tension and would therefore hardly represent a direct threat to the patient’s health. Notwithstanding, a major issue resulting from
high pressure drops around the clot (see Figure 10E) is in the magnitude of the drag force exerted by the blood flow on the clot
(Fd). In comparison with the drag forces exerted on the filter, which are at most about 400 dyne under exercise conditions (see
Figure 11), values as high as Fd = 230 and 2 200 dyne were predicted for the drag force on the clots under rest and exercise
conditions, respectively (see Figure 12). Such large drag forces, which must be mostly counterbalanced by the reaction forces on
the struts at the filter docking sites, might be one of the causes of often reported filter malfunctions such as protruding through the
vein wall, strut fractures, tilting and even migration. We therefore wonder whether the health of a patient with an OPTEASE R©

filter implanted might be compromised when exercising, even if just for a short period of time.
The low pressure values in regions behind the clots are indicative of flow recirculation within these regions. Furthermore,

regions with flow recirculation are usually associated with regions of flow stagnation, a physical situation which may well favor
thrombogenesis16,18. The physics of the flow behind an upstream clot, partially attached to the vein wall, is somewhat analogous
to that in the flow behind stenosed vein valves, a topic investigated by Bajd et al.52 and Brass and Diamond53. These authors
concluded that long residence times of flow in the poorly mixed eddy regions behind the valves provide favorable conditions
for platelet aggregation and adherence. Consequently, a good indicator of the propensity for thrombogenesis in the clot wake
would be, together with the presence of low 
w and WSS, discussed above, the mean blood residence time (tsta; see Table 3). At
the lower blood flow rate (rest conditions), high values of tsta and mean blood viscosity in the recirculation region (�rec) were
evident in the cases with an upstream clot (AS, AL, PS, PL) but they were not detected for conical clots (CS, CL). The increase in
the blood flow rate from rest to exercise conditions results in a considerable enlargement of the flow recirculation region behind
the upstream clots, especially for the small (0.5 cm3) ones (AS, PS). Notwithstanding, in exercise conditions the calculated tsta
values are considerably reduced, being at most twice as big as are the corresponding values of tin (the mean residence time
of blood traveling from the infrarenal inlet section to the suprarenal outlet section). It is thus remarkable that for all the clot
configurations investigated propensity for thrombogenesis is much reduced when the blood flow rate is sufficiently increased.

The notion that thrombogenesis ought to be avoided at any rate has led some authors to advise against the use of IVC filters
having an upstream clot capturing area16. We think that such an idea might be somewhat unfair. First, it may be argued than
nowadays practitioners tend to prescribe IVC filters not as an alternative but, in many instances, as a complement to the admin-
istration of anticoagulant drugs. Filters are suitable for PE patients that still suffer from deep vein thrombosis and that, as a
consequence, will be still treated with anticoagulant therapy for a time period (by the end of which the IVC filter will have been
probably retrieved). The presence of anticoagulant drugs in the blood flow would greatly reduce, if not completely eliminate,
the risk of thrombogenesis around clots trapped by the IVC filter. Moreover, even in the absence of anticoagulant medication
the dual clot trapping ability of the OPTEASE R© filter (among other filter models) has also some merits compared to the single
downstream trapping area strategy. Let as assume that an IVC filter has to trap two small (0.5 cm3) clots. In the OPTEASE R© fil-
ter, these two clots may concur and coalesce into the downstream basket or, alternatively, one of them might be trapped upstream
from the filter. Let us compare for instance the results for the CL and the CS + PS simulations in the present study. In both cases
the total clot volume is 1 cm3. The former case, with a large conical downstream clot alone, features a considerably higher wall
shear stress on the vein wall (see Figures 7 and 8). Thus, it may be argued that the single clot (downstream) trapping strategy,
although favorable with respect to the dual trapping in some aspects (risk of thrombogenesis), may be less so considering the
harm that high WSS levels might inflict on the vein wall tissue. Moreover, the results of the present study also suggest that a
large downstream clot will have a higher tendency to induce flow instabilities and even turbulence, a phenomenon which some
authors have also related to thrombogenesis21,22. In summary, it can be safely concluded that one big clot might well be more
harmful than two small clots would be.

4.1 Study limitations

Some limitations should be noted. The fully developed boundary conditions prescribed at the infrarenal inlet section might not
be fully realistic. In some of the previous CFD studies on IVC filters19,20,24 a vein geometry including the iliac veins region was
considered. In the recent experimental study by Gallagher et al.23, and its CFD counterpart by Craven et al.24, two different
inlet flow rates through the iliac veins were considered, namely Vin = 1 L/min for rest conditions (comparable to the present
Vin = 1.2 L/min) and Vin = 6 L/min for exercise conditions (slightly higher than our Vin = 4.8 L/min). Under rest conditions,
Craven et al. concluded that the flow was relatively simple, with flow from both iliacs merging to form a quasi-parabolic flow
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profile in the IVC with little secondary flow and mixing. However, these authors also reported that under exercise conditions
the flow patterns were much more complex, as flow from the iliacs merged and interacted to form a pair of counter-rotating
vortices with a high-velocity region in the center of the IVC lumen. The results of Craven et al. therefore suggest that while the
present results are roughly independent of the prescribed inlet velocity distribution under rest conditions this might not be the
case under exercise conditions.

The analysis of solid–fluid two–way interactions is beyond the scope of the present study. We analyzed how the presence of
solid elements (IVC wall, clots and filter struts) modifies the flow, but not the other way round. We are aware that the assumption
of rigid and immobile walls for all solid elements might be somewhat constraining. The elasticity of the blood vessel walls
propitiates a self–regulatory mechanism against hypertension, when a high blood pressure episode is partly compensated by an
increase in vessel diameter, which in turn keeps WSS and pressure levels at bay. As the present model does not account for the
effects of wall elasticity, probably WSS values were slightly overestimated. The current assumption of clots being fitted to solid
boundaries implies, in fact, a time evolution of the clot shape. That is, a clot might be trapped by the filter and subsequently
change its shape and volume, progressively adapting to the solid surfaces that surround it. Our underlying assumption in this
respect is that clot–shaping processes are very slow compared to the typical blood flow time–scales. The numerical values of
the quantities presented in this study have to be understood as corresponding to particular snapshots, i.e., to selected shapes and
volumes of the clots, taken along their time–evolution.
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