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Abstract

The purpose of this paper is to verify a commercial software based fluid-structure

interaction scheme for the inferior vena cava. Vena cava deep thrombosis (TVP) is

a potentially deathly disease consequent to pulmonary thromboembolism (TEP).

TEP consist in the obstruction of the pulmonary artery due to a blood clot traveling

in the cardiovascular system and is treated with anticoagulants and inferior vena

cava filters. Flow fields along the vena cava and an antithrombus filter were studied

and compared with a Particle Image Velocimetry (PIV) based model to validate

the numerical model. The results show that the Fluid Structure Interaction (FSI)

models are valid and can be used to study the deformations in the inferior vena

cava wall using patient-specific geometries.

Key words: Inferior Vena Cava, FSI, CFD, PIV, antithrombus filter



1 Introduction

Pulmonary thrombotic embolism, known as PTE, is still a serious and frequent

cardiovascular disease, despite the advances in surgical techniques and therapies.

Cardiovascular diseases are one of the main causes of death in developed countries

and are an important subject of interest in the biomedical engineering research field.

PTE is a significant clinical problem worldwide. In the United States alone, there

are estimated two million cases per year (1). Usually the main therapies used for

the treatment of PTE are anticoagulation and fibrinolysis but sometimes they are

contraindicated or ineffective, so it is necessary to use other techniques. Inferior

vena cava filters have been shown to be effective in trapping embolized clots and

preventing PTE (2). They were designed for the first time in 1967 and since then

their design has been improved considerably and their use has increased (3). They

have proved to be effective and secure treating PTE but it still remains unknown

which type of filter is the best. Ideally, the filter should be effective while being non-

thrombogenic and nonimpeding to the blood flow, and should have the ability to

break the clot once captured. In reality, the filter has to establish a balance between

clot capture efficiency and flow impedance before and after clot capture (1).

While there have been a number of detailed hemodynamic studies of the aorta and

major arteries, far fewer have been done in the major veins, such as the inferior

vena cava (IVC)(4). Previous experimental and computational studies have inves-

tigated the hemodynamic effects of IVC filter placement and embulus capture rate

in simplified IVC geometries (5). Many in vitro studies have been performed using

optical methods such as particle imagine velocimetry (6; 7; 8; 9; 10). (11; 12; 13)

have studied flow fields surrounding a vena cava filter using a noninvasive technique

called photochromic. (14; 15; 16) validate numerical results with the esxperimental

2D velocity fields obtained with PIV (17).

A more complex study was developed by (2) where numerical models were created

with different commercially available filters and different clot shapes, and an in vitro

experiment was developed using Digital Particle Imaging Velocimetry Technique in
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order to compare the theoretical results obtained with the in-vitro experiments. In-

vitro experiments are effective to study the filter flow dynamics but they also have

setup limitations that sometimes do not allow to create very realistic scenarios. In-

vitro experiments are an useful tool used to validate numerical models.

Numerical studies on vena cava filters are normally focused on hemodynamic as-

pects, neglecting the interaction between blood flow, venous walls and the filter.

(18; 19) evaluated the flow hemodynamics of the TrapEase and Celect vena cava

filters using three dimensional computational fluid dynamics, including simulated

thrombi of multiple shapes, sizes, and trapping positions. The study was performed

to identify potential areas of recirculation. (1) developed a numerical model that

characterized the hemodynamics of the flow around a Greenfield Vena Cava filter

and that also wanted to determine the clot capturing efficacy.

The computation of fully coupled fluid flows with structural interactions is a rapidly

evolving discipline that has been given increased attention in recent years (20). FSI

analysis is very important when the structure undergoes large deformations result-

ing from the presence of a fluid. FSI studies in the inferior vena cava are very

important, which to our knowledge have not been performed before. The inferior

vena cava undergoes large deformations during Valsalva maneuver and the presence

of a filter affects drastically the deformations that occur in the vena, so it is very

important to start considering the IVC as a subject of FSI studies . Much has been

accomplished in FSI modeling research since the early 1990s, and a good portion of

that FSI research has been directed towards arterial fluid mechanics (21). There are

a number of FSI finite element analysis in cardiovascular diseases such as arterial

stenosis (22; 23; 24), studies on left ventricular flow (25) and others in abdominal

aortic aneurism (26).

However, nothing can be found for inferior vena cava studies. (27) developed a

computational rigid model of the inferior vena cava to study the hemodynam-

ics of an unoccluded and partially occluded IVC and he stated that a computer

model that accounts for the fluid-structure interaction between the flow and the

vessel/thrombus would provide a more realistic model. An important feature of the
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inferior vena cava to study is its predisposition to undergo large displacements. The

blood flow depends on the vena geometry, and the deformation of the vena depends

on blood flow. For that reason, the equations governing the blood flow and vena

deformation need to be solved simultaneously, with proper kinematic and dynamic

conditions coupling the two physical systems (21). FSI analysis requires consider-

able computational power to run (28), so it important to investigate if its use is

justified over CFD analysis.

In this study, an in-vitro model is used to verify a commercial software based fluid

structure interaction scheme for the inferior vena cava. The velocity profiles of both

numerical FSI and experimental PIV models are compared.

2 Materials and Methods

2.1 Geometries and numerical grid generation

Computer-aided design models were created using the commercial software Solid-

Works (Dessault, SolidWorks Corp., France). There are three separate CAD models

to be analyzed. First, a 12 mm diameter, 1.6 mm thick and 46 mm long idealized

cylindrical vena cava was modelled. Second, a model that includes an antithrombus

filter attached to the vena wall was designed. The filter was modelled by taking mi-

crometer measurements to help as a guide. The angles between the filter wires were

set so that the filter fits properly within 12 mm inner diameter vena cava. Finally,

a third model that includes a clot trapped by the IVC filter was modelled. The clot

was modelled as a semi circle and a cone joined and had a maximum diameter of

6 mm. FSI simulations require more resources and time in terms of computational

data acquisition (28). For that reason, a first simple model with only the idealized

vena cava was done. Once the software was validated and the method used was of

interest, the second model was analyzed.

Finally, using Ansys Icem (Ansys Inc. SOftware, Canonsburg, PA, USA) we ob-
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tained the numerical grid. Tetrahedral elements were used for the finite elements

mesh using different mesh density depending on the part of the model. In the con-

tact zones between the filter struts and the vein, the mesh density was greater as

opposed to the wall of the vena where the elements density is small to accelerate

the calculation. The geometry was divided into different parts in order to assign the

desired element size to each part of the model. In order to simulate a fully devel-

oped flow, the mesh was extruded 20 mm before the inlet and after the outlet of the

cylinder. In order to guarantee that the numerical results were grid independent

a mesh independence study was carried out prior to the preseneted simulations.

Velocity profiles at different vena cava locations were compared for different grid

sizes. This comparison clearly demonstrated that the mesh finer that 1000000 ele-

ments increased the computational time without adding precision to the solution.

Compared profiles differed in fact only less than1%.

The computational grids for the first empty vena model possessed finally 500000

elements for the solid part and 800000 elements for the fluid part. The second model

which adds the filter had 1000000 elements in the fluid part and 600000 elements in

the solid part (see Figure 1 for mesh details). The third model had 800000 elements

in the fluid part and 800000 elements in the solid part.

The final meshes were imported into the software package ADINA Inc (Watertown,

MA, U.S.A.) where the FSI simulations were performed.

2.2 FSI Model properties and boundary conditions

The final mesh was imported into the software package ADINA R&D Inc (Water-

town, MA, U.S.A.). where the FSI simulations were performed. FSI was used in

conjunction with the flow visualization studies to provide details on the effects of

the filter and the clot on the flow field. A set of three filter/vena cava/clot models

were created to match as closely as possible those used in the flow visualizations.

The fluid used for the FSI model had the same properties as the fluid used in the ex-
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perimental model, which was a mixture of water and glycerol and had a newtonian

behavior. Though blood is a non-Newtonian fluid, (1) showed that the Newtonian

approximation introduces less than 10% error in velocities when simulating flow

in a simplified IVC geometry (5). The density of the fluid was 1.07g/cm3 and its

viscosity was 0.041g/cms. Since the Reynold number based on the average vena

diameter was Re = 145, the fluid flow was assumed laminar and incompressible

under steady conditions. Previous studies have found that transitional flow does

not have a significant impact on the overall flow though the IVC, even when the

IVC is partially occluded (27), so the laminar flow assumption can be considered

well done. The vena wall was modelled to behave as silicon. The wall was assumed

to be isotropic, with a Young’s modulus of 1000 MPa , Poison ratio of 0.3 and to

undergo large displacements. The filter was made of steel and had a Young Modulus

of 210000 MPa and a Poisson ratio of 0.3. The clot was modeled with a Young’s

modulus of 1200 MPa and a Poisson rati of 0.3.

As usual for FSI analyses, mixed velocity-pressure condition are required in order to

correctly compute flow features and structural stresses, strains and displacements.

In this work uniform velocity and pressures measured in the experimental setup

were used as the boundary conditions. Both velocity and pressure were constant

and were applied progressively until it reached the desired value. The flow and pres-

sure were applied at the inlet and outlet of the fluid domain respectively to match

the experimental setup. The fluid flow was laminar and the pressure was applied

as normal traction. No-slip wall boundary condition was imposed at the fluid-solid

interface. Finally, at the extensions extremities of the solid model, no axial or trans-

axial motion was permitted. This constraint, though non-physiological, as the inlet

and outlets should be allowed to deform radially to correctly simulate tethering of

the artery, is commonly assumed in finite element studies of cardiovascular vessels

(29).

To solve the coupling between the fluid and the solid models, the iterative method

was chosen (? ). In this computing method, the fluid and solid solution variables

are fully coupled. The fluid and solid equations are solved individually in sucession,
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always using the latest information provided from another part of the coupled sys-

tem. This iteration is continued until convergence in the solution of the coupled

equations is reached. The maximum number of fluid- structure iterations for each

time step was set to 1000. The time size was set to 0.001 s.

Simulations were performed in parallel on one node of a cluster with an Intel pro-

cessor, 8 CPUs, with a CPU speed of 2268 MHz and a total memory of 24 Gb.

It has to be noted that the calculation time for of the 3 FSI simulations was around

1080 h.

2.3 Digital Imaging Velocimetry Technique (PIV)

Because the flow field surrounding an IVC filter is complex and three-dimensional,

a detailed hemodynamic assessment presents a considerable technique challenge.

Flow measurement techniques are limited and their ability to accurately charac-

terize complex flow fields, especially near solid boundaries. Difficulties with optical

techniques may be encountered (11). Particle image velocity has an important ad-

vantage over other optical techniques that are used for flow measurements. It pro-

duces two-dimensional or three-dimensional vector fields while other techniques such

as laser Doppler velocimetry only measure the velocity at a point. For that reason

PIV has been used in this study. Particle image velocimetry (PIV) is a well known

technique for the measurement of the in-plane velocity components in a seeded fluid

plane illuminated with a laser sheet. PIV records the position over time of small

tracer particles introduced into the flow to extract the local fluid velocity (30). The

analysis of consecutive recordings of the fluid plane, taken at known time intervals,

provides the whole velocity field in such plane (31).
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2.4 Experimental set-up

The experimental set up was used to measure the flow field in the central plane

of several vein models, using particle image velocimetry (PIV). 2 different models

were analyzed. Firstly, flow was visualized in an idealized inferior vena cava model,

set horizontally, made of 2 mm thick silicone with an internal diameter of 12 mm.

This model was used to validate the numerical software that was going to be used

later to analyze more complex models. Secondly, a commercially available filter was

added to the model to study its effect on the blood flow, velocity patterns, and wall

shear stress by flow visualization and computational fluid dynamics(2). A four legs

Gunther Tulip was deployed into the vena cava symmetrically in the center of the

model. A High Speed two-cavity New Wave Pegasus laser (λ = 527nm, energy per

pulse=10 mJ at 1000Hz) was used as a light source. A high speed camera (Fastcam

SA2, sensor size of 2048x2048 pixels, pixel size of 11µmx11µm), was used to record

the PIV images. The camera was working at its maximum full size recording rate:

1000 images/s. Each laser was fired at half this rate (500 pulses/s). Two identical

lenses (f = 55 mm) were used to image the illuminated fluid plane into both sensors

with a magnification close to unity (M = 0.935). The lenses were working at f = 22

(32). The fluid used to simulate the blood inside the veins was 40% by weight of

glycerin and 60% by weight of water with viscosity 0.041 gcm−1s−1 and density

1.07 gcm−3. A pump was used to drive steady flow at 352 ml/min. The PIV images

were recorded at 1000 Hz and analyzed using the Davis software from LaVision.

The option of PIV sum of correlation was selected. This feature is convenient when

the fluid seeding is sparse, as the final displacement vector is calculated by adding

the cross-correlation peak in the same interrogation window (iw) in the whole image

series. The velocity map was obtained in two steps. In the first one the iw size was

64 pixels and the overlapping between consecutive ones was 50%. In the second step

the iw size was reduced to 32 pixels with a 50% of overlapping (32).

Although the flow patterns in the numerical models were acknowledged to be three-

dimensional, the PIV technique used was limited to determining the velocoties in a
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two-dimensional plane. Therefore particle paths were calculated in the midplane of

the PIV studies, as well as in the FSI studies for comparison.

3 Results

A comparison between 2 different nuemerical and experimental models has been

done. First, an idealized vena cava and then a model including the filter. Then,

once the numerical software has been validated, a third numerical FSI model in-

cluding a clot has been analyzed as an example of application of the FSI method.

The velocity along the system was analyzed first. For the empty vena model it was

observed that the velocity profile did not vary as the flow moves along the vena,

as it could be expected, and the maximum velocity was recorded to be 0.9 m/s.

Figure 2c shows changes in though-plane velocities over a distance of 60 mm along

the vessel axix. The slides are the same distance apart from each other in the three

models analyzed. Notice that there is barely no variation in the velocity isocontours

from slice to slice.

A velocity comparison was made between the FSI model and the experimental PIV

model in order to validate the software ADINA and the numerical method used.

Velocity data was taken at to different points along the symmetry plane of the vena

and the velocity profiles of both numerical and experimental models were compared.

Figure 2a and b show the velocity at two different points, the first one closer to the

inlet and the second one closer to the outlet. It is observed that the velocity profiles

for both numerical and experimental models are very similar to each other and the

maximum values are also very alike. Both the FSI results and the PIV data showed

the expected parabolic velocity profile, with largest velocity in the middle of the

vena and zero velocity at the wall.

Once the first simplified model was validated and demonstrated to be efficient an-

alyzing velocity fields, a second model including the Gunther Tulip filter was ana-
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lyzed. Figure 3 shows velocity contour plots of the axial velocity represented along

the symmetry plane of both experimental and numerical models. Qualitative agree-

ment between the flow visualization experiment and the FSI results was observed.

Velocity profiles were consistent with results from previous studies (12; 9; 6; 2).

As it can be seen in Figure 3, the in-plane velocity for both models is very similar.

It is observed flow with zero velocity adjacent to all solid boundaries (i.e., vessel

walls and filter), as expected from the no-slip boundary condition. The flow diverged

around the wires of the filter and then converged on the downstream side. To have

a quantitative understanding of the velocity along the model, the velocity profile

has been represented at different points of the model. Figure ?? shows 5 points

where the velocity has been studied. Line A shows the velocity at the beginning

of the model, a few millimeters after the inlet. Line B is taken just at the end of

the filter struts. Line C is taken at approximately the mid-point of the filter, line

D is taken at the end of the filter, and goes right through the tip of the filter and

finally line E is taken after the filter, before the outlet. The velocity has a parabolic

profile having a maximum value of 0.09 m/s in the middle and minimum of 0 m/s

at points close to the wall. Since the velocity lines measured are in the symmetry

plane of the model, the velocity profiles analyzed are going to have a value of 0 only

when it passes through the tip of the filter, along line D (as it is positioned in the

center of the model). The struts of the filter are not on the symmetry plane, so for

that reason the velocity profiles are not 0 on Figure ?? b, c and d which are along

the filter. The velocity is zero at the wall and when the fluid flows though the filter.

Once the fluid passes the filter it recovers its normal behaviour being maximum at

the middle and minimum at the extremes. From Figure 4 it is observed how the

maximum velocity is mainly the same along the entire model, as the flow advances

though the vena. At point A, B, and C the maximum velocity is 0.09 m/s Figure

5 shows the velocity isocontours at the same points that the velocity profiles have

been plotted.
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4 Disscussion

A fluid-structure interaction (FSI) model for anaylizing the hemodinamics of a sym-

plified IVC/antithrombus filter was developed. Fluid-structure interaction (FSI)

techniques were introduced to increase the scope, accuracy of the vena cava model.

Although the study of the wall deformations was not in the scope of this proyect, it

is imporant to validate the ADINA software for FSI studies. The inferior vena cava

wall undergoes enormous deformations so it is important to know that FSI analysis

on realistic geometries can be done and the deformations can be studied. This stud-

ied has proved that the ADINA model works correctly, so the next step would be to

study the deformations for patient-specific IVC geometries, with the filter inserted.

As mentioned by (27), the rigid model assumptions may over-estimate the WSS and

may be an upperbound on the true physiological value. It has to be noted that this

work does not want to present a realisit study of an IVC but validate a FSI model

by comparing it with an in-vitro model.

As mentioned by (2), who studied the blood flow for different filter models, patterns

of flow past IVC filters were observed to be highly dependent on filter design. For

that reason, this is study can be used as a reference only for umbrella type filters.

As it usually happens in every study, this work is affected by some simplifications.

This study was limited to steady flow in a circular caval model. The vena cava is

compliant and elliptical, with pulsatile fluctuations altered by respiration. However,

steady-flow analysis is widely viewed as a means of providing the time-averaged

behavior of pulsatile flow conditions (9). Blood was considered to be newtonian

but blood is known to behave in a non-Newtonian fashion particularly at low flow

rates. In a vessel of this diameter these effects will not be significant (13). The sim-

plifications of this simulation, such as thin-wall vena cava geometry, isotropic and

homogeneous material and imposing uniform inflow velocity, obviously may limit

the actual clinical uses. However, the model has validated the FSI software and

can now be used for more realistic studies. Fluid and structure models can be both

mechanically and thermally coupled along fluid-solid interfaces and also though
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shared regions. The accurate analysis of these coupled problems requires a powerful

structural program, a powerful fluid program and a general coupling scheme (20).

5 Conclusions

A 3-D thin-wall model with fluid-structure interactions was introduced and solved

using ADINA to investigate the blood flow in a vena cava wall with an antithrom-

bus filter inserted. It was a preparation for further simulations concerning the real

inferior vena cava. The PIV showed at some point some non-symmetry. This was

likely due to the curvature of the vena suffered during testing, but for both models

the comparison between the PIV model and the FSI model was good.
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(a)

(b)

Fig. 1. a) Solid mesh for the emptly vena model, b) Mesh for the IVC filter
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(a) (b)

(c)

Fig. 2. Velocity profile for the simplified vena model a) at a point close to the inlet

and b) at a point close to the outlet. c) velocity isocontours along the vessel axis
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Fig. 3. Velocity profiles in the symmetry plane of the model containing the filter

(top: FSI model, bottom; experimental model
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(a)

(b) (c)

(d) (e)

(f)

Fig. 4. Velocity profile for the filter model along lines a, b, c, d and e
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Fig. 5. Velocity contours on cross–sectional slices in the filter/vena model

Fig. 6. Velocity contours on cross–sectional slices in the filter/vena model

21



Fig. 7. Shape of the vena cava under normal and valsalva conditions

(a)

(b)

Fig. 8. Velocity profile for the simplified vena model a) at a point close to the inlet

and b) at a point close to the outlet. c) velocity isocontours along the vessel axis
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