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Abstract

Due to limited number of donor hearts and stringent eligibility criteria for heart transplant
the Left ventricular assist device (LVAD) has emerged as a relevant treatment option for
heart failure. Occlusion in the form of a thrombus (blood clot) is a feared complication as-
sociated with the LVAD. The ability of ultrasound to result in effects like cavitation, which
is hypothesized to be one of the mechanisms contributing to sonothrombolysis(ultrasound
mediated thrombolysis) forms the basis of proposing a solution wherein ultrasound is
used to remove thrombi from the LVAD. The proposed solution entails catheter delivery
of ultrasound into the LVAD to break down the thrombus.

In this master thesis an experimental setup to conduct sonothrombolysis tests on invitro
clots has been realized. In order to understand the mechanism contributing to a high
degree of sonothrombolysis a commonly used method - passive cavitation detection is also
employed. In the final experiments sonothrombolysis and passive cavitation detection
tests are conducted on two sets of 6 clots each. For majority of the clots, sonothrombolysis
occurs at a peak negative pressure of 2.71MPa - 3.18 MPa. Clots which underwent a
high degree of sonothrombolysis were always accompanied by high counts and violent
movement. We assume the intermittent spikes termed as cavitation events being counted
are due to physical effects like inertial bubble collapse, shockwaves and microjets, which
are characteristic of inertial cavitation. Hence we can conclude that the high counts are
indicative of inertial cavitation and play a dominant role in achieving a high degree of
sonothrombolysis. The results of this master thesis provide experimental evidence as to
why a certain threhold of peak negative pressure must be attained in order to achieve
a high degree of sonothrombolysis. This evidence can be utilized in the next step of
catheter design. At this stage it can be said that the application of ultrasound to remove
thrombi from the LVAD will prove to be successful if high intensity ultrasound resulting
in inertial cavitation can be delivered to the site of the thrombi formation in the LVAD.
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Chapter 1

Introduction

1-1 Motivation

Heart failure (HF) is an end-stage heart condition in which the heart is too weak to pump
blood to the entire body. It represents the end-stage of a number of cardiac diseases
including ischemic heart disease, dilated cardiomyopathy and hypertensive heart disease
[7]. HF is a wide spread problem affecting over 23 million people worldwide and over 10
million people in Europe alone [8].

Most patients with HF are treated pharmacologically. However, there are a set of patients
where the HF has progressed to a state that is no longer manageable with medication,
and these patients would ideally benefit from heart transplant. Due to limited number of
donor hearts and stringent eligibility criteria for heart transplant the Left Ventricular
Assist Device (LVAD) has emerged as a relevant treatment option [9].

The LVAD works by taking over the function of the damaged left ventricle and restores
normal haemodynamics and end-organ blood flow [10]. It is composed of an inflow
conduit, a pump, and an outflow graft. The inflow conduit of the LVAD is attached
to the apex of the left ventricle and the outflow graft of the LVAD is attached to the
ascending aorta creating an alternate route for blood flow as shown in Figure 1-1. The
pump powers the flow of blood to the rest of the body thus relieving the strain on the
heart to pump by itself.

However, it is not free of undesirable consequences. An infrequent but serious complication
is the formation of a thrombus (blood clot) within the LVAD. The obstruction caused by a
thrombus can severely occlude blood flow in a continuous flow device like the LVAD. This
can lead to catastrophic events such as stroke, hemodynamic collapse and is associated
with increased morbidity and mortality [4].
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2 Introduction

Figure 1-1: LVAD pump. Picture courtesy [1]

This master thesis lies in the domain of exploratory research wherein the emergence of
the LVAD as the more accessible treatment option is recognized, and a solution to the
complication of thrombus formation in the LVAD is investigated.

1-2 Pump thrombus - A feared complication

Haemostasis and thrombus formation

The human cardiovascular system is a closed, high pressure ciculatory system that
maintains a state of equilibrium between an anticoagulant and procoagulant state.
Haemostasis is a process by which damage to the blood wall is repaired via a series of
reactions that results in the formation of a thrombus.

Thrombosis is generally classified into venous thrombosis and arterial thrombosis, both
of which can have consequences that can be potentially fatal.

Virchows triad broadly describes the three factors that are thought to contribute to
thrombosis: (i) Hypercoaguable state, (ii) Disruption in blood flow, (iii) Vessel wall
injury/dysfunction [11].

This being said the cause for thrombus formation in the LVAD has not been investigated
but have been hypothesized to be due to:

• Ingestion of material external to the pump: Post surgical ventricular debris, emboli
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1-2 Pump thrombus - A feared complication 3

Figure 1-2: A: LVAD occlusion. Picture courtesy of [2], B: Clot on rotor on explanted
rotor.Picture courtesy of [3], C: clot on inflow bearing of explanted LVAD. Picture courtesy
of [3].

(piece of thrombus that has broken free) arising from left appendage, or from the
endocardial surface of the left ventricle.

• Malposition of the inflow cannula resulting in obstruction of blood flow [4].

Location of pump thrombus

On explantation, the pump thrombus was most often found in the following locations
within the LVAD.

• rotor, this can be seen in Figure 1-2 B

• inflow bearing, this can be seen in Figure 1-2 C

Clinical indicators of pump thrombus

For the pump thrombus to be treated, the physician must have an indicator that there
is an occlusion due to which the LVAD is not performing its intended function. In the

Master of Science Thesis Arundhati Radhakrishnan



4 Introduction

study done by [4] the pump thrombus was defined as an event occurring > 72 hours after
LVAD implantation and manifested as:

• an unexpected increase or sudden drop in pump parameters such as power and
flow,

• increase in biochemical markers (LDH and plasma free haemoglobin) of hemolysis,

• visual observation of thrombi after explantation of the LVAD

• ausculatation of abnormal pump sounds

Figure 1-3: Log file tracings of power (red line), average controller flow (green line), and
estimated flow (blue line) in total or subtotal occlusion.Picture courtesy of [4]

Furthermore the analysis of 34 pump thrombus events in 382 patients with the HeartWare
LVAD [4] showed that a thrombus event exhibited different patterns of presentation:

• acute total or subtotal occlusion due to pump thrombus: precipitous drop in power
and flow, this can be seen in Figure 1-3

• gradual thrombus formation (over 3 days): gradual rise in flow and power over
days leading up to the thrombus event can be seen in Figure 1-4.

Treatment options for pump thrombus

Once these manifestations were observed, the treatment options for a suspected or
confirmed pump thrombus was via pharmacological and/or surgical interventions.

Arundhati Radhakrishnan Master of Science Thesis



1-2 Pump thrombus - A feared complication 5

Figure 1-4: Log file tracings of power (red line), average controller flow (green line), and
estimated flow (blue line) in a thrombus formed over several days.Picture courtesy of [4]

Pharmacological treatment

The pharmacological treatment consisted of unfractionated heparin, glycoprotein IIb/IIIa
inhibitors and rtPA alone, or in combination. Analysis of the results of the treatment
via pharmacological intervention do not look promising. There is still the risk recurrent
thrombosis, and need for pump exchange [12]. In the HeartWare ADVANCE bridge
to transplant and continued access protol trial, only 15 out of 30 (50%) patients were
successfully treated with medical therapy alone. Out of the 30 patients who were
treated medically, 5 experienced bleeding events, including 2 who suffered hemorrhagic
cerebrovascular accidents and 3 patients experienced recurrent pump thrombosis [4].
In another study [13], that looked at the pump thrombus events in patients with the
HeartMate II reported a mortality rate of 50% in patients who were treated only with
pharmacological intervention.

Surgical treatment

Surgical intervention involves exchanging the thrombosed pump with a new one. In the
study done by [13] pump exchange seems to have a better success rate as compared to
pharmacological treatment with a mortality rate of 5% (1 out of 19) in patients who
when compared to 15 out of 30 (50%).

However, device exchange for a suspected thrombosis is not inconsequential. The
INTERMACS database reported a significant decrease in 2-year survival in patients who
required a device exchange compared with survival seen with the initial implantation.
The incidence of infection and neurological events were also significantly higher in patients
who required a pump exchange [12].

Master of Science Thesis Arundhati Radhakrishnan



6 Introduction

1-3 Aim - Restoration of unoccluded blood flow in LVAD by
removal of thrombi

The aim of this master thesis is to investigate the possibility of using ultrasound to
remove thrombi from the LVAD. As can be seen in Figure 1-2 removal of the thrombi
will restore unoccluded blood flow, ensuring proper functioning of the device such that it
can perform its function of taking over the pumping action of the heart. The features of
ultrasound that make it a viable means to achieve this aim are elaborated upon in the
following section.

1-4 Ultrasound - Means to achieve the aim

Ultrasound physics

Ultrasound waves are mechanical pressure waves with frequencies greater than 20 kHz.
These waves require a vibrating source and a medium to travel in. The mechanical
movement of the vibrating source in the forward direction compresses the medium
particles in front of it, increasing their concentration per unit volume, hence increasing
pressure; this phase is known as compression. In the reverse direction the medium
particles are decompressed giving rise to low pressure, this phase is known as rarefaction
[5].

Ultrasound transducers - Two way transducer

As mentioned above ultrasound waves require a vibrating source. In ultrasound trans-
ducers this source is the piezoelectric element. This piezoelectric element can convert
electrical signals into mechanical vibrations and mechanical vibrations into electrical
signals. Due to this, these transducers have the interesting feature of being suitable as
both a sensor and an actuator.

This feature of ultrasound transducers is being explained because in the experimental
setup of this master thesis two ultrasound transducers are employed - one generating
mechanical pressure waves (transmit mode) and the other detecting mechanical pressure
waves (receive mode).

Ultrasound mediated thrombolysis - Sonothrombolysis (STBL)

The basic theory behind the generation of an ultrasound pressure wave has been explained.
This basic theory of ultrasound was necessary in order to understand how the propagation
of this ultrasound wave in liquid media results in certain effects which can lead to
sonothrombolysis.
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1-4 Ultrasound - Means to achieve the aim 7

Figure 1-5: US wave exhibiting high pressure amplitude during compression and low pressure
during rarefaction.Picture courtesy of [5]

Sonothrombolysis studies have been done since the 1970’s, some of these studies employed
thrombolytic drugs (rtPA) and/or microbubbles to enhance thrombolysis. Microbubbles
are micron sized bubbles with a polymer or lipid coating filled with an easily compressible
gas.
The most commonly hypothesized mechanisms via which ultrasound propagation in liquid
media results in sonothrombolysis are briefly explained below:

Acoustic streaming

Ultrasound induces axial fluid acceleration that results in the phenomena of acoustic
streaming, the high velocity gradients along and around a thrombus results in a mechanical
shearing effect, which results in sonothrombolysis [14].

Cavitation

When ultrasound propagates through liquid media, the cyclic succession of compression
and rarefaction pushes and pulls the liquid molecules together and apart. When the
pressure amplitude exceeds the tensile strength of the liquid in the rarefaction region,
small vapor filled voids called cavitation bubbles are formed. These cavitation bubbles
are formed after a certain threhold of peak negative pressure is applied. This cavitation
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Figure 1-6: Stable and Inertial cavitation.Picture courtesy of [6]

threshold generally increases with increase in frequency of ultrasound [15]. These
cavitation bubbles result in microstreaming vortices of sufficient magnitude to result in
sonothrombolysis [14] [16]. Microbubbles have been used as a way to lower the cavitation
threshold and enhance thrombolysis. To understand the mechanism by which cavitation
contributes to sonothrombolysis, numerous studies employed a method known as passive
cavitation detection (PCD). In this method an ultrasound transducer is used in receive
mode to detect cavitational activity. The Fast fourier transform (FFT) of this detected
signal contains spectral information which is then used to analyse the cavitational activity
and its effect on sonothrombolysis.
Cavitation is generally classified into two types:

• Stable cavitation: In this type of cavitation radial oscillations of the bubble in
response to the applied ultrasound takes place and is initiated at lower intensities
[16]. Studies have shown ultraharmonic emissions to be the spectral signature asso-
ciated with stable cavitation and these ultraharmonic emissions have significantly
correlated with clot weight loss [17].

• Inertial cavitation: In this type of cavitation, rapid increase in size of the
bubbles takes place followed by the violent collapse of the bubbles and is initiated at
higher intensities/peak negative pressures [16]. Inertial cavitation is characterized
by broadband emissions [18][19][17][20]. In a study done by Chen et al (2014)
images of microbubble expansion and contraction, culminating in disappearance of
the microbbuble and pitted thrombus can be seen. These images show how the
mechanical effects of inertial cavitation result in sonothrombolysis.

The role of ultrasound parameters and the type of cavitation that is more effective for
different combinations of ultrasound, rtPA and/or microbubbles are not yet completely
understood[18]. Further analysis of the mechanisms contributing to sonothrombolysis
will be put forth in Chapter 2.
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1-5 Proposed solution

The ability of ultrasound to result in thrombolysis forms the basis of proposing a solution
wherein ultrasound is used to remove thrombi from the LVAD. This particular problem
of pump thrombosis imposes certain restrictions on the delivery of ultrasound to the
thrombi found in the LVAD:

Firstly,ultrasound will have to be delivered via a catheter and not a transcutaneous
ultrasound transducer as the ultrasound will get attenutated by the metal housing of the
pump.

Secondly, the use of rtPA and microbubbles which have shown to enhance thrombolysis
will not be utilised. rtPA is associated with co-morbidities and can prove to be more
risky than beneficial to the patient [14]. The use of microbubbles will not be effective in
a high circulatory device like the LVAD as targetted delivery to the thrombus will not be
achieved.

Keeping the aforementioned in mind, the following solution is proposed:

Catheter delivery of ultrasound alone, via the vasculature into the inflow and outflow
cannula of the LVAD, with sieves attached to the catheter to collect the emboli released
while sonothrombolysis is taking place.

This makes for a therapeutic solution which not only has the potential to remove the
thrombi from the LVAD, but also ensure that no further complications are caused by the
release of emboli into the blood vessels.

1-6 Research objecives

The main research question of this master thesis is:

Is it possible to remove thrombi from the LVAD using ultrasound?

In order to answer the main research question, sub research questions were formulated.

1. What are the ranges of frequencies and intensities of ultrasound which
have resulted in a high degree of sonothrombolysis?

2. Which of the following combinations is the most effective for sonothrom-
bolysis?

• Ultrasound alone
• Ultrasound + rtPA
• Ultrasound + microbubbles
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• Ultrasound + microbubbles + rtPA

3. What are the mechanisms by which ultrasound alone or in combination
with rtPA and/or microbubbles results in sonothrombolysis?

4. For a given frequency of an ultrasound transducer, what is the effect
of increasing peak negative pressures on the degree of thrombolysis and
at what peak negative pressure is a high degree of sonothrombolysis ob-
served?

5. For a given frequency of an ultrasound transducer, what is the effect of
increasing peak negative pressures on cavitational activity?

1-7 Thesis outline

This thesis is organized as follows:

Chapter 2 is the literature review. In this review the studies that have resulted in
a high degree sonothrombolysis have been presented. These studies have been done
to investigate the potential of ultrasound in solving potentially fatal consequences of
thrombosis ranging from stroke to myocardial infarction. The aim of this literature
review was to determine suitable ultrasound parameters required for sonothrombolysis.
Since rtpA and microbubbles have been used in the sonothrombolysis studies conducted
so far the efficacy of ultrasound in combination with rtPA and or microbubbles, have also
been compared. Finally the mechanism via which ultrasound alone or in combination
with rtPA and/or microbbubles result in sonothrombolysis have been investigated.

The conclusions from Chapter 2 helped in realising an experimental setup for the
preliminary experiments. In Chapter 3, the preliminary experiments conducted have been
presented. These preliminary experiments have been conducted to verify conclusions
put forth in the literature review. Via PCD the cavitational activity was analysed and a
hypothesis regarding the effect of increasing ultrasound intensities on cavitational activity
and sonothrombolysis is put forth. An experimental setup to test this hypothesis is
realized. Since the aim was to simultaneously try and realise an experimental setup which
mimicks the invivo situation the attempts made to do this have been presented. The
final experimental setup via which sonothrombolysis and passive cavitation tests will be
conducted is presented. The drawbacks with this experimental setup are also explained.

Chapter 4 presents the need for signal conditioning to be able to quantify the raw
acoustic signal detected by the PCD. The signal conditioning which will allow for this
quantification is presented resulting in the final experimental setup which will be used
for the sonothrombolysis and PCD tests on in vitro clots.

Chapter 5 presents the final tests conducted on two sets of clots (6 clots per set). The
results of these tests, and conclusions regarding the peak negative pressure (PNP) required
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for a high degree of thrombolysis are presented. The experimental evidence regarding
the mechanism contributing to a high degree of sonothrombolysis will be presented.

In Chapter 6 the final conclusions based on the experiments conducted in this master thesis
are summarized to answer the main research question. The contributions of this thesis
work which provide new information to the already existing studies in sonothrombolysis
are highlighted. Future work which can be done and which will lead to more insight into
the feasibility of the application of ultrasound to remove thrombi from the LVAD is also
suggested.
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Chapter 2

Review of sonothrombolysis studies

In Chapter 1, the background theory necessary to understand the rest of this master thesis
has been presented. In this chapter, the sonothrombolysis studies that have resulted in a
high degree of thrombolysis(>50%) have been shortlisted and reviewed. The conclusions
from this review will be used to realise an experimental setup that will aid in answering
the main research question of this thesis:

Is it possible to remove thrombi from the LVAD pump using ultrasound?

Studies in 2-1 served as the starting point in reviewing the sonothrombolysis studies that
have been conducted so far. In this figure the in vivo and invitro studies conducted since
1992 have been presented. These studies have examined the efficacy of ultrasound alone
or in combination with microbubbles and/or thrombolytic agents.

From Figure 2-1 we can see that sonothrombolysis was observed for a wide range of
frequencies and intensities. The degree of thrombolysis achieved has not been mentioned
and for this they will have to be studied individually. From section 1-4 we know that
cavitation is one of the dominant mechanisms via which sonothrombolysis takes place.
The cavitation threshold increases with increase in insonifying frequency. For a given
insonifying frequency stable cavitation occurs at lower ultrasound intensities and inertial
cavitation at higher ultrasound intensities. Studies have shown thrombolysis to correlate
with both stable and inertial cavitation. For this reason frequency and intensity of
ultrasound have a direct effect on the degree of sonothrombolysis.

From this we can conclude that the ultrasound frequency and intensity are crucial
parameters when trying to achieve a high degree of sonothrombolysis. In order to obtain
a high degree of sonothrombolysis in the experiments conducted towards this master
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Figure 2-1: Study done by Porter illustrating the wide range of frequencies and intensities
used in sonothrombolysis studies from 1992- 1999
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thesis the suitable ultrasound frequency and intensity must be investigated. This led to
the formulation of the following research question:
What are the ranges of frequencies and intensities of ultrasound which have
resulted in a high degree of sonothrombolysis?
This will be further investigated in section 2-1
From Figure 2-1, we can also see that ultrasound is used in combination with rtPA and/or
microbubbles. As explained in section 1-5 the proposed solution to remove thrombi from
the LVAD will not employ rtPA and/or microbubbles, i.e ultrasound alone will be applied
to remove the thrombi. Hence it is logical to examine the efficacy of ultrasound alone
or in combination with rtPA and/or microbubbles. This way an idea of the degree of
sonothrombolysis that can or cannot be achieved with ultrasound alone will be known.
The degree of thrombolysis achieved for these different combinations will be tabulated
and compared to answer the following research question :
Which of the following combinations is the most effective for sonothrombol-
ysis?

• Ultrasound alone

• Ultrasound + rtPA

• Ultrasound + microbubbles

• Ultrasound + microbubbles + rtPA

The detailed study and analysis to answer this research question will be covered in section
2-2.
In the study done by [14] different hypotheses have been put forth regarding the mechanism
via which sonothrombolysis takes place. These hypotheses vary depending on whether
ultrasound alone is applied or whether ultrasound is used in combination with rtpA
and/or microbubbles. The various hypotheses will be studied and analysed with the aim
of answering the following research question:
What are the mechanisms via which ultrasound alone, or in combination with
rtpa and/or microbbubles results in sonothrombolysis?
This research question will be answered in section 2-3.

2-1 Ultrasound parameters for sonothrombolysis

What are the ranges of frequencies and intensities of ultrasound which have
resulted in a high degree of sonothrombolysis?

In order to determine the optimal ultrasound parameters for sonothrombolysis the studies
which resulted in a high degree of thrombolysis (DOT) have been analysed. The most
commonly used metrics to quantify degree of thrombolysis have been :
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• Clot weight loss (CWL): This metric is was employed in sonothrombolysis
studies that used in vitro setups. The clot is weighed before and after sonication
and the clot loss is calculated.

• Recanalization (RC): Recanalization is the term used to define restoration of
blood flow to a vessel which had previously been occluded. The sonothrombolysis
studies have used Thrombolysis in Myocardial Infarction (TIMI) grade
flow scoring system to assess the degree of thrombolysis achieved. This is done
by visual assessment of the occlusion of the vessel during percutaneous coronary
angiography. The TIMI scoring system ranges a score of 0 to 3; with 0 referring to
absence of blood flow beyond the occlusion and 3 referring to restoration of normal
blood flow to the distal vessels [21].

In the table 2-1 studies that have resulted in a high degree of thrombolysis have been
presented. The ultrasound frequency and intensity employed in these studies along with
the resulting degree of thrombolysis is tabulated. Further the ultrasound frequency and
intensity are classified as shown below:

• Low frequency: 20 kHz to 100 kHz

• Mid frequency: 100 kHz to 1 MHz

• High frequency: 1 MHz and above

• Low intensities: 0.5 W/cm2 to 10 W/cm2

• High intensities: >10W/cm2

From all the studies reviewed the studies that resulted in a high degree of sonothrombolysis
(>50%) are shortlisted, these studies are then tabulated with the frequency and intensity
that was used for sonothrombolysis. Further the frequency and intensity are classified as
mentioned above. This way a conclusion regarding the suitable ultrasound parameters
(frequency and intensity) required to obtain a high degree of sonothrombolysis can be
arrived at.
In the study done by Steffen (1994) the efficacy of high intensity, low frequency ultrasound
for thrombus dissolution in in vitro and in vivo in canine coronary arteries was studied.
Ultrasound was applied via catheter at a frequency of 19.5 kHz. The intensity cannot
be calculated but we know that a power of 5W is estimated at the catheter tip. When
ultrasound was applied with irrigation (i.e infusion of saline) an 80% clot weight loss was
recorded. In the invivo studies 13/15 coronary arteries were recanalized in an average of
7 minutes.
In vitro and in vivo tests were conducted in the study done by Ariani (1991). In both
the setups ultrasound energy was supplied at a frequency of 20 kHz and the pulsed
wave energies varied from 8W to 23 W. The ultrasound intensity cannot be calculated
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because of missing information regarding the power at the tip of the catheter. In the in
vitro setup 1gram of thrombus was dissolved in 15 seconds or less. The in vivo studies
were conducted to thrombolyse 17 acute arterial occlusions in 11 dogs. The thromboses
were disrupted in 4 minutes or less. All successful recanalizations were confirmed by
angiography.

In the study done by Rosenschein(2000), the safety and efficacy of High intensity focussed
ultrasound (HIFU) thrombolysis was studied. In both the in vitro and in vivo studies no
microbubbles or thrombolytic agents were used. The relation between ultrasound intensity
and thrombolyis efficacy was studied, at intensities > 35 W/cm2 almost complete lysis
was achieved.

Ultrasound at an operating frequency of 1MHz and intensity of 20W/cm2 was used with
a thrombolytic drug (rtpA) in the study done by Damianou (2013). This study aimed at
exploring the application of high intensity and its effect on acceleration of clot lysis. The
main results from this paper show that the increase in intensity accelerates the reopening
of the carotid artery but it does not stay within the safe temperature limits.

In the study done by Tachibana (1995) albumin microbubbles were used in conjunction
with ultrasound. The reasoning was that since cavitation seemed to be the dominant
mechanism contributing to sonothrombolyis, using albumin microbubbles to lower the
cavitation threhold would accelerate sonothrombolysis. When only urokinase (throm-
bolytic drug) was used 26.6% was recorded. Ultrasound and urokinase resulted in
33% sonothrombolysis. Further increase in sonothrombolysis - 51%was recorded when
ultrasound was used with urokinase and albumin microbubbles.

The aim of the study done by Leeman (2012) was to determine the acoustic requirements
for effective microvascular sonothrombolysis. In order to do this an experimental setup
was realized, this setup consisted of microthrombi on a pore mesh, pressure was measured
upstream of the mesh as an index of thrombus burden. The idea was that when
sonothrombolysis would take place this upstream pressure would progressively decrease,
thereby serving as a metric for sonothrombolysis. The results of this study showed that
more rapid and complete lysis occurred when the ultrasound intensity was increased from
2.4W/cm2 - 137W/cm2.
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Table 2-1: Degree of thrombolysis at varying frequencies and intensities

Author Frequency Intensity DOT
Low frequency range ultrasound
Steffen [22] 19.5kHz 5 W RC: 13/15

CWL: 80%
Ariani [23] 20kHz 0.6W/cm2 RC:17/17

CWL: 100%
Mid frequency range ultrasound
Rosenschein[24] 500kHz 40W/cm2 CWL: 90%
Tachibana [25] 170kHz 0.5W/cm2 CWL: 51%
High frequency range ultrasound
Damianou[26] 1MHz 10-40W/cm2 RC: 22/22
Leeman[18] 1 MHz 2.4-137W/cm2 Near complete lysis

Conclusion

On inspection of the table 2-1, we can conclude that the studies that used high in-
tensities (i.e > 10W/cm2 according to our classification) resulted in a high degree of
sonothrombolysis irrespective of the frequency range of the ultrasound.

2-2 Degree of sonothrombolysis for different combinations of
US, rtPA and MB

Which of the following combinations is the most effective for sonothrombol-
ysis?

• Ultrasound alone

• Ultrasound + rtPA

• Ultrasound + microbubbles

• Ultrasound + microbubbles + rtPA

The studies will be grouped according to the combinations mentioned above. The idea
is to see whether a particular combination results in a higher degree of thrombolysis as
compared to the others. This section consists of one table for each combination. To draw
a final conclusion as to which combination is most effective the degree of thrombolysis
achieved for the different combinations will be compared.
In Table 2-2 the studies done by Rosenschein (2000), Steffen (1994), and Ariani (1991)
have been presented. These three studies used ultrasound alone.
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Table 2-2: Studies employing ultrasound alone for thrombolysis

Author US alone Degree of thrombolysis
Rosenschein[24] X CWL:90%
Steffen[22] X CWL: 80%

RC: 13/15
Ariani[23] X CWL: 100%

RC: 17/17

In Table 2-3 the studies done by Eggers (2009), Damianou (2013) and Leeman (2012)
have been presented. These three studies used ultrasound + rtpA.

Table 2-3: Studies employing ultrasound + rtPA for sonothrombolysis

Author US + rtPA Degree of thrombolysis
Eggers[27] X CWL: 78.7%
Damianou[26] X RC: 22/22
Leeman[18] X Near complete lysis

In Table 2-4 studies done by Nishioka (1997), Birnbaum (1998) and Leeman (2012) are
presented. These studies used ultrasound and microbbubles.

Table 2-4: Studies employing ultrasound + MB for sonothrombolysis

Author US + MB Degree of thrombolysis
Nishioka[28] X RC: 8/11
Birnbaum[29] X RC: 10/10
Leeman[18] X Near complete lysis

Conclusion

On comparing the degree of thrombolysis in table 2-2, 2-3 and 2-4 we can conclude that a
high degree of thrombolysis was seen for all combinations of ultrasound and/or rtPA and
microbubbles and therefore any one of the four combinations can be employed to achieve
a high degree of thrombolysis. However as mentioned in section 1-5 the idea is to use
ultrasound alone to remove the thrombi from the LVAD. Given that this analysis shows
that ultrasound alone does result in a high degree of thrombolysis we can proceed with
realizing an experimental setup using ultrasound alone without thrombolysis enhancing
agents like rtPA and microbubbles.
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2-3 Mechanisms contributing to sonothrombolysis

What are the mechanisms via which ultrasound alone, or in combination with
rtPA and/or microbbubles results in sonothrombolysis?

As discussed earlier acoustic streaming and cavitation are mechanisms contributing
to sonothrombolysis. Numerous studies done so far have shown varying degrees of
sonothrombolysis partly due to the variations in ultrasound parameters, and choice
regarding usage of rtPA and/or microbubbles. Different mechanisms have been hypoth-
esized for ultrasound alone or in combination with rtpA and/or microbubbles. In this
section the hypotheses put forth by different studies will be presented. The aim is to gain
clarity on the mechanisms contributing to sonothrombolysis for different combinations of
ultrasound and/or rtpa and microbubbles.
The aim of the study done by Porter(2001) was to understand the mechanisms con-
tributing to sonothrombolysis. As mentioned in section 1-4 the mechanisms contributing
to sonothrombolysis were acoustic streaming and cavitation induced microstreaming.
More specifically this study proposed the hypothesis that when ultrasound was used in
conjunction with thrombolytic drugs the high velocity gradients caused by streaming
increased the exposure of fibrin to the drug, thereby enhancing its effect and resulting in
thrombolysis.
In this study, the thermal effect of ultrasound has also been proposed as one the
mechanisms contributing to sonothrombolysis however in a study done by Sakharov
(2000) the thermal effect has shown to not have a drastic effect on the acceleration of
thrombolysis.
In the study done by Xucai chen (2014) the microbubble oscillation and collapse near
the surface of the thrombus resulted in a pitted thrombus. This study showed how these
mechanical effects could break down the thrombus.
Additonal hypotheses have been put forth by in the study done by Petit (2012), where
radial force and microbubbles streaming are hypothesized to contribute to increasing the
efficacy of thrombolytic drugs thereby resulting in thrombolysis when ultrasound and
thrombolytic drugs are used. The same study hypothesizes that the mechanical effect of
cavitation i.e microstreaming in the case of stable cavitation and microjetting in the case
of inertial cavitation accelerate clot damage when ultrasound and microbubbles are used.

Conclusion

From the papers reviewed, the following can be stated about the mechanisms by which
thrombolysis occurs in different combinations:

• US only: Mechanical cavitation by the bubbles formed from the liquid medium in
which ultrasound is propagating.
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• Ultrasound + rtPA: When rtPA is used with ultrasound, the ultrasound increases
clot permeability enhancing penetration of rtPA into the clot, thus increasing drug
efficacy and binding to the fibrin thereby enhancing thrombolysis

• US + MB: Mechanical cavitational effect enhanced by the presence microbubbles
(nucleation agent)

2-4 Conclusion

• Low (20 - 100 kHz), middle (100 kHz - 1 MHz) and high (>1 MHz) frequency
ranges, all can result in a high degree of thrombolysis provided high intensities
(>10 W/cm2) of ultrasound are applied.

• A high degree of thrombolysis was seen for all combinations of ultrasound and/or
rtPA and microbubbles and therefore any one of the four combinations can be
employed to achieve a high degree of thrombolysis. However as mentioned in section
1-5 the idea is to use ultrasound alone to remove the thrombi from the LVAD.
Given that this analysis shows that ultrasound alone does result in a high degree of
thrombolysis we can proceed with realizing an experimental setup using ultrasound
alone without thrombolysis enhancing agents like rtPA and microbubbles.

• From the studies reviewed conclusions regarding the mechanisms for different
combinations of ultrasound and/or rtPA and microbbubles could be drawn. However
a clearer understanding of which ultrasound parameters result in cavitation and the
mechanism via which cavitation results in a high degree of sonothrombolysis is still
unclear. In order to gain clarity on the mechanism contributing to sonothrombolysis,
an experimental design and setup wherein the effect of ultrasound parameters on
thrombolysis and cavitational activity can be investigated must be realised.
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Chapter 3

Design of experimental setup for
sonothrombolysis and passive

cavitation detection tests

The conclusions drawn from the literature review in section 2-4 have served as the starting
point for the realisation of an experimental setup via which preliminary experiments can
be conducted.

These preliminary experiments were planned to serve the following purpose:

• to test the conclusions that have been put forth in the literature review regarding
optimal ultrasound parameters (frequency and intensity) required for sonothrom-
bolysis

• to build a hypothesis regarding the mechanism contributing to a high degree of
sonothrombolysis

• to realize an experimental setup which will mimick the in vivo situation

From the conclusions drawn in section 2-4 regarding the suitable ultrasound parameters
(frequency and intensity) required to obtain a high degree of sonothrombolysis, we know
that:

Low (20 - 100 kHz), middle (100 kHz - 1 MHz) and high (>1 MHz) frequency
ranges, all can result in a high degree of sonothrombolysis provided high
intensities (>10 W/cm2) of ultrasound are applied.
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Based on this conclusion, the primary/therapeutic ultrasound transducer i.e the ultra-
sound transducer which is used to to break down the thrombus has to be able to generate
high intensity ultrasound waves in order to result in a high degree of sonothrombolysis.
Due to a collaboration with University of Cyprus, a (HIFU) transducer with a centre
frequency of 1.18MHz was available. Given that it is a high intensity focussed ultrasound
transducer the thrombus will have to be aligned to the focus of this HIFU transducer.

As explained in section 1-4 ultrasound in liquid media results in certain phenomena like
acoustic streaming and cavitation which have been shown to play a dominant role in
contributing to sonothrombolysis. In order to understand the mechanism via which these
phenomena contribute to sonothrombolysis a commonly used method known as passive
cavitation detection will also be employed in this experimental setup.

The primary reason for understanding any mechanism is to be able to repeat or recreate
conditions that will facilitate this mechanism, which in turn, will lead to the desired
result. In this particular experiment understanding the mechanism contributing to
sonothrombolysis involves understanding how the applied ultrasound parameters result in
certain phenomena (acoustic streaming and cavitation), which in turn lead to the desired
result of sonothrombolysis. As explained in section 1-4 there are two types of cavitation:
stable cavitation occurring at lower ultrasound intensities, and inertial cavitation at
higher ultrasound intensities.

Hence the idea of these preliminary experiments is to increase the driving voltage applied
to the HIFU, thereby increasing the ultrasound intensities. Via visual observations, the
effect of these increasing ultrasound intensities on the clot placed at the focal point
of this HIFU will be recorded. In order to understand the mechanism contributing to
sonothrombolysis the effect of these increasing ultrasound intensities on cavitational
activity(detected via PCD) will also be analysed.

The following investigations will be carried out in two experimental setups:

1. Sonothrombolysis of a clot in a test tube and passive cavitation detection, and

2. Sonothrombolysis of a clot on a rotor and passive cavitation detection.

3-1 Sonothrombolysis of a clot in a test tube and passive cav-
itation detection

3-1-1 Introduction

This was conducted as a proof of concept in two ways: (i) whether clot formation could
take place by following a given clot preparation protocol. The details of the protocol can
be referred to in the Appendix A-1, and (ii)whether sonothrombolysis would take place
when high intensity ultrasound was applied.
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The idea was to increase the driving voltage applied to the HIFU from 100mVpp to
900mVpp in steps of 100mVpp. In preliminary experiments conducted using an ultrasonic
cleaner, sonothrombolysis to a degree of 70% was seen when the clot was observed to
be jumping around. So this was taken to be a visual cue for the onset of high degree of
sonothrombolysis. Visual observations regarding the effect of these increasing ultrasound
intensities on sonothombolysis will be recorded. At each step of driving voltage applied
the cavitation ativity as detected by the PCD will also be observed on the oscilloscope.
The detailed description of the instruments and settings used are explained below.

3-1-2 Method and materials

Clot protocol

Fresh porcine blood was taken in a 15ml syringe. This blood was then pipetted into
Eppendorf test tubes containing CaCl2 solution (1M) and allowed to coagulate in the
same centrifuge tubes.A more detailed description of the clot protocol is given in A-1

In vitro sonothrombolysis setup

As can be seen in Figure the experimental setup employed a function generator (Agilent
33250A), power amplifier (ENI A- 500), oscilloscope (Agilent DS06034A) and a 1.18MHz
HIFU. An immersion transducer with a centre frequency of 5MHz was used as the passive
cavitation detector (Panametrics V308). The voltage to drive the HIFU transducer, is
varied on the function generator. This voltage is varied from 100mVpp - 900mVpp in
steps of 100mVpp.
The HIFU transducer has been calibrated in order to determine the peak negative
pressures generated by the HIFU transducer for a given range of voltages (100mVpp-
900mVpp) applied. The peak negative pressure values (MPa) at the focal point are
calculated using the peak negative voltage (mV) recorded by the hydrophone at the focal
point and the sensitivity of the hydrophone (38nV/Pa). The graph of this calibration
can be referred to in Figure A-2.
The pulsed mode setting is selected on the function generator at a duty cycle of 10%
(No of cycles-440, Burst period- 4ms)[30]. This pulsed voltage then gets amplified and is
applied to the HIFU transducer which generates pulsed sinusoidal pressure waves that
are incident on the blood clot that is placed at the focal point of the HIFU transducer.
The focal point of the HIFU was established using the pulser. The detection of the focal
point using this pulser can be seen in A-3.

3-1-3 Results

In this experiment the pressure was increased till movement of the clot was observed.
Violent movement of the clot was observed once a threshold of peak negative pressure
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Figure 3-1: a)Clot in saline filled test tube b)Schematic of experimental setup of
sonothrombolysis of a clot in a test tube and PCD

was crossed. Minimal movement of the clot was seen at 4.2MPa but no thrombolysis was
seen even after 20 minutes. At a pressure of 5MPa violent movement of the clot was seen
and in a matter of 15 seconds the clot in the saline solution was reduced to a bloody
solution.

Simultaneously, via the method of passive cavitation detection it was observed that
intermittent spikes occurred after a certain threshold of driving voltage was crossed. The
frequency of occurrence of these intermittent spikes increased, as the driving voltage of
the HIFU was increased in steps of 100mVpp.

Hypothesis

The observed relationship between increasing driving voltage of the HIFU, increase in
frequency of occurrence of spikes, and resulting sonothrombolysis led to the hypotheses
that the increased frequency of occurrence of these spikes contributed to sonothrombolysis.
The spikes measured are indicative of the transient collapse of the cavitation bubbles
(Li et al., 2014). For the purpose of this experiment they can be termed as cavitation
events, initiated by a certain threshold value of driving voltage, which seemed to play a
dominant role in thrombolysis.

Trigger threshold and counting cavitation events methodology

The next step after making this observation was to come up with a method to count
the number of spikes at each 100mVpp voltage step. This was done by setting a trigger
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Figure 3-2: Schematic of experimental setup of sonothrombolysis of a clot in a test tube
and PCD system with frequency counter

threshold on the oscilloscope. In this experimental setup the oscilloscope serves two
purposes:

1. As a PCD signal waveform viewer to view the raw acoustic signals collected by the
PCD

2. Measuring device, wherein the feature of trigger threshold is exploited to develop a
counting methodology wherein : when the spikes exceed the set trigger threshold
a count is triggered, which via, the trigger out feature on the oscilloscope can
increment the frequency counter every time this cavitation event is detected.

3-1-4 Conclusions

A distinct threshold effect was observed between peak negative pressure and sonothrom-
bolysis, beyond which, sonothrombolysis took place in the matter of seconds. The method
of passive cavitation detection was employed to understand the role cavitation played in
the mechanism contributing to sonothrombolysis. The observations made via the PCD
signal seen on the oscilloscope, led to the formulation of a hypothesis and methodology
to quantify the cavitational activity detected. The schematic of this experimental setup
with the addition of the frequency counter can be seen in Figure 3-2. This method to
quantify cavitation and its result on sonothrombolysis will provide experimental evi-
dence, regarding the role these cavitation events play in the mechanism contributing to
sonothrombolysis.
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3-2 Sonothrombolysis of a clot on a rotor and passive cavita-
tion detection

3-2-1 Clot coagulated separately and subsequently placed on a rotor

Introduction

Based on the promising results obtained in the previous experiment, this experiment was
planned to see whether the same degree of sonothrombolysis can be achieved when a
clot is placed on the rotor and the rotor tip aligned to the focal point of the HIFU. The
modus operandi with regards to the design of experiments in this master thesis has been
such that each experiment provides answers to questions that will help in objectively
assessing whether the proposed solution of using ultrasound to remove thrombi is possible.
It is also logical, that, the designs of experiments are planned in context of the situation,
in vivo. These in vivo conditions have been elaborated upon in the previous chapters.
To briefly reiterate it is a complex hemodynamic environment in which the thrombi are
formed on the inlet and sometimes on the surface of the rotor itself.
The research questions looking to be answered via this experiment were:
What is the effect of the polished surface of the rotor on the peak negative pressure
required for sonothrombolysis?
How do the cavitation events vary with increasing peak negative pressures?
This experiment would give answers regarding the peak negative pressure required for
sonothrombolysis of the clot on the surface of the rotor and the passive cavitation detection
would help determine whether the same mechanism played a role in sonothrombolysis,
when the thrombus was placed on a polished surface like the rotor.

Method and materials

The tip of the rotor was aligned to the focal point of the HIFU transducer. In this
experiment a clot was made separately and placed on the rotor. When the clot on the
rotor was placed in the water tank at the focal point of the HIFU, the clot floated off the
surface of the rotor. Transparent foil was used to hold the clot in place. After removing
the transparent foil, when the rotor was placed back into the water tank, the clot did not
float off the surface and the experiment was continued.

Results

In this experiment no vibration of the clot on the surface of the rotor was seen at lower
peak negative pressures. At a pressure of 3.48MPa the clot was seen vibrating off the
surface of the rotor and when this pressure was continuously applied for around 12- 15
minutes the clot peeled off the surface.
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Figure 3-3: Schematic of sonothrombolysis of clot on rotor and PCD

Conclusion

A better way of reproducibly attaching the clot to the surface of the rotor has to be em-
ployed if experiments to verify the peak negative pressures required for sonothrombolysis
and passive cavitation detection are to be conducted.

3-2-2 Clot coagulated on rotor

Introduction

This experiment is essentially repeating the previous experiment except that the clot is
made to coagulate on the rotor in a test tube in an attempt to optimize the way the clot
is attached to the surface of the rotor. In Figure 3-4 the rotor placed in the test tube
into which porcine blood will be pipetted can be seen.

Method and materials

The clot was left to coagulate in a test tube containing the rotor for 7 days, at the end of
this duration the rotor was firmly embedded in the clot in the test tube. As can be seen
in Figure 3-4, a grasper was used to grab onto the end of the rotor that is not embedded
in the clot in the test tube. A force gauge was connected to this grasper and the force
required to dislodge the rotor from the clot in the test tube was measured. This force
was measured to be 4.5N. A picture of the clot after dislodging it from the test tube can
be seen in 3-5.
The clot was then placed in a holder in the water tank; the drawback inspite of the
optimized way of clot formation directly on the rotor method was that blood was found
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Figure 3-4: Left:Clot cogaulated on rotor, Right:Force gauge to quantify dislodging force
of rotor from test tube

to be trickling from the surface of the clot. This would result in an error when it comes
to quantifying the weight loss due to sonification alone.

Results

At pressures greater than 2.17MPa the clot was found to be vibrating off the surface of
the rotor and peeling off in the order of seconds.

Conclusion

From these two experiments it can be concluded that it is difficult to reproducibly attach
the clot to the surface of the rotor. In order to solve the problem of trickling of blood,
it was planned to wash and dry the rotor with the clot on it and then perform the
experiment. To be sure that the clot was indeed a clot and not dried up blood the clot on
the rotor was placed in an egg incubator which maintained a moist environment (prevents
drying up of blood) at a temperature of 37 C. Although the clot was attached to the
rotor in this experiment, subsequent attempts were unsuccessful.
Hence it was concluded that if the aim was to make invitro clots on the rotor, a future
setup would have to include flow of arterial blood over the rotor.
In retrospect, although the experiment of clot on rotor would have made a step towards
mimicking the in vivo situation, this experiment ignores the more important effect that
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Figure 3-5: Left:Clot on rotor after dislodging from test tube, Right:Blood trickling from
rotor when placed in water tank

the housing of the pump will have on the ultrasound field. It is expected that the delivery
of ultrasound in to the LVAD via a catheter will undergo reflections, attenuation and
scattering. Knowledge of the ultrasound field within the housing of the LVAD will help
determine the regions of high and low intensity. Based on this, if high intensity regions
are close to the thrombus sonothrombolysis can be expected. If a step has to be made
towards mimicking the in vivo situation, it will require modeling of the ultrasound field
in the housing of the pump.

3-3 Drawbacks of the experimental setup

From the previous section we know that since a reproducible way of attaching a clot to
the surface of the rotor could not be reached, the final experiments that will be conducted
in this master thesis will be only:

Sonothrombolysis of a clot in a test tube and passive cavitation detection

These tests were conducted on in vitro clots placed in a saline filled test tube aligned to
the focal point of the HIFU.
As mentioned in section the idea of this experiment was to increase the driving voltage of
the HIFU and at each step of the driving voltage record the counts or cavitation events
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Figure 3-6: Yellow signal: Transmitting HIFU, Green signal: PCD signal

detected via PCD. To reiterate the oscilloscope is used in these experiments to view the
PCD signal and trigger a count when a cavitation event is detected. The oscilloscope was
setup such that the transmitting HIFU signal could be seen along side the PCD signal.
It was observed that the PCD signal appeared to be a modulated signal, wherein a signal
with the same frequency as that of the transmitting HIFU was modulated by a signal
with a lower frequency. This can be seen in Figure 3-6.
It was also observed that as the driving voltage was increased the peak to peak amplitude
of the PCD signal also increased, this can be seen in the Figure 3-7. This increasing peak
peak voltage of the PCD signal made the threshold set redundant. As a solution it was
decided that the threshold will also be increased proportionally as the driving voltage was
increased, so that the counts could be recorded at each step of driving voltage applied.
However, when this solution was attempted it was observed that the signal was unstable
i.e when the clot moved in the test tube the signal moved in tandem, hence making even
the proportionally adjusted threshold for each driving voltage, redundant. Due to this,
the above-mentioned methodology of quantifying cavitational activity by counting the
cavitation events could not be employed effectively.
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Figure 3-7: Relationship between driving voltage and PCD signal peak peak value

3-4 Conclusion

To reiterate the aim of these preliminary experiments was to:

• to test the conclusions regarding optimal ultrasound parameters (frequency and
intensity) required for sonothrombolysis that have been put forth in the literature
review

• to build a hypothesis regarding the mechanism contributing to a high degree of
sonothrombolysis

• to realize an experimental setup which will mimick the in vivo situation

With regard to testing the frequency and intensity required for sonothrombolysis these
preliminary experiments showed that a high degree of sonothrombolysis was observed at
high intensities of ultrasound.

Via the method of passive cavitation detection it was observed that the frequency of
occurrence of intermittent spikes increased as the ultrasound intensity was increased
and it was hypothesized that these spikes termed as cavitation events contributed to
sonothrombolysis. A methodology to count these cavitation events with the use of the
trigger out feature of the oscilloscope and a frequency counter was realised. This resulted
in the realization of an experimental setup wherein the cavitational activity at each step
of driving voltage applied could be quantified.
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It was the aim to realize an experimental setup which mimicked the in vivo situation.
The sonothrombolysis of clot on rotor and passive cavitation detection experiment was
an incremental step towards mimicking the invivo situation by attempting to remove the
clot on the surface of the rotor. However ,as explained earlier, the methods attempted to
attach a clot to the surface of the rotor were not reproducible and hence could not be
implemented.

Hence it was decided that the final experiments conducted towards this master thesis
would be only: Sonothrombolysis of a clot in a test tube and passive cavitation detection.

However when these tests were conducted it was observed that via this passive cavitation
detection system, the counting methodology for quantifying cavitational activity was
proving to be unsuccessful. In the next section the frequency content of the PCD signal
at each step of driving voltage will be analysed and the solution to this drawback will be
presented.
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Chapter 4

Signal conditioning for quantification
of passive cavitation detection signal

4-1 Frequency content of passive cavitation detection signal

The FFT operation on the oscilloscope was utilised to inspect the frequency content of
the raw acoustic signal detected by the PCD. The spectral features of the FFT of this
PCD signal were inspected as the driving voltage of the HIFU was increased in steps of
0.1Vpp.

Numerous sonothrombolysis studies done so far have provided experimetal evidence
correlating spectral features observed in the PCD signal and resulting sonothrombolysis
[18][19][17][20].

On inspection of this FFT, it was observed that after a certain driving voltage was
crossed distinct peaks at the fundamental and harmonics could be seen. This is expected
at higher intensities due to the nonlinear propagation of ultrasound [31]. This can be
seen in Figure 4-1.

It was also observed that a peak emerged between the 3rd and 4th harmonic peaks as
the driving voltage was increased and this peak emerged synchronously with the spikes
in the time trace of the PCD signal. This can be seen in 4-2
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Figure 4-1: FFT of PCD signal at 400mVpp(1.53MPa)

Figure 4-2: Rise in energy level between 3rd and 4th harmonic as driving voltage is increased
from 400mVpp(1.53MPa) to 900mVpp(3.18MPa)
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4-2 Custom made band pass filter as the solution

In order to extract the signal responsible for the emergence of this peak between the
the 3rd and the 4th harmonic, filtering on the raw acoustic signal detected by the PCD
will have to be performed. Hence a band pass filter was designed for the frequency band
between the 3rd and 4th harmonic, the cut off frequencies were 3.9 and 4.4MHz to ensure
that the filtered signal would not contain components of the third and fourth harmonics
at 3.54MHz and 4.72MHz. This band pass filter would attenuate the fundamental and its
harmonics resulting in a stable signal post filtering. The counting methodology proposed
could then be implemented leading to quantification of this filtered cavitation signal.

Figure 4-3: Band pass filter circuit

In order to design this filter the software Filter Solution 9.0 by Nuhertz Techonologies
LLC was used. The lower corner frequency and the upper corner frequency was input
along with the stop band attenuation to obtain the schematic for this band pass filter.
The schematic can be seen in Figure 4-3.

4-3 System level design to accomplish quantification of passive
cavitation detection signal

The raw acoustic PCD signal will now be filtered and will lead to counting the spikes in
this frequency window. The band pass signal is severely attenuated by the filter (60dB)
and hence needs to be amplified. The amplifier used is MITEQ, this amplifier is powered
by a 15V DC supply. The amplification is done prefiltering so that the noise due to the
amplifer can be filtered out. This amplifer has a gain of about 65 dB. In order to avoid
distortion the raw acoustic signal detected by the PCD is attenuated and then amplified.
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The maximum permissable input to this amplifer is 6mVpp. Clipping of the signal post
amplification can be seen in Figure 4-4.

Figure 4-4: Clipping of signal at when input of 7mVpp is given to the amplifier

4-4 Final experimental setup and design

The final experimental setup that will be used to perform the final sonothrombolysis and
passive cavitation detection tests can be seen in Figure ??.

Introduction

In Chapter 3, the experimental design and hypothesis were formulated .In chapter 4, the
signal conditioning necessary to quantify the raw acoustic signal detected by the PCD,
to test the hypothesis postulated, was realized. The research questions being answered
via this setup are:

• What is the Peak negative pressure at which a high degree of sonothrombolysis is
observed?

• Does the frequency of occurrence of "cavitation events" increase with increasing
peak negative pressures applied and does this increase coincide with a high degree
of sonothrombolysis?
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Figure 4-5: Schematic of final experimental setup

Method and materials

As can be seen in the schematic in Figure above, the experimental setup employed a
function generator (Agilent 33250A), power amplifier (ENI A- 500), oscilloscope (Agilent
DS06034A) and a 1.18MHz HIFU obtained from laboratory collaboration.
The clot is suspended in a test tube filled with saline solution, the test tube is custom
made for this experiment with an acoustically transparent plastic window to allow the
incident ultrasound waves to reach the blood clot.
The 20 dB attenuator, fixed gain (65dB) amplifier and band pass filter form the signal
conditioning block, the trigger out of the oscilloscope is connected to a frequency counter.
As mentioned earlier the driving voltage is increased in steps of 100mVpp, from 100mVpp-
900mVpp.
Three observations were made at each step, while conducting these sonothrombolysis
and passive cavitation detection tests:

• Counts: When the signal amplitude exceeds the maximum amplitude of the back-
ground noise (0.5mV) by a factor 4 (trigger threshold-2mV) a count is triggered.
These counts are noted down per minute using a stop watch, at each step of driving
voltage applied. This is repeated thrice at each step of driving voltage and the
average counts recorded per minute at each step of driving voltage, is calculated.
The pulsed incident HIFU along with the filtered PCD signal can be seen in Figure
4-6.

• Color of saline solution: This observation was made to analyze the degree of
thrombolysis at different steps of driving voltage applied. Though there are more
accurate ways of quantifying the degree of thrombolysis, for example coulter counter.
It was not employed as it would not be possible to remove the test tube from the
positioning system, pipette out some solution for inspection, and fix it back in the
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Figure 4-6: Yellow signal: Pulsed incident HIFU, Pink signal : Filtered PCD signal.
Background noise of the pink signal when pulsed HIFU is off - 0.5mV, each box of the PCD
signal is 2mV.
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same position as before. The setup is such that some human error (i.e. affixing test
tube to rod) cannot be avoided. The compromise in change of position of the clot
in the beam of the incident HIFU was not required especially when it is possible to
make reasonably informative observations visually. A completely bloody solution
was considered to be an indicator of thrombolysis.

– Clear saline solution: Indicative of no thrombolysis.
– Pink saline solution: Indicative of minimal amount of thrombolysis and also

the onset of thrombolysis.
– Red saline solution indicative of substantial amount of thrombolysis. It is

important to remember that the solution in the test tube turning red is not
indicative of the end of the experiment. The experiment is stopped only in the
following situations: (i) When the solution is bloody AND looks completely
liquid with no visibly observable particles seen, (ii) When the maximum peak
negative pressure of 3.18MPa has been applied.

• Movement: Based on the observations made in the preliminary experiments, move-
ment of the clot at different driving voltages was noted down. The movement of
the clot seems to be a function of radial force, acoustical streaming, and cavita-
tion. This observation was made to see the role movement played in the degree of
sonothrombolysis achieved. Based on the observations the movement of the clot
was classified into the following:

– Slow: The clot is settled at the bottom of the test tube, slight throbbing
motion of the clot without it moving.

– Swirling: The clot is swirling around the saline filled test tube and is constantly
moving

– Violent: The clot is moving violently at a fixed spot, which can be safely
assumed to be the focal point of the HIFU.

If a clot is visible after completion of the experiment, it is weighed again, the degree of
sonothrombolysis is calculated (Initial weight minus final weight)/(Initial weight)*100%.
The above mentioned observations will be made during the experiments conducted which
are presented in Chapter 5.
The plan for experiments is as follows:
Two sets of 6 invitro clots will be made. Each set of 6 clots will be made from the
same batch of porcine blood. The experiment will be conducted on three blood clots
on the same day (referred to as same day clots below) and the remaining three clots on
day 2 (referred to as one day old clots). This would shed light on whether there was
any correlation between the age of the clot and the peak negative pressure required for
sonothrombolysis. This experiment was repeated twice (referred to as set 1 and set 2
below) to verify whether the peak negative pressures required for sonothrombolysis are
reproducible.
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Figure 4-7: Baseline tests conducted to see rate of increase in counts with increasing peak
negative pressures

Results

Before the final tests were done on the in vitro clots, baseline tests were performed to
see the relationship between peak negative pressure and counts recorded for each step
value of driving voltage applied. These baselines tests will enable further inferences to be
made regarding how the counts change, when for instance the saline filled test tube is
placed, and then, further when the clot is placed in the saline filled test tube.

Baseline tests

The graph in 4-7 is to illustrate the average counts for each peak negative pressure.

• Each data point represents the average counts corresponding to that peak negative
pressure.

• The counts are recorded per minute by using a stopwatch. This is repeated three
times to calculate the average counts corresponding to that peak negative pressure.

From this graph we can see that the cavitation threshold is the same in both the cases
when employing this methodology of counting cavitation events to quantify cavitational
activity. It is representative of the threshold like behavior which is commonly used to
describe cavitation. It can also be inferred that the counts increase slightly more rapidly,
i.e. the curve is a little more steeper in the case of the saline filled test tube.
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Chapter 5

Final sonothrombolysis and passive
cavitation detection tests

5-1 Results of sonothrombolysis and passive cavitation detec-
tion tests on Set 1 clots

The graph in 5-1 illustrates the average counts for the range of peak negative pressures
applied.

• Each data point represents the average counts corresponding to that peak negative
pressure. Each line corresponds to these values per clot.

• The last data point represents the peak negative pressure at which complete
thrombolysis was observed (bloody solution by inspection).

• The dotted lines represent the same day clots. The solid lines represent the
one-day-old clots.

• The data points on each of these lines are a particular shape. This shape is colored
pink if at that point the saline solution has turned pinkish which indicates minimal
amount of thrombolysis. The shape is red if the saline solution has turned red
indicative of a substantial amount of thrombolysis.

• This coloring of data points is to analyze the counts and degree of thrombolysis
with respect to these 6 clots
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Figure 5-1: Counts measured as peak negative pressures were increased for all 6 clots of
set 1

Correlation between clot characteristics and peak negative pressure required
for high degree of thrombolysis

Clot weight

To begin with, the clot weight of the invitro clots made cannot be controlled hence the
variation in weight between the clots. The invitro clots are left to coagulate in Eppendorf
test tubes and while scooping the clot out of the test tube varying weights of clot are
obtained. These 6 clots were made using the same clot protocol and each set was made
from the same batch of fresh porcine blood obtained. This weight is measured after
scooping it out from the Eppendorf test tube. To assess the degree of sonothrombolysis
obtained the weight of the clot which remains in the saline filled test tube (if any) is
weighed. In Figure 5-2, clot 1 - 6 and their corresponding weights are presented along
with the peak negative pressures at which complete sonothrombolysis was observed. It
can be seen that no clear correlation is seen between the weight of the clot and the peak
negative pressure required for high degree of thrombolysis.

Clot age

From Figure 5-2 clot 1, 2 and 3 (same day clots) all underwent complete thrombolysis
at 3.03MPa. Clot 4, 5 (one day clots) underwent thrombolysis at a higher pressure of
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Figure 5-2: No correlation observed between clot weight and peak negative pressure required
for high degree of thrombolysis

Figure 5-3: Column graph of 6 clots of set 1 giving information of the range of counts
detected and degree of thrombolysis observed for each clot at varying peak negative pressure
values

3.18MPa. The peak negative pressure required to lyse the clots are all very similar and
these results suggest that same day clots are easier to lyse than one day clots(except clot
6).

Degree of thrombolysis and high counts

The figure 5-3 illustrates the degree of sonothrombolysis for different ranges of counts
measured. To reiterate, the counts are measures of the cavitational activity at the focal
point of the HIFU, using the trigger threshold counting methodology.
From the Figure 5-3 we can infer the following:

• For 5/6 clots, the onset of high counts is at 2.71MPa
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Figure 5-4: Column graph of 6 clots of set 1 depicting the movement of the clot and degree
of thrombolysis observed at different peak negative pressures applied

• Rapid thrombolysis clots: Clot 6 rapidly undergoes complete thrombolysis with the
onset of high counts. The remaining clots need the driving voltage to be increased
to undergo substantial or complete thrombolysis.

• In clot 1 and 4 the high counts do lead to minimal thrombolysis at peak negative
pressure of 2.71MPa, but at the next step of driving voltage applied complete
thrombolysis takes place

• Clots 1-5 suggest that high counts alone are not sufficient for high degree of
thrombolysis.

• Anomaly clots: Clot 5 seems to be an anomaly wherein high counts are seen are
recorded at 2.42MPa but a high degree of thrombolysis is observed only at 3.18MPa.

Hence we shall look at the next possible contributing factor to thrombolysis i.e. Movement.

Degree of thrombolysis and movement

The column graph in Figure 5-4 illustrates the movement of the 6 clots of set 1 at peak
negative pressures from 2.42MPa to 3.18MPa.

• For 3/6 clots the onset of violent movement is at 3.03MPa.

• In the previous section clots 1-5 did not undergo high degree of thrombolysis despite
high counts being measured at 2.71MPa.
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• Clots 1-3 underwent high degree of thrombolysis when violent movement accompa-
nied the high counts

• Clot 5 is an anomaly wherein violent movement and high counts led to minimal
thrombolysis only

• Clot 4 also seems to be an anomaly wherein no violent movement is observed even
at the maximum peak negative pressure of 3.18MPa.

• Anomaly clots: Clot 4 and 5

5-2 Results of sonothrombolysis and passive cavitation detec-
tion tests on Set 2 clots

The graph in Figure 5-5 contains information on the average number of counts recorded
at each step of driving voltage applied along with the peak negative pressure at which
complete thrombolysis was achieved. As explained in section 4-4 the previous experiment
is repeated on another set of three same day clots and 3 one day clots to see if the results
obtained are reproducible.

Figure 5-5: Counts measured as peak negative pressures were increased for all 6 clots of
set 2
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Figure 5-6: No correlation observed between clot weight and peak negative pressure required
for a high degree of thrombolysis

Correlation between clot characteristics and peak negative pressure required
for high degree of thrombolysis

Clot weight

In Figure 5-6 the six clots of set 2 along with their corresponding weights are presented.
Corroborating the conclusion from the previous set, it is seen that no correlation is seen
between clot weight and peak negative pressure at which a high degree of thrombolysis
was achieved.

Clot age

From Figure 5-6 we can see that clot 1, 2 and 3 (same day clots) undergo complete
thrombolysis at different peak negative pressure values 2.71, 3.18 and 3.03 respectively.
The one-day clots clot 4, 5 and 6 undergo complete thrombolysis at 3.03, 3.03 and
3.18MPa respectively. The peak negative pressures required for one day clots to undergo
complete thrombolysis is slightly higher than same day clots.

Degree of thrombolysis and high counts

In Figure 5-7 the column graph illustrates the counts recorded for the range of peak
negative pressures from 2.42MPa to 3.18MPa for 6 clots of set 2.

• For 3/6 clots onset of high counts is at 3.03MPa higher than the previous set which
is why the graph also appears wider for the second set.

• Rapid thrombolysis clot: Clot 1, when high counts are recorded complete throm-
bolysis is observed. Clot 5 undergoes substantial thrombolysis at 2.42MPa itself,
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Figure 5-7: Column graph of 6 clots of set 2 giving information of the range of counts
detected and degree of thrombolysis observed for each clot at varying peak negative pressure
values

but does not undergo complete thrombolysis till 3.03MPa when the counts become
high.

• Clots 3 and 4 undergo minimal and substantial thrombolysis at 2.71MPa but are
completely gone only when high counts are measured at 3.03MPa.

• Clot 6 is an anomaly where minimal thrombolysis is seen in clot 6 even at the
maximum PNP of 3.18MPa. This is probably due to the clot not being at the focal
point.

Degree of thrombolysis and movement

The column graph in Figure 5-8 illustrates the movement of the 6 clots of set 2 at peak
negative pressures from 2.42MPa to 3.18MPa.

• For 3/6 clots onset of violent movement is at 3.03MPa which is the same as the
previous set

• It is observed that clots 3, 4 and 5 undergo complete thrombolysis when accompanied
by high counts and violent movement.

• Although the onset of high counts for clot 2 occurs at 3.03MPa, onset of violent
movement is only at 3.18MPa and hence complete thrombolysis occurs only then.

• Clot 6 is an anomaly where violent movement does not occur even at 3.18MPa.
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Figure 5-8: Column graph of 6 clots of set 2 depicting the movement of the clot and degree
of thrombolysis observed at different peak negative pressures applied

5-3 Condensed results

Figure 5-9 will be explained from left to right, it represents the most important results
from the experiments conducted and has been compiled by condensing the tabulated
results of each of the 12 clots. Refer appendix 1 The main results to be taken away from
this tabular column are the following:

• No clear correlation exists between clot weight and peak negative pressure at which
high degree or complete thrombolysis was observed. A slightly higher peak negative
pressure was required for one day clots to undergo complete sonothrombolysis.

• The peak negative pressure at which complete thrombolysis was first observed
was 2.71MPa (2/12 clots), however majority (10/12) of the clots required higher
peak negative pressures of 3.03MPa and 3.18MPa before achieving complete or
significant amount of thrombolysis.

• Clots with significant thrombolysis (11/12) were noted to have high counts (11/11
clots) and violent movement (10/11)

• Clot 6 in the second set was the only clot where significant degree of thrombolysis
was not achieved despite having high counts and violent movement. The only
possible explanation is that the clot may not have been at the focal point of the
HIFU.
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Figure 5-9: Condensed results of Set 1 and Set 2 illustrating that high degree of thrombolysis
was accompanied with high counts and violent movement

5-4 Discussion

In this section, the results of this work are discussed in relation to the other sonothrom-
bolysis studies done.

How much information does this counting methodology really give us about
the cavitation events that lead to thrombolysis?

In this study we are counting the spikes observed in the time trace as the driving
voltage/peak negative pressure is increased. Firstly, we will discuss the source or the
physical effects which result in these spikes. When cavitation bubbles oscillate rapidly and
collapse several physical effects are generated namely shockwaves, micro jets, turbulence,
shear forces etc. In the study done by Li (2014) the inertial cavitation bubble collapse is
modelled by a unipolar spike.

As mentioned in section inertial cavitation is characterized by broadband emissions. Since
the spikes that are being counted in this experiment are broadband, we assume that they
are the result of the physical effects characteristic to inertial cavitation. Keeping this in
mind, we can say that the counts recorded at each step of driving voltage serves as a
metric of inertial cavitation.

In the results of this study we see that these counts increase after a certain threshold of
peak negative pressure is crossed and in majority of the clots high counts are recorded
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at 2.71MPa. However, in these results we also see that high counts do not always lead
to a high degree of thrombolysis. This suggests that these physical effects that lead to
high counts at lower peak negative pressures are less powerful than those at higher peak
negative pressures.

Are observations linking cavitation, movement and thrombolysis insightful?

In this study the movement of the clot and the degree of thrombolysis for peak negative
pressures from 2.42MPa - 3.18MPa have been presented.

In all the clots, violent movement has been accompanied by high counts, i.e violent
movement has always been accompanied by inertial cavitation and resulted in a high degree
of sonothrombolysis. That being said a high degree of thrombolysis was not achieved
with violent movement alone. This was verified by vigorously shaking the saline filled test
tube containing the clot. This served as a falsifying experiment confirming that violent
movement alone cannot result in a high degree of sonothrombolysis. This underlines the
importance of inertial cavitation in achieving a high degree of sonothrombolysis. Hence it
has been insightful to record observations linking cavitation, movement and thrombolysis
as it helped ascertain the dominant mechanism contributing to sonothrombolysis.

5-5 Conclusion

Figure 5-10: High degree of thrombolysis was seen in majority of the clots all of which
were accompanied by violent movement and high counts
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From Figure 5-10 it is evident that for majority of the clots, thrombolysis occurs at a
peak negative pressure of 2.71MPa - 3.18 MPa. Clots which underwent a high degree
of sonothrombolysis were always accompanied by high counts and violent movement.
We assume the intermittent spikes termed as cavitation events being counted are due
to physical effects like inertial bubble collapse, shockwaves and microjets, which are
characteristic of inertial cavitation. Hence we can conclude that the high counts are
indicative of inertial cavitation and play a dominant role in achieving a high degree of
sonothrombolysis.
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Chapter 6

Conclusions and Recommendations

6-1 Summary and conclusion

Longer life expectancy coupled with the information that cardiac heart failure is on the
rise, are strong indications that the LVAD will be a crucial device in the time to come.
Not only does this device sustain and extend life, it provides a quality of life which would
not have been possible for patients suffering from end stage heart failure.

One of the main drawbacks plaguing this otherwise successful medical device is the
formation of thrombi. The formation of these thrombi on the inlet bearing and/or
on the rotor of the LVAD occludes the blood flow and prevents it from functioning
properly. The aim therefore is to remove the thrombi, thereby restoring unoccluded blood
flow in the LVAD. The potential of ultrasound to remove thrombi was first reported
by Trubestein in 1976. In the next 25 years numerous sonothrombolysis studies have
corroborated these results and used ultrasound to enhance the effect of thrombolytic
agents [14]. In the studies done in more recent times experimental evidence elucidating
the effects of ultrasound in liquid media and how these effects result in a high degree of
sonothrombolysis has been put forth [32] [20]. In light of the promising results of the
sonothrombolysis studies done so far ultrasound was proposed as the means to achieve
the aim of removing thrombi and restoring blood flow through the LVAD.

To explain the proposed solution more specifically, the idea is: catheter delivery of
ultrasound alone, via the vasculature into the inflow and outflow cannula of the LVAD,
with sieves attached to the catheter to collect the emboli released while sonothrombolysis
is taking place.

This makes for a therapeutic solution which not only has the potential to remove the
thrombi from the LVAD, but also ensure that no further complications are caused by
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the release of emboli into the blood vessels. The promising results of sonothrombolysis
seen thus far, coupled with the recent development of emboli protective devices make
this solution less fantastical and more probable.

The first step towards answering the main research question was to review the sonothrom-
bolysis studies done so far. From this review it was concluded that for a high degree of
thrombolysis to take place an ultrasound transducer of any range of frequency can be
used provided that high intensity is applied. Good thrombolysis efficacy was seen for
all combinations of ultrasound and/or rtPA and microbubbles. Although several studies
provided experimental evidence regarding the mechanism via which sonothrombolysis
took place, the effect of increasing ultrasound intensities on cavitational activity and
whether stable or inertial cavitation is more effective is not completely understood.

The conclusions from the literature review helped realize an experimental setup. This
experimental setup consisted of a high intensity focussed ultrasound transducers which
would generate mechanical pressure waves to break down the clot and a passive cavitation
detector to analyze cavitational activity. Preliminary experiments conducted verified
that high intensity ultrasound could result in a high degree of sonothrombolysis. Via
PCD it was observed that increasing ultrasound intensities resulted in an increase in
the frequency of occurrence of intermittent spikes. Based on this observation it was
hypothesized that the increased frequency of occurrence of spikes contributed to a high
degree of sonothrombolysis. A methodology to count these spikes at each step of driving
voltage applied was implemented by using the trigger out feature of the oscilloscope
and a frequency counter. In order to count these spikes, signal conditioning had to be
performed. The frequency content of the PCD signal was analyzed and it was found that
filtering the PCD signal for the band between 3rd and 4th harmonics would result in
a time domain signal representative of inertial cavitation. Since the filter attenuated
the PCD, signal amplification was performed using an off the shelf amplifier which was
powered by a 15V DC supply. However to prevent distortion, the PCD signal had to be
attenuated such that it was the within the permissible input levels of this amplifier. Post
this signal conditioning, a passive cavitation detection system was realized via which the
intermittent spikes in the PCD signal could be counted. Finally, an experimental setup
to conduct sonothrombolysis and passive cavitation detection tests was realised.

Via this experimental setup the first strides towards exploring this proposed solution have
been made. In the final experiment sonothrombolysis and passive cavitation detection
tests are conducted on two sets of 6 clots each. This experiment was conducted to answer
the following questions:

• What is the Peak negative pressure at which a high degree of thrombolysis is
observed?

• Does the frequency of occurrence of "cavitation events" increase with increasing
peak negative pressures applied and does this increase coincide with a high degree
of thrombolysis?
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On analysis of the results of the final sonothrombolysis and passive cavitation detection
tests the following conclusions were drawn:

For majority of the clots, sonothrombolysis occurs at a peak negative pressures of
2.71MPa - 3.18 MPa. We assume the intermittent spikes termed as cavitation events
being counted are due to physical effects like inertial bubble collapse, shockwaves and
microjets which are characteristic of inertial cavitation. Hence we can conclude that the
high counts are indicative of inertial cavitation and play a dominant role in achieving
a high degree of sonothrombolysis. That being said high counts did not always result
in a high degree of sonothrombolysis and this is probably because the physical effects
that occur at lower peak negative pressures are less powerful than those at higher peak
negative pressures. From this we can conclude that the peak negative pressure is a good
indicator of whether a high degree of sonothrombolysis would take place. This means
that the peak negative pressure at which sonothrombolysis take place can be used in the
next step of catheter development. The ultrasound transducer of the catheter must be
able to generate a certain threshold of peak negative pressure in order to achieve a high
degree of sonothrombolysis.

To answer the main research question of this thesis:

Is it possible to remove thrombi from the LVAD pump using ultrasound?

The results of the experiments conducted towards this master thesis are very promising.
A high degree of thrombolysis was observed in 11/12 clots. Experimental evidence
elucidating the role of inertial cavitation in achieving a high degree of sonothrombolysis
and why a certain threshold of peak negative pressure must be attained in order to achieve
a high degree of sonothrombolysis has been put forth. This evidence can be utilized in
the next step of catheter design. At this stage it can be said that the application of
ultrasound to remove thrombi from the LVAD will prove to be successful if high intensity
ultrasound resulting in inertial cavitation can be delivered to the site of the thrombi
formation in the LVAD.

6-2 Contribution

• Literature review - From chapter 2 it is clear that there were a wide range of
frequencies and intensities used in sonothrombolysis studies. An important contri-
bution of this thesis are the conclusions from the literature review which showed
that high degree of thrombolysis could be achieved at any frequency range provided
high intensities were used.

• Via the preliminary experiments, the challenges surrounding attaching clots to
the surface of the rotor have been highlighted and this information is relevant for
studies attempting to reproducibly attach clots onto a surface.
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• Based on the observations made in preliminary experiments a methodology to
quantify cavitation activity at different ultrasound intensities was realized. This
quantification involved counting intermittent spikes at each step of driving voltage
applied. On analysis of the frequency content of this signal it was observed that
these spikes were broadband, hence it was assumed that they are the result of the
physical effects characteristic to inertial cavitation. This way the counts at each step
of driving voltage applied served as a metric of inertial cavitation. The necessary
signal conditioning to realize this quantification was implemented resulting in an
experimental setup which could answer questions regarding the effect of increasing
peak negative pressures on cavitational activity and thrombolysis.

• Most importantly experimental evidence regarding the need for a certain value
of peak negative pressure to observe a high degree of sonothrombolysis has been
presented.

6-3 Future recommendations

• Clot characterization - A study done by Sutton (2013) it was concluded that the clot
composition and structure could inhibit the sonothrombolysis achieved [33]. This
has not been looked into in this study. In order to investigate this sonothrombolysis
tests will have to be conducted on thrombi retrieved from explanted LVADs.

• Catheter development - The conclusions of this master thesis emphasize the need
for a certain threshold value of peak negative pressure necessary for a high de-
gree of sonothrombolysis. The proposed solution entails intravascular delivery of
ultrasound. The catheter can consists of a piezoelectric transducer or a CMUT.
Capacitive micromachined ultrasound transducers have shown to have advantages
over piezoelectric transducers for HIFU applications. Simulations from a study done
on design for a CMUT ablation catheter show that it can only produce 800kPa. If
the aim is to implement a CMUT catheter for this application of removing thrombi
from the LVAD , then experiments using a lower insonifying frequency can be at-
tempted. The cavitation threhold decreases with decrease in insonifying frequency
which might lead to a lower peak negative pressure required for sonothrombolysis.

• Modelling of the LVAD pump - It is expected that the ultrasound delivered via
the catheter into the LVAD will undergo reflections, attenuation and scattering.
The reflections will lead to the formation of standing waves. It is known that
these standing waves impact regions of high and low intensities. The results of this
thesis, underline the importance of inertial cavitation in achieving a high degree
of thrombolysis, and the dependence of this inertial cavitation on high intensity
ultrasound, hence the modelling of the pump is very crucial to determine regions
of high and low intensity. The aim being that the high intensity regions are close
to the thrombus surface.
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A-1 Clot protocol

Old Protocol

The clot protocol used for the initial set of experiments is explained below: The clots
were produced using blood stored in 4.5ml tubes(BD Vacutainer, US ) containing 0.5ml
citrate solution(0.105M), which prevents the blood from coagulating and was kept in
the refrigerator. Whenever a clot was required to be made, the frozen blood which was
aliquoted into centrifuge tubes was taken out and left to thaw for approximately thirty
minutes. After the blood was thawed,750ÂţL of the blood was mixed with 60ÂţL of
CaCl2 solution. The CaCl2 solution was prepared mixing deionized water with granular
anhydrous CaCl2 The tubes containing the mixture of blood and CaCl2 were then
incubated at room temperature for 3hours. This clot protocol led to problems in the
formation of the clot, the preparation was gone through in detail. These problems could
have risen due to the freezing and thawing and improper mixing which might destroy
blood cells. Blood is delicate and rough handling while mixing can destroy the cells.

New protocol

This considered a new protocol was formulated wherein fresh blood from a pig was taken
in a 15ml syringe. This blood was then pipetted into Eppendorf test tubes containing
CaCl2 solution(1M) and allowed to coagulate in the same centrifuge tubes. It is important
to note that in this case it is used to accelerate coagulation, previously it was used to
compensate for the already added anticoagulant. The syringe and the valve system used
to pipette the blood into the eppendorf testtubes can be seen in A-1
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Figure A-1: Clot preparation protocol
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A-2 HIFU calibration

The HIFU transducer has been calibrated in order to determine the peak negative
pressures generated by the HIFU transducer for a given range of voltages (100mVpp-
900mVpp) applied. The pressure values (MPa) at the focal point are calculated using
the peak negative voltage (mV) recorded by the hydrophone at the focal point and the
sensitivity of the hydrophone (38nV/Pa). This can be seen in A-2.

Figure A-2: Calibration of the HIFU

A-3 Locating focal point of HIFU using pulsar receiver
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Figure A-3: HIFU focal point using pulsar receiver
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A-4 Clot tables for 12 individual clots

Figure A-4: Clot 1
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Figure A-5: Clot 2

Figure A-6: Clot 3

Figure A-7: Clot 4

Figure A-8: Clot 5
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Figure A-9: Clot 6

Figure A-10: Clot 7

Figure A-11: Clot 8

Figure A-12: Clot 9
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Figure A-13: Clot 10

Figure A-14: Clot 11

Figure A-15: Clot 12
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