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ABSTRACT

Venous thromboembolisms (VTE) are estimated to affect up to 900,000 individuals in the
U.S. each year. Traditionally, VTE is treated prophylactically with anticoagulants or directly
with thrombolytic therapies. Both treatments have significant limitations, side effects, and
potentially fatal adverse effects. Inferior vena cava filters are another treatment for VTE but are
less common because of risks like clot accumulation and occlusion. Modifying the standard
filters to wirelessly powered thrombolytic filters combines the positive attributes of
anticoagulants and thrombolytics without the associated adverse effects. Computer simulations
and in vitro experiments were conducted to assess the feasibility and effectiveness of a wirelessly
powered filter. The filters are designed to capture and then heat blood clots. At 55°C the D
fragment domains of fibrin denature causing the entire structure to break apart. This allows the
filter to prevent formation of new clots as well as dissolve captured clots, preventing

accumulation.
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1. INTRODUCTION

Venous thromboembolisms (VTE) are blood clots that form in the veins and are the third
most common vascular disease following heart attack and stroke. VTE is broken down into two
major categories: deep vein thrombosis (DVT) and pulmonary embolism (PE). DVT is the
development of a blood clot in any vein, but these clots most often occur in the legs. Pulmonary
embolism occurs when a DVT breaks free from the wall of a vein and travels to the lung,
blocking part or all of the blood supply, which reduces the amount of oxygenated blood reaching
the body, specifically the heart and brain [1].

1.1. Problem Overview

VTE is a complex disease because of the combination of inheritable predispositions
towards the disease along with acquired and environmental risk factors such as advanced age,
immobility, surgery, cancer, and obesity, becoming more common in the United States and
around the world [2]. VTE has been categorized as a major public health problem by the U.S.
Surgeon General due to the rapidly increasing incidence and cost of treatment. There are several
methods of treatment for venous thromboembolism. The most common are anticoagulants such
as warfarin, the number one drug causing emergency hospitalization in patients 65 and older [3],
[4], and inferior vena cava filters that prove to be more risky than anticoagulants with use
durations greater than a year. VTE is a rapidly growing problem that effects people in many
demographics, and still has a critical need for a treatment that can improve efficacy, reduce VTE
recurrence, and minimize adverse effects.
1.1.1. Disease Significance

The Center for Disease Control and American Heart Association estimate that there are

greater than 900,000 Americans affected each year, with an estimated incidence of greater than



300 per 100,000 person-years, and nearly a third of these cases experience a recurrence within
ten years [3], [5]. Cancer patients make up approximately twenty percent of VTE cases, and in a
Dutch Cancer Registry study, cancer patients with clinical VTEs had a 2.2-fold increase in
mortality than controls-matched cancer patients without VTE [6]. The one-year fatality rate
among patients with cancer and VTE is 63.4% (95% CI: 54.5-71.8). In VTE cases without active
cancer status, the one-year fatality rate is still high at 12.6% (n = 77; 95% CI: 10.1%-15.5) [7].
1.1.2. Economic Costs of Venous Thromboembolism

In addition to the cost of patient’s health and quality of life, VTE also places a large
economic burden on patients. The costs for cancer patients with VTE were 2.5-fold higher
($62,838) than for controls matched patients ($24,464) (P=<0.001). The cost differences
observed were largest during the first three months, but the costs stayed significantly higher for
the entire 5-year study [8]. The same was true for patients undergoing surgery; the cost was 1.5-
fold higher for surgical patients with VTE ($55,956) than for controls matched patients
($32,718) (P=<0.001), and this cost stayed on average $10,797 greater for the duration of the

studies [8]-[10].



2. TREATMENTS OF VENOUS THROMBOEMOLISMS
2.1. Anticoagulant Therapies

Treatment for VTE is most often anticoagulants, or blood thinners, such as warfarin
(Coumadin) or rivaroxaban (Xarelto), which do not actively break apart thromboembolisms, but
instead prevent the formation and growth of blood clots by blocking various steps in the
coagulation cascade.

2.1.1. Coagulation System

Beginning in the 1960’s, blood coagulation mechanisms started to be described as a
“cascade” of enzymes activating downstream enzymes to plug wounds and stop the bleeding.
This process became known as hemostasis from the Greek roots haeme meaning blood and stasis
meaning stop [11]. This process can roughly be further broken down to primary hemostasis and
the coagulation cascade.

Primary hemostasis is the result of platelets interacting with endothelial cell’s adhesive
proteins and extra cellular matrix to start the initial formation of a “platelet plug.” The
endothelial cells lining the blood vessels have multiple antithrombotic mechanisms; it is when
the layers below the endothelium become exposed, like during vascular injury, that collagen and
thrombogenic proteins are released to induce the formation of the platelet plug that serves as the
scaffold for the final fibrin-platelet aggregate [11]—[13]. After a platelet adheres to the exposed
collagen and releases its factors, it begins to secrete its two types of granules along with various
other factors that stimulate further platelet aggregation to temporarily seal off the vascular injury

and start the coagulation cascade [11].



The coagulation cascade is a complex set of interconnected reactions which result in the

conversion of soluble fibrinogen to insoluble fibrin strands. Many of the clotting factor enzymes

exist in an inactive form and are circulating in the blood stream (shown in Table 1).

Table 1.  Coagulation proteins/ clotting factors [13].
Clotting Factor Number | Clotting Factor Name Function Plasma half-life Plasma
(hours) Concentration
(mg/L)
I Fibrinogen Clot Formation 90 3000
II Prothrombin Activation of I, V, VII, 65 100
VIII, XT, XIII
I Tissue Factor Cofactor of VIla - -
v Calcium Facilitates coagulation - -
factor binding to
phospholipids
v Proaccelerin Cofactor of X- 15 10
prothrombinase
complex
VI Unassigned - - -
A1l Stable factor Activates IX, X 5 0.5
VI Antihemophilic factor Cofactor of IX-tenase 10 0.1
A complex
IX Antihemophilic factor Activates X; forms 25 5
B or Christmas factor complex with VIII
X Stuart-Prower factor Complex with V; 40 10
activates 11
XI Plasma thromboplastin | Activates IX 45 5
antecedent
XII Hageman factor Activates XI, VII - -
XIII Fibrin-stabilizing factor | Cross-links fibrin 200 30

The cascade of the clotting enzymes has traditionally been classified into intrinsic and

extrinsic pathways which connect in a common pathway with the activation of factor X (shown

in Figure 1A). These pathways provided an effective understanding of the basics of the

coagulation pathway and understanding of in vitro coagulation tests, but these pathways do not

completely explain the in vivo pathway. One example is a deficiency of factors VIII and IX; both

factors are involved in the intrinsic pathway and cause hemophilia A and B respectively, but

these disorders do not allow the blood to clot via the extrinsic pathway either. Instead of two

4




parallel pathways, the current coagulation concept used (shown in Figure 1B) is described with

three phases: initiation, amplification, and propagation [12], [13].

A) Three pathways making up the classical coagulation pathway B) Modern blood coagulation in vive pathway

Intrinsic Initiation Phase TE:VI Amplification Phase

Surface Contact

K| st X||a

IX
Activated TF Factor Xla S x|
%TF!VIH ﬁl

Platelets

X — Y|a
e IXa Vilia Vil
1X —— |Xa TF:Vila Tissue D. E 1
(v, PLica®) _— e
‘. k_: s I X P X Xa Va v
(v, PLCa™) X s 2
hi| i Prothrombin (11} ‘Thmmbm
Prothrombin (1) s > Thrombin s |

Xila Cross-linked

Fibrinogen = Fibrin we.cross-linked Fibrin Clot Fibrin <= Fibrinogen
Fibrin Clot
Propagation Phase Xilta

Figure 1. 1A) The traditional coagulation pathway and 2B) a modern interpretation of the
coagulation cascade pathways. Figures adapted from [14].

Initiation starts when tissue factor (TF), expressed on the surface of cells that are not in
contact with the blood, is exposed to the circulating or released clotting factors. TF quickly binds
to factor VII to form the TF-VIla complex, which in turn binds with factors IX and X to form
prothrombinase complexes. The formation of these complexes occurs on the cells where TF
factor was initially bound, but the converting of trace amounts of prothrombin to thrombin starts
the amplification step and generation of the complexes on the platelet surfaces that will form the
bulk of the clot [11]-[13], [15].

Amplification is a positive feedback loop where Thrombin activates factors XI, VIII, and
V starting the buildup of more prothrombinase complexes. The enzyme complexes generated
during amplification, such as factor VIII, mediate platelet activation and adhesion to allow the
accumulation of complexes on platelet surfaces to support the continued production of thrombin

and fibrin during the propagation phase [11]-[13], [15].



The propagation phase is distinguished by the large-scale cleavage of fibrinogen into
fibrin and the polymerization of the fibrin with activated platelets into the platelet plug. Once the
platelet plug is formed and the lesion sealed, termination of the positive feedback loop and
clotting process begins [11]-[13], [15].

After the clot has formed at a vascular lesion, termination begins by releasing four natural
anticoagulants to prevent the occlusion of the vessel due to excess thrombotic activity. The four
natural anticoagulants are tissue factor pathway inhibitor (TFPI), antithrombin (AT), protein C,
and protein S. TFPI binds to the TF-VIla prothrombinase complex, which inactivates the factors
and the complex [13]. AT inhibits the activity of thrombin as well as the other serine protease
factors Xa, XIa, and XIla. Epithelial cells produce several surface proteins with a high affinity
for AT as one natural mechanism to prevent the spontaneous formation of thrombus formation as
well as terminate the coagulation pathway. Protein C and S both terminate the clotting process by
inhibiting factors Va and VlIlla, two of the major factors in amplification and propagation.
Protein C is located on the surface of epithelial cells and is activated by thrombin. Protein S is
also located on epithelial cell membranes, but nearly a third of protein S exists as a free protein
in circulation [12], [13]. The balance between coagulation and anticoagulation is a difficult and
complex process for the body, but with a better understanding of this balance, the methods for
treating these imbalances will be more meaningful.

2.1.2. Heparin

Heparin, one of the first anticoagulants, is a naturally occurring glycosaminoglycan.
Heparin is still heavily in use today despite being discovered in 1916, and is listed as one of the
World Health Organization’s List of Essential Medicines [15]. Heparin is used in two forms: a

standard or unfractionated heparin (UFH) or a low-molecular weight heparin (LMWH), which is



prepared by depolymerization and weight separation. The LMWH has shown to be at least as
safe and effective as unfractionated heparin when UFH is administered by continuous
intravenous infusion and dosage carefully monitored to keep the active partial-thromboplastin
time (aPTT) within therapeutic range. The LMWH can be more conveniently administered by
subcutaneous injection in doses adjusted for patient weight and does not need the aPTT
monitored [16]. This is possible because not all heparin molecules have the same anticoagulant
properties.

Heparin is a chain composed of alternating residues of D-glucosamine and uronic acid,
but approximately one third of the molecules also contain a unique pentasaccharide that gives the
molecule a high affinity for binding and antithrombin [17]. This bond is the primary mechanism
for heparin’s anticoagulation properties and allows the more active molecules to be separated out
by molecular weight. Heparin causes a conformational change that dramatically increases the
reaction rate of antithrombin and therefore inactivation of thrombin.

The direct increase in activity of antithrombin and the rapid therapeutic onset after
administration make heparin and lovenox/enoxaparin (brand/generic for LMWH) a great choice
for its many indications: Prophylaxis of DVT and PE, as a bridge treatment with warfarin,
prophylaxis of non-Q wave myocardial infarction (MI), and treatment of acute ST-segment
elevation MI [18].

LMWH and UFH are more commonly used with inpatient healthcare and in finite
durations due to many patients not being comfortable with regular or daily intravenous or
injection treatments. The long term usage of heparin also brings the risk of thrombocytopenia
(moderate disease is a platelet count of >50,000/pul and <100,000/ul), which occurs in 1.3% of

patients [18]. Elevated levels of serum aspartate and alanine aminotransferases have also been



shown to be elevated in as many as 80% of patients and above the laboratory upper limit
reference range in up to 6.1% of patients [18], [19]. For these reasons, Heparin is still an
important and highly utilized option for anticoagulation and treatment of VTE, but a treatment
that can be safely used for years without reducing a patient’s quality of life would prove to be a
better option.

2.1.3. Vitamin K Antagonists

Vitamin K antagonists (VKA) are a class of oral anticoagulants that have been the
primary means of VTE anticoagulant treatment for sixty years. It was very quickly accepted due
to its high bioavailability when taken orally, dramatically improving quality of life for patients,
and its clinically proven effectiveness [20].

The mechanism of action in VKA is to inhibit the activity of the enzyme vitamin K
epoxide reductase, which is responsible for converting the inactive oxidized form of vitamin K
into the active reduced form (shown in Figure 2). The active form is a cofactor for the
posttranslational modifications that need to be made to the coagulation factors before they are
functional. When this process is inhibited, the availability of active vitamin K drops, which leads
to a drop in the amount of functional coagulation factors II, VII, IX, X and results in reduced
clotting ability [20]. This action of reducing the available functional and active factors is one of
the reasons vitamin K antagonists like warfarin need a few days to reach therapeutic levels. The
most common of the vitamin K antagonists is warfarin, which is often used in conjunction with
LMWH to bridge the nontherapeutic period [20]. Bridging is important because the natural
anticoagulation factors, proteins C and S, are also vitamin K dependent, so initially vitamin K
antagonists like warfarin can result in a hypercoagulation state instead of the desired

anticoagulation state.
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Glutamic acid Glutamic acid
residues of factors residues of factors
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Warfarin
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Figure 2. Mechanism for the vitamin K dependent step of synthesizing some of the coagulant
factors, and the inhibition of this process by warfarin or any vitamin K antagonist.

Warfarin and other vitamin K antagonists have proven to be effective for their specific
indications such as prophylaxis and treatment of venous thrombosis and pulmonary embolism,
prophylaxis of atrial fibrillation or valve replacement thromboembolic complications, and
reduction in risk of myocardial infarction, stroke, and systemic embolization [21]. Over time, the
adverse effects and limitations started to appear. The limitations encountered in clinical practice
are 1) VKA’s have a narrow therapeutic window, 2) the dosage necessary has considerable
variability from patient to patient, 3) VKAs interact with diets and other therapies, 4)
maintenance of therapeutic levels requires a solid understanding of the pharmacokinetics and
dynamics along with regular and helpful patient communication [20].

Oral warfarin has a very narrow period in which its anticoagulation effect is at an ideal
level (INR between 2 and 3). The onset of action for oral warfarin sodium is 24-72 hours, but full
therapeutic effect is not reached for 5 to 7 days. This again is why bridging is needed for patients

at immediate risk for thrombotic injury. Patients are also at risk for the adverse effects associated
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with warfarin; this also means that patients need to have the dosage carefully monitored to
maintain a safe coagulation state [21].

Monitoring and choosing safe dosages for patients is also made difficult by the fact that
effective dosages vary widely between patients. Warfarin is a racemic mixture where the S
enantiomer, which is 3 to 5 times more active, is metabolized in the liver by the CYP2C9
enzyme of the cytochrome P450 system. The R enantiomer is also metabolized in the liver, but is
instead metabolized by the 1A2 and 3A4 enzymes [22]. The P450 CYP2C9 enzyme responsible
for the metabolization of the more active enantiomer has two common and well documented
alleles, 2C9*2 and 2C9*3, which are associated with impaired metabolism and an increased half-
life and reduced elimination of warfarin. The VKOR gene, the gene coding for vitamin K oxide
reductase, has also been found to have several mutations that confer some resistance to VKASs to
individuals [23]. It has also been shown that adverse clinical outcomes using warfarin are
associated with both of these mutations [24]. Choosing the correct initial dosage is important and
can be made easier by the prescribing information in Table 2, but there are still many other

factors that need to be considered because of the many associated interactions with VKAs.

Table 2. Ranges of expected warfarin daily doses based on genotypes [23].
VKORCI1 CYP2C9
b Vil U I Ve B R VA *2/*2 *2/*3 *3/*3
GG 5-7mg | 5-7mg | 3-4mg 3-4mg 3-4mg 0.5-2mg
AG 5-7Tmg | 3-4mg | 3-4mg 3-4mg 0.5-2mg | 0.5-2mg
AA 3-4mg | 3-4mg | 0.5-2mg | 0.5-2mg | 0.5-2mg | 0.5-2mg

Therapeutic dosages are also difficult to maintain due to the many interactions with diet
and other drugs. The effects of vitamin K antagonists are dependent on reduced concentrations of

the active vitamin K. If a substantial amount of vitamin K is ingested, such as in the leafy greens
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of a salad, this could increase the concentration of vitamin K and the production of functional
coagulation factors [24]. Drugs also increase and decrease the pharmacodynamics of warfarin.
Drugs that inhibit the clearance of S-warfarin and increase its anticoagulant effects are
phenylbutazone, metronidazole, and trimethoprim-sulfamethozazole. Drugs like barbiturates,
rifampin, and azathioprine all increase hepatic clearance and therefore inhibit the anticoagulant
effect [25]. There are nearly 150 drugs and numerous supplements and foods that have known
interactions with warfarin. These interactions increase patient complications and make
management more difficult on healthcare professionals and patients [20].

The maintenance of dosages and the amount of communication required between
providers and patients is another barrier to effective VKA treatment. For maintenance to occur,
patients need to be honest about their lifestyle, diet, and adherence to the prescribed dosages.
Even with objective INR measurements, if the patient is not complying or being honest with the
provider, INR values could vary dangerously in both directions. High risk for non-compliance is
a listed contraindication for warfarin. Patients are often scheduled to come in every week to
every month depending on INR consistency to check their INR values. These regular visits can
become difficult for patients, especially the elderly, when making travel arrangements that
change times and frequency. The regular adjustment of dosages can also make patients skeptical
of providers, and again with the elderly, can make compliance difficult.

Despite several major limitations, vitamin K antagonists like warfarin have proven to be
effective for their designed purpose with the benefits often outweighing the risks. This has not
stopped scientists from attempting to develop better options, such as next generation of
anticoagulants with a more direct mechanism of action to minimize the number of interactions

and unforeseen side effects.
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2.1.4. Direct Acting Oral Anticoagulants

Direct acting oral anticoagulants were previously known as new or novel oral
anticoagulants (NOAC) and have only been available since the late 2000°s with only five
currently approved (apixaban, betrixaban, dabigatran, edoxaban, and rivaroxaban).

This class of drugs has become widely used because of their high oral availability and
distinct advantages over the most common anticoagulation option, warfarin. The first advantage
being that no maintenance labs are required of patients. The drugs are typically a once or twice
daily by mouth fixed dosage determined by indication, age, creatinine clearance, and body
weight [26]-[29]. This is possible because DOACs have better understood mechanisms with
more predictable Pharmacokinetics and dynamics than VKAs like warfarin.

Apixaban, edoxaban, and rivaroxaban fall into a subclass of DOACs called direct factor
Xa inhibitors. As opposed to VK As like warfarin, direct factor Xa inhibitors block the activity of
only a single factor in the coagulation cascade. Rivaroxaban was the second direct oral
anticoagulant approved by the FDA and European medicine agency (EMA) and is a competitive,
dose-dependent, inhibitor of factor Xa [30]. It is rapidly absorbed and reaches peak plasma
concentration in less than four hours. About a third (35%) of Rivaroxaban is excreted through
renal clearance with the other two thirds being metabolized in the liver by CYP3A4 and 2J2
enzymes of the P450 system. Concomitant treatment with P450 isozymes and P-glycoprotein
inhibitors are therefore contraindicated due to the increased risk for bleeding [31]. Rivaroxaban
is also contraindicated for patients with extreme renal impairment. A long term double bind
follow-up study called the ROCKET AF was conducted to assess rivaroxaban’s efficacy
compared to dose adjusted warfarin. The study found that there were no significant differences in

risk of major bleeding or mortality. Intracranial and fatal bleeding were less common with using
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rivaroxaban, but there were more incidents of gastrointestinal bleeding and transfusion [32],
[33].

Apixaban and edoxaban are reversible direct factor Xa inhibitors that function very
similarly to rivaroxaban. They both have a slightly faster time to maximum plasma concentration
of one to four hours. Apixiban is primarily metabolized in the liver (25%) like rivaroxaban,
while edoxaban is excreted half by the liver and half in the renal system. The long-term study for
apixaban showed the same efficacy as warfarin with a clear reduction in the number of
intracranial bleeds and major hemorrhages. Apixaban did not have the rise in gastrointestinal
bleeding that is seen with the other DOACs. Edoxaban is FDA approved but has not yet been
approved by the EMA, and due to its higher renal clearance, is contraindicated for patients with
creatinine clearance <50ml/min.

Dabigatran falls into the other category of DOACs, the direct thrombin inhibitors.
Dabigatran was the first of the DOACs to be studied for long term efficacy and approved by the
FDA [30]. It is an orally administered inactive drug, which is activated in the body by an
esterase-mediated conversion where it becomes a highly specific competitive inhibitor of
activated thrombin (Ila). It has an onset of action of one to two hours and reaches peak plasma
levels in two to three hours. Direct thrombin inhibitors have no major food interactions and a low
number of drug interactions [30]. In subsequent studies dabigatran has proven to be non-inferior
to warfarin for most indications with the additional benefit of reduced risk of ischemic stroke,
intracranial hemorrhage, and mortality, but with an increased risk for major GI bleeding [36].
Dabigatran is primarily excreted through the renal system (80%) and is generally contraindicated
for patients with reduced kidney function (CrCl <50ml/min; CrCl >60ml/min is considered

acceptable kidney function by most guidelines). There has been a halved dosage approved by the
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FDA, and NOT the EMA, for a creatinine clearance of greater than 15ml/min but less than
30ml/min [30].

These pharmaceutical therapies have many mechanisms of action to treat VTE with a
high level of efficacy, but both the older treatments, like heparin and warfarin, as well as the new
direct oral anticoagulants have several major limitations that are acceptable because of the large
risk associated with untreated VTEs. These limitations include adverse effects such as major
hemorrhage (5-6%), wound secretion (3%), and neuromuscular/skeletal pain (1-4%) as well as
the numerous contraindications, drug and diet interactions, and complex treatments for patients
to follow [21], [31]. These pharmaceutical treatments provide high efficacy, but circulating
medication inevitably leads to unpredicted affects. This expands possible treatments to
mechanically designed devices.

2.2. Inferior Vena Cava Filters
2.2.1. History of Inferior Vena Cava Filters

The history of Inferior Vena Cava (IVC) interruptions to attempt to capture blood clots
include a wide variety of innovations and devices, but today’s IVC filters are almost all designed
around the original Greenfield filter developed in 1973 [35]. The filter, shown in Figure 3A, has
a slender conical shaped to efficiently trap and pack blood clots in the center. The filter was
designed in a way that allows 70% of the volume of the filter to be filled while only blocking
50% of the cross-sectional area of the blood vessel. Theoretically, holding the clot in the center
of the vessel would allow for the least disrupted uniform flow of blood, filled with natural
anticoagulants, to pass over the clot and filter with some fibrinolytic activity.

Most filters developed after the original Greenfield have followed the original conical

design for a base, but they have added substantial changes in geometry to reduce the minimal
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size of clots that can be captured and increase retention volume while reducing obstruction to
blood flow. Different materials and geometries also allow for easier implantation, indwell, and

removal have also been tested. Several of these designs are shown in Figure 3.

A) 1973 Greenfield B) Titanium Greenfield C) Gunther and Tulip D) Bard G2 E) Simon Nitinol

Figure 3. Depiction of five of the most common IVC filters: A) The stainless-steel Greenfield
filter, B) The modified-hook titanium Greenfield filter, C) The Gunther and Tulip filter D) The
Bard G2, and E) The Simon nitinol filter [36], [37].

Originally many of these filters were designed to be permanent, but these types of filters
have been subjected to controversy about how safe they are for long-term use and form insertion.
2.2.2. Inferior Vena Cava Filter Implantation

Emergent placement (within the first 12 to 24 hours) of IVC filters is usually indicated
for patients with 1) an acute PE or iliofemoral DVT with a contraindication for oral
anticoagulation or 2) the VTE is a recurrent event despite oral anticoagulation. This emergent
treatment is necessary because the mortality of recurrent PE is reported to be as high as 26%, and
this highly lethal recurrence happens within 24 hours for one third of patients [38]. Patients are
placed in a supine position with the head elevated 15 to 30 degrees (Trendelenburg position) to
cause distention of the femoral vein and avoid the introduction of air into the venous system.

An 18G entry needle is used with a 3mm j-tipped guidewire to access the right femoral

vein. Correct position of the wire is verified using ultrasonography. The needle is changed out
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for an 8F sheath where the approximately 60cm 5F or 6F wire catheter is inserted over the j-
tipped guide wire. The j-tipped wire is then exchanged for a 180cm stiff guide wire to insert and
place the IVC filter. Proper placement of the filter is superior to the confluence of the common
iliac veins and inferior to the more inferior of the two renal veins. A 12.5 MHz ultrasound probe
guides this process. To deploy the IVC filter the 8F sheath is exchanged for a 12F introducer
sheath and activated following the manufacture guidelines for the filter being used. There has
been significant controversy about the safety of the IVC placement and deployment, but most
incidents seem to occur when the filters are deployed in the hepatic or renal veins. The filters can
often appear correctly placed, less than 15 degrees of tilt, even when placed in the hepatic or
renal veins when only viewed from a single axis. With multi-planar imaging and insertion,
deployment complications have been significantly reduced.
2.2.3. Inferior Vena Cava Filter Function

The indications for these filters are 1) recurrent embolism despite anticoagulation, 2)
diagnosed DVT or PE and a contraindication to anticoagulation, 3) chronic or recurrent
pulmonary embolism with associated pulmonary hypertension and cor pulmonale, 4) period
following massive pulmonary embolism, 5) diagnosed DVT and a complication forcing
discontinuation of anticoagulation. The only contraindications are patients with an IVC diameter
of greater than 28mm (usually patients with heart failure) and the presence of a thrombus,
detected and assessed by ultrasound, that risks dislodgment during the insertion procedure.

This combination of indications and contraindications would suggest that long-term
usage for a patient with a strong contraindication to anticoagulants would make the Greenfield
filter a good option, but research seems to suggest IVC filters are only a good short-term (less

than two years) option. The median time before filter retrieval is 1.9 months (25th percentile, 1.2
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months; 75th percentile, 3.2 months; range: 0-108.3 months) [39]. This is because although the
filters are very effective at first when reducing the risk of pulmonary embolism by 78% (p =
0.03), over time the large surface area of the filters becomes the site of endothelial cells and scar
tissue accumulation, foreign body granuloma formation, and the start of small thrombi. These
debris impede blood flow and place additional stress on the device and vessel walls increasing
the risk for VTE recurrence, device fracturing or failure, and blood vessel puncture. At two years
after insertion, there is a non-significant reduction of risk for PE and the risk for DVT recurrence

increases by nearly 2 fold (p = 0.02) [40][41].
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3. APPROACHES CONSIDERED

Venous thromboembolisms are a disease with immense personal importance, and because
of this, breaking apart blood clots was the goal before any idea for a solution existed. In the
initial stages of this project, the idea was to use electrical or biomedical engineering techniques
to improve on the IVC filters due to their high efficacy and flaws. Several ideas for improving
the filters were considered and analyzed until one was chosen.

3.1. Dielectrophoresis

The first method considered as an option for improving the IVC filters was to use
dielectrophoresis. Dielectrophoretic (DEP) forces work by taking advantage of the difference in
electrical permeability between a particle and the solution. The idea is that there is an ideal
electric field frequency that can be applied to induce a dipole in the particle that is antiparallel to
the charge of the solution. The electrostatic forces then push and pull the particle through the
solution. This technique is used to sort platelets out of blood and target small molecules out of
solution [42]. The initial idea was to use DEP forces to pull apart the platelets and fibrin making
up the clot. Following a literature search and talking with students who have used DEP with their
work, it was determined that the forces generated by dielectrophoresis would not be strong
enough to break the covalent bonds holding the major structures together.

3.2. Ultrasound

The next method I investigated for the mechanical breakdown of the clots was
ultrasound. When reviewing the literature, several articles focus on the mechanism of how high
intensity focused ultrasound works to destroy, usually cancerous, tissue. Ultrasound refers to
mechanical vibrations (>16 kHz) generated by applying an alternating potential across a

piezoelectric material. This material oscillates in thickness at the same frequency as the input
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signal, resulting in propagating waves that cause alternating cycles of increased and reduced
pressure. Based on the shape of the transducer, waves can be focused to ablate tissue at an exact
point by the compression and rarefaction forces. The area of ablation is typically 1-3mm wide by
8-15mm in the direction of the wave [43].

3.3. Radio Frequency Wave Heating

The next approach that was investigated was the thermal denaturation of fibrin. The
denaturation points of fibrin/fibrinogen were analyzed using absorption spectroscopy [44]. Using
this technique, the authors determined that the D-domains of fibrinogen denature at ~55°C and
the E-domain denatures at ~90°C. A loss of functionality would occur after the first denaturation
point and lead to the destruction of the clot. Implementing the heat source in a safe manner
became the next objective.

It was determined the best method to introduce this heating would be to modify an
existing IVC filter by using an energy harvesting circuit and antenna to gather energy wirelessly
transmitted to the filter and use it to generate a current and resistive heating.

This approach was changed slightly when it was determined a circuit harvesting a
specific wavelength was unnecessary, and the stainless steel used in the filters has sufficient
conductivity to use the filter itself as the antenna. These two facts allowed the circuitry to be
simplified to only a power resistor designed to dissipate heat from a source frequency that has a

one-half wavelength equal to the largest width of the IVC filter.
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Figure 4. Propagating wave (blue sine wave) generated by the dipole antenna, the
corresponding electric field vectors (red arrows), and the induced current path (yellow arrows)
[45].
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4. TRANSMITTING ANTENNA AND RECEIVER ORIENTATION

A large component of the vision for the final design of this project is for the filter’s
maintenance to be conducted by the patients in their own homes. To make this possible, the
transfer of energy to the filter must be optimized to radiate the minimum energy required for
operation and have the maximum amount of energy received by the filter. This depends heavily
on the orientation.

4.1. Filter Orientation

Normally the position of both the transmitting and receiving antennas can be modified to
fit the requirements needed to operate most effectively, but in this situation, the position of the
receiving antenna is fixed by the inferior vena cava anatomy and is critical for efficacy as a
blood clot filtering device. This means that all future discussion on orientation will use the filter
as a fixed point with the transmitting antenna being able to move in 3-dimensional space around
the IVC filter.

4.2. Excitation Wave and Filter Spatial Orientation and Optimization

Most inferior vena cava filters have significant symmetry around the same axis as the
direction of blood flow in the vena cava or in the z-axis. To simplify the computer simulations
the filters were simplified into an upside down 'V’ shape that represents one plane of the
symmetry (shown in Figure 4A as an upright ‘V’ shape).

The first objective in the optimization process was to determine from which direction the
electromagnetic wave should approach the filter. According to reciprocity theorem of
electromagnetics, the transmitting radiation pattern is the same as the receiving radiation pattern.
Using MATLAB’s antenna package, the ‘V’ shape filter was excited using a current source and

the radiation pattern seen in Figure 5B was generated. This radiation pattern shows that the most
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power is radiated out in the same plane as the filter perpendicular to the z-axis. It can be inferred
from reciprocity theorem that this is also the best angle for the wave to approach the filter.

This finding means that the transmitting antenna must be placed at the same height as the
filter. Anatomically, the antenna would be placed on the abdomen, obliques, or the lower back.
Based on that anatomy, the lower back would be the best choice because the distance between
the inferior vena cava and the antenna would be the lowest of the three options. Transmitting
from the lower back also means the intestinal contents, which would have high variability from
person to person and even time to time, would be avoided. Fewer organs between the filter and
transmitting antenna also means reducing organ exposure to the RF radiation.

The next objective was determining if the angle between the legs of the ‘V’ shape filter
influenced the efficiency of the energy transmitted to the filter. The incident wave was simulated
using a plane wave, which has a uniform strength across the entire plane to give an ideal result
unaffected by imperfection in the transmitting antenna. In this simulation, it was found that as
the angle between the arms closed from a maximum of about 36 degrees to a minimum of 18
degrees the energy transfer efficiency dropped a small amount. The 18-degree angle would be
the approximate angle corresponding to the diameter of a vena cava in the bottom 10% of vena
cava size, and an appropriate energy transfer was maintained with this reduced angle.

The frequency was easily optimized once the orientation was understood. Referring to
Figure 4, the excitation wave’s wavelength needs to be twice the width of the ‘V’ shape’s widest
point. A wavelength of twice the width of the filter causes the two largest and opposite sign
components of the wave to line up with each end of the filter. This creates a potential difference
in the two arms and starts a flow of electricity through the resistive heating element at the vertex

of the filter.
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Figure 5. Figure 5A shows the V-shaped dipole generated in MATLAB is roughly the same
size and shape of one arch found in an IVC filter. Figure 5B shows the radiation pattern of the
antenna shown in Figure SA. Figure 5C shows the orientation of transmitter and filter in the
transverse plane. Figure 5D shows the height at which the transmitter should be placed to be
level with the filter.
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5. COMPUTER SIMULATIONS

The primary methods for investigating the feasibility of using a wirelessly powered IVC
filter as a treatment for VTE were computer simulations. Due to the time constraints and the
limited information available for this significantly different approach, computer simulations
became one of the best methods for collecting useful information.

5.1. COMSOL Simulations of The Single-Plane ‘V’ Shape

The first simulations conducted were of the single-plane ‘V’ shape used earlier because
of the significant reduction in the number of required meshes and, by extension, computation
time.
5.1.1. Partial Filter in Air Simulations

The first simulations were conducted with the transmitting antenna and ‘V’ shaped filter
receiving antenna in air, which has a relative permittivity and permeability equal to one. This
meant that the ‘V’ shape filter was the only object or material interacting with the transmitted
wave and would provide a coupling efficacy between the transmitter and filter based only on the
orientation and design of the two antennas.

Once the geometry was designed in COMSOL’s radio frequency module the first goal
was characterizing how the rotation of the ‘V’ shape changes the amount of energy received. The
calculations for the maximum energy transfer were done with the plane of the ‘V’ shape and the

direction of the propagating wave occurring in the same direction.
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Figure 6. Wire rendering of the in-air simulation of the ‘V’ shape filter and dipole transmitting
antenna.

The completed simulation (shown in Figure 6) resulted in a 9.31% energy transfer to the
‘V’ shape representing the maximum vena cava diameter of 3cm and 5.8% for the smallest
simulated diameter of 1.5cm. The plots for the transmission efficiency vs the angle of the filter
(0° in the figures is the plane is perpendicular to the wave direction and 90° is parallel to the

wave direction) shown in Figures 7D and 7H [46].

18° Arm angle for 1.5cm vena caval 36° Arm angle for 3cm vena cava

Figure 7. Figure 7A, B, and C depict the electric field plot as the 3 cm filter rotates from 90° to
0° respectively. Figure 7D is a plot of the power transfer efficiency at each angle of rotation for
the 3 cm filter. Figure 7E, F, and G depict the electric field plot as the 1.5 cm filter rotates from
90° to 0° respectively. Figure 7H is a plot of the power transfer efficiency at each angle of
rotation for the 1.5cm filter.
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Understanding how the rotation angle affects the energy transfer provides some insight
into how the full 6-legged filter might behave. If the full filter is thought of as three ‘V’ shape
filters at three different rotation angles, the filter is composed of three arches or six arms
symmetrically spread with 60° of separation between arms. This means that the three arches can
be aligned with the transmitter at [60°, 60°, and 0°] or [90°, 30°, and 30°] in the two extreme
cases (Figure 8). The receiver-transmitter orientations at 90°, 60°, 30°, and 0° have 9.31%,
5.60%, 0.7%, and 3.01x10-6 % efficiency, respectively. This gives the [60°, 60°, and 0°] filter an
approximate total efficiency of 11.2%, and the [90°, 30°, and 30°] filter an approximate total

efficiency of 10.71% [46].

Transmitting Antenna \/
~ ® | /\

60°, 607, and 0° Filter 90°, 30°, and 30° Filter

Figure 8. Top view depiction of the two orientations of the filter with transmitting antenna.

After the energy transfer efficiency with the geometry and rotation was characterized, the
COMSOL microwave heating module was added to simulate the heat produced in the filter. The
first simulation of temperature had a 15 W input into the transmitting antenna; the result of this
input is shown in Figure 9. The apex of the filter rose to 314.45 K in less than one minute. After
about 5 minutes, the temperature reached 315.10 K. Then, a 10-minute period was needed for the
temperature to reach 315.20 K. Assuming a linear power/heating relationship, the input power

was increased by a factor of three to 45 W to achieve the desired heating from 310 K body
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temperature to 328 K. This system reached the steady state temperature of 325.10 K after about 5
minutes. Even though this system did not reach the target temperature of 328 K, the temperature
325.10 K was reached with only one of the three arches. The full system with three arches would
likely exceed the denaturing temperature at 45 watts, so a lower power can be used at the

transmitter [46].

Time = 0 minutes 1 minute 5 minutes 10 minutes

Figure 9. Figures 9A, B, C, and D are heat map plots at time 0, 1, 5, and 10 minutes after
resistive heating began.
5.1.2. Partial Filter with Tissue Simulations

In the next stage of simulations, the same COMSOL radio frequency and microwave
heating modules were used for the simulations with the addition of geometry that mimics the

anatomy of the body (Figure 10).
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Figure 10. Wire rendering of simulation geometry with the anatomy included. The filter and the
dipole antenna are shown under the yellow arrows. The inferior vena cava filled with blood is
under the black arrow and around the IVC filter. The muscle, adipose, and skin layers are shown
with the red, green, and blue arrows respectively.

In the first anatomical simulations, the results showed that very little of the energy was
transmitted to the filter (<0.000001%). When the plot was changed to show where the power was
being dissipated, Figure 11 shows that most of the power is being absorbed in the skeletal
muscle. Skeletal muscle has a very high permittivity value of 50.122 compared to other tissues

like adipose with a permittivity of 5.07 [47] [48]. This high permittivity rapidly diminishes the

electric field and the ability of the source to power the filter.
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Figure 11. Power dissipation in the anatomical model (W/m?).

The relative permittivity of the body tissues also influences the wavelength. This creates
a significant problem because as the wave passes through the various body tissues the
wavelength is changed and leads to a mismatch between the wavelength and filter width. The
correct wavelength could be determined by a high resolution (increments of 10MHz) frequency
sweep over several gigahertz, but the available computing power only allows for one frequency
to be simulated at a time, each taking several hours, and no frequencies greater than 6.5GHz to

be simulated. The experimental testing equipment only allows up to 3GHz to be tested.
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5.2. Full IVC Filter Simulations

The next stage in the simulations were centered around the entire IVC filter. These
simulations are more representative of what would likely be seen if these specific experiments
were conducted, but due to the large size of the files, full frequency sweeps, characteristic
impedance matching, and multiple filter sizes were not able to be completed.

5.2.1. IVC Filter in Air Simulations

The in air, full IVC filter, simulations consisted of the same dipole transmitting antenna,
power radiated, separation distance, and size of simulation space. The relative permittivity and
permeability equal to one in the air again helps to better understand how the 3cm diameter filter
interacts with the incident electromagnetic wave and provides a coupling efficacy between the
transmitter and filter based only on the orientation and design of the two.

Once the new geometry was designed in COMSOL’s radio frequency module the goal
was again to characterize how the rotation of the ‘V’ shape changes the amount of energy
received and confirm the assumptions made about the whole filter based on the single plane
simulations. The calculations for the maximum energy transfer were done with the filter in the

[90°, 30°, and 30°] configuration (Shown in Figure 12).
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Figure 12. Mesh rendering of the in-air simulation of the full 6-legged filter and dipole
transmitting antenna.

The completed simulation of the [90°, 30°, and 30°] configuration (shown in Figure 13)
resulted in a 17.86% energy transfer to the filter with an S21 value of -7.48 dB. The addition of
the other arches to the single plane had a synergistic effect that was more efficient than the sum
of their efficiencies. The other rotation configuration of [60°, 60°, and 0°] was close to the

predicted efficiency of 11.2% with an efficiency of 12.68%.
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Figure 13. Two planar cuts perpendicular to one another through the filter are shown to view the
electric field generated in each leg of the full IVC filter.

After the energy transfer efficiency with the full geometry and rotation was characterized,
the COMSOL microwave heating module was again added to simulate the heat produced in the
filter. The first simulation of temperature used the adjusted 45 W input from the previous
simulations into the transmitting antenna; the result of this input is shown in Figure 14. The full
filter had a much more uniform heating pattern that was also more concentrated in the apex of
the filter. Figure 14 shows the plot of temperature in a plane moving out of the screen. Due to the
large computation time, the simulation was only done at time 0 and 10 minutes. At 10 minutes,
the apex of the filter exceeded the necessary 328 K temperature and peaked at 332.2K. This very
closely followed the predictions based on the single plane simulations. The necessary
denaturation temperature was also maintained without significantly heating the filter attachment
points. The attachment points only rose by about 4° on average, and the midpoint of the arms on

average rose by 8° to 318K.
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Figure 14. Temperature plot using a plane moving out of the screen to show the uniform heat
pattern.

5.2.2. IVC Filter with Tissue Simulations
In the next stage of simulations, the same COMSOL radio frequency and microwave
heating modules were used for the simulations with the addition of geometry that mimics the

anatomy of the body (Figure 15).
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Figure 15. Mesh rendering of simulation geometry with the anatomy included. The filter and the
dipole antenna are shown under the yellow arrows. The inferior vena cava filled with blood is
under the black arrow and around the IVC filter. The muscle, adipose, and skin layers are shown
with the red, green, and blue arrows respectively.

The first anatomical simulations of the entire filter yielded similar results to the single
plane simulations. The 4.55GHz frequency is broken up primarily in the skeletal muscle region,
and various frequencies do not pass through the high permittivity materials. The results showed
an Sy of -87.644; a tenfold increase in efficiency compared to the single-plane simulations but
was still nine orders of magnitude less than what would be needed to operate the filter. Current

methods for transmitting radio waves across tissues and some research by the Institute of

Applied Physics in Florence, Italy, have shown that the relative permittivity of most biological
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tissues is indirectly proportional to frequency; implying that with very high frequency (>75GHz),
energy could be transmitted through tissues with minimal energy loss. This could be an option
for further pursuing this method of wirelessly powering the filters, but these frequencies are
starting to leave the range of traditional “radio frequencies” and enter the range of micro waves
and unknown health consequences.

10° 102 10° 10° 10° 10 102 104 10 10® 10® 102 10®  Frequency (Hz)

AM FM
Leng Range Radio Waves Microwave InfraRed uv X Rays Gamma Rays

Ragyo Wves

10°  10° 10° 10 10° 102 10° 10 10° 10 10 10 10 Wavelength(m)

Figure 16. Electromagnetic waves with frequencies and corresponding wavelength.

Instead of looking to dramatically increase the transmission frequency, options to use
lower permittivity tissues as pathways of reduced impedance were considered. This approach is
similar to the heart’s use of internodal pathways using reduced impedance to transmit the signal
more quickly.

5.3. Additional Approaches for Transmitting Antennas

The transmitting dipole antenna used in all previous simulations was chosen for its
simplicity when conducting theoretical calculations and simulation, but its radiation pattern
(Shown in Figure 17) shows that the dipole sends energy in all 360°. This wasted energy could
be reduced by using a more directive antenna like a horn antenna or patch antenna. Utilizing a
more focused beam will also allow the low permittivity tissues like adipose, tendons, and bones

to be targets for a more effective energy transfer.
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Figure 17. Radiation pattern of dipole antenna.
5.3.1. Patch Antenna

The first option simulated was the patch antenna. Patch antennas, or microstrip antennas,
are low-profile antennas that can be mounted flush against a surface, such as the skin for this
application. The patch is a flat piece of copper placed on top of a larger rectangular sheet of
copper with a thin insulating material in between (Figure 18A). The length and width of the
copper patch are calculated to be one half of the radiating wavelength to cause a discontinuity

and desired radiation at the edge (Figure 18B). The planar nature of the antenna also provides a

more focused radiation pattern compared to a traditional dipole antenna (Figure 18C).

Figure 18. Figure 18A is the simulated geometry of the microstrip antenna. Figure 18B is the
electric field generated by the microstrip antenna. Figure 18C is the radiation pattern of the
microstrip antenna.
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This design was initially very difficult to get to operate properly (an S of less than
-7dB, a brief description of s-parameters is included in appendix A1). After several simulations
to adjust the dimensions, the Si; was found to be -9.204dB with a S»1 of -6.88dB or 20.511% in
air transfer efficiency. This is already a significant improvement on the dipoles transfer
efficiency.

When anatomical tissues were added to mimic a more targeted approach near the spine
through tendons, fascia, and a false rib, the results were again a significant improvement to an
S21 0f -46.948dB (0.0032%). This result was a one-million-fold improvement over the non-

directed dipole through an untargeted anatomical tissue.

Figure 19. The microstrip antenna transmitting at 4.55GHz through a layer of skin (1.5mm),
subcutaneous fat (15mm), tendon (30mm), rib bone (7.5mm), inferior vena cava wall (1.5mm),
and contained blood, from the bottom of the image to the top.
5.3.2. Horn Antenna

The next option simulated was the horn antenna. The horn antenna is a large flared metal
waveguide shaped like a horn (Figure 20A) to direct the radiated field into a beam. The horn

antenna creates a much more directed and concentrated beam to deliver the energy more directly

and with high efficiency. The cost of this is the large size, which would not be ideal for
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outpatient use, potential for high exposure to tissues around the filter, and not easily produced.
The electric field is created between two ridges inside the horn (Figure 20B) and directed out to

form the beam-like radiation pattern (Figure 20C).

Figure 20. Figure 20A is the simulated geometry of the horn antenna. Figure 20B is the electric
field generated by the horn antenna. Figure 20C is the radiation pattern of the horn antenna.
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6. ANECHOIC CHAMBER TESTING

One experiment was conducted to replicate the simulations, but the only method of
verification was using a thermal camera to record a change of temperature in the in-house
produced filter. This experiment was unsuccessful because the frequency generators available for
use in the lab were limited to 3GHz and the frequency needed, based on the size and wavelength
of the filter, and was 4.55GHz. The lower frequency had too long of a wavelength to line up
correctly to the cause opposite voltage potentials in the arms needed for a current and heating to
be induced.

The experiment was set up (shown in Figure 21) with the broad frequency bandwidth
horn antenna radiating at the side of the filter 6cm from the horn. The filter was held in position
with a foam that has zero electromagnetic reflection. The Fluke Ti10 thermal camera was placed
in a stand several feet away and above to monitor the heat without causing any reflection. The
cables were calibrated using a one port calibration to have a lossless transmission to the horn

antenna.
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Figure 21. Anechoic chamber test set up.

One limitation of this experiment was the 3GHz upper limit of the frequency range of the
function generator. To overcome that limitation, a second filter was built with the size scaled up
by a factor of two. This 2x scaling doubled the width of the filter, which doubled the wavelength
needed for the filter to operate, and halved the frequency needed to 2.27GHz. Conducting the
experiment again, as shown in Figure 21, a small amount of heating was seen in the filter.
Segments of the filter rose by 3.4°C from the starting temperature. This amount of heating
occurred with a lossless source power of 17dBm or 0.05 watts. This is 2.2 percent of the

simulated source power to reach exceed the 18°C temperature change.
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Figure 22. Infrared temperature readings of the filters. A) shows the temperature reading of the
filter, and B) shows the ambient temperature.
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7. CONCLUSION

The proposed approach to improving the life time and efficacy of inferior vena cava by
wirelessly powering the filters has shown to be feasible but will need continued research and
testing to become a practical device. The success is seen in specific scenarios with ideal
materials, set ups, and equipment. For wirelessly powered IVC filters to become the easy, in-
home, and long-term treatment option I envisioned at the start of this project, the energy transfer
limitations of the filter must be improved upon in future work.

I was able to investigate and show that the existing and clinically used filters can be an
effective receiving antenna, and that a strong electrical coupling can be generated between a
microstrip transmitting antenna and the filter to create a compact system ideal for home use.

This leaves an opening for the limitations of signal attenuation, the possibility of antenna
arrays, and the use of induction coils as a second power source to be addressed in future projects.

7.1. Future Work
7.1.1. Reducing Attenuation of Input Signal

As mentioned earlier, one of the major barriers to the success of this approach is how the
signal interacts with the tissues of the human body. According to most literature sources, the
body is treated as one large tissue that is predominantly composed of water and therefore has a
moderate relative permittivity when it actually has areas of very high and low permittivity that
block many frequencies of signals. The low water or high collagen content tissues, such as fat,
tendon, and bone, allow the waves to pass through easily with single digit values for relative
permittivity, but tissues from the kidney, muscle, and skin have high relative permittivity [49]—

[51]. The losses caused by the impedance and reflection differences between the layers of
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varying relative permittivity are a significant source of losses across all frequency bands that can
likely not be overcome by increasing frequency to reduce relative permittivity.

The best course of action would be to develop a very narrow beam transmitting antenna
that could accurately target a path of lowest impedance through the abdomen. This direction was
originally avoided due to the variation in bowel contents and increased distance to the filter, but
the larger distance with air in the intestines and visceral/subcutaneous fat may become a more
efficient route than the posterior approach depending on a 12 rib, which is absent in 14 to 20
percent of individuals [52]. A more refined and tested transmitting antenna could take
measurements and guide the user’s placement of the antenna with a cell phone app or simple
beeps to properly align the antenna.

7.1.2. Antenna Array

The other major concern with this approach is the standard absorption rate (SAR), which
is used to quantify the radio frequency energy absorbed by human tissue. The Federal
Communications Commission (FCC) has set a recommendation of 0.08 W/kg (whole body
average) or 1.6 W/kg in the head or trunk, and the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) has set the same standard for full body average exposure but a
slightly higher recommendation of 2.0 W/kg for the head and trunk [50], [53], [54].

For therapeutic heating of the filter to occur, nearly 2.5 watts need to reach the filter.
With an average transfer efficiency of -7.48dB (17.86%) an input of ~13.99W is sufficient to
reach the needed power transfer while also staying well under the FCC’s SAR guidelines. The
torso (chest, abdomen, and back) accounts for 51% of a human’s mass on average [55], and the
average person is about 70kg. This means that even if 100% of the 14W transmitted towards the

body was absorbed by the average 35.7kg torso, the SAR would equal 0.392W/kg. This would
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be only 24.5% of the recommended FCC safe level of SAR and only 19.6% of the ICNIRP
recommended levels.

Although this amount of energy would likely be accepted by guideline standards, these
calculations are based on a near equal distribution of the energy through the torso. The half-
power-beam-width for the microstrip antenna used (shown in Figure 22) was calculated to be
150°, which corresponds to a volume of 30810 cm? divided by an average human torso volume

of 37123 cm’, resulting in 83% of the torso volume being exposed [56].

Far Foald: Farhedd noem, dB (0B) 9

Figure 23. Radiation pattern with half power (-3dB) beam width.

This large spread of energy could be further narrowed to deliver energy to the filter more
directly, but an array of filters like the example shown in Figure 23 could be used to increase the
energy level transmitted without raising the exposure for any area of tissue except for the space

directly around the filter where the energy is needed.
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Figure 24. Possible microstrip array arrangement on anatomy adapted from [57].
7.1.3. Induction Coil

The final approach that should be considered for future research would be the addition of
an induction coil on top of the filter. This technique has been tested in the past for various
wirelessly powered implantable devices and as a subcutaneous charging port with wires to the
device [58]-[60]. The advantage of using an induction coil is the use of the magnetic field as a
source of energy instead of the electric field. The body tissues have the high permittivity’s that
diminish the energy held in the electric field as it travels, but the body has negligible
permeability and allows the magnetic field to propagate relatively unchanged.

The induction coil can be added to the existing design (shown in Figure 24) on a
perpendicular axis to the main filter body, allowing the alternating magnetic field to induce a
current in the loops of wire and supplement the current being generated by the magnetic field.
This would ideally reduce the amount of energy that needs to be transmitted as well as maximize

the amount of energy harvested.
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The problem with these devices are the size of the coils needed are often too large and
lead to issues such as pain and discomfort from the moving mass, poor durability, and excessive
power consumption. These issues could be mitigated by the filter’s alternate power source,
reducing the size of the coil, and the fact the filter is held in place by the attachments to the

vessel and the force of circulating blood.

Figure 25. IVC filters with (right) and without (left) an induction coil attachment.
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APPENDIX. S-PARAMETERS AND DECIBEL SCALE

The S-parameters, or scattering parameters, are used in antenna design to quantify signal
power and energy transmission between antennas or scattered/reflected back to the same
antenna. These relations are described using the subscripts like 1,1 or 2,1; where the first number
is which antenna received the signal and the second number is from where it was sent. S»; is the
power received at antenna 2 from antenna 1. Sy is the power received by antenna one from
antenna one. Ideally, Sy is close to zero as possible, approaching from the negative side, because
the power sent is generally intended to be received, and S11 would ideally be as low as possible
meaning that all the energy sent out was being absorbed. The decibel (dB) scale is the

conventional scale used for these measurements.

Table Al. Decibel scale and power ratio.

dB Power Ratio
30 1000
20 100
10 10
6 3.981
1.995
1 1.259
0 1
-1 0.794
-3 0.501
-6 0.251
-10 0.1
-20 0.01
-30 0.001
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