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In this computational fluid dynamics (CFD)-based study, the effects of inferior vena cava (IVC) filter implantation on the risk of
IVC thrombosis have been investigated using different hemodynamic parameters, including time-averaged wall shear stress
(TAWSS), the oscillating shear index (OSI), and the relative residence time (RRT). The boundary conditions in this study have
been based on physiological pulses. Additionally, the k–ω model and the Carreau model have been chosen to represent the
turbulent flow regime and non-Newtonian blood, respectively. For this purpose, three blood clots with the largest cross-sectional
diameters of 30%, 50%, and 70% of the filter diameter have been used. Capturing a small clot in the filter has the minimum effect on
the hemodynamic parameters, while by increasing the size of the captured clot, OSI and RRT parameters increase in areas
downstream of the filter on the wall. The presence of a filter and clot increases the risk of thrombosis. In the case of capturing
large clots, there is the possibility of damage to endothelial cells or platelet activation. Captured clots lead to the formation of plaque
and thrombus on the IVC wall. However, the possibility of thrombus growth on its surface is not negligible, particularly if larger
clots are trapped in the filter.

1. Introduction

Pulmonary embolism (PE) is the third highest cause of mor-
tality from cardiovascular diseases, following heart attack
and stroke [1]. PE, mostly due to deep vein thrombosis
(DVT), occurs when a venous thrombus is embolized and
reaches the pulmonary arteries through inferior vena cava
(IVC). PE can impair oxygen delivery, put strain on the
heart, or even lead to death [2].

Implanting an IVC filter is a suitable option to catch
emboli in the pulmonary circulation in particular situations,
such as severe bleeding that prevents the use of anticoagu-
lants [3]. IVC filters are metal devices that help prevent PE
by trapping thrombi traveling through the blood flow and
preventing them from entering the lungs [4].

The effectiveness of the IVC filter is difficult to interpret
based on clinical reports alone [5]. The positive impact of
these filters has been much debated. In some clinical studies
performed on patients, the positive effect of these filters has
been emphasized [6]. In some other clinical studies, the
implantation of these filters has been reported to be ineffec-
tive in patients taking anticoagulants [7].

When compared to in vitro and in vivo studies, computa-
tional fluid dynamics (CFD) makes it easier to calculate hemo-
dynamic parameters such as time-averaged wall shear stress
(TAWSS), oscillating shear index (OSI), and relative residence
time (RRT) with high accuracy [8, 9]. As has been shown in
numerous in vitro [5, 10, 11] and computational studies
[12–14], a deep understanding of hemodynamics effectively
determines IVC filters’ advantages and disadvantages.
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One of filter implants’ most common side effects is
thrombosis [15, 16]. A 2005 clinical study reported a rise
in DVT in the years after IVC filter implantation, most likely
due to caval occlusion due to the filter [16]. Numerous stud-
ies have been performed on IVC thrombosis, which is the
subject of this study. In all these studies, the effect of filter
and emboli on the occurrence of IVC thrombosis has been
predicted by analyzing the flow patterns and shear stress
around the filter.

Areas with stagnant or reverse flow and low velocity are
generally prone to thrombosis [17]. Studies of blood flow
around a filter with a captured clot have found stagnant or
recirculation regions downstream of the clot that may
increase the risk of thrombosis [5, 10, 11]. It has been shown
that partial occlusion of a vein by the presence of clots results
in regions with a recirculating flow [14, 18] or turbulent flow
[5, 19–21] that are prone to thrombosis. Studies have shown
that the presence of an IVC filter without any captured clot
does not have much effect on blood flow [3]. In the unoc-
cluded filter condition, the turbulence intensity is minimal,
and the only area where a small amount of turbulence is
observed is near the apex [5]. In addition to areas with low
wall shear stress (WSS), regions with highWSS (5–10 Pa) can
also be thrombogenic due to their effect on certain cellular
signaling processes [22].

The intensity of turbulence or stagnation of the flow
depends not only on the size of the clot but also on the slant
angle of the clot. In clots with more drastic slant angles and
shorter cones, flow turbulence and flow recirculation are
greater [5]. In most CFD studies, simple models such as
spherical models [14, 21] or conical models with spherical
ends [3, 19, 23] have been used to model clots. But it has been
observed that clots tend to adapt to filter shape [4].

Simplified geometries in the study of IVC hemodynamics
are common [24, 25]. However, realistic geometries lead to
higher values for pressure drop and WSS compared to sim-
plified models [3]. Consequently, in simulations using sim-
plified geometries such as tubes, a realistic physiological flow
pattern cannot be obtained [20]. Therefore, using a realistic
geometry in the IVC hemodynamics studies seems necessary.

Blood is composed of plasma, minerals, and red blood
cells. The plasma behavior is almost Newtonian, while the
red blood cells cause the blood’s non-Newtonian behavior.
In recent years, numerous studies have been conducted on
blood fluid behavior to achieve a suitable model [3, 26–29]. By
examining the OSI contour for different rheological models, it
has been demonstrated that the Carreau non-Newtonian
model has a better prediction for OSI and its maximum value
[9]. The Carreaumodel has been proposed as the most appro-
priate model for blood in several studies [9, 30, 31], which will
also be used in this study.

While veins typically exhibit laminar flow due to their
lower velocity, several factors can disrupt local flow patterns,
potentially leading to regions of turbulence. The existence of
clot in the blood vessel can affect the blood flow [32]. An IVC
filter containing large clots, which have the potential to nearly
occlude the vein and alter blood flow patterns, thereby induc-
ing flow separation, increased shear stress, and downstream

turbulence, all of which are associated with an elevated risk of
thrombosis [19, 33]. It has been observed that transitional
zones tend to manifest at least one diameter downstream
from these substantial clots [20]. Additionally, turbulent char-
acteristics may emerge at the points where renal veins join the
IVC, owing to the flow negotiating bifurcations. Similarly,
blood flow can turn turbulent when navigating through ste-
nosed arteries or branching points, a phenomenon that plays
a pivotal role in the initiation and formation of plaques
[34, 35]. Blood flow itself exhibits a pulsatile nature, rendering
it more amenable to modeling as turbulent flow. The turbu-
lence, stemming from erratic fluid motions and temporal, as
well as spatial fluctuations in flow direction and rates, con-
tributes significantly to the development of thrombosis [36].
Turbulent blood flow increases the contact time of blood
components and endothelial cells, which triggers platelet
activity and causes blood lipids to penetrate and accumulate
in the intima [37]. Due to the high accuracy in the boundary
layers and, thus, in the calculation of hemodynamic parame-
ters, and the low computational cost, in many studies on
blood flow, the k–ω model has been used [9, 38, 39].

In this computational study, using hemodynamic param-
eters in a realistic geometry of IVC, the effect of the filter
implantation and blood clots on the exacerbation of IVC
thrombosis has been investigated. In previous studies, con-
stant values have been used for inlet velocities and outlet
pressure, while in this study, realistic pulsatile boundary con-
ditions have been used for the inlet velocities and the outlet
pressure. Another innovation of this research is related to the
way of evaluating the areas prone to IVC thrombosis. To our
best knowledge, this is the first study that uses TAWSS, OSI,
and RRT parameters to evaluate the risk of IVC thrombosis.
To have a more precise study of the pulsatile flow in IVC, the
k–ω turbulence model for the flow and the Carreau non-
Newtonian model for the blood have been used.

2. Methods

2.1. Governing Equations. The incompressible unsteady
Reynolds-averaged Navier–Stokes equations that determine
fluid motion have the following general form [30, 40, 41]:
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To predict the non-Newtonian fluid behavior of blood,
the Carreau model is used [42, 43]:

μ¼ μ1 þ μ0 − μ1ð Þ 1þ A γ̇j j2ð Þn; ð3Þ

where A= 10.976, n=−0.3216, μ1 = 0.0035, and μ0 = 0.056.
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The term ∂=∂xj −ð ρúi újÞ in Equation (2) is omitted for
laminar flows. This term is modeled as follows for turbulent
flows:

μtS2 ¼ −ρúi új
∂uj
∂xi

with S¼
ffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
; ð4Þ

where p is the pressure, S is the mean strain rate tensor’s
modulus, and μt is blood’s turbulence viscosity. The value of
μt in the k–ω turbulence model used in this study is deter-
mined as follows:

μt ¼ α∗
ρk
ω
; ð5Þ

where the low Reynolds number correction is caused by the
coefficient α∗, which damps the turbulent viscosity [40].
Equations (6) and (7) calculate the values of k and ω, respec-
tively:
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The parameters and constants used in Equations (5)–(7)
are available in a study by Fluent [40].

2.2. Problem Statement. In this study, a 3D realistic geometry
of IVC, as shown in Figure 1(a), is used to investigate the
hemodynamic parameters in IVC. All dimensions are shown
in the figure. This geometry is a part of the IVC to which the
renal veins are connected. In addition, this study employs the
TrapEase IVC model (Figure 1(b)). This model is in the form
of a symmetrical hexagonal basket that provides two areas to
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FIGURE 1: (a) Geometry of simulated IVC; (b) geometry of the filter and a medium clot.
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capture clots. It is essential to emphasize that, during the real
placement procedure, the IVC filter is inserted into the vein
using a capsule that contains the folded filter. The filter is
carefully unfolded at the discretion of the practitioner to
ensure proper contact with the IVC wall [44]. In this study,
similar to previous research [4, 44], we attempted to optimize
filter placement by adjusting its angle and position to
enhance contact with the vessel wall. Given the initial geom-
etry derived from CT scan data, there was no location closely
resembling an ideal cylindrical shape. Consequently, we uti-
lized SpaceClaim software to make specific modifications to
the vein’s geometry, creating a configuration that more
closely approximated a cylindrical shape around the filter.
This alteration promotes increased contact between the filter
and the vessel wall, thereby bringing the simulation closer to
a realistic scenario compared to previous studies. This study
examines three types of blood clots: small, medium, and large
blood clots with diameters of 30%, 50%, and 70% of the filter
diameter. As mentioned in previous studies [3, 4], the geom-
etry of the clot tends to adapt to the filter geometry.

The physiological pulses used as boundary conditions are
shown in Figure 2. These pulses include two velocity pulses
for the IVC inlet and the renal veins inlet and a pressure
pulse for the IVC outlet [45, 46]. In this study, we modeled
the clot within the blood vessel as a fixed, immobile internal
rigid wall, consistent with previous computational studies on
IVC filters [4, 44, 47]. We chose not to use a multiphase
simulation approach and assumed that the clot’s position
and size remained constant throughout the simulations.
This approach allowed us to focus on assessing the effects
of the clot and filter on blood flow patterns without consid-
ering clot movement or deformation. Additionally, no-slip
boundary conditions were applied to all walls.

The finite volume approach was used to numerically solve
the governing equations. Two simulations were performed for

meshes with various element sizes to ensure that the results
are independent of the number of computational cells. We
utilized the Carreau model as the blood non-Newtonian
model and the k–ω model as the turbulent model in this
steady-state simulation. Additionally, there was no filter at
the vein, and the velocity was set at 0.15m/s at the inlet and
0.25m/s at the renal veins. WSS values were extracted and
compared for different meshes along a line on the IVC surface
(indicated in red in Figure 3(a)). It is evident from the figure
that the WSS value has not changed significantly by decreas-
ing the minimum element size to less than 2e-4m. After
confirming that results on the IVC surface were independent
of mesh size, another simulation was run by including a filter
with a captured large clot. On the surface of the filter and the
clot, the minimum element size of 5e-5m was selected, and
the values of WSS were evaluated along a line on the clot
surface. The simulation was repeated for meshes with smaller
element sizes, yielding the same WSS graph (Figure 3(b)).
Based on this mesh study, the minimum element sizes used
in all simulations were 2e-4m on the IVC surface and 5e-5m
on the filter and clot surface. In both cases, the maximum size
of the element was considered to be twice the minimum size
of the element.

In the present study, Ansys Fluent Mosaic Meshing has
been utilized, which combines the benefits of polyhedral and
hexahedral elements to create an efficient and accurate mesh.
This technique intelligently assigns polyhedral elements near
boundaries to capture complex geometries and ensure
boundary layer resolution. Meanwhile, hexahedral elements
are used in the core region for improved mesh quality and
reduced numerical diffusion [48]. Tetrahedral meshes are
commonly used in numerical simulations [49, 50] due to
their ease of generation, but they often require high RAM
usage and longer computational time [48, 51]. Although
hexahedral meshes offer advantages, they are limited to
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FIGURE 2: (a) Physiological pulses utilized as inlet; (b) outlet boundary conditions.
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simple geometries [41, 51–53]. Ansys Fluent Mosaic Meshing
overcomes these limitations by providing efficient mesh gen-
eration, even for complex geometries, resulting in reduced
computational cost and accurate boundary layer resolution.
It combines the advantages of both methods without signifi-
cant drawbacks, making it a favorable choice in numerical
simulations [48, 51, 53].

Due to the fact that this type of mesh is new, to ensure its
accuracy, the results were compared with the case with
meshes made of tetrahedral elements, which are widely
used, and the same results were obtained. The details of
the selected mesh for the simulations with a large clot are
shown in Figure 4.

The commercial CFD software Ansys Fluent 2020 R1 was
used for flow visualization and analysis. The equations were
discretized using a third-order MUSCL differencing scheme.
The coupled method was used for the pressure–velocity cor-
rection. The residual error convergence threshold for the
momentum equations was set to 1e-6. According to previous
studies [54], unsteady simulations were conducted for three
consecutive pulses to eliminate transient effects, and the
results were based on the third pulse. The maximum number
of iterations per step was set to 40 in all simulations, and the
time step was 0.005 s. No meaningful change was found in
sensitivity tests using a time step of 0.002 and maximum
iterations of 80.

2.3. Validation. The simulation of the base model in the
López et al.’s [44] paper was repeated to validate the CFD
model used in this study. The density of the blood was
ρ= 1,060 kg/m3, and the Carreau non-Newtonian model
(Equation (3)) was employed in this simulation. The

geometry used for the validation was similar to that used
in the current study. However, there were some differences
in the vein wall’s dimensions and smoothness; compared to
the current model, it was longer (20 cm compared to 15 cm)
and had a rougher surface. In addition, the inlet and outlet
diameters were larger. This simulation, which was proposed
to simulate the blood flow in the IVC under rest conditions,
was a steady-state simulation. The inlet flow rate was 20 cm3/
s, and at the renal veins, it was 7 cm3/s. The pressure at the
outlet was assumed to be zero. The simulation was run under
these conditions, and the distribution of WSS on the vein
wall was calculated (Figure 5(b)). As shown in Figure 5, the
present model’s prediction of the distribution of WSS
(Figure 5(b)) is in good agreement with the model by López
et al. [44] (Figure 5(a)).

2.4. Hemodynamic Parameters. To the effect of the IVC filter,
three WSS-based hemodynamic parameters, which are the
most common in the hemodynamic study of thrombus
growth and atherosclerosis [55], were employed in the pres-
ent study, including TAWSS, OSI, and RRT.

The TAWSS variable is used to calculate the total shear
stress on the wall during the whole cardiac cycle. The follow-
ing equation is used to compute this variable, which has been
employed by earlier studies [9].

TAWSS¼ 1
T

Z
T

0
τsj jdt: ð8Þ

The endothelial cells are continuously subjected to vari-
ous shear stresses during a cardiac cycle. The OSI is used to
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FIGURE 3: Mesh independence study: (a) WSS changes along the red line on the IVC surface for meshes with different element sizes; (b) WSS
changes along the red line on the clot surface for meshes with different element sizes.
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define these cyclic variations. OSI is a helpful measure for
calculating the average time of flow separation and reattach-
ment [56]. Greater OSI values indicate areas where flow
direction changes more frequently, while a lack of WSS cyclic
variations is associated with smaller OSI values [57]. OSI
value ranges from zero (pure unidirectional flows) to 0.5
(totally oscillatory flows) [58]. For pure pulsatile flows, OSI
is calculated as follows [30, 59]:

OSI¼ 1
2
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FIGURE 4: (a) Mesh with tetrahedral cells; (b) mesh with polyhedral cells (used in this study); (c and d) details of selected mesh in outlet and
inlet areas, respectively.
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vessel surface that is simultaneously subjected to low and
oscillating WSSs [60]. RRT is a measure of how close the
particles remain to the wall and is calculated as follows
[30, 59]:

RRT ¼ 1
1 − 2OSIð Þ ⋅ TAWSS

: ð10Þ

3. Results

3.1. Time-Averaged Wall Shear Stress (TAWSS). TAWSS
contours for different modes are shown in Figure 6. Figure 7
also shows contours for each simulation based on the differ-
ence in shear stress values compared to the case without a
filter (TAWSS–TAWSS without filter). These contours make it
easier to assess the effect of the filter and clot on hemody-
namic parameters. As shown in all figures, there is an area
with less shear stress before the renal veins, while after the
right renal vein, TAWSS increases due to an increase in the
flow rate and, consequently, the average velocity in the vein.
Shear stress increases again after blood flow in the left renal
vein adds to the IVC blood flow.

Because of filter implantation, there is not much general
change in the magnitude of TAWSS. This result is consistent

with prior studies [3]. The only obvious consequence of the
implantation of the filter appears in areas with very low shear
stresses around the filter.

Trapping a small clot in the filter has minimal effect on
the TAWSS values on the IVC wall. However, TAWSS
increases slightly downstream of the filter (Figure 7). In the
region before the conjunction of the right renal vein, which
has the lowest values of WSS, TAWSS slightly reduces due to
the presence of a small clot. As the clot size increases to
medium size, TAWSS increases downstream of the filter,
and its reduction before the conjunction of the right renal
vein is more visible. These changes reach their maximum
values with increasing clot size to a large clot.

Figure 8 shows the average TAWSS changes along the
vein as a percentage compared to the IVC without filter case.
The effect of the filter and captured clot increases by enlarg-
ing the clot size. In the case of the filter with a large clot, the
average TAWSS change sharply rises at the clot location (just
under 300%). A slight decrease in the value of average
TAWSS change is seen after the clot (about 10%).

Figure 9 shows TAWSS distribution on the surface of the
captured clots for three different clot sizes. There is an area
with high TAWSS on the small clot. As the size of the clot
increases, the value of the maximum TAWSS on the clot
decreases. The most important area in these figures is on
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FIGURE 5: (a) WSS distribution predicted by López et al. [44]; (b) WSS distribution predicted by the present model.

Applied Bionics and Biomechanics 7



the opposite side of the clot, with a relatively large area with
low TAWSS.

3.2. Oscillating Shear Index (OSI). Figure 10 shows OSI con-
tours for five different conditions. Without filter implanta-
tion, the highest OSI value is associated with the junction of
the renal veins with the IVC. The OSI difference contours are
shown in Figure 11 to help understand the filter and clot

effect on OSI distribution. These contours show the differ-
ence in OSI values between the cases, including the filter and
the case without the filter (OSI–OSI without filter). After the
implantation of filters, very small regions with higher OSI
appear on the IVC wall close to the filter. Capturing a small
clot in the filter does not make a meaningful difference in
OSI distribution compared to the unoccluded filter case.
However, by increasing the size to a medium clot, an area

TAWSS (Pa)
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0.0

 (a)  (b)  (c)  (d)  (e)

FIGURE 6: TAWSS contours on the IVC wall for different cases: (a) IVC without a filter; (b) IVC with an unoccluded filter; (c) IVC with a filter
and a small captured clot; (d) IVC with a filter and a medium captured clot; (e) IVC with a filter and a large captured clot.
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FIGURE 7: Difference in TAWSS contours on the IVC wall for different cases compared to the case without filter: (a) IVC with an unoccluded
filter; (b) IVC with a filter and a small captured clot; (c) IVC with a filter and a medium captured clot; (d) IVC with a filter and a large
captured clot.
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with moderate OSI values appears after the conjunction of
the right renal vein and before the left renal vein. The mag-
nitude of the OSI in this area rises more with increasing clot
size from medium to large clot.

In addition, the magnitude of the OSI in the area around
the conjunction of the left renal vein increases slightly by
increasing the size of the clot from small to medium, which
is due to the effect of the clot on the flow turbulence in this
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FIGURE 9: TAWSS contours on the clot surface for different cases: (a) IVC with a filter and a small captured clot; (b) IVC with a filter and a
medium captured clot; (c) IVC with a filter and a large captured clot.
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area. The values of OSI in this area increase more in case of
capturing a large clot.

The region that garners the most attention in the OSI
distribution is located after the clot in the large clot case. In
this area which had an extremely low TAWSS value
(Figures 6 and 7), the OSI parameter is significantly high.

Figure 12 shows the average changes in OSI value along
the Z direction for various cases compared to the IVC with-
out filter case. It was impossible to present these changes in
percent because the OSI value in a large area of the vein wall
was zero. The average OSI at the clot location decreases
according to the graphs. Certainly, the effect is more signifi-
cant for larger clots. After the clot, the average OSI value
rises, especially in cases, including larger clots.

Figure 13 shows the OSI contours on the surface of three
different clot sizes. On the anterior surface of the clot, it
shows a large area with high OSI. From the OSI comparisons
on the clot, it is clear that as the clot size increases, the OSI
magnitude goes up.

3.3. Relative Residence Time (RRT). Figure 14 shows the RRT
contours for different conditions. The difference in RRT
values for each case compared to the empty vein case
(RRT–RRT without filter) has also been shown in Figure 15 in
order to more thoroughly investigate the impact of adding a
filter and clot to the vein. Considering the first case, in which
there is no filter, it can be observed that the only place with a
high RRT value is the conjunction of the left renal vein with
IVC. After implantation of the filter, it is observed that places
with relatively high RRT appear around the filter.

The effect of a small clot on the RRT contour is not
significant. But with increasing clot size to medium, an
area with moderate RRT appears after the filter. As shown
in Figure 14(e) and Figure 15(d), the effect of a large clot on
the RRT magnitude in this area is undeniable.

As shown in Figure 16, the average changes in the RRT
parameter compared to the case of the vein without filter case

along the Z direction have been presented in percent. Due to
the increase of the TAWSS and decrease of the OSI at the
location of the clot, the RRT’s average value decreases signif-
icantly (about 70%). In the presence of a filter with a large
clot, the average RRT increases about 15% after the clot
location.

The RRT parameter is more effective than other param-
eters in finding the regions prone to thrombogenesis. Hence,
as shown in Figure 17, RRT contours are presented on the
clot. There are vast areas in the anterior surface of the clots
with high RRT values.

4. Discussion

4.1. TAWSS. For determining the rate of progression of car-
diovascular diseases like atherosclerosis and thrombosis, a
reduction in the value of TAWSS on the vessel wall is
generally the most important factor [61, 62]. Clinical
evidence shows that TAWSS, in addition to affecting the
initial formation of plaque and thrombus, also plays an
important role in their development [63]. Although low
shear stress has always been cited as a cause of vascular
occlusion diseases [64, 65], high shear stress can also cause
these types of diseases [66, 67]. High shear stresses and
turbulence cause damage to endothelial cells [68], play an
important role in platelet activation, and may cause plaque
rupture [69].

Due to empty filter implantation, some areas with low
TAWSS around the filter have appeared. These areas can be
ideal areas from a hemodynamical point of view for throm-
bosis and emboli growth, as also mentioned in prior studies
[5]. As was observed, trapping a small clot in the filter leads
to an increase in the TAWSS downstream of the filter, but it
is not enough to damage endothelial cells or activate plate-
lets. Platelet activation due to high shear stress, considered
one of the primary mechanisms of thrombogenesis, is possi-
ble at values above 5 Pa [22, 70]. Due to their central location,
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FIGURE 10: OSI contours on the IVC wall for different cases: (a) IVC without a filter; (b) IVC with an unoccluded filter; (c) IVC with a filter
and a small captured clot; (d) IVC with a filter and a medium captured clot; (e) IVC with a filter and a large captured clot.
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these clots guide blood flow to the wall. This phenomenon
produces high-velocity gradients near the wall, resulting in
high WSS values. This result is consistent with the results of
previous studies [4]. If there is a larger clot in the filter,
TAWSS before the right renal vein increases further and
can create a dangerous thrombogenic region. A great rise
in the value of average TAWSS (Figure 8) is another evidence
of this claim. As was noted in the Results section, the
decrease in TAWSS downstream of the filter becomes
more obvious as the clot size increases. As a result, this
region can be labeled as a prone region for the formation
of the initial plaques.

Figure 9 shows some areas with high TAWSS on clots. In
the absence of endothelial cells, there is no threat from this

area. A more important area is on the other side of the clot,
where there is a sizable area with low TAWSS. As was stated,
these regions are prone to thrombus growth. In addition, this
region gets wider as the clot grows larger.

4.2. OSI. Regions of the vessel wall exposed to highly fluctu-
atingWSS values during the cardiac cycle are identified using
OSI [71]. These areas frequently include rotational flows and
vortex production, which are closely related to atheroscle-
rotic plaque development [72]. It has been demonstrated that
OSI is an appropriate criterion in oscillating blood flow,
although the process of thrombus development depends on
several biological aspects [9, 73]. According to the experi-
mental results, the thrombus formation locations have high
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FIGURE 11: Difference in OSI contours on the IVC wall for different cases: (a) IVC with an unoccluded filter; (b) IVC with a filter and a small
captured clot; (c) IVC with a filter and a medium captured clot; (d) IVC with a filter and a large captured clot.
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FIGURE 12: Average change in OSI along the Z direction in comparison to the case without a filter.
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FIGURE 13: OSI contours on the filter and clot surface for different cases: (a) IVC filter and a small captured clot; (b) IVC filter and a medium
captured clot; (c) IVC filter and a large captured clot.
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FIGURE 14: RRT contours on IVC wall for different cases: (a): IVC without a filter; (b) IVC with an unoccluded filter; (c) IVC with a filter and a
small captured clot; (d) IVC with a filter and a medium captured clot; (e) IVC with a filter and a large captured clot.
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OSI values and low shear stress [74, 75]. The risk of occlusion
is related to the local WSS and OSI close to the vessel wall
[76]. However, compared to clinical data, the OSI factor
predicts the disease risk better [77]. Studies show that severe
oscillating WSS causes fatigue lesions of the intima vascular
layer, atherosclerosis, and blockages [61].

The highest OSI values in the empty vein case occur at
the conjunction of the renal veins and the IVC. In addition to
the geometry curvatures, the reason for this is due to the
mixing of the blood flowing out of the renal veins with the

blood flow in the IVC. Implantation of filters makes small
regions appear with higher OSI around the filter, although
the average OSI value in this area decreases. Due to the low
values of TAWSS in these areas, it can be concluded that the
filter without captured clot creates an area with low TAWSS
and high OSI around it, which causes the accumulation of
particles and help to form plaques in these regions. As it was
compared to the unoccluded filter case, capturing a small clot
in the filter makes no meaningful difference in OSI distribu-
tion. The value of OSI in a region after the conjunction of the
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FIGURE 15: Difference in RRT contours on IVC wall for different cases: (a) IVC with an unoccluded filter; (b) IVC with a filter and a small
captured clot; (c) IVC with a filter and a medium captured clot; (d) IVC with a filter and a large captured clot.
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FIGURE 16: Average percentage change in RRT along Z direction in comparison to the case without a filter.
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right renal vein and before the left renal vein rises by increas-
ing the clot size. Since the values of TAWSS in this region are
not very low, it is not possible to give a definite statement
about the susceptibility of this area to caval occlusion or
thrombosis. In addition, by increasing the clot size, the OSI
value in the area around the conjunction of the left renal vein
increases. Due to the low TAWSS in this area, this area can
be mentioned as a suitable place for the accumulation and
formation of particles and the growth of thrombus. As
shown in Figures 11 and 12, an area with high OSI and
low TAWSS has appeared after the filter because of capturing
a large clot. Low TAWSS and high OSI are the main features
of areas with stagnant flow and recirculation flow that have
been mentioned as suitable environments for thrombus
growth [5]. Therefore, this place can be identified as one of
the most prone places to the formation and growth of plaque
and thrombus.

Due to the sudden expansion of the flow cross-sectional
area and, consequently, a high positive pressure gradient, a
region with high OSI on the anterior clot surface was
expected. The magnitude of OSI and the area of this region
increases as the clot size grows. In previous studies, it has
been stated that as a general trend, the size of the recircula-
tion area increases with blood flow velocity and clot volume
[4]. Due to the low TAWSS values in these areas, the possi-
bility of IVC thrombosis increases as the clot becomes larger.
This leads to increasing the volume of the clot with time.

4.3. RRT. The residency period of particles along the wall is
proportional to the combination of OSI and TAWSS, and
this index has a clear relation with the biological mechanisms
of thrombosis [78]. Elevated OSI levels are often associated
with low TAWSS and together act as indicators of vascular
injury [79]. But areas with high OSI values do not necessarily
correspond to areas with low TAWSS values [80]. In
hemodynamic studies, RRT is used as a robust metric to
identify areas with low WSS and high oscillation [60].

Based on RRT contours, before implantation of the filter,
the only place prone to primary plaque formation and throm-
bus is the conjunction of the left renal vein with IVC. Implan-
tation of the filter leads to appearing some places with high
RRT around the filter. RRT contours, similar to OSI and
TAWSS contours, prove that these areas are at high risk for
the accumulation of particles and the formation of plaques.
Like in the TAWSS and OSI analysis, a small clot has no
meaningful effects. However, by increasing the clot size, an
area with higher RRT values appears after the clot. This place
should be marked as an area prone to primary plaque forma-
tion and exacerbation of IVC thrombosis.

As shown in Figure 16, we can see that the value of RRT
at the location of the clot is significantly reduced in the case
of a large clot. Since the RRT value in the IVC without filter
case is very low in this location, this decrease in the RRT
value is not important. As mentioned in TAWSS analysis, the
only important thing in this region is a significant increase in
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FIGURE 17: RRT contours on filter and clot surface for different cases: (a) IVC filter and a small captured clot; (b) IVC with a filter and a
medium captured clot; (c) IVC with a filter and a large captured clot.
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TAWSS due to the presence of the filter with a large clot,
which may damage endothelial cells or platelet activation.

As was mentioned in the simultaneous analysis of
TAWSS and OSI, the anterior surface of the clot is highly
susceptible to thrombus growth. The maximum value of
RRT and OSI occurs where the probability of starting flow
separation is high. Due to wide areas in the anterior surface
of the clot, these locations are thought to be the best places
for thrombus growth. As a result, the volume of clots
increases with time, increasing the risk of plaque formation
and thrombus growth on the IVC wall.

5. Conclusion

Using a filter for patients with PE can be helpful alongside
anticoagulants. However, the effectiveness of these filters has
always been debated. According to studies, so far, no numer-
ical study has been performed to simulate the IVC with a
filter using physiological pulses. In this study, for the first
time, hemodynamic parameters were used to simulate blood
flow in an IVC in different conditions. The results indicated a
low effect of an unoccluded filter. The IVC regions close to
the filter can be identified as places with a high possibility of
particle accumulation. Trapping a small clot also has a small
effect on TAWSS. The effect of adding a small clot on OSI
and RRT parameters is negligible. As the clot size increases,
areas with very low shear stress and high OSI emerge, which
can be described as thrombogenic areas and exacerbate IVC
thrombosis. The exact location of these areas was determined
by RRT analysis. This parameter predicts the area after the
filter and also the area around the filter as areas with the
highest possibility of plaque formation and thrombus
growth. In addition, when large clots are trapped in the filter,
the value of TAWSS increases, and there is the risk of dam-
age to endothelial cells and platelet activation. It has also
been shown that the anterior surface of the clot is an ideal
place for thrombus growth due to its low TAWSS and high
OSI and RRT. Consequently, the volume of the clot increases
with time, and, as a result, the risk of plaque formation and
thrombus growth on the IVC wall increases.

Nomenclature

3D: Three-dimensional
α∗: Low Reynolds number corrector
γ̇ : Shear rate
M: Dynamic viscosity
μ0: Viscosity at zero shear rate
μ∞: Viscosity at infinite shear rate
μt: Dynamic turbulent viscosity
ρ: Density
σω: 2.0, Turbulent Prandtl numbers for ω
σk: 1.0, Turbulent Prandtl numbers for k
T: Shear stress
Ω: Specific dissipation rate
CFD: Computational fluid dynamics
DVT: Deep vein thrombosis
F: External body forces
Gω: Generation of ω

Gk: Generation of turbulence kinetic energy due to
mean velocity gradients

IVC: Inferior vena cava
MUSCL: Monotonic upstream-centered scheme for conser-

vation laws
OSI: Oscillating shear index
PE: Pulmonary embolism
RRT: Relative residence time
S: Modulus of the mean strain rate tensor
Sk, Sω: User-defined source terms
TAWSS: Time-averaged wall shear stress
WSS: Wall shear stress
Yω: Dissipation of ω due to turbulence
Yk: Dissipation of k due to turbulence
K: Turbulence kinetic energy
k–ω: Standard k–ω model
p: Pressure
u: Velocity of fluid flow.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Additional Points

Limitations. We had some limitations in this study, just like
any other study. One of our study’s limitations was the
impossibility of measuring the patient-specific boundary
condition. Therefore, the boundary conditions from earlier
studies were used. The lack of clinical data validation was
another limitation. The solution model was initially validated
with one of the earlier studies in this field because there were
no clinical data on this subject. Lack of consideration for the
IVC wall’s elasticity is another limitation. The effects of the
IVC filter with an elastic vein wall have not yet been studied,
but we plan to conduct this research using a hyperelastic
model in our future study.
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