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Summary

Computational fluid dynamics was used to simulate the flow of blood within an

inferior vena cava (IVC) geometry model that was reconstructed from computed

tomography images obtained from a real patient. The main novelty of the present

work is that we simulated the implantation of four different filter models in this real-

istic IVC geometry. We considered different blood flow rates in the range between

Vin = 20 and Vin = 80 cm3∕s and all simulations were performed with both the

Newtonian and a non–Newtonian model for the blood viscosity. We compared the

hemodynamics performance of the different filter models and we paid a special atten-

tion to the total drag force, Fd , exerted by the blood flow on the filter surface. This

force is the sum of two contributions: the viscous skin friction force, which was found

to be roughly proportional to the filter surface area, and the pressure force, which

depended on the particular filter geometry design. The Fd force is relevant because it

must be balanced by the total force exerted by the filter hooks/struts on the IVC wall

at the attachment locations. For the highest Vin value investigated, the variation in

Fd among filters was from 116 to 308 dyne. We also showed how the present results

can be extrapolated to obtain good estimates of the drag forces if the blood viscosity

levels change, i.e., if the patient with a filter implanted is treated with anticoagulant

therapy.
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1 INTRODUCTION

Pulmonary embolism (PE) is a life–threatening disease that occurs when a blood clot or parts of it become lodged in the pul-
monary vascular system and obstruct blood flow. Most often PE is a consequence of deep venous thrombosis (DVT), which is
in turn a major complication of cancer or orthopedic surgery, among others. Venous thromboembolism (DVT and/or PE) has an
incidence of 1.4 to 2.2 per 1000 persons–year among US citizens aged over 45, and mortality rate is approximately 25% in the
first 30 days.1,2 In order to prevent PE, DVT patients are usually treated with anticoagulant drugs.3 However, in patients who
have contraindications or are unresponsive to anticoagulation therapy the placement of a filter into the inferior vena cava (IVC)
is indicated.2,4 These filters are devices specifically designed to capture blood clots that are transported by the blood flow within
the vein. They are made of titanium or metal alloys and they are available in a good variety of models. At first, IVC filters were
designed to be permanent but recently manufacturers have devised retrievable filter designs. Retrievable filters are preferable
when the contraindications to anticoagulant drugs are considered temporary.5
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There is some controversy in the medical community on the efficacy and safety of IVC filter placement. A relevant reference
is the clinical study of Decousus et al.6 These authors concluded that the implantation of an IVC filter brought no statistically
significant benefit to patients following anticoagulant therapy. Moreover, the short term benefit of filter implantation in terms
of reduced PE occurrence might be counterbalanced by complications such as IVC thrombosis, tilting, migration or fracture of
the filter, recurrent DVT and penetration of the filter prongs into the IVC wall.7–9 On the other hand, a recent clinical study on
a large basis of 1200 individuals suggested the convenience of IVC filter placement in those DVT patients with diagnosed PE
even if such patients were also receiving anticoagulant therapy.10

Several researchers investigated, either experimentally or computationally, how the presence of IVC filters affects the flow
in simplified straight tube geometries.11–15 These studies aimed to detect low pressure regions in the flow and areas with high
wall shear stress (WSS) levels either in the tube wall or in the filter surfaces. The recent studies of Aycock et al16,17 with one
particular IVC filter model have brought to light that the use of an IVC geometry model based on a real patient predicts more
extremal values of pressure–drop and WSS than the ones predicted by simplified or patient–averaged IVC models. One further
conclusion of Aycock et al,17 in regard of hemorheology, is that the use of non-Newtonian models of viscosity ought to be
preferred in future studies in IVC hemodynamics.

In the present study computational fluid dynamics (CFD) is used to simulate the flow of blood within an IVC geometry model
that was reconstructed from computed tomography (CT) images obtained from a real patient. The main novelty of the present
work is that we simulate the implantation of four different filter models in this realistic IVC geometry. The hemodynamics
performance of the different filter models is compared and a special attention is given to the total drag force, Fd , exerted by the
blood flow on the filter surface. The total drag force is a very relevant quantity as Fd must be balanced by the total force exerted
by the filter hooks/struts on the IVC wall at the attachment locations. We discuss and quantify the dependence of Fd , as well
as other relevant quantities, on the particular value of the blood flow rate. Following Cheng et al,18 infrarenal and supraceliac
IVC blood flow rates of respectively 20 cm3∕s (1.2 L∕min) and 34 cm3∕s (2.04 L∕min) were assumed for rest conditions. Since
a patient with an implanted IVC filter may be enrolled in some physical activity we consider also higher blood flow rates up to
80 cm3∕s (4.8 L∕min) and 100 cm3∕s (6 L∕min) for the infrarenal and supraceliac regions, respectively; these values are in the
low range of the measurements reported by Cheng et al18 for exercise conditions (110 heartbeats∕min on the average). We also
show how the present results can be extrapolated to obtain good estimates of the drag forces if the blood viscosity levels change,
i.e., if the patient with a filter implanted is treated with anticoagulant therapy.

2 MODELS AND METHODS

2.1 Geometry models

The model for an IVC segment was reconstructed from in vivo CT images of a 65 years old, male patient. The length of the
segment along the vertical (z) axis was 14.1 cm. The geometry model includes part of the IVC infrarenal region and the entrance
region of the two renal veins, as shown in Figure 1. A base surface mesh for the IVC segment, consisting of nv = 68, 432

triangles, was obtained from segmentation of the CT images using the 3DSlicer software.19 The lumen areas at the IVC model
inlet and outlet sections respectively were Ain = 3.7 cm2 and Aout = 5.1 cm2 and the area of the vein segment wall was
Awall = 125.3 cm2.

The geometry models created for each of the four filters are shown in Figure 1 and their main features are summarized in
Table 1. These geometry models were constructed, using the Blender software,20 from data obtained from several sources:
we generated a preliminary version of the four IVC filter models using pictures from manufacturers21–24 as well as from the
literature.11,25,26 In these pictures, the filters are portrayed unfolded into an arbitrary shape. It is important to note that in the real
placement process the IVC filter is inserted into the vein using a capsule that contains the folded filter. At the suitable moment,
as deemed by the practitioner, the filter is unfolded to contact the IVC wall. Thus, we modified the angles in our preliminary
models, while preserving the original lengths of their elements, to make their shape consistent with the diameter of our IVC
geometry model (around 20 mm). These values of the angles were found to be in qualitative agreement with the corresponding
estimates obtained from previously published radiographies.11,27–30 Each of the four filter geometry models were then uploaded
into the Salome-Meca suite31 where the respective surface meshes were built. The total number of triangles in the filter surface
meshes ranged between nf = 55, 032 and 130, 468, depending on the complexity of the filter shape. The four filter surface
meshes were placed within the IVC surface mesh with the same inclination and with their tips slightly below the right renal
vein.32 Note that whereas the filter models possess either hexagonal or octagonal symmetry (see Figure 1), the vein lumen lacks



JOSEP M. LÓPEZ ET AL 3

(A)

1 cm

(B)

1 cm

(C)

1 cm

(D)

1 cm

FIGURE 1 Posterior view of the IVC surface models with the filter placed inside, together with side and zenithal views of
the four filter models: (A) filter 1; (B) filter 2; (C) filter 3; (D) filter 4. See the caption of Table 1 for the meaning of the filter
labels 1 to 4.

Filter

Label 1 2 3 4

Commercial brand GreenfieldTM, 21 SIMON VenaTech R©
OPTEASE R©, 24

NITINOL R©, 22 ConvertibleTM, 23

Symmetry Hexagonal Hexagonal Octogonal Hexagonal

Type Permanent Permanent Convertible Optional

Surface area (m2) 1.028 × 10−4 1.882 × 10−4 2.703 × 10−4 1.965 × 10−4

TABLE 1 Main features of the four filters investigated, which are labeled 1 to 4 for further references. Filter 3 is designated
by the manufacturer as convertible because it can be operated to become folded against the IVC wall and thus unobtrusive to
blood flow. Filter 4 is designated as optional because, according to the manufacturer, it may be either retrieved within a certain
time window or be left in place with no significant additional risk for the patient health. The surface area of each filter model
was calculated by numerical integration over the whole filter surface.

symmetry. To keep the filter axes well aligned with the blood main flow direction a small clearance between the filter hooks or
struts and the vein wall, in the 0.2 − 1.0 mm range, was allowed.

2.2 Model and equations

The CFD simulations were performed using the OpenFOAM code33. 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, � and � are the fluid density and viscosity, respectively, and p is the pressure.
Equations (1) and (2) were solved together with the usual no–slip boundary conditions at all solid walls and a convective
boundary condition at the IVC outlet section. At the IVC and renal veins inlet sections the velocity distributions and pressure
gradients were calculated under the fully developed flow assumption; see Fortuny et al.34 for details.

A value of � = 1060 kg∕m3 was used for the blood density. Both the Newtonian fluid model, with � = �N = 3.45 × 10−3

Pa⋅s, and the non–Newtonian Bird–Carreau viscosity model35,

� = �(
) = �∞ + (�0 − �∞)[1 + (�
)2](n−1)∕2 (3)

were used. In Equation 3, 
 denotes the rate of strain and the values of the constants were � = 3.313 s, n = 0.3568, �∞ =

�N = 3.45 × 10−3 Pa ⋅ s and �0 = 0.56 Pa ⋅ s.34 The non–Newtonian viscosity model can be understood as a refinement of the
basic Newtonian model as it addresses the fact that blood viscosity should be considerably higher than �N in regions featuring
comparatively low velocity levels. Note that the higher the value of 
 in Eq. (3) (i.e., the higher the blood flow rate) the closer
the viscosity, �(
), will be to the Newtonian value �∞ = �N . From a more theoretical standpoint, since the non–Newtonian
model will predict a volume–averaged value of viscosity, �(
), considerably above �N then for a given value of the blood flow
rate the mean flow Reynolds number,

Re =
�|U |dℎ

�
(4)

will be considerably lower than it will be in the corresponding calculation with the Newtonian model. In Equation (4), |U |
denotes a characteristic velocity scale, dℎ is the IVC hydraulic diameter and � denotes the volume averaged viscosity. At a given
axial location within the IVC the hydraulic diameter is estimated as dℎ = 4A⊥∕P , where A⊥ and P are the IVC cross-section
area and wall perimeter, respectively.

The flow was assumed to be in the laminar regime, an assumption that was confirmed by the current results as the highest
Reynolds numbers obtained with the Newtonian and the non–Newtonian viscosity models were respectively Re = 1, 530 and
860 in the infrarenal region. Notwithstanding, the possibility of unsteady velocity fluctuations in the wake of the filter struts/legs
(which pose an obstacle to the blood flow) is also to be considered. A relevant reference in this respect is in the work of Ren et
al.13. The numerical simulation on a 3D IVC model performed by these authors included the use of a turbulence model. When
the IVC model was unoccluded, Ren et al. found no significant levels of turbulent kinetic energy (TKE) even in high exercise
conditions (Re = 1, 640). However, when they partially occluded the IVC model with a spherical clot having a diameter of
about d = 14 mm, Ren et al. reported that the flow remained laminar at Re = 360 but high TKE levels in the wake of the sphere
were found at Re = 1, 400 and 1, 640. In the flow around bluff bodies (e.g., a cylinder or a sphere) the quantity that controls
transition to turbulence is the Reynolds number based on the diameter of the body, Red . In the present simulations the diameter
of the filter struts/legs was at most d = 0.18 mm, which yields Red ≤ 25, a value almost two orders of magnitude lower than
the one reported by Ren et al. for their simulations under exercise conditions. Thus, for the conditions in the current work the
assumption of a laminar flow regime seems to be fully consistent.

2.3 Post–processing

A quantity of high interest in hemodynamics studies is the wall shear stress (WSS). For each particular flow simulation, surface
averaged WSS values were computed on both the IVC wall (WSSvein) and the filter surface (WSSfilter) by means of numerical
integration of the modulus of the local skin friction force along every surface cell (triangle). Special attention was given to the
calculation of the total forces exerted by the blood flow on the filter surface. At every computational cell on the filter surface the
blood flow exerts two types of forces: viscous skin friction forces, locally tangent to the surface element, and the force exerted
by the fluid pressure, normal to the surface. The resultant skin friction force (F⃗f ) and the resultant pressure force (F⃗p) vectors
were computed by numerical integration over the whole filter surface. That is, separate surface integrations were respectively
performed for the x−, y− and z−component of each type of force. The corresponding magnitudes (moduli) of these resultant
forces are respectively denoted as Ff and Fp. Note therefore that for a filter having a surface area Afilter we will always have
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Ff < W SS
filter

Afilter due to an overall cancellation effect, that is, locally the skin friction force on a surface element is not
perfectly well aligned with the main flow direction.

The resultant drag force, i.e., the overall drag exerted by the blood flow on the filter, was then calculated as F⃗d = F⃗f + F⃗p

and its modulus is denoted as Fd . Even though Fd is the most relevant quantity in practical terms, the calculated values of both
Ff and Fp will also be shown. One may expect that the modulus of the resultant skin friction force will be, for a fixed value
of the blood flow rate, roughly proportional to the surface area, that is, Ff ∝ Afilter in the context of the current study. On the
other hand, the total pressure force Fp might be a more qualitative tool that may better reflect the differences in shape of the
different filter designs. Those filters having elements, and particularly their struts, aligned more transversally to the main blood
flow direction might yield considerably higher Fp values.

In addition, we also assessed the alignment of the different resultant force vectors. Note that due to the realistic geometry of
the IVC wall (see Figure 1), the distribution of the blood flow around the filter lacks any kind of symmetry and thus we have
Fd = |F⃗f + F⃗p| < Ff +Fp. That is, one should expect the F⃗f and F⃗p vectors to be slightly misaligned and, for the same reason,
the resultant drag force F⃗d to be slightly misaligned with the main filter axis.

2.4 Discretization of the conservation equations and testing

The discrete form of Equations (1) and (2) were solved for steady state solutions by means of the SIMPLE algorithm.34,36 The
three–dimensional (3D) volume models used in the CFD simulations consisted of tetrahedral meshes that were generated using
the Gmsh software.37 Several 3D meshes were tested for the IVC base surface model, i.e., with no filter present. Table 2 shows
the WSSvein values obtained with four different meshes under exercise conditions with both the Newtonian (�N ) and the non-
Newtonian (�(
)) viscosity model. In meshes A, B and C we used the standard IVC surface model with nv = 68, 432 triangles
and different values of the numerical parameter, �, that controls the maximum size of 3D elements (tetrahedra). In mesh D a
finer surface model (nv = 109, 152) was used with the same value for the � parameter as in mesh B. To better assess the effect
of mesh refinement on the accuracy of the calculations, the variations of the circumferentially averaged pressure–drop and WSS
along the z–axis are shown in Figure 2 for the four meshes. In Figure 2A we see that the two meshes with the largest number
of tetrahedra, C and D, produced very similar profiles, with mesh B just slightly underestimating the pressure drop values. In
Figure 2B the circumferentially averaged WSS profiles for mesh D are clearly distinguishable from the rest of profiles in the
regions around the local maxima and minima. Thus, the accuracy of predicted WSS values depends more strongly on the level
of surface refinement than it does on the number of elements (Nt) of the 3D mesh.

Since the discrepancies in both the pressure–drop and WSS predictions obtained with the four meshes (A–D) are modest the
surface model with nv = 68, 432 triangles, together with the � value used in mesh B, seems to be the best compromise between
accuracy and computational cost for subsequently building the 3D meshes in the models having a filter. The 3D meshing software
generates tetrahedra whose size increases with the distance to a solid boundary, either the IVC wall or the filter surface. As
the smallest size in the surface elements are always found in the filter model it is no surprise that the smallest tetrahedra were
located in the vicinity of the filter surface. This effect is illustrated in Figure 3 B–D where velocity and pressure contours and
the projection of the 3D mesh are plotted at a given cross-stream section for the calculation under exercise conditions with the

3D Mesh
Mesh A Mesh B Mesh C Mesh D

nv 68, 432 68, 432 68, 432 109, 152

Nt 301, 389 396, 316 538, 731 851, 145

W SSvein (Pa)
�N 1.217 1.230 1.238 1.231

�(
) 1.324 1.331 1.336 1.329

TABLE 2 Summary of the test calculations performed in four different 3D meshes for the IVC base case (with no filter) under
exercise conditions, a flow rate of Vin = 80 cm3∕s into the IVC segment and Vren = 10 cm3∕s into both the left and right renal
vein segments. For each mesh the values of the number of triangles in the IVC surface mesh, nv, the number of tetrahedra, Nt,
and the calculated averaged WSS values on the vein wall, WSSvein, for both the Newtonian, �N , and the non–Newtonian, �(
),
fluid model are shown.
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(A) (B)

FIGURE 2 Effect of mesh refinement on the variation along the z–axis of the circumferentially averaged (A) pressure–drop
and (B) WSS values at a segment of the vein wall in the infrarenal region. Exercise conditions were assumed and the non–
Newtonian viscosity model was used. The pressure–drop is defined as p − pref , with pref being chosen as the average absolute
pressure at the IVC outlet section.

filter 2 model and the non–Newtonian viscosity model. The asymmetry in the velocity pattern, caused by the curvature of the
IVC wall (see Figure 1), is quite remarkable in Figure 3 B with considerably higher values in the left lower part of the slice. The
level of asymmetry was found to increase, in all of the present calculations, with increasing blood flow rate. The broken pattern
in the contours in Figure 3 B reflects the passage of the blood flow around the filter struts. These struts, when not aligned with
the filter axis, pose an obstacle to the blood flow, as is reflected in the strong pressure fluctuations observed in Figure 3 C. The
highest density of (projected) 3D mesh points in Figure 3D is accordingly observed in those zones with a strut or cylinder head
nearby. Note that the very high concentration of mesh points around the slice center is due to the fact that the filter 2 model
features two different axially–aligned cylinder heads, one of them below and the other one above the slice z–level (Figure 3 A).

3D Mesh with filter 1

Mesh B1 Mesh D1 Mesh B1 embedded

Nt 8, 688, 857 12, 291, 357 9, 300, 624

WSSfilter (Pa) 10.39 10.35 10.17

Fd (dyne) 115.9 115.2 114.9

TABLE 3 Summary of test calculations performed under exercise conditions for the filter 1 case. The B1 mesh is based on
the standard IVC surface mesh (nv = 68, 432). The D1 mesh is based instead on the finer IVC surface mesh with nv = 109, 152.
The third mesh is based on the B1 IVC surface mesh but with the tips of the filter hooks connected to the IVC surface. The Nt

entry in the table denotes the number of tetrahedra of the 3D mesh. In all cases the non–Newtonian, �(
), fluid model was used.

The size of the 3D meshes in the models having a filter ranged between Nt = 5, 754, 523 and 12, 040, 516 tetrahedra, that is,
a value much higher than the one needed in the base IVC case (see Table 2). Due to the small size of the triangles in the filter
surface meshes the IVC surface mesh had to be locally refined in several patches around the vein wall locations closest to a filter
hook or strut. Such a local refinement, tailored to each particular filter model, was applied to the standard IVC surface Mesh
B (nv = 68, 432). Notwithstanding, an additional 3D mesh was also generated for the filter 1 model on the basis of the finer
IVC surface Mesh D (nv = 109, 152). The results obtained with the standard and the refined 3D meshes with the filter 1 model



JOSEP M. LÓPEZ ET AL 7

(A) (B)

 0.1

 0.2

 0.3

 0.0

 0.4

U (m/s)

(C)

   0

  10

  20

  30

  40

 -10

  50
p (Pa)

(D)

FIGURE 3 Cross–section views for the calculation with the filter 2 model under exercise conditions using the non–Newtonian
viscosity model: (B) distribution of velocity (z– component); (C) distribution of pressure–drop; (D) projection of mesh cells.
(A) posterior view of the location of the cross–section plane, which has been chosen normal to the z–axis.

are compared in Table 3 for a calculation under exercise conditions with the non–Newtonian viscosity model. The important
increase in the number of tetrahedra, from Nt = 8, 668, 857 into 12, 291, 357, resulted in just a small variation in the predicted
WSSfilter and Fd values.

A second additional 3D mesh, based on the IVC surface Mesh B, was generated with the filter 1 model to test the effect of the
clearance that was assumed between the tips of the filter hooks and the IVC wall; that is, in this additional 3D mesh the hooks
were embedded into the vein wall. As can be seen in Table 3, there is a slight increase in the number of tetrahedra in the embedded
filter 1 mesh and the predicted Fd and W SSfilter values are about 1% and 2% lower, respectively. In the standard 3D mesh, the
filter hooks are entirely surrounded by blood and the skin friction forces are therefore slightly overpredicted. Notwithstanding,
as velocities in the vicinity of the vein wall are quite close to zero, the error introduced by the clearance approach is reasonably
small. Moreover, the methodology for embedding the filter hooks into the IVC wall was tedious and error prone. The opening
angle of each filter leg had to be slightly modified and patches on the IVC surface mesh close to each particular filter hook had
to be individually tuned up.
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FIGURE 4 (A) Anterior and (B) posterior views of the local WSS distributions on the vein surface for the IVC base case
under rest conditions. A non–Newtonian viscosity model was used.

3 RESULTS

Steady state solutions of Equations (1) and (2) were computed for the IVC base case and each of the cases including a filter
model. In each case, four different values of the inlet blood flow rate at the IVC infrarenal section, Vin, and at the renal vein
sections, Vren, were considered. Most of the results presented here correspond to the rest condition with Vin = 20 cm3∕s and
Vren = 7 cm3∕s and the exercise condition with Vin = 80 cm3∕s and Vren = 10 cm3∕s.18 In addition, two intermediate cases
with inlet flood flow rates of Vin = 40 cm3∕s and Vren = 8 cm3∕s and Vin = 60 cm3∕s and Vren = 9 cm3∕s were considered.

The circumferentially averaged WSS profiles in Figure 2B present large peaks and valleys that are a consequence of the cur-
vature (concavity or convexity) of the IVC wall. The effects of the wall curvature are also visible on the local WSS distributions
on the IVC wall, such as those shown in Figure 4 for the base case under rest conditions. Note that the WSS levels in the pos-
terior view in Figure 4B are considerably higher than they are in the anterior part of the wall, shown in Figure 4A. Foci with
high or low WSS values are closely related to irregularities of the vein geometry, in agreement with previous results by Aycock
et al.17 The corresponding local WSS distributions for other values of blood flow rates, either with the presence or the absence
of a filter (not shown here for the sake of brevity) have a similar look as the location and shape of the high/low WSS spots basi-
cally coincide. The notion that the presence of a filter does not significantly alter the WSS levels on the IVC wall is confirmed
by the surface averaged values, WSSvein, plotted in Figure 5A,B. The WSSvein values for exercise conditions were between 4
and 5 times larger than the corresponding values for rest conditions (Figure 5A,B). The calculated WSSfilter values are plotted
in Figure 5C,D for each of the filter models. Comparing Figure 5A to Figure 5C and Figure 5B to Figure 5D we observe that
the WSSfilter values are roughly one order of magnitude higher than the corresponding WSSvein values. Furthermore, there
are significant differences in WSSfilter values among the four filters, being filter 3 the one with the lowest values. Note that an
increase of Vin by a factor of four (or equivalently, changing from rest to exercise conditions) causes the WSSfilter values to
increase by a factor of about six.

The high WSSfilter levels in Figure 5C,D suggest that the blood flow is significantly altered by the presence of a filter. As
shown in Figure 3B for the case of the filter 2 model, the blood flow is indeed altered when it meets an obstacle such as a
filter strut. The corresponding plots for the other filter models, not included here, show a qualitatively similar disruption of the
velocity pattern behind the filter elements. In all of the cases, an important velocity deficit was observed in the wake of the filter
cylindrical head but most of such deficit was recovered at the end of the infrarenal section. Inspection of Figure 5 also reveals
that the viscosity model has a considerable effect on predicted WSS values, with the non–Newtonian model yielding higher
values in all of the cases investigated. Note that the higher the flow rate the lesser the difference between the predictions of the
two viscosity models. For the sake of conciseness, only results of the calculations with the non–Newtonian viscosity model will
be shown hereinafter.

The presence of a filter within the IVC will cause the blood flow to exert forces on the filter surface. The magnitudes of
the resultant skin friction (Ff ) and pressure (Fp) forces as well as the magnitudes of the total drag force (Fd) are plotted in



JOSEP M. LÓPEZ ET AL 9

 0

 0.1

 0.2

 0.3

 0.4

 0  1  2  3  4

W
S

S
__

__
ve

in
 (

P
a)

Filter

WSS
____

 on vein surface

Newtonian
non-Newtonian

 0

 0.5

 1

 1.5

 2

 0  1  2  3  4

W
S

S
__

__
ve

in
 (

P
a)

Filter

WSS
____

 on vein surface

Newtonian
non-Newtonian

 0

 1

 2

 3

 1  2  3  4

W
S

S
__

__
fil

te
r (

P
a)

Filter

WSS
____

 on filter surface

Newtonian
non-Newtonian

 0

 4

 8

 12

 16

 1  2  3  4

W
S

S
__

__
fil

te
r (

P
a)

Filter

WSS
____

 on filter surface

Newtonian
non-Newtonian

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

FIGURE 5 Surface–averaged WSS values for the five cases investigated: the IVC base case (label 0) and the filter models
(labels 1 to 4). The WSS values are shown for (A,C), rest conditions and (B,D), exercise conditions.

Figures 6A–D. The magnitude and direction of the skin friction and pressure forces exerted by the blood flow on each individual
component (leg, strut or head) of the filter depend on the angle between the particular component and the main flow direction. In
other words, depending on its particular orientation a filter component may act, from a mechanistic point of view, as an obstacle
to the blood flow and thus experience comparatively high values of the pressure force. Pressure forces may even be locally
stronger than skin friction forces at those parts of the filter components (struts or legs) that are not well aligned with the main
blood flow. For example, we can infer in Figure 3C a pressure drop of about 60 Pa around the filter struts when the maximum
local WSS values observed on the filter struts were about 40 Pa in the same calculation with the filter 2 model.

Figures 6A,C show the calculated values of Ff and Fp on each of the filter surfaces under rest and exercise conditions,
respectively. Note that filter 3, the one with the largest surface area, yields Fp values between 2.5 and 3.5 times smaller than

 0

 10

 20

 30

 40

 50

 1  2  3  4

F
or

ce
 (

dy
ne

)

Filter

Skin Friction Force
Pressure Force

 0

 10

 20

 30

 40

 50

 60

 1  2  3  4

F
d 

(d
yn

e)

Filter

Rest conditions

 0

 50

 100

 150

 200

 250

 300

 1  2  3  4

F
or

ce
 (

dy
ne

)

Filter

Skin Friction Force
Pressure Force

 0

 50

 100

 150

 200

 250

 300

 350

 1  2  3  4

F
d 

(d
yn

e)

Filter

Exercise conditions

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

 0

 10

 20

 30

 40

 50

 1  2  3  4

A
ng

le
 (

de
gr

ee
s)

Filter

Rest
Exercise

 0

 2

 4

 6

 8

 10

 12

 1  2  3  4

A
ng

le
 (

de
gr

ee
s)

Filter

Rest
Exercise

(E) (F)

FIGURE 6 (A,C), Magnitudes of the resultant skin friction force (Ff ) and pressure force (Fp) exerted on the filter surface for
the four filter models investigated, calculated under (A) rest and (C) exercise conditions. (B,D), Magnitude of the total drag force
(Fd) exerted on the filter surface under (B) rest and (D) exercise conditions. (E) Angle between F⃗f and F⃗p. (F) Angle between
F⃗d and the filter axis.
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the values obtained for filters 2 and 4, thus confirming the notion that Fp is much less dependent on Afilter than Ff is. It is not
surprising that the simple design of filter 1 (see Figure 1) produces the smallest Fp values. Note that when the skin friction and
pressure forces are added filter 4 is the one yielding the highest Fd values and filter 3, despite its considerably larger surface
area, yields Fd values just a little higher than filter 2 (see Figures 6B,D). Filter 1 is the one yielding Fd values much smaller
than the rest of the filters, specially under exercise conditions.

Despite the axial symmetry of the filter models, the asymmetry of the blood flow induces a certain degree of misalignment
between both F⃗f and F⃗p and the filter axis. As expected, we found that the Ff values for each filter model were roughly pro-
portional to the respective surface area of the filters (see Table 1). We also found that F⃗f was in all of the cases investigated
well aligned with the filter axis, with maximum departures below 5 degrees. The degrees of misalignment between F⃗f and F⃗p

and between F⃗d and the filter axis are respectively shown in Figures 6E,F. Filters 1 and 2 yield the highest F⃗d misalignment in
Figure 6F, specially under exercise conditions where the angle for both filters is between 9 and 10 degrees. These maximum
angles remain rather small because filter 1, presenting a high misalignment between F⃗f and F⃗p (see Figure 6E), yields the lowest
Fp values whereas filter 2, yielding comparatively high Fp values, shows a modest misalignment between F⃗f and F⃗p. An IVC
filter is said to tilt when its misalignment exceeds 1025 or 1538 degrees and our results therefore suggest that none of the filter
models investigated presents a clear tendency to tilt.

The Fd values are especially relevant as the total force exerted by the blood flow on the filter is counterbalanced by the total
force exerted by the filter hooks/struts on the vein wall. Notwithstanding, Fd is an extensive quantity, i.e., it is strongly dependent
on dimensional parameters such as the filter surface area and the blood flow rate. In studies of flows around bluff bodies the
dimensionless quantities known as friction (Cf ) and drag (Cd) coefficients are commonly used. In the context of the current
work, these coefficients are defined as,

Cf =
2Ff

�U
2

⊥
Afilter

(5)

Cd =
2Fd

�U
2

⊥
Afilter

(6)

where Afilter is the surface area of the filter and U⊥ is the mean blood velocity in a cross–section which is chosen to be normal
to the filter axis and slightly upstream of the axial location where the filter begins (so that the blood flow in this section is not yet
perturbed by the presence of the filter). Friction and drag coefficients are valuable because they allow a qualitative comparison
on the effect of the presence of the bluff body on the flow that surrounds it. That is, in terms of Cf and Cd it is the shape of the
object that makes the difference, not its particular size.

Moreover, given an object of a particular shape, the Cf and Cd coefficients are commonly found to depend only on the
Reynolds number,Re. Figure 7 shows the dependency on the Reynolds number (based onU⊥, see Equation (4)) of the calculated
Cf and Cd values for the four filter models. In the friction coefficient plot of Figure 7A filter 1 produces the highest Cf at the
lowest blood flow rate and filter 3 is the one yielding the lowest Cf at any Vin value. The general trend as Vin increases is that
the differences in the predicted Cf values between filters 1, 2 and 4 decrease. Figure 7B shows important differences among the
predicted values of the drag coefficient, Cd , for the different filter models, being filter 3 the one yielding the lowest Cd values for
any blood flow rate. In particular, at the lowest blood flow rate of Vin = 20cm3∕s, corresponding to rest conditions, the predicted
Cd values for filter 4 in Figure 7B are almost 40% higher than they are for filter 3.

In all of the cases investigated the calculated Cf and Cd values fitted very well to trend lines in the form Cf = afRe
bf and

Cd = adRe
bd , respectively. The values of the parameters of the fits, af , bf , ad and bd , are included in Table 4. Note that all of

the bf and bd exponents in Table 4 are negative but clearly larger than −1. We can combine Equations (4) and (6) with the Cd

fit (Cd = adRe
bd ) to obtain

Fd =
(
1

2
adAfilterd

bd
ℎ
�bd+1

)
U

2+bd

⊥
�−bd = KU

2+bd

⊥
�−bd (7)

That is, if for a given filter the total drag force was to be proportional to the blood flow rate,Fd ∝ Vin, then on account of Equation
(7) we would have bd ≈ −1. Thus, bd > −1 means that the predicted dependence of Fd on Vin is superlinear. Such a superlinear
dependency can also be seen by comparing the Fd values in Figures 6B (Vin = 20 cm3∕s) and 6D (Vin = 80 cm3∕s): for each
specific filter a fourfold increase of blood flow rate yields an almost sixfold increase of the total drag force exerted on the filter.
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FIGURE 7 (A) Friction coefficients (Cf ) and (B) drag coefficients (Cd) as a function of the Reynolds number for the four
filters investigated. Symbols correspond to the calculations with each of the four blood flow cases investigated whereas lines
represent the best fitting curves of the form Cf = afRe

bf and Cd = adRe
bd ; see Table 4 for the values of the best fit parameters.

4 DISCUSSION AND CONCLUSIONS

In the present study we used CFD simulations to investigate the effects of IVC filters on hemodynamics. Given a realistic IVC
morphology, reconstructed from CT images of a patient, we inserted four different filter models in the blood flow (see Figure 1).
Filter 1 has the most classical, simple conical shape and features the least surface area, roughly by a factor of two compared to
the rest of the filter models (see Table 1). As a consequence, the filter 1 model yields the smallest total skin friction, Ff , and total
pressure, Fp, forces (see Figures 6 A,C). Filters 2 and 4 are the ones yielding Fp values that are, for exercise conditions, at least
half of the correspondingFf values. The highFp values are a consequence of a more complex filter design with filter components
(struts, legs) somewhat transversal to the main blood flow (see Figures 3B,C). In filter 2, a basket–like structure is superimposed
to the basic conical shape whereas filter 4 features instead a distinct, double basket structure (see Figure 1). The refinement
introduced in these designs, devised to enhance the filter ability to capture small blood clots and to strengthen the attachment
to the vein wall, comes at a price in terms of increased values of both Ff (a direct consequence of the increased surface area)
and Fp. The notion that the presence of high Fd values may contribute to longterm mechanical fatigue is qualitatively consistent
with the relatively high rate of strut fractures reported for the real counterpart of filters 2 and 429,39 and the very high (92%)
occurrence rate of IVC perforation (without clinical sequelae) reported for the real filter 2.29

Filter 3 features a novel design in which an eight leg conical shape is attached to lateral stabilizers with anchors. This filter
can be converted into a stent by removing the hub at the filter tip, which allows the filter legs to fold againt the IVC wall.25 It is

Filter

1 2 3 4

af 34.2 ± 0.3 20.7 ± 0.1 18.2 ± 1.4 19.2 ± 0.8

bf −0.683 ± 0.001 −0.611 ± 0.001 −0.606 ± 0.014 −0.596 ± 0.008

ad 34.4 ± 0.4 22.5 ± 1.1 18.4 ± 1.7 21.0 ± 1.7

bd −0.665 ± 0.002 −0.566 ± 0.009 −0.589 ± 0.017 −0.547 ± 0.014

TABLE 4 Parameters of the best fitting curves as a function of the Reynolds number for skin friction coefficients, Cf =

afRe
bf , and total drag coefficients, Cd = adRe

bd , for each of the four filters.
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FIGURE 8 Drag coefficients as a function of the Reynolds number for the calculations with the filter 2 model placed in a 20
cm long straight round tube with a 20 mm inner diameter. The corresponding Cd results obtained with filter 2 in the realistic
IVC geometry, already plotted in Figure 7, are also included. Dashed lines denote the best fit in the form Cd = adRe

bd . The
values of the fit parameters for the round tube calculations are ad = 14.9 ± 0.9, bd = −0.500 ± 0.011.

remarkable that filter 3, with an area some 30% larger than filters 2 and 4, yields similar Fd values (see Figure 6B,D). Filter 3
features in fact the most efficient design from an intensive point of view as it yields the lowest Cd values for all of the blood flow
rates investigated (see Figure 7B). Moreover, filter 3 yields Fp values considerably lower than filters 2 and 4 (Figure 6A,C). Such
an advantage for filter 3 is due to the fact that its lateral stabilizers are located near the IVC wall, i.e., a region where the blood
velocity levels are comparatively low. The real counterpart of filter 3 has been recently the subject of a clinical study40 in which
a very high success rate, with no major complications within six months after filter conversion, was reported. Notwithstanding,
as pointed out by Hohenwalter et al.40 themselves, further studies are necessary to determine long–term safety and efficacy of
the (real) filter 3 design.

In the present calculations we used both the Newtonian and a non–Newtonian viscosity model. We found, in agreement with
Aycock et al.,17 that for any given combination of filter model and blood flow rate the non–Newtonian viscosity model always
yielded higher WSS and Fd values than it did the Newtonian model. Aycock et al. reported that, on the average, the Newtonian
model underestimated WSS values by about 29%. The corresponding percentages in our calculations were, on the average,
about 29% and a 8% in W SS underestimation under rest and exercise conditions, respectively.

Anticoagulant drugs are sometimes prescribed to patients having IVC filters implanted. From a hemodynamic point of view,
the presence of anticoagulants may decrease the blood viscosity by up to 40%. In turn, a decrease in blood viscosity implies an
increase in the Reynolds number (see Equation 4). As can be inferred from Figure 7B, for a given blood flow rate the value of the
drag coefficient Cd will be decreased as we move to the right along the abscissae axis. Thus, the administration of anticoagulant
drugs would result in a decrease of the total drag force exerted by the blood flow on the filter (see Equation 7). For instance, let
us assume a fixed blood flow rate and a 20% reduction of blood viscosity caused by drugs, then Equation 7 gives a decrease in
Fd in the 12–15% range depending on the particular filter model (see Table 4). Thus, we present a novel method to estimate the
reduction on the force exerted by the IVC filter on the vein wall when an anticoagulant treatment is prescribed.

The drag forces, drag coefficients and their fits were computed in an additional case with a simplified geometry, namely the
filter 2 model was placed within a straight round tube with a diameter of 20 mm. As we can see in Figure 8 there is a good
resemblance between the predicted drag coefficients obtained with the simplified tube geometry and those obtained with the
IVC model (already shown in Figure 7B). We conclude that differences in drag forces and coefficients are far more dependent
on the shape and surface area of the filters than they are on the geometry of the vein.

Some previous studies12,13,16,17 investigated the effects on the blood flow of a partial occlusion of the IVC caused by a blood
clot trapped by the filter. The clot sizes in these studies are typically in the range 250–2000 mm3. For the smallest clot size
investigated (250 mm3) Singer et al12 reported that the presence of the clot increased the peak WSS values on the IVC wall by
about a 40%. Aycock et al17 found that for a bigger clot of 1060 mm3 the average WSS on the IVC wall increased from 2.22 to
2.53 Pa. Thus, it seems that clots smaller than 250 mm3 would not significantly alter the blood flow and would produce just a
modest increase on the WSS levels on the vein wall. We however wondered what would be the effect of small blood clots on the
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the total drag force, Fd , exerted on the filter. To this purpose we performed additional calculations with the filter 2 model having
incorporated, as shown in Figure 9, a lower conic–shaped clot of 114.6 mm3 plus an upper toroidal–shaped clot of 14.9 mm3.
The size and shape of the clot models is based on studies that include data on clot size and morphology in actual patients30,41

and silicon made clot models.11,42

FIGURE 9 Distribution of the pressure–drop on the surfaces of the filter 2 and two blood clot models. The calculation was
performed under exercise conditions.
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FIGURE 10 Variation along the z–axis of the circumferentially averaged values of (A) pressure–drop and (B) WSS on the
vein wall surface. Three cases are compared: filter 2 without a clot, filter 2 with a lower (cone–shaped) clot and filter 2 with both
a lower and upper (torus–shaped) clot. All of these calculations were performed under exercise conditions. The base IVC case
with no filter is also included.

As shown in Figure 9, the calculations under exercise conditions revealed variations of relative pressure on the clot surface
between -20 and 100 Pa. Figure 10A,B respectively show the circumferentially averaged pressure–drop and WSS profiles on
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the vein wall. The increase of the pressure–drop with respect to the base non–filter case is around 20% when only the filter is
included, around 32% for the filter with only the lower clot and around 34% for the filter with both clots included. Similar levels
of increase are observed for the peak values in the WSS profiles of Figure 10B. Moreover, the presence of the two blood clots
produces a small increase of the averaged WSS on the whole IVC surface from 1.364 Pa (Figure 5B) to 1.414 Pa. Although
we found, in agreement with previous studies,12,17 that the presence of small clots induces just a small increase in WSS levels
a different matter is how it affects the total drag force exerted by the blood flow. For the filter 2 alone this magnitude was
Fd = 45.95 dyne in the non–exercise case and Fd = 272.90 dyne in the exercise case (see Figures 6 B,D). The corresponding
values when both clots are included are Fd = 63.70 and Fd = 439.07 dyne respectively, that is, the total drag force respectively
increases by 39% and by 61% in the non–exercise case and the exercise case. Thus, if clots as small as the ones considered here
produce increases of more than 50% in Fd , large clots might produce more dramatic effects in regard of total drag and potentially
harm the attachment locations at the vein wall.

In summary, even though IVC filters are commonly prescribed when anticoagulant therapy is contraindicated its safety and
effectiveness are still in dispute. The reasons for such an uncertainty are to be found in the large variety of filter brands available in
the market, the diverse casuistic of patients to whom the filters are inserted and the low percentage of long–term patient follow–
up. Except for some notable exceptions (e.g., the PREPIC study8), the scarcity of large-scale, prospective clinical studies limits
the understanding of adverse issues associated with the use of IVC filters. In this respect, it is worth mentioning the PREPIC29

and PRESERVE43 studies that have been recently endeavored to address this problem. The present results suggest that CFD
simulations would be a valuable tool to complement clinical studies. That is, we have investigated how four different IVC filter
designs may differently affect the same patient, an objective not achievable by means of in vivo experiments, and to what extent
a particular filter design determines the value of the forces that try to drag the filter through the blood stream.
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