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Abstract

Mechanical Damage from Cavitation in High Intensity Focused Ultrasound Accelerated
Thrombolysis

by

Hope Leigh Weiss

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor Andrew J. Szeri, Chair

Stroke is the fourth most common cause of death in the United States (second worldwide),
with about 87% of these being ischemic. Recent studies, in vitro and in vivo, have shown
that High Intensity Focused Ultrasound (HIFU) accelerates thrombolysis, the dissolution
of blood clots, for ischemic stroke. Although the mechanisms are not fully understood,
cavitation is thought to play an important role in sonothrombolysis. Acoustic cavitation
is typically divided into two categories describing the bubble behavior: stable cavitation
describes bubbles undergoing smooth oscillations, while inertial cavitation is characterized
by rapid growth followed by violent collapses. Possible mechanisms associated with both
stable cavitation (i.e. microstreaming) and inertial cavitation (i.e. microjets) are thought to
increase clot lysis by enhancing the delivery of a thrombolytic agent.

The damage to a blood clot’s fibrin fiber network from bubble collapses in a HIFU field
is studied. The bubble dynamical model used is the Keller-Miksis equation with a linear
Kelvin-Voigt viscoelastic material to account for the clot material outside the bubble. The
amount of damage to the fiber network caused by a single bubble collapse is estimated by
two independent approaches. The first method is based on the stretch of individual fibrin
fibers of the blood clot, and estimates the number of broken fibers as a bubble embedded
in the blood clot grows to its maximum radius. This method estimates that fibrin fibers
(the structural matrix of the blood clot) break as the bubble expands, however the bubble
dynamical model does not account for this. To account for the breaking of fibrin fibers (and
lysing of red blood cells) a term could be added to the Keller-Miksis equation. This motivates
the second method, an independent energy based approach. In this method, the equation for
the bubble dynamics, as the bubble grows to its maximum radius, is analyzed in the form of
a work-energy statement. The energy method is extended to the more important scenario of
a bubble outside a blood clot that collapses asymmetrically creating a jet towards the clot.
There is significantly more damage from a bubble growing outside the clot compared to a
bubble embedded within the clot structure.
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Next, the effects of the physical properties of skull bone when a HIFU wave propagates
through it are examined. The dynamics of a test bubble placed at the focus is used in
understanding of the pressure field. The sound emitted from the bubble is used to classify
the type of cavitation present (stable and/or inertial). The amount of damage in the area
surrounding the focus is examined for various initial bubble sizes. The maximum amount
of energy available to cause damage to a blood clot increases as the density of the calvaria
decreases.

This dissertation is a first step in analyzing potential cavitation mechanisms, which have
only been suggested by other authors. The goal is to assess the plausibility of mechanical
damage as a mechanism for enhancement of sonothrombolysis with the addition of microbub-
bles. The methods to estimate mechanical damage derived here offer the first connection
between a bubble and the damage it may cause to a blood clot. This work shows that
a bubble near but exterior to a blood clot has the potential to cause significant damage.
Ultimately, this dissertation contributes to the understanding of how microbubbles can ac-
celerate clot destruction. This understanding will lead to improves design of therapeutic
devices.
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Chapter 1

Introduction

1.1 Stroke
The World Health Organization lists stroke as the number two cause of death worldwide,
with an estimated 6.15 million deaths per year [2]. In the United States, stroke is the number
four cause of death, killing more than 137,000 people a year (approximately 1 in every 18
deaths) in 2008 [3]. In the United States, stroke is a leading cause of long-term disability
and the direct and indirect cost of stroke was $73.7 billion in 2010.

1.1.1 Types of stroke

A stroke, also sometimes called a “brain attack”, happens when there is a disturbance in the
blood flow to a part of the brain. This can happen when the bloody supply to part of the
brain is interrupted or severely reduced, known as an ischemic stroke, or when a blood vessel
in the brain bursts, known as a hemorrhagic stroke. With both types of stroke, there is a
lack of oxygen to the affected part of the brain, which within minutes can lead to brain cells
dying and brain damage.

Ischemic stroke occurs when there is a partial or full occlusion of the blood vessel sup-
plying blood to the brain, see Fig. 1.1. It accounts for around 87% of all strokes. Ischemic
strokes can occur in two ways: thrombotic or embolic strokes. In a thrombotic stroke, the
blood flow is obstructed, by a thrombus (blood clot) that develops in the blood vessel, in
one or more of the arteries supplying blood to the brain. An embolic stroke occurs when a
blood clot forms elsewhere in the body, usually the heart, and a part of that clot breaks off
and travels through the bloodstream to the brain. In the brain, the clot will travel until it
reaches a blood vessel small enough to deny it passage. Now trapped, the clot blocks the
blood vessel causing a stroke. A blood clot consists of a structural matrix of fibrin fibers
with entrapped platelets and red blood cells.

The remaining roughly 13% of strokes are hemorrhagic strokes. A hemorrhagic stroke
occurs when a weakened vessel ruptures, causing blood to leak into the brain, see Fig. 1.1.
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There are two types of hemorrhagic strokes: intracerebral and subarachnoid hemorrhages.
An intracerebral hemorrhage is caused when a burst blood vessel bleeds into the brain. High
blood pressure is the primary cause of this type of stroke. In a subarachnoid hemorrhage, a
blood vessel bursts near the surface of the brain causing blood to fill into the area around the
outside of the brain. The most common cause of this type of stroke is a ruptured aneurysm.

Figure 1.1: Types of Strokes (Image taken from the Centers for Disease Control and Pre-
vention [1].)

1.1.2 Warning signs

The warning signs for stroke are

• Sudden numbness or weakness of the face, arm or leg, especially on one side of the
body

• Sudden confusion, trouble speaking or understanding

• Sudden trouble seeing in one or both eyes

• Sudden trouble walking, dizziness, loss of balance or coordination

• Sudden, severe headache with no known cause

If you or someone you are with has one or more of the aforementioned symptoms, call 9-1-1
immediately.
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Studies from around the world have shown poor awareness for the risk factors and warning
signs of stroke [4, 5, 6, 7, 8]. This knowledge is essential for the prevention and immediate
treatment of stroke. Kothari et al. [4] conducted a study of patients in the US admitted to
the emergency room with a diagnosis of stroke to determine their knowledge of the signs,
symptoms, and risk factors for stroke and heart disease. Their results showed that almost
40% of patients admitted with a possible stroke did not know a single sign or symptom
of stroke. The study by Das et al. [5] in India, interviewed not only stroke patients but
healthy people who accompanied the patients. They found a significant association with the
level of knowledge of stroke warning symptoms and the education level of the person for
both groups. The study also looked at the source of information for these groups and found
that doctors/health workers and the government provided little health education on strokes.
In Australia, where stroke is the third most common cause of death, Sug Yoon et al. [6]
assessed the knowledge of the general urban population through a telephone interview. In
this study, almost 73% of respondents listed more than one risk factor for stroke and nearly
50% of respondents listed more than one warning symptom. A study in Ireland by Hickey
et al. [7], looked at the awareness of older adults. When given a list of warning signs, they
found that only one warning sign (slurred speech) was identified by more than half (54%)
of the respondents. The conclusion from all of these studies is to provide more education to
improve the general populations knowledge and awareness of stroke.

1.1.3 Treatment

The course of treatment for a stroke is dependent on the type of stroke the patient is having.
For hemorrhagic stroke treatment, the focus is on controlling the bleeding, reducing pressure
on the brain and stabilizing vital signs, especially blood pressure. For an intracerebral
hemorrhage, the treatment protocol is determined based on a computerized tomography (CT)
scan of the patients brain and can consist of medications and/or surgery. For a subarachnoid
hemorrhage, surgical treatment is often recommended. The types of surgery used include,
surgical clipping (a clip is placed at the base of the aneurysm) and coiling (a catheter is used
to introduce a coil into the aneurysm, thus reducing or blocking the flow of blood to the
aneurysm).

Treatment for ischemic stroke focuses on restoring the flow of blood to the brain and can
include medicine and medical procedures. Several types of medications are typical treatment
for ischemic strokes and include antiplatelets (inhibits aggregation of platelets to reduce the
likelihood of another stroke), anticoagulants (“blood thinners,” also reduce the risk of a
secondary stroke) and thrombolytics (break up the blood clot). The only drug approved for
ischemic stroke treat by Federal Food and Drug Administration (FDA) is recombinant tissue
plasminogen activator (rt-PA). rt-PA, which binds to the fibrin in the blood clot, works by
activating plasminogen, which also binds to the fibrin of the blood clot, and forms plasmin.
Plasmin then digests the fibrin, dissolving the framework of the blood clot. Current FDA
guidelines state that rt-PA can only be given within the first three hours of the onset of the
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stroke, which is why it is critical to be aware of stroke warning symptoms. Recently, it was
recommended that the time requirement be extended from 3 hours to 4.5 hours [9], but it has
not been FDA approved yet. It is estimated that only 1-5% of all ischemic stroke patients
taken to emergency rooms are administered rt-PA [10, 11]. The drug can be administered
intravenously or by an arterial catheter.

Two catheter-based medical systems with FDA approval for treatment of ischemic stroke
are the MERCI retrieval system and the Penumbra system. The MERCI system uses a
corkscrew-shaped device, which wraps around the clot, entrapping it. The clot is then
removed from the body. This system has a treatment window of 8 hours and can be safely
used after the 3 hour window for rt-PA administration has expired. The Penumbra system
works by dislodging the clot, then using a suction device removes the blood clot. This system
can be used within an eight hour window after the onset of the stroke.

1.2 Sonothrombolysis
New medical treatments to salvage ischemic tissue that are less restrictive (by increasing the
treatment window) and/or more efficient are needed. A new emerging treatment for both
ischemic and hemorrhagic stroke is therapeutic ultrasound.

1.2.1 Ultrasound field characterization

Before reviewing the studies on sonothrombolysis, it is important to have an understanding
of ultrasound field characteristics. A continuous ultrasound wave is sufficiently described
by frequency, period, wavelength and propagation. Several more terms need to be included
for pulsed wave ultrasound, including duty cycle (the fraction of time the ultrasound wave
is generated), pulse length (time length of a single pulse), and pulse repetition frequency
(number of pulses per second). Measures of how strong or intense the ultrasound wave is are
needed. The pressure amplitude is usually described by the peak positive and peak negative
pressures. The acoustic power (the amount of acoustic energy generated per unit time) of
the ultrasound wave is dependent on many of these characteristics. Intensity is the rate at
which energy flows through a unit area and is important when discussing bioeffects. For
pulsed wave ultrasound there are six intensities of importance:

• Spatial average-temporal average (SATA)

• Spatial peak-temporal average (SPTA)

• Spatial average-pulse average (SAPA)

• Spatial peak-pulse average (SPPA)

• Spatial average-temporal peak (SATP)
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• Spatial peak-temporal peak (SPTP)

where the temporal average (TA) is the measured average over the entire pulse repetition
period (1/pulse repetition frequency), the pulse average (PA) is the measured average for
a given pulse duration, the temporal peak (TP) is measured when the pulse is present (no
averaging), the spatial peak (SP) is the maximum intensity at a specific location and the
spatial average (SA) is the spatial-average intensity. The highest intensity is SPTP (since
it is not an average) and the lowest intensity is SATA (since it averages in space and time.)
The most commonly reported intensity is SPTA.

The Mechanical Index (MI) is used as an indicator of the likelihood of mechanical bio-
effects, including cavitation. The MI was originally derived as an indicator for transient
cavitation for short pulse, low duty cycle ultrasound [?]. It is defined as the peak negative
pressure divided by the square root of the ultrasound frequency.

1.2.2 Previous studies

Ultrasound has been show in vitro [12, 13, 14, 15, 16, 17, 18, 19, 20, 21] and in vivo [22, 23,
24, 25, 26, 27, 28, 29, 30, 31, 32] to accelerate thrombolysis. The majority of these studies
include rt-PA or other fibrinolytic chemicals.

In 2006, Frenkel et al. [18] evaluated the impact of high intensity focused ultrasound
(HIFU) (1 MHz; 10% duty cycle; total acoustic power, 60 W ) with and without rt-PA in
an in vitro human blood clot model. No significant increase in thrombolysis from HIFU
treatment alone was seen as compared to the control. The clots treated with HIFU in
combination with rt-PA, showed a 50% increase in the degree of thrombolysis compared to
clots treated with rt-PA alone. In 2007, the same group conducted in vivo experiments,
using the rabbit marginal ear vein, to see if the same effects could be achieved [32]. Slightly
different HIFU parameters were used (1 MHz; 5% duty cycle; total acoustic power=40 W ).
Again, HIFU treatment alone showed no significant difference from the control group. In
this setting, they could demonstrate a significant advantage of HIFU plus rt-PA (complete
recanalization, the restoration of the blood flow) as compared to treatment with rt-PA alone
(partial recanalization).

Holland et al. [20] explored various ultrasound settings (120 kHz or 1 MHz, continuous
wave vs pulsed wave, duty cycle, time duration) in vitro to determine the thrombolytic
efficacy of ultrasound treatment with and without rt-PA. Their results are similar to Frenkel
et al. [18] and Stone et al. [32]. They demonstrated that treatment with ultrasound and rt-
PA significantly increases thrombolysis by as much as 104% as compared to treatment with
rt-PA alone. Also, no significant thrombolysis was observed for treatment with ultrasound
alone as compared to the control. They found no clear dependence of thrombolysis on duty
cycle but clot mass loss increased with the square root of the treatment duration.

Xie et al. [31] studied the effectiveness of low and high intensity ultrasound (1.0 MHz,
low: 0.4 to 0.6 W/cm2 continuous wave, high: 10.0 W/cm2 pulsed-wave mode at 10% duty
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cycle) in combination with microbubbles in the recanalization of thrombi in canines. No-
tably, this study does not include thrombolytic drugs. They were able to demonstrated that
ultrasound with microbubbles, at all intensity levels, had a higher recanalization rate than
ultrasound alone, with the higher intensities being the most effective.

Pulsed high intensity focused ultrasound (HIFU) has also been shown to accelerate throm-
bolysis without the addition of thrombolytic drugs or microbubbles [19, 17]. Rosenschein
et al. [19] used a therapeutic transducer with an integrated ultrasound imaging trans-
ducer to study in vitro clots, which were inserted in bovine arterial segments. Optimal
ultrasound wave parameters were chosen to be duty cycle=1:25, pulse length=200 ms, and
ISPTA = 40 W/cm2 at 500 kHz. At this ultrasound setting, thrombolysis efficiency (defined
as the ratio between the weight of the lysed clot and the initial clot) was 91%. The ultrasound
imaging during showed cavitation clouds during insonation, suggesting that HIFU-induced
cavitation mechanisms might play an important role in sonothrombolysis. This is the subject
of the next section.

1.2.3 Acoustic cavitation mechanisms

Acoustic cavitation is a general term used to describe the dynamical response or formation
of a bubble or group of bubbles driven by an acoustic field. It is typically divided into
two categories describing the bubble behavior: stable cavitation and inertial (or transient)
cavitation. In stable cavitation, the bubble undergoes smooth, sustainable oscillations about
an equilibrium radius. Increasing the peak negative pressure of the sound field leads a bubble
to grow rapidly followed by violent collapses, see Fig. 1.2. This is termed inertial cavitation.
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Figure 1.2: The radial responses of a bubble (R0 fixed) over time for various amplitudes of
the applied pressure wave (sinusoidal). The bubble goes from stable to inertial cavitation as
the pressure amplitude is increased.

Several recent studies have investigated the role acoustic cavitation plays during throm-
bolysis and found it to be a significant contributor to clot destruction [33, 34, 35]. All of these
studies use thrombolytic agents in combination with microbubbles to enhance the clot break
up. The authors propose several known cavitation mechanisms as potential explanations
for the enhancement of thrombolysis during ultrasound exposure. Mechanisms associated
with stable cavitation include microstreaming and localized stresses. Inertial cavitational
mechanisms includes microjetting and localized heating.

Datta et al. [34] investigated stable and inertial cavitational effects on blood clots during
ultrasound exposure in vitro. They found that stable cavitation alone, as opposed to both
stable and inertial cavitation, was more effective at clot lysis, in the presence of rt-PA.
Possible stable cavitation mechanisms suggested were mechanical damage inside the blood
clot (which exposes more binding sites for thrombolytic drugs) and micropumping of clot
material away from the clot (increasing clot mass loss).

Prokop et al. [35] also suggests that stable cavitation may play a more important role
than inertial cavitation. They investigated cavitation-based mechanisms during ultrasound
exposure with and without rt-PA and in the presence and absence of ultrasound contrast
agents (microbubbles). Ultrasound plus microbubbles (with no rt-PA) resulted in no signifi-
cant clot mass loss (the measure of clot destruction used in this study.) The authors suggest
that this is due to the observed limited duration of inertial cavitation.

Sonothrombolysis with the addition of microbubbles and no fibrinolytic drugs has also
been achieved in vitro [15, 16, 21] and in vivo [24, 29, 31] (see also [36] and the citations
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within). Eliminating the use of rt-PA in this treatment method will likely increase the treat-
ment window and the number of patients eligible for this treatment protocol. While these
studies show microbubbles combined with ultrasound can enhance clot destruction, they
only make reference to studies where rt-PA is used as to the potential cavitation mecha-
nisms. Significant work is needed in this area to identify the roles that stable and inertial
cavitation play during microbubble enhanced thrombolysis (in the absence of thrombolytic
agents.)

1.2.4 Hemorrhagic stroke

Recently, there has been increasing attention for the use of ultrasound for hemorrhagic stroke
by means of hematoma lysis. A pilot study of nine patients, conducted by Newell et al. [37],
showed encouraging results for the lysis and drainage of a blood clot (hematoma) using an
ultrasound catheter design for the treatment of ischemic stroke plus rt−PA. In the future,
a larger study and development of a specific system for this type of stroke are needed.

1.2.5 Assessing mechanical damage

The goal of this dissertation is to asses the plausibility of mechanical damage as an important
mechanism for thrombolysis acceleration in high intensity focused ultrasound (HIFU) with
microbubbles present. Two methods are developed to estimate the damage. To achieve this
goal, the dynamics of single bubble wholly embedded in a blood clot, and one external to the
blood clot are analyzed. The description of the bubble dynamical model used is described
in the next section.

1.3 Bubble dynamics
The bubble dynamics used in this work to describe a microbubble in or near a blood clot are
presented in depth in this section. A standard method in analyzing the bubble dynamics,
which easily connects with physical experiments, is to examine the frequency content of the
radiation pressure.

1.3.1 Keller-Miksis Equation

The bubble dynamics presented in this work are modeled by the Keller-Miksis equation with
the linear Kelvin-Voigt model for a viscoelastic material, developed by Yang and Church
[38]. Yang and Church derive the Keller-Miksis equation by employing asymptotic solutions
of the volumetric flow rate and the pressure in the near field and the far field. The derivation
begins with the continuity equation and the conservation of radial momentum in spherical
coordinates. In the near field (r = O(R), where r is the radial axis and R is the position of
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the gas-tissue or gas-liquid interface), the surrounding material is considered incompressible.
The pressure distribution is found from the Bernoulli integral. In the far field (r � R), the
governing equation is the linear acoustic equation, as the pressure and density fluctuations
are small and the components of the stress are negligible. These solutions are matched in
an intermediate zone, resulting in the bubble dynamical equations.

The Keller-Miksis equation was chosen because it can account for large amplitude bubble
oscillations, like those commonly observed during high intensity focused ultrasound. The
Kelvin-Voigt model for the viscoelastic material is chosen based on the available data in the
megahertz frequency regime used in that work. The one-dimensional Kelvin-Voigt model is
represented conceptually by a purely elastic spring and purely viscous damper connected in
parallel, see Fig. 1.3. The constitutive relation is σ (t) = µ dε (t) /dt+Gε (t), where σ (t) is
the stress and ε (t) is the strain. The shear modulus and viscosity of the viscoelastic material
are G and µ, respectively. In this work, the viscoelastic material is used to model a blood
clot.

Figure 1.3: The conceptual representation of a Kelvin-Voigt material where G and µ are the
shear modulus and viscosity of the viscoelastic material, respectively.

The nonlinear oscillations of a bubble in a soft tissue are found by numerically integrating
the following equations:(
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3c

)
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R
, (1.2)

d

dt
[Pa − PI ] =

(
2σ

R
− 3κpg0

(
R0

R

)3κ
)
Ṙ
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Here R is the bubble radius, R0 is the bubble equilibrium radius, the dot denotes a time
derivative, c is the speed of sound in the surrounding material, σ is the surface tension, ρ
is the density, Pa is the pressure at the bubble surface, and PI is the pressure at infinity.
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The gas inside the bubble is assumed to be ideal, i.e. the pressure inside the gas bubble is
given by Pg = pg0 (R0/R)

3κ, where κ is the polytropic index and pg0 = 2σ/R0+P0 is the gas
pressure in the bubble at equilibrium.

Yang and Church use their model to study the effects of elasticity on the bubble dynamics.
They show that the presence of elasticity in the bubble dynamics equations reduces the
nonlinearity of the radial dynamics and increases the inertial cavitation threshold. The
sound emissions of the bubble were also studied. The method by which it is done is used in
this work as well and is explained in the next section.

1.3.2 Sound emission

For an optically unobservable bubble, as in the case of a bubble in a nontransparent tissue,
detection of the bubble’s acoustic emission is often the best way to gain information about
it. Experimentally, a passive or active cavitation detector system can be employed for this
purpose. A typical passive cavitation detection (PCD) setup includes a PCD transducer,
a computer for acquisition and storage, preamps and filters. The frequency content of the
acquired data is obtained by taking the Fast Fourier Transform (FFT) at each time step.
(The FFT is an efficient algorithm used to calculate the discrete Fourier Transform. Fourier
transforms are commonly used to examine the frequency content of a signal.)

The presence of harmonics and ultraharmonics of the driving frequency is indicative
of stable cavitation. As the inertial cavitation threshold is approached (for example, by
increasing the pressure amplitude), there is an increase in the subharmonic emissions. Inertial
cavitation is noted by an increase in the broadband noise.

Mathematically, the acoustic pressure radiated by the bubble is given by

Ps(t) = ρ
R

r

(
R̈R + 2Ṙ2

)
(1.4)

where R is the bubble radius at time t and r is the distance from the center of the bubble
[39]. The FFT of Ps is used to determine the frequency content of the signal, which can then
be compared to the experimentally obtained data.

Eqn. 1.4 is derived from Euler’s equation, which is used to relate the pressure in the
liquid to the fluid velocity for the spherically symmetric case. For an incompressible fluid,
the pressure at a distance r from the bubble center is comprised of two terms: the acoustic
pressure and the kinetic wave. Far from the bubble the kinetic term is negligible, giving the
acoustic pressure radiated by the bubble as Eqn. 1.4.

1.4 Summary of original contributions
This dissertation is a first step in understanding how mechanical damage from cavitation
can be employed to enhance ultrasound mediated medical treatments. Mechanical damage
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is not only seen in sonothrombolysis but in many other biomedical ultrasound applications,
such as kidney stone ablation using shock wave lithotripsy. The goal of this dissertation is to
examine the viability of mechanical damage as a plausible cavitation mechanism to enhance
ultrasound mediated thrombolysis with the addition of microbubbles.

Experimental data shows damage to the fibrin clot structure and red blood cell lysis
providing the motivation for the theoretical calculations presented here. Two independent
methods are derived to estimate the mechanical damage caused by a cavitating bubble. The
first method examines the stretch of individual fibrin fibers of the blood clot and estimates
the number of broken fibers as a bubble embedded in the blood clot grows to its maximum
radius. This method assumes no damage is occurring to the clot structure (i.e. there is
no change in the radial dynamics equations) as the bubble expands however it is predicting
that fibers will break, which will alter the equations for the bubble dynamics. To account
for fibers breaking and the lysing of cells, the bubble dynamics equations could be altered
by adding another term. Altering the bubble dynamics equation is equivalent to changing
the work-energy statement. This motivates the second method, which is an energy based
approach. Both methods use the notion of quantifying damage in terms of energy needed
to cause the damage and provide consistent results. The energy method is extended to the
scenario of a bubble outside of the blood clot that collapses asymmetrically creating a jet
towards the clot.

To further understand the possible cavitation mechanisms present in a complete ex-
perimental setup, the effects of the physical properties of skull bone when a HIFU wave
propagates through it are examined. The dynamics of a test bubble placed at the focus are
used as a means to understand the pressure field. The type of cavitation present is explored
by means of the sound emitted by the bubble. The amount of damage in the area surround-
ing the focus is examined for various initial bubble sizes. The pressure at the focus depends
strongly on the density of the skull, with the pressure amplitude at the focus of the wave
increasing as the density of the calvaria the wave passes through decreases. The maximum
amount of energy available to cause damage to a blood clot increases as the density of the
calvaria decreases, in general. Also, as initial bubble radius increases, there is a shift from
stable to inertial cavitation, and this is evident in the acoustic power spectrum as well as
the bubble dynamics. We find that there is usually a mixture of both stable and inertial
cavitation present.
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Chapter 2

Mechanical Damage to a Blood Clot
from Bubble Dynamics

2.1 Introduction
Stroke is one of the leading causes of death in the United States, with 87% of all strokes being
ischemic [40]. Currently, there are several FDA approved treatments for ischemic stroke,
including thrombolytic agents, mechanical removal, angioplasty and stenting. Recombinant
tissue plasminogen activator (rt-PA) is the only FDA approved thrombolytic drug treatment
for ischemic stroke [41]. There are however severe limitations in the administration of the
drug, most notably the requirement that the drug be delivered within 3 hours of the onset
of the stroke. Recently, it was recommended that the time requirement be extended from 3
hours to 4.5 hours [9], but it has not been FDA approved yet. It is estimated that only 1-5%
of all ischemic stroke patients taken to emergency rooms are administered rt-PA [10, 11].

Ultrasound has been show in vitro [14, 13, 12, 20, 18, 19, 17] and in vivo [22, 23, 25, 27,
28, 26, 30, 32] to accelerate thrombolysis. Most of these studies show the enhancement of
thrombolysis by ultrasound in conjunction with rt-PA or other thrombolytic agents. Pulsed
high intensity focused ultrasound (HIFU) has also been shown to accelerate thrombolysis
without the addition of thrombolytic drugs [19, 17, 21, 31].

Acoustic cavitation has been identified as a significant contributor to clot lysis [33]. Sev-
eral mechanisms relying on inertial or stable cavitation have been proposed as potential
explanations for the enhancement of thrombolysis during ultrasound exposure. Datta et al.
[34] investigated stable and inertial cavitational effects on blood clots during ultrasound expo-
sure in vitro. They found that stable cavitation alone, as opposed to both stable and inertial
cavitation, was more effective at clot lysis, in the presence of rt-PA. Possible stable cavitation
mechanisms suggested were mechanical damage inside the blood clot (which exposes more
binding sites for thrombolytic drugs) and micropumping of clot material away from the clot
(increasing clot mass loss). Prokop et al. [35] also suggests that stable cavitation may play
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a more important role than inertial cavitation. They investigated cavitation-based mecha-
nisms during ultrasound exposure with rt-PA and in the presence and absence of ultrasound
contrast agents.

The goal of this chapter is to investigate the potential for cavitation to cause mechanical
damage to a blood clot. Two methods are presented to estimate the number of fibers broken
in a blood clot mechanically disturbed by a bubble. One is based on the stretch of individual
fibers and the other is based on the energy available to break individual fibers. Experimental
work provides the motivation for these calculations.

The chapter is arranged as follows. We first describe experiments aimed at probing
the presence of mechanical damage associated with cavitation. We then develop the two
approaches we use to estimate the mechanical damage caused by a bubble embedded within
a blood clot. The second method is then extended to the case of a bubble outside but near
the clot. Finally we compare the two methods and discuss the future scope of this work.

2.2 Materials and Methods
The experiments described in this section were led by Dr. Thilo Hoelscher’s group at the
University of California, San Diego, with participation by the author..

2.2.1 Clot Model

Venous whole blood was drawn from a healthy, unmedicated donors and transferred into
citrate tubes. An appropriate IRB approval was in place. 2.0 ml of citrate blood was
transferred into a borosilicate glass tubes. 180 µl CaCl2 (5.68 mM) was added. After the
CaCl2 had been added to the citrate blood and mixed for 10 seconds, 0.5 ml of the solution
was transferred into a 1.0 ml glass syringe, in which a silk thread had been placed. After
incubation for 3 hours the clot was organized around the thread (Figure 2.1). The thrombus
was incubated for 3.0 hours in a preheated (37◦C) water bath. The average clot weight was
about 255 mg ± 10% without the thread.

2.2.1.1 Testing Tube

In the following, the clots were transferred into a polyethylene (PE) test tube. Ultra thin-
walled PE non-shrink tubing (Advanced Polymers Inc., USA) was used. The tubes have an
inner diameter of 4.2mm and a wall thickness of 25 µm. Due to its ultra thin walls, the tubing
has preferred acoustic properties compared to other polyester compounds. The described
tubing is commercially available and the specifications (inner diameter, wall thickness) can
be customized as needed, however, such tubing does not provide the wall elasticity of an
artery.
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Figure 2.1: Thrombus on a silk thread. Figure courtesy of T. Hoelscher.

2.2.2 Experimental Setup

The PE test tube with the clot inside was placed into a unidirectional flow system with
a pulsatile flow pump, integrated in a pre-heated water tank (Figure 2.2). From the main
reservoir (500ml glass beaker) the outlet tubing (approx. length: 75 cm) was connected with
the PE tubing after passing the pulsatile flow pump. The pulsatile flow is generated using a
simple peristaltic pump (Harvard Apparatus, USA). This set up allows for the exchange of
only the PE tube without detaching other parts. Prior to insonation, the entire set up was
immersed into the pre-heated water tank. Both the proximal and distal part of the PE tube
was connected to a T-connector from which a second PE tube was used as a control for the
experiment. The ultrasound transducer was immersed into the water and mounted above
the PE test tube at a distance of 5.0 cm. The mounting device enables free rotation of the
transducer in all three dimensions. Phosphate buffered saline (PBS) was used as a fluid for
the flow system. The main reservoir was filled with PBS and placed on a mixing plate to
ensure a homogenous mixture. The tank itself was filled with deionized, degassed water and
was heated by a heating device inside the tank to maintain the temperature at 36◦C.

2.2.3 Acoustic Field Characterization / Passive Cavitation Detec-
tion

As needed, acoustic measurements during sonothrombolysis are performed using a 0.2 mm
needle hydrophone (Precision Acoustics, Dorchester, United Kingdom), including a buffer
amplifier. The hydrophone was calibrated over the range of 1-20 MHz in 1 MHz incre-
ments. The acoustic signals were registered using an oscilloscope. The digitized signals were
transferred to a PC. A customized MatLab™ based program was used for scan data analysis.
Commonly, for each measurement point, four different acoustic parameters were assessed
simultaneously: a) Maximum Intensity (W/cm2), b) Minimum Negative Pressure (Pa), c)
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Figure 2.2: Top view inside the tank, showing inlet/outlet, test tube, transducer positioned
above and PCD hydrophone positioned aside. Figure courtesy of T. Hoelscher.

Maximum Positive Pressure (Pa), and c) Maximum Peak-to-Peak Pressure (Pa). Based on
these values, further parameters such as Mechanical Index, Spatial Time Average Intensity,
Voltage or Area of Maximum Intensity etc. can be further calculated. For cavitation mea-
surements we used a Sonic Concepts Y105 hydrophone. It has a large bandwidth between 10
KHz and 15MHz to cover stable cavitation signals in the subMHz range as well as inertial
cavitation signals above theMHz threshold. The hydrophone has 2 side-facing, non-focused
elements.

2.3 Experimental Images
The experimental images presented in this section provide the motivation for the theoretical
and numerical estimations of mechanical damage presented in the following section.

2.3.1 Scanning Electron Microscopy

Scanning electron micrographs of human citrate blood clots are shown in Fig. 2.3. The
images in the left column are different magnifications of a clot prior to HIFU insonation.
The images in the right column are of a blood clot subjected to a HIFU wave with the
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following properties: 50% duty cycle, 100 ms pulse width, 220 kHz total frequency, 235
W acoustic power, and 10 s insonation duration. In previous experiments, this ultrasound
setting has been shown to cause significant clot lysis.

Post insonation, broken fibrin fibers are easily seen, see Fig. 2.3a right. Also, the ‘dusty’
pattern on the surface of the visualized fibrin fibers and red blood cells represents cellular
matrix that has been released due to cell lysis. The damage observed is due to mechanical
damage rather than chemical damage, as no drugs (for example rt-PA) have been added to the
system. We note that no microbubbles were intentionally added during these experiments.
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(a) 2500x magnification

(b) 10000x magnification

(c) 20000x magnification

Figure 2.3: Scanning Electron Micrograph of a human citrate blood clot before HIFU treat-
ment (left column) and after HIFU treatment (right column). The image shows a dense
fibrin fiber network with numerous cells incorporated into the matrix. (Figure courtesy of
G. Ahadi, Hoelscher group, UCSD.)
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2.3.2 Acoustic Field

The passive cavitation detection (PCD) system allows for acoustic measurements. For the
ultrasound setting described in the previous section, the following measurements at the focal
point were made using the needle hydrophone: the spatial peak temporal average intensity,
ISTPA = 136.8 W/cm2, the peak negative pressure, PNEG = 2.8MPa, and the peak positive
pressure, PPOS = 3.1 MPa. For cavitation measurements, the PCD system can detect the
presence of sub and ultraharmonics (stable cavitation) and increases in the broad band noise
(inertial cavitation). For an example of the PCD data see Fig. 2.4.

Figure 2.4: Spectrum plots for sonications below (800 kPa, black) and above (4.3 MPa,
green) the cavitation threshold. Green plots exhibits sub & ultra harmonics (stable cavi-
tation) and also broadband signal elevation (inertial cavitation). Lower plot was used as a
baseline reference to calculate cavitation activities. (Figure courtesy of A. Voie, Hoelscher
group, UCSD.)

2.3.3 Motivation for Mechanical Damage

As seen in Fig. 2.3a right, there is clearly damage to the fibrin network of the blood clot
as well as lysis of red blood cells. No thrombolytic drugs were used in this study, therefore
the damage is a result from mechanical effects. Mechanical damage to the blood clot could
be a result from the ultrasound wave and/or cavitation. Several studies have shown that
the presence of microbubbles and cavitation significantly increases clot lysis a compared to
clots exposed to ultrasound alone [31]. This suggests that cavitational mechanisms play an
important role in mechanical destruction of a blood clot.
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2.4 Theoretical and Numerical Methods and Results
Now we approach the central question of how one may estimate the mechanical damage that
a cavitation bubble might do to a clot. We do this both for the case of a bubble embedded
in a clot, and for a bubble in the near vicinity of a clot, as the results are quite different
owing to differences in the bubble dynamics as constrained (or not) by the much stiffer
and more viscous clot material. In this section we describe two independent approaches to
estimate mechanical cavitation damage to a blood clot. Both methods have in common a
bubble dynamical model we describe after some discussion about what is known about clot
architecture and clot physical properties. To estimate the damage, the clot is assumed to be
a homogenous material and the region of damage estimated by the theoretical approaches
is assumed to be spherically symmetric in the case where the bubble is embedded within
the clot. This may not be the case and cracks may form if there is a weakness or other
inhomogeneity in the clot structure.

2.4.1 Clot Properties

Fibrin mechanical properties have been studied extensively over the past four decades [42].
Blood clots are analogous to viscoelastic polymers, which possess strain and strain rate
dependent physical properties. Much is known about bulk properties [43, 44] and single fibrin
fiber properties [45, 46, 47, 48] for small strains and at small strain-rates or, equivalently, low
frequencies. Roberts et al. [49] and Gerth et al. [50] examined the storage and loss moduli of
coarse and fine fibrin clots (i.e. clots that contain no entrapped cells) at frequencies ranging
from ∼ 1.0× 10−5 − 160 Hz and found that these physical properties varied only slightly.

The mesoscale properties of a clot are a consequence of the clot architecture and the
properties of fibrin fibers and embedded cells, if present. These mesoscale properties are
conveniently framed in terms of shear modulus, G, and viscosity, µ, as appropriate for the
viscoelastic model.

A very recent study by Huang et al. [51], examined the viscoelastic properties of a
porcine thrombus using an instantaneous force approach. In this method, a solid sphere
embedded in a blood clot undergoes insonation from a 1 MHz ultrasound transducer. The
sphere is displaced by the instantaneous force from the transient acoustic wave [52] and the
viscoelastic properties are determined from the spatiotemporal motion of the sphere. The
shear modulus and viscosity obtained by this method for varying hematocrit levels ranges
from G = 173 Pa and µ = 0.32 Pa · s for 40% hematocrit blood clots to G = 620 Pa and
µ = 0.16 Pa · s for 0% hematocrit (plasma) blood clots. As the hematocrit is increased,
there are more red blood cells that are entrapped in the fibrin fiber network. This will lead
to a less dense fibrin matrix with larger pore size and a reduced number of cross-links, which
makes the clot more deformable and have a smaller shear modulus [53]. These shear moduli
values were compared to shear moduli obtained from a rheometer and were found to be in
good agreement.
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2.4.2 Bubble Dynamics

The Keller-Miksis equation with the linear Kelvin-Voigt model for viscoelastic material was
developed by Yang and Church [38] to study single bubble dynamics in soft tissue. They
used the model to investigate the effect of elasticity on the inertial cavitation threshold
and subharmonic emissions of an oscillating bubble exposed to HIFU. The Keller-Miksis
equation can account for large amplitude bubble oscillations [54], which may occur during
HIFU insonation. The blood clot is modeled using a simple linear Kelvin-Voigt model
for viscoelastic material (in one-dimension), which is represented conceptually by a purely
elastic spring and purely viscous damper connected in parallel. The constitutive relation is
σ (t) = µdε (t) /dt+Gε (t), where σ (t) is the stress and ε (t) is the strain. The shear modulus
and viscosity of the viscoelastic material are G and µ, respectively. The following equations
describe the dynamics of a bubble in such a soft tissue model:(
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In this equation, R is the bubble radius, R0 is the bubble equilibrium radius, the dot denotes
a time derivative, c is the speed of sound in the surrounding material, σ is the surface tension,
ρ is the density, Pa is the pressure at the bubble surface, and PI is the pressure at infinity.
The gas inside the bubble is assumed to be ideal, i.e. the pressure inside the gas bubble is
given by Pg = pg0 (R0/R)

3κ, where κ is the polytropic index and pg0 = 2σ/R0 + P0 is the
gas pressure in the bubble at equilibrium. The applied pressure from the HIFU field is here
modeled by PA sinωt.

The following parameters are used throughout the paper: P0 = 1.01 × 105Pa, c =
1540m/s, ρ = 1060kg/m3, σ = 0.052N/m, and κ = 1.4. These are the same parameters
chosen by Yang and Church [38]. The viscoelastic properties of the clot are taken from
Huang et al. [51]. Corresponding to the shear moduli they obtain (a range of G = 173 to
620 Pa depending on the hematocrit), the bubble dynamics differ by only hundredths of a
micron. In the present work, unless noted, the shear modulus and viscosity of a clot are
taken to be G = 0.5 kPa and µ = 0.2kg/(m · s), respectively. The amount of damage done
by a bubble to a clot is estimated as a function of the magnitude of the acoustic input, PA,
which is taken to be PA = 0.5, 1.0, and 1.5 MPa, see Fig 2.5.

In this study, we will consider a single bubble wholly surrounded by clot material using
both methods to estimate mechanical damage to the clot. We will also consider a bubble
outside the clot, but nearby, using the energy based approach.
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Figure 2.5: Dynamics of a single bubble wholly embedded in a blood clot, for various acoustic
input amplitudes, PA = 0.5, 1.0, and 1.5 MPa for a bubble with initial radius R0 = 1 µm.

2.4.3 Strain Method for Estimation of Cavitation Damage for an
Embedded Bubble

Now we turn to the first of two independent methods we shall use to estimate cavitation
damage, which is based on stretch of the principal molecules that give the clot its structure:
fibrin. In this method, we examine the stretch of individual fibrin fibers as a bubble in an
isotropic, viscoelastic material, with mean properties of the clot, expands to its maximum
radius during HIFU. The bubble dynamics are calculated assuming no damage to the blood
clot is occurring. The motion within the clot material is affine and the fibrin fibers sur-
rounding the oscillating bubble will deform and the principal stretches can be calculated.
In general for spherical coordinates, a deformation can be described by the following set of
equations

r(t) = r(r0, θ0, φ0, t0, t)

θ(t) = θ(r0, θ0, φ0, t0, t) (2.4)
φ(t) = φ(r0, θ0, φ0, t0, t)

where subscript 0 denotes the quantity evaluated at the initial time, t0 (i.e. r0 = r(t0)).
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Figure 2.6: Sketch of the deformation. The bubble expands from R0 in the reference con-
figuration, to R(t) in the deformed configuration. Accompanying this is a deformation of
the surrounding clot matrix. In particular, an individual fibrin fiber aligned closely with
er in the reference configuration is deformed to lie more closely to eθ and stretched when
R(t) > R0.

The evolution equations for a material point, P0, located at (r0, φ0, θ0), which moves to
Pt located at (r, φ, θ), in an incompressible fluid surrounding an oscillating bubble are

r(t) =
(
r30 +R(t)3 −R3

0

)1/3
θ(t) = θ0 (2.5)
φ(t) = φ0.

These results arise from a straightforward integration of the continuity equation ∇ · u = 0.
The principal stretches associated with this deformation can be found from a tensor

calculation and derived from geometry. The displacement gradient tensor E (also referred
to as F in some texts) can be decomposed into a rotation tensor R and left stretch tensor
V ,

E = V R.

The eigenvalues, λi, of V are known as the principal stretches. The finger strain tensor (left
Cauchy-Green strain tensor) B is defined as

B = EET = V 2.
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The eigenvalues, λi, of V are known as the principal stretches and eigenvalues of B are λ2i .
In spherical coordinates the matrix, B, associated with tensor B is

B =

 Brr Bθr BφrBrθ Bθθ Bφθ
Brφ Bθφ Bφφ


where

Brr =

(
∂r

∂r0

)2

+

(
1

r0

∂r

∂θ0

)2

+

(
1

r0sinθ0
∂r

∂φ0

)2

Bθθ = r2

[(
∂θ

∂r0

)2

+

(
1

r0

∂θ

∂θ0

)2

+

(
1

r0sinθ0
∂θ

∂φ0

)2
]

Bφφ = r2sin2θ

[(
∂φ

∂r0

)2

+

(
1

r0

∂φ

∂θ0

)2

+

(
1

r0sinθ0
∂φ

∂φ0

)2
]

Bθr = Brθ = r

[
∂r

∂r0

∂θ

∂r0
+

1

r20

∂r

∂θ0

∂θ

∂θ0
+

1

r20sin
2θ0

∂r

∂φ0

∂θ

∂φ0

]
Bφr = Brφ = rsinθ

[
∂r

∂r0

∂φ

∂r0
+

1

r20

∂r

∂θ0

∂φ

∂θ0
+

1

r20sin
2θ0

∂r

∂φ0

∂φ

∂φ0

]
Bφθ = Bθφ = r2sinθ

[
∂θ

∂r0

∂φ

∂r0
+

1

r20

∂θ

∂θ0

∂φ

∂θ0
+

1

r20sin
2θ0

∂θ

∂φ0

∂φ

∂φ0

]
.

For this application

B =

 r40 (r
3
0 +R(t)3 −R3

0)
−4/3

0 0

0 1
r20
(r30 +R(t)3 −R3

0)
2/3

0

0 0 1
r20
(r30 +R(t)3 −R3

0)
2/3

 .
The eigenvalues of B, for this application, are easily read from the diagonal entries. Therefore,
the principal stretches are

λr = r20
(
r30 +R(t)3 −R3

0

)−2/3
λθ = λφ =

1

r0

(
r30 +R(t)3 −R3

0

)1/3 (2.6)

and the associated (engineering) strains are

εr = r20
(
r30 +R(t)3 −R3

0

)−2/3 − 1

εθ = εφ =
1

r0

(
r30 +R(t)3 −R3

0

)1/3 − 1. (2.7)
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An alternative geometric derivation of the engineering strains is performed as a check, please
see Appendix A.

At point Pt, a fiber in a general orientation is described in local spherical coordinates
(ρ, β, α) centered at point Pt with the following evolution equations

ρ(t) = ρ0

(
r40
(
r30 +R3 (t)−R3

0

)−4/3
cos2 α0 +

1

r20

(
r30 +R3 (t)−R3

0

)2/3
sin2 α0

)1/2

(2.8)

β(t) = β0 (2.9)

α(t) = tan−1
((

1 +
R3(t)−R3

0

r30

)
tanα0

)
(2.10)

where (ρ0, β0, α0) is the position and orientation of the fiber in the reference configuration,
see Fig. 2.6. The stretch of a fiber oriented initially at an angle α0 from the radial direction
is

λα0 =
√
λ2r cos

2 α0 + λ2θ sin
2 α0. (2.11)

It is known that the orientation of each fiber is random for a clot formed under no flow
conditions [55]. Fibers align in the direction of strain [56] and therefore any fiber with
α0 6= 0 will tend toward the circumferential direction outside an expanding bubble.

The strain at which a single, fully cross-linked fibrin fiber ruptures, ecrit, has been found
experimentally to be ecrit = 147% [46]. This value for the critical strain was found using a
technique that combines atomic force microscopy (AFM) and fluorescence microscopy. In
previous studies from the same group, the AFM tip speed was on the order of 1 µm/s and
varying the tip speed by an order of magnitude did not affect the measurement values [45].
We note that the time scale is relatively slow compared to this application, however there is
no available data in our frequency regime.

We relate this to stretch, λcrit, and use (2.11) to define a critical angle, αcrit, given by

αcrit = ± cos−1

(
±

√
λ2crit − λ2θ
λ2r − λ2θ

)
(2.12)

at which fibers would break for the given deformation from R0 to R(t). Hence, for fibers
at P0 outside of a bubble of radius R0, deformation of the bubble to R(t) > R0 leads to
greater alignment in the circumferential direction. Fibers that are aligned close enough to
the circumferential direction (α0 > αcrit initially) will break.

The number density of ruptured fibers, n, in the vicinity of any point Pt is given by

n (r0, R0, R(t)) =

ˆ

fibers that
exceed

critical strain

ρfiberf (β, α, t) d
2R (2.13)
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where ρfiber is the density of fibers per unit volume, f (β, α, t) is the Eulerian representation
of the distribution function of fiber orientations, and R is the axial vector in rectangular
coordinates of the fiber located at P , therefore

R =

 ρ sinα cos β
ρ sinα sin β
ρ cosα


The total number of broken fibers, N , during the deformation of the bubble from R0 to R(t)
is

N =

∞̂

R0

n (r0, R0, R(t)) 4πr
2
0dr0.

We are interested in the total number of fibers broken as the bubble goes from its initial
radius R0 to its maximum radius, Rmax, because at the maximum bubble radius, the strains
on the fibers near the bubble surface will be at their maximum.

An alternative, Lagrangian representation of distribution function, f ∗ is

f ∗ (β0, α0, t) = f (β, α, t)|R=R̂(R0,t)

where R̂ (R0, t) is the coordinate map from reference to deformation configuration given in
Eqns. 2.8-2.10. Szeri and Leal [57], provide an approach to compute f ∗ (β0, α0, t) in terms
of the coordinate map from reference to deformed configurations of the local structure

f ∗ (β0, α0, t)

f ∗ (β0, α0, 0)
=

1

det
(
∇0R̂ (R0, t)

) (2.14)

where∇0 is the gradient operator with respect to the reference configuration coordinates. For
fiber orientation description used here, the evolution of the Lagrangian distribution function
is given by

f ∗ (β0, α0, t)

f ∗ (β0, α0, 0)
=

[
∂ (β, α)

∂ (β0, α0)

sinα

sinα0

]−1
where the standard notation for the Jacobian of a transformation is used,

∂ (β, α)

∂ (β0, α0)
= det

[
∂β
∂β0

∂α
∂β0

∂β
∂α0

∂α
∂α0

]
.

For the evolution equations, given by Eqns. 2.8-2.10, the Jacobian is

∂ (β, α)

∂ (β0, α0)
=

∂α

∂α0

=
r30 (r

3
0 +R3 (t)−R3

0)

r60 cos
2 α0 + (r30 +R3 (t)−R3

0)
2
sin2 α0

.
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The Lagrangian form of the distribution function in terms of the coordinate map from
reference to deformed configurations of the local structure is

f ∗ (β0, α0, t)

f ∗ (β0, α0, 0)
=

√
λ21 cos

2 α0 + λ223 sin
2 α0

λ23

r60 cos
2 α0 + (r30 +R3 (t)−R3

0)
2
sin2 α0

r30 (r
3
0 +R3 (t)−R3

0)
= Fn(α0, r0, t).

Initially the orientation distribution function is random, giving

f ∗ (β0, α0, 0) =
1

4π
.

The resulting integral for the number density, found by substituting the new expression
for f ∗ (β0, α0, t) into Eqn. 2.13, cannot be solved analytically. Instead to estimate the number
density of fibers broken, a brute force calculation is used. First the number of fibers in a
spherical shell of thickness dr is calculated and each fiber is assigned a random orientation in
the reference configuration. For fibers with an initial orientation angle α0 > αcrit, the fiber
is broken in the given bubble deformation from R0 to Rmax, see Fig. 2.7.
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Figure 2.7: The number and fraction of broken fibers for the bubble dynamics shown in
Fig. 2.5. (a) Estimates of the number of broken fibers in a shell of thickness dr = 0.1 µm,
plotted as a function of the distance from the bubble center in the reference configuration.
(b) The fraction of broken fibers is also shown as a function of distance from bubble center.
As expected, the highest fraction of fibers broken are close to the initial bubble surface.

The amount of energy required to break a single fibrin fiber is Wfiber = 8× 10−13J [46].
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Again this value was obtained during a slow deformation of a single fibrin fiber, but the
equivalent value during a rapid deformation is unknown at this time. The total amount of
energy used breaking fibers is the number of fibers broken multiplied by the energy needed
to break one fiber, see Table 2.1.

PA (MPa)
0.5 1 1.5

Number of fibers broken 0 350 6.0× 103

Energy used (nJ) 0 0.28 4.80

Table 2.1: The total number of fibers broken and the energy used breaking them for various
applied acoustic magnitudes.

We note that the exactly parallel calculations can be made using the strain rates, which
are calculated by taking the time derivative of (2.7). This method is not shown because
there is no available experimental data on strain rate dependency of the material properties
of fibrin networks. However it may well be that breakage is determined by a strain-rate
criterion rather than a stretch criterion at these conditions.

2.4.4 Work Method for Estimation of Cavitation Damage for an
Embedded Bubble

The strain method uses the bubble dynamics assuming no damage is occurring to the clot
structure, however it suggests that fibrin fibers will break during the expansion of the bubble
from R0 to a sufficiently large Rmax. To account for the breaking of fibrin fibers (and lysing
of red blood cells) perhaps some modification could be made to the Keller-Miksis equation.
This motivates our next method, an independent energy based approach.

Let us first examine the bubble dynamics for the case of an incompressible fluid, we do
this by letting c→∞ in 2.1-2.3 to obtain

RR̈ +
3

2
Ṙ2 =

1

ρ

(
pg0

(
R0

R

)3κ

− 2σ

R
− P0 + PAsinωt−

4G

3R3

(
R3 −R3

0

)
− 4µṘ

R

)
.

This equation can be understood as a rate formulation of a work-energy statement, the rate
of change of the liquid kinetic energy is equal to the difference in the rate of work being
applied to the liquid outside the bubble by the pressure at infinity, P∞ and the pressure at
the bubble surface, PL. The power is

4πR2ṘPL − lim
r→∞

4πr2
R2

r2
ṘP∞ = 4πR2Ṙ (PL − P∞)

where

PL = Pg −
2σ

R
− 4G

3R3

(
R3 −R3

0

)
− 4µṘ

R
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and P∞ = P0 − PAsinωt.
The work done by individual terms can be understood by integrating with respect to

time. The work done on the liquid outside the bubble by the acoustic wave as the bubble
radius changes from R0 at time t0 = 0 to R(t) at time t is

WAC = −4π
tˆ

0

P∞R
2Ṙdt. (2.15)

The work done by the gas pressure, as the bubble changes from R0 to R(t) is

WG = 4π

tˆ

0

PgR
2Ṙdt

=
4pg0π

3 (κ− 1)

(
R3

0 −
(
R0

R

)3κ

R3

)
.

The work done by the surface tension as R0 to R(t) is

Wσ = 4π

tˆ

0

2σ

R
R2Ṙdt

= 4πσ
(
R2 −R2

0

)
.

The elastic energy stored in the surrounding fluid (which is viscoelastic when G 6= 0) as R0

to R(t) is

WSE = 4π

tˆ

0

4G

3R3

(
R3 −R3

0

)
R2Ṙdt

=
16π

9
GR3

0

(
R3

R3
0

− 1 + 3ln
R

R0

)
and the energy lost to viscous effects in the surrounding fluid as R0 to R(t) is

WV L = 4π

tˆ

0

4µṘ

R
R2Ṙdt

= 16πµ

tˆ

0

RṘ2dt.
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Note that the stored energy and the viscous loss can also be calculated by the integral of the
stress power; in tensor notation this is

WSE +WV L =

tˆ

t=0

ˆ

V

∇ · (τv) dV dt, (2.16)

where τ is the stress tensor, v is the velocity field, ∇ is the divergence and V is the volume
of the clot material outside the bubble [58]. Because the material is incompressible, τrr =
2 (Gγrr + µγ̇rr) where γ̇rr = −2R2Ṙ/r3 and γrr = −2 (R3 −R3

0) / (3r
3) [38].

At the maximum bubble radius, Rmax, the kinetic energy of the liquid is zero and therefore
the work done must sum to zero, giving the equation

0 = WAC +WG −Wσ −WSE −WV L (2.17)

where each of these terms is evaluated at the time at which the radius is maximum, tmax.
For the compressible case, at the maximum bubble radius, the kinetic energy in the liquid

is not zero (there are acoustic waves going off to infinity) so the energy balance given in (2.17)
is only approximate,

0 ≈ WAC +WG −Wσ −WSE −WV L. (2.18)

This energy balance can be evaluated for a bubble embedded in a blood clot (G = 0.5 kPa,
µ = 0.2 Pa ·s), where the bubble dynamics do not account for damage during bubble growth
(as in the previous method). This is a lower bound on the bubble radius. The energy balance
can also be evaluated for a bubble in blood (G = 0 Pa, µ = 0.005 Pa · s). In a sense, this
represents a clot that has been completely destroyed and no further damage can be done, so
this provides an upper bound on the bubble radius. Realistically, as a bubble embedded in
a blood clot grows, fibrin fibers will break (and red blood cells will be lysed). This weakens
the network decreasing the shear modulus and lowers the hematocrit, thus decreasing the
viscosity, thus allowing for a larger bubble radius, see Fig. 2.8 .
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Figure 2.8: The bubble dynamics for a bubble in blood and the dynamics for a bubble
wholly embedded in a blood clot, assuming no damage occurs during growth are plotted for
R0 = 1µm and PA = 1.5 MPa. These provide an upper and lower bound, respectively, for
the expected bubble dynamics, accounting for damage to the blood clot, for a bubble wholly
embedded in a clot.

For a bubble embedded in a blood clot, with dynamics given by Eqns. 2.1-2.3 (i.e. not
accounting for damage to the clot) and for a bubble in blood, the energy terms in Eqn. 2.18
can be evaluated, see Table 2.2. For a bubble in an undamaged clot the work done by the
gas pressure, the work done by the surface tension and the stored energy in the surrounding
fluid are approximately zero, so at Rmax the energy balance reduces to

WAC,ND ≈ WV L,ND (2.19)

where WAC,ND is the work done on the bubble from the acoustic wave and WV L,ND is
the viscous loss. Similarly, for a bubble in blood, the work done by the gas pressure is
approximately zero and the stored energy is exactly zero (G = 0 MPa), so the energy
balance reduces to

WAC,Blood ≈ Wσ,Blood +WV L,Blood (2.20)

whereWAC,Blood is the work done on the bubble (in blood) from the acoustic wave,Wσ,Blood is
the work done by the surface tension, and WV L,Blood is the viscous loss. For a bubble wholly
embedded in a clot, which undergoes damage as the bubble grows, we can hypothesize a
similar energy balance at Rmax,

0 ≈ WAC,D +WG,D −Wσ,D −WSE,D −WV L,D −WD,D
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Clot with No Damage Blood
G = 0.5 kPa, µ = 0.2 Pa · s G = 0 Pa, µ = 0.005 Pa · s

WAC (nJ) 3.51 15.2
WG (nJ) 2.10× 10−3 2.22× 10−3

Wσ (nJ) 7.72× 10−2 2.95
WSE (nJ) 3.27× 10−3 0
WV L (nJ) 3.46 11.8

WAC +WG −Wσ −WSE −WV L −2.56× 10−2 0.472

Table 2.2: The work done on the bubble by the acoustic wave, the potential energy of the
gas, the work done by surface tension, the stored energy in the fluid and the viscous loss to
the fluid for a R0 = 1µm bubble for PA = 1.5 MPa.

where WAC,D, WG,D, Wσ,D, WSE,D, and WV L,D are similarly defined as before but for a
bubble in a blood clot that undergoes damage. The notable difference is the addition of a
term, WD,D, the energy lost to damage in the clot matrix from fibrin fiber breakage (and red
blood cell lysis.) We imagine that WG,D and WSE,D will be approximately zero, as in the
bounding cases, giving

WAC,D ≈ Wσ,D +WV L,D +WD,D. (2.21)

A reasonable assumption is that the work done on a bubble in an undeformed clot from
the acoustic wave, WAC,ND, will be a lower bound for the work done on a bubble in a clot in
which damage occurs from the acoustic wave, WAC,D . The upper bound is the work done
on a bubble in blood from the acoustic wave, WAC,Blood, giving

WAC,ND < WAC,D < WAC,Blood. (2.22)

We recognize that this assumption breaks down for certain parameters (for example large
bubbles and large applied pressure amplitudes) but is valid for the properties used in this
work. Further work is ongoing as to when Eqn. 2.22 can be used. Therefore using Eqns.
2.19-2.21 and noting that the viscosity decreases with lower hematocrit gives

WV L,ND < WV L,D < WV L,Blood,

the inequality given in Eqn. 2.22 simplifies to

0 < WD,D < WV L,Blood −WV L,ND +Wσ,Blood (2.23)

using the reasonable expectation WV L,D − WV L,ND + Wσ,D > 0. This inequality, Eqn.
2.22, provides an upper bound on the energy lost to damage and hence on the amount of
damage that can occur. The maximum amount of damage due to fibrin breakage can be
calculated by dividing the left hand side of Eqn. 2.23 by the energy to break a single fiber
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Wfiber = 8× 10−13J . Of course, this neglects the potential damage associated with cell lysis
if the hematocrit is not zero - more on this later. The results for various applied acoustic
amplitudes is shown in Table. 2.3. For each applied acoustic amplitude, the upper bound on
the number of fibers that can be broken, as determined by this method, is greater than the
calculated number of fibers broken using the strain method. Therefore the strain method is
consistent with the energy method.

PA (MPa)
0.5 1 1.5

WAC,ND (nJ) 7.19× 10−3 0.220 3.51
WG,ND (nJ) 1.18× 10−3 1.86× 10−3 2.10× 10−3

Wσ,ND (nJ) 1.76× 10−3 1.32× 10−2 7.72× 10−2

WSE,ND (nJ) 2.07× 10−5 2.56× 10−4 3.27× 10−3

WV L,ND (nJ) 6.60× 10−3 0.209 3.46
WAC,Blood (nJ) 1.75 7.38 15.2
WG,Blood (nJ) 2.19× 10−3 2.21× 10−3 2.22× 10−3

Wσ,Blood (nJ) 0.574 1.73 2.95
WSE,Blood (nJ) 0 0 0
WV L,Blood (nJ) 1.17 5.52 11.8

WV L,Blood −WV L,ND +Wσ,Blood (nJ) 1.74 7.04 11.3(i.e. bound on energy available to break fibers)
Maximum bound on number of

2.18× 103 8.80× 103 1.41× 104fibers broken (energy method)
Estimated number of 0 350 6.0× 103fibers broken (strain method)

Table 2.3: The work done by the acoustic wave, the work done by the gas pressure, the work
done by surface tension, the stored energy in the fluid and the viscous loss in the fluid for a
bubble embedded in a clot with no damage and a bubble in blood for a R0 = 1µm bubble
for various applied acoustic pressure magnitudes. The maximum number of broken fibers is
computed using the upper bound from Eqn. 2.23 divided by the energy to break a single
fibrin fiber.

2.4.5 Work Method for Estimation of Cavitation Damage for an
External Bubble

The work-energy based approach can be adapted to the case of an external bubble near the
clot surface. The bubble will grow to approximately the same size as a bubble far from a
surface for various standoff distances [59, 60]. A bubble close enough to the clot will collapse
asymmetrically and a jet will form directed at the clot. We assume that the kinetic energy
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from the jet will go into the fiber network and be available to break fibers. For blood, the
shear modulus and viscosity are G = 0 Pa and µ = 0.005 Pa · s. Unlike the case of the
bubble embedded in the clot material, we do not know the deformation induced in the clot
material. Therefore, the viscous loss and stored energy in the matrix cannot be estimated.

For a free collapse, the maximum bound on the kinetic energy in the jet is the work
done by the acoustic wave on the bubble as it expands from R0 to Rmax [61]. Here we
have a forced collapse during which more work is done by the acoustic wave during the
collapse after Rmax. Calvisi et al. [62] compare the kinetic energy of the surrounding fluid
for spherical and nonspherical collapses. They found an equivalent temperature for the
kinetic energy at collapse for nonspherical bubbles and showed that the peak temperature
for a spherical collapse is greater than for a nonspherical collapse by approximately this
temperature-equivalent kinetic energy. This means that spherical collapses focus the acoustic
energy into compression of the bubble contents more efficiently as no energy is ‘wasted’ on
the jet. Therefore, for this work we use the conservative estimation of the work done by
the acoustic wave during a spherical collapse as an upper bound to the amount of energy
available to be transferred to the kinetic energy of the jet. Assuming the kinetic energy of
the jet is then available to break fibers, an upper bound on the number of fibers broken can
be estimated, see Table 2.4.

PA (MPa)
0.5 1 1.5

WAC (nJ) 53.6 276 423
Bound on number of fibers broken 6.70× 104 3.45× 105 5.28× 105

Table 2.4: The amount of work done by the acoustic wave on the bubble until collapse, WAC ,
is transferred to the kinetic energy of the jet. This provides an upper bound for the number
of fibers broken.

Note that the bubble external to the clot (Fig. 2.9) expands to a much larger radius
owing to the smaller shear viscosity in blood plasma and the fact G = 0MPa compared to
the dynamics of a bubble in a clot (Fig. 2.5). The expansion is approximately spherical and
the non-spherical collapse develops a peak fluid kinetic energy which scales with the work
done by the expanding bubble plus additional work on collapse. Hence, collapse energies are
far larger, and the energy available to break bonds leads to more fibrin breakages.

To calculate the acoustic work (Eqn. 2.15), the time of collapse must be determined.
This is chosen to be the time when Ṙ goes through zero from negative to positive as the
bubble is beginning to rebound near minimum radius. As seen in Fig. 2.9, WAC is not
sensitive to the exact endpoint of the collapse. For the numerical integration of Eqn. 2.15,
t = tn = t(n) where Ṙ (tn) < 0 and Ṙ (tn+1) > 0 suffices.

The significant additional ‘boost’ of energy from the work done by the acoustic wave from
Rmax to collapse is noteworthy in Fig. 2.9. For a 1 µm bubble in blood with a 0.5 MPa



CHAPTER 2. MECHANICAL DAMAGE TO A BLOOD CLOT FROM BUBBLE DYNAMICS35

acoustic wave, the work done by the acoustic wave on the bubble from t = 0 to t = tmax
where Rmax = R (tmax) is 1.74 nJ , while the work done by the acoustic wave on the bubble
from t = tmax to t = tn is 51.8 nJ . The total amount of work done by the acoustic wave is
then 53.6 nJ , with nearly 97% of that energy coming from the forced collapse phase.
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Figure 2.9: A 1 µm bubble in blood subjected to a 0.5 MPa acoustic wave. These plots
show the relationship in time between R, Ṙ, PA sin (ωt), the bubble volume and WAC .
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2.4.6 Pressure field design

These methods of estimating the damage can aid in the design of the applied acoustic field.
Commercially available ultrasound contrast agents (UCAs) contain a wide distribution of
initial microbubble sizes. For example, a commonly used UCA in sonothrombolysis is the
UCA from Definity, which contains a distribution of bubbles from less than 1 µm to 10 µm
in diameter. The majority of the bubbles have a diameter of less than 2 µm [63, 64]. For a
range of initial bubble sizes, the applied acoustic amplitude is varied and energy available
to break fibers can be plotted for each of the methods previously described. For example,
the maximum amount of damage from an external bubble in blood is shown in Fig. 2.10.
As expected, the higher pressure amplitudes lead to larger bubbles and larger potential for
damage. There is a resonance around PA = 1.5 MPa for the smaller sized bubbles. This type
of plot can be used to understand better the relationship between the pressure amplitude
and the amount of damage to a blood clot.
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Figure 2.10: The maximum amount of energy available in nJ for breaking fibers from an ex-
ternal bubble is plotted for various initial radii (R0) and various applied pressure amplitudes
(PA).
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2.5 Discussion and Conclusions
In this study, we developed two independent approaches, a strain method and a work-energy
based method, for estimating the mechanical damage to a blood clot from a bubble wholly
embedded in a clot. The work method was extended to the scenario of a bubble external to
the blood clot. The experimental work presented at the beginning of this chapter provides
motivation for these estimates, as we try to explain the kind of damage observed. This work
is a first step and techniques need to be refined to be able to compare the experiments to
the theory.

The first approach to calculate the number of fibers broken is based on the strain of
individual fibers as the bubble grows from R0 to Rmax. This method indicates that damage
is occurring, thus the mechanical properties of the clot are changing. However, the governing
equation of the bubble dynamics, Eqns. 2.1-2.3, ignore the destruction of the clot caused by
the bubble.

To account for the breaking of fibrin fibers, a modification could be made to the bubble
dynamics equation. The addition of this term motivates the second method, an independent
work-energy based approach. In this method, the equation for the bubble dynamics, as the
bubble grows from R0 to Rmax, is analyzed in the form of a work-energy statement. The
energy balance for a bubble in a blood clot that does undergo damage is hypothesized here
to be similar to that of the energy balance for a bubble in a blood clot that does not undergo
damage with an appropriate account of the energy lost to mechanical damage. The notable
difference is the addition of a term, energy lost to damage in the clot matrix from fibrin fiber
breakage (and red blood cell lysis). This term can be bounded by the limiting cases of a
bubble in an undeformed clot and a bubble in blood (a completely destroyed blood clot).

For a bubble wholly embedded in a blood clot, the strain method estimates a smaller
amount of damage as compared to the energy method, which provides an upper bound.
Thus the two methods are consistent. As the applied acoustic amplitude is increased for
both methods, the amount of damage increases. The energy method is more robust and
is extended to the scenario of a bubble outside of the blood clot. If the bubble is close
enough to the blood clot, it will collapse asymmetrically and create a jet towards the clot.
The energy available to break fibers (and lyse blood cells) is bound by the work done on
the bubble, from R0 to collapse, by the acoustic wave. There is significantly more energy
available for damage from a bubble growing and collapsing outside the clot compared to a
bubble embedded within the clot structure. These results show that at low applied acoustic
amplitudes the damage is likely a result of jetting external bubbles but as the amplitude is
increased the damage could result from jetting bubbles as well as embedded bubbles.

As seen in Fig. 2.3 right, red blood cells are found in experiments to be lysed during
HIFU. The same framework for the energy method, as outlined in this work, can be used
to determine the amount of energy available to lyse red blood cells and break fibrin fibers.
As red blood cells are lysed and fibrin fibers are broken, the porosity of the clot increases.
This may allow for better penetration of microbubbles or thrombolytic drugs. However,
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the energy required to lyse a single cell is lacking. This topic will be investigated in future
studies.
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Chapter 3

Effects of Skull Properties on Cavitation

3.1 Introduction
For the past several decades, ultrasound has been used as a diagnostic modality. More
recently, ultrasound has proved as a promising therapeutic tool. High intensity focused
ultrasound (HIFU) is an emerging modality for therapeutic ultrasound. Currently, HIFU is
in clinical use for treatment of benign prostatic hypertrophy [65] and prostate cancer [66]
and in clinical trials for treatment of uterine fibroids [67] and breast cancer [68]. There is
ongoing research into the use of HIFU for kidney stone ablation, hemostasis (clot formation),
and thrombolysis (clot breakup or dissolution) (see Dalecki [69] and the sources within).

The main mechanism exploited for tumor destruction is thermal necrosis which can occur
when part of the wave energy is absorbed by the tissue and converted into heat [70]. How-
ever, the mechanisms for sonothrombolysis have been shown to be largely non-thermal [13].
Several studies have shown that acoustic cavitation enhances thrombolytic effects [33, 34, 35].
Cavitation can be induced in the blood stream if the intensity of the acoustic wave is suf-
ficient. Cavitation can be broadly classified into two types, inertial and stable cavitation.
Several mechanisms for ultrasound enhanced thrombolysis associated with inertial cavita-
tion (jetting and intense localized stresses) and stable cavitation (micropumping and bubble
translation) have been proposed.

Some of the problems associated with the use of HIFU are the attenuation of ultrasound
because of the intervening tissue, and the reflection and refraction of the waves as they
pass through the heterogeneous tissue en route to the focus [71]. Microbubble cavitation
coupled with HIFU therapy enhances sonothrombolysis and has been cited as a solution to
the attenuation problem [72], while the use of an array transducer has been suggested as a
solution to the focusing problem [73].

The present work contributes to understanding the effects of the physical properties of
skull bone when a HIFU wave propagates through it. It also provides a context for using
the theory developed in Chapter 2 in a concrete example. The first section of this chapter
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deals with the modeling of the HIFU wave propagation through the skull bone focused at a
target area within the cranial cavity. In the next section, the dynamical behavior of a test
bubble placed at the focus is used to aid in understanding of the pressure field. The pressure
variation is a result of the oscillatory nature of HIFU waves. The Keller-Miksis equations is
employed to model the radial dynamics of the bubble. Also, the power spectrum of sound
emitted when the bubble oscillates is modeled. This allows for a richer understanding of the
pressure field.

3.2 HIFU Model
My collaborator, Prashanth Selvaraj, modified a previously published computer model of
HIFU tissue ablation [71] to explore the influence of physical properties of compact skull
bone on the focusing and attenuation of the HIFU waves. The modifications to the original
model used in this work can be found in his master’s thesis [74]. The physical dimensions
and densities of the skull models used for this study were obtained from a database being
collected by our collaborators led by Dr. Thilo Hoelscher at the University of California, San
Diego. The skull densities used in this study are 1800 kg/m3, 1982 kg/m3, and 2164 kg/m3

for the lower, median, and higher density skull, respectively.
Here, we seek to establish the link between plausible changes in skull properties and

consequences for the HIFU field by mimicking the experiment shown in Fig. 3.1. In the
in vitro experiment, a human cadaver calvaria is immersed in a water bath, with a HIFU
transducer arranged outside the skull and a vessel phantom with clot placed (optionally) at
the focus.
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Figure 3.1: Experimental setup: (1) Needle hydrophone for passive cavitation detection
system, (2) Flow inlet, (3) Data analysis, (4) Microbubble infusion, (5) Unidirectional flow
pump, (6) Hemispherical, helmet transducer filled with deionized, degassed water, (7) Human
calvaria mounted on an acrylic fixture, and (8) Human blood clot.

3.3 Cavitation Model
The approach of characterizing a pressure field through the dynamics of a test bubble was
used before by our group for shock wave lithotripsy [61]. Moreover, using dynamics of a test
bubble to understand the HIFU field makes sense because HIFU-microbubble interactions
have been found in prior work to enhance thrombolysis [34, 33, 35].

The plan of this section is as follows. We shall make use of a version of the Keller-Miksis
equations due to Yang and Church [38] which is suitable for use in soft tissue. We do this
to show a pathway to develop results for in vivo modeling, although in the present work -
with the in vitro experiment of Fig. 3.1 in mind - we set the shear modulus to zero. Next,
we consider the sound emitted by a microbubble driven by the HIFU field, in order to make
contact with the work of other researchers. Finally, we consider the maximum collapse energy
and also the maximum radius to which a test bubble would grow, as this is an indication of
the capability of the bubble to deliver mechanical or chemical effects.

3.3.1 Bubble Dynamics

The bubble dynamics are again described by the Keller-Miksis equation with the linear
Kelvin-Voigt model for a viscoelastic material, Eqns. 1.1-1.3. The applied acoustic field
is P (t), which is found from the HIFU code described below in Sec. 3.2. In the in vitro
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experiment, shown in Fig. 3.1, the calvaria is fully immersed in water. Therefore we set the
physical parameters in Eqns. 1.1-1.3 to G = 0Pa, µ = 0.001kg/m · s, P0 = 1.01 × 105Pa,
c = 1484.70m/s, ρ = 998.0kg/m3, σ = 72.8× 10−3N/m and κ = 1.4.

3.3.2 Sound Emission

The sound emitted from the bubble oscillation has been used to characterize the type of
cavitation [39]. The acoustic pressure radiated by the bubble is given by

Ps(t) = ρ
R

r

(
R̈R + 2Ṙ2

)
(3.1)

where R is the bubble radius at time t and r is the distance from the center of the bubble.
The Fast Fourier Transform (FFT) of this data is used to determine the frequency content
of the signal, which has been used as an indication of the type of cavitation present. The
presence of harmonics and subharmonics of the driving frequency is indicative of stable
cavitation, while an increase in the broadband noise arises from inertial cavitation.

3.3.3 Connection to Mechanical Damage

Using the method developed in Section 2.4.5 for a bubble outside of a blood clot, the max-
imum energy available to break fibers and red blood cells can be found. The work done on
the bubble from the acoustic wave as the bubble radius changes from R (t1) at time t1 to
R (t2) at time t2 is

WAC = −4π
t2ˆ

t1

P∞R
2Ṙdt. (3.2)

The bubble is undergoing a forced collapse, therefore the work done by the acoustic wave
on the bubble is calculated through the expansion and collapse. Therefore, an upper bound
on the number of fibers broken can be estimated by assuming all of the work done on the
bubble until collapse by the acoustic wave is transferred to the clot, which is then available
to break fibers and red blood cells.

3.4 Results

3.4.1 Pressure Distribution

The HIFU model uses the basic equations for ultrasound propagation through an inhomoge-
neous medium. This leads to the displacement of the focal point away from the geometrical
focus. By assigning a phase delay to individual transducers in the array a sharper focus can



CHAPTER 3. EFFECTS OF SKULL PROPERTIES ON CAVITATION 44

be obtained, and the focal point of the waves and the geometrical focus of the array can be
made to coincide. The results without focusing, that is without applying a phase delay, can
be found in [74]. From this work, we find that as the density of the model calvaria increases,
the pressure contours become less sharp. There is also a decrease in the absolute values of
the peak positive and negative pressures within the computational domain, and in particular
near the focus.

The pressure variation due to the change in density of the skull model used is evident at
the focus, see Fig. 3.2. The leading spikes in the plot at a time of around 58 µs are due to the
transducers being switched on and off instantaneously in our model. Physically, this is not
possible; a transducer would require a finite amount of time to reach peak output. However,
this spike in pressure is stabilized within 5 or 6 µs, and propagates towards the perfectly
matched layer at the boundaries where it is absorbed. Therefore, the spike is neglected when
measuring peak positive and peak negative pressure, see Table 3.1, and when calculating the
dynamics of a test bubble, to which we now turn.

Peak Positive Pressure (MPa) Peak Negative Pressure (MPa)
Lower density skull 0.557 0.628
Median density skull 0.436 0.486
Higher density skull 0.352 0.394

Table 3.1: Peak positive and peak negative pressure at the focus for median density, lower
density and higher density skulls.
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Figure 3.2: Temporal variation of the pressure at the focus for a lower, median and higher
density skulls.
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3.4.2 Effects of Skull Density on Dynamics of a Test Bubble

The effect of the HIFU wave on the dynamics of the test bubble is depicted in Fig. 3.3 for
bubbles with initial radii of 0.27 µm and 8.0 µm respectively. The 0.27 µm bubble is chosen
to demonstrate the onset of cavitation as the density of the skull is varied, while the 8.0 µm
bubble is chosen to show the transition from stable to inertial cavitation for bubbles subject
to the same pressure waves passing through skull models of different densities.

The pressure variation at the focus is higher for the models with the lower density skulls,
and hence the bubble shows a more dramatic response in terms of radial growth. With the
skull of lower density in place, the test bubble grows from a radius of 0.27 µm to a maximum
instantaneous radius of 28.2 µm, while the model with the skull of median density produces a
bubble with a maximum instantaneous radius of 20.8 µm. Again, the leading spike in bubble
radius is a result of the spike in pressure values, which in turn is caused by the instantaneous
switching of the transducer from a dormant to an active state. This is to be neglected.

It is interesting to note that the initial radius of the bubble affects the dynamics of radial
growth. The minimum bubble radius above which the HIFU waves have an effect on the
bubble is called the point of cavitation inception [39]. This threshold radius is around 0.27
µm for the model with the denser skull, as shown in left column of Fig. 3.3.

When a bubble of larger radius located at the focus is studied, a very different bubble
growth pattern is seen. The right column of Fig. 3.3 depicts a bubble of radius 8.0 µm
at the focus. While the maximum radius attained by the bubble is consistent with results
from smaller bubbles, the minimum bubble radius falls well below the initial radius. The
sharp collapse and subsequent rebound of the bubble radius is indicative of having passed
the inertial cavitation threshold, which is defined as the point at which cavitation changes
from a stable to an inertially dominated state. Also, in the case with the median density
skull, subharmonic or period doubled radial oscillations is observed, see Fig. 3.3b right. The
period doubling route to chaos has been shown under certain conditions to transform a single
frequency spectrum into a broad band noise spectrum [75]. However, we shall examine the
acoustic power spectrum of the test bubble in the next section to obtain a clearer picture of
the nature of cavitation being induced by the HIFU waves.
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(b) Median density skull
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Figure 3.3: Radial dynamics of a bubble in water with initial radius of 0.27 µm in the left
column and 8.0 µm in the right column located at the focus for a lower, median and higher
density skulls.
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3.4.3 Power Spectrum of Emitted Sound

The power spectrum of the sound emitted by a bubble can be used to classify the type of
cavitation present. It is obtained by taking the Fast Fourier Transform (FFT) of the sound
produced by the oscillating bubble given by Eqn. 3.1. The FFT is an efficient algorithm
used to compute the Discrete Fourier Transform, which decomposes a discrete signal into its
constituent frequencies.

The finite length of the sound signal can lead to approximation errors. As we increase
the sampling rate of the signal, we obtain a better approximation to the continuous signal.
Therefore, increasing the sampling rate will produce better approximations on average. We
numerically increase the sampling, N , until the FFT amplitude converges to determine an
appropriate sampling rate to take, see Fig. 3.4.
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Figure 3.4: Convergence of the power spectrum for a bubble in water with initial radius of
1 µm for ( )N = 103, ( )N = 104, ( )N = 105, and ( )N = 106. As the length, N , of the
sound signal is increased, the resolution of the FFT increases. Suitable convergence is found.

A spectrum with peaks at harmonic and sub-harmonic frequencies of the driving fre-
quency is indicative of stable cavitation, while a broadband spectrum is indicative of inertial
cavitation [35]. Of course, a distinct categorization of a power spectrum as being indicative
of either inertial or stable cavitation is not possible as there is a continuum of behavior in
between. However, the power spectrum does offer a useful view into how a bubble of an
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initial radius behaves when subjected to HIFU waves of a certain frequency and amplitude.
Also, the power spectrum is easily obtained experimentally, for an example of experimentally
obtained data see Sec. 2.3.2. Therefore, we compute the FFT for the test bubble at the
focus as a way to connect with experimental work. Plots of the power spectrum for bubbles
with radii of 0.27 µm and 8.0 µm are shown in Fig. 3.5.

In Fig. 3.5c left, the sound emitted by the 0.27 µm test bubble with the denser calvaria
is almost negligible, and so no sharp peaks can be seen. This is an indication of the HIFU
field not having substantial effect on the bubble, as can be seen in the plot of the modest
radial growth in Fig. 3.3c left. The power spectra for the model with the lower and median
density calvaria in Figs. 3.5a & 3.5b left, however, shows peaks at the driving frequency and
its harmonics, which is indicative of stable cavitation.

The power spectra for a 8.0 µm bubble at the focus, show a marked change in behavior
from the spectra of the 0.27 µm bubble. Firstly, the total power emitted has increased by a
couple of orders of magnitude. For the lower density skull test case (Fig. 3.5c right), a slight
increase in the broadband spectrum indicative of inertial cavitation is seen. There is a sharp
peak in the power spectrum at the driving frequency and the harmonics. As the density of
the skull model is decreased to the median skull density, peaks in the power spectrum are
also seen at the harmonics and subharmonic (f/2) of the driving frequency. In Fig. 3.5b
right, harmonics and subharmonics are more distinct at lower frequencies pointing to stable
cavitation, while a diminished broadband spectrum at higher frequencies indicates a mix of
stable and inertial cavitation over the whole range of frequencies. In Fig. 3.5a right, the
only distinguishable peak is at the driving frequency, but the elevation of the broadband
spectrum at higher frequencies indicates a change to inertial cavitation.
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Figure 3.5: Acoustic power spectrum of a bubble in water with an initial radius of 0.27 µm
in the left column and 8.0 µm in the right column located at the focus for a lower, median
and higher density skulls.
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3.4.4 Connection to Mechanical Damage

To demonstrate how the pressure field affects bubble dynamics at various points in the
domain, the plots of Rmax/R0 for a bubble of various initial radii along the x−, y−, and z−
axes are shown in Fig. 3.6 left for the lower density skull, in Fig. 3.7 left for the median
density skull, and in Fig. 3.8 left for the higher density skull. The focal point is the origin
in each plot. The y−axis is parallel to the line connecting the center of the transducer array
to the geometrical focal point. The phased array, and therefore the pressure field, is nearly
axisymmetric about the y−axis (i.e. in the xz−plane). This leads to nearly identical Rmax

plots along x− and z− axes, see Figs. 3.6a & 3.6c left, 3.7a & 3.7c left, and 3.8a & 3.8c left.
The maximum bubble radius decreases as the density of the calvaria increases, reaffirming
the conclusion that HIFU waves have a weaker effect on bubble dynamics at lower pressures.

Finally, Figs. 3.6b left, 3.7b left, and 3.8b left show the variation of the maximum
bubble radius on either side of the focus along the y−axis. The geometrical symmetry of
the array transducer around the y−axis leads to a sharp focus in the xz−plane. In the
yz− or xy− planes, focusing is done using time reversal techniques where each transducer
element is assigned a phase delay. This work deals with unfocused HIFU waves, resulting in
a more gradual change of pressure around the focus along the y-axis, as opposed to sharper
variations seen along the x− and z− axes.

The changes in the pressure field, due to the the variation in skull density, affect the
potential for a microjetting bubble outside of the blood clot to cause mechanical damage. For
each applied acoustic signal, the maximum amount of energy available to break clot material
for a single bubble collapse is calculated for various initial radii. Eqn. 3.2 is calculated such
that the bubble expansion and collapse contains the largest maximum bubble radius, Rmax.
Mathematically, t1 < tmax < t2 where Rmax = R (tmax), t1 is when the bubble starts to grow,
and t2 is the collapse.

The maximum amount of energy available to break fibers for various initial radii along
the x−, y−, and z− axes are shown in Fig. 3.6 right for the lower density skull, in Fig. 3.7
right for the median density skull, and in Fig. 3.7 right for the higher density skull. For
each axis, the plots of the energy are similar in shape for each skull density. The initial radii
with the highest energy area increases slightly as the density of the skull is increased. The
contour limits in the lower and higher density skull are +50% and -25%, respectively, of the
limits in the median skull. This shows that as the pressure amplitude of the HIFU wave is
increased there is more potential for jetting to cause mechanical damage to the blood clot.
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Figure 3.6: The maximum radii in µm (left) and amount of energy available to break fibers
and red bloods cells in nJ (right) along each axis as the initial bubble radius is varied for a
calvaria of LOWER density. The focus is located at 0 mm on each axis.
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Figure 3.7: The maximum radii in µm (left) and amount of energy available to break fibers
and red bloods cells in nJ (right) along each axis as the initial bubble radius is varied for a
calvaria of MEDIAN density. The focus is located at 0 mm on each axis.
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Figure 3.8: The maximum radii in µm (left) and amount of energy available to break fibers
and red bloods cells in nJ (right) along each axis as the initial bubble radius is varied for a
calvaria of HIGHER density. The focus is located at 0 mm on each axis.
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3.5 Conclusion
The effect of the density of compact skull bone on the propagation of HIFU waves through
the cranial cavity has been studied [74], as an example of how one can apply the theory
of Chapter 2. This was simulated with a fully three dimensional time resolved numerical
method. As a direct consequence of the varying pressure field in the domain, a test bubble
placed at the focus undergoes cavitation that can be described as stable (at one end of a
continuous range) or inertial (at the other end), or somewhere in between. The dynamics of a
test bubble are useful to aid in the interpretation of the HIFU field, as it is altered by calvaria
of different physical properties. Cavitation in vivo is of course much more complicated.

There is a strong effect on the pressure at the focus, for calvaria of different densities.
For the same wave produced by the phased array, the pressure amplitude at the focus of the
wave increases as the density of the calvaria the wave passes through decreases. Future work
should examine the influence of the diploe, a spongy layer of trabecular bone and inclusions
filled with blood or soft tissue, and the layered architecture of the skull cross-section, to
determine the influence on HIFU focusing and attenuation.

There is a threshold initial radius at which the HIFU wave has an effect on the dynamics
of the test bubble and the acoustic power spectrum of emitted sound. The maximum radius
a bubble will grow to also varies according to the density of the calvaria. As an example to
demonstrate mechanical damage as a viable mechanism for clot destruction, the scenario of
a test bubble, of various initial radii, outside of the blood clot was examined. The maximum
amount of energy available to cause damage to a blood clot increases as the density of the
calvaria decreases.

Finally, as initial bubble radius increases, there is a shift from stable to inertial cavitation,
and this is evident in the acoustic power spectrum as well as the bubble dynamics. There is
usually a mixture of both stable and inertial cavitation present.
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Chapter 4

Discussion

Cavitation is important in sonothrombolysis in combination with thrombolytic agents
and without. To further the efficiency of these methods, the cavitation mechanisms need to
be determined. Currently, researchers only suggest potential cavitation mechanisms but no
one has gone as far as to examine individual mechanisms and their role during thrombol-
ysis. Experiments suggest that stable cavitation plays a more important role than inertial
cavitation in ultrasound mediated thrombolysis with rt-PA and microbubbles. The type of
cavitation present during sonothrombolysis with microbubbles and no fibrinolytic drugs still
needs to be investigated.

4.1 Summary of contributions
This work is a first step into identifying plausible mechanisms by which cavitation enhances
sonothrombolysis. The Keller-Miksis equation with linear Kelvin-Voigt material, developed
by Yang and Church [38], is used to model the dynamics of a single bubble bubble embedded
in a blood clot, and for a single bubble in the near vicinity of a blood clot. This bubble
dynamics model is common to the two otherwise independent approaches we derived to
estimate the mechanical cavitation damage to a blood clot. The high intensity focused ul-
trasound (HIFU) field is approximated by a sinusoidal wave with varying pressure amplitude
and fixed frequency. The motivation for these approaches comes from experimental data.

The first method examined the stretch of individual fibrin fibers as a bubble in an
isotropic, viscoelastic material, with mean properties of the blood clot, expands to its maxi-
mum radius during HIFU insonation. The motion is affine and the fibrin fibers of the blood
clot’s structure are stretched as the bubble expands. The initial orientation of fibers is ran-
dom. A mapping of the fiber’s length and orientation is made from the initial configuration
to the deformed configuration at the bubble’s maximum radius. In the deformed configura-
tion, each fiber’s stretch is known based on its initial orientation from the radial direction.
Experimental data gives a maximum strain for fibrin fibers of 147%, beyond which the fibers
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will rupture. This critical strain, easily converted to a critical stretch, is converted to a crit-
ical azimuthal angle from the radial in the initial configuration. The total number of broken
fibers, in a spherically symmetric region, can then be summed in the initial configuration.
The analytical expression for the total number of broken fibers cannot be solved, so a brute
force calculation is made. The number of fibers is then converted to the total amount of
energy used to break that many fibers, as the energy to break a single fiber is known.

This first method assumes that no damage is occurring to the blood clot structure as
the bubble expands to its maximum radius, while it suggests that fibrin fibers are breaking
during the expansion. To account for the damage occurring to the clot, a modification could
be made to the bubble dynamical equations. This provides the motivation for the second
approach to estimating the damage from an expanding embedded bubble. Adding a term
to the Keller-Miksis equation is equivalent to added a term to the work-energy statement
for the system. This new term, the energy lost to damage in the clot matrix from fibrin
fiber breakage and red blood cell lysis, is bounded by quantities from the limiting scenarios
of a bubble in an undamaged clot and a bubble in a completely damage clot (blood). This
method provides an upper bound on the amount of energy available to do damage to the
blood clot. Comparing these two independent methods, we find that they are consistent.

The energy method is extended to the case of a bubble external to a blood clot. The
bubble grows nearly symmetrically, as in the case of an embedded bubble, but now as it is
not constrained by the clot material, the bubble grows to a much larger size. A bubble close
enough to the clot will collapse asymmetrically and a jet will form directed at the clot. The
amount of kinetic energy in the jet is related to the amount of work done by the acoustic
wave on the bubble from growth until collapse. The kinetic energy of the jet is then available
to break fibrin fibers and lyse red blood cells, providing an upper bound on the amount of
energy available to cause damage to the blood clot. This method estimates that external
bubbles have the potential to cause more damage to a blood clot than bubbles embedded in
the clot structure. This work also demonstrated that at low applied acoustic amplitudes the
mechanical damage is likely a result of jetting bubbles but as the amplitude is increased the
damage could result from jetting bubbles and embedded bubbles.

Next, we explored the effects of the physical properties of skull bone when a HIFU
wave propagates through it, as an example for application of the theory. As the density of
compact skull bone is increased, the amplitude of the pressure at the focus decreases, for
the same wave produced by the phased array. To aid in understanding the pressure field,
the dynamics of a test bubble are analyzed. The power spectrum of sound emitted when the
bubble oscillates is examined and used to understand the type of cavitation (stable and/or
inertial). The amount of mechanical damage from a test bubble is calculated for a bubble in
water (to mimic a specific experimental setup) external to a blood clot. Various initial radii
are examined. We demonstrated that the maximum amount of energy available to cause
damage to a blood clot increases as the density of the calvaria decreases.

In summary, the goal of this work was to explore the plausibility of mechanical damage as
a means by which microbubbles and cavitation appear to enhance thrombolysis in a HIFU
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field. Such a mechanism indeed seems plausible, based on the work presented here, but
further investigation is necessary to develop a deeper understanding.

4.2 Future work
While this work has provided some initial clues into mechanical cavitation damage, there
is still much work to be done. Techniques need to be refined to be able to compare the
experimental work to the theoretical work. Development of an experimental assay of damage
is underway with our collaborators, Thilo Hoelscher’s group, at the University of California,
San Diego. Our goal is to be able to compare directly the experimental data on the extent
of damage to a blood clot from a cavitating bubble and the results of the theoretical and
numerical estimates developed in this dissertation.

The two methods derived in this work to estimate the amount of damage from a bubble
can be improved. First, a simple improvement to the methods would be to use blood clot
material properties from a relevant frequency regime. However, this data is unavailable at
this time. In the future, should this data become available, they only need be incorporated
into the bubble model and methods described in this dissertation (i.e. the methods formed
here are still valid). As seen from experimental data (Fig. 2.3 right) there is cellular matrix
that has been released due to cell lysis. The same framework for the energy method, as
outlined in this work, can be used to determine the amount of energy available to lyse red
blood cells and break fibrin fibers. Similarly, the strain method could incorporate the critical
rupture stretch of a red blood cell. However, the energy required to lyse a single cell and
the rupture strain is lacking. Also, the bounds on WAC,D, the energy available to do damage
for a blood clot undergoing damage, can be refined. Here for the external bubble, we use
the spherical collapse as an upper bound to the actual asymmetrical collapse. Further work
needs to be done to look at details of the forced asymmetrical collapse. Also, the energy
transfer from the asymmetrical collapse to the jet and from the jet to the clot material should
be investigated, in the future.

Other cavitation mechanisms need to be investigated. Several studies suggest that stable
cavitation is important during ultrasound enhanced thrombolysis with rt-PA and microbub-
bles [34, 35, 20]. The suggested mechanism is micropumping, with this aiding the penetration
of the thrombolytic drugs deeper into the clot matrix. An important experimental param-
eter of the blood clot for this mechanism is clot porosity. Currently, the data available on
clot porosity is limited to fibrin clots without the red blood cells and platelets entrapped.
New experimental data is needed on whole human blood clots. Also, the different mecha-
nisms employed to enhance thrombolysis may be working together to break apart the blood
clot. As mechanical damage occurs (lysing of red blood cells and fibrin fibers breaking),
the porosity of the clot increases. In this situation, micropumping, which allows for better
penetration of microbubbles or thrombolytic drugs, may play an even more important role
than on its own.
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Our analysis of the role of physical skull properties on the pressure field and bubble dy-
namics suggests some areas for future projects, as well. The effect of changes in the skull
properties on the cavitation threshold could be studied. With more simulated and/or experi-
mental pressure data, the effects of varying skull properties on the amount of energy available
for damage can be assessed. Eventually, this work can be compared with experimental data
for greater insight.
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Appendix A

Geometric derivation for strain

For a spherical bubble surrounded by an incompressible fluid undergoing an oscillation
with the following set of evolution equations

r(t) =
(
r30 +R(t)3 −R3

0

)1/3
θ(t) = θ0

φ(t) = φ0,

the principal stretches are

λ1 = r20
(
r30 +R(t)3 −R3

0

)−2/3
λ2 = λ3 =

1

r0

(
r30 +R(t)3 −R3

0

)1/3
.

The principal stretches were derived using tensor notation. The principal stretches can be
related to the engineering strain ei by ei = λi − 1, giving

e1 = r20
(
r30 +R(t)3 −R3

0

)−2/3 − 1

e2 = e3 =
1

r0

(
r30 +R(t)3 −R3

0

)1/3 − 1.

Alternatively, and as a check, the maximum engineering strain can be found using a
geometric derivation. The maximum strain in the θ and φ directions is

emax,θ =
Lmax − L0

L0

=
(r30 +R3

max −R3
0)

1/3 − r0
r0

where L0 = 2πr0δα, Lmax = 2πrmaxδα and δα is the subtended angle of the arcs L0 and
Lmax in the θ or φ directions. For the radial direction, the maximum engineering strain is

emax,r =
δrmax − δr0

δr0
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where δr0 is the thickness of a shell in the undeformed configuration which is deformed to
a shell of thickness δrmax at tmax(where Rmax = R(tmax)). The volume of the shell remains
constant and therefore

δrmax =
(
(r0 + δr0)

3 + r3max − r30
)1/3 − rmax

=
(
(r0 + δr0)

3 +R3
max −R3

0

)1/3 − (r30 +R3
max −R3

0

)1/3
.

Expanding for small δr0 (and r20δr0 small) we have

δrmax =
(
r30 + 3r20δr0 + 3r0δr

2
0 + δr30 +R3

max −R3
0

)1/3 − (r30 +R3
max −R3

0

)1/3
≈

(
r30 +R3

max −R3
0 + 3r20δr0

)1/3 − (r30 +R3
max −R3

0

)1/3
≈

(
r30 +R3

max −R3
0

)1/3
+ 3r20δr0 ·

1

3

(
r30 +R3

max −R3
0

)−2/3
+O

(
δr20
)
−
(
r30 +R3

max −R3
0

)1/3
≈ r20δr0

(
r30 +R3

max −R3
0

)−2/3
To leading order, the maximum strain in the radial direction is

emax,r =
r20δr0 (r

3
0 +R3

max −R3
0)
−2/3 − δr0

δr0
= r20

(
r30 +R3

max −R3
0

)−2/3 − 1

The two derivations (tensor-based and geometrical) provide the same results.




