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ABSTRACT
Deep vein thrombosis afflicts a reported 1 in 1000 persons, resulting in severe medical
consequences for many as the thrombus may dislodge to form a pulmonary embolism. If
undiagnosed, this can cause impaired oxygenation, heart strain, or sudden death due to occlusion
of blood flow in all cases. Multiple iterations of inferior vena cava (IVC) filters were developed
to prevent such emboli from reaching the lungs. Yet, complications remain due to induced
thrombus formation, intimal hyperplasia, perforation through the IVC, and filter fracture.
The goal of this study was to examine flow phenomena around a Bard G2 Express IVC
filter in an effort to identify areas likely to cause complications. A mock venous circulatory flow
loop was constructed which features a compliant model for the vena cava. Clinically observed
flow rates were matched for both resting (2.7 lpm) and exercise (5.5 lpm) conditions. The outlet
pressure of the IVC was maintained at 11 mmHg. Particle image velocimetry (PIV) was used to
measure the flow with high spatial resolution for the unoccluded, filtered, and occluded IVC.
Multiple planes were taken to assess the three-dimensionality in the flow.
Data concerning the flow impact following implantation of the filter and clot was
recorded. Standard deviations were high for this study (median 28.8% of the velocity magnitude
in the exercising midline right iliac). For the first time, three-dimensional characteristics were
characterized in a PIV study concerning an IVC filter; both sets of conditions demonstrated
asymmetric flow and jets altered direction between planes (especially in the resting, unoccluded
case). Regions of recirculation were characteristic of all flows, especially under resting
conditions. Wakes were present in both the filtered and occluded experiments, which could
promote thrombus growth downstream of the filter or clot. Yet, the asymmetries may aid in the
development of larger shear forces on the thrombus, facilitating thrombolysis.
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Chapter 1
Introduction

1.1 Motivation
Deep vein thrombosis (DVT) refers to the formation of a thrombus in a deep vein,
typically the femoral, popliteal, or iliac veins. An estimated average annual incidence of 1 in 1000
North American adults is reported (Severinson, 2010). In approximately 50% of new cases, DVT
results in severe medical consequences as the thrombus becomes dislodged, travels to the lungs,
and forms a pulmonary embolism (PE). If preventative measures are not taken against PE, it may
go undiagnosed and cause impaired oxygenation, heart strain, or sudden death due to occlusion of
blood flow in all cases.
A first line of defense for DVT or PE patients is an anticoagulation therapy regimen. This
is especially effective in patients who are hemodynamically stable and are not prone to bleeding
complications (Dalen, 2012). For other patients, including those who have recently experienced
trauma, this regimen may be temporarily or permanently contraindicated. In both cases,
alternative efforts made to alleviate the problem have resulted in the development of a mechanical
inferior vena cava (IVC) filter. The idea is to trap emboli in the IVC (Figure 1-1) en route to the
lungs. A secondary purpose of the IVC filter under ideal operating conditions is to induce clot
dissolution due to the action of high or unbalanced stresses (Ren, 2012) in conjunction with
thrombolytic therapy. Several filter designs have been approved by the FDA, each resembling
blown out umbrella struts with a length of approximately 5 cm. Figure 1-2 illustrates four such
filters.
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Figure 1-1. Inferior vena cava anatomy. (Adapted from Standring, 2008)

Figure 1-2. Four vena cava filters. (a) Greenfield (Boston Scientific, Natick, MA), (b) Simon NiTiNOL
(Bard, Murray Hill, NJ), (c) TrapEase (Cordis, Bridgewater Township, NJ), (d) G2 Express (Bard
Peripheral, Phoenix, AZ). (Adapted from Stewart, 2008)

Though the IVC filter remains an effective therapy for its purpose, complications remain.
Despite multiple iterations of filter design, none have proved to be superior for all applications
and patient populations (Leask, 2001). Rather, each strikes a trade-off between efficiency in
capturing emboli, clot dissolution, and vessel occlusion. The optimal balance is not known
(Stewart, 2008). In general, patients that can withstand smaller emboli in the lungs are implanted
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with a filter with less overall occlusion despite the greater risk for emboli passing through the
filter.
Moreover, additional risks associated with filter implantation are evident. Caceres et al.
provide anecdotal evidence of filters penetrating through the wall of the aorta in twelve patients
(Caceres, 2012). Cardiac and duodenal perforation has also been reported (Nicholson, 2010).
Thrombosis remains a problem due to the filter itself; Guo et al. describe the incidence of vena
cava thrombosis to be approximately 22% in patients who have received filters (Guo, 2011). Strut
and head fracture has also been an issue with potentially life threatening consequences. The Bard
G2 filter has exhibited a high prevalence of fracture (16%), some of which resulted in strut
embolization to the heart and lungs (Nicholson, 2010). It is important to collect quantitative data
concerning the flow dynamics of these filters in order to resolve these problems.
In vitro studies are also necessitated in part due to the variation seen in clinical studies,
which lack concrete conclusions. There has yet to be a randomized controlled trial which
definitively identifies recommendations for filter selection, placement, and even necessity.
(Martin, 2013; Dalen 2012) This may be in part due to the difficulty to recruit participants from a
relatively small patient population who are contraindicated to anticoagulants. According to
Kidane et al., "the literature is still plagued by a lack of high quality data, and therefore the true
efficacy of prophylactic IVC filters for prevention of PE in trauma patients remains unclear"
(Kidane, 2012). It is hoped that the quantitative data that can be provided with controlled in vitro
experiments will be useful.
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1.2 Summary of Prior Filter Studies

1.2.1 In Vitro Studies
Several in vitro methodologies have been exploited in an effort to describe the fluid
dynamics around an IVC filter. Only one high-resolution, particle image velocimetry study has
been documented (discussed in section 1.2.3).
Johnston et al. pursued a photochronic dye solution to evaluate filters in three separate
studies (Couch, 2001; Leask, 2001; Harlal, 2007). In all cases, regions of stagnant flow,
recirculation, and turbulence have been identified. Johnston suggests that this could be linked to
the thrombosis evident in clinical studies. Importantly, the presence of a clot significantly
impacted the likelihood of thrombus formation via stagnant flow downstream.
Clot capture efficiency of a Vena Tech-LGM filter was examined via a particle trajectory
study (Jaeger, 1998). 5,200 thrombi with varying diameter relative to the vena cava were
launched towards the filter with computer controlled precision. This study indicated that indeed,
experimental parameters including thrombus diameter, IVC diameter, and flow rate significantly
affect the conclusions that can be ascertained from an in vitro study.

1.2.2 Computational Studies
A computational study by Swaminathan et al. used a Greenfield filter (Figure 1-2(a)) to
determine its wall shear stress distribution (Swaminathan, 2006).Their results indicated a small
region of thrombogenic potential and characterized clot capture efficiency. It was also noted that
variation in vena cava size leads to a significant change in the shear stresses that develop. It is
apparent, then, that in vitro studies will benefit from the use of compliant models for the vena
cava.

5
Rahbar, Mori, and Moore constructed a computational model of the Greenfield filter and
the TrapEase filter (Figure 1-2(c)), both of which showed flow disturbances and turbulence
intensities reaching 41% (Rahbar, 2011). This study was succeeded by efforts from Ren et al.,
who found that the addition of a clot to the vena cava (without a filter) only mildly impacted the
flow (Ren, 2012). This contradicts the findings of Johnston discussed above. In both studies, flow
phenomena including recirculation regions, asymmetry, and wakes were identified.

1.2.3 Multidisciplinary Studies
Stewart et al. performed a study that merged the in vitro and in vivo data on each of three
filters (Greenfield, Simon NiTiNOL, TrapEase) to compare their fluid dynamics and to assess
their corresponding performance in terms of wall shear stress (Stewart, 2008). It was found that
low wall shear stress areas due to recirculation patterns were greatest in the TrapEase and lowest
in the Greenfield. The study concluded that wall shear rate should not be the sole quantitative
consideration in the selection of a filter; patient characteristics and trap efficiency should govern
the final selection criteria. This work is particularly notable because it is the first documented use
of a compliant vena cava model for a PIV study. Yet, several shortcomings with the model were
noted, including difficulty aligning the laser with the midplane of the device.

1.3 Objective of the Thesis Research

The goal of this study is to characterize the fluid dynamics for both the unoccluded
and occluded G2 Express IVC filter. Particle image velocimetry will be used to measure the
flow with high spatial resolution. The hemodynamic impact of the filter and clot upon the
flow will be discussed.
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Chapter 2
Theory: Particle Image Velocimetry

2.1 Introduction
Particle image velocimetry is a technique used to describe the spatial and temporal flow
field of a fluid as it moves through a particular device of study. Though this technique has broad
applications in multiple fields of research, it is especially suited to study cardiovascular flow
dynamics. PIV is distinguished from other flow visualization techniques in its better or
comparable spatial resolution, non-invasive methodology, and faster data acquisition time. It is
also capable of computing the velocity and gradient computation of the entire flow field. This
permits both qualitative and quantitative recognition of common flow features such as turbulence,
recirculation regions, and wakes. Importantly, wall shear rate calculations can be made along the
entire wall, provided that certain conditions are met. One disadvantage to conventional PIV is that
it is inherently a 2-D technique; three dimensional flow features can only be ascertained by
interpolating from separate planes.

2.2 Overview
Figure 2-1 describes the typical PIV experimental setup. As a broad overview, a laser is
coupled to an extensive system of optical lenses, mirrors, and filters that project a plane of highenergy light through a device whose fluid is seeded with neutrally buoyant microspheres.
Illuminated by the laser, the particles are imaged by a charge-coupled device (CCD) camera with
two frames in rapid succession. Multiple programs are then used to transform and mask the image
so that a cross-correlation algorithm can be applied. This algorithm divides each frame into small
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"interrogation regions" and determines the distance that each region's particles have moved. The
displacement of the particles can then be transformed into velocity given the known time
recorded between frames.

Figure 2-1. Experimental arrangement for particle image velocimetry. (Raffel, 1998).

2.3 Components of a PIV Experimental Arrangement

2.3.1 Particles
Central to PIV are the tracer particles illuminated in each of the images. As it is
undesirable to have the act of measuring influence the measurement itself, there are several
criteria that these particles must satisfy in order to make reliable and accurate measurements.
(Raffel, 1998).
•

Passive Flow: The particles are chosen to retain the flow characteristics of the
unseeded fluid. The following considerations are made to ensure this:
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•

Neutral Buoyancy: The specific gravity of the particles must match that of the fluid.
Typically, polystyrene or glass is used for blood applications.

•

Stokes Number: The characteristic dimension of the device obstacle must greatly
exceed that of the stopping distance of the particles. This number is defined as
follows:
𝑆𝑡 =

𝑑𝑝2 𝜌𝑝
𝜏𝑠
=
∆𝑇 18 𝜇 ∆𝑇

where 𝜏𝑠 is the particle relaxation time, dp is the diameter of the particle, 𝜌𝑝 is the

density of the particle, and µ is the dynamic viscosity of the fluid. This ensures that
tracing accuracy errors are statistically insignificant, and that the particles exhibit
passive flow.
•

Seeding Density: An appropriate number of particles must be filled per unit volume on
average. This ensures high spatial and temporal resolution. In 2D, “appropriate”
means on the order of 5-10 pixels per interrogation window.

•

Size: This is a consequence of the Stokes number and seeding density requirements
listed above. Accordingly, particles used in experiments of the cardiovascular system
are typically 10 microns in diameter.

2.3.2 Device and Fluid
Special adaptations must be made to both the device and fluid to suit the needs of PIV. In
order to ensure that the image perceived by the camera is undistorted, Snell's law must be
satisfied such that the laser does not refract at the device/fluid interface. Thus, the refractive index
of the device must match the fluid. Additionally, the device is made to be transparent so that the
laser can illuminate the particles within. A change in the material of device construction will
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vastly affect the biomaterial surface science, but for in vitro considerations concerning fluid
dynamics, this is not an issue.
The fluid itself is designed first to match the non-dimensional parameters and viscoelastic
properties of human blood, but critically it must also match the refractive index of the device for
reasons explained above. This is perhaps the most difficult part of this process to control, as a
wide range of the stress vs. shear curve must be satisfied under this additional constraint.

2.3.3 Laser and Camera
Both the laser and camera are synchronized to illuminate and image the particles at the
same time. High intensity light is needed to penetrate the entirety of the device and fluid, so a
Nd:YAG solid-state laser is typically chosen for this purpose (Raffel, 1998). The images must
also be acquired in high resolution and rapid trigger rate, so a CCD camera is used. In the
construction and design of a PIV system, considerations must be made regarding the placement,
optics, and timing of these two components.
The laser and camera are placed relative to the device so that they reside within the
appropriate focal lengths. Lenses, mirrors, and filters are placed to further focus the light. This is
typically accomplished using a commercial light arm.
The two images are captured within microseconds of each other so that particle
displacement can be perceived. Thus, the laser and camera must be synchronized so that near
coincident bursts of light are matched with the opening and closing of the aperture. A frame
straddling technique, which synchronizes the first laser pulse to fire at the end of the first camera
exposure and the second laser pulse at the beginning of the second camera exposure, allows for
sufficiently small time steps to capture higher velocity fields.
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2.4 Cross-Correlation
A full mathematical description of modern cross-correlation algorithms is beyond the
scope of this discussion. Moreover, commercial PIV packages include computationally intensive
and sophisticated routines designed to detect and remove invalid peaks, multigrid methods to
reduce in-plane particle loss, and peak interpolation. A complete description of these algorithms
is provided by Raffel et al. (1998) and Hochareon (2004).
Cross-correlation itself is an intuitive concept to understand, illustrated in Figure 2-2.
Small interrogation regions within each image are translated in two dimensions. With each step,
the product of the light intensity is found for each pixel and summed. This sum of products is
maximal where the greatest overlap between particles is found. Dividing each displacement
vector by the time recorded between images yields the velocity vector. A step-by-step procedure
is described below. Note that commercial packages use more sophisticated techniques including
Fourier transforms to produce the same result with less computational operations.
1.
2.
3.
4.
5.
6.
7.

Frame A is divided into 2nx2n pixel interrogation regions. (n=3,4,5, or 6)
Each interrogation window of Frame A is superimposed onto Frame B, one at a time.
The window is then moved in 2D-space 2n-1-pixels above, below, left, and right of the
corresponding position in Frame B, one pixel at a time.
The product of the light intensity between each frame is summed for each position.
The position where this summation is maximal is deemed the statistically most likely
place for the particles to have displaced (the “peak” in Figure 2-2).
This displacement vector is then translated to a velocity vector given the time
between frames.
Steps 2-6 are repeated for each interrogation window.
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Figure 2-2. Cross-correlation algorithm (Troolin, 2010). An interrogation region on Frame A is mapped to
Frame B and moved over the adjacent pixels. For each position, the product of the intensities over each pixel
in the window is summed. This product is at a maximum where particles overlap each other the most, shown
by a peak in the middle image above. The distance the window moves to reach this point corresponds to the
particle displacement, which can be used to calculate velocity if the time separating the images is known.
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Chapter 3
Materials and Methods
3.1 Venous Flow Loop
A mock venous circulatory flow loop was constructed as shown in Figure 3-1. It was
designed to replicate the physiological conditions on the venous side of the body. The following
subsections describe the components' respective functions in detail. Figure 3-2 shows a schematic
of the flow loop, with elements corresponding to those numbered elements of Figure 3-1. The
lines joining individual components represent the flexible Tygon tubing (Saint-Gobain,
Courbevoie, France).

Figure 3-1. The experimental vena cava flow loop. Proceeding through consecutive elements
downstream: (1) reservoir, (2) roller pump (Cole-Parmer Instrument Co. , Chicago, IL), (3) 4xdamping
elements in series (Cole-Parmer Instrument Co., Vernon Hills, IL), (4) compliance chamber, (5) 3x Yfitting, (6) IVC model (Ivanov, CA) Additional instruments include: (a) 8XL flow meter (Transonic
Systems, Ithaca, NY), (b) flow resistance clamps, (c) acrylic box, (d)PowerPlus 2M CCD camera (TSI,
Shoreview, MN ), (e) x-,y-,z- traverse assembly, (f) light arm (TSI, Shoreview, MN), (g) light arm
jack/traverse, (h), pressure tap transducer (Argon Medical Devices, Plano, TX), (i) 20XL flow meter
(Transonic Systems, Ithaca, NY), (j) stir plate, (k) isolated table.
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Figure 3-2. Schematic of mock circulatory flow loop.

3.1.1 Inferior Vena Cava, Filter, Clot
The vena cava model used in this experiment was manufactured (Advanced Vascular
Models, Seaside, CA) out of silicone according to the anatomically correct specifications listed in
Table 3-1. An engineering schematic of vessel orientation is depicted in Figure 3-3.
Each of the renal veins are located 104 mm downstream of the iliac bifurcation. The
lengths of the peripheral vessels were chosen to be ten times the diameters so that flow will
resemble plug flow upon entry to the vena cava (Cengel, 2010). The wall thickness of this model
is on the order of 1 mm.
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Table 3-1. Vena cava model dimensions.
Vessel

Diameter (mm)

Length (mm)

Vena Cava

25.4

200

Left Iliac

9.3

93

Right Iliac

12.7

127

Left Renal

12

120

Right Renal

12

120

The retrievable G2 Express (Bard Peripheral, Phoenix, AZ), shown in Figure 3-4(a), was
the IVC filter used. It was deployed with the legs punctured 50 mm below the renal veins, and
sealed in place with RTV8 silicone. A level orientation with respect to the body of the vena cava
was not achieved. A clot that is 1.6 cm in length, 0.69 cm3 in volume, and 0.94 g/cc in density
was modeled with a conical shape to fit the struts of the filter (Figure 3-4(b)). The caudal end of
the clot is hemispherical and 1 cm in diameter. It was manufactured from acrylonitrile butadiene
styrene (ABS) plastic using a finite deposition modeling (FDM) rapid prototyping machine.

Figure 3-3. Schematic of the silicone inferior vena cava.
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Figure 3-4. G2 Express IVC filter with clot: (a) as imaged in the PIV experiment (the clot is highlighted
with a red dashed line), (b) SolidWorks (3D CAD Design Software, Concord, MA) rendition of clot.

3.1.2 Flow Conditions
The outlet pressure is maintained at a constant 11 mmHg. The iliac veins each produce
flow of 0.6 and 2 lpm for two sets of experimental conditions: resting and exercise. The flow rate
for each renal vein is a constant 0.75 lpm under both conditions. Then, the total outlet flow rates
are 2.7 and 5.5 lpm.
These parameters are established by the roller pump (Cole-Parmer Instrument Co.,
Chicago, IL) depicted in Figure 3-1(2). Roller pumps add an undesired degree of pulsatility to the
flow. This was removed with the addition of four damping elements and a compliance chamber in
series. The instrument used to measure the flow was a transit-time ultrasound flowmeter
(Transonic, Inc., Ithaca, NY). The outlet pressure was maintained at the appropriate value by
adjusting the relative component heights for the given resistance of the flow loop.
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3.1.3 Fluid Analog
A Newtonian fluid analog was prepared to match the viscoelastic properties of blood and
the refractive index of the model. The kinematic viscosity was 4.4 cSt. The concentration of
glycerin to water that provided this viscosity was found to be 45% by volume. See Appendix A
for a plot of the kinematic viscosity of this fluid analog against shear rate. As expected, this
Newtonian fluid does not change viscosity significantly with shear.
Sodium iodide was added to this fluid to match the refractive index of the silicone IVC
model. The manufacturer (Advanced Vascular Models, Seaside, CA) reported this index to be
1.45-1.48, but a match was found closer to the range of 1.407-1.410. This corresponded to the
addition of 150g NaI to 3.7L of the 45% glycerin/water solution. Yet, an exact match could not be
achieved as evidenced by the retention of visible boundaries; it is suspected that the model has a
heterogeneous index along its length. Additionally, the model itself is not fully transparent; a blue
translucence is observed when bathed in solution. The final density was 1.12 g/ml.
The model is placed within an acrylic box (Figure 3-1(c)) so that it may be submerged in
the unseeded fluid matching its refractive index. The acrylic does not match the refractive index
of the model and fluid, but this is not a problem as the laser light sheet enters the box
approximately normal to the acrylic.
The fluid is seeded with 10 µm glass spheres (Potters Industries, Valley Forge, PA) of
density 2.5 g/cm3, resulting in a Stokes (St) number of 0.0141 for the minimum 200 µs ΔT of this
study. As St << 1, the assumption that the tracer particles are representative of the flow is
validated. The spheres are maintained at a homogeneous concentration within the fluid via a stir
plate and magnetic stir bar within the reservoir. The glass reservoir was specially constructed to
provide an additional mode of fluid mixing due to the placement of the inlet.

17
3.1.4 PIV Equipment
PIV was accomplished via the Gemini PIV 15 system with its 15Hz dual Nd:YAG lasers
(New Wave Research, Fremont, CA). A LaserPulse Synchronizer (TSI, Shoreview, MN)
synchronized laser pulses with the exposure of the two megapixel PowerView Plus 2M CCD
camera (TSI, Shoreview, MN). The camera lens was a 50 mm F1.8 lens (Nikon, Tokyo, Japan).
Images were digitized and buffered with a 64-bit Framegrabber (DALSA, Billerica, MA),
inserted into a PCI slot of a personal computer (Asus Essentio, Fremont, CA).
The laser and camera assembly is positioned such that the model is unobstructed from the
field of view of either. (There is a window in the breadboard upon which the acrylic box is
placed.) The camera (Figure 3-1(d)) is mounted to a traverse underneath the model that allows
free positioning in each Cartesian direction. A 25 mm cylindrical lens spreads the laser into a
sheet approximately 0.5 mm thick, which is then focused by a 500 mm spherical lens (Figure
3-1(f)). The laser arm rests upon a jack, allowing movement in the vertical direction so that
different planes within the model can be taken. The light sheets were attenuated to match
intensities over both frames A and B.
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3.2 Data Acquisition
For both resting and exercise conditions, three sets of data were collected for each: the
empty, filtered, and clot-occluded vena cava. Each set divides the vena cava into eight imaging
segments of 1600x1192 pixel dimensions with a spatial resolution of 33.04 µm/pixel. This
corresponds to an image size of 59.8 x 39.4 mm. Figure 3-5(a) is a map of segment locations. The
body vena cava segments overlapped each other by 200 pixels.

Figure 3-5. Map of imaging segments and planes. (a) red boxes indicate the field of view of the camera
for each of eight segments of the vena cava (b) for each segment, three horizontal planes were taken above
and below as percentage of the vessel diameter
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To acquire a sense of three-dimensionality in the flow, three planes were taken along the
vessels for each experiment: the midplane, the "minus 25%" plane, and the "plus 25%" plane. The
latter two planes are expressed as a percentage of the diameter for each vessel (Figure 3-5(b)).
Table 3-2 indicates the position of each plane relative to the midplane. These planes are disjoint
and continuity should not be expected between vessels in the resultant flow diagrams. For
instance, the plus 25% plane along the body of the vena cava is 4.1 mm more anterior than the
corresponding plane for the left iliac.
Table 3-2. Location of the plus and minus planes per vessel.

Vessel
Vena Cava
Left Iliac
Right Iliac
Left Renal
Right Renal

Plus/Minus 25% plane location
(above/below midplane)
6.4 mm
2.3 mm
3.2 mm
3 mm
3 mm

Data was acquired using Insight 3G™ 9.0.5.1 software (TSI, Shoreview, MN). For the
empty and filtered experiments, 200 image pairs were captured for each segment. For the
occluded experiment, 2000 image pairs were recorded in the vicinity of the filter (500 pairs
elsewhere) due to anticipation of unsteady flow features. For each imaging segment, the ΔT was
selected such that the particles moved, on average, one-third of an interrogation region between
each frame. In practice, the ΔTs ranged from 200 μs under exercise conditions in the left iliac to
600 µs for the downstream body segments under resting conditions. Table 3-3 lists the ΔT used
for each segment.
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Table 3-3. ΔTs between image pairs by segment. Given ΔT applies to all planes unless otherwise
indicated.

Segment

Flow Rate (lpm)
Unoccluded
2.7
600
Body 1
5.5
200
2.7
600
Body 2
5.5
200
2.7
600
Body 3
5.5
200
2.7
600
Body 4
5.5
200
2.7
600
Left Renal
5.5
200
2.7
600
Right Renal
5.5
200
2.7
600
Left Iliac
5.5
200
2.7
600
Right Iliac
5.5
200
*The midplane at this location used a ΔT of 200 µs
**The minus 25% plane at this location used a ΔT of 400 µs

ΔT (µs)
Filtered
400
400*
400
400
400
400
400
400
400
400
400
400
400
200
400
200

Occluded
600
200
600
200
600
400
600
400
600
400
600
400
600**
200
600
200

3.3 Data Processing

3.2.1 Zero-Masking
An in-house MATLAB algorithm was used to manually demarcate the boundaries of the
vena cava and describe them with fifth-order polynomial functions for each segment. This was
completed in anticipation of generating wall shear maps, which require these boundaries in order
to perform first-order derivatives against their normal directions. At the same time, an additional
"zero-masking" function was performed which reduces the light intensity outside of the
boundaries of the device to zero. This is illustrated in Figure 3-6, and resolves an issue created by
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particle reflection against the walls of the device, which biases velocities near the wall towards
stagnation.

Figure 3-6. Illustration of zero-masking technique. PIV image (a) before and (b) after zero-masking
(Hochareon, 2004). The wall and its particle reflections are removed.

3.2.2 Background Subtraction
Complications resulted from optical aberrations in each image, especially with the use of
the compliant and translucent IVC. A background removal algorithm was written to partially
compensate for this (Appendix B gives MATLAB code). It assumes that particles move
sufficiently enough for any given region in space to be unoccupied by a particle at some point
over the set of images. As the presence of a particle increases the light intensity on an image, the
intensity of the unoccupied space is inherent in the model or in the stagnant bubbles which
accumulate. This algorithm simply subtracts that out from each image.
Results of the background removal for a right iliac vessel under resting conditions are
demonstrated in Figure 3-7. Note the increase in both image contrast and vector count among the
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images, especially along the wall of the vessel. It was observed that the background calculated
from the full original set had some unexpected and discontinuous regions of zero intensity. To
compensate for this, the minimum was calculated instead from the first 35 images in the
experiment. This value produced, on average, the highest total sum of vector counts for given set
of images.
In this experiment, the background calculated as the minimum of the first 35 images for a
given set was subtracted from each segment.

Figure 3-7. Results of background subtraction. (a) unmodified image, (b) minimum subtracted from full
set of images, (c) minimum subtracted from first 35 images. Note the increase in contrast and vector counts
after the algorithm is applied.
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3.2.3 Cross-correlation

The FFT cross-correlation algorithm used within Insight 3G™ (TSI, Shoreview, MN)
generated the velocity vectors for each pair of PIV images. A recursive Nyquist multigrid method
was used with a starting interrogation region size of 64 x 64 pixels and a final size of 32 x 32
pixels. Vectors are assigned to the center of each interrogation region.

3.2.4 Average Field, Vector Counts, Standard Deviation, Turbulence Intensity
A MATLAB script was written to determine both the average velocity field and their
standard deviations from each vector file written by Insight 3G™ (Appendix B gives code).
These values were calculated on an interrogation region by interrogation region basis among the
set of values for each that were considered to be evaluated correctly by Insight. The sum total of
vector counts was also generated.
Each of these parameters were visualized using Tecplot software (TecPlot, Inc.,
Belleview, WA) in conjunction with a plugin developed by TSI, Inc. for increased compatibility
with the Insight 3G™ software. Contour maps were generated with interpolated values from the
discrete data using the flood option. The large rainbow colormap was used with 31 steps and a
consistent maximum scale value.
Turbulence intensity maps were generated for segments in the downstream body of the
vena cava. This was computed in Tecplot among the entire set of vector files for each segment via
the TSI, Inc. plugin. According to the Insight 3G™ documentation, turbulence intensity is
calculated as the standard deviation of the magnitude of the velocity vector, scaled as percentage
turbulence. Indeed, Figure 3-8 shows that the turbulence intensity maps are similar to those of the
standard deviation.
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Figure 3-8. Turbulence intensity vs. standard deviation. (a) turbulence intensity and (b) standard
deviation for the first body segment at the midline under exercise conditions. Arrows indicate the
magnitude and direction of the local velocity.
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Chapter 4
Results and Discussion

4.1 Inlet Velocity Profiles
A major area of concern is in the consistency of infrafilter flow for each experiment. In
order to properly assess the impact of the introduction of the filter and following clot upon the
flow field, the flow must be controlled to be equivalent immediately upstream of the device
between experiments. Yet, it is evident from the velocity maps in the proceeding subsection that
this is not the case for both sets of conditions.
For instance, under resting conditions the empty vena cava exhibits a complex flow
pattern with a jet that deviates to the right for the plus 25% plane and midplanes. This is not seen
in the filtered and occluded vena cava, which resemble each other in flow pattern. For exercise
conditions, the empty and filtered vena cava are similar in their central jets, while the occluded
experiment shows a heavily right-deviating jet.
Compounding this problem is a difficulty to assess the flow profile immediately upstream
of the filter due to imaging aberrations. Perhaps the deviations in flow profile immediately
downstream of the iliac bifurcation are inconsequential further downstream, but this cannot be
determined from the data.
As the flow within the body of the vena cava is governed by the flow profiles of its inlets,
this is the most likely source for deviations in the flow. The following figures within this section
attempt to clarify and quantify the flow behavior of the inlets. However, the overall flow rates
could not be calculated for some sections due to asymmetries within the flow profiles. In order to
make a good estimation with such a calculation, the geometry must be able to be approximated as
radially symmetric.
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Figure 4-1 demonstrates the flow profile of the left iliac for each of the three planes of
data collection and each of six experiments performed. Standard deviations are given for the
midline as error bars (Appendix C provides standard deviations for the plus 25% and minus 25%
planes of the iliacs). A striking feature of the resting left iliac (the left column of this figure), is its
high degree of asymmetry. Flow is consistently diverted to the left for each plane in the
experiment. The intended flow profile for this vessel is symmetrical, ideally resembling plug
flow. It was hoped that the entrance lengths would encourage such a flow development. Future
experiments should more readily control this behavior via longer and more rigid piping
attachments upstream of the vein.
Qualitatively, the flow profiles and their magnitudes for the left iliac under exercise
conditions (the right column) remain consistent. One significant deviation is seen in Figure 4-1(f),
though it is believed that this is not representative of the actual flow profile. The dips observed
here are likely due to the accumulation of bubbles at this location (Figure 4-2), obstructing the
PIV images. It is within this section that the least vector counts and highest standard deviations
are observed over the entire experiment. Rather, the flow at this section is expected to behave
much like that seen in the empty and filtered conditions.
A subtle feature that may contribute to the alternative flow development of the empty,
resting vena cava (Figure 4-1(a)) is its generally broader profile. This suggests an overall higher
flow rate. Indeed, a higher flow rate in the left iliac would encourage the observed deviation of
the jet to the right of the body of the vena cava.
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Figure 4-1. Left iliac flow profiles. Error bars indicate the standard deviation of the velocity magnitude for
the midplane. Profiles resemble each other for both sets of conditions. Note the asymmetry in the profiles
for each of the resting conditions. A broader profile which indicates a higher flow rate is observed in the
unoccluded case than in both the filtered and occluded resting cases. The dips of (f) are due to the bubble
accumulation depicted in Figure 4-2.
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Figure 4-2. Effect of bubbles on velocity magnitude. (a) original PIV image, (b) calculated velocity
magnitude. This effect is abnormally pronounced in this segment (right iliac, midplane, exercise conditions,
occluded). Note the regions of low velocity in (b) correspond to bubble accumulation in (a), highlighted
with black and white ovals, respectively.

Figure 4-3 describes the flow profiles within the right iliac. Standard deviations are given
for the midline as error bars (Appendix C provides standard deviations for the plus 25% and
minus 25% planes of the iliacs). Overall, the flow is approximately symmetric for both
conditions. Assuming three-dimensional symmetry, and taking the Riemann sum using a
trapezoidal rule over an "average" profile (combining the left and right sides about the central
line), we obtain flow rates of 0.562 L/min and 1.838 L/min for the empty iliac under rest and
exercise conditions, respectively. This corresponds to percent errors of 6.3% and 8.1% from the
expected 0.6 L/min and 2 L/min. These are expected to be underestimates as data very near to the
wall was not taken into account because extrapolation was avoided.
It is evident from Figure 4-3(c) that there is a lower flow rate in the right iliac under
resting conditions for the occluded vena cava. This flow is also asymmetrical. It is not clear how
this affects the flow as the maps downstream of the iliac bifurcation for both the clot and filter are
similar. One would expect that a lower flow rate here would contribute to a right-deviating jet as
in the empty vena cava, but this is not the case.
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Figure 4-3. Right iliac flow profiles. Error bars indicate the standard deviation of the velocity magnitude
for the midplane. Profiles resemble each other for both sets of conditions, with the exception of the
occluded, resting right iliac of (e). Flow is asymmetric and low in magnitude here.
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Together, the left and right renal veins do not contribute to the infrafilter flow and thus
cannot be expected to affect it. However, it is important to match these profiles to be able to
properly compare the flows downstream of the filter. Still, variations here contribute much less to
the overall flow near the segment containing the filter than do variations in the iliacs.
Figure 4-4 presents the flow for the left renal vein. Qualitatively, the flows within this
vein are similar in magnitude. This is expected because the flow rates remain at 0.75 L/min under
all experimental conditions. However, a slightly larger flow rate is observed in the empty, resting
vena cava.

Figure 4-4. Left renal flow profiles. Error bars indicate the standard deviation of the velocity magnitude
for the midplane. Profiles resemble each other for both sets of conditions, though a slightly larger flow rate
is seen in (a). Asymmetries are evident in (c) and (f).
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Further differences are observed in the left renal vein due to asymmetries in the resting
filtered and exercising occluded vena cava.
Finally, Figure 4-5 depicts the flow profile of the right renal vein. Here, flow remains
symmetrical except in the case of the empty resting vena cava. Larger flow rates are observed for
the occluded experiments, though they remain within a standard deviation of the mean of the
others as represented by their error bars.

Figure 4-5. Right renal flow profiles. Error bars indicate the standard deviation of the velocity magnitude
for the midplane. Profiles resemble each other for both sets of conditions, though slightly larger flow rates
are evident for the occluded experiments.
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4.2 Flow Features
Flow features are organized into the resting (lower flow rate) and exercise (higher flow
rate) conditions, and are further subdivided by the contents of the vena cava: unobstructed flow
(referred to as "empty" or "unoccluded"), an inferior vena cava filter without a clot ("filtered"),
and a filter with its centrally trapped clot ("occluded"). Figures are presented in reverse anatomic
direction (from a posterior view) as a consequence of the relative position of the camera with
respect to the IVC; the bottom side of each figure below corresponds to the anatomic right side of
the body.
The figures of this subsection depict the two-dimensional velocity magnitudes as contour
maps with arrows indicating the flow direction and relative magnitude. Warmer colors indicate
higher velocity. Small discontinuities in the flow or islands of low velocity correspond to
locations of significant bubble accumulation over the duration of the imaging sequence (Figure
4-2). Recirculation regions, wakes, and discontinuities are highlighted with white, black, and red
ovals, respectively. Imaging aberrations are blacked out, while cartoons of the filter and clot are
superimposed in their appropriate locations as these regions do not yield any valuable data.

4.2.1 Resting Conditions
An alternative set of the resting results with a legend scaled to match those used in the
exercise conditions is provided in Appendix D. Figure 4-6 illustrates the flow for three planes
through the resting vena cava without any obstruction. The midline and the plus 25% planes
feature jets that deviate towards the right side of the IVC and continue to develop downstream in
the body to encompass the entire model. However, the jet of the minus 25% plane briefly
separates just downstream of the iliac bifurcation and deviates toward the left. Together, this
indicates a highly three-dimensional flow.
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Figure 4-6. Resting, unoccluded velocity contour map. (a) plus 25% plane, (b) midplane, (c) minus
25% plane. Recirculation regions and discontinuities are highlighted with white and red ovals,
respectively. Three dimensional flow patterns are evidenced by the differing jet deviation direction in (c).
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Prior in silico work corroborates existence of three-dimensionality for the infrafilter IVC,
particularly with exercise conditions. Figure 4-7, reproduced from the work of Ren et al., shows
cross-sections of velocity contours throughout the body of the IVC (Ren, 2012). This
demonstrates that successive coronal planes, through millimeters apart, may exhibit the varying
directions in jets as seen in this experiment.

Figure 4-7. Velocity countours on cross-sectional slices in the infrarenal IVC. (a) rest, (b) exercise, (c) high
exercise (Ren, 2012). Three-dimensional flow patterns are evident.

All planes demonstrate recirculating regions outside of the entrance jet, highlighted with
white ovals. Though wall shear rate was not calculated in this study, it is qualitatively low outside
of the region where the jet washes against the wall of the vena cava.
A large discontinuity is present in the minus 25% plane between the segments just
upstream of the renal veins, highlighted with a red oval in Figure 4-6(c). One possibility to
explain this is that the laser sheet may not have been located as far to the posterior side in the
fourth body segment than the third. Rather, this segment more closely resembles the flow seen in
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the midplane. Discontinuities are also present in the prior work of Stewart et al., citing difficulties
aligning the planes due to the compliant nature of the model used (Stewart, 2008).
Regions of recirculation in the empty resting IVC are highlighted in Figure 4-8. Here, the
velocity map is overlayed with white lines called "streamtraces," which TSI, Inc. defines as
hypothetical paths that a particle may take in a given velocity field (assuming this field remains
constant). Given the standard deviations observed within the flow, this may not be a good
assumption. However, this plot does give some insight into the flow behavior surrounding the jet.
Arrows indicate directionality within the flow.

Figure 4-8. Recirculation of the resting vena cava. (a) plus 25% plane, (b) midplane, (c) minus 25%
plane. White lines demarcate streamtraces, which are hypothetical paths that a particle could take in this
flow.
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It is important to note that implantation of the filter resulted in a leak that was repaired
with a large silicone plug (occupying the bottom half of the third body segment within each
plane). This region does not yield any useful information due to internal reflections of a silicone
gel here. This remains despite efforts to subtract out this background imaging noise. Figure 4-9(b)
highlights the silicone plug and the aberration it forms in each image before background
subtraction efforts. This region is blacked out in the following contour maps. In addition, Figure
4-9(a) highlights oversaturated pixels in the camera that are present in every image pair.
The flow profile observed when the filter is introduced is shown in Figure 4-10. Again,
the flow is not observed to be fully developed. Rather, a jet persists in all planes that consistently
deviates to the left, breaking downstream presumably due to the presence of the filter. (The filter
was sectioned between the third and fourth segments of the body of the vena cava and is
superimposed onto the contour map in red.)
Recirculation regions are also present in this flow upstream of the filter location. Though
the infrafilter flow does not match that seen in the empty vena cava, similar regions are observed
on either side of the jet as seen in Figure 4-8. A short wake is observed just downstream of the
filter in the midplane and minus 25% plane.

Figure 4-9. Imaging aberrations. (a) oversaturated pixels, (b) silicone plug
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Figure 4-10. Resting, filtered velocity contour map. (a) plus 25% plane, (b) midplane, (c) minus 25%
plane. The black region covers the silicone plug. The filter is overlayed in red. Recirculation regions and
wakes are highlighted with white and black ovals, respectively. The jet consistently deviates to the left.
The absence of the wake in the plus plane is due to the tilt of the filter with gravity towards the posterior
side of the vena cava.
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Aberrations remain in the occluded experiment due to the presence of oversaturated
pixels, the silicone plug, and the filter. Additional regions that could not be imaged include the
clot itself (superimposed upon each contour map with a black figure) and the shadow cast by it
upon the left renal vein. Figure 4-11 highlights the effect of this shadow. Note the lack of visible
particles in this region. Shadows were also present in the work of Stewart, et al., who suggested
that multiple lasers could be used to alleviate this problem.
Flow through the occluded IVC is seen in Figure 4-12. Infrafilter flow is typical of that
seen in the preceding resting conditions, especially with that seen in Figure 4-10. Recirculation
regions are present as highlighted with white ovals. A much broader wake is evident downstream
of the clot.

Figure 4-11. Shadow of the clot cast upon the left renal vein.
Note absence of reflecting particles here.
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Figure 4-12. Resting, occluded velocity contour map. (a) plus 25% plane, (b) midplane, (c) minus
25% plane. In addition to the filter and silicone plug overlay, the clot and its shadow on the left renal is
drawn in black. Recirculation regions and wakes are highlighted with white and black ovals,
respectively. The wake is broader here than in the filtered experiment.
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4.2.2 Exercise Conditions
Figure 4-13 demonstrates the velocity map for the empty vena cava under exercise
conditions. Velocity magnitudes are larger than those found in resting conditions everywhere
except in the renal veins due to the increase in iliac flow rate. A central jet is observed, though
flow is less localized to this region than under resting conditions. Yet, three-dimensional
recirculation regions are still present. Figure 4-14 is a map of the streamtraces in the empty vena
cava. Despite this region, flow develops downstream prior to the renal veins.
The effect of the introduction of the filter upon the flow field is shown in Figure 4-15.
Infrafilter flow matches well to that observed in empty conditions, with a jet only slightly more
central and to the left. Appendix C shows that standard deviations for the offset planes in the
iliacs are comparable to those seen at the midplane. Again, a recirculation region forms on the
right side of the jet. A wake is evident extending from the filter; as expected, this has a greater
length than that observed in the resting, lower flow conditions of Figure 4-10. Even under
exercise conditions, the wake remains localized, extending less than 10 mm downstream.
Infrafilter flow observed in Figure 4-16 for the partially occluded vessel differs
significantly from that of both the empty and filtered experiments; the jet deviates towards the
right side of the model. Yet, both the left and right iliac profiles for this experiment are similar to
those found in the prior filtered and unoccluded experiments (Figure 4-1, Figure 4-3) under
exercise conditions. It is possible that the especially high standard deviations in all planes of the
left iliac here (Figure 4-1(f), Appendix C) mask an overall higher flow rate. Indeed, a higher flow
rate through the left iliac of this experiment would explain the right-biased jet.
A region of higher velocity is observed near the right wall for each plane of Figure 4-16,
exhibiting a biased annular flow. This is expected as a mechanism to compensate for the
occlusion. Qualitatively, this indicates a region of relatively high wall shear, which is again
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expected. However, this may be overemphasized due to the infrafilter, right-deviating conditions.
A similar region is not seen on the left side of the clot, but this may be due to shadowing from the
clot itself. A broader wake is observed about the clot, but again this is a subtle feature of the flow.
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Figure 4-13. Exercising, unoccluded IVC velocity contour map (a) plus 25% plane, (b) midplane, (c)
minus 25% plane. Recirculation regions and discontinuities are highlighted with white and red ovals,
respectively. The recirculation region is confined to the right side of the vena cava here, unlike that
observed in resting conditions.
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Figure 4-14. Recirculation of the exercising vena cava. (a) plus 25% plane, (b) midplane, (c)
minus 25% plane. White lines demarcate streamtraces, which are hypothetical paths that a
particle could take in this flow.
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Figure 4-15. Exercising, filtered velocity contour map (a) plus 25% plane, (b) midplane, (c) minus 25%
plane. The black region covers the silicone plug. The filter is overlayed in red. Recirculation regions and
wakes are highlighted with white and black ovals, respectively. The jet deviates to the center and left. The
absence of the wake in the plus plane is due to the tilt of the filter with gravity towards the posterior side of
the vena cava.
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Figure 4-16. Occluded IVC under exercise conditions. (a) plus 25% plane, (b) midplane, (c) minus 25%
plane. . In addition to the filter and silicone plug overlay, the clot and its shadow on the left renal is drawn in
black. Recirculation regions and wakes are highlighted with white and black ovals, respectively. Infrafilter
flow contrasts strongly with that observed in the prior exercise experiments as the jet deviates towards the
right side and the recirculation region is on the left side.
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4.3 Validation

4.3.1 Minimum Resolvable Velocity
One concern associated with the resting flow maps is in the large regions of low velocity
in the body of the vena cava. It is not immediately clear that it is possible to resolve these vectors
accurately. One method to estimate the minimum velocity resolution is to find the quotient of the
spatial resolution (with an associated scaling factor of 0.1-0.2) and the pulse delay (Cooper,
2008). For a spatial resolution of 33.03 μm and a ΔT of 600 μs for resting conditions in the body
of the vena cava, we find the minimum resolvable velocity to be 0.0055 to 0.011 m/s.
Figure 4-17 shows the region just downstream of the iliac bifurcation with a higher
resolution scale bar in order to differentiate the areas of low flow. Note that most of the map is
above the minimal resolvable value. Of course, areas very near to the wall are expected to be
absolute zero due to the no-slip condition. Indeed, this calculation and observation validates the
vectors of low magnitude.

Figure 4-17. Small scale resolution contour map (resting).
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4.3.2 Vector Counts
Vector counts give an indication of the percentage of vectors determined to be evaluated
correctly by the TSI, Inc. cross-correlation algorithm for each interrogation region in the image.
Though vector counts may be misleading in regions of improper imaging, this is an important tool
to validate the PIV data. Low vector counts are an indication of improper optics, pulse delay
selection, or experimental technique. In general, vector counts are acceptable for this experiment
with most segments demonstrating >80% good vectors. Figure 4-18 shows selected best- and
worst- case vector counts. (The scale bar is given as a percentage to account for differing
numbers of imaging pairs collected.) Regions of low vector counts in the worst-case scenario are
attributed to aberration phenomena. It is worth noting that in each experiment, the left iliac vein
has the lowest percentage of good vector counts. This is likely due to the fact that the laser sheet
has to first pass through the right renal vein to illuminate the left. Here, any differences in the
refractive indices of the silicone model and fluid are compounded.

Figure 4-18. Vector counts. (a) empty exercise midplane (b) occluded exercise midplane
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4.3.3 Standard Deviation
Standard deviation is another measure that was used to assess the validity of the
experimental data. For steady flow conditions as in the inferior vena cava, low deviations in
velocity magnitude are expected as the flow should remain constant. Figure 4-19 presents a
representative set of standard deviation maps for the empty vena cava under resting and exercise
conditions. Figure 4-20 shows a logarithmically increasing relationship between standard
deviation and velocity. Overall, the standard deviations are higher than expected for steady flow;
for the exercising right iliac, the median standard deviation is 28.8% of the velocity magnitude.
This may be due to a persisting degree of pulsatility produced by the roller pump, despite
damping efforts.

Figure 4-19. Standard deviation maps. (a) empty resting conditions, (b) empty exercise conditions.
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Figure 4-20. Scatter plot of standard deviation vs. velocity for exercising right iliac. (a)
unscaled, (b) scaled as a percentage of velocity. Data points are included only for interrogation
regions with >80% valid vector counts. The red ellipse highlights a region below the minimum
resolvable velocity with large standard deviation.
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4.3.4 Turbulence Intensity
Though it was discussed in Chapter 3 that the turbulence intensity calculation algorithm
developed by TSI, Inc. is essentially a measure of the standard deviation of the velocity
magnitude, maps of this parameter are presented in Figure 4-21 for completeness. While the
turbulence intensity does increase with the introduction of flow obstructions, overall this is not a
significant feature of the flow. This is expected at least in the unobstructed case, given that its
Reynolds number on the order of 1000.

Figure 4-21. Turbulence intensity in the exercise vena cava. (a) empty, (b) filtered, (c)
occluded
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Chapter 5
Conclusions and Future Research

5.1 Conclusions
Despite complications with properly controlling the inlet conditions and infrafilter flow
profile, some conclusions can be made. For the first time in a PIV study for an IVC filter, insight
was gained into three-dimensionality of the flow.
Several flow features were common to all experiments, including recirculation regions
and asymmetries in the flow profile. The recirculation regions were confined to the infrafilter
region and exist even in the empty IVC case, which suggests that this is not a pathological
feature. Wakes existed in both the filtered and occluded experiments, which could promote
thrombus growth on the downstream side of the filter or clot.
Asymmetries may aid in the development of larger shear forces on the thrombus and
facilitate thrombolysis. This is corroborated by Ren et al., who suggest that an imbalance of
forces may facilitate clot dissolution (Ren, 2012). At the same time, asymmetries could contribute
to filter movement and larger shear stresses in certain regions than in the symmetrical case. This
was especially evident qualitatively with the insertion of the clot into the filter.

5.2 Future Research
Though much has been completed in studying the fluid dynamics about an inferior vena
cava filter, there are still many unanswered questions that are worth pursuing. In the end, this
study is but one step towards achieving a full understanding of the relationship between filter
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design and hemodynamic performance. We hope to establish more specific, quantitative
guidelines for filter improvement and deployment.
The first priority in future research should be to process the existing data set to make
calculations of wall shear rate (“wall shear”). It is important to study and make accurate
measurements of wall shear because this parameter has significant consequences on
hemodynamics and filter performance. Low or oscillating wall shear (not average velocity or
turbulence) are most likely to contribute to thrombus deposition (Deutsch, 2006). High wall shear
likely results in clot dissolution, a positive effect (Stewart, 2008). Yet, the high wall shear
observed under exercise conditions may still initiate "thrombotic-like behavior" (Ren, 2012).
Though there have been efforts to establish a concrete shear rate threshold for which
thrombus formation occurs, it has become apparent that additional factors must be taken into
consideration, including exposure time, oscillatory shear index, the coagulability of blood,
platelet lysis and degranulation, and biocompatibility of the blood-contacting surfaces (Daily,
1996; Ren, 2011). In vitro PIV experiments cannot provide information about these latter effects,
though it does provide insight into the role of fluid dynamics within this interrelationship. Ideally,
future experiments will incorporate these additional factors into consideration with in vivo data.
Effort should be made to overcome the shortcomings with this experiment. First, the
inlets should be better controlled to produce consistent flow profiles. This may be achieved via
the use of longer entrance lengths with rigid tubing, as opposed to the suspended and compliant
tygon tubing. The use of a continuous pump that does not produce bubbles will help to achieve
the steady flow conditions desired and lower the standard deviations observed in this experiment.
Furthermore, additional care should be made to ensure that the pump consistently maintains its
flow rate over the duration of the experiment.
In order to eliminate the silicone plug, the filter should be deployed in a new compliant
silicone model, with even more care given to its placement and seal. Ideally, the filter should
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maintain a horizontal orientation that was not achieved in this experiment. (Clinically, many
patients do not have filters that are perfectly concentric with the vessel.) To help reduce bubble
deposition, consideration should be given to tilting the vena cava upright. The clot should be
painted black to help reduce light scattering and oversaturation of the camera. Finally, additional
data sets taken with planes orthogonal to those already captured will help to better understand the
three-dimensional flow evident in this experiment.
Once this experiment is perfected and more quantitative, concrete conclusions are made,
additional avenues can be explored. The compliant model has yet to be exploited for its
physiological advantage to expand with increasing blood pressure and to contract with
respiration; the results of this particular experiment could have been achieved more conveniently
with a rigid model. A pusher plate can be fitted to the model to mimic the diaphragm compressing
the vena cava 1.4 mm against the spine at 12 beats per minute. In this case, additional care should
be given to the position of the laser to ensure it remains aligned with plane of interest.
There are many additional routes of investigation. Multiple filters can be tested against
each other to assess their relative strengths for given patient populations. Specific
recommendations for the selection of a filter for a particular patient have yet to be developed.
Filter position has not yet been extensively studied either. Attention can also be given to the clot
itself. The one studied within this experiment is rigid, but physiologic thrombi are most likely
able to deform with the flow. Different sizes and geometries of clots may be examined within the
filter. The hemodynamics of pathologic conditions such as intimal hyperplasia observed in some
patients with filters may be studied. Despite its complications, this model has much practical use
and should be further developed.
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Appendix A
Viscosity of 45% Glycerin/Water Blood Analog

Viscosity vs. Shear Rate
Human Blood
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Figure A-1. Blood analog viscosity vs. shear rate. This Newtonian fluid has a constant viscosity of 4.4
cSt. The viscometer (Vilastic, Austin, TX) cannot resolve viscosities for shear rates below 10 s-1.
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Appendix B
Selected Code
Background Removal
bremove.m
%Obtain image list for each pair
imageListA = dir('*A.TIF');
imageListB = dir('*B.TIF');
%read the first pair
minA = imread(imageListA(1).name);
minB = imread(imageListB(1).name);
%continually update minimum against next 34 pairs
for i=2:35,
a = imread(imageListA(i).name);
b = imread(imageListB(i).name);
minA = min(a,minA);
minB = min(b,minB);
end
%write the minimum image to the root directory for restoration
imwrite(minA,'../minA.tif');
imwrite(minB,'../minB.tif');
%Subtract out the minimum from each pair.
fprintf(1,'Removing background from image pair:
for i=1:length(imageListB),
fprintf(1,'\b\b\b\b%4d',i);
a = imread(imageListA(i).name);
b = imread(imageListB(i).name);
imwrite(a-minA,imageListA(i).name);
imwrite(b-minB,imageListB(i).name);
end
fprintf('\n');

');
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brestore.m
imageListA = dir('*A.TIF');
imageListB = dir('*B.TIF');
%Minimum images must be named minA and minB
minA = imread('../minA.TIF');
minB = imread('../minB.TIF');
for i=1:length(imageListB),
i
%indicate image number
a = imread(imageListA(i).name);
b = imread(imageListB(i).name);
imwrite(a+minA,imageListA(i).name);
imwrite(b+minB,imageListB(i).name);
end
vecstddev.m

%do not want to clear all in case this function is not the only
% one running
clear umean vmean chc vecdev xy magandchc filename header
clear i vec vecmag vecs wd
cd('Analysis');
vecs = dir('*.vec');
fprintf(1,'Loading vector:
');
for i=1:length(vecs),
fprintf(1,'\b\b\b\b%4d',i);
vec = importdata(vecs(i).name, ',', 1);
%compute the velocity magnitude
vecmag = sqrt(vec.data(:,3).^2+vec.data(:,4).^2);
magandchc(:,:,i) = [vec.data(:,3:5), vecmag];
end
%store the original x and y locations (common to all files)
xy = vec.data(:,1:2);
fprintf('\n');
cd ..

%compute the means and standard deviations for "good" vector
% locations (where the CHC (3rd) column != -1
for i=1:length(magandchc),
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umean(i) = mean(magandchc(i,1,magandchc(i,3,:)>0));
vmean(i) = mean(magandchc(i,2,magandchc(i,3,:)>0));
ustd(i) = std(magandchc(i,1,magandchc(i,3,:)>0));
vstd(i) = std(magandchc(i,2,magandchc(i,3,:)>0));
vecdev(i) = sqrt(ustd(i)^2+vstd(i)^2);
chc(i) = length(magandchc(i,4,magandchc(i,3,:)>0));
end
%remove invalid vectors
vecdev(isnan(vecdev)) = 0;
umean(isnan(umean)) = 0;
vmean(isnan(vmean)) = 0;
%transform to column major
vecdev = vecdev';
umean = umean';
vmean = vmean';
chc = chc';
%Create title of file, modify header to add stddev field, save
% file.
wd = regexprep(pwd,'.*\','');
filename = ['avg_', wd, '.vec'];
header = regexprep(char(vec.textdata),'"CHC",','"CHC", "SD
m/s",');
header = regexprep(header,
'TITLE="[^"]*"',['TITLE="',wd,'.vec"']);
dlmwrite(filename, header, 'delimiter', '');
dlmwrite(filename, [xy, umean, vmean, chc, vecdev], '-append');
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Appendix C
Iliac Profiles with Standard Deviations on Offset Planes

Figure A-2. Left iliac flow profiles (plus 25% standard deviations). Error bars indicate the standard
deviation of the velocity magnitude for the plus 25% plane. Standard deviations for this plane are
comparable to those seen at the midplane for each respective experiment in Figure 4-1.
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Figure A-3. Left iliac flow profiles (minus 25% standard deviations). Error bars indicate the standard
deviation of the velocity magnitude for the minus 25% plane. Standard deviations for this plane are
comparable to those seen at the midplane for each respective experiment in Figure 4-1.
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Figure A-4. Right iliac flow profiles (plus 25% standard deviations). Error bars indicate the standard
deviation of the velocity magnitude for the plus 25% plane. Standard deviations for this plane are
comparable to those seen at the midplane for each respective experiment in Figure 4-3.
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Figure A-5. Right iliac flow profiles (minus 25% standard deviations). Error bars indicate the standard
deviation of the velocity magnitude for the minus 25% plane. Standard deviations for this plane are
comparable to those seen at the midplane for each respective experiment in Figure 4-3.
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Appendix D
Resting Results with Exercise Scale

Figure A-6. Empty IVC under resting conditions (scaled legend). (a) plus 25% plane, (b)
midplane, (c) minus 25% plane
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Figure A-7. Filtered IVC under resting conditions (scaled legend). (a) plus 25% plane, (b) midplane,
(c) minus 25% plane
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Figure A-8. Occluded IVC under resting conditions (scaled legend). (a) plus 25% plane, (b) midplane,
(c) minus 25% plane
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