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ABSTRACT

Deep vein thrombosis occurs in one out of one thousand people and can eventually
produce pulmonary embolisms by dislodging and traveling to the lungs. Anti-coagulation
therapy is currently the primary treatment for venous thromboembolism, but vena cava filters are
now being used as an alternative in up to fifteen percent of patients. Filters are not more
prevalent because they have several problems including perforation of vessels, travel within the
vessel, and breakage of struts that may travel into the heart.
This study experimentally examined embolus migration through the inferior vena cava
(IVC) and capture by an IVC filter. A flow loop containing an acrylic IVC model was
constructed containing a Bard G2 Express IVC filter placed within the inferior vena cava.
Resting (1.2 L/min) and exercise (3.5 L/min) flow rates were used in the loop to simulate
physiological conditions with 1/4", 1/8”, and 3/16” sized emboli. High speed imaging was used
to obtain two planes of video of the embolus trajectory in the model, which allowed for a threedimensional construction of the embolus trajectory.
To account for the mirror displacement, data were obtained by correlating the Y values
for both views which created a calibration curve to combine both two-dimensional views into a
three-dimensional plot. The three-dimensional embolus trajectories showed that there is a small
recirculation zone on the right side of the IVC model. In addition, when entering from the right
iliac vein, emboli followed very similar paths for all three embolus sizes. In general, the emboli
that entered from the right iliac vein had a higher percentage of being captured at both flow rates
and emboli traveling at a higher flow rate had a higher chance of being captured. These results
are important for vertical and angular placement of the IVC filter.
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Chapter 1
Introduction

1.1: Overview and Motivation
Venous thromboembolism (VTE) starts with the formation of a blood clot in a vein,
which can result in emboli formation, or deep vein thrombosis (DVT). If the embolus breaks
loose and travels to the lungs, it is called a pulmonary embolism (PE), which occurs in one of
one thousand people. This situation is the third most common cardiovascular disorder (Geerts
2008). Assuming a person is standing, DVT occurs most frequently below the heart, starting in
the calf, within the popliteal vein, femoral vein, or iliac vein, but on some occasions can occur in
the upper extremities. There are four major factors that contribute to thrombosis:
hypercoagulability, endothelial injury, alterations in blood flow, and inflammation (Bauersachs
and Krabbe 2015).
Anticoagulation therapy is currently the primary treatment for DVT, but vena cava filters
are now being used as an alternative or addition to the treatment in up to fifteen percent of
patients. Currently, there are four commonly used types of permanent vena cava filters: Vena
Tech LGM, Titanium Greenfield, Cardial, and Bird’s Nest (Decousus 2005). IVC filters are
deployed through the IVC through the femoral or jugular vein using a fluoroscope and a small
tube below the renal veins (Figure 1) in patients with DVT who are at risk of developing
pulmonary embolisms. In Figure 1, the white arrow shows the IVC filter and the black arrows
show the blood flowing around the filter. IVC filters are used in patients if anticoagulation
therapy is not possible due to risks of bleeding, or if there are large emboli within the inferior
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vena cava or iliac veins. The IVC filter is deployed from within an insertion tube and expands to
attach to the walls of the IVC. The position in which to deploy the device is decided based on the
patient and the location of major emboli formation. The device will capture larger thrombi which
can be lysed by wall shear stresses. Alternatively, the filtering device containing the captured
emboli can be extracted (Evans and Ratchford 2015).

Figure 1: IVC filter placement in the inferior vena cava shown through an MRI.
The white arrow points to the IVC filter (adapted from Evans and Ratchford)

Embolization was studied by Kim et al. and varied based on different physiological
parameters such as shear rate, vessel dimensions, Reynolds number and thrombus height.
Reynolds number is defined in Equation 1,
𝑅𝑒 =

𝜌𝑢𝐿
𝜇

=

𝑢𝐿
𝑣

Equation 1
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where U represents the velocity based on the cross section, μ is the dynamic viscosity, ρ is the
density, L is the characteristic length, and υ is the kinematic viscosity (Kim et al. 1987). When
the flow is laminar, with a Reynolds number less than 2300, the drag shear stress varies only
linearly with the shear rate, and not the thrombus height, while at higher Reynolds number, the
drag shear stress varies quadratically with the shear rate. At high wall shear rates and increased
height of the thrombus, there is a higher probability of embolization (Basmadjian 1989).

1.1.1: IVC Filter

An important component of this experiment is the IVC filter. This implant can be used in
addition to anticoagulation therapy such as heparin, in patients with high risk of pulmonary
embolism (Young et al. 2010). When designing or choosing the correct IVC filter, several
characteristics and functions should be taken into consideration. The filter should not majorly
affect the flow through the inferior vena cava. The filter also should not be able to move easily
through the vena cava at the risk of causing a life threatening problem. In addition, the filter
should be biocompatible and non-corrosive. Finally, the filter should be retrievable so that in the
case of a problem, it can be removed. It has been shown that different filters all have different
functions and characteristics in how they affect the flow fields and their efficiency in capturing
emboli.
There are several complications that can occur with IVC filters. When inserting the filter
bleeding at the site of insertion as well as infection are both possible. In addition, the filters can
become dislodged from the placement in the IVC or tilt in their position. This can occur if the
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filter is too small for the diameter of the vena cava. If this occurs, the filter might have to be
removed, repositioned, or replaced. This complication can be life threatening if the filter travels
all the way into the right atrium. Tilting of the filter does not usually cause any life threatening
problems, but it will decrease the efficiency of the filter. The most serious problem arising from
the IVC filter is the risk of damage to it. Rarely, one of the struts of the filter will break loose
from the filter and the vein and become wedged in another part of the body. This can also cause
puncturing of the walls of the vein as well as the gastrointestinal tract. If the filter is working
properly and becomes filled with blood emboli, swelling of the legs can occur, which would
require the immediate removal of the filter, but this is very rare. Finally, if the filter stays in the
body for a long enough period of time, the walls of the vein may form a coating around it that
makes it difficult to remove. In some cases, this is not a concern, but in others the filter will need
to be removed via abdominal surgery (Evans and Ratchford 2015).

1.2: Previous Studies

1.2.1: Embolus Studies in Arterial System
Many experimental and computational studies have been conducted on embolus flow and
trajectory in the blood. These studies looked at the effects of thrombi in the blood and the overall
flow.
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Embolus and blood flow studies were conducted by Kaufmann et al. The research
focused on retinal artery occlusions caused by emboli, and included a computational fluid
dynamic model to analyze the flow conditions and emboli behavior. To study this, the embolus
diameters were varied between five and two hundred micrometers, and the probability of the
emboli entering the brain was measured. Numerical flow simulations were conducted for
laminar, pulsatile flow conditions with a non-Newtonian fluid. Particle tracking was used to
track the thrombus path using a fully coupled Lagrangian particle tracking approach. At low flow
rates, the probability of the emboli reaching the brain was about 3.5 % of all emboli, but as the
flow rate increased, this percentage greatly increased to 18%. A limitation of this study included
particle tracking only occurring for particles at the same density of platelets instead of all
particles such as plaques (Kaufmann et al. 2014). In addition, more studies with variations in
flow parameters and increased number of released thrombi should be implemented to provide
more accurate results.
In a study by Chung et al., cerebral arteries were used to test whether emboli that
encountered the Circle of Willis were carried at a particular trajectory relative to their size or the
arterial morphology. This study used three different sized thrombi with equivalent density to be
introduced into a carotid artery model that was assumed to have a Reynolds number between 100
and 600. The results showed that a significant number of thrombi were found in the middle
cerebral arteries in comparison with the anterior cerebral arteries. In addition, the decreasing
embolus size caused the distribution of emboli to approach that of the flow. Based on the study’s
result, Chung et al. were able to conclude that the embolus trajectory through the cerebral
arteries was dependent on the embolus size and strongly favored the middle artery for larger
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emboli which is similar to what is found in patients with stroke. In addition, smaller emboli were
found to be carried proportionally to the flow volume (Chung et al. 2010).
In a related study, Bushi et al. studied the effects of embolus trajectory through an arterial
bifurcation, similar to that of the iliac veins entering the inferior vena cava at a Reynolds number
of 500. Small and mid-sized particles were found to enter through the narrower or wider
bifurcation branch relative to the flow ratio. This became more evident as the flow ratio
increased. This phenomenon was also noticed under pulsatile flow (Bushi et al. 2005). Further
studies were conducted using modeling. Hague et al. studied the impaired cerebral blood flow
due to gaseous emboli. Their results showed that blockages can depend on the number and size
of the emboli and the blood pressure. In addition, it was found that higher blood pressures
generated lower levels of obstruction and improved the embolus clearance (Hague et al. 2013).

1.2.2: Filter Studies
Several experimental and computational studies have been conducted on filters to
understand the fluid dynamics around them and clot capture by the filter. Some studies also
looked at the capturing efficiency and the blood flow surrounding the filter.
Jaeger et al. studied the thrombus capturing efficiency of the Vena Tech-LGM filter. A
computer controlled flow system was used with 5,200 thrombi. There were also several variables
including the thrombus diameter and length, IVC diameter and orientation, flow quality and
quantity, flow velocity, and number of released thrombi. The model was tested in a horizontal
and vertical position and the trials were conducted at both steady state and pulsatile flow. The
embolus was either launched into an unoccluded filter or a filter with one embolus already pre-
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loaded into the filter. A third trial was also conducted where several emboli were released
towards a filter already loaded with an embolus. What was learned was that the number of
released thrombi and the size of the thrombus greatly affected the capture rate. In addition, the
flow quality (pulsatile flow at sixty beats per minute) and the peak velocity did not significantly
affect the capture rate (Jaeger et al. 1998). These results should be taken into consideration when
performing additional in vitro experiments in future studies of capture rate.
Stewart et al. conducted a study on the effects of thrombosed vena cava filters on blood
flow at a Reynolds number of 320. Their study focused on finding the optimal balance of
embolus capture efficiency, embolus dissolution, and prevention of vena cava occlusions.
Specifically, the effects of IVC filters on blood flow, velocity patterns, and wall shear stress
using flow visualization and computational fluid dynamics were studied. Three filters were used
in this study, found in Figure 2, and the flow was visualized in a compliant vena cava model
made out of silicone. A pump was used to produce a steady flow at 1 L/min, which is about
resting physiological conditions. A fifty-eight percent by weight glycerol solution was used to
emulate blood properties and cone-shaped emboli were created and shown in Figure 3. The
results showed that the wall shear rate was one of many significant factors needed to choose the
type of filter, including specific patient characteristics and the filter efficiency (Stewart et al.
2008). This study showed how a glycerin solution was used to emulate blood characteristics and
how a potential flow loop could be constructed to emulate physiological conditions.
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Figure 2: Common filters used in flow visualizations shown unconstrained in a-c and constrained
(within IVC) in d-f: a) Greenfield unconstrained; b) Simon Nitinol unconstrained; c) TrapEase
unconstrained; d) Greefield constrained; e) Simon Nitinol constrained; f) TrapEase constrained
(adapted from Stewart 2008)

Figure 3: Emboli used in Greenfield a) Experimental studies and
b) Computation studies. (Adapted from Stewart 2008)

Another numerical analysis was conducted on the hemodynamics and embolus capture of
a Greenfield vena cava filter by Swaminathan et al. In this computational study, the fluid
dynamics was studied over an unoccluded filter at a Reynolds number of 1000. The results
showed that variations in the vena cava size will lead to changes in the shear stresses that will
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develop. In addition, a recirculation zone developed downstream of the filter, which becomes
larger when the filter is occluded, shown in Figure 4. Also, this study concluded that the
properties of a non-Newtonian fluid did not seem to cause significant changes in flow field when
compared to the Newtonian fluid model (Swaminathan et al. 2006). This study showed that there
are other factors that can affect the capture rate besides the flow rate and the embolus size.

Figure 4: Shows flow field above the tip of the Greenfield filter with and without the filter being
unoccluded. (Adapted from Swaminathan 2005)

Couch et al. also studied vena cava filters but experimented with hemodynamic effects of
a partial occlusion within the filter, at a Reynolds number of 600. The study looked at the effects
of an unoccluded filter vs. an occluded filter and found that an unoccluded filter was observed to
have very little effect on the flow field based on the wall shear stress distributions and the axial
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velocity profiles. In addition, due to an occluded filter, there was an increase in flow around the
periphery of the clot, but no vortices or turbulence were observed (Couch et al. 1997). In
addition, Singer et al. also looked at blood flow around an inferior vena cava filter, but it was
done computationally. The study was completed using the TrapEase filter that was partially
occluded or unoccluded. The results found that there was minimal disruption to the flow from an
unoccluded filter; however, using a partially occluded filter, the peak wall shear stress increased
and disruption of the flow was observed along the vena cava wall and in the filter next to the
thrombus. This disruption also increased with thrombus volume (Singer et al. 2009 ). This study
is important to take into considering when deciding how many emboli to release at a time.
Having a filter with an emboli caught already may alter the trajectory of an additionally released
embolus.
Harlal et al. studied vena cava filter performance based on hemodynamics and reported
thrombosis. They learned that for both unoccluded and partially occluded filters at a Reynolds
number of 600, regions of flow and recirculation developed downstream of the filter. In addition,
they found that this is also linked to thrombosis and pulmonary embolism formation (Harlal et al.
2007). In the following years, more filter studies were conducted. Young et al. studied vena cava
filter and their prevention of pulmonary embolism. In their study of almost 530 people, they
learned that a permanent IVC filter prevented pulmonary embolism for eight years. Also, no
reduction of mortality was seen but there was an increase incidence of deep vein thrombosis in
the group with filter placements (Young et al. 2010).
Following this, Rahbar et al. studied three dimensional analysis of flow disturbances at a
Reynolds number of 360 and 600. They found that disturbances were seen downstream of
captured clots. They also noted that turbulence intensities reach about 40% and disturbances
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were strongest in large clot volumes (Rahbar, et al. 2011). A couple years later, Robinson et al.
conducted a study on the limitations of using synthetic blood clots for measuring in vitro clot
capture efficiency in IVC filters. They found that a low clot capture rate was observed when
using large stiff synthetic clots. This was because the clot was more likely to remain straight and
pass through the struts. On the other hand, using smaller clots with more mobility showed a
higher capture rate because they would catch onto the struts of the filter (Robinson et al. 2013).

1.3: Objective
The goal of this study is to characterize the three dimensional embolus migration from
the iliac veins through the inferior vena cava with the Bard G2 Express inferior vena cava filter
deployed within the inferior vena cava. In addition, this study used different sized emboli
traveling through the inferior vena cava at resting and exercise flow rates. High speed video will
be used to capture two planes of view and show how the path of the embolus changes with
different embolus sizes. Knowledge from this experiment will provide insight into the angle of
orientation of the IVC filter or vertical placement in the inferior vena cava. Ultimately, it will
provide four important pieces of information: 1) how the size of the embolus affects its
trajectory, 2) how the size of the embolus affects its capture rate, 3) how the flow rate affects
embolus trajectory, and 4) how the flow rate affects the embolus capture rate.
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Chapter 2
Materials and Methods

2.1 Flow Loop Design

Figure 5: Schematic of Flow Loop – Green dot is the start of clot placement which travels
through either the right or left iliac vein into the inferior vena cava with a filter

13

The experiment is set up to simulate the flow of emboli from the iliac veins into the
inferior vena cava. The experimental set up is mounted on a breadboard vertically. Figure 5
shows a schematic of the inferior vena cava flow loop where the lines represent flexible Tygon
tubing.
The embolus is released through an injection port which is a one centimeter in diameter
acrylic tube that is approximately 55 centimeters tall and the base of the port is positioned 10
centimeters below the base of the acrylic model. This port, shown with a green dot on the
schematic, introduces the embolus into a flow produced by a fluid reservoir sending a glycerinwater solution through the Cole-Parmer Variable flow rate centrifugal pump. The embolus will
travel in this flow until it reaches a Y-junction simulating the left and right iliac veins. The length
of the initial tube is 100 centimeters, and the length of the right and left iliac veins are 74
centimeters and 100 centimeters, respectively. Figure 6 shows the SolidWorks model of the
acrylic vena cava model.
The right and the left iliac veins then combine to form the inferior vena cava, simulated
with an acrylic model. The IVC part of the model is 21 centimeters in length and has a diameter
of 2.3 centimeters. The diameter and length of the right iliac vein is 0.65 centimeters, and 8
centimeters, respectively while the diameter and length of the right iliac vein is 1 centimeter and
10 centimeters, respectively. Approximately 10 centimeters from the base of the acrylic model is
the Bard G2 Express IVC filter glued to the walls of the acrylic model of the inferior vena cava.
The filter was not deployed perfectly level into the acrylic model, so it remains tilted
approximately 5° to the left.
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Figure 6: SolidWorks Model of Inferior Vena Cava – The black arrows indicate the direction of
flow through the model

2.2 Model Parameters
To characterize this three-dimensional embolus migration, proper physiological
conditions need to be taken into consideration. The fluid needs to match the characteristics of
blood such as density and viscoelasticity. In addition, the different sized emboli need to be
neutrally buoyant in the fluid. Finally, the flow rate needs to match that of physiological blood
flow in humans for both resting and exercise flow rate. In order to capture the migration of the
embolus, the IVC model needs to be transparent and the refractive index of the model must
match that of the fluid.
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The camera must be able to capture two planes of view at the same moment in order to
create a three-dimensional image. The camera was placed in a position to obtain the optimal path
length. The frame rate must be high in order to capture the little time in which the embolus is
within the inferior vena cava model. High intensity light is also necessary to illuminate the
embolus against the dark background as well as remove any flashing caused by the incandescent
light. In order to create the three-dimensional image, an imaging software is required to track the
centroid of the embolus from frame to frame in both views and correlate them to create a three
dimensional profile of the path. To show if there are any errors in calculation, a target must be
used to find the error in the index of refraction between the fluid and the acrylic model.

2.2.1: Fluid and Model

In order to simulate physiological conditions during this experiment, the first step taken
was to use a fluid analog that resembled the properties of blood, specifically viscosity. A
glycerin-water solution was created to emulate the viscosity and density of blood. The solution
was 45% glycerin and 55% water by weight and the density of the solution was 1.12 g/cm3
which is a little higher than that of blood which is around 1.05 g/cm3. The kinematic viscosity of
the fluid was measured to be 3.50 centiStokes using a viscometer (Vilastic, Austin, TX), while
the viscosity of blood is between 3-4 centiStokes. The calculation of the Reynolds number for
both resting and exercise flow rate is in Table 1. This table is based on Equation 1 for the
Reynolds Number. The fluid does not match the refractive index of the model but this was
corrected by using a calibration target.
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Table 1: Calculation of Reynolds Number for Resting and Exercise Flow Rate
Flow Rate
(m^3/s)
0.00002
5.8 E-05

Diameter
(m)
0.023
0.023

Cross Sectional Area
(m^2)
0.000415
0.000415

Velocity
Kinematic Viscosity
(m/s)
(m^2/s)
0.0482
0.0000035
0.140
0.0000035

Reynolds
Number
316
923

The outlet pressure was measured and kept constant at 11 mmHg. In the resting flow rate
experiment, the flow rate of the iliac veins was maintained at 0.6 Lpm while the total flow rate
was stabilized at 1.2 Lpm, normal physiologic resting flow rate. For the experiment run at
exercise flow rate, the iliac vein flow rate was set to 1.75 Lpm and the total flow rate was set to
3.5 Lpm. These flow rates were verified using a Transonic System Inc. flow probe.
Varied emboli sizes in the body were emulated using three different sized nylon balls,
shown in Figure 7. The plastic emboli were obtained from US Plastics, and made out of nylon
because nylon is slightly denser than the fluid. The sizes of the emboli are shown in Table 2.
Because nylon swells, the balls were measured after saturation in the fluid for two hours. These
measurements can be viewed in Table 3. Three different sizes were 1/8 inch (3.175 mm), 3/16
inch (4.76 mm), and 1/4 inch (6.35 mm).

Figure 7: Emulated blood emboli made out of nylon - The sizes are, from left to right, 1/4
inch, 3/16 inch and 1/8 inch.
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Table 2: Experimental embolus sizes in inches and millimeters measured without fluid saturation

Embolus Size

Embolus

Number of

Average

Standard

(inches)

size (mm)

balls measured

(inches)

Deviation (inches)

3.175

16

0.1238

0.000935

Embolus 2 3/16 = 0.1875 4.76

8

0.1868

0.000704

Embolus 3 ¼ = 0.25

8

0.2477

0.00113

Embolus 1 1/8 = 0.125

6.35

Table 3: Experimental embolus sizes in inches and millimeters measured with fluid saturation

Embolus Size

Embolus

Number of

Average

Standard

(inches)

size (mm)

balls measured

(inches)

Deviation (inches)

3.175

16

0.1248

0.0.001195

Embolus 2 3/16 = 0.1875 4.76

8

0.1878

0.000736

Embolus 3 ¼ = 0.25

8

0.2497

0.001056

Embolus 1 1/8 = 0.125

6.35
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2.3 Data Collection
To obtain the data in this experiment, high speed video was used to capture the emboli
trajectories. The high speed camera (Kodak, Rochester, NY) was placed on a tripod facing the
front face of the acrylic model so that the model from the top of the filter to the start of
separation into the right and left iliac vein was visible in the camera’s view. This view can be
seen in Figure 8. For the resting flow rate, the frame rate of the camera was 125 fps. To
accommodate for the speed of the clots in the exercise flow rate experiment, the camera was set
to a frame rate of 250 fps. A three-dimensional image of the embolus’s trajectory was obtained
by fixing a mirror to the side of the acrylic model at 45°, so that the side view of the acrylic
model could be viewed when facing forward. This was done to obtain video with one camera and
to avoid differences in two camera placements. Placing the mirror at a 45° angle from the side
plane of the model allowed for an image of the side view to appear parallel to the front view
image. The mirror caused a little warping in the data to occur but that difference is compensated
easily through a correlation between the two views.
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Front View

Side View

Mirror

Figure 8: High speed Camera view of front view (top) and side view (bottom)

After setup of the experiment as shown in Figure 5, the flow meter was connected to the
right iliac vein and the pump was set so that the right iliac vein had a flow rate of 0.6 liters per
minute for resting, or 1.75 liters per minute for exercise. The left iliac vein was maintained at the
same value and the tube before the “Y” intersection was maintained at a flow rate of 1.2 liters
per minute for resting or 3.5 liters per minute for exercise. During this process, the loop was
checked for leaks that could potentially alter the flow rate and pressure.
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Thirty sets of data were collected for each size of the nylon emboli, 1/4-inch, 1/8-inch
and 3/16-inch at the resting flow rate and thirty sets of data were collected for the 1/4-inch
embolus and the 3/16-inch embolus at exercise flow rate. The high speed video was triggered
right before the embolus entered the iliac veins of the acrylic IVC model, and it exported five
hundred frames of video in two seconds. The data was collected using Kodak Motion Corder
high speed video system and software. The entrance of the embolus was recorded as either the
left or the right iliac vein, and the embolus capture or flow through the filter was recorded.
Once the embolus travelled through the top of the acrylic model, it deposited in the fluid
bath on top of a mesh filter which was used to capture the emboli. These images were then
transferred to an imaging software and Matlab to automate the process and obtain the coordinate
points of all the trials. The image sets contained between two hundred and five hundred images.

2.4: Analysis of Data
ImageJ tracking software was used to analyze the images captured by the high speed
camera. Each trial, consisting of two hundred to five hundred images was imported into ImageJ.
The screenshots for the process of background subtraction, brightness control, and threshold
adjustment can be found in Figure 9. The first image in the set was subtracted from the rest of the
images in a trial so that the background was removed from the set of images. This was done so
that only the embolus could be seen in the images for easy tracking (Figure 10).
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Figure 9: Screenshots of ImageJ – Process for background subtraction, brighness control,
and threshold adjustment, respectively
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Figure 10: Image in ImageJ before and after background subtraction for easy tracking of
the embolus

Then, the brightness was increased so that the embolus was clearly seen (Figure 11), and
the threshold was adjusted so that only the embolus was highlighted in red and no extraneous
particles were highlighted (Figure 12). The front view (top of the video) was highlighted using a
box selection, to obtain the front view embolus positions first. Following this, the side view
(bottom of the video) was highlighted with a box selection tool to obtain the X and Y data points
of the embolus trajectory from the side view of the embolus trajectory.
To obtain the embolus position, the settings were set so that only particles with a
circularity of 0.7 and comprised of at least fifty pixels would be analyzed. This was so that small
pixels that were included in the threshold adjustment were not included in the measurements.
These results were outputted by their frame number so that the volume and centroid of the
embolus were recorded. The results from each trial were exported to an Excel file and used in
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Matlab. The Excel files were compiled into one file for each clot size and flow rate and imported
into Matlab. Using Matlab, the coordinates were changed to adjust for the slight angle that the
camera was at, using a rotational matrix. Then, the side view and the front view were correlated
to give a three dimensional image. This was done by plotting the Y values for the front view and
the side view against each other. Then, using the linear equation found from this plot, the Z
values were calculated.

Figure 11: Image J Image before and after Image brightness was adjusted to clarify embolus so
that threshold adjustment is able to capture the entire clot
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Figure 12: Image threshold adjusted for thrombus tracking – centroid and area of the thrombus
are tracked with an x-y position

2.5: Analysis of Target
To correct for any visual errors in determining the clot position within the fluid, a target
was used. The target model, seen in Figure 13, was 3D printed and connected to a long plastic
rod, see Figure 14 (left). The target was inserted into the inferior vena cava model right above the
filter, See Figure 14 (right). Images were taken of the target at 0°, 45°, 90°, and 135°.
After an image of the target was taken using the high speed camera, the images were sent
to ImageJ for analysis. The distance between the center cone point and both the outside cone
points was measured using ImageJ. This was done for all four angles and compared to actual
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values of the measurements of the model, outside of the fluid. This method was used to test the
accuracy of the X and Y positions that were outputted by ImageJ for all the clots that were also
within the index matched glycerin solution.

Figure 13: SolidWorks model of Target – three cones on the target allow for
measurements to be taken to see index matching error.

Figure 14: 3D printed Target fixed to a long rod (left) and within the fluid (right)
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Chapter 3
Results and Discussion

3.1: Embolus Flow Observations
While obtaining the high speed videography of the embolus trajectory, observations were
taken of each trial, which can be found in Tables 5-9 in Appendix B. Table 5 shows the
observations for the trials with the 1/8-inch embolus, Table 6 shows the observations for the trials
with the 3/16-inch embolus, and Table 7 shows the observations for the trials with the 1/4-inch
embolus, all at resting flow rate. Table 8 and Table 9 show the observations for the trials with the
1/4-inch embolus and the 3/16-inch embolus at exercise flow rate, respectively. These
observations include the side in which the embolus entered the inferior vena cava, whether the
embolus was captured by the IVC filter, and the measured flow rates. R and L stand for the right
iliac vein and left iliac vein, respectively. These observations show the capture rate for the three
different sized emboli, and this capture rate is proportional to the size of the embolus; as the
embolus size increases, the capture rate increases. These observations also show that there was
an even distribution in the iliac vein of entry with 43 of the 90 emboli entering from the right
iliac vein and 47 of the emboli entering from the left iliac vein.
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3.2: Rotational Matrix
After collecting the x-y position of the embolus in both the front view and the side view,
the data was adjusted by rotation to account for the angle at the top of the frames. An example of
this can be seen in Figure 15. To rotate this data, a rotation matrix was used in Matlab. A center
of rotation was created for both x and y values in the data set and the function “repmat” was used
to create an array of these values. The values were all rotated 0.7 degrees clockwise around the
center matrix that was created to obtain the correct, rotated values. A corrected image will look
like that shown in Figure 16.

Figure 15: Obtained high speed image with angle error seen at the top with the edge of the
acrylic model
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Figure 16: Rotated Image in ImageJ by 0.7 degrees Clockwise – edge of the acrylic model is now
in line with the edge of the image

3.3: Correlation
The X and Y values need to be correlated because the front view data and the side view
data were collected by the camera in the same plane of view. To do so, the matrix values for both
X and Y values for the front and the side view were converted from pixels into mm using a ratio
of the actual distance from the base of the acrylic model to the top of the filter in both the
experimental model and the high speed image. This value was 0.2568 mm per pixel.
In the video, the embolus should always have the same X value for the front and side
view. To correct for the error seen in the values, the X values were plotted against each other and
the equation of the line was obtained. Figure 17 is an example of such a plot for the 1/8-inch
embolus.

29
140
y = 0.9412x + 2.7303
R² = 1

120

X2 (Side View)

100
80
60
40
20
0
0

20

40

60
80
X1 (Front View)

100

120

140

Figure 17: Correlated graph between the front view and side view x values

The line obtained was Y = 0.9529X + 11.4109. This equation was then used to obtain the
corrected side view data. The front view X and Y values represent the X and Y values in the
experiment, and the side view Y value represents the Z value in the experiment. These directions
can be seen in Figure 18. The Y-axis were output as Y1 values for the front view and the Z-axis
were output as the Y2 values for the side view. These correlations and corrections were done for
each trial of each experiment.
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Figure 18: Direction Labels from the high speed image to experimental directions
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3.4: Calibration Target Results
Table 4: ImageJ Target Result Measurements
Label
1
2
3
4
5
6
7
8
9

Length (pixel)

0: front: top
0: front: bottom
0: front: whole
45: front: top
45: front: bottom
90: side: top
90: side: bottom
135: front: top
135: front: bottom

35
23
105
26
17
35
22
16
24

Length within Length within Length outside % Error
fluid (mm)
fluid (in)
of fluid (in)
8.988
0.354
0.324
9.22
5.906
0.233
0.201
15.69
26.96
1.062
0.895
18.61
6.677
0.263
0.229
14.79
4.366
0.172
0.142
21.04
8.988
0.354
0.324
9.22
5.650
0.222
0.201
10.66
4.109
0.162
0.142
13.92
6.163
0.243
0.229
5.96

The images obtained from the calibration target experiment were analyzed in ImageJ and
the results are shown in Table 4. The results show that there is an error in capturing the clot
within the index matched fluid. The table above also indicates the margin of error between the
calculated measurements and the actual measurements. The data was not corrected using this
date due to time constraints. However, the experimental data used to find the goals of this
experiment are still valid because all the data is dependent on each other and position within the
fluid is not a concern.

3.5: Embolus Trajectories
Ultimately, the goal of this experiment was to find the relationship between the embolus
size and flow rate to the trajectory and the capture rate. To obtain the three-dimensional images
of the embolus trajectory, the results were plotted in ImageJ to obtain Figures 19 to 23. Figure 19
shows the embolus trajectory of the 1/8-inch embolus (resting flow rate) separated by the iliac
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vein of entry and whether or not the embolus was captured. Figure 20 and Figure 21 show similar
data for the embolus trajectories of the 3/16-inch embolus and the 1/4-inch embolus at resting
flow rate, respectively. Figure 22 and Figure 23 show similar data for the embolus trajectories of
the 3/16-inch embolus and the 1/4-inch embolus at the exercise flow rate, respectively. The 1/8inch embolus was not tested at the exercise flow rate because it moved through the IVC too
rapidly and the triggering was not possible. In addition, if triggered at the right time, the frames
were blending into each other due to the speed of the embolus. All thirty trials for each
experiment are shown in the figures according to the iliac vein of entrance and whether or not
they were captured. The camera moved between experiments so that the filter crux was placed at
115, 110, 102, 119, 110 in Figures 19-23, respectively. These positions are denoted by a black
arrow on each graph.
When comparing the trajectories that were captured to those that were not captured, there is a
certain place that the embolus has to flow through, for larger embolus sizes, that allows the
embolus to be released. This point of release by the filter is due to a hole between two struts,
closer to the edge of the vena cava and might be caused by a small tilt in the filter.
In addition, the comparison of the embolus trajectory of the right and left iliac veins show
that there is a preferred path when the 1/4-inch embolus at resting flow rate takes the right iliac
vein. This preferred path is also seen in the 1/8-inch embolus trajectory at resting flow rate
through the right iliac vein, but is less pronounced. This trend is also seen slightly when the clot
enters from the right in exercise flow rate for both the 1/4-inch clot and the 3/16-inch clot. This
trend can be clearly seen in Figure 21b.
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a)

b)

c)

d)

Figure 19: Embolus Trajectories of 1/8-inch Embolus at resting flow rate with Different
Groupings and black arrow representing crux of filter; a) Left Iliac Vein, b) Right Iliac Vein, c)
Captured Emboli, d) Not Captured Emboli
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a)

b)

c)

d)

Figure 20: Shows Embolus Trajectories of 3/16-inch Embolus at resting flow rate with Different
Groupings and black arrow representing crux of filter; a) Left Iliac Vein, b) Right Iliac Vein, c)
Captured Emboli, d) Not Captured Emboli
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a)

c)

b)

d)

Figure 21: Shows Embolus Trajectories of 1/4-inch Embolus at resting flow rate with Different
Groupings and black arrow representing crux of filter; a) Left Iliac Vein, b) Right Iliac Vein, c)
Captured Emboli, d) Not Captured Emboli
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a)

b)

c)

d)

Figure 22: Shows Embolus Trajectories of 3/16-inch Embolus at exercise flow rate with
Different Groupings and black arrow representing crux of filter; a) Left Iliac Vein, b) Right Iliac
Vein, c) Captured Emboli, d) Not Captured Emboli

37

a)

b)

c)

d)

Figure 23: Shows Embolus Trajectories of 1/4-inch Embolus at exercise flow rate with Different
Groupings and black arrow representing crux of filter; a) Left Iliac Vein, b) Right Iliac Vein, c)
Captured Emboli, d) Not Captured Emboli
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The results also show that if the embolus takes the path through the left iliac vein, there is
no similarity between the path lines through the inferior vena cava from one embolus to the next.
Additionally, it is also interesting to note that when looking at the capture rate of the 3/16-inch
embolus, which was roughly 50%, only five of the thirteen emboli that were captured entered
through the left iliac vein, while the other eight entered through the right iliac vein.
An odd event that occurred during the exercise flow rate experiments was that the 1/4inch clots would get caught in several places within the filter, including in-between the legs of
the filter and not just in the center. This may be because the embolus was traveling fast enough
that it became lodged between two struts.
Observations taken during the experimentation, and also found in Appendix B, show
capture rates based on the size of the embolus and the flow rate. These data are found in Figures
24-26. Another result of the experiment was that at the resting flow rate exactly 50% of the
emboli were captured while in the exercise flow rate about 65% percent of the emboli were
captured. This increase occurred because, based on the trajectories, the emboli in the exercise
flow rate had a more direct path towards the filter and spent almost half the time getting there.
This trend is found in Figure 24. In addition, as flow rate increased, the capture rate also increased
(Figure 26).
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Figure 24: Capture Rate of Emboli by flow rate and clot size in inches

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0
1/4

3/16

1/8

Resting
Captured: Right

1/4

3/16
Exercise

Captured: Left

Figure 25: Embolus size comparison of capture rate from the right iliac vein
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Figure 26: Flow Rate comparison of capture rate from right iliac vein

Physiologically, the results show that as the flow rate through the iliac veins increases,
the capture rate and efficiency of the IVC filter increases. However, this could have unintended
negative consequences since several emboli could be captured and block the flow of blood
through the IVC filter. This was corroborated by Couch et al. in his study of hemodynamics. In
addition, the non-linearity of some of the embolus trajectories show that there are regions of
circulation, which were also exemplified in colored dye tests. These regions of circulation could
promote thrombus growth.
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Overall, as the size of the embolus grew, the paths become more similar and consistent
between the trials. The results from Figure 19 show that the 1/8-inch clot had varied trajectories
throughout the thirty trials while Figure 21 shows that the 1/4-inch clot had very similar
trajectories throughout the trials. If a patient has more small emboli compared to large emboli, it
will be more difficult to place the filter in the vena cava because the smaller embolus path varies
much more than the larger. This is corroborated with Chung et al. who found that decreasing
embolus sizes caused more distribution of emboli and disturbance. Also, clinical deployment is
rarely perfect as noticed in the tilt of the filter in the acrylic model and with problems that can
occur with the filter (Evans and Ratchford 2015).
In general, the efficiency of the filter decreases as the size of the inferior vena cava
increases. This is due to the filter legs stretching to accommodate the larger size of the IVC. This
stretch produces larger gaps between the struts. In addition, during expiration, the size of the IVC
will increase. From this, it can be inferred that IVC trapping will depend on respiration and not
just the flow rate. Also, the highest capture efficiency would occur during inhalation at a higher
flow rate.
With further analysis of the data, a cross section at the base of the filter can be obtained.
The 30 trials for each resting flow rate experiments were combined and plotted in a twodimensional plot in Matlab, Figure 27.
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Figure 27: Two-dimensional cross-sectional plot of all 90 trials at resting flow rate at the base of
the filter. 1/4-inch clot is red, 1/8-inch clot is blue, and 3/16-inch clot is green.

The plot in Figure 27 shows 30 trials for the 1/4 – inch clot (red), 1/8 – inch clot (blue),
and 3/16 – inch clot (green). The filter struts are centered around position (30, -70); however, the
actual crux of the filter is at position (32, -69). This plot is interesting because it shows the
position of the clots just before they entered the filter. This position is denoted by the orange
horizontal line. The graph also shows how the size of the clot affects its position. The plot shows
that the 1/4 – inch clot was generally more concentrated in the center, and there were few
outliers. The graph also shows that most of the emboli were aggregated towards the right of the
true center. This may be due to the fact that the larger iliac vein propelled them into that
direction, or due to flow affected by the tilt in the filter.
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Chapter 4
Conclusions and Future Research

4.1: Conclusions
Although there were undoubtedly errors caused by non-physiological parameters, many
conclusions can still be drawn from the data. First, this study provided insight into threedimensional flow through a filter using high speed imaging. The path of some of the emboli
showed irregular flow caused by the recirculation zone at the lip of the bottom of the IVC acrylic
model.
Ultimately, the goal of the experiment was to find the effect of embolus size and flow
rate on capture rate and trajectory. The results showed that at a higher flow rate, there was a
higher chance of an embolus being captured by the filter for all three embolus sizes. At a higher
flow rate, the paths of the emboli were also more directed towards the filter when compared to
the embolus paths at a lower flow rate. Also, as the size of the embolus grew, the capture rate
increased and the trajectory became more steady and predictable. An additional noticeable effect
was that the larger clot tended to travel down the center region of the IVC when compared to
smaller clots.
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4.2: Future Research
While many studies have been conducted on inferior vena cava filters and embolus
trajectory, there is still much more to learn at the confluence of these two topics. In the future,
more research should be conducted to establish greater knowledge about the trajectory of the
emboli.
First, studies should be conducted on this data to understand how the position in the cross
sectional area at any given point affects the outcome of the capture or the future trajectory of the
embolus. This will show that if an embolus is in a certain position based on the cross section at a
certain position in the vena cava, it may or may not have a higher likelihood of being captured.
Further studies should also be conducted with a more accurate vena cava model.
Currently, the model has a little lip at the base where the two iliac veins enter. This lip is causing
a recirculation zone that was visualized using colored dye. Making that entrance smoother and
physiologically accurate will allow the data to be more accurate. To make this study more
accurate, the flow in the iliac veins should be controlled in a better manner to allow for equal
flow through both at any given moment.
A study to test the placement of the IVC filter should also be considered. Using the
information gained from the results displayed in this thesis, optimal filter positions can be
obtained and used to see which position and angle with have the most positive effect. In addition
to this, multiple types of filters can be tested in the same manner as this experiment and studied
to find out which filter is the most optimal for different flow rates.
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Appendix A
Matlab Code
Example Code for 1/4-Embolus:

%% Rotating Data Front View
% Defining X and Y to rotate
num_runs = 30;
SX = cell(1,num_runs);
SY = SX; FX = SX; FY = SX;
for i=1:num_runs
filename= 'fv_1_4.xlsx';
sheet=i;
x1range='F:F';
y1range='G:G';
x1=xlsread(filename,sheet,x1range);
y1=xlsread(filename,sheet,y1range);
% Creating X,Y Matrix
v1 = [x1,y1];
% Center of rotation
x1_center = x1(73);
y1_center = y1(73);
% create a matrix which will be used later in calculations
center1 = repmat([x1_center, y1_center], length(x1),1);
% 0.7 degree clockwise rotation in radians
theta = -0.0122173;
R = [cos(theta) -sin(theta); sin(theta) cos(theta)];
% Rotation
s1 = v1-center1;
% shift points in the plane so that the center of
rotation is at the origin
so1 = R*s1';
% apply the rotation about the origin
vo1 = so1 + center1';
% shift again so the origin goes back to the
desired center of rotation
% rotated vectors
fx1_rot = vo1(1,:);
fy1_rot = vo1(2,:);
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% plot of original and rotated vectors
%plot(x1, y1, 'k-', fx1_rot, fy1_rot, 'r-', x1_center, y1_center, 'bo');
%axis equal
% Rotating Data Side View
% Defining X and Y to rotate
filename= 'sv_1_4.xlsx';
sheet=i;
x2range='F:F';
y2range='G:G';
x2=xlsread(filename,sheet,x2range);
y2=xlsread(filename,sheet,y2range);
% Creating X,Y Matrix
v2 = [x2,y2];
% Center of rotation
x2_center = x2(73);
y2_center = y2(73);
% create a matrix which will be used later in calculations
center2 = repmat([x2_center, y2_center], length(x2),1);
% 0.7 degree clockwise rotation in radians
theta = -0.0122173;
R = [cos(theta) -sin(theta); sin(theta) cos(theta)];
% Rotation
s2 = v2-center2;
% shifts points in the plane so that the center of
rotation is at the origin
so2 = R*s2';
% applies the rotation about the origin
vo2 = so2 + center2';
% shifts again so the origin goes back to the
desired center of rotation
% rotated vectors
sx1_rot = vo2(1,:);
sy1_rot = vo2(2,:);
% plot of original and rotated vectors
%plot(x2, y2, 'k-', sx1_rot, sy1_rot, 'r-', x2_center, y2_center, 'bo');
%axis equal
% Conversion of Data
%pixels to mm
fx_correct=0.2568*fx1_rot;
sx1_notcor=0.2568*sx1_rot;
fy_correct=0.2568*fy1_rot;
sy1_notcor=0.2568*sy1_rot;
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FX{i} = fx_correct;
FY{i} = fy_correct;
% Calculation of Side view Correction
%plot(fx1_rot,sx1_rot);
myfit=polyfit(fx1_rot,sx1_rot,1);
m=myfit(1);
b=myfit(2);
% Corrected side view data
sx_correct=(sx1_notcor-b)/m;
sy_correct=(sy1_notcor-b)/m;
SX{i} = sx_correct;
SY{i} = sy_correct;
end
%%
archi_list = [1,2,4,6,9,13,14,17,20,22,24,25,27,28,29,30];
for i=1:numel(archi_list)
index = archi_list(i);
plot3(FX{index},FY{index},SY{index}) %not 6/10/22
drawnow
hold on
axis equal
axis equal
xlabel('X-axis')
ylabel('Y-axis')
zlabel('Z-axis')
title('Embolus Trajectory of 1-4 embolus: Left')
end
%%
archi_list = [3,5,7,8,11,12,15,16,18,19,21,23,26];
for i=1:numel(archi_list)
index = archi_list(i);
plot3(FX{index},FY{index},SY{index}) %not 6/10/22
drawnow
hold on
axis equal
axis equal
xlabel('X-axis')
ylabel('Y-axis')
zlabel('Z-axis')
title('Embolus Trajectory of 1-4 embolus: Right')
end
%%
archi_list =
[1,2,3,4,5,7,8,9,11,12,13,14,15,16,17,18,19,20,21,23,24,25,26,27,28,29,30];
for i=1:numel(archi_list)
index = archi_list(i);
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plot3(FX{index},FY{index},SY{index}) %not 6/10/22
drawnow
hold on
axis equal
axis equal
xlabel('X-axis')
ylabel('Y-axis')
zlabel('Z-axis')
title('Embolus Trajectory of 1-4 embolus: Captured')
end
%%
archi_list = [6,22];
for i=1:numel(archi_list)
index = archi_list(i);
plot3(FX{index},FY{index},SY{index}) %not 6/10/22
drawnow
hold on
axis equal
axis equal
xlabel('X-axis')
ylabel('Y-axis')
zlabel('Z-axis')
title('Embolus Trajectory of 1-4 embolus: Not Captured')
end

Code for aggregation of data to plot combined 2-D Cross-Section:
close all
num_trials_per_clot = 30;
supermax_y = 50;
file_names = {'1_4_clot.mat','1_8_clot.mat','3_16_clot.mat'};
refs = [102,115,110] -30*ones(1,3);
colors = {'r','b','g'};
num_files = numel(file_names);
total_x = cell(num_files,1); total_y = cell(num_files,1); total_z =
cell(num_files,1);
ymin = inf; zmin = inf; zmax = -inf; ymax = -inf;
ylist = nan(1,num_trials_per_clot); zlist = ylist;
for i=1:num_files
load(file_names{i},'FX','FY','SY')
for j=1:num_trials_per_clot
x = FX{j};
y = FY{j};
z = SY{j};
if(y > supermax_y)
continue
end
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index = find(x>=refs(i),1);
if(isempty(index))
continue
end
ypt = y(index);
zpt = z(index);
ylist(j) = ypt;
zlist(j) = zpt;
scatter(y(index),-z(index),colors{i},'filled');
hold on
end
zlist(isnan(zlist)) = [];
ylist(isnan(ylist)) = [];
zavg(i) = mean(zlist);
yavg(i) = mean(ylist);
end
d1 = ymax - ymin;
d2 = zmax - zmin;
r = 23/2;
cy = mean(yavg)-1.5;
cz = -mean(zavg);
theta = 0:0.01:2*pi;
for i=0:numel(theta)
yy = r*cos(theta) + cy;
zz = r*sin(theta) + cz;
end
plot(yy,zz,'k')
axis equal

50

Appendix B
Experimental Observations
Table 5: Observations of embolus in resting flow rate using 1/8-inch embolus
Trial Number
1

Entrance of Embolus Capture in IVC Filter

Measured Flow Rates (L/min)

Right Iliac Vein

R (0.57) and L (0.62) 

Not Captured

Total (1.20)
2

Right Iliac Vein

Not Captured

3

Right Iliac Vein

Not Captured

4

Left Iliac Vein

Captured

5

Right Iliac Vein

Not Captured

6

Left Iliac Vein

Not Captured

7

Left Iliac Vein

Not Captured

8

Right Iliac Vein

Not Captured

9

Left Iliac Vein

Not Captured

10

Right Iliac Vein

Not Captured

11

Left Iliac Vein

Not Captured

12

Left Iliac Vein

Not Captured

13

Right Iliac Vein

Not Captured

14

Left Iliac Vein

Not Captured

15

Left Iliac Vein

Not Captured

R (0.58) and L (0.62)

R (0.58) and L (0.63)

R (0.57) and L (0.62)
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16

Left Iliac Vein

Not Captured

17

Right Iliac Vein

Captured

18

Right Iliac Vein

Not Captured

19

Left Iliac Vein

Captured

20

Right Iliac Vein

Captured

21

Right Iliac Vein

Captured

22

Left Iliac Vein

Not Captured

23

Left Iliac Vein

Not Captured

24

Right Iliac Vein

Not Captured

25

Left Iliac Vein

Not Captured

26

Right Iliac Vein

Not Captured

27

Left Iliac Vein

Not Captured

28

Right Iliac Vein

Not Captured

29

Left Iliac Vein

Not Captured

30

Right Iliac Vein

Not Captured

R (0.56) and L (0.61)

R (0.59) and L (0.63)

R (0.59) and L (0.62)
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Table 6: Observations of embolus in resting flow rate using 3/16-inch embolus
Trial Number
1

Entrance of Embolus Capture in IVC Filter

Measured Flow Rates (L/min)

Left Iliac Vein

R (0.59) and L (0.63) 

Captured

Total (1.21)
2

Right Iliac Vein

Not Captured

3

Right Iliac Vein

Not Captured

4

Right Iliac Vein

Captured

5

Left Iliac Vein

Captured (but

R (0.58) and L (0.60)

Released after 3
seconds)
6

Left Iliac Vein

Not Captured

7

Right Iliac Vein

Captured

8

Right Iliac Vein

Not Captured

9

Left Iliac Vein

Not Captured

10

Left Iliac Vein

Not Captured

11

Right Iliac Vein

Not Captured

12

Right Iliac Vein

Captured

13

Left Iliac Vein

Not Captured

14

Left Iliac Vein

Not Captured

15

Right Iliac Vein

Captured

16

Right Iliac Vein

Captured

17

Left Iliac Vein

Not Captured

R (0.57) and L (0.61)

R (0.57) and L (0.61)
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18

Left Iliac Vein

Captured

19

Right Iliac Vein

Not Captured

20

Right Iliac Vein

Captured

21

Right Iliac Vein

Not Captured

22

Left Iliac Vein

Not Captured

23

Left Iliac Vein

Not Captured

24

Right Iliac Vein

Captured

25

Right Iliac Vein

Not Captured

26

Left Iliac Vein

Not Captured

27

Left Iliac Vein

Not Captured

28

Left Iliac Vein

Captured

29

Right Iliac Vein

Captured

30

Left Iliac Vein

Captured

R (0.57) and L (0.61)

R (0.56) and L (0.61)

R (0.58) and L (0.62)
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Table 7: Observations of embolus in resting flow rate using 1/4-inch embolus
Trial Number Entrance of Embolus
1

Left Iliac Vein

Capture in IVC Filter

Measured Flow Rates (L/min)

Captured

R (0.60) and L (0.61) 
Total (1.21)

2

Left Iliac Vein

Captured

3

Right Iliac Vein

Captured

4

Left Iliac Vein

Captured

5

Right Iliac Vein

Captured

6

Left Iliac Vein

Not Captured

7

Right Iliac Vein

Captured

8

Right Iliac Vein

Captured

9

Left Iliac Vein

Captured

10

Left Iliac Vein

Captured

11

Right Iliac Vein

Captured

12

Right Iliac Vein

Captured

13

Left Iliac Vein

Captured

14

Left Iliac Vein

Captured

15

Right Iliac Vein

Captured

16

Right Iliac Vein

Captured

17

Left Iliac Vein

Captured

18

Right Iliac Vein

Captured

19

Right Iliac Vein

Captured

R (0.60) and L (0.62)

R (0.60) and L (0.63)

R (0.59) and L (0.61)
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20

Left Iliac Vein

Captured

21

Right Iliac Vein

Captured

22

Left Iliac Vein

Not Captured

23

Right Iliac Vein

Captured

24

Left Iliac Vein

Captured

25

Left Iliac Vein

Captured

26

Right Iliac Vein

Captured

27

Left Iliac Vein

Captured

28

Left Iliac Vein

Captured

29

Left Iliac Vein

Captured

30

Left Iliac Vein

Captured

R (0.60) and L (0.64)

R (0.59) and L (0.61)

R (0.58) and L (0.60)
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Table 8: Observations of embolus in exercise flow rate using 1/4-inch embolus

Trial Number
1

Entrance of Embolus Capture in IVC Filter

Measured Flow Rates (L/min)

Left Iliac Vein

R (1.72) and L (1.78) 

Captured

Total (3.5)
2

Left Iliac Vein

Captured

3

Right Iliac Vein

Captured

4

Right Iliac Vein

Captured

5

Right Iliac Vein

Captured

6

Left Iliac Vein

Captured

7

Left Iliac Vein

Captured

8

Right Iliac Vein

Captured

9

Left Iliac Vein

Captured

10

Left Iliac Vein

Captured

11

Left Iliac Vein

Captured

12

Left Iliac Vein

Not Captured

13

Left Iliac Vein

Not Captured

14

Left Iliac Vein

Captured

15

Left Iliac Vein

Captured

16

Left Iliac Vein

Captured

17

Left Iliac Vein

Captured

18

Right Iliac Vein

Captured

R (1.76) and L (1.74)

R (1.74) and L (1.76)

R (1.72) and L (1.76)
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19

Right Iliac Vein

Captured

20

Left Iliac Vein

Captured

21

Right Iliac Vein

Captured

22

Right Iliac Vein

Not Captured

23

Right Iliac Vein

Captured

24

Right Iliac Vein

Captured

25

Right Iliac Vein

Captured

26

Right Iliac Vein

Captured

27

Right Iliac Vein

Captured

28

Right Iliac Vein

Captured

29

Right Iliac Vein

Captured

30

Left Iliac Vein

Captured

R (1.74) and L (1.76)

R (1.73) and L (1.76)

R (1.74) and L (1.78)
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Table 9: Observations of embolus in exercise flow rate using 3/16-inch embolus

Trial Number
1

Entrance of Embolus Capture in IVC Filter

Measured Flow Rates (L/min)

Right Iliac Vein

R (1.68) and L (1.82) 

Captured

Total (3.5)
2

Left Iliac Vein

Not Captured

3

Left Iliac Vein

Captured

4

Left Iliac Vein

Not Captured

5

Right Iliac Vein

Captured

6

Left Iliac Vein

Not Captured

7

Right Iliac Vein

Not Captured

8

Left Iliac Vein

Captured

9

Right Iliac Vein

Captured

10

Left Iliac Vein

Captured

11

Right Iliac Vein

Captured

12

Left Iliac Vein

Captured

13

Right Iliac Vein

Not Captured

14

Left Iliac Vein

Captured

15

Left Iliac Vein

Captured

16

Right Iliac Vein

Not Captured

17

Left Iliac Vein

Captured

18

Right Iliac Vein

Captured

R (1.68) and L (1.83)

R (1.65) and L (1.85)

R (1.64) and L (1.85)
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19

Right Iliac Vein

Captured

20

Left Iliac Vein

Captured

21

Right Iliac Vein

Not Captured

22

Left Iliac Vein

Captured

23

Right Iliac Vein

Not Captured

24

Left Iliac Vein

Not Captured

25

Right Iliac Vein

Captured

26

Left Iliac Vein

Not Captured

27

Right Iliac Vein

Captured

28

Right Iliac Vein

Captured

29

Left Iliac Vein

Not Captured

30

Right Iliac Vein

Captured

R (1.65) and L (1.84)

R (1.62) and L (1.86)

R (1.64) and L (1.82)
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