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Ultrasound mediated microbubble cavitation for treatment and monitoring of cancer
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Department of Bioengineering

Microbubbles, typically used as a diagnostic ultrasound contrast agent to improve blood flow
visualization, also holds great promise as a therapeutic agent for treatment of solid tumors. When
insonified by an acoustic pulse, microbubbles undergo volumetric oscillations, providing both an
acoustic signal for image contrast enhancement and localized microscale forces during
cavitation. These microscale forces can induce several biological effects that overcome the
barriers to treating solid tumors, including increased cell membrane permeability, enhanced drug
delivery, and tumor-specific vascular changes. In this thesis, we present several investigations of
how ultrasound and microbubbles can be applied as both a therapeutic and monitoring strategy
for treating cancer. We begin with an introduction on microbubble cavitation and its capacity to
monitor and modulate the tumor microenvironment (Chapter 1). First, we implement acoustic
conditions suitable for generating mechanical forces with cavitation therapy on a clinical scanner
and determine which acoustic conditions maximize cavitation activity in vitro (Chapter 2). We
then investigate the mechanical effects of cavitation therapy in vivo, using real-time monitoring
to elucidate mechanisms of changes to the tumor microenvironment and enhancement of drug
delivery to solid tumors (Chapter 3). Next, we evaluate the enhanced heat deposition during
cavitation therapy in an ex vivo machine perfused liver model, evaluating acoustic pressure and
microbubble delivery methods to increase temperature and heated area (Chapter 4). We then
implement subharmonic imaging on a clinical scanner for noninvasive estimation of interstitial
fluid pressure in solid tumors and evaluate the mode’s ambient pressure sensitivity in
physiological ranges for a range of acoustic pressures and microbubble formulations (Chapters
5 and 6). We conclude with a summary of the accomplishments and future directions of this
work (Chapter 7).
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CHAPTER 1. INTRODUCTION

Abstract

Cancer is among leading causes of death worldwide, accounting for 1 in 4 deaths in the
United States. While major advancements into cancer therapeutics have been developed, the
challenges posed by solid tumors due to abnormal vasculature and hostile tumor
microenvironments prevent efficient, targeted treatments of the disease. Ultrasound and
microbubble contrast agents are being investigated for their potential to enhance drug delivery and
monitor perfusion changes in treated tumors. Microbubbles insonified by an ultrasound pulse
oscillate, providing both an acoustic signal for image contrast enhancement as well as localized
microscale forces during cavitation. These microscale forces can induce several biological effects
and overcome the treatment barriers within solid tumors. In this chapter we introduce the
challenges associated with treatment of solid tumors, how ultrasound and microbubbles can
overcome these impediments, and describe the unique behavior microbubbles can exhibit in the

tumor microenvironment. Additionally, the overall research aim of the project will be presented.
1.1  CHALLENGES OF CANCER THERAPY

1.1.1 Barriers to systemic drugs and the tumor microenvironment

Cancer is a major healthcare burden around the world and accounting for 1 in 4 deaths in
the United States [1]. Nearly 85% of these cases are attributed to solid tumors [2], possessing a
unique microenvironment that limits the penetration of anticancer drugs, exhibiting only modest
effects [3, 4]. Most anticancer drugs are injected intravenously, and rely on a vascular network to
carry the drug molecules to the target cells, then extravasate beyond the blood vessel walls, and
finally cross the interstitial space to reach the cells of interest [5]. However, solid tumors often
exhibit abnormal and poorly perfused vasculature, and for more developed tumors, avascular
regions often at the center [6]. Additionally, the extracellular matrix in certain solid tumors is
highly desmoplastic, characterized by fibrosis and excessive collagen formation [7]. This stiff
matrix paired with the abnormal vasculature and poor lymphatic drainage results in elevated
interstitial fluid pressure (IFP) as the rate of fluid entering the tumor is greater than the draining

rate [8]. IFP is often greatest at the center of the tumor, creating a pressure gradient that can limit
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diffusion of drug molecules to only the tumor periphery [9]. The combination of these factors
creates a hostile environment for typical anticancer drugs and has encouraged investigation into

new techniques for cancer treatments that reduce or eliminate these barriers.

1.1.2  Current cancer therapies

For most cancer patients, treatment recommendations usually follow surgery or systemic
therapies such as chemotherapy, antiangiogenics and immune check point inhibitors [1]. While
surgery is the preferred option, especially at early stages of the disease, it is often not possible due
to the location, stage of cancer, or underlying diseases. Systemic therapies, comprising of a
chemical substance for disease treatment, come in the form of an intravenous treatment typically
used for late stage cancers [10]. Traditionally cytotoxic, chemotherapeutics target rapidly
proliferating cells like cancer, but often require several rounds of treatment due to barriers in the
solid tumor to drug penetration. These issues have led to discovery of new classes of anticancer
drugs to target specific mechanisms in solid tumors. Anti-angiogenic therapies have been proposed
to take advantage of the hypervascular nature of some tumors, inhibiting the formation of new
blood vessels or reducing the tumoral blood supply, effectively starving the tumor [11]. However,
if co-delivered with chemotherapeutics this introduces a new problem of removing vasculature
network needed to deliver the drug, requiring special timing for effective treatment [12, 13].
Another approach is the use of immunotherapy which aims to enhance anti-tumor immunity by
upregulating cytotoxic lymphocytes [14]. Recently, Chimeric Antigen Receptor (CAR)-T cell
therapy has emerged as a promising immunotherapeutic approach to treating cancer by genetically
engineering immune cells to target antigens present on cancer cells [15]. However, in the treatment
of solid tumors, CAR-T cell therapy still suffers from the same penetration issues of other
treatments in addition to the tumor microenvironment being immunosuppressant. Therefore, there
is still a great need for a solution to alleviate the solid tumor barriers to drug penetration and

enhance the efficacy of existing therapies.
1.2 MICROBUBBLE CAVITATION

1.2.1 Nonlinear oscillation of microbubbles

Microbubbles, such as those used as ultrasound contrast agents, insonified by ultrasound

oscillate and provide both an acoustic signal for contrast enhancement as well as localized



microscale forces that can overcome the barriers within solid tumors [16], depending on the
ultrasound parameters. The sinusoidal nature of an ultrasound waves create periods of high and
low pressure, that results in microbubble compression and expansion respectively [17]. During
this process, microbubbles will spherically scatter signal in all directions which can then be
detected and used to construct images. A unique feature of microbubbles is their nonlinear
oscillation, generating additional frequency components in the scattered signal that was not present
in the frequency of the transmitted pulse [18]. These frequency components are typically
monitored in 3 categories relative to the transmitted frequency (f,): 1.) harmonics, identified as

integer multiples (n * f,, where n is an integer), 2.) sub- and ultraharmonics, identified as half-
integer multiples (% * fo) where n is an odd integer, and 3.) broadband noise, signal distributed to

all frequencies. The emergence and relative magnitude of each of these frequency components are
used to describe the specific type of microbubble oscillations. More importantly for this body of
work, this also describes the likelihood of microbubbles inducing biological effects [19] such as
ablation (mechanical and thermal) [20], cell membrane permeability (sonoporation) [21], and

vascular disruption [22].

1.2.2  Cavitation dynamics of microbubbles during diagnostic ultrasound

Diagnostic ultrasound imaging typically utilizes low acoustic pressures (< 2 MPa) and
short pulse durations. When insonified with pulses used in imaging modes, microbubbles scatter
harmonic frequency components (n * f;) that are distinct from those of the imaging pulse. To
exploit these properties, nonlinear pulsing schemes have been developed to isolate the nonlinear
frequency components specific to microbubbles [18]. The most used schemes on commercial
imaging systems are pulse inversion [23], amplitude modulation [24], or amplitude-modulated
pulse inversion [25]. At low acoustic pressure, tissue is unlikely to generate harmonic components
that can be detected by ultrasound scanners, enabling nonlinear pulsing schemes to cancel out
tissue signal and maintain nonlinear signal from microbubbles. However, improper dosing of
microbubbles can produce imaging artifacts such as acoustic shadowing, where high

concentrations of microbubbles attenuate sound and can shadow distal structures [18].

While conventional contrast-enhanced ultrasound forms images with signal from harmonic
frequency components, another approach is to form images with subharmonic signal (f,/2) that

only microbubbles generate [26, 27]. Typically, microbubbles are driven near their average
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resonance frequency, requiring high acoustic pressures to produce subharmonic signal in the
scattered pulses [28]. However, by transmitting at twice the average resonance frequency of
microbubbles, the acoustic pressure threshold for generating subharmonic signal is minimized,
demonstrated first by Eller and Flynn [29] with free gas bubbles, and later Shankar, et al. [30] with
shelled microbubbles. Additionally, tissue does not generate subharmonic signal, enabling image
construction with microbubble-specific subharmonic signal that may be further improved with
nonlinear pulsing schemes. In 1999, Shi, et al. [31] also demonstrated subharmonic signal from
microbubbles is particularly sensitive to changes in ambient pressure, suggesting the use of
subharmonic imaging for noninvasive pressure estimation. However, exact changes in
subharmonic magnitude with ambient pressure depend on microbubble properties and ultrasound
parameters. The mechanisms of subharmonic signal generation with microbubbles and the
relationship between subharmonic signal and ambient pressure are further discussed in Sections

1.3.3 and 1.3.4.

1.2.3  Cavitation dynamics of microbubbles during therapeutic ultrasound

In therapeutic ultrasound much longer pulses than what is used in diagnostic ultrasound
are used. As acoustic pressure increases, microbubble behavior is usually classified as stable or
inertial cavitation. Stable cavitation is typically defined as the emergence of sub- and
ultraharmonic components without a considerable increase in broadband noise [28]. The sub- and
ultraharmonics represent large bubble oscillations that survive the full acoustic pulse duration.
Studies by O’Reilly and Hynynen [32] and Sun, et al. [33] have demonstrated the utility
microbubble oscillations during stable cavitation for opening of the blood-brain-barrier (BBB) and
enhanced drug delivery. As acoustic pressure increases beyond a certain threshold, inertial
cavitation can occur, described by lifting of the broadband noise in the frequency spectrum of the
scattered sound [34]. Inertial cavitation is a violent process, where microbubbles rapidly expand
and collapse, driven by the inertia of the surrounding medium and generating powerful localized
effects such as shock waves [35], fluid jetting [36], and cellular damage [37]. The challenge of
designing protocols for therapeutic ultrasound with microbubbles is carefully choosing the type of

cavitation to elicit the desired biological response while minimizing unwanted adverse effects.



1.2.3.1 Cavitation resulting in mechanical effects

Microbubble cavitation can generate microscale mechanical forces, including microjetting,
microstreaming, and inertial collapse, that can induce biological effects. Microjetting and
microstreaming result from a microbubble changing conformation near a wall (i.e. a cell
membrane), generating high velocity jetting or shear stresses [38]. This jetting or shear stress can
increase cell membrane permeability, reversibly [39] or irreversibly [40], and facilitate
intracellular drug uptake (sonoporation). Sufficiently high acoustic pressures may also cause
inertial collapse, in which a microbubble implodes, generating high pressure shock waves that can
increase cell membrane permeability or even damage the surrounding area [41]. These mechanical
effects may also explain the transient loss of perfusion in solid tumors following cavitation
treatments [22, 42]. It has been suggested that the immature neovessels which are prevalent in
tumors [43] are more susceptible to mechanical damage from cavitation. This tumoral neovessel
susceptibility enables preferential targeting of tumor vasculature while avoiding damage to the
surrounding tissue [44, 45]. Together, these mechanical forces during microbubble cavitation can
offer another successful strategy to eliminate barriers in solid tumors and has the potential to
enhance drug delivery with appropriate timing. The relationship between mechanical forces from

microbubble cavitation and changes to tumor perfusion are investigated in Chapter 3.

Beyond solid tumors, these mechanical effects have been successfully applied for other
novel therapies. Using very short (us-duration), extremely high pressure (> 28 MPa peak negative
pressure in most soft tissues [46, 47]) pulses repeated at a low duty cycle can generate dense bubble
clouds in tissue capable of mechanically disintegrating (liquefying) tissue to a subcellular level,
referred to as histotripsy [20]. This is a highly localized effect, and has even been observed to
bisect individual cells [48]. Microbubble cavitation has also been a useful method for opening of
the BBB, enabling the passage of larger drug molecules that typically cannot cross the BBB [32,
33, 49]. Recent work has focused on determining the acoustic pressure threshold necessary for

BBB opening and was found to be slightly lower than the inertial cavitation threshold [33].

1.2.3.2 Cavitation enhancing heat deposition

Microbubble cavitation may also elevate temperature within tissue beyond what it is
possible with high intensity focused ultrasound (HIFU) alone, primarily through thermoviscous

absorption of the acoustic emissions during inertial collapse [50]. The magnitude of acoustic



emissions during inertial collapse, and consequently the local elevation of temperature, is
dependent on acoustic pressure. Therefore, careful selection of acoustic pressure can control
temperature elevation from microbubble cavitation and has previously used for targeted thermal
ablation [51-53] or drug delivery with thermosensitive liposomes [54]. Of interest for treating solid
tumors is a small temperature elevation (3-8 °C) referred to as mild hyperthermia. The transition
temperature of collagen fibers is lower in solid tumors [55], so a small temperature increase is
sufficient to denature the proteins and reduce the extracellular matrix density [56]. This can lead
to increased hydraulic conductivity, enhancing fluid flow out of the tumor and reducing IFP [57].
Additionally, mild hyperthermia has been shown to enhance blood flow in tumors [58], which was

correlated with a reduction of IFP [59].

Leveraging cavitation in ultrasound heating was first investigated without microbubbles,
by using high acoustic pressures to first generate bubbles in the target medium (native cavitation)
and then cavitate said bubbles to enhance temperature [60]. Later studies suggested that injected
microbubbles act as cavitation nuclei that lower the cavitation threshold and enhance heating
during high-intensity focused ultrasound [61, 62]. Microbubble heating relies on high intensity
acoustic pulses, with many cycles or even continuous waves and high acoustic pressures sufficient
for heat-enhancing cavitation. While microbubble heating can be performed during inertial
cavitation, stable cavitation can also promote heat generation through the viscous losses in the
boundary layer on the surface of oscillating bubbles [63]. However, the concentration of
microbubbles in the treated medium can lead to prefocal heating and off target effects due to
acoustic shadowing [64]. Therefore, a bubble-enhanced treatment regimen must balance
microbubble delivery and acoustic pulse characteristics to generate the desired temperature
elevation at the desired location. We will provide an in-depth investigation of microbubble

enhanced heating in Chapter 4.

1.2.4 Cavitation detection methods

Considering the multiple therapeutic uses of cavitation, robust techniques for its detection
are needed. Several techniques have been developed to monitor microbubble cavitation and its
unique frequency components. A common technique is passive cavitation detection, where a
device, typically a focused transducer (single element or array), is set to passively listen for

scattered sound from microbubbles [34, 65]. These signals are then recorded and their spectrum is



evaluated for the presence of sub- and ultraharmonics and/or elevation of broadband noise. For
most targeted cavitation therapies, these simple devices are sufficient for quantifying cavitation
activity with excellent temporal resolution. Another approach is active cavitation detection, where
the same transducer will both transmit an acoustic pulse and receive scattered signal. Diagnostic
ultrasound relies on this principle. For example, B-mode imaging detects oscillating bubbles,
which scatter strong signals and may appear as a hyperechoic region that can be distinguished from
tissue speckle pattern [66, 67]. Recent work has also developed new techniques, such as passive
acoustic mapping, that take advantage of ultrasound imaging and novel beamforming approaches
that utilize very high frame rates to generate images of cavitation, providing spatial and temporal

information [68, 69].
1.3 IMPACT OF INCREASED AMBIENT PRESSURE ON MICROBUBBLE OSCILLATIONS

1.3.1 Challenges of measuring IFP

IFP is typically measured with one of two invasive methods: wick-in-needle [70] or a
transducer-tipped pressure catheter. These devices are designed to measure the hydrostatic
pressure of excess fluid, either free-fluid (unbounded) or gel-bound fluid [71], in the tumor
interstitium [72]. However, several challenges exist with these devices that limit their clinical
utility. Both IFP measurement techniques involve the insertion of a needle into the tumor, resulting
in complications such as hemorrhage and acute inflammation at the needle track site [73] that can
artificially modify detected interstitial pressure [74]. For sufficiently large tumors, elevated IFP
results in a pressure gradient, increasing from the tumor periphery to the center [9]. As a result,
image guidance is required for accurate measurement of central tumor pressures (maximum IFP).
Disagreement also exists over the sensitivity of these invasive techniques. DuFort, et al. [72] argue
that only pressure catheter measurements can detect the ambient pressure of gel-bound fluid, while
other groups claim that pressure catheter method are prone to solid stress artifacts (distinct from
IFP) due to direct contact with tissue [75, 76]. The limitations of existing invasive IFP
measurements and lack of a robust method have encouraged the development of new techniques

such as ultrasound and microbubbles for noninvasive monitoring of ambient pressure.



1.3.2  Elevated IFP results in increased ambient pressure

In microvasculature, oncotic and hydrostatic pressures control the movement of fluid and
large molecules across vessel walls [77]. As previously described, due to the “leaky” nature of
abnormal tumor vasculature and defective lymphatic drainage, the volume of free fluid in the
interstitial space of solid tumors is increased, resulting in elevated IFP. Due to this abnormal
vasculature, pressure in the tumor microvasculature (where microbubbles are confined) has been
shown to be equal to the interstitial pressure [77, 78]. Considering that IFP has been recorded at
pressures as high as 100 mmHg (above atmospheric pressure) in solid tumors due to the
overexpression of hyaluronan [72], this imparts a substantial increase in microvasculature
pressure, acting to compress microbubbles as they travel through the vasculature of solid tumors.
At ambient pressures greater than atmospheric, microbubbles favor what is referred to as a buckled
state [79]. For lipid-shelled microbubbles, the buckled state can promote the generation of a
subharmonic frequency component without necessarily inducing stable cavitation [80].
Additionally, the subharmonic signal produced by microbubble oscillations has been shown to be
particularly sensitive to changes in ambient pressure [31]. We can take advantage of the
relationship between subharmonic signal and ambient pressure and use microbubbles as sensors
for changes in ambient pressure. Thus, the subharmonic component of the scattered ultrasound

from microbubbles may be used to noninvasively measure changes in IFP.

1.3.3  Subharmonic signal dependence on acoustic parameters

Early works investigating subharmonic signals from free gas bubbles and encapsulated
microbubbles explored the threshold at which these signals are generated at atmospheric pressure
and the impact of acoustic conditions such as ultrasound frequency and acoustic pressure. In 1969,
Eller and Flynn first described the threshold and frequency dependence of subharmonic generation
from free gas bubbles [29]. Later, Shankar et al. [81] studied Optison (GE Healthcare, Chicago,
IL, USA), a UCA with an albumin shell, and found the threshold for subharmonic signal generation
to also be dependent on driving frequency. This threshold was minimized when the driving
frequency was twice the average resonance frequency of the microbubble population, with
subharmonic signal generated at acoustic pressures as low as 10 kPa in vitro. Shi et al. [27] also
measured subharmonic signal generation with Optison near its resonance frequency, and

introduced the development of subharmonic signal generation as a function of acoustic pressure



characterized by three stages: “occurrence” where subharmonic signals are minimal, “growth”
where the magnitude of the subharmonic signal rapidly increases with acoustic pressure, and
“saturation” where subharmonic signal magnitude remains relatively constant despite increasing
acoustic pressure. Interestingly, the range of acoustic pressures used in this study (0.4-2.5 MPa)
likely exceeds the level at which microbubble shell disruption (detectable signal deterioration in
imaging) occurs, which has been estimated to be as low as 200 kPa depending on the microbubble
size and driving frequency [82, 83]. Therefore, there are 2 main mechanisms for subharmonic
signal generation: 1.) driving the bubble at its resonant frequency which often requires high
acoustic pressures (> 200 kPa) to generate a subharmonic component [82], or 2.) driving the bubble
at twice its resonance frequency, where subharmonic signal is detected at low acoustic pressures

(<200 kPa) but is dependent on microbubble shell properties [82-84].

1.3.4 Mechanisms of subharmonic signal generation

The relationship between subharmonic signal and acoustic pressure led several groups to
further investigate the mechanisms of subharmonic signal generation from oscillations of lipid-
coated microbubbles. Some encapsulated microbubbles at low acoustic pressures (5-100 kPa)
driven at twice the resonant frequency exhibit compression-only behavior, which has been
confirmed with optical measurements using a high-speed camera [84] and experiments monitoring
scattered subharmonic signal [80]. The rapid change in the effective surface tension of the bubble’s
shell can result in an asymmetric (compression-only) behavior [92] as it transitions from elastic
and buckled states, as described by Marmottant et al. [79]. In general, as acoustic pressure
increases (> 200 kPa) with long bursts (= 8 cycles), microbubble disruption and shell lipid
shedding will occur, leaving a free gas bubble and shifting the asymmetry of bubble oscillations
to favor expansion behavior [79, 92]. These increased acoustic pressures also exceed the
destruction threshold of certain microbubbles that are resonant at the transmit frequency, indicating
that subharmonic signal in this acoustic pressure regime is likely due to a combination of the
destruction of resonant microbubbles and certain microbubbles oscillating at twice the resonance
frequency [80, 82]. The work by Chomas et al. [82] shows that the subharmonic generation at
twice the resonance frequency is dominant below the destruction threshold for microbubbles (for
bubble radii > 2 um, acoustic pressure < 500 kPa), while subharmonic signal from bubbles driven
at their resonant frequency are dominant above the destruction threshold (bubble radii < 2 um,
acoustic pressures > 500 kPa). Since UCAs are polydisperse with an average bubble size, transmit
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frequency and acoustic pressure must be carefully selected for appropriate subharmonic signal

generation.

1.3.5 Subharmonic sensitivity to ambient pressure

Generally, as ambient pressure increases above atmospheric pressure, 3 major effects
should take place: a.) increased compressive force on microbubbles, b.) increased dissolution rate
of free bubbles, and c.) a shift in resonant frequency [95-97]. Further, the shift in resonance
frequency may have two contributions depending on the condition of the microbubble shell: 1.)
for free gas bubbles (after shell disruption) there is little to no change due to the weak dependence
of the resonant frequency on hydrostatic pressure and initial radius, or 2.) lipid-shelled
microbubbles shifting to a buckled, tensionless shell state with increased hydrostatic pressure. At
low acoustic pressures where we only expect compression behavior for lipid-shelled microbubbles
driven at twice the resonance frequency, only the dissolution rate and resonance shift need be
considered, while utilizing high acoustic pressures all 3 effects must be considered. For lipid-
shelled microbubbles insonified at low acoustic pressures, an increase in hydrostatic pressure
should exaggerate compression behavior and increase the subharmonic signal [80, 84, 98]. In
Chapters S and 6, we present an in-depth investigation of the subharmonic response of 2 clinically
approved contrast agents (SonoVue and Sonazoid), with a special focus on subharmonic imaging

at low acoustic pressures to minimize bubble destruction.

1.4 RESEARCH OBJECTIVES

The objective of this work is to study microbubble- and ultrasound-induced cavitation used
in cancer treatment options that aim at impacting the tumor microenvironment. We separately
investigate the mechanical forces and enhanced heat deposition generated by microbubble
cavitation, and evaluate how microbubble cavitation can overcome the barriers to treating solid
tumors, including abnormal vasculature, desmoplasia, and elevated IFP. We utilize passive
cavitation detection (PCD) to confirm accurate targeting of cavitation treatments and evaluate
microbubble cavitation activity both in vitro and animal tumor models in vivo. We develop new
subharmonic imaging modes with clinically approved microbubbles as a noninvasive technique
for monitoring IFP in solid tumors. Furthermore, we implement acoustic conditions suitable for
generating mechanical forces with cavitation therapy on a clinical scanner, accelerating the

translation of microbubble cavitation therapy to the clinic. An illustration of how we address the
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Figure 1.1: Flow chart of research objectives.

challenges of treating solid tumors with ultrasound-mediated microbubble cavitation and monitor
microbubble activity in this thesis is shown in Figure 1.1. In Chapter 2, we implement acoustic
conditions suitable for generating mechanical forces with cavitation therapy on a clinical scanner.
PCD measurements evaluate microbubble behavior during treatments and determine which
acoustic conditions maximize cavitation activity in vitro, guiding acoustic parameter selection for
the subsequent animal tumor model in vivo study. In Chapter 3, we investigate the mechanical
effects of cavitation therapy in vivo such as transient tumor perfusion loss and reduction of IFP.
PCD measurements confirm accurate targeting of cavitation treatments and furthermore the
detected cavitation activity is a predictor of tumor perfusion loss. In Chapter 4, we evaluate the
enhanced heat deposition during cavitation therapy in an ex vivo machine perfused liver model.
We consider the effects of acoustic pressure, microbubble concentration, and microbubble delivery
methods to elevate focal temperature and increase the heated area. In Chapters S and 6, we
implement a new subharmonic imaging mode on a clinical scanner for noninvasive estimation of
the ambient pressure in general and the interstitial fluid pressure in solid tumors. We measure the
ambient pressure sensitivity of subharmonic imaging in physiological values for a range of

acoustic pressures, imaging parameters, and 2 clinically approved microbubble formulations. We
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conclude this thesis with a summary of the accomplishments and future directions of this work

(Chapter 7).
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CHAPTER 2. DELIVERY OF CAVITATION THERAPY WITH A
MODIFIED CLINICAL SCANNER: IN VITRO
EVALUATION!

Abstract

In this study we design and implement pulses (1.67 MHz, 20-1000 cycles, 0.8—2.5 MPa,
5-100 ms pulse repetition time) suitable for microbubble cavitation treatments with a phased array
of a clinical ultrasound scanner. A range of acoustic parameters was evaluated in a tissue-
mimicking phantom with suspended Sonazoid microbubbles. Hydrophone measurements were
used to optimize the transmit beamforming. A passive cavitation detection system was designed
to measure the microbubble scattered signals over a 1 s exposure. Postprocessing of the scattered
signals evaluated frequency content to extract broadband energy and calculate the inertial
cavitation dose (ICD). ICD was maximized at 1000 cycles (maximum pulse length), 5 ms (fastest
firing rate), and 2.5 MPa peak negative pressure (maximum pressure). Inertial cavitation was only
sustained for about 3 pulses (out of 100s fired) occurring within the first 100 ms of treatment.
Temporal analysis of the first 1000 cycle pulse revealed that broadband energy is sustained for the
entire pulse. We also demonstrate that while inertial cavitation is possible with clinically available
pulse wave Doppler settings, ICD can be significantly increased using the new conditions
suggested in this work. We have delivered successful image-guided cavitation treatment after
modifying a clinical scanner and monitored the cavitation dose with a PCD system on a gel
phantom with suspended microbubbles. We plan to apply this technique in vivo in animal tumor
models next. This work demonstrates the first implementation of long, high-pressure pulses on a

clinical scanner that users can optimize for cavitation treatments.

' This chapter has appeared as: De Koninck, LH., Vuong KS., Shin, S., Powers, JE., Averkiou MA. "Delivery of
cavitation therapy with a modified clinical scanner: in vitro evaluation" IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 72 (3), 351-361 (2025).
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2.1  INTRODUCTION

Ultrasound-mediated microbubble cavitation is an emerging therapeutic technique where
acoustic pulses produce microbubble oscillations to noninvasively induce targeted biological
effects [1-3]. Microbubbles are conventionally used as a contrast agent in ultrasound imaging and
are clinically approved for cardiac [4] and hepatic [5-7] applications. Under certain acoustic
exposures, microbubbles may induce localized cellular and tissue changes and thus act as a
therapeutic agent [8]. Since microbubbles are supplied as an intravenous injection, cavitation
therapy enables targeted treatment of vascularized structures, such as organs and tumors, and has
been studied in various animal cancer models [1, 3, 9]. Therapeutic outcomes such as blood brain
barrier opening [10], sonoporation [11, 12], and cancer ablation [13], are highly dependent on
acoustic parameters and the type of cavitation (stable versus inertial). Another outcome that was
observed resulting from these treatments is a reduction in tumor blood flow and perfusion [1, 3].
It is hypothesized that the immature neovessels which are prevalent in tumors [14] are more
susceptible to mechanical damage from cavitation. This tumoral neovessel susceptibility enables
preferential targeting of tumor vasculature while avoiding damage to the surrounding tissue [9,

15].

While cavitation therapy has shown promising biological outcomes for treatment of
tumors, a wide range of acoustic conditions employed for these treatments have been reported.
Transmit parameters of interest include frequency (0.02 — 5 MHz), pulse length (1 us — 100 ms,
or continuous wave), peak negative pressure (0.2 — 9 MPa), pulse repetition time (2 us — 10 s), and
treatment duration (1 s — 31.5 min) [1, 9, 16-37]. As parameter optimization is an evolving
problem, many of these studies were performed with custom single element transducers for their
ultrasound treatment. Although flexible in transmit parameter selection, single element transducer
systems usually require auxiliary components (for example function generators and amplifiers),
are incapable of imaging for alignment and monitoring the treatment area, and they require
regulatory approval before clinical use. This severely limits the clinical translation of cavitation

therapy and has created a need for current clinical systems to deliver these treatments.

Several groups have begun work into delivering ultrasound-microbubble cavitation therapy
with a clinical ultrasound system, but the lack of ability to modify a scanner pulsing parameters

has limited progress. Dimcevski, et al. [36] used an unmodified LOGIQ 9 scanner (GE Healthcare,
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Waukesha, WI, USA) and 4C curvilinear probe in a clinical study to enhance gemcitabine delivery.
While they show a minimal increase in patient survival when treated with cavitation therapy, the
authors admit that their previous work with a custom transducer utilizing a greater duty cycle
(40%) that is not available on the scanner demonstrated greater therapeutic efficacy. Mason, et al.
[37] used a Philips EPIQ scanner (Philips Healthcare, Bothell, WA, USA) and X5-1 matrix probe
with unmodified pulsing parameters for treatment of peripheral artery disease. The authors
evaluated different combinations of line density and pulse length (per line) to enhance blood flow
and adenosine triphosphate release. However, their study was limited to the preset line densities
and pulse lengths (only 5 and 40 cycles) and did not evaluate other parameters such as pressure
and pulse repetition time (PRT). Cavitation therapy has also been implemented on research
scanners, that while not clinically approved, demonstrates that diagnostic probes/scanners can
generate sufficient acoustic pressure for microbubble cavitation and drug delivery enhancement
[38]. This specific study considered much shorter pulses (2-20 cycles) that limit the total cavitation
dose, as well as multiple beams per treatment area that may cause microbubble destruction in
neighboring beams. In previous work from our lab [1, 15], we modified a Philips EPIQ scanner
and S5-1 phased array to produce a 200-cycle pulse at a PRT of 20 ms and acoustic pressures
between 2-3 MPa. This set of acoustic conditions demonstrated a selective disruption of tumor
blood flow with enhanced uptake and penetration of doxorubicin, but we were unable to explore
optimization of ultrasound exposure due to our selection of only one treatment condition. The S5-
1 probe was also coupled directly to the animal model for treatment, which prevented us from
imaging the tumors during treatment and evaluating beamforming that may have improved

cavitation therapy efficacy.

In this study we implement a wide range of acoustic conditions (0.8—2.5 MPa, 20-1000
cycles, and 5-100 ms PRT) for cavitation treatments on a phased array of a clinical scanner. More
importantly, we have implemented this therapeutic setting as part of the imaging workflow and
provided the ability to interleave imaging and therapy for better image guidance. In addition, we
redesigned the transmit beamforming to produce large beams that can cover a tumor of about 1
cm?® with a single transmit event. Hydrophone measurements in water are used to characterize the
sound field from different transmit beamforming configurations and to select an optimal condition
that spatially covers the tumor. The various combinations of cavitation therapy are evaluated in a

tissue-mimicking gel phantom where Sonazoid microbubbles at concentrations similar to those
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used clinically are suspended to mimic the microcirculation of a tumor after a bolus injection.
Passive cavitation detection is used to measure the scattered signal from each experimental
condition over a 1 s exposure. The root mean square (RMS) and broadband energy of each signal
is calculated to evaluate cavitation activity. The inertial cavitation dose (ICD) is then calculated

over the treatment duration to compare the cavitation energy during different acoustic conditions.
2.2 MATERIAL AND METHODS

2.2.1 Modified Clinical System

Acoustic conditions suitable for cavitation therapy were implemented on a Philips EPIQ
scanner and S5-1 phased array (Philips Healthcare, Bothell, WA, USA). We modified the standard
B-mode setting to implement these conditions. Instead of forming a sector scan with multiple lines,
the center line is repeatedly transmitted at a specified PRT. Pulses suitable for cavitation treatments
were programmed with a frequency of 1.67 MHz (the lowest frequency that the S5-1 could
efficiently transmit), duration of 20-1000 cycles and PRT of 5-100 ms. The number of cycles and
the PRT were controlled by reprogrammed, existing knobs on the front panel (the 2D-Opt knob
and the resolution-speed knob, respectively) of the scanner, enabling fast and real-time adjustment
of therapeutic conditions. The produced acoustic pressure is selected by adjusting the output power
on the front panel used in clinical imaging which in turn adjusts the transmitted voltage. The
specific acoustic conditions were selected to be consistent with prior work studying ultrasound
cavitation therapy with microbubbles [1, 9, 39, 40]. The 20-cycle pulse was used to investigate
what an unmodified clinical scanner would be able to do since such a condition may be found in
the pulse wave Doppler mode of clinical scanners. The user can freely switch to other imaging
presets where B-mode and contrast imaging is available, enabling image-guidance before and after

treatment. The present implementation allows interleaving treatment and imaging.

The transmit beamforming available to the S5-1 phased array was also modified to create
a focused ultrasound beam with sufficient pressure for cavitation therapy and capable of treating
the majority of a 1cm? tumor volume. While the focus of the elevation plane is fixed at 80.18 mm
(defined by the fixed lens of the array), the focus of the azimuthal plane can be programed to any
required depth by changing the element delays. We did not use the multi-zone (focus) feature of
the scanner and all the transmit beamforming configurations included a single transmit event. The

spatial extent of the sound field resulting from 8 focal lengths (Table 2.1) was measured in a water
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Table 2.1: Modified transmit beamforming conditions per focal length

Azimuthal Focal Length (cm) Number of Active Elements
3.2 40
4 40
5 64
6.3 64
8 80
10 80
13 80
17 80

tank with a 0.4 mm membrane hydrophone (UT1604-225; Precision Acoustics, Dorchester, UK)
in both the azimuthal and elevation planes from which the effective treatment volume was
estimated (continuous area with pressures within 6 dB of maximum pressure). An illustration of
the S5-1 aperture is shown in Figure 2.4(a), showing the azimuthal and elevation planes, and the
orientation of the individual elements (small number shown for demonstration here) represent an
active element referred to in Table 2.1. The optimal beamforming setting was selected by
maximizing 2 criteria: a.) effective treatment volume > lcm?, and b.) average pressure within the
treatment volume. Hydrophone measurements were then recorded at the center of the ideal
treatment location to characterize output pressure at various transmit voltages. We note that all the
implementation details described in the present section are new and were not available in our

previous works [1, 15].

2.2.2  Passive Cavitation Detection

To evaluate the produced cavitation field from the selected acoustic conditions, we used a
passive cavitation detection system. A schematic of this setup is shown in Figure 2.1(a), with the
S5-1 phased array producing the acoustic conditions and a single element circular 1.91 cm
diameter focused transducer (C308, Evident, Tokyo, Japan) with a center frequency of 5 MHz and
5.1 cm focal length as the receiver. A diagram of the treatment pulsing sequence is shown in
Figure 2.1(b). To prevent the S5-1 directly transmitting to the C308, a 3D printed cylinder with

an inner diameter of 2.5 cm and a length of 2 cm was attached to the C308. Measurements of the
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signal detected by the C308 with and without the cylinder in the absence of any scatterer confirmed
the blocking of the direct path. A comparison of the scattered signal from a wire target received
by the C308 with and without the cylinder attachment confirmed that the cylinder does not affect
the received amplitude. A tissue-mimicking phantom was positioned such that its geometric center
was aligned with the overlapped focal regions of both transducers. Phantoms were made using an
evaporated milk and porcine gelatin powder recipe as described by Farrer et al. [41] with an
attenuation coefficient of 0.32 dB/cm (at 1 MHz), density of 1057 kg/m?, and speed of sound of
1524 m/s. Prior to solidification, Sonazoid microbubbles (GE Healthcare, Amersham, UK), with
base concentration of 1.79*10% MB/mL [42], were mixed into the liquid phantom at a
concentration of 1000 microbubbles per mL of phantom. This concentration is similar to the
clinical dose of Sonazoid for breast and liver imaging at 0.12 uL MB/kg mixed in 5 L of blood
[43]. Phantoms were refrigerated for 1 hour before being removed from their mold and transferred

to a plastic box with cutouts in each wall, allowing for direct coupling of the phantom to the water.
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C308
Phantom :
w/MBs N :
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- S5-1 } _____ e

—l“l Trigger Received

signal signal

Figure 2.1: Schematic of passive cavitation detection, and example phantom images

(a) Schematic of passive cavitation detection setup with the S5-1 clinical probe as transmit and
the C308 single element transducer as receiver. Dashed lines indicate intended beam path, and
the orange circle represents the overlapped focal regions of the S5-1 and C308. (b) Diagram of
pulsing sequence for Is treatment, demonstrating acoustic conditions (P_= peak negative
pressure, N¢,. = number of cycles, PRT = pulse repetition time). Example ultrasound contrast

images of the phantom without microbubbles (c), with microbubbles before ultrasound exposure
(d) and after Is treatment (e) with 200 cycles, 0.8 MPa, and 20 ms PRT.
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Sonazoid was chosen because this contrast agent survives the phantom solidification process better
than other commercially available microbubbles [44]. One phantom was used per trial, with each
trial consisting of a 1 s treatment duration at fixed acoustic conditions. We performed 3 trials per
condition (N = 33 total). A control group with no microbubbles was used to evaluate the baseline
scattered signal for each acoustic condition. The presence of microbubbles in phantoms was
confirmed with ultrasound imaging (L12-3 linear array of the EPIQ scanner while scanning in
contrast mode) prior to each experiment and following exposure (Figure 2.1(c,d,e)). Contrast
images were produced using a nonlinear technique (amplitude modulation at 4 MHz) and a low
mechanical index (MI) of 0.06 to avoid bubble destruction [45]. The Pennes bioheat equation [46]
was used to predict heat deposition during a 1s treatment of the gel phantom without microbubbles,
and for our largest possible duty cycle (3%) at 2.5 MPa, 1.67 MHz we estimated little to no

temperature increase (< 0.1°C) at the ideal treatment location.

Scattered pulses were recorded using an oscilloscope (DPO 7054C Tektronix, Beaverton,
OR, USA) with a segmented memory technique (“FastFrame™). Prior to each sonication, the
oscilloscope display was adjusted such that the anticipated pulse, based on time of flight, was
centered in the viewing area. The user then defines the number of transmit events they wish to
capture and at what resolution to record the data. An external trigger from the EPIQ scanner
(Figure 2.1(a)) triggered the oscilloscope to capture the scattered sound from all pulses fired over
the 1 s treatment duration. The scattered pulses were sampled at 100 MS/s. After each experiment
the data was exported from the oscilloscope for post-processing using a custom MATLAB

(MathWorks) script.

2.2.3  Cavitation Analysis

The processing of received scattered signals during cavitation treatments was performed
following the algorithm outlined in Figure 2.2. This is adapted from existing techniques that
calculate cavitation dose as an energy density derived from the summation of “inharmonic”
(broadband) energy per pulse, but in this work, we omit the spatial extent of cavitation [47, 48].
First, each waveform is truncated to its respective original pulse length with a rectangular window
and the RMS of the truncated waveform is calculated. The average value of the waveform is first
removed (small offset of zero value of the oscilloscope), and the one-sided power spectrum (scaled

by 2 divided by the number of samples squared) is taken of each truncated waveform. For each
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Figure 2.2: Cavitation analysis algorithm

Post-processing algorithm of received scattered signals to evaluate RMS, broadband energy, and
inertial cavitation dose. Parallelograms represent output data.

spectrum, broadband energy was collected above the third harmonic (to limit influence of
transmitted pulse) in the frequency range of 5-10 MHz (roughly the upper limit of the receiver
bandwidth) as shown in Figure 2.3. Within this range, frequency bands centered on each harmonic
and ultraharmonic with a bandwidth of 0.3 MHz were excluded, while the remaining bands (green

spaces, Figure 2.3) were summed resulting in the broadband energy per pulse. This process was
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Figure 2.3: Example of power spectrum analysis

Example power spectrum of pulse 1 using 1000 cycles, 2.2 MPa, and 20 ms pulse repetition time.
Green bands indicate regions summed to find broadband energy per pulse.
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repeated for all pulses. The inertial cavitation dose (ICD) was calculated as the summation over
the treatment duration of the product of the broadband energy per pulse with the pulse duration.
One exception to this method is the 20-cycle pulse, where the truncated pulse is multiplied by a
Blackman-Harris window to reduce spectral leakage. For standardization, the power of the window
is set equal to 1 by scaling the amplitude of the pulse by the square root of the number of samples
divided by the summation of the window function squared. We also measured the temporal
behavior of RMS and broadband energy within a single pulse by applying a rectangular window
(40 cycle length at 1.67 MHz) to the first truncated pulse of the 1000 cycle condition. This window
was then shifted by 20 cycles each iteration (50% overlap) through the entire pulse. For each

window, the RMS and broadband energy is calculated in the same manner as described above.

2.3 RESULTS

2.3.1 Sound Field Characterization

The sound field at the 30 V setting produced by the beamforming selected for cavitation
treatments (10 cm focal depth, Table 2.1) in the azimuthal and elevation planes is shown in Figure

2.4(b) and Figure 2.4(c), respectively. Using the full aperture (80 elements) and a similar focal
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Figure 2.4: Sound field measurements of S5-1

(a) Illlustration of the S5-1 aperture showing the azimuthal, elevation, and axial planes, and
columns on the aperture face representing active elements. Hydrophone measurement of the S5-1
acoustic pressure field with treatment beamforming in azimuthal (b) and elevation (c) planes, and
focal plane measured 64 mm from the S5-1 (d). The azimuthal focus of this setting is 100 mm.
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depth to the focus of the elevation plane resulted in the largest amplitude distributed over the
largest focal region. The maximum pressure was measured at 6.4 cm axially from the S5-1 which
we selected as the target location to deliver the cavitation treatment. Figure 2.4(d) shows the
transverse sound field at an axial distance of 6.4 cm. From this plot we can estimate the 6 dB spot

size of our treatment to be 6x4 mm in the elevation and azimuthal planes, respectively.

Waveforms measured on axis at 6.4 cm in the water tank at transmit voltages of 30 V (20,
200, 1000 cycles) and 120 V (20 cycles) and their corresponding frequency spectra (after
truncation and applying Blackman-Harris window) are shown in Figure 2.5. These measurements
confirm that the scanner and S5-1 phased array produce the required pulses at different pulse
lengths and voltages. By scattering from a wire target and receiving with a small PZT transducer
we also confirmed that the longer pulses sustained their amplitude over the duration of the entire
pulse at the maximum transmit voltage with only a minimal ~5% amplitude drop during the last
50 us of the 1000 cycle pulse. At 30 V, the peak positive and negative pressures (PPP and PNP,
respectively) were 1.3 and 0.8 MPa, respectively. At 120 V, the PPP was 10 MPa, while the PNP
was 2.2 MPa. Although the transmit voltage increased by a factor of 4, the PNP increased by a
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Figure 2.5: Waveform measurements of S5-1 with modified transmit

Waveforms and corresponding frequency spectra of pulses produced with the S5-1 phased array

measured in water at 30 V with 20 cycles [(a), (b)], 200 cycles [(c), (d)], 1000 cycles [(e), (f)] and
120 V with 20 cycles [(g), (h)] measured on-axis 64 mm from transducer.
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factor of 2.8 and the peak positive pressure by a factor of 7.7. This asymmetry and the harmonics
in the spectra indicate that nonlinear propagation through water significantly impacts the produced
sound field at these amplitudes. When converting our maximum PNP (2.5 MPa) to MI without
derating for attenuation through tissue (the sound path includes water and the gel phantom), this
condition yields MI ~ 1.93 which barely exceeds the MI FDA limit. The spatial-peak temporal-
average intensity (Ispr4) Was also calculated for the acoustic conditions in this study, with the
maximum experimental acoustic conditions (1000 cycles, 2.2 MPa PNP, 10 MPa PPP, 20 ms
PRT), producing an intensity of 37 W/cm?. This intensity is well above the Igpr, < 0.72 W/cm?
limit set by the FDA for diagnostic ultrasound systems [49].

2.3.2  Produced Cavitation from Therapy Pulses

Figure 2.6(a) shows the RMS value (after subtracting the RMS baseline signal without
microbubbles) of each pulse as a function of pulse number up to 12 pulses. Every point in this
figure represents 1 scattered pulse. The different curves show different focal PNP (0.8, 1.5, 1.9,
2.2, and 2.5 MPa, not derated) and the 200-cycle pulse with 20 ms PRT was used. At the lowest
measured pressure (0.8 MPa) the RMS stays constant and near a value of zero. However, higher
pressures exhibit markedly greater RMS values for the first few pulses and then return to zero
levels for the remainder of treatment. The 1.5 MPa pressure is the first pressure this sudden
increase in RMS amplitude was observed, and higher pressures do not significantly increase RMS

amplitude beyond the behavior at 1.5 MPa.
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Figure 2.6: Average RMS of the scattered pulses as a function of pulse number.

(a) The effect of different PNPs when using 200 cycles and PRT of 20 ms. (b) The effect of PRT
when using 200 cycles and 2.2 MPa PNP. (c) The effect of number of cycles when using a PRT of
20 ms and 2.2 MPa PNP. Error bars indicate 1 standard deviation, and baseline signal was
subtracted before averaging.
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Figure 2.6(b) shows the RMS value of the first 12 scattered pulses after subtracting the
baseline RMS value for 3 different PRT (5, 20, and 100 ms). Here we again used 200 cycles at 2.2
MPa PNP. We observe the only case of sustained RMS value for the entire treatment duration at
the smallest PRT of 5 ms. This is likely due to the gas not having fully diffused from the bubbles
with disrupted shells between pulses and continuing to scatter the pulses that follow. It is also
possible that some coalescence takes place and larger gas pockets are formed. At greater PRTs
(20, 100 ms), the RMS value reduces to zero within the first 3-5 pulses (~0.2 s) of treatment due
to the longer time between pulses. We note that the 20 ms data in Figure 2.6(b) is the same
condition as the 2.2 MPa line in Figure 2.6(a) but was remeasured hence a small difference.
Similar trends are observed in Figure 2.6(c) where we evaluate the effect of the number of cycles
on the scattered RMS signal after repeated firings over 12 scattered pulses and while using 20 ms
PRT and 2.2 MPa PNP. For all pulse durations (number of cycles), the majority of RMS amplitude

is reduced to zero level after the first few firings, with only minor differences in magnitude.

Figure 2.7 is similar to Figure 2.6 with the exception that the y-axis is the net broadband
energy (minus the baseline value) instead of the RMS value of the scattered pulse. All plots show
similar behavior, where broadband energy quickly reduces to zero after a few firings (pulses). In
Figure 2.7(a) where the pressure is varied, we see that at 0.8 MPa there is no broadband energy,
while 1.5 MPa is the first setting with significant elevation of broadband energy (for first 3 pulses).

This agrees with the RMS amplitude results, although further increases in pressure exhibit elevated
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Figure 2.7: Average broadband energy of the scattered pulses as a function of pulse number.

(a) The effect of different PNPs when using 200 cycles and PRT of 20 ms. (b) The effect of PRT
when using 200 cycles and 2.2 MPa PNP. (c) The effect of number of cycles when using a PRT of
20 ms and 2.2 MPa PNP. Error bars indicate 1 standard deviation, and baseline signal was
subtracted before averaging.
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broadband noise which did not result in an increase in RMS in Figure 2.6(a). When PRT is varied
in Figure 2.7(b), the number of pulses with elevated broadband energy increases as PRT decreases
(more frequent firings). Both 100 ms and 20 ms PRT produce cavitation above zero-level for ~3
pulses, while the Sms PRT maintains cavitation for up to 12 pulses. For the smaller PRTs (5 and
20 ms), although the number of pulses above zero-level is different, the decay of the broadband
signal is similar in terms of time (~60 ms) and is probably driven by the diffusion time after shell
disruption. Finally in Figure 2.7(c) where we evaluate the effect of the number of cycles on the
scattered broadband energy, we observe that all 3 pulse durations had similar magnitude broadband
energy per pulse which was only elevated above baseline for the first 3 firings (pulses). This agrees
with the RMS amplitude results (Figure 2.6) where there are small differences between the pulse

durations.

The average measured ICD (after baseline subtraction) over the entire treatment duration,
both with and without microbubbles, as a function of each acoustic condition is shown in Figure
2.8. Similarly to Figure 2.6 and Figure 2.7, we evaluated the effect of pressure, PRT and number
of cycles in (a), (b) and (c), respectively. In Figure 2.8(a) the ICD as a function of PNP is shown
for the 200-cycle pulse and PRT of 20 ms. As expected, ICD is increasing with PNP. The 1.5 MPa
PNP is the first pressure to have ICD significantly greater than zero, in agreement with the RMS
and broadband energy findings in Figure 2.6 and Figure 2.7. No significant increase was observed

in the baseline ICD (not shown), indicating that native cavitation did not occur in any of our
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Figure 2.8: Inertial cavitation dose as a function of pressure, PRT, and number of cycles

(a) Average inertial cavitation dose (ICD) as a function of PNP when using 200 cycles and 20 ms
PRT. (b) ICD as a function of PRT when using 200 cycles and 2.2 MPa PNP. (c) ICD as a function
of number of cycles when using a PRT of 20 ms and 2.2 MPa PNP. Error bars indicate 1 standard
deviation and baseline signal was subtracted before averaging.
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phantom experiments. In Figure 2.8(b) the ICD as a function of the PRT is shown for the 200-
cycle pulse and PNP=2.2 MPa. The 5 ms PRT produces a significant increase in ICD. For the 20
and 100 ms PRT, the ICD is much lower. In Figure 2.8(c) the ICD as a function of the number of
cycles in the pulse is plotted for PNP=2.2 MPa and PRT=20 ms. As pulse duration increases, we
observe a linear increase in ICD. Since broadband energy magnitude was the same for all pulse
lengths (Figure 2.7(c)), the observed linear slope represents increased cavitation duration, where
the 1000 cycle pulses are 5 and 50 times longer than the 200 and 20 cycle pulses, respectively, and
thus the ICD is 5 and 50 times greater.

To investigate whether the above cavitation behavior is representative of the entire pulse,
we also evaluated the average measured RMS amplitude and broadband energy within the first
1000 cycle pulse (after removing baseline) at PNP=2.2 MPa, as shown in Figure 2.9. As described
in Section II-C, we took 40 cycles at a time and advanced by 20 cycles until we processed the
entire 1000 cycles pulse. Both the RMS value (Figure 2.9(a)) and broadband energy (Figure
2.9(b)) are relatively constant over the whole pulse duration. The average of this broadband energy
is also consistent with our findings in Figure 2.7(c), specifically the magnitude of the first pulse

for the 1000 cycle pulse.
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Figure 2.9: Temporal analysis of 1000 pulse: RMS and broadband energy

Temporal analysis of the first 1000 cycle pulse at 2.2 MPa peak negative pressure. (a) Average (N
= 3) RMS of scattered microbubble signal, and (b) the average broadband energy over the
duration of the measured pulse. Error bars indicate 1 standard deviation, and baseline signal was
subtracting before calculating average.

2.4  DISCUSSION

In this study we evaluated the effect of acoustic pressure, PRT, and pulse length on

microbubble cavitation, each of which exhibited unique behavior at certain acoustic conditions.
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We covered a more comprehensive range and number of parameters than previously studied. At
the lowest PNP (0.8 MPa) there was no inertial cavitation dose measured (Figure 2.8(a)). At the
PNP of 1.5 MPa is where we first measured a significant increase in ICD, which we can define as
the detectable inertial cavitation threshold in our phantom model (with our pressure steps) and in
agreement with other works performing threshold detection [50, 51]. While this PNP is greater
than the inertial cavitation threshold of Sonazoid microbubbles simply diluted in water [42], it has
previously been shown that entrapped microbubbles or those in the microcirculation require
greater acoustic amplitudes before exhibiting the same cavitation activity measured by the
elevation of broadband noise [44, 52]. The RMS value results (Figure 2.6(a)) also demonstrate
this inertial cavitation threshold, indicating that RMS could be used as a simpler/qualitative metric
for inertial cavitation (assuming a baseline value is known). ICD was found to be heavily
dependent on PRT and increases exponentially with decreasing PRT. The 5 ms PRT produced 4-
6X greater ICD than the 20 and 100 ms (Figure 2.8(b)). This is likely due to the diffusion time of
microbubbles of this size, which has previously been shown to be 10-100 ms depending on size
[53, 54]. By firing the ultrasound pulses faster than the diffusion time, gas from microbubbles is
still present and can continue to cavitate, effectively prolonging the cavitation time of the
ultrasound therapy. Interestingly, this diffusion time threshold is also evident in the RMS
amplitude results (Figure 2.6(b)), where the 5 ms RMS is the only example of sustained amplitude.
This microbubble behavior additionally may be a byproduct of the phantom environment, as Clark
et al. [44] observed, in a similar phantom model, as gas from larger cavitating microbubbles
(possibly due to coalescence) was unable to diffuse and generated hyperechoic regions in
fundamental ultrasound images. While this behavior did not result in sustained broadband energy
(Figure 2.7(b)) in our study, it could still be used as a simple detector of non-resonant microbubble
behavior. Finally, when the pulse length was varied, we observed that the shortest pulse length of
20 cycles had the lowest ICD magnitude (Figure 2.8(c)), as expected. While still significantly
greater than the zero level and generating broadband energy (Figure 2.7(c)), the short duration of
this pulse is the major limiting factor in the delivered cavitation dose. As this pulse duration
represents the condition available on all clinical scanners (as a pulsed wave Doppler mode), we
have shown that while it is possible to produce inertial cavitation at this condition, the treatment
effectiveness can be drastically increased by allowing for the conditions we have proposed and

evaluated in this work.
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The short duration of cavitation (1-3 pulses) due to rapid microbubble destruction and the
broadband energy maximized during the first transmitted pulse suggests that cavitation treatments
can be designed around firing a single pulse. From the results of ICD with variable pulse length
(Figure 2.8(c)) we found that cavitation dose linearly increases with pulses length, and ICD could
be further increased with a longer pulse. However, by increasing the pulse duration, we must then
consider the thermal effects at the treatment location. The Pennes bioheat equation [46] was used
to predict heat deposition in the gel phantom (accounting for water and gel phantom in beam path,
Figure 2.1(a)) without microbubbles during a continuous treatment at 1.67 MHz, 10 MPa PPP,
2.2 MPa PNP. At the treatment location (64 mm), we calculated a temperature elevation of 0.023
°C per ms of exposure and an increase of 1 °C occurs after 43 ms, or ~71,000 cycles. For this
specific probe and transmit conditions, a 43 ms pulse acts as the maximum setting for mechanical

effects if the hardware allowed for such a pulse.

The choice of our in vitro model, a tissue-mimicking phantom with suspended
microbubbles, may have impacted certain outcomes of our experiments but is still physiologically
relevant. The suspended in gel microbubble model was selected to mimic the microvascular
network (capillary bed) of a tumor during a bolus injection. At the capillary level, blood flow is
extremely slow and can be modelled as stationary for the PRTs considered here. As microbubble
cavitation therapy is highly dependent on microbubble concentration, and microbubbles are
rapidly destroyed by these high-pressure pulses, the optimal time to begin ultrasound treatment
would be during the peak intensity of a bolus injection where microbubble concentration is greatest
[1, 45]. The entrapment of microbubbles allows our model to study this peak intensity event with
long pulses at high amplitudes without acoustic streaming that would otherwise be present in a
fluid solution and eliminates timing considerations between microbubble delivery and treatment
start time. While our model lacks the ability for microbubbles to flow in and out of the target
region, our results have also shown that the timescale of complete microbubble destruction
(defined as the return of broadband energy to zero level, visualized in Figure 2.1(¢)) is on the
order of 100 ms for almost all acoustic conditions (Figure 2.6, Figure 2.7, Figure 2.8). These
findings agree with a recent in vivo study of microbubble cavitation therapy in a murine model
with similar treatment conditions to the ones we used here. Zhao et al. [3] found that most inertial
cavitation energy subsided after the first 3 transmitted pulses, and when evaluating the duration of

cavitation energy within a single 5 ms pulse (similar to our processing shown in Figure 2.9) inertial
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cavitation subsided after the first 100 us. Therefore, replenishment of the target area due to re-
perfusion of microbubbles is only a diminished, secondary effect of ultrasound cavitation therapy,
which is further exaggerated during bolus injections where reperfusion will always be with lower

microbubble concentrations [45, 55].

Another consideration of our in vitro model is its fabrication reproducibility. A total of 36
phantoms were needed for the study (3 trials per acoustic condition, 11 conditions, and 3 controls)
made as 3 different batches over 3 separate days, and while the phantom fabrication procedure was
always the same, there seemed to be small differences in microbubble concentration on each day.
This is evident in some small differences in terms of calculated ICD in Figure 2.8 across the 3
plots. For example, the 2.2 MPa point in (a) should be the same as the 20 ms point in (b) and 200
cycles point in (c), but they are not. These small differences are attributed to microbubble

concentration differences in the phantoms.

Another limitation of this study was the latent power threshold on the clinical scanner that
dictated what combination of acoustic conditions was possible to transmit. In practice, we found
that the upper limit of power delivery, PW, followed the relationship of PW « V2 x DC, where V
is the transmit voltage and DC is the duty cycle. Since duty cycle can be described as Ny, /(fc *
PRT) where N, is the pulse duration in cycles, and f; is the transmit frequency of the pulse, we
can redefine the power relationship in the context of this work as PW o« V2 % Neyc * PRT ! fora
fixed transmit frequency. As demonstrated in this work, there is still a wide range of parameter
combinations that can result in significant cavitation activity with a clinical system. However,
certain maximum settings (selected from the results of Figure 2.8), such as PNP=2.5 MPa, 1000
cycle pulse duration, and 5 ms PRT are not possible with the current hardware on the system and
were therefore not evaluated in this work. The upper (hardware) intensity limit of clinical scanners
is even more limiting in other therapeutic applications of ultrasound such as thermal ablation [44,
56]. At the present time it is not possible to perform heat-based treatments with the clinical scanner

we used in this study.

2.5 CONCLUSION

In this study we demonstrated that a clinical scanner, programmed to transmit long pulses

(up to 1000 cycles), at high acoustic pressures (up to 2.5 MPa PNP) and variable pulse repetition
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time (5-100 ms), can induce inertial cavitation in a tissue mimicking gel phantom with
microbubbles while still maintaining imaging capabilities and providing image guidance. We were
able to evaluate a comprehensive range of the important parameters (PNP, PRT and cycles) not
previously covered to this extent by utilizing a novel perfusion phantom. Passive cavitation
measurements were used to calculate the inertial cavitation dose (ICD) for all acoustic conditions
and we determined an inertial cavitation threshold of 1.5 MPa in our tissue phantom. We found
that ICD was maximized at 1000 cycles (maximum pulse length), 5 ms (fastest firing rate), and
2.5 MPa peak negative pressure (maximum pressure). The duration of inertial cavitation was
usually 3-5 transmit pulses occurring within the first 100 ms of treatment. Temporal analysis of
the first 1000 cycle pulse revealed that broadband energy is sustained for the entire pulse
suggesting that the microbubbles inertially cavitated for the entire pulse duration. We also
demonstrated that while inertial cavitation is possible with clinically available settings (~20 cycle
pulse), ICD can be significantly increased when using much longer pulses and smaller PRTs that
can still be programmed on a clinical scanner. We plan to use these acoustic conditions for image-

guided cavitation treatments in vivo next.
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CHAPTER 3. MICROBUBBLE INDUCED CAVITATION: IMPACT
ON TUMOR INTERSTITIAL FLUID PRESSURE AND
TRANSIENT PERFUSION LOSS?

Abstract

Most solid tumors exhibit abnormal vasculature that limits the effectiveness of anticancer
drugs. Ultrasound-mediated microbubble cavitation is an emerging therapeutic technique that can
induce localized vascular changes in the solid tumors and enhance drug delivery. However, the
relationship between microbubble cavitation activity and changes to tumor blood flow are not well
understood. In this work we utilized simultaneous passive cavitation detection (PCD) and contrast-
enhanced ultrasound imaging (CEUS) in tumor-bearing mice during cavitation therapy to provide
comprehensive information of both cavitation activity and its impact on tumor blood flow. The
outcomes of cavitation therapy were investigated in 2 studies: 1) treatment delivered by a modified
clinical scanner (long pulses, high pressures) to demonstrate clinical translation of cavitation
therapy, and 2) treatment delivered by a single element transducer for better control of cavitation
activity during treatments. CEUS images were acquired before, during, and after each treatment
and quantified to measure vascular changes. PCD confirmed accurate targeting by monitoring
microbubble activity during treatment and classified the type of cavitation activity. Pressure
catheter measurements confirmed a significant reduction in IFP resulting from cavitation
treatments. All ultrasound conditions induced transient tumor perfusion loss (TTPL) without
significant tissue damage or hemorrhage. The high-pressure treatments (> 2 MPa) caused more
TTPL in terms of its spatial extent and duration. PCD measurements showed that cavitation
activity rapidly diminished during the first few (1-20) treatment pulses. These results demonstrate
the complimentary information PCD and CEUS can provide for detecting TTPL and the feasibility

of tumor cavitation treatment with a clinical scanner.

2 Sections using cavitation treatment with a clinical scanner have appeared as part of: Krolak C., De Koninck LH.,
Gu S., Wang YN., Powers JE., Averkiou M. “Ultrasound cavitation therapy: inducing tumor drug delivery and
blood flow changes with clinical ultrasound tools” J. Control. Release (in review).
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3.1 INTRODUCTION

Cancer is a global healthcare burden, accounting for millions of deaths each year, with 85%
of cases classified as solid tumors [1]. Of particular interest is hepatocellular carcinoma (HCC) a
form of liver cancer that is increasing in prevalence around the world, attributed as the fourth
leading cause of cancer-related deaths [2]. Treatment of these tumors is often difficult, as surgical
resection is often not available for patients with advanced disease, with systemic treatments such
as chemotherapy being the only viable option [3]. Unfortunately, hypervascular solid tumors like
HCC also exhibit abnormal vasculature and elevated interstitial fluid pressure (IFP) that limits the
effectiveness of the majority of anticancer drugs [4, 5]. Therefore, there is a great need for
techniques to eliminate these barriers within solid tumors and enhance existing therapeutics.

Ultrasound- and microbubble-mediated cavitation is an emerging therapeutic technique
where acoustic pulses produce microbubble oscillations to noninvasively induce targeted
biological effects [6-8]. Microbubbles are also used as a contrast agent in contrast-enhanced
ultrasound (CEUS) and are clinically approved for cardiac [9] and hepatic [10-12] applications.
Under certain acoustic exposures different from those used in imaging, microbubbles may induce
localized cellular, vascular and tissue changes and thus act as a therapeutic agent [13]. Since
microbubbles are a blood pool agent and are supplied with an intravenous injection, cavitation
therapy enables targeted treatment of any vascularized structures, such as organs and tumors, and
has been studied in various animal cancer models [6, 8, 14]. For well-perfused solid tumors, such
as HCC, cavitation therapy can induce a tumor transient perfusion loss (TTPL) [6, 8]. It is
hypothesized that the immature neovessels which are prevalent in tumors [15] are more susceptible
to mechanical forces and thus damage from cavitation. This tumoral neovessel susceptibility
enables preferential targeting of tumor vasculature while avoiding damage to the surrounding
tissue [ 14, 16]. However, the heterogeneity of vascular patterns in HCCs [17] can limit the delivery
of microbubbles within the tumor and impact the effectiveness of cavitation treatments. As a result,
techniques such as CEUS that provide spatial information of microbubble delivery to tumors are
necessary for accurate targeting of cavitation therapy and monitoring TTPL. Additionally,
therapeutic outcomes of cavitation therapy such as reduced blood flow, blood brain barrier opening
[18], sonoporation [19, 20], and ablation via histotripsy [21], are all highly dependent on acoustic
parameters and the type of generated cavitation (stable versus inertial) [22, 23]. While certain

transmit parameters, such as acoustic pressure and pulse duration, are known to heavily influence
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cavitation activity, no robust treatment protocol yet exists for in-vivo cavitation therapy.
Monitoring microbubble behavior during treatment would reveal the relative magnitude and
duration of cavitation activity and could be used to optimize treatment protocols for maximizing
cavitation activity.

Passive cavitation detection (PCD) is a useful tool during cavitation therapy to characterize
cavitation activity. Typically, a focused transducer (single element or array), is set to passively
receive scattered signals from microbubbles insonified with a separate transducer [22, 24]. These
signals are then recorded, their frequency spectrum analyzed and evaluated for the presence of
sub- and ultraharmonics and/or elevation of broadband energy. Of relevance to this study is the
elevation of broadband energy, indicating the occurrence of inertial cavitation [22] where
microbubbles rapidly expand and collapse, driven by the inertia of the surrounding medium and
generating powerful localized effects such as shock waves [25], fluid jetting [26], and cellular
damage [27]. For most targeted cavitation therapies, simple PCD setups are sufficient for
quantifying cavitation activity with excellent temporal resolution. PCD measurements are
generally reported as the amplitude (or energy) of relevant frequency content per transmitted pulse,
describing the detected average cavitation activity during treatment [8, 24, 28-31]. Since
differences in transmit parameters (acoustic pressure, pulse length, pulse repetition time-PRT) can
impact cavitation activity [32], PCD measurements may also be used to calculate a cavitation dose
to describe the average cavitation activity of the entire treatment [24, 29-31]. Cavitation dose has
been correlated with erythrocyte hemolysis [24, 30] and endothelial cell damage [31] and may be
used as an indicator of vessel disruption in tumors treated with cavitation therapy [28]. While PCD
measurements can offer valuable insights into cavitation activity, this information can only be
collected during treatments, requiring additional monitoring techniques such as CEUS to fully
describe changes to the tumor microenvironment. Consequently, the combination of CEUS and
PCD monitoring during cavitation therapy offers the most complete measurement of changes to
tumor blood flow.

In this work we performed simultaneous PCD and CEUS measurements of tumor-bearing
mice during cavitation therapy to provide comprehensive information of both cavitation activity
and changes to tumor blood flow, specifically TTPL. The outcomes of cavitation therapy were
investigated in 2 studies: 1.) microbubble cavitation treatment delivered by a modified clinical

scanner (transmit long pulses, high pressures) to enable in the future clinical translation of
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cavitation therapy, and 2.) treatment delivered by a single element transducer for a short duration
(1 s) to provide more control of the parameters and improve understanding of cavitation activity
during treatments. A PCD system was used to measure the scattered signal from cavitation
treatments and confirm accurate targeting. Broadband energy of each signal was calculated to
describe cavitation activity within each scattered pulse. The ICD was calculated over the treatment
duration to compare cavitation activity during different acoustic conditions. CEUS was used to
guide the procedures and evaluate outcomes such as TTPL. Finally, pressure catheter
measurements were used to evaluate changes in tumor IFP resulting from cavitation treatments,

aiming to further understand cavitation induced changes of the tumor microenvironment.
3.2 MATERIAL AND METHODS

3.2.1 Tumor cell line and mouse model preparation

All animal protocols performed were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Washington, Seattle. This study used a human
hepatocellular carcinoma line (HCC), specially HEPG2 (American Type Culture Collection, HB-
8065), as a means of relating this work to previous and projected studies evaluating HCCs. Cells
were cultured at 37°C at 5% CO2, in Eagle’s Minimum Essential Medium supplemented with 10%
fetal bovine serum and 1% antibiotic/antimycotic.

In eight- to twelve-week-old athymic nude mice (Charles River Laboratories, Wilmington,
MA), 2 = 10% HEPG2 cells suspended in 50 uL of phosphate buffered saline mixed with 50 uL of
Matrigel was implanted in the hind flank with a 23G needle. Tumors were measured twice a week
with a GE LogicBook XP (General Electric HealthCare, Chicago, IL, USA), and animals were
recruited to the study once the maximum tumor diameter was between 8-10 mm, or an approximate

tumor volume of 80 mm? from an ellipsoidal estimation.

3.2.2 Microbubble contrast agent

SonoVue® microbubbles (Bracco Suisse SA, Geneva, Switzerland) were utilized in this
study due to its clinical approval for the characterization of focal liver lesions in the United States
and in several countries across Europe and Asia. Microbubble dosing of 50 uL per injection was
determined based upon previous work [6, 20] to provide adequate signal without inducing acoustic

shadowing, and this dosing scheme was employed for all microbubble injections. We note that this
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microbubble dose (approximately 2 mL/kg) is considerably greater than the clinical dose of
SonoVue in humans (approximately 0.03 mL/kg) [33] but still similar to what has been done in
previous similar studies. Bolus injections were selected over infusion to eliminate the added
complexity of infusions, navigate the small volumes allowed in small animals, and provide the

most concentrated bubble delivery.

3.2.3 Ultrasound parameters
3.2.3.1 Modified clinical scanner

Acoustic conditions suitable for cavitation treatments were implemented on a Philips EPIQ
scanner and S5-1 phased array (Philips Healthcare, Bothell, WA, USA). The treatment conditions
in this work are a modified version of the scanner settings previously described [34]. Briefly, we
modified the standard B-mode setting where instead of forming a sector scan with multiple lines,
the center line is repeatedly transmitted at a specified PRT. Pulses were programmed with a
frequency of 1.67 MHz (the lowest frequency that the S5-1 could efficiently transmit), duration of
1000 cycles, and PRT of 5-100 ms. Peak negative pressures in the range of 0.3-2.5 MPa could be
selected with the output knob. Two cavitation treatments were explored in this study: “moderate”
(1.6 MPa, 5 ms PRT) and “high” (2.2 MPa, 100 ms PRT) to be consistent with prior work
investigating ultrasound and microbubble cavitation treatments in vivo [28, 35-41]. We assumed
that frequent firing (lower PRT) is more beneficial in cavitation treatments. We also wanted to
evaluate 2 acoustic pressures. Thus, we chose the lowest possible PRT for those two pressures that
were possible to implement on the specific scanner and while considering its hardware limitations.
A deep azimuthal focus (z = 13 cm) was selected to create a large focal region 65 mm from the
probe, such that a majority of the tumor received the same acoustic pressure. High acoustic
pressures, greatest number of cycles, and shortest pulse repetition times were employed in this
study to maximize inertial cavitation dose based on its relationship with drug extravasation
distance [28] and to explore cavitation-induced mechanical changes such as reduction of tumor
IFP, which have primarily been observed at acoustic pressures at or above 1 MPa [42, 43]. Bioheat
simulations (without microbubbles) estimated only a 0.35°C and 0.07°C temperature rise in the
moderate and high cavitation treatment conditions, respectively, suggesting the absence of any

thermal effects of these treatments.

47



(a) o Mod,
Azimuthal — 1.6 =
(x) B <
= 08 =
s51 |8 o
Axial (z) E 05 2
. (/2]
= )
_— 3 a

10
20 30 40 50 60 70 80 90 100 110 120
Axial (mm)

Elevation Mod.
(b) 10 1.6 —
Elevation E n“f
() ES 08 =
5 0 e
& 7
Axial (z) E 5 0.5 g

w o

10

20 30 40 50 60 70 80 90 100 110 120
Axial (mm)

Figure 3.1: Simulations for treatment beamforming from the S5-1 phased array.

(a) The 2-D azimuthal beam field with a representative 8§ mm diameter tumor at 65 mm from the
probe. Theoretical peak negative pressures for the high and moderate cavitation treatment
condition are listed. (b) The 2-D elevation beam field with a representative § mm diameter tumor

at 65 mm from the probe. Theoretical peak negative pressures for the high and moderate cavitation
treatment condition are listed.

Simulated acoustic fields for the azimuthal and elevation planes of the S5-1 with a
representative tumor are shown in Figure 3.1. The field simulations are based on the angular
spectrum method of the Fresnel diffraction approximation with 2D Fast Fourier Transforms.
3.2.3.2 Single element transducer

A focused, single element transducer (1.19 MHz, 4.7 cm dia., 5.1 cm focal length) driven
by an RF amplifier (2200L, Electronics and Innovation, Rochester, NY, USA) was selected to
generate all required conditions in the second in-depth study of TTPL. Transmit pulses were
programmed on an arbitrary function generator (AFG3102C, Tektronix, Beaverton, OR, USA)
with 1000 cycles at 1.19 MHz and a pulse repetition time (PRT) of 10 ms. Three acoustic pressures,
1.2, 2.5, and 4.0 MPa (peak negative), were explored in this study, consistent with prior work
investigating ultrasound and microbubble cavitation treatments in vivo [28, 35-41]. The simulated
acoustic field of the axial plane of the focused transducer with a representative tumor (red circle,
8 mm diameter) is shown in Figure 3.2. The field simulation is a numerical solution of the

Rayleigh integral for a circular piston transmitting through water (linear field). The maximum
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pressure is generated at 50 mm axially from the transducer; however, we selected an axial distance
of 55 mm as the treatment location to increase the 6-dB spot size (length = 13 mm, width = 2 mm)
with minimal loss in delivered peak acoustic pressure. The white, dashed oval represents the cross-
section of the detection area of the PCD transducer, defined as the 6-dB spot size of the transducer
(length = 20 mm, width = 1 mm, volume = 80 mm?). The PCD detection area is also centered at
55 mm and angled at 45° relative to the orientation of focused transducer, consistent with the
experimental setup in Figure 3.3. Due to the small overlap between the 6-dB spot sizes of the
focused transducer and the PCD transducer, microbubble cavitation activity reported in this work

is specific to the tumor.

Pressure (MPa)
igh| Mod.| Low
4.0 25 | 1.2

3.0 1.9 | 09
2.0 1.3 |1 0.6

1.0 06 | 0.3

Transverse distance (mm)
'

20 30 40 50 60 70
Axial distance (mm)

Figure 3.2: Simulation of the focused transducer acoustic pressure field in the axial plane.

Theoretical peak negative pressures for the high (4.0 MPa), moderate (2.5 MPa), and low (1.2
MPa) cavitation treatment conditions are listed. The red circle represents an 8§ mm diameter tumor
centered 55 mm axially from the transducer. The white dashed oval represents the cross-section
of the passive cavitation detection 6 dB spot size (length = 20 mm, width = 1 mm), centered 55
mm axially from focused transducer and at a 45° angle consistent with the transducer
configuration in the experimental setup.

3.2.4 Experimental setup and alignment

To simultaneously treat and monitor mice, a heated (37°C), degassed water tank setup was
developed where transducers and animals could be submerged and co-aligned. A schematic of the
setup is depicted in Figure 3.3. Cavitation treatments were delivered with either a focused, single
element transducer or a Philips ultrasound probe (EPIQ, S5-1). A 5 MHz single element transducer
(C308, 5 MHz, 1.9 cm diameter, 5.1 cm focal length; Evident Scientific, Waltham, MA) was used
to perform passive cavitation detection (PCD) and evaluate cavitation in vivo. A clinical imaging

probe (L12-5) connected to a clinical scanner (1U22, Philips Healthcare, Bothell, WA) was also
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Figure 3.3: Schematic of heated water tank experimental setup.

(a) A top-down view, illustrating the co-alignment of the treatment, imaging, and passive
cavitation detecting probes. The red dot represents the subcutaneous tumor on the mouse. A black
dot within the tumor indicates the location of the wire used to align the probes before the mouse
was place with the center of the tumor in the same location. (b) A side view of the setup, illustrating
the partial submersion of the mouse, and the alignment of the treatment device to the exact depth
of the tumor.

used for small animal imaging. To align to the tumor, the imaging probe, PCD, and treatment
transducers (S5-1 or single element) were co-aligned to the same 3-D position using a thin vertical
wire target. First, the PCD transducer was aligned 5.1 cm (geometric focus) from the wire using a
pulse-echo technique. The PCD transducer was then used as a receiver to align the treatment
transducer, either 6.5 cm (S5-1) or 5.5 cm (single element) from the wire, and L12-5 probe 2 cm
from the wire, respectively, and to the same vertical position as the PCD transducer. The position
of the wire on the L12-5 image was recorded, after which the wire target was removed from the
water tank. Mice were then anesthetized under 1.5-2% isoflurane and prepared with a 30G needle
tail vein catheter. The mice were secured to a custom restraining board before being partially
submerged in the water tank and positioned such that the center of the tumor coincided with the

wire position on the L12-5 image.

3.2.5 Treatment protocol delivered with clinical scanner for the IFP and general TTPL study

For treatments with the S5-1, three groups of 8 mice (4 male, 4 female, total n = 24) were

randomly divided into one of the following conditions: control, moderate cavitation, and high
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Figure 3.4: Experimental protocol for treatments with clinical scanner.

MB = microbubble, US = ultrasound, CEUS = contrast-enhanced ultrasound, Tx = treatment,
PCD = passive cavitation detection.

cavitation. An overview of the experimental timeline is shown in Figure 3.4. A 50 uL bolus of
microbubbles was delivered before cavitation treatments while the tumor was continuously
scanned with CEUS (amplitude modulation, 4.1 MHz, mechanical index = 0.06) to establish
baseline tumor vascularity, titled “pre-Tx”. A time-intensity curve, illustrated in Figure 3.5, was
formed from a freeform polygon region of interest of the tumor to determine when peak
microbubble concentration within it had occurred. Treatments were performed for a total of 30
seconds at the determined peak of the bolus, in alternating 5 second “on” and “off” periods, and
repeated for a total of 4 treatments in each tumor. The rationale for the 5 second “on” duration is
to ensure all microbubbles within the tumor are insonified long enough and destroyed. Complete
microbubble destruction potentially occurs within 100 milliseconds but we selected 5 seconds to
be overly conservative. The rationale for the 5 second “off” period is to allow time for surrounding
circulating microbubbles to re-perfuse the tumor and be insonified based on our prior knowledge
of the rise time of TICs from murine tumors being approximately 5 seconds. A 50 puL bolus of
microbubbles was also delivered after the cavitation treatments while CEUS was performed to
evaluate the immediate tumor blood flow changes resulting from the treatment, titled “post-
treatment”. For a subset of mice (4 moderate, 4 high, total n = 8), PCD measurements were

recorded using an oscilloscope (DPO 7054C Tektronix, Beaverton, OR, USA) with a segmented
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Figure 3.5: Example time-intensity curve of bolus injection in mice before cavitation treatment.

The data points come from a CEUS image loop collected before treatment, performed to determine
microbubble timing.

memory technique (“Fast Frame”). An external trigger from the EPIQ scanner triggered the
oscilloscope to capture the scattered sound from all pulses within the first second of each treatment,
sampled at 100 MS/s. Before injecting microbubbles, PCD was recorded in each animal to

establish a baseline signal.

3.2.6 Treatment protocol delivered with single element transducer for the in-depth study of
TTPL

For treatments with the single element transducer, a set of 15 mice were randomly divided
into 3 treatment groups (N = 5): 1.2 MPa, 2.5 MPa, and 4 MPa peak negative acoustic pressure.
An overview of the experimental timeline is shown in Figure 3.6. Similar to the S5-1 treatment
protocol, a 50 uL bolus of microbubbles was delivered before cavitation treatments while the
tumor was continuously scanned with CEUS to generate a time-intensity curve and determine the
time of peak image intensity in the tumor (Figure 3.5). A single 1 s treatment was then performed,
where ultrasound pulses were transmitted at the PRT (10 ms) for a total of 1 second at the
predetermined peak of the bolus. CEUS was performed at 5 time points after treatments, titled
“post-Tx” to evaluate immediate tumor blood flow changes (1 min, immediately after) and time-
dependent vascular changes (5, 15, 30, and 60 min after treatment), with a separate 50 pL bolus
injection of microbubbles per CEUS evaluation. Scattered pulses received by the PCD transducer

were recorded using an oscilloscope (DPO 7054C Tektronix Beaverton, OR, USA) with a
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Figure 3.6: Experimental protocol for treatments with single element transducer.

CEUS = contrast-enhanced ultrasound, Tx = treatment, PCD = passive cavitation detection, p_=
peak negative pressure, PRT = pulse repetition time.

segmented memory technique (“FastFrame”) as described in our previous work [32]. An external
trigger from the arbitrary function generation triggered the oscilloscope to capture the scattered
sound from the first 50 transmitted pulses (0.5 s treatment time), sampled at 200 MS/s. After each
experiment, the data were exported from the oscilloscope for postprocessing using a custom

MATLAB (MathWorks) script.

3.2.7 Interstitial fluid pressure measurements

After cavitation treatments with the S5-1 (Figure 3.4), mice were removed from the water
tank and 30 minutes after the last treatment, tumor IFP was measured. A pressure catheter (SPR-
671, ADInstruments Inc., Colorado Springs, CO, USA) was threaded through a thin-walled 19G
needle and soaked in deionized water for 30 min before calibrating the baseline zero to be equal
to atmospheric pressure (sensor held just below water surface). The catheter is then retracted into
the needle and inserted into the center of the tumor with the help of ultrasound imaging. The needle
was then removed from the tumor and the catheter measured the pressure for 30 seconds before

being removed.
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3.2.8 Passive cavitation analysis

Processing of received scattered signals during cavitation treatments was performed similar
to the technique presented in our previous work [32]. Briefly, each waveform is first truncated to
its respective original pulse length with a rectangular window and the rms of the truncated window
is calculated. The average value of the waveform is then removed (small offset of zero value of
the oscilloscope), and the one-sided power spectrum (scaled by 2 divided by the number of samples
squared) is taken of each truncated waveform. For each spectrum, broadband energy was collected
between the third harmonic (to limit influence of transmitted pulse) and 10 MHz (roughly the
upper limit of the receiver bandwidth). Within this range, frequency bands centered on each
harmonic and ultraharmonic with a bandwidth of 0.3 MHz were excluded, while the remaining
bands were summed resulting in the broadband energy per pulse. This process was repeated for all
pulses. The inertial cavitation dose (ICD) was calculated as the summation over the treatment

duration of the product of the broadband energy per pulse with the pulse duration.

3.2.9 CEUS quantification

To quantitatively determine changes in perfusion loss within the tumor resulting from the
cavitation treatment, we used a perfusion quantification algorithm titled “Maximum Intensity
Projection Time Area Curve” analysis (MIP-TAC)?. Briefly Pre- and post-Tx CEUS loops were
extracted from the ultrasound scanner, processed with Philips QLAB’s super-resolution technique
which performs maximum intensity projection in combination with advanced motion
compensation techniques and proprietary image processing that leads to higher spatial resolution
[44], and then fed into a custom MATLAB algorithm. This algorithm calculated the percentage of
the tumor area with microbubble signal (or perfused regions of the tumor) for all frames and
generates MIP-TAC curves. To derive these curves, all pixels within the tumor ROI with signal
above baseline noise, established by the average non-zero signal within the tumor ROI prior to
contrast arrival, in each processed CEUS image were considered to be perfused, and the percentage
of pixels in the ROI which satisfied this condition were calculated for each frame of the loop. The
transient tumor perfusion loss, evaluated as the difference in MIP-TAC values 15 seconds after

contrast arrival (pre-Tx minus post-Tx), was then calculated for all mice and for each of the 5 post-

3 MIP-TAC analysis was developed by Connor Krolak, presented in greater detail in: Krolak C., De Koninck LH.,
Gu S., Wang YN., Powers JE., Averkiou M. “Ultrasound cavitation therapy: inducing tumor drug delivery and
blood flow changes with clinical ultrasound tools” J. Control. Release (in review).

54



Tx CEUS scans during single element transducer treatments (Figure 3.6). The 15 second timepoint
was selected as it is the approximate one-pass circulation time of blood in a mouse [45] to mitigate
potential confounding of these metrics from differences in recirculating bubbles across mice, and
to minimize smearing of contrast signal from maximum intensity projection over time due to

respiratory motion.

3.2.10 Statistical analysis

For cavitation treatments delivered with the S5-1, a two-sided Welch’s t-test was used to
evaluate statistical differences between the resulting tumor perfusion loss from the moderate and
high cavitation treatment groups. A repeated measures ANOVA was utilized to identify
statistically significant differences in tumor perfusion loss during treatment between the moderate
and high cavitation groups. A Kruskal-Wallis with Dunn’s post-hoc test was used for interstitial

fluid pressure measurements. For all analysis, the significance levels were set to 0.05.
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3.3 RESULTS

3.3.1 Cavitation activity versus TTPL during repeated treatments with a clinical scanner
3.3.1.1 Quantification of TTPL from CEUS

Figure 3.7 depicts tumoral perfusion loss throughout the treatment regime following
treatment with the clinical scanner. In the moderate cavitation treatment (Figure 3.7(a)), tumor
vascularity persisted throughout all four treatments, with a gradual decrease observed in the center
of the tumor. For the high cavitation treatment (Figure 3.7(b)), nearly complete tumor perfusion
loss was observed after the first cavitation treatment, and persisted throughout the following three
treatments. Tumor perfusion loss throughout treatment in the high cavitation and moderate
cavitation groups was quantified in Figure 3.8. MIP-TAC perfused area was calculated for each
treatment injection at the time of the peak of the bolus, as determined by the pre-treatment
injection. These percentages were then subtracted from the pre-treatment value and averaged by
group to generate the curves shown in Figure 3.8. Significant reduction of tumor blood volume
was observed after the first treatment in the high cavitation condition and sustained for the
remaining treatments as compared to the moderate cavitation condition (p =0.002, repeated

measures ANOVA).

(a)

Moderate Cavitation Treatment (1.6 MPa)

B-mode Pre-treatment Treatment 1 Treatment 2 Treatment 3 Treatment 4

(b)
High Cavitation Treatment (2.2 MPa)

B-mode Pre-treatment Treatment 1 Treatment 2 Treatment 3 Treatment 4

¥

ey ot L e RSN oy o=y ! s i

Figure 3.7: B-mode and contrast images during cavitation treatments.

Contrast-enhanced ultrasound (CEUS) images during treatment for the (a) moderate cavitation
and (b) high cavitation group.
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Figure 3.8: Quantitative tumor perfusion loss across treatment injections.

Average and standard deviation values exhibit the significant reduction in tumor blood volume in
the high condition as opposed to the moderate condition (2-way repeated measures ANOVA, p =
0.002, 95% confidence interval of mean differences: [21.98, 53.71], Cohen’s d effect size: 1.71, n
= 7 per group). **p < 0.01.

3.3.1.2 Evaluation of cavitation activity

Figure 3.9 shows the cavitation activity measured by PCD during treatments delivered
with the clinical scanner. Figure 3.9(a) is an example spectrum of the first transmitted pulse of a
high cavitation treatment where elevation of broadband energy is observed. The average (n = 4)
broadband energy of the first 5 pulses during the high cavitation treatments is shown in Figure
3.9(b). Only the first few pulses generated broadband energy significantly greater than the zero
level (baseline, no microbubbles), and by the third pulse broadband energy had returned to the zero
level. The cavitation activity of the first pulse is further analyzed in Figure 3.9(c), which shows
the average (n = 3) broadband energy of the first pulse of treatments 1 and 4 (see Figure 3.4) for
both the moderate and high cavitation conditions. In treatment 1, both moderate and high
conditions generate elevated broadband energy above baseline, indicating cavitation treatments

produced spectral components consistent with what is often referred to as inertial cavitation as we
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Figure 3.9: PCD measurements during cavitation treatments with clinical scanner.

(A) An example frequency spectrum of microbubble cavitation from passive cavitation detection.
(B) Mean and standard deviation of average broadband energy in the first 5 treatment pulses for
a subset of mice in the high cavitation treatment condition (n = 4). (C) Mean and standard
deviation of average broadband energy for the first treatment pulse of injection 1 and 4 for both
cavitation treatment groups (n = 3 per group).

intended when selecting these conditions. The high cavitation condition produced an average
broadband energy level 3.4 times greater than the broadband energy from the moderate condition.
By treatment 4 the broadband energy is reduced, with the moderate condition reduced by an
average of 1.6 times, and the high condition reduced by an average of 2.5 times. This is likely due
to the reduced number of scatterers in the tumor center (see Figure 3.7), indicating PCD is also
sensitive to blood flow disruption. However, PCD measurements may be sensitive to scattered
signal from the tumor periphery, since broadband energy is still elevated in the high cavitation

condition despite no microbubbles being present in the tumor center.

3.3.2  Cavitation activity versus time evolution of TTPL with a single element focused
transducer
3.3.2.1 Quantification of TTPL from CEUS
Figure 3.10 shows representative super-resolution processed CEUS images recorded
before cavitation treatments (pre-Tx) and during 0 to 60 minutes following cavitation (post-Tx)
treatments. Before treatment (pre-Tx), all tumors (green outline) are well perfused. Immediately
after treatment with 1.2 MPa (post-Tx, 1 min), a minor and heterogenous reduction in blood flow
was observed. Five minutes after the 1.2 MPa treatment, blood flow appears to return to pre-Tx
levels and slightly reduces at each subsequent CEUS scans. Immediately after the 2.5 MPa
treatment (post-Tx, 1 min), tumors exhibit significant perfusion loss in the tumor center, with some
blood flow maintain in the tumor periphery. Partial recovery of blood flow is observed on

subsequent CEUS scans, but tumors cannot recover to pre-Tx appearance by 60 minutes post-Tx.
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Figure 3.10: CEUS qualitative tumor vascular changes in response to single element cavitation
treatments.

Representative maximum intensity projection-processed contrast-enhanced ultrasound images
before (pre-Tx) and after (post-Tx) each cavitation treatment. Each tumor was evaluated at 5 time
points after treatment (1, 5-, 15-, 30-, and 60-minutes post-Tx). Green circle in pre-Tx outlines the
tumor region and represents the region of interest used during image quantification.

Immediately after treatment with 4.0 MPa (post-Tx, 1 min), cessation of blood flow in a large area
of the tumor and the tumor periphery is observed. CEUS scans 5 minutes after treatment show
recovery of blood flow in the tumor periphery and like the 2.5 MPa treatments a partial recovery
of blood flow in some areas of the tumor.

To further investigate the changes to tumor perfusion following cavitation treatments,
Figure 3.11 shows the average change in perfused area calculated from each post-Tx CEUS scan.
Before treatment (0 min), tumors exhibit 100% perfused area, in agreement with the pre-Tx images
in Figure 3.10. After treatment with 1.2 MPa, perfused area is initially reduced by 40% (1 min)
but fully recovers to 100% perfused area as soon as 5 minutes after treatment. A significant
reduction in perfused areas is observed immediately after treatments with 2.5 MPa, exhibiting an
average reduction of 80% of the perfused area. Five minutes after 2.5 MPa treatments, tumors
recover to 70% perfused area which is then maintained for the remainder of the observation time
(60 minutes). Tumors treated with 4.0 MPa also show a significant reduction in blood flow

immediately after treatment (1 min), exhibiting a 98% average reduction in perfused area. We note
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Figure 3.11: CEUS quantitative tumor vascular changes in response to cavitation treatments with
single element transducer.

Average change in perfused area of tumors quantified from post-Tx CEUS and monitored up to
60 minutes following cavitation treatments. Shaded regions represent standard error of each
cavitation treatment.

that 4.0 MPa shows a greater reduction of perfused area due to the inclusion of part of the tumor
periphery in the region of interest. At 5 minutes post-Tx with 4.0 MPa, perfused area again
recovers to 70%, however, from 15-60 minutes post-Tx perfused area gradually reduces to 60%
perfused area at 60 minutes. The changes to perfused area reflect the qualitative observations
(Figure 3.10) and the unique reduction of perfused area from 15-60 minutes following treatments
with 4.0 MPa indicates a difference in tumor response between 2.5 and 4.0 MPa despite similar
reductions in perfused area immediately after treatment.
3.3.2.2 Evaluation of cavitation activity

Figure 3.12 shows the cavitation activity (rms) measured by PCD during treatments
delivered with the single element focused transducer. Every point in the figure represents one
scattered pulse. The different curves show different focal peak negative pressures (1.2, 2.5, and
4.0 MPa). Figure 3.12(a) shows the average rms value of baseline signal (without microbubbles)
of each pulse as a function of pulse number up to 50 pulses. During low (1.2 MPa) and moderate
(2.5 MPa) acoustic pressures, the rms value is constant for all 50 pulses, and slightly increases in
magnitude with increasing acoustic pressure. During the high acoustic pressure (4.0 MPa), rms is
no longer constant, increasing from pulses 5-7 to a rms value much greater (3.75 times) than rms

during 2.5 MPa. The substantial increase in rms at 4.0 MPa is likely due to cavitation in the water
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tank (despite degassing) that was observed with CEUS and may have impacted PCD measurements
of the 4.0 MPa treatments.

Figure 3.12(b) shows the average net rms value (after subtracting the rms baseline signal)
of each pulse as a function of pulse number up to 50 pulses. At the lowest acoustic pressure (1.2
MPa), the rms stays constant and near a value of zero (baseline). During the moderate acoustic
pressure (2.5 MPa), rms is elevated above zero level at the start of treatment, gradually reducing
to zero level by the 20" pulse. However, the highest acoustic pressure (4.0 MPa) exhibits markedly
greater rms values (3 times greater than rms during 2.5 MPa) that is sustained for all 50 pulses.
Similar to Figure 3.12(a), the unique rms behavior during 4.0 MPa (high magnitude, sustained

activity) is most likely evidence of off-target cavitation in the water tank being detected by the

PCD system.
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Figure 3.12: Average rms of scattered pulses during treatments with single element transducer as
a function of pulse number.

(a) Average baseline rms (no microbubbles) during 1.2, 2.5, and 4.0 MPa treatments. (b) Average
net rms (subtract baseline rms from treatment rms) during 1.2, 2.5, and 4.0 MPa treatments. Error
bars indicate one standard deviation.

Figure 3.13 is similar to Figure 3.12 with the exception that the y-axis is the broadband
energy instead of the rms value of the scattered pulse. Figure 3.13(a) shows the broadband energy
of baseline signal exhibits similar trends to the rms values per pulse (Figure 3.12), where
broadband energy is constant during 1.2 and 2.5 MPa treatments and significantly increased in
magnitude during 4.0 MPa. Figure 3.13(b) shows the average net broadband energy (minus the
baseline value) of each scattered pulse as a function of pulse number up to 50 pulses. At the lowest
acoustic pressure of 1.2 MPa, broadband energy is elevated above the zero level (baseline) for the

first 2 pulses. Increasing the acoustic pressure to 2.5 MPa resulted in elevation of broadband energy
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Figure 3.13: Average broadband energy of scattered pulses during treatments with single element
transducer as a function of pulse number.

(a) Average broadband energy of baseline signal (no microbubbles) during 1.2, 2.5, and 4.0 MPa
treatments. Magnitudes are displayed on logarithmic scale. (b) Average net broadband energy
(subtract baseline broadband energy from treatment broadband energy) during 1.2, 2.5, and 4.0
MPa treatments. Error bars indicate one standard deviation.

at the start of treatment and was maximized during the 3™ transmitted pulse. Broadband energy
gradually decreases over the subsequent pulses, achieving a steady state around the 20™ transmitted
pulse, which agrees with the similar rate of reduction of the rms value observed in Figure 3.12(b).
Broadband energy remains slightly elevated above zero level from pulses 20-50, possibly due to
detection of microbubble cavitation in the tumor periphery which is not disrupted after 2.5 MPa
treatments (see Figure 3.10). As acoustic pressure increases to 4 MPa, similar broadband energy
is detected as the 2.5 MPa treatment, most likely due to off-target cavitation in the water tank
preventing accurate PCD monitoring of 4.0 MPa treatment. We note that magnitude of broadband
energy during 4.0 MPa with microbubbles (average maximum of 11 = 10~* VV?) is at least an order
magnitude greater than baseline (average of 2 * 10> VV?), indicating some microbubble cavitation
in the tumor may still be detected. However, due to the lack of spatial information with our PCD
system we are unable to separate the cavitation signatures of microbubbles in the tumor from off-
target cavitation in the water tank.

The ICD of the first 50 transmitted pulses for each 1 s cavitation treatment is shown in
Figure 3.14. The ICD during 1.2 MPa treatments was the lowest due to the relatively low
broadband energy generated, and only being sustained for 2 pulses [see Figure 3.13(b)]. During
2.5 MPa, ICD is significantly increased (33 times greater than ICD at 1.2 MPa) due to the relatively
high magnitude of broadband energy being sustained up to 20 pulses. The ICD was the same for
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Figure 3.14: Average inertial cavitation dose (ICD) of each cavitation treatment over a 1 s
duration.

Error bars indicate standard error, and baseline signal was subtracted before averaging.

the 2.5 and 4.0 MPa treatments due to similar detected broadband energy both in terms of
magnitude and sustained activity over several pulses. The increase in ICD with acoustic pressure
also agrees with the enhanced reduction of tumor perfusion with increasing acoustic pressure

observed with CEUS immediately after treatment (see post-Tx 1 min, Figure 3.10).

3.3.3 Interstitial fluid pressure measurements

Figure 3.15 shows average IFP measurements by treatment condition during cavitation
therapy with the clinical scanner. There was a significant reduction (p = 0.001 and p = 0.015 for
the moderate condition and high condition respectively) in IFP in both ultrasound cavitation
conditions relative to the controls, despite all IFPs measured being very low, <10 mmHg.
However, despite the vascular differences between the ultrasound treatment conditions, no

significant differences in IFP were recorded between the moderate and high conditions.
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Figure 3.15: Average and standard deviation of interstitial fluid pressure measurements by
treatment condition.

A significant decrease in interstitial fluid pressure was observed in both the moderate (p = 0.001)
and high (p = 0.015) cavitation treatment groups relative to the control group (Kruskal-Wallis
with Dunn’s post-hoc, ranked € effect size: 0.57, n = 7 per group). *p < 0.05, **p < 0.01.

3.4 DISCUSSION

In this study we delivered ultrasound cavitation treatments with clinically approved
microbubbles and either a modified clinical scanner or a single element 1 MHz focused transducer
to evaluate the effect of acoustic pressure on tumor transient perfusion loss and interstitial fluid
pressure. PCD confirmed accurate targeting by monitoring microbubble activity during treatments.
CEUS was used to evaluate qualitative and quantitative tumor perfusion outcomes. We
investigated ultrasound pulses that cause inertial cavitation in vivo and observed transient tumor
perfusion loss--TTPL. Pressure catheter measurements confirmed a significant reduction in IFP
resulting from cavitation treatments. CEUS evaluation showed that all cavitation treatments
resulted in reduction in tumor blood flow immediately after treatment that increased in severity
with acoustic pressure. PCD measurements showed that cavitation activity rapidly diminished
during the first few (1-20) treatment pulses. Cavitation activity measured during treatment agreed
with TTPL observed immediately after treatment, indicating PCD may be used to predict TTPL

severity.

3.4.1 Microbubble cavitation-induced transient tumor perfusion loss

Through inclusion of two ultrasound cavitation treatment protocols, we were able to

initially investigate the relationship between these tumor blood flow disruption events and acoustic

64



parameters. Importantly, this study uniquely incorporates CEUS imaging during treatment,
allowing for the evaluation of microbubble presence during and between treatments, enabling
future optimization of cavitation treatments. We observed how the extent of tumor perfusion loss
scaled with acoustic pressure, as suggested in previous similar works [8, 28, 37, 46], and our
comparison of cavitation therapy with single or repeated treatments paired with PCD
measurements of cavitation activity offers new insights on optimizing cavitation treatment
protocols for inducing TTPL. We observed that all ultrasound conditions, regardless of the
protocol, induced TTPL that increased in severity with acoustic pressure. At the start of each
treatment, PCD measurements also detected elevation of broadband energy [see Figure 3.9(b) and
Figure 3.13(b)] indicating the occurrence of inertial cavitation [22]. While inertial cavitation of
microbubbles may generate both localized mechanical forces [25-27] and enhanced heat
deposition [47], our selection of acoustic parameters (low intensity) and brief treatment durations
(1 s or 5 s of continuous sonication) promotes the mechanical effects of microbubble cavitation.
Therefore, the presence of inertial cavitation indicates TTPL likely resulted from the mechanical
forces of cavitating microbubbles. However, exact changes to tumor vasculature depended on the
acoustic conditions and microbubble delivery specific to each treatment protocol.

During cavitation therapy delivered with the clinical scanner, we performed four
consecutive cavitation treatments with alternating five second “on” and “off” periods with
simultaneous PCD and CEUS to provide feedback about our treatment regime. The purpose of the
five second off periods was to allow for residual microbubbles to recirculate into the tumor, to then
cavitate to further treatment efficacy. However, we observed through both CEUS and PCD that
very few microbubbles re-entered the tumor after the first five-second treatment, and that nearly
all the effect of the cavitation treatment occurred during the first sonication period (Figure 3.16).
Insonifying the tumor for 60 seconds with the 5 second on/off scheme was a conservative approach

to leverage recirculating microbubbles, but the limited number of residual microbubbles in this
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small animal model after the first exposure was confirmed by both PCD and CEUS. Based on our
readouts from PCD and CEUS, a more optimal treatment protocol could utilize a much shorter
“on” period with no repeated firings, such as a single 1 second exposure. Additionally, the four
repeated injections were intended to each induce the same biological effect for increased drug
penetration, compounding upon one another to allow for greater treatment efficacy. However, as
depicted in Figure 3.7 and Figure 3.8, the high cavitation treatment (2.2 MPa) caused a nearly
complete cessation of flow within the tumor immediately after the first treatment. Meanwhile the
moderate cavitation treatment (1.6 MPa) gradually decreased tumor perfusion, particularly in the
center of the tumor. These results suggest that the efficacy of repeated cavitation treatments is
diminished when significant blood flow disruption occurs. Despite its limited influence in this
study, the relevance of recirculating microbubbles would likely be more significant in humans.
However, increasing the time between cavitation treatments may allow for recovery of tumor
perfusion, which we further investigated during our treatments with the single element transducer.

During cavitation therapy delivered with a focused, single element transducer we

investigated performing cavitation therapy as a single, 1 s treatment and CEUS monitored the time
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Figure 3.16: CEUS and PCD measurements during the first cavitation treatment with S5-1.

CEUS images recorded during a single microbubble injection immediately before each 5 s “ON”
period of (a) the moderate cavitation treatment (1.6 MPa) or (b) the high cavitation treatment (2.2
MPa). (c) Mean and standard deviation of average broadband energy of the first transmitted pulse
of the first 35 s “ON” treatment periods during high and moderate cavitation treatments (n = 3).
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evolution of TTPL up to 60 minutes after each treatment. Despite the short treatment duration (1
s), significant disruption of tumor blood flow was still observed immediately after cavitation
treatments (post Tx, 1 min, Figure 3.10) with partial disruption of tumor perfusion at low acoustic
pressure (1.2 MPa) and near-complete cessation of flow at higher acoustic pressures (2.5, 4.0
MPa). PCD measurements were also sensitive to tumor perfusion changes, where ICD increased
from 1.2 MPa to 2.5 MPa [see Figure 3.14] corresponding with enhanced reduction of tumor
perfusion from 1.2 to 2.5 MPa (Figure 3.11). The significant reduction of tumor perfusion and
cavitation activity generated with the single, 1 s treatment protocol supports our initial conclusion
that effective cavitation treatments may still be delivered with short treatment durations.
Monitoring TTPL after the 1 s cavitation treatments also revealed that the majority of tumor
perfusion (> 50% perfused area) recovered 5 minutes after treatment (Figure 3.10) at all acoustic
pressures. While the recovery of tumor vasculature following cavitation therapy has been reported
in previous similar studies using CEUS [14, 40, 48], this is typically reported on larger time scales
(hours, days). Our measurements of TTPL within the first hour after cavitation treatments indicate
that delaying subsequent cavitation treatments by at least 5 minutes in this tumor model can
increase the efficacy of treatments and may be used to further enhance systemic drug delivery.
These tumor blood flow disruption events could be utilized synergistically with other
treatment techniques beyond drug extravasation. One such application is thermal ablation where
perfusion within a lesion acts a heat-sink effect, extending the required treatment time and efficacy.
Another is with immune-based therapies, where sensitization of the immune system has been
initially explored in relation to ultrasound cavitation treatments [35, 39, 49, 50], and could assist
in overcoming the immune-silencing properties of these solid tumors. A greater understanding of
how the blood flow disruption events explored in this study influence tumor progression has yet

to be studied but will be addressed in future work.

3.4.2  Microbubble cavitation impacts tumor interstitial fluid pressure

Highly arterialized tumors like HCC experience enhanced permeability and retention
which increases interstitial fluid pressure, generating a pressure gradient that limits drug
penetration within the tumor [51]. As demonstrated in Figure 3.15, we observed a significant
reduction in IFP with both cavitation treatments (albeit these are small pressures), indicating that
these conditions are able to mechanically alter the tumor microenvironment and relieve this

pressure gradient. The relationship between the reduction in tumor IFP and cavitation treatments
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is still not well understood and has been attributed to various cavitation-induced bioeffects such as
widening of endothelial cell junctions, deformation of collagen fibers, dilation of lymphatic
vessels, and the reduction of tumor blood perfusion [52, 53]. Despite lacking a comprehensive
understanding of this mechanism, cavitation treatments have displayed a relationship with tumor
IFP scaling with acoustic pressure [42], and suggest a means for improved therapeutic payload
delivery through enhanced vascular permeability and removal of this pressure gradient acting as a
barrier to diffusion [42, 54]. Other studies have also attributed similar changes in tumor IFP as

observed in this study (5-10 mmHg) to enhanced drug uptake [43].

3.4.3 Acoustic pressure threshold for significant TTPL

Our evaluations with CEUS and PCD both indicate that TTPL is highly dependent on
acoustic pressure. The measured tumor perfusion changes resulting from cavitation treatments
delivered with the clinical scanner [see Figure 3.8, Figure 3.10] were clustered into 2 regimes:
partial disruption (< 50% reduction in perfused area) observed after the first (Tx 1) 1.6 MPa
acoustic pressure treatment, and significant disruption (> 50% reduction in perfused area) observed
after the first 2.2 MPa treatment. Similar regimes were observed after 1 s cavitation treatments
delivered with the single element transducer [see Figure 3.11], where partial disruption occurred
immediately after 1.2 MPa treatments and significant disruption occurred immediately after the
2.5 and 4.0 MPa treatments. Additionally, PCD measurements during treatments with the single
element transducer demonstrated that ICD significantly increased from 1.2 to 2.5 MPa [see Figure
3.14], in agreement with the partial and significant disruption thresholds of tumor perfusion. Our
findings indicate an acoustic pressure threshold near 2 MPa may exist above which most of the
tumor blood flow is temporarily eliminated. Similar evaluations of tumor perfusion changes after
cavitation therapy have also observed partial disruption at acoustic pressures equal to or below 2
MPa [8, 14, 36, 37, 40, 48, 55, 56] and significant disruption at acoustic pressures greater than 2
MPa [8, 14, 28, 37, 56-58] despite differences in ultrasound parameters such as pulse duration,
transmit frequency, and treatment time. The dependence of transient tumor perfusion loss on
acoustic pressure could be due to the increased susceptibility of immature neovessels (prevalent in
tumors) to mechanical damage from microbubble cavitation [15].. Zhao, et al. [8] demonstrated
that small vessels (< 50 um), are predominantly disrupted at low acoustic pressures (1 MPa), with
larger vessels shutdown as acoustic pressure increases (= 2 MPa). The heterogeneity of vessel

sizes in tumors [8] can also influence the acoustic pressure threshold for inertial cavitation [59],
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requiring high acoustic pressures (> 2 MPa) to generate inertial cavitation in all vessels sizes
present in solid tumors. While the mechanism for TTPL is still unclear, our findings demonstrate

that careful selection of acoustic pressure is needed to elicit desired tumor perfusion changes.

3.4.4 Limitations

Despite the advances in cavitation treatments made in this study, there are limitations
which should be addressed. Although many components of this study were clinically relevant,
treatments were performed in a subcutaneous murine model. This is unlike HCCs, where the tumor
microenvironment is derived from and surrounded by the host organ, particularly impacted by
disease. Subcutaneous lesions also lack some of the complex physiological composition that is
unique to HCC, and further considerations of targeting, cavitation dynamics, and therapeutic
efficacy would need to be addressed prior to clinical translation. Implementation of this technique
to human tumors and other complex lesion types, particularly poorly perfused ones, may be limited
by low microbubble concentrations. This potential barrier could be mitigated with other tumor
sensitizing therapies to improve blood flow employed in similar studies such as mild hyperthermia
[60] or nitric oxide therapy [61, 62]. In addition, even though ultrasound conditions were consistent
with ranges established in existing literature, we were unable to explore a greater parameter space
(for example pulse repetition time and numbers of cycles) due to study limitations. Acoustic
pressure has been described as a primary driver of cavitation-induced bioeffects, particularly tumor
vascular changes [41, 63]. However, pulse length and PRT also play a very important role in the
produced cavitation and can impact drug penetration. These three acoustic parameters — peak
negative pressure, pulse length, and PRT — still require a more extensive investigation to determine
their unique contributions to cavitation induced tumor microenvironment changes.

Another consideration for this work was the water tank used for the experimental setup
possibly influencing the delivery and measurement of cavitation treatments. The quality of
degassing of the water tank was limited due to the configuration of the setup. As a result, native
cavitation (without microbubbles) was observed in the water tank just outside the tumor during 4.0
MPa treatments, coinciding with the axial position of maximum acoustic pressure of the focused,
single element transducer [see Figure 3.2]. We observed a significant increase of both average
rms and broadband energy during baseline measurements of the 4.0 MPa condition [see Figure
3.12(a) and Figure 3.13(a)], indicating cavitation in the water tank impacted PCD measurements.

Intense cavitation in the water tank could have briefly shielded the tumor from receiving the full
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acoustic amplitude [64], which may have reduced the delivered acoustic pressure below 4.0 MPa
. This shielding may further explain why the detected magnitude of broadband energy was similar
between the 2.5 and 4.0 MPa treatments. As significant TTPL was observed at 2.5 and 4.0 MPa,
in agreement with other cavitation therapy studies [8, 14, 28, 37, 56-58], this potential acoustic
shielding did not significantly impact delivery of treatment pulses. To avoid the generation of off-
target cavitation, a possible solution is to use a cone filled with heavily degassed water as an
attachment to the treatment device.

This study, while in-part aiming to be highly translatable, was unable to attend to several
considerations that would need to be addressed prior to clinical translation. Although we
introduced IFP measurements to further understand the mechanical effects of these treatment
conditions, the scope of this study was unable to clearly answer the mechanistic question of how
cavitation treatments induce transient tumor perfusion loss. Due to the complex nature of
microbubble interactions with surrounding tissues in a very small temporal window, the exact
mechanism is very challenging to evaluate but could be explored further in future experiments.
While we found good agreement between cavitation activity and TTPL in this tumor model, it may
be possible to transmit a low acoustic pressure without leading to TTPL but still producing
elevation of broadband energy detectable with PCD, limiting the effectiveness of broadband
energy as a universal metric for TTPL. Mechanical alterations to the tumor microenvironment
were also the only effect studied here, but thermal changes produced by ultrasound treatments and
their possible synergistic nature with tumor drug penetration could be explored further. Finally,
although the murine model used in this study is intended to act as an analog to human tumors, the
question remains whether tumor perfusion disruption may be caused in humans with our acoustic

conditions.

3.5 CONCLUSION

In this work we utilized simultaneous passive cavitation detection (PCD) and contrast-
enhanced ultrasound imaging (CEUS) in tumor-bearing mice during cavitation therapy to provide
comprehensive information of both cavitation activity and its impact on tumor perfusion. CEUS
can be used to quantify the spatial and temporal extent of transient tumor perfusion loss (TTPL).
PCD confirmed targeting of cavitation treatments and predicted the extent of TTPL immediately

after treatment. Pressure catheter measurements confirmed that cavitation treatments resulted in a
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significant reduction of interstitial fluid pressure. All ultrasound conditions induced transient
tumor perfusion loss (TTPL) that increased in severity with acoustic pressure, confirmed with
CEUS and PCD. At low acoustic pressures (< 2 MPa), tumor perfusion is partially disrupted (<
50% reduction in perfused area), while high acoustic pressures (> 2 MPa) induced significant
disruption of perfusion (> 50% reduction in perfused area). PCD measurements showed that
cavitation activity rapidly diminished during the first few (1-20) treatment pulses. Cavitation
treatment using a single, 1 second treatment induced significant TTPL at 2.5 and 4.0 MPa,
demonstrating effective cavitation treatments may still be delivered with short treatment durations.
Monitoring TTPL after 1 s duration cavitation treatments revealed that after the complete cessation
of flow, the majority of tumor perfusion (70%) can recover as soon as 5 minutes after treatment.
The findings in this work demonstrate the complimentary information PCD and CEUS can provide
for detecting TTPL, the changes cavitation therapy can induce within the tumor microenvironment,

and the feasibility of tumor cavitation treatment with a clinical scanner.
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CHAPTER 4. CONTROLLED HYPERTHERMIA WITH HIGH-
INTENSITY FOCUSED ULTRASOUND AND
ULTRASOUND CONTRAST AGENT
MICROBUBBLES IN PORCINE LIVER*

Abstract

The objective of this work was to study microbubble-enhanced temperature elevation with
high-intensity focused ultrasound (HIFU) at different acoustic pressures and under image
guidance. The microbubbles were administered with either local or vascular injections (that mimic
systemic injections) in perfused and non-perfused ex vivo porcine liver under ultrasound image
guidance. Porcine liver was insonified for 30 s with a single-element HIFU transducer (0.9 MHz,
0.413 ms, 82% duty cycle, focal pressures of 0.6—3.5 MPa). Contrast microbubbles were injected
either locally or through the vasculature. A needle thermocouple at the focus measured temperature
elevation. Diagnostic ultrasound (Philips iU22, C5-1 probe) guided placement of the thermocouple
and delivery of microbubbles and monitored the procedure in real time. At lower acoustic pressures
(0.6 and 1.2 MPa) in non-perfused liver, inertial cavitation of the injected microbubbles led to
greater temperatures at the focus compared with HIFU-only treatments. At higher pressures (2.4
and 3.5 MPa) native inertial cavitation in the tissue (without injecting microbubbles) resulted in
temperature elevations similar to those after injecting microbubbles. The heated area was larger
when using microbubbles at all pressures. In the presence of perfusion, only local injections
provided a sufficiently high concentration of microbubbles necessary for significant temperature
enhancement. Local injections of microbubbles provide a higher concentration of microbubbles in
a smaller area, avoiding acoustic shadowing, and can lead to higher temperature elevation at lower

pressures and increase the size of the heated area at all pressures.

4 This chapter has appeared as: Juang, EK., De Koninck, LH., Vuong, KS., Gnanaskandan, A., Hsiao, CT.,
Averkiou, MA. “Controlled hyperthermia with high-intensity focused ultrasound and ultrasound contrast agent
microbubbles in porcine liver” Ultrasound Med. Biol., 49 (8), 1852-1860 (2023).
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4.1 INTRODUCTION

High-intensity focused ultrasound (HIFU) is an emerging therapeutic modality currently
used for targeted ablation of benign tumors, such as uterine fibroids [1-3], and malignant tumors
in the prostate [4-6], liver [7, 8], kidney [9], pancreas [9, 10], or bone [11]. The noninvasive nature
of HIFU has also made it an attractive complement to conventional treatment options such as
transarterial chemoembolization (TACE), where studies have reported improved short-term and
long-term outcomes in patients with liver cancer when combining HIFU with TACE [12-18].
However, delivering sufficient acoustic energy through hard tissues (e.g., the skull or dense fibrous
tissue) or anatomical barriers (e.g., intraabdominal fat) to the intended target has been a challenge
that prevented HIFU from being more widely applicable [19]. For instance, the use of magnetic
resonance-guided HIFU for the treatment of essential tremor requires high acoustic intensities to
overcome the amount of sound that is absorbed or reflected by the skull [20]. This increase in
acoustic energy input may be complicated by unwanted heat deposition outside the focus or
intended target, potentially leading to burns in the skin and subcutaneous fat [21]. Therefore, there
exists a need for a method to elevate temperature locally with HIFU at lower acoustic intensities

without causing significant collateral damage.

The difficulties associated with accurate energy deposition can be mitigated by
administering microbubbles during HIFU, which are conventionally used as ultrasound contrast
agents (UCA). UCA are clinically approved for use in cardiology applications such as the
assessment of coronary artery disease via left ventricular opacification in contrast
echocardiography [22] and liver applications such as the evaluation of liver masses in both adult
and pediatric patients [23-25]. While ultrasound imaging with UCA, commonly known as contrast-
enhanced ultrasound (CEUS), does not increase the temperature of the surrounding tissue, several
studies have explored the potential of heating enhancement when combining microbubbles (either
exogenous UCA or microbubbles generated in situ due to cavitation) with HIFU, which operates
at much higher focal intensities than CEUS. Holt and Roy [26] investigated cavitation-enhanced
heating at various acoustic pressure amplitudes and insonation durations in two types of tissue-
mimicking phantoms (i.e., polyvinyl alcohol and agar), using thermocouples to monitor
temperature elevation at various distances away from the acoustic axis. While they did not

introduce UCA in their work, they generated small bubbles in situ through acoustic cavitation and
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observed a marked enhanced heating when the inertial cavitation threshold was exceeded. Later
studies done by Tran et al. [27, 28] demonstrated that the injection of UCA microbubbles during
HIFU can act as cavitation nuclei and lower the energy threshold for HIFU-based thermal ablation.
Tung et al. [29] studied bubble-enhanced heating by embedding Definity microbubbles of various
concentrations in polyacrylamide phantoms. They reported a reduction in required energy input
for a fixed temperature elevation and an increase in the size and a shift of the location (proximal
to the transducer focus) of thermal lesions. Clark et al. [30] further investigated the concentration-
dependent effect of microbubble-enhanced heating using egg white gel phantoms with diluted
UCAs and real-time ultrasound imaging. They suggested that sustained microbubble cavitation by
way of an optimal combination of acoustic pressure input and microbubble concentration is the
key to effective ultrasound heating. Interestingly, at high concentrations the diluted UCAs which
are interspersed inside the egg white gel phantoms introduced nonlinear attenuation of pre-focal
microbubbles that modified the HIFU pressure field through acoustic shadowing. These changes
can make the temperature elevation and the location of thermal lesions unpredictable and
complicate the use of HIFU. Administering microbubbles to a specific location in the phantom or
tissue via local injection was suggested as a method to mitigate this issue, but it has not been

investigated previously.

Although tissue-mimicking phantoms dosed with microbubbles offer a controlled
environment to study HIFU, it is still a departure from the physiological environment of the human
body where microbubbles travel with blood in the vasculature. The use of tissue models that are
more representative of the human body, such as animal models or ex vivo perfused organs, is
important for the study of HIFU-induced local hyperthermia. McDannold et al. [31] used contrast-
enhanced magnetic resonance imaging to evaluate the effects of HIFU-microbubble combined
heating and observed greater local energy absorption in rabbit brain tissue when compared with
HIFU-only treatment. Yu et al. [32, 33] reported higher rates of HIFU-induced necrosis in rabbit
and goat liver models when microbubbles were used. Hanajiri et al. [34] treated induced tumors in
rat livers with HIFU and Levovist (Schering, Berlin) microbubbles and reported significantly
greater tissue coagulation in the HIFU-microbubble treatment group when compared to HIFU-
saline treatment. Kaneko et al. [35] also observed similar effects in a rabbit liver model. However,
the aforementioned studies have not investigated the effect of microbubble concentration coupled

with the acoustic pressure or the method of microbubble delivery (dilution, vascular/systemic or
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local injections) and consequently any advantages of controlled bubble-enhanced heating remain

unknown.

The goal of this work was to quantitatively assess local hyperthermia when using HIFU
and commercial UCA microbubbles concurrently in non-perfused porcine liver and ex vivo
machine-perfused porcine liver [36, 37]. The use of machine-perfused ex vivo porcine livers
enabled us to study the effect of heat convection due to blood flow and perfusion. Special emphasis
was placed on microbubble concentration and the method of delivery in relation to the acoustic
pressure. Vascular injections that mimic systemic in vivo injections and local injections were
considered. We investigated the extent of focal temperature elevation in porcine liver tissues as a
result of HIFU application, with and without microbubbles, at different acoustic pressures and a
range of temperature elevation including mild hyperthermia. Ultrasound-guidance via a clinical
ultrasound scanner was used to direct HIFU to predetermined targets in the porcine liver tissue and
align the thermocouple. Computer simulations were utilized to predict and validate the observed

temperature elevation in perfused and non-perfused porcine liver when using HIFU alone.
4.2  METHODS

4.2.1 Experimental setup

The experimental setup consisted of a porcine liver (preparation described in a later
section) partially submerged in a container filled with either degassed, deionized water or blood
mimicking fluid (perfusate) (Figure 4.1). The liver was insonified from above using a single
element focused transducer (H116; Sonic Concepts, Bothell, WA, USA) operating at 0.9 MHz.
The transducer was mounted on a metal cage and attached to a manual 3-axis micro-positioner
(Newport Corporation, Irvine, CA, USA). A custom 4-cm long acrylic coupling cone (C-101;
Sonic Concepts) filled with degassed water was fitted to the HIFU transducer to couple it to the
liver. The end of the cone has a thin elastic membrane and it was coupled to the liver with
ultrasound gel. The purpose of the cone was to provide an adjustable offset between the
transducer’s surface and the entry plane since the liver sample was thinner than the actual focal
length. The cone provides a fixed distance of degassed water to guide ultrasound to the sample and
avoid any form of cavitation before entering the liver. Ultrasound pulses were generated with an
arbitrary function generator (AFG3102C; Tektronix, Beaverton, OR, USA) and amplified by a
linear power amplifier (2200L; Electronics & Innovation, Rochester, NY, USA), before being
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transmitted by the transducer. HIFU was delivered as 372000 cycle pulses fired at a pulse repetition
frequency of 2 Hz (82% duty cycle) for 30 seconds. The 2 Hz frame rate was selected to allow for
interleaving of the HIFU exposure as described by Clark et al. [30] The focal acoustic pressures
selected for our experiments were 0.63, 1.25, 2.50, and 3.75 MPa, as measured in water with a
hydrophone. Each measurement was averaged 128 times and the peak-to-peak amplitude divided
by 2 was recorded as the amplitude. Because of nonlinear propagation in the water, the peak
positive and peak negative values for the aforementioned pressures were 0.67 and -0.59, 1.38 and
-1.12, 3.0 and -2.0, 4.81 and -2.69 MPa, respectively. The uncertainty of the membrane
hydrophone was 13%. Taking into consideration the liver tissue attenuation (see materials and
methods) the in-situ pressures in the liver were estimated to be 0.6, 1.2, 2.4, and 3.5 MPa. As it
was not possible to measure the in-situ pressures in the liver and most propagation takes place in
the water-filled cone, we assume that the peak positive and negative values in situ would be
analogous to those reported for water above. In-situ pressures are used in the rest of the manuscript

and the figures. A C5-1 curved array transducer connected to a Philips 1U-22 scanner (Philips

HIFU Transducer

Thermocouple Coupling

Cone

Water/Perfusate

Figure 4.1: Experimental setup of HIFU treatment of ex vivo porcine liver.

Experimental setup of high-intensity focused ultrasound (HIFU) treatment of ex vivo porcine liver.
A three-axis micropositioner allows alignment of the imaging transducer (placed below the liver)
with the HIFU transducer and thermocouple. A plastic cone filled with de-gassed water couples
the transducer to the liver surface. The liver is submerged in perfusate liquid.
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Healthcare, Bothell, WA, USA) was placed below the liver to provide real-time ultrasound images
and to guide the placement of a thermocouple (MT-26/6HT; Physitemp Instruments, Clifton, NJ,
USA) which is a needle microprobe. The needle thermocouple was positioned in the liver such
that its tip was at the focus of the HIFU transducer. In addition to temperature measurements at
the focus, we also measured the temperature at locations away from the focus by translating the
HIFU transducer. The alignment procedure of the needle thermocouple with the HIFU transducer

and the imaging plane is further described in a later section.

4.2.2  Acoustic pressure measurement

The transverse and axial pressure fields of the HIFU transducer were measured in an
ultrasonic water tank with a 0.4 mm sensor diameter polyvinylidene fluoride membrane
hydrophone (UT1604-225; Precision Acoustics, Dorchester, UK) calibrated in the 1-30 MHz
range. Hydrophone measurements were compared with theoretical predictions based on the
Rayleigh integral to find more accurate estimates of the transducer radius and focal length [30].
The focal depth and diameter were found to be 62.1 mm and 58.2 mm respectively. The half
amplitude distances in the axial and transverse directions were ~15.8 and ~2.5 mm, respectively.
We can model the focal volume as a prolate spheroid with the above half amplitude distances as

1ts semi-axes:

v=ix(5) () 0

where R and Z are the transverse and axial half amplitude distances respectively, resulting in an
estimated volume, V, of 51.71 mm®. To evaluate the influence, if any, of the C-101 coupling cone
on the acoustic field, hydrophone measurements at the focus were taken with and without the cone
attached and no differences were noted. Also, since the acoustic impedance of water and liver
tissue are very similar, the reflection coefficient is 0.02 suggesting very little, if any, energy

reflecting at the interface.

4.2.3 Liver tissue preparation

The sources of porcine livers used in this work include local commercial farms,
slaughterhouses, and affiliated research groups that used porcine research models for other
research purposes. Use of ex-vivo perfused livers in this study did not require an Institutional

Animal Care and Use Committee approval, as verified by our academic institution. Our machine-

82



perfused porcine liver setup is a modified version of the procedure previously described [36, 38].
Briefly, a porcine liver was resected from a deceased pig with the portal vein and the hepatic artery
largely preserved. The resection was completed within 30 minutes of the animal’s death to limit
ischemic necrosis as well as stenotic and thrombotic changes to the hepatic tissue, which would
otherwise severely compromise the ex vivo perfusion of the liver in the laboratory. Once the liver
is outside the body, the portal vein and hepatic artery of the liver were cannulated and flushed, first
with 8 liters of lactated ringer’s solution (6 liters at room temperature and 2 liters ice-cold) then
with 3 liters of ice-cold histidine-tryptophan-ketoglutarate (HTK) solution (prepared in-house).
Subsequently, the liver was submerged in 2 liters of HTK solution in static cold storage and
transported back to the laboratory, where it was connected to a normothermic machine-perfusion
system. The liver was then perfused with 8 liters of blood mimicking fluid that consisted of
Powdered Williams Medium E (Sigma-Aldrich, St. Louis, MO, USA), sodium bicarbonate
(Sigma-Aldrich, St. Louis, MO, USA), heparin (Fisher Scientific, Waltham, MA, USA), insulin
(Lantus SoloStar Pen, Sanofi, Paris, France), and dexamethasone (Sigma-Aldrich, St. Louis, MO,
USA). The liver was also supplied with 95% oxygen/5% carbon dioxide via an oxygenator
(Affinity NT Oxygenation System; Medtronic, Dublin, Ireland) in a custom-made machine-
perfusion system to maintain the viability of the liver. Two flowmeters (EW-32461-44 and EW-
32460-40, Cole-Parmer) were used to regulate perfusion to the portal venous system and hepatic
arterial system. Finally, the liver was submerged in blood mimicking fluid using the setup seen in
Figure 4.1. For the non-perfused livers, we used untreated segments of the machine-perfused

livers after they were removed from the machine-perfusion system.

4.2.4 Microbubble injection and temperature measurement

Alignment of the HIFU transducer and the needle thermocouple was done with ultrasound
guidance by the method described by Keravnou et al. [38] (Figure 4.2). First, the needle
thermocouple was inserted into a 19G needle, which acted as a sound-reflective sheath for
identifying the location of the thermocouple as well as a stationary channel for local injections.
This thermocouple-needle combination was then inserted into the porcine liver and spatially
manipulated until maximal echogenicity was visualized on the iU-22 ultrasound scanner (Figure
4.2(a)). Visualization of the thermocouple-needle combination was possible due to incomplete
linear signal cancellation in the nonlinear amplitude modulation mode [39] of the imaging probe.

The HIFU transducer with the coupling cone was then placed on the liver tissue from above, and
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the amplifier was activated while the function generator remained off. This produced a radio
frequency interference signal (Figure 4.2b) in the ultrasound image where the focus of the HIFU
beam could be visualized and aligned with the tip of the needle. The precision of the alignment
technique is +/-0.5 mm. Another option for aligning the thermocouple was the use of small
temperature increases with low amplitude exposures. However, this technique can still cause some

microbubble disruption and we opted not to use it.

Sonazoid microbubbles (GE Healthcare, Amersham, UK) were introduced to the liver via
local injections with a 19G needle at the HIFU focus (which is also at the tip of the thermocouple
as previously described) or vascular injections (mimicking systemic in vivo injections) to the portal
vein and hepatic artery also with a 19G needle and through an inline rubber port. When using local
injections of microbubbles, the thermocouple was briefly removed from the guide needle and 0.05
ml of Sonazoid (estimated concentration: 2 X 108 MB/ml) was injected through the same guide
needle directly in the tissue (not the vessels) in a similar method to how percutaneous ethanol
injections are performed for clinically treating some liver tumors. The presence of the injected
microbubbles was confirmed with the C5-1 imaging probe while scanning in contrast mode
(Figure 4.2(c)). Contrast images were collected using a nonlinear technique (amplitude
modulation at 1.7 MHz) at a low mechanical index (0.05) to avoid bubble destruction and in a

contrast-side-by-side format with nonlinear imaging on one side and fundamental imaging on the

other [39]. The thermocouple was immediately reinserted through the guide needle after the bubble
(a) (D) o - (c) 1 ek s 2

HIFU RF
artifact

Tip.of i
thermocoupie: d

Microbubble

cloud

Figure 4.2: HIFU and thermocouple alignment.

(a) B-mode (fundamental) images of the liver revealing placement of the thermocouple in the
target area. (b) By use of a radiofrequency (RF) artifact, the focus of the high-intensity focused
ultrasound (HIFU) transducer is shown in the liver image and aids the placement of the tip of the
thermocouple at the focus. (c) Contrast image of the liver revealing microbubbles after a local
injection collecting at the tip of the thermocouple. (d) Contrast image of the liver revealing the
vessel structure of a liver area after a systemic microbubble injection in a perfused pig liver.
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injection. Realignment was performed where necessary. When using vascular/systemic injections
of microbubbles, simultaneous injections of 0.3 ml of Sonazoid into the portal vein and/or hepatic
artery were performed. The microbubbles then flow to the area of interest with the blood flow in
the same way that systemic intravenous injections arrive in the liver of patients. The time between
injection of the microbubbles and the arrival at the site of interest, as confirmed with contrast

imaging (Figure 4.2(d)), was about 30 seconds.

The sequences of HIFU application were identical regardless of local or vascular/systemic
injection of the microbubbles. First, baseline temperature measurements at the HIFU focus were
recorded prior to HIFU application. All experiments took place at room temperature, 23 °C.
Previous studies have shown that microbubble response at room temperature has only slight
differences to responses at body temperature (37 °C) and can be offset by using slightly higher
concentrations [40]. After HIFU was switched on, focal temperature measurements were recorded.
To make off-axis temperature measurements, the 3-axis micropositioner was used to adjust the

lateral position of the HIFU transducer while the thermocouple remained fixed.

4.2.5 Bioheat simulations

Temperature elevation is defined as AT = T — Ty, where T and T, are the current and initial
temperatures, respectively. In the absence of microbubbles, 47 was modeled using the bioheat
transfer equation described by Pennes [41]. The bioheat equation is a linear parabolic heat equation
that assumes tissue can be modeled as a continuum, where heating effects from vessels are
uniformly accounted for to avoid localized inhomogeneities. The equation addresses two
mechanisms of heat transfer in the body: conduction within the tissue, and convection due to blood
flow and three methods of heat generation: absorption of energy, blood perfusion, and metabolic
activity. In this study, we are using ex-vivo tissue, so we ignore the metabolic energy term in the
equation. To address both tissue types, we used the following bioheat equation to predict change

in temperature per unit volume:
oT 2
PCp o = KVT +Q + Qp, 2)

where p is the density of the medium (water: 1000, liver: 1060 kg m™), Cp 1s the specific heat

capacity of the medium (water: 4180, non-perfused liver: 3500 J kg™ 'K™!, perfused liver: 3500 J
kg 'K, k is the thermal conductivity of the medium (water: 0.610, liver: 0.534 W m'K™"), and T
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represents temperature in degrees Kelvin (K). The final two terms, Q and @, are the rate of heat
generation from the acoustic field and the rate of heat transfer due to blood perfusion per unit
volume, respectively. For monochromatic sound waves, the rate of energy generation per unit

volume in tissue can be expressed as:
Q = 2al, 3)

where a is the absorption coefficient of the medium (water: 0.025, non-perfused liver: 8.19 Np m~
' MHz!, perfused liver: 4 Np m™! MHz!), and I (Pa®) is the intensity of the radiated waves. Since
this equation assumes monochromatic waves, it does not apply when there is nonlinear propagation
and harmonic generation. For the higher pressures used in the present work there may be some
nonlinear distortion that was not modeled with our theoretical simulations since we assumed
monochromatic waves at the amplitudes that we have measured in water and then derated for tissue

attenuation. The transfer of thermal energy from blood flow per unit volume is given as:
Qp = cgWp(T — Tp), 4)

where cg, Wy, and Ty are the specific heat capacity (3770 J kg™ 'K™!), perfusion rate (kg m=s™!) and
ambient temperature (K) of blood respectively [42]. In this study, the perfusate solution flowed
through the machine-perfused model mimics the properties of blood and was maintained at room
temperature such that Tz ~23°C. Since the rate of perfusion was limited by the flow rate of the
machine-perfusion system, the perfusion rate was estimated from an average flow rate of 200 mL
min™! for 10 L of perfusate with density 1060 kg m™ to yield Wz = 0.3533 kg ms™!. For modeling
machine-perfused tissue, all terms are used to predict temperature, while non-perfused modeling

sets @p = 0.
4.3 RESULTS

4.3.1 Non-perfused ex vivo tissue

The measured change in focal temperature (47) in non-perfused ex-vivo liver tissue (N =
8) as a function of time for different pressures is shown in Figure 4.3. The blue curves show the
measured (dashed line) and simulated (dotted line) A7 in the absence of microbubbles. The green

lines show 4T when microbubbles are used. The shaded regions represent one standard deviation.
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At low pressures, 0.6 MPa (Figure 4.3(a)) and 1.2 MPa (Figure 4.3(b)), with no microbubbles
injected there is a gradual temperature increase when HIFU is active from 10 s to 40 s, followed
by a gradual temperature decrease as the liver tissue cools. Measurements and simulations are in
good agreement at these low pressures. When microbubbles are introduced at these pressures, two
prominent indicators of tissue heating are seen: an initial rapid temperature rise within the first
second of HIFU activation, and a significant difference in peak temperature compared to HIFU-
only treatments. At 0.6 MPa there was a 3.5°C increase in A7 during the first second of heating
and a 7°C difference in peak 47. The same trend with an initial 4.9°C AT increase during the first
second of heating and a 12°C difference in peak 47 was observed at 1.2 MPa. However, at higher
pressures, 2.4 MPa (Figure 4.3(c)) and 3.5 MPa (Figure 4.3(d)), we see that the temperature
profiles with or without microbubbles are similar. This result was assumed to be due to cavitation
of residual air micro pockets in the liver tissue, an effect confirmed with imaging during the

procedure. At these higher pressures, cavitation is nucleated in both cases, either from UCAs or
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Figure 4.3: Temperature elevation in non-perfused liver tissue.

Measured and simulated temperature elevation (AT) with and without microbubbles during 30 s
of high-intensity focused ultrasound (HIFU) exposure and 80 s after exposure at four focal

acoustic pressures: (a) 0.6 MPa, (b) 1.2 MPa, (c) 2.4 MPa, and (d) 3.55 MPa. Shaded areas
indicate one standard deviation. MB, microbubbles; sim, simulation.
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trapped gas pockets in the tissue, and we observe similar A7 regardless of whether microbubbles
had been injected. For clarity, the shaded region representing a standard deviation has been
removed from the higher pressures since error behavior was consistent with the corresponding
shaded regions of the lower pressures. Simulations of HIFU with no microbubbles at these higher
pressures (2.4 and 3.5 MPa) show a similar or slower temperature rise compared to our
measurements. Interestingly, the cooling behavior at 3.5 MPa was much slower with microbubbles
than without. One reason for this might be the irregular shape of the UCA bolus (see for example
Figure 4.2(c)) which may have caused the place of the maximum heating to take place slightly
away from the tip of the thermocouple. The slow cooling may also be attributed to a larger area
being heated and requiring a longer time to cool down. These two points will be further discussed

in the next section.

The AT for all pressures is further summarized in Figure 4.4(a), which shows the peak
measured focal AT at each non-derated (water) focal pressure in the presence and in the absence
of microbubbles. The temperature gain due to microbubbles is the difference between the green
(with bubbles) and the blue (without bubbles) lines. At lower pressures (0.6 and 1.2 MPa) there is
a greater temperature gain, and at higher pressures this effect is reduced mainly due to cavitation
in the tissue due to air pockets and other native cavitation nuclei. At the highest pressure setting
(3.5 MPa) the maximum 47 was the same with and without microbubbles. Native cavitation also
increased the variability of peak temperature measurements at higher pressures, shown by larger

error bars at 2.4 and 3.5 MPa. Another time of interest was 35 s after heating had concluded (at 75
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Figure 4.4: Temperature elevation during heating and cooling of tissue.

Measured temperature elevation as a function of acoustic pressure (a) after 30 s of heating and
(b) 35 s after end of heating. Error bars indicate one standard deviation.
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s total time according to Figure 4.3) to investigate the cooling of the medium and is shown in
Figure 4.4(b). AT was consistently greater at this time point for all focal pressures when
microbubbles were injected in the tissue (the green line is above the blue line), and it continued to
increase with increasing focal pressure. Given the AT saturation observed in Figure 4.4(a) at
3.5MPa and the increased retention of heat for all focal pressures with microbubbles in Figure
4.4(b), heating with microbubbles leads to similar temperature but slower cooling rates compared
to HIFU-only, which in turn suggests a larger heated area has been formed at higher pressures (2.5,
3.5 MPa). The heated area is defined as the area where the temperature during HIFU exposure is
greater than half the maximum temperature reached. A positive outcome from using microbubbles
is when the relative 4T with injected microbubbles is greater than the A7 without microbubbles
and/or the heated area with microbubbles is greater than the heated area without microbubbles.

The results for 3.5 MPa will be further discussed in the next section.

In Figure 4.5 we show 4T with (green) and without (blue dashed) microbubbles measured
at 1 mm radially away from the axis at the focus for all the pressures considered. At this location,
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Figure 4.5: Temperature elevation 1 mm off axis in non-perfused tissue.

Measured temperature elevation 1 mm radially off axis with and without microbubbles for four
non-derated focal pressures: (a) 0.6 MPa, (b) 1.2 MPa, (c) 2.4 MPa, and (d) 3.5 MPa.
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the measurements show significant 47 enhancement when using microbubbles at all pressures.
Native cavitation described above that reduced the temperature enhancement at the higher
pressures on axis (Figure 4.3(c) and Figure 4.3(d)) is less pronounced off axis. To be able to
clearly distinguish the differences between the curves, we did not include a shaded region
representing a standard deviation. The recorded standard deviation was similar to that of the axial

measurements in Figure 4.3 and Figure 4.4.

4.3.2 Machine-perfused tissue

In Figure 4.6, 4T measurements and predictions from Eq. (2) in both perfused and non-
perfused liver when not using microbubbles at an acoustic pressure of 1.2 MPa are shown to
evaluate the effect of blood flow and perfusion. Measurements were repeated 6 times, and the
shaded area shows the standard deviation (spread of our measurements). The use of machine
perfusion (physiological flow in the liver) adds convection due to the flow, also modeled by Eq.
(2). For the same acoustic input energy, 47 in the machine-perfused liver was lower compared to
that of the non-perfused liver. Tissue cooling was faster in machine-perfused liver once HIFU is
turned off. Heat was dissipated by the circulating perfusate which acted as a heat sink due to its

larger volume and lower relative temperature. Our simulations with perfusion mostly agree with
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Figure 4.6: Comparison of temperature elevation in perfused and non-perfused tissue.

Focal temperature elevation (AT) in perfused and non-perfused porcine liver with no
microbubbles at an acoustic pressure of 1.2 MPa (non-derated). Solid and dashed lines represent
average measured temperature of perfused and non-perfused liver respectively, with a shaded
region indicating one standard deviation. The dotted lines represent predicted focal temperatures
in perfused and non-perfused liver with no microbubbles. sim, simulation.
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the measured data but predict a faster cooling rate which may indicate a reduced quality of

expected perfusion in the ex-vivo experiments.

In Figure 4.7, we show AT in a perfused liver (N = 4) with and without microbubbles
supplied either systemically (injected into the main feeding vessels) or locally (injected directly at
the focus under image guidance) at pressures 1.2 (Figure 4.7(a)) and 2.4 MPa (Figure 4.7(b)).
Again, the shaded areas have been removed for clarity, with error trends with and without
microbubbles established in Figure 4.3 and Figure 4.6, respectively. A prediction of A7 in the
perfused liver without microbubbles (dotted red line) was also included for both pressures. At the
lowest pressure (0.6 MPa, not shown here) there was no AT due to perfusion-related heat
dissipation. At the highest pressure (3.5 MPa, also not shown here) intense cavitation activity
confirmed with imaging resulted in no A7 difference between using and not using microbubbles.
At pressures 1.2 MPa (Figure 4.7(a)) and 2.4 MPa (Figure 4.7(b)) we observe that the local
injections result in markedly higher A7 as seen previously with the non-perfused liver.
Vascular/systemic injections led to similar A7 to that observed without microbubbles at both
pressures. Like the non-perfused liver temperature measurements in Figure 4.3, local injections in
Figure 4.7 show a temperature profile at 1.2 MPa with a steep initial slope followed by a smooth

temperature increase. At 2.4 MPa the local injection temperature profile has an even steeper initial
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Figure 4.7: Temperature elevation during local vs systemic microbubble injection.

Measured focal temperature elevation (AT) in machine-perfused porcine liver with and without
microbubbles (MB) for two focal pressures: (a) 1.2 MPa, (b) 2.4 MPa. Two microbubble delivery
methods were used: local injection (solid line) and systemic injection (short dash line). Theoretical
predictions of focal temperature elevation in perfused porcine with no microbubbles are
represented as dotted lines. MB, microbubbles; sim, simulation.
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slope followed by temperature saturation due to excessive cavitation. In summary, at these

pressures there is a significant heating enhancement only with local injections.

4.4  DISCUSSION

The objective of this work was to investigate temperature elevation with HIFU (noting that
HIFU does not always imply thermal ablation) in the presence of UCA microbubbles in an ex-vivo
porcine liver, with and without machine perfusion, which we consider to be very close to the
physiologic environment in human tissue. The use of machine perfusion allowed for the evaluation
of the effect of blood flow and perfusion on heat transfer in the liver. We compared HIFU with
local microbubble injections at the focal region to HIFU with vascular/systemic microbubble
injections via the portal vein and/or hepatic artery in terms of tissue AT they induce. Heating
enhancement was confirmed with needle thermocouple measurements (a) at the focus and 1 mm
laterally away from the focus after 30 s of heating, and (b) 35 s after turning off HIFU and while

the tissue was cooling down.

Our results showed that, in both perfused and non-perfused porcine livers, HIFU with local
microbubble injections led to greater tissue temperature elevation (A7) relative to HIFU-only
treatment. In contrast, HIFU with systemic microbubble injections caused little to no enhancement
in tissue temperature elevation compared to HIFU without microbubbles. We attribute this result
to a need for a high concentration of microbubbles at the target area of the HIFU treatment but not
everywhere else in the path of the beam. Clark et al. [30] reported a similar observation. They
varied the concentration of uniformly diluted microbubbles in an egg white phantom and studied
its effects on temperature elevation and lesion formation after HIFU exposure. They found that as
the microbubble concentration increased the heating enhancement from microbubbles also
increased. However, since the microbubbles were evenly diluted throughout the phantom, their
highest microbubble concentrations led to excess attenuation (acoustic shadowing) along the path
of ultrasound. This shadowing shifted the maximum temperature and the treatment area away from
their thermocouple and closer to the HIFU transducer. They used both optical images and pre-
focal temperature measurements to confirm the shift of the heated area. In our study, local
injections of microbubbles provided sufficient concentration only around the focal area, and led to
significant heating enhancement without encountering acoustic shadowing and the shift of the

heated area observed by Clark et al. [30] as there are no microbubbles along the HIFU beam path
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to attenuate the sound. In our study, although vascular/systemic injections utilized a larger initial
concentration of microbubbles compared to local injections, these microbubbles were diluted and
distributed throughout the porcine liver vasculatures, resulting in low effective microbubble
concentrations at the treatment site. In addition, the quality of perfusion in the ex-vivo livers was
moderate and some areas were not fully perfused. Compromised perfusion in some tissue areas
further reduced the number of available microbubbles for heating enhancement when using
systemic injections. We suspect that these are the most prominent factors that led to the lack of
enhanced tissue temperature elevation in HIFU with systemic microbubble injections. While it
may still be possible to enhance the heating with systemic injections of microbubbles in a more
perfused tissue, we suspect that the higher concentrations of microbubbles will introduce acoustic
shadowing as it was also observed in a previous study [30]. As such, we hypothesize that, in order
to enhance heat deposition with HIFU with systemic administration of microbubbles, a fine
balance must be struck between delivering sufficient microbubbles to the treatment site while
preventing acoustic shadowing. An added complication is that the acoustic shadowing due to high

microbubble concentration is also amplitude-dependent [43, 44].

Our experimental results indicated that the acoustic pressure amplitude plays an important
role. The AT increase at the focus resulting from the use of microbubbles was more pronounced at
the two lower pressures (0.6 and 1.2 MPa) than the two higher pressures (2.4-3.5 MPa). However,
there was overall heating enhancement at all pressures as confirmed with the focal temperatures
during the cooling process (Figure 4.4(b)) and the off-axis measurements (Figure 4.5) which also
suggest an increase of the heated area. The increased cavitation activity around the focus (with
injected UCAs or due to native cavitation in tissue at higher pressures) can scatter the ultrasound

in the neighboring tissue and increase the heated area.

We attribute the heating enhancement due to microbubbles to two kinds of cavitation
activity: cavitation of the injected UCA microbubbles and native cavitation within the medium
without injecting microbubbles. Keller et al. [45] have previously studied cavitation of
microbubbles, specifically the inertial cavitation threshold (evidenced by the onset of broadband
noise in scattered frequency spectrum) of various clinical microbubbles. For Sonazoid which we
used in the present study, they found its cavitation threshold to be approximately 0.3 MPa in a

water tank where microbubbles were able to freely move. We suspect that in a physiological
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environment such as our porcine liver models, where Sonazoid microbubbles are spatially
confined, the cavitation threshold is likely to be at a higher acoustic pressure. Using Sonazoid
diluted in egg white gel phantoms, Clark et al. [30] found that sustained microbubble activity,
which was assumed to be inertial cavitation, occurred above a critical pressure threshold of 0.5
MPa. Given the similar HIFU source and acoustic pressures, we can assume that cavitation of
microbubbles observed in this work was inertial at all focal pressures (0.6-3.5 MPa). Holt and Roy
[26] studied native cavitation with microbubbles generated in situ in agar phantoms and found that
surpassing the inertial cavitation threshold of these media led to enhanced focal temperatures. For
longer pulse durations like the 30 s heating of this study, they found an inertial cavitation threshold
of ~2 MPa, considerably larger than the threshold of clinical microbubbles. At these pressure
settings, temperature measurements deviate from the bioheat equation when cavitation is not
included in the model and exhibit a greater heating rate. Holt and Roy also noted a saturation of
peak temperature as acoustic pressure increased beyond the inertial cavitation threshold, which
they attributed to bubbles shielding the focal area by scattering the acoustic wave and diffusing
energy deposition. Although we did not directly measure inertial cavitation in this study, our
temperature elevation measurements and the points raised above suggest that inertial cavitation
was likely present in all the conditions evaluated. Specifically, the temperature measurements for
higher focal pressures (2.4 and 3.5 MPa) in the absence of UCA microbubbles (Figure 4.3(c) and
Figure 4.3(d)), where both pressure settings led to temperature saturation and a similar or greater
heating rate in the experiment compared to what simulations predicted, suggesting that inertial
cavitation of the residual air micropockets and other cavitation nuclei within the liver occurs.
Therefore, when UCA microbubbles are present, the two lower pressures (0.6 and 1.2 MPa) are
above the inertial cavitation range of the UCA microbubbles but below the inertial cavitation
threshold of residual air pockets in the medium. We refer to this pressure range as “controlled”
bubble-enhanced heating. This is shown in Figure 4.4(a) for 0.6 and 1.2 MPa where cavitation of
the UCA microbubbles leads to significant 47 enhancement. However, as pressure increases (e.g.,
2.4 and 3.5 MPa) beyond the inertial cavitation threshold of both the injected UCA microbubbles
and residual air micropockets in the medium, intense cavitation shields the focal area from further
energy deposition and AT reaches a plateau. We refer to this pressure range as “uncontrolled”

bubble-enhanced heating. There is still some added benefit from using UCA microbubbles even at
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these higher pressures evidenced by the tissue temperature during cooling (Figure 4.4(b)) and the

off-axis measurements (Figure 4.5).

One main limitation of this work was the accuracy of our needle thermocouple alignment,
especially with microbubbles present. Another thermocouple-related limitation was that we were
only able to measure the temperature at one point in space at a time. Although done under image
guidance, the needle thermocouple was inserted by hand and had an estimated placement accuracy
of 0.5 mm. The inaccuracy in placement is due largely to microbubbles obscuring the tip of the
thermocouple, as seen in Figure 4.2(c). As our thermocouple was initially aligned to the focus of
the HIFU transducer, reinsertion of the thermocouple tip following microbubble injection may
have caused it to shift away from the presumed HIFU focus per alignment. The irregular bolus
shape of the microbubble cloud in Figure 4.2(c) may have also resulted in the 47 saturation (green
line plateaus at 3.5 MPa in Figure 4.3(d)). At this high pressure, the microbubble cloud shape
caused the maximum temperature elevation to occur slightly in front of the thermocouple. Thus,
the actual maximum temperature in the tissue would likely have been much higher than 70 degrees
and this would explain the much slower cooling rate observed. Given our setup, it was also not
possible to align our thermocouple parallel to the acoustic axis (to limit the viscous heating artifact)
as suggested by Holt and Roy [26] and also discussed in depth by Morris et al. [46] As stated in
the Morris et al. work, needle thermocouples (the type of thermocouple we used) generate less
viscous heating artifact or there is a second systematic effect, likely to be thermal conduction along
the wire, which acts to reduce the effect of this heating. Also, our temperature measurements
without microbubbles were in good agreement with our simulations, indicating that the viscous
heating artifact did not significantly impact our measurements. Yet another limitation to our study
is the use of only one thermocouple to take temperature measurements, which compromised our
ability to directly probe the full size of heated area created. This could be alleviated by using
volumetric temperature measurement techniques such as thermal camera imaging [47] and
magnetic resonance temperature measurements [48]. However, these potential workarounds
introduce new challenges such as thermal imaging being limited to surface measurements and
magnetic resonance having lower spatial and temporal resolution besides from being very costly
and introducing compatibility complexities. Despite the aforementioned limitations to utilizing a
thermocouple, our approach proved to be simple and effective and to provide reliable temperature

elevation measurements in tissue in the presence of microbubbles.
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The clinical applicability of our findings is left to be determined due to the reliance on local
injections of microbubbles as a means of enhancing temperature rise in a small target area. While
local injections are not a clinically approved method for UCA administration (only intravenous
injection which we have been referring to as systemic is allowed), there have been research works

reported where local microbubble injections in-vivo were used [49].

It still seems possible that systemic injections can significantly enhance the heating during
HIFU in vivo only if an adequately high concentration of microbubbles is successfully delivered
to the target area. Treatment of hypervascular tumors (not only for ablation but also for mild
hyperthermia for enhanced drug delivery) may be a suitable target application for microbubble-
enhanced HIFU. One example is hepatocellular carcinoma, which is a primary liver malignancy
characterized by an early hypervascular arterial enhancement relative to the normal liver
parenchyma in CEUS scans [50]. This could indicate an early diversion of blood flow to the tumor,
which would increase microbubble concentration in the tumor and enhance heating during HIFU.
Pending further investigation, a possibility remains that the microbubble concentration in vivo
would not reach the optimal level required for significant heating enhancement with HIFU. The
option to perform local bubble injections in a manner similar to that used to perform percutaneous
ethanol injections clinically performed is still available and according to the work presented here
might lead to more efficient local heating. Although in vivo work presents many new challenges,
the insights into microbubble-enhanced heating from our work here may provide useful initial

guidance towards the development and success of such treatments.

The methods proposed with the present work are not specifically targeted to HIFU ablation;
they could be also utilized for drug uptake enhancement with local mild hyperthermia where a
temperature elevation of 5-10 °C is required. This would allow for a larger treatment area and
transducers with lower focusing gains operating at of lower amplitudes than HIFU ablation.
Ultrasound cavitation treatments for enhanced drug delivery [38, 51] that use long ultrasound
pulses could be modified to deliver higher intensities (not necessarily amplitudes) and thus
combine mechanical and thermal effects for treating the tumor microenvironment. We envision
such a technique to be performed with either a few intravenous boluses or multiple small local
injections of microbubbles and the treatment procedure to last 10-20 min. It may also be possible

that a clinical imaging transducer could generate these conditions.
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4.5 CONCLUSION

In this study we showed that adjunctive use of HIFU with UCA microbubbles can lead to
greater temperature elevations compared to HIFU alone. We identified the acoustic pressure and
the microbubble concentration as the two important parameters. In non-perfused porcine liver, low
acoustic pressures (< 2 MPa) with local injections of microbubbles led to greater temperature
elevation at the focus than when no microbubbles were used. Higher pressures (>2 MPa) produced
cavitation in the tissue even without injecting microbubbles and offered reduced gain in focal
temperature elevation when injecting microbubbles. At all pressures the heated area was larger

when microbubbles were injected.

In the perfused porcine liver where blood flow affects heat dissipation, we observed that
only local injections of microbubbles had a sufficient microbubble concentration to enhance the
heating during HIFU. There is a threshold microbubble concentration required for enhanced
heating that the systemic injections were unable to provide. Overall, local injections of

microbubbles can induce temperature increase and heated area enhancement in HIFU treatments.
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CHAPTER 5. IMPLEMENTATION OF SUBHARMONIC IMAGING
ON A CLINICAL SCANNER FOR OPTIMAL
AMBIENT PRESSURE SENSITIVITY WITH
SONOVUE MICROBUBBLES?®

Abstract

Subharmonic imaging for ambient pressure estimation is a noninvasive alternative to direct
pressure catheter measurements that are currently used to diagnose multiple disease processes and
monitor interstitial fluid pressure (IFP). However, clinical implementations of subharmonic
imaging lack important attributes necessary for accurate generation and detection of the
subharmonic component. Some implementations employ frequencies near the resonance
frequency of microbubbles, requiring high acoustic pressure to generate subharmonic signals.
Others utilize short pulses (2-6 cycles) which result in scattered spectra where the fundamental
and subharmonic frequencies overlap. We investigated longer pulses at twice the resonance
frequency of SonoVue microbubbles and detected the subharmonic component with a narrow
receive bandwidth in a pulse inversion scheme as a sensitive method to detect ambient pressure.
We used an in-vitro pressure chamber with transparent acoustic windows and filled with SonoVue
microbubbles to vary the ambient pressure (0-140 mmHg) while collecting subharmonic images.
We considered multiple frequencies, pulse lengths, acoustic pressures (0-900 kPa), pulsing
schemes and imaging array types. Native linearized image data and radiofrequency data were used
to accurately measure the subharmonic signal in the images. Transmitting at twice the resonance
frequency (4.2 MHz) results in the greatest change in subharmonic signal with ambient pressure,
a 16 dB increase from 0-80 mmHg (+0.2 dB/mmHg) at 70 kPa acoustic pressure. SonoVue is
particularly sensitive to low ambient pressures (0-40 mmHg), relevant for monitoring IFP in solid
tumors. Higher ambient pressures (> 100 mmHg) resulted in microbubble destruction that reduced
image intensity without a change in subharmonic sensitivity. The findings in this work provide

evidence of the utility of SonoVue for ambient pressure sensing at low acoustic pressures.

5 This chapter has appeared as: De Koninck LH., Babu G., Powers JE., de Jong N., Averkiou, MA.
“Implementation of subharmonic imaging on a clinical scanner for optimal ambient pressure sensitivity with
SonoVue microbubbles” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control (in review).
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5.1 INTRODUCTION

Measurement of physiological pressures is a vital element in the management and
diagnosis of multiple disease processes, such as heart failure [11, 12], cirrhosis [13, 14], pulmonary
hypertension [15, 16] and traumatic brain injury [17, 18]. Assessment of physiological pressures
within the body is generally performed by either direct invasive measurement using a pressure
catheter or non-invasive estimation using various modalities such as ultrasound or pressure cuffs.
However, catheterization carries procedural risks and is costly [14, 17, 19-22], while non-invasive
pressure estimation techniques presently have a narrow scope of assessment and limited degree of
accuracy [14, 17, 23-27]. One potential solution that addresses these shortcomings involves the
use of ultrasound contrast agents (UCAs) as ambient pressure sensors. When insonified, UCAs
produce a nonlinear response that can be separated from the linear signal derived from tissue [28].
Contrast-enhanced ultrasound (CEUS) typically uses a nonlinear pulsing scheme to eliminate the
linear, fundamental component of the signal (equal to transmit frequency) and form images with
the remaining nonlinear signal (whole harmonics of the transmit frequency) to further isolate
microbubble echoes [28]. Another approach is to form contrast images with the subharmonic
signal (half the transmit frequency [29]. We note that while tissue can generate harmonics due to
nonlinear propagation of ultrasound, only microbubbles generate a subharmonic signal. The
subharmonic signal of UCAs has also been shown to be more sensitive to ambient pressure changes
than other harmonic components [30, 31]. However, disagreement over optimal acoustic
parameters, specifically transmit frequency and acoustic pressure, and even microbubble choice
has led to conflicting information on subharmonic signal change with ambient pressure and
delayed clinical translation.

Several in-vitro studies, using scattering experimental set ups and optical measurements,
have determined the subharmonic response of microbubbles to be dependent on two acoustic
parameters: transmit frequency and incident acoustic pressure. The presence of subharmonic
signals has historically been used as an indicator for stable cavitation, sustained oscillations around
an equilibrium size, but may not be representative of the complete diversity of cavitation dynamics
[32, 33]. However, this type of cavitation requires the use of acoustic pressures (> 200 kPa) that
can compromise the microbubble shell and result in the oscillation of a free gas bubble [34, 35].
For lipid-coated microbubbles, the acoustic pressure threshold for subharmonic signal generation

is minimized when the driving frequency is twice the average resonance frequency of the
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microbubble population [36], limiting bubble destruction. Since UCAs are polydisperse with a
variety of microbubble sizes typically around 1-10 um [37, 38], the average resonance frequency
refers to the resonance frequency of the average microbubble size of the UCA. In this regime,
microbubbles at low acoustic pressures (5-100 kPa) exhibit a rapid change in effective surface
tension of the bubble’s shell [39] as it transitions from elastic and buckled states [40], resulting in
compression-only behavior [41, 42]. In general, as the acoustic pressure increases (> 200 kPa) with
long bursts (> 8 cycles), microbubble shell disruption and lipid shedding will occur, leaving a free
gas bubble and shifting the asymmetry of bubble oscillations to favor expansion behavior [39, 40].
These increased pressures also exceed the destruction threshold of certain microbubbles that are
resonant at the transmit frequency, indicating that subharmonic signal in this pressure regime is
likely due to a combination of collapsing resonant microbubbles and microbubbles oscillating at
twice the resonance frequency [34, 42]. As a side note, when using acoustic pressures that result
in microbubbles destruction, CEUS becomes more challenging because slow frame rates (typically
controlled by triggering, e.g., electrocardiogram triggering) must be used to allow for
replenishment of microbubbles [43, 44]. As ambient pressure increases above atmospheric
pressure, 3 new effects should take place: a.) inhibition of expansion behavior, b.) increased
dissolution rate of free bubbles, and c.) a shift in resonant frequency [45-47]. At low acoustic
pressures where we only expect compression behavior with no shell rupture, only the resonance
shift need be considered, while high acoustic pressures must consider all 3 effects. When
microbubbles are insonified at low acoustic pressures, an increase in ambient pressure will
exaggerate compression behavior due to the low initial surface tension and increase the
subharmonic signal [41, 42, 48, 49]. When microbubbles are insonified at high acoustic pressures,
increased ambient pressure will dampen the expansion behavior of larger amplitude oscillations
and exaggerate dissolution of bubbles with ruptured shells, reducing the number of scatterers.
Depending on the balance of these effects, the subharmonic signal will exhibit no change with
ambient pressure or even an inverse relationship [50]. Therefore, it is difficult to assign a single
value of subharmonic signal change with ambient pressure (dB/mmHg) to a microbubble
formulation, leading to the wide range of sensitivities reported in literature.

While subharmonic imaging has been investigated by many groups and has already been
commercially released, several questions remain on how to use it, which microbubbles are suited

for this mode and why it is not yet clinically used. Table 5.1 presents the clinical systems currently
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known to have (or had) subharmonic imaging capability and used to evaluate ambient pressure in-
vivo, their transmit parameters, and the contrast agents used in the listed studies. The clinical
systems include the Sonix RP scanner with a PA4-2 phased array (Ultrasonix Medical Corp.,
Richmond BC, Canada), SonixTablet (BK Ultrasound, Peabody, MA, USA) with a SA4-2 phased
array, and the LOGIQ 9 scanner with a 4C curved array (GE HealthCare, Chicago, IL, USA). All
listed studies used transmit frequencies near the average resonance frequency (2.5 MHz) with short
pulses. In addition, subharmonic imaging with SonoVue has not yet been evaluated in-vivo. A
more recent release of subharmonic imaging is available on the LOGIQ E10 scanner (GE
HealthCare, Chicago, IL, USA) with the C1-6 curvilinear array (implemented with a transmit
frequency of 2.5 MHz, receive frequency of 1.25 MHz, 4 cycles, and amplitude modulation) [51],
but recent in-vivo studies with this scanner use different probes (C2-9, C1-6-D) where not all
transmit parameters are specified, so we excluded this system from Table 5.1 [52, 53]. Although
shorter pulses improve the axial resolution of images, these pulses exhibit a wide bandwidth that
may result in overlapping fundamental and subharmonic frequencies that cannot be separated.

Dave, et al. [7] directly compared 4, 8, and 16 cycle subharmonic imaging pulses in a canine model

Table 5.1: Clinical systems, associated transmit parameters, and contrast agents of in-vivo
subharmonic imaging studies

. Transmit .
. Transmit Acoustic
Clinical pulse Contrast
System Probe | Frequency length pressure agents Reference
MH kPa)*
(MHz) (cycles) range (kPa)
Definity
Sonix RP | PA4-2 2.5 20 300-900 [1-3]
Sonazoid
Definity
SonixTablet | SA4-2° 2.5,3 4, 6° 300-600 [4, 5]
Sonazoid
Definity
LOGIQ 9 4C 2.5 4¢ 200-900 6-10
Q Sonazoid [ ]

“Estimated from acoustic pressure range (reported as percentage of maximum acoustic output)
used in listed manuscripts after incident acoustic output algorithm. *Parameter not specified
in all listed manuscripts but assumed to be unchanged based on prior studies by the same
research group using the same clinical system. “Pulse lengths of 2-16 were evaluated in earlier
studies, but only the 4-cycle pulse was implemented for later clinical studies.
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and found the shortest pulse length (4 cycles) to provide the best correlation of subharmonic
amplitudes with portal vein pressures, but spectra of radiofrequency data was not provided so the
effect of bandwidth could not be directly observed. Another consideration is by transmitting at 2.5
MHz (and receiving around 1.25 MHz), high acoustic pressures are needed to generate
subharmonic signals as this is near the average resonance frequency of UCAs [34]. Table 5.1 lists
the range of acoustic pressures (peak-to-peak) used to evaluate subharmonic amplitude of UCAs
in-vivo, estimated from the typical evaluation range of 10-40% of maximum acoustic output as
selected by the incident acoustic pressure algorithm [7]. These acoustic pressures generally exceed
the acoustic pressure threshold for shell disruption (> 200 kPa) [39, 40]. Consequently, clinical
implementation of subharmonic imaging has yet to explore ambient pressure sensing at low
acoustic pressures (< 200 kPa) and taking advantage of transmitting at twice the resonant
frequency to reduce the subharmonic threshold.

In this study, we implement subharmonic imaging on a clinical scanner and investigate the
optimal parameters for noninvasive ambient pressure sensing with SonoVue microbubbles. We
considered frequency, number of cycles, acoustic amplitude and nonlinear pulsing schemes. We
investigated transmitting acoustic pulses at twice the average resonance frequency to increase the
ambient pressure sensitivity. This frequency minimizes the acoustic pressure threshold for
subharmonic signal generation. Subharmonic imaging was implemented on a curvilinear and linear
array of a clinical scanner at 3 frequencies: 2.5 MHz (around resonance) 4.2 MHz (at 2x resonance)
and 7.0 MHz (greater than 2x resonance). The acoustic pulses used were longer than conventional
fundamental or nonlinear imaging pulses (18 cycles) to better segment and detect the subharmonic
signals. Three nonlinear pulsing schemes (amplitude modulation-AM, pulse inversion-PI, and
amplitude-modulated pulse inversion-AMPI) and single pulses with simple receive filtering were
evaluated for producing subharmonic images and maximum ambient pressure sensing.
Hydrophone measurements in water are used to characterize the sound field from different
subharmonic imaging modes and measure if sound is directly transmitted at the subharmonic
frequency. A custom-built chamber pressurized to physiologically relevant static ambient
pressures (0-140 mmHg) was used to evaluate change in subharmonic signal with ambient
pressure. We used a clinically approved microbubble contrast agent, SonoVue (Bracco, Milan,
Italy), diluted to concentrations equivalent to clinical doses. The microbubble solutions were

constantly stirred and imaged at a slow frame rate (0.33 Hz) to minimize microbubble destruction
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during the experiments. Both native linearized image data (with the logarithmic compression
removed) and radiofrequency (RF) data were recorded and post-processed to measure changes in
image intensity and subharmonic signal magnitude. The subharmonic signal change per unit
ambient pressure is the key metric used to evaluate all the ultrasound parameters and select the

optimal ones for ambient pressure sensing.

5.2  MATERIALS AND METHODS

5.2.1 Implementation of subharmonic imaging on a clinical scanner

Subharmonic imaging was implemented on a Philips EPIQ scanner, C5-1 curvilinear array,
and eL18-4 linear array (Philips Healthcare, Bothell, WA, USA). Various combinations of acoustic
parameters were programmed (shown in Table 5.2), including transmit frequency, receive
frequency, number of cycles, nonlinear pulsing schemes and our naming convention. We
investigated that transmitting acoustic pulses at twice the average resonance frequency will result
in the greatest change in subharmonic signal with ambient pressure compared to other frequencies.
Three transmit frequencies were implemented: 2.5 MHz (around resonance), 4.2 MHz (at 2x

resonance) and 7.0 MHz (greater than 2x resonance). Due to the available bandwidths in different

Table 5.2: Modified transmit and receive settings for subharmonic imaging modes

Transmit / Receive Txpulse Pulsing
Probe Frequency (MHz) length <cheme Mode Name
q Y (cycles)
Single SHI, 5
C5-1 2.5/1.25 6
AM SHIjpmz 5
Single SHI, ,
AM SHlpy 2
C5-1 42/2.1 18
PI SHIppy,
AMPI SHIympraz
Single SHI, ,
el.18-4 7.0/3.5 18
PI SHIp;7,
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probes, 2.5 and 4.2 MHz transmit frequencies were implemented on the C5-1 probe, while 7 MHz
was implemented on the e[L18-4 probe. Receive filters were centered at the corresponding half
transmit frequency component for the 3 settings (1.25, 2.1, 3.5 MHz,) with a narrow bandwidth to
extract only the subharmonic signal. Acoustic pulses were also programmed with 2 pulse lengths
multiplied by a Hamming window, 6 cycles representative of conventional CEUS imaging pulse
lengths, and windowed 18 cycles to further separate subharmonic and fundamental components.
Three standard nonlinear pulsing schemes were implemented to enhance the segmentation of the
linear and nonlinear signals : (a) amplitude modulation (AM, transmitting 3 pulses per line, 2 half
amplitude and 1 full amplitude, and combining the scattered signal of each pulse at 1/3 amplitude
by subtracting the full amplitude from the sum of the half amplitude), (b) pulse inversion (PI,
transmitting 2 pulses per line, 1 full amplitude and 1 inverted full amplitude, and adding the
scattered signal of each pulse at half amplitude), and (c) amplitude-modulated pulse inversion
(AMPI, transmitting 3 pulses per line, 2 half amplitude and 1 inverted full amplitude, and adding
the scattered signal of each pulse at 1/3 amplitude). A fourth technique of transmitting a single
pulse per line at full amplitude was also evaluated. The produced acoustic pressure is selected by
adjusting the output power on the front panel used in clinical imaging, which in turn adjusts the
transmitted voltage. We note that the SHl,, s mode is a standard CEUS setting on the scanner
with only the receive filter modified to be centered at the half transmit frequency component with
a narrow bandwidth, and is similar to the commercial releases of subharmonic imaging (transmit
frequency of 2.5 MHz, receive frequency of 1.25 MHz, 4 cycles, AM pulsing scheme) described
in Table 5.1. We wanted to have a setting with a small number of cycles to be able to evaluate the
effect of pulse length.

The pulse of each subharmonic mode was measured in a water tank with a 0.4 mm
membrane hydrophone (UT1604-225; Precision Acoustics, Dorchester U.K.) to evaluate the
spectrum of the transmitted sound wave, especially the components at the subharmonic frequency,
and map the axial field. Fig. 1 shows hydrophone measurements with SHI, 5 (Figure 5.1(a-c)),
SHI, , (Figure 5.1(d-f)), and SHI,, (Figure 5.1(g-1)). The left column (Figure 5.1(a), Figure
5.1(d), Figure 5.1(g)) shows the transmitted acoustic pulse measured at the axial location of
maximum pressure per subharmonic mode (61 mm for SHI, 5, 73 mm for SHI,,, 60 mm for
SHI, ). Figure 5.1(b) shows the overlap of fundamental and subharmonic with SHI,s. The

amplitude at the subharmonic component is 20dB below the fundamental and it is not possible to
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Figure 5.1: Hydrophone measurements of subharmonic imaging modes.

Hydrophone measurements of pulses used in subharmonic imaging modes with the C5-1 probe at
2.5 MHz (top row), 4.2 MHz (center row), and eL18-4 probe at 7 MHz (bottom row). Left column
is the transmitted pulse measured at axial distances of (a) 61 mm, (d) 73 mm, and (g) 60 mm.
Center column (b, e, h) is the corresponding frequency spectra of time waveforms normalized to
the magnitude of the fundamental component. Right column (c, f, i) is the axial pressure variation
along the center transmitted line.

know what part of it belongs to the fundamental and what to the subharmonic. No appreciable
acoustic amplitude was measured at the subharmonic component with SHI, , (Figure 5.1(e)) and
SHI; , (Figure 5.1(h)). The right column (Figure 5.1(c), Figure 5.1(f), Figure 5.1(j)) shows the
axial pressure distribution measured along the center transmitted line. The azimuthal focus of each
subharmonic mode was selected such that the maximum acoustic pressure was delivered 6-7 cm
axially from the selected probe. The acoustic pressures reported in this study correspond to the
peak negative pressure measured at the axial location of maximum pressure in water during the

full amplitude pulse of each pulsing scheme.

5.2.2  Experimental setup

To evaluate the effect of the ambient pressure on the subharmonic signal, we used a custom
air-tight chamber capable of pressurizing to 140 mmHg above atmospheric pressure (0 mmHg). A

schematic of this setup is shown in Figure 5.2(a). The chamber (length = 10 cm, width = 10 cm,
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height = 10 cm) is submerged in a water tank, with the outer wall positioned 2 cm away from the
imaging probe. The ambient pressure was manually controlled in the range of 0-140 mmHg with
an air-filled syringe and confirmed with a pressure gauge (+ 1 mmHg). Circular holes of 5 cm
diameter were cut through each wall of the chamber and sealed with a thin polycarbonate sheet
(0.13 mm thickness), which was measured to result in negligible transmission loss. A magnetic
stir bar placed inside the chamber was used to continuously stir the microbubble solution during
experiments. To minimize reflections, the imaging probe was rotated a small angle (5°) relative to
the orthogonal position with the chamber wall. Figure 5.2(b) shows an example subharmonic
image (set to the maximum dynamic range of 70 dB) without microbubbles, where the dashed

lines represent the walls of the chamber demonstrating no reflections inside the chamber.

5.2.3 Microbubble preparation

SonoVue (Bracco Suisse SA, Geneva, Switzerland), a clinically approved contrast agent,
was reconstituted according to manufacturer instructions, resulting in a base concentration of ~108
microbubbles/mL [54], and all measurements were completed within 3 hours of preparing the vial.
Prior to each experiment, a new microbubble dilution was prepared by extracting a small volume

from the vial, mixing in deionized water for 30 s, and then injecting into the chamber, resulting in
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Figure 5.2: Schematic of ambient pressure experiments and examples of image and RF analysis.

(a) Schematic of the experimental setup. Example subharmonic images (4.2 MHz) of the pressure
chamber with (b) no microbubbles, and (c) with SonoVue. The white dashed line outlines the
chamber walls and the blue box the region of interest used for image and RF analysis. (d) Example
radiofrequency time-series data from a single line after pulse inversion. (e) Example spectra from
pulse inversion RF data averaged from 100 transmit lines.
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a concentration of ~10* microbubbles/mL. The microbubble concentration was selected to be
representative of clinical concentrations [55] when mixed in 5 L blood. To control for variation
from different dilution times observed in literature [56], all experiments began 2 minutes from

when agent was extracted from the starting vial.

5.2.4 Experimental protocol

To measure subharmonic signal change with ambient pressure, two different approaches
were utilized. First, the chamber was set to a static ambient pressure between 0-100 mmHg,
allowed to mix for 30s, and then the acoustic pressure was gradually increased. At each acoustic
pressure, an image loop was recorded consisting of 5 frames captured at a frame rate of 0.33 Hz
(once every 3 seconds) to minimize bubble destruction when evaluating the higher acoustic
pressures. To avoid signal saturation at high acoustic pressures (> 400 kPa), the 2D analog gain of
the scanner was reduced by 8 dB relative to the gain selected for subharmonic imaging at acoustic
pressures < 400 kPa according to the procedure described in Keravnou, et al. [57]. We believe this
is a very important point when considering signals with large dynamic range from clinical
scanners. During data analysis, image intensity values acquired with high acoustic pressures were
adjusted by 8 dB to compensate for the difference in gain. A new microbubble dilution was used
for each ambient pressure, with each experiment being completed within 10 minutes of extracting
contrast agent from the starting vial. The second approach was to acquire subharmonic images
while the ambient pressure varied at a fixed acoustic pressure. This approach allows evaluating
any permanent effects of the increased ambient pressure on the microbubble behavior. A single
microbubble dilution is imaged during 3 static ambient pressures: 1.) atmospheric pressure (0
mmHg), 2.) increased ambient pressure between 0-140 mmHg (p,mp ), and 3.) after depressurizing
the chamber to return to atmospheric pressure. Image intensities measured when the chamber is
not pressurized (pamp = 0 mmHg) are used as a reference to calculate changes in image intensity
from ambient pressure-induced microbubble destruction. Each image loop consisted of 5 frames
captured at 0.33 Hz frame rate, with loops set 1 minute apart to allow for enough time to record
each loop, apply ambient pressure changes, and 30 s of stirring time. RF data was also captured
(sampled at 40 MHz) during each pg,,,, image loop, where the RF data from individual pulses that

form pulsing schemes is preserved, and saved for post-processing.
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5.2.5 Image quantification and RF analysis

Native DICOM (linearized image data) were collected and post-processed with QLAB
(Philips Healthcare, Bothell, WA, USA) using a region of interest (Figure 5.2(c)) spanning an
image depth of 5-7 cm to measure linearized image intensity per frame. The average image
intensity over 5 frames was calculated. RF data recorded during each p,,;, image loop was
analyzed in MATLAB using a custom script. First, an image is reconstructed from the RF data,
and a region of interest (similar to Figure 5.2(c)) selects data from the center 100 lines. Example
of RF data from the center line is shown in Figure 5.2(d). The frequency spectrum (dB relative to
1 arbitrary intensity unit-AlIU) is then calculated for each line. Finally, all 100 spectra are averaged
together to generate a single average spectra per region of interest, an example of which (after PI
processing) is shown in Figure 5.2(e). To measure subharmonic magnitude from RF data, the
average signal within a 0.2 MHz bandwidth centered on the subharmonic component was recorded

per spectra.
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5.3  RESULTS

5.3.1 The effect of frequency and bandwidth on subharmonic imaging

Figure 5.3 shows subharmonic images at low acoustic pressures (< 200 kPa) during
ambient pressures of 0 (atmospheric pressure), 40, and 80 mmHg. In the top row where a short
(windowed 6-cycle) pulse at 2.5 MHz in AM mode at 170 kPa is used (SHly55) the image
intensity slightly decreases as ambient pressure increases. In the middle row where a longer
(windowed 18-cycle amplitude-shaded) pulse at 4.2 MHz in PI mode at 70 kPa is used (SHIp; »),
the image intensity increases with ambient pressure. The same behavior is observed in the bottom
row where a similar longer pulse is used at 7 MHz in PI mode at 110 kPa. The average spectra of
RF data of these subharmonic images are shown in Figure 5.4 for the full amplitude pulse (left
column) and the combined pulses according to the pulsing scheme (right column). With SHI, 5 at
170 kPa, the spectra (Figure 5.4(a)) exhibit a peak at the transmit frequency (2.5 MHz), and no
distinct peak is observed at the subharmonic frequency (1.25 MHz). Additionally, there is no

difference between the spectra measured at ambient pressures of 0 and 80 mmHg. The spectra

Figure 5.3: Subharmonic images of SonoVue at low acoustic pressures for 3 ambient pressures.

Top row is subharmonic imaging at 170 kPa acoustic pressure with the C5-1 probe (SHlyy s, 6
cycles at 2.5 MHz transmit and 1.25 MHz receive). Center row is subharmonic imaging at 70 kPa
acoustic pressure with the C5-1 probe (SHlp;4,, 18 cycles at 4.2 MHz transmit and 2.1 MHz
receive). Bottom row is subharmonic imaging at 110 kPa acoustic pressure with the eL18-4 probe
(SHIp;70, 18 cycles at 7.0 MHz transmit and 3.5 MHz receive).
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from the AM processing (SHlp25) in Figure 5.4(b) shows a slight reduction (~ 2dB) in
magnitude for signal at frequencies between 1 - 4 MHz as ambient pressure increases from 0 to 80
mmHg. Again, no distinct peak is observed at the subharmonic frequency. Conversely, the spectra
from SHI, , (Figure 5.4(c)) shows distinct peaks at both the transmit frequency (4.2 MHz) and the
subharmonic frequency (2.1 MHz). Increasing ambient pressure from 0 to 80 mmHg results in a
10 dB increase in subharmonic magnitude and no change to the fundamental magnitude. This
subharmonic increase with ambient pressure is further increased in the spectra from the PI
processing (SHlp;4 5, Figure 5.4(d)), which shows a 14 dB increase in subharmonic magnitude
due to the significant reduction in the fundamental magnitude. Similarly, spectra of the SHI,
pulse at 110 kPa (Figure 5.4(¢e)) and the combined pulse (SHIp;7 o, Figure 5.4(f)) exhibit peaks at
the transmit frequency (7 MHz) and the subharmonic frequency (3.5 MHz) that increases with
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Figure 5.4: Average spectra of RF data measured during subharmonic imaging of SonoVue.

Left column shows spectra of a single pulse and right column shows spectra after applying a
pulsing scheme, both at ambient pressures of 0 mmHg (atmospheric) and 80 mmHg. Top row (a-
b) uses C5-1 at 2.5 MHz, 6 cycles, amplitude modulation to demonstrate the impact of the
transmitted pulse bandwidth. Center row (c-d) uses C5-1 at 4.2 MHz, 18 cycles, pulse inversion
with our preferred transmitted bandwidth. Bottom row (e-f) is measured with eL18-4 at 7 MHz,
18 cycles, pulse inversion.
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ambient pressure. Interestingly, we also observe an ultraharmonic component at 10.5 MHz that
increases by 4 dB as ambient pressure increases.

Next, we consider the produced subharmonic images with SonoVue microbubbles and
evaluate the image (subharmonic) intensity at various ambient and acoustic pressures. Figure 5.5
shows subharmonic images with SHIp; ,at acoustic pressures of 70, 430, and 700 kPa (rows) and
ambient pressures of 0, 40, and 80 mmHg (columns). We note that the images at an acoustic
pressure of 70 kPa have an extra gain of 8 dB compared to the images at 430 and 700 kPa. At 70
kPa a significant increase in subharmonic intensity with ambient pressure is observed. At 430 kPa
a smaller increase in subharmonic intensity is observed. Finally at 700 kPa a brighter region
appears at an imaging depth of 6-9 cm which does not change with ambient pressure changes. The
image brightness at shallower imaging depths (3-5 cm) at 700 kPa still increases slightly with

ambient pressure.

0 mmHg 40 mmHg 80 mmHg

70 kPa

430 kPa
(-8 dB)

700 kPa
(-8 dB)

o i ToreS R A

Figure 5.5: Subharmonic images of SonoVue at 3 ambient pressures and 3 acoustic pressures.

Images acquired with C5-1, 4.2 MHz, 18 cycles, pulse inversion.
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Figure 5.6 shows the average subharmonic intensity as a function of acoustic pressure for
ambient pressures of 0 — 100 mmHg. Figure 5.6(a) shows measurements with SHl,,, s, where
the subharmonic intensity generally increases almost linearly with acoustic pressure. At low
acoustic pressures (< 200 kPa), the subharmonic intensity is slightly reduced with increasing
ambient pressure, and at acoustic pressures greater than 400 kPa subharmonic intensity does not
change with ambient pressure. Figure 5.6(b) shows measurements with SHIp; 5, where the
subharmonic intensity changes at different rates with acoustic pressure. From 0-160 kPa, the
subharmonic intensity rapidly increases, followed by a plateau of subharmonic intensity from 160-
350 kPa, and changing again at acoustic pressures greater than 400 kPa where subharmonic
intensity increases with acoustic pressure. When the acoustic pressure is less than 350 kPa, an
increase in ambient pressure results in a significant increase in subharmonic intensity, but for
acoustic pressures greater than 500 kPa the subharmonic intensity does not change with ambient
pressure. Interestingly, at the lowest acoustic pressure of 35 kPa, the measurements at 0 and 20
mmHg did not detect subharmonic signal, while measurements at ambient pressures greater than
40 mmHg detected a subharmonic response. The reason for this is that the intensity measured
under 0 and 20 mmHg are below the noise floor. Figure 5.6(c) shows measurements collected
with SHIp;; o where, like SHIp;,,, the subharmonic intensity increases from 0-200 kPa, then

plateaus from 200-350 kPa. The subharmonic intensity is also observed to increase with ambient
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Figure 5.6: Average image intensity of SonoVue as a function of acoustic pressure for 6 ambient
pressures.

(a) C5-1 probe, transmit frequency 2.5 MHz, receive frequency 1.25 MHz), 6 cycles, amplitude
modulation. (b) C5-1 probe, transmit frequency 4.2 MHz, receive frequency 2.1 MHz, 18 cycles,
pulse inversion. (c) eL18-4 probe, transmit frequency 7 MHz, receive frequency 3.5 MHz, 18
cycles, pulse inversion.

116



pressure in this acoustic pressure range, with a smaller increase relative to measurements with
SHIpj4.2.

To quantify the subharmonic signal change with ambient pressure of each subharmonic
imaging mode, Figure 5.7 shows the subharmonic intensity as a function of ambient pressure,
normalized to the subharmonic intensity at 0 mmHg. For SHl,,, s (Figure 5.7(a)), low acoustic
pressures (< 200 kPa) exhibit a sensitivity of -0.05 dB/mmHg from 0-80 mmHg. Increasing
acoustic pressure reduces this subharmonic signal change, such that no change in subharmonic
intensity with ambient pressure is observed at acoustic pressures greater than 400 kPa. For SHIpj, »
(Figure 5.7(b)), the subharmonic intensity increases with ambient pressure, maximized at an
acoustic pressure of 70 kPa with a 16 dB increase and ambient pressure sensitivity of 0.2
dB/mmHg from 0-80 mmHg. As acoustic pressure increases, this sensitivity gradually decreases
until no change in subharmonic intensity is observed at 500 kPa. Measurements with SHIp;;
(Figure 5.7(c)) were also maximized at the lowest acoustic pressure (110 kPa) with a 6 dB increase
at 80 mmHg and a sensitivity of 0.08 dB/mmHg from 0-80 mmHg. Like SHl4p 5 and SHlp;4 5,

increasing acoustic pressure decreases the subharmonic sensitivity to ambient pressure.
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Figure 5.7: Average image intensity of SonoVue as a function of ambient pressure at different
acoustic pressures.

(a) C5-1 probe, transmit frequency 2.5 MHz, receive frequency 1.25 MHz), 6 cycles, amplitude
modulation. (b) C5-1 probe, transmit frequency 4.2 MHz, receive frequency 2.1 MHz, 18 cycles,
pulse inversion. (c) eL18-4 probe, transmit frequency 7 MHz, receive frequency 3.5 MHz, 18
cycles, pulse inversion. Intensity values were normalized with respect to the value at atmospheric
pressure (0 mmHg).
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5.3.2  The effect of pulsing schemes on subharmonic signal extraction

Using subharmonic imaging at 4.2 MHz, 4 pulsing schemes (Table 5.2) were evaluated at
a range of acoustic pressures and ambient pressure with SonoVue. The subharmonic magnitude
detected with each pulsing scheme is highlighted in Figure 5.8, which shows the average
subharmonic intensity as a function of ambient pressure normalized to the subharmonic intensity
at 0 mmHg. We note that all pulsing schemes exhibit the same behavior of subharmonic intensity
increasing with acoustic pressure as demonstrated with SHIp; , in Figure 5.6(b). At an acoustic
pressure of 70 kPa (Figure 5.8(a)) all pulsing schemes increase with ambient pressure, maximized
at 80 mmHg with a 16 dB increase and sensitivity of 0.2 dB/mmHg from 0-80 mmHg. Small to
negligible differences between the pulsing schemes are observed in the 20-60 mmHg ambient
pressure range, possibly due to experimental error or noise. PI offers a slightly greater change in
subharmonic intensity from 20-40 mmHg, exhibiting a sensitivity of 0.45 dB/mmHg. At the
highest acoustic pressure of 700 kPa (Figure 5.8(b)), all pulsing schemes show no sensitivity to

changes in ambient pressure.
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Figure 5.8: Average image intensity of SonoVue as a function of ambient pressure during different
pulsing schemes.

Subharmonic images recorded with the C5-1 probe (transmit frequency 4.2 MHz, receive
frequency 2.1 MHz, 18 cycles) with different pulsing schemes at acoustic pressures of (a) 70 kPa
and (b) 700 kPa. Intensity values were normalized with respect to the value at atmospheric
pressure (0 mmHg).

5.3.3  Cycling ambient pressure at 4.2 MHz

To determine if changes in subharmonic intensity were impacted by ambient pressure-
induced microbubble destruction, SHIp; , images of SonoVue were collected at a low acoustic

pressure of 120 kPa while cycling ambient pressure between atmospheric pressure and increased
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ambient pressure, p,mp, Maintained over a period of time. Figure 5.9(a) shows the average
measured subharmonic intensity at each stage of the pressure cycle, as a function of time, for pg .5
= 0-140 mmHg. When pg,n,p, = 0 mmHg (meaning ambient pressure is maintained at 0 mmHg for
the whole 2 min duration), the subharmonic signal increases at a rate of 2.2 dB/min (discussed
further in Section IV) and an overall increase of 4.4 dB is observed, which we use as the reference
subharmonic intensity to determine if microbubble destruction occurred. For 0 mmHg > pgmp =
80 mmHg, the subharmonic intensity increases by as much as 16 dB during pressurization (¢ = 1
min) and after depressurizing (¢t = 2 min) the subharmonic intensity returns to the reference
subharmonic intensity (4.4 dB). For pgmp > 80 mmHg, the subharmonic intensity increases by a
smaller amount at # = 1 min relative to the subharmonic intensity during pgmp = 80 mmHg. In
addition, for pg,p > 100 mmHg, after depressurization (¢ = 2 min) the subharmonic intensity drops
to a value that is lower than before pressurization (# = 0 min). The reduction in subharmonic
intensity suggests that SonoVue experiences a permanent change at high ambient pressures (> 100
mmHg), most likely due to microbubble destruction and not due to a change in subharmonic

sensitivity to ambient pressure.
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Figure 5.9: Average image intensity of SonoVue as a function of time during prolonged ambient
pressure cycling.

A schematic of the applied ambient pressure (Damp) as a function of time is shown above the plot.
The ambient pressure was 0 mmHg (atmospheric pressure) at t = () min, increased to Pgmp at t =
0.5 min, and decreased back to 0 mmHg at t = 1.5 min. The intensity values were normalized with
respect to the value at t = () min. Images acquired with C5-1, 4.2 MHz, 18 cycles, pulse inversion,
120 kPa acoustic pressure)
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5.4  DISCUSSION

In this study, we evaluated the effect of transmit frequency, bandwidth, pulsing scheme,
and acoustic pressure on the subharmonic response of SonoVue microbubbles under ambient
pressures of 0-140 mmHg. We covered a comprehensive range of imaging parameters for a total
of 8 subharmonic imaging modes (Table 5.2) implemented on a clinical scanner and evaluated
them in detail in vitro. We considered the subharmonic response during three transmit frequencies:
2.5 MHz (near resonance), 4.2 MHz (near twice resonance), and 7.0 MHz (above twice resonance).
Transmitting at twice the resonance frequency resulted in the greatest change in subharmonic
signal with ambient pressure, a 16 dB increase from 0-80 mmHg (+ 0.2 dB/mmHg) at 70 kPa
acoustic pressure. High ambient pressures (> 100 mmHg) resulted in microbubble destruction that

reduced subharmonic intensity, and not a change in subharmonic sensitivity.

5.4.1 Optimal subharmonic imaging mode for ambient pressure sensing for SonoVue

When transmitting near the resonance frequency (SHly,, ) with small number of cycles
(broad bandwidth), little to no change in subharmonic intensity with ambient pressure was
observed for all acoustic pressures with SonoVue [see Figure 5.6(a), Figure 5.7(a)]. A small
reduction in subharmonic intensity with ambient pressure (-0.05 dB/mmHg) was observed at low
acoustic pressures (< 200 kPa), however, average spectra of RF data acquired at 170 kPa acoustic
pressure [see Figure 5.4(a), Figure 5.4(b)] revealed a considerable overlap between the
fundamental and subharmonic signals to the extent that they were not separable. Additionally,
hydrophone measurements of the 2.5 MHz full amplitude pulse (SHI, 5) showed that due to the
wide bandwidth of the fundamental frequency, sound is directly transmitted at the subharmonic
frequency [see Figure 5.1(b)], further confounding the UCA’s response to ambient pressure. Our
implementation of SHl,,, s with pulses having only a few cycles was selected such that we could
demonstrate the effect of the transmit bandwidth (Table 5.1) in order to draw useful comparisons.
While studies with the commercially released subharmonic imaging mode (Table 5.1) often
resulted in good correlation with ambient pressure, in-vitro studies with SonoVue [58], Sonazoid
[31, 51, 59-61], and Definity [31, 51] driven near the resonance frequency have all found ambient
pressure sensitivities near our measured sensitivity of -0.05 dB/mmHg with SHl,,, 5. Our results
with SHlyy, 5 simply say that the image intensity in our subharmonic mode decreased with

increasing ambient pressure. However, the fact that we (in SHl,,,, 5) and other similar published
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works (Table 5.1) used short pulses where the subharmonic component is not separable from the
fundamental suggests that the observed ambient pressure sensitivity is not solely due to the
subharmonic component. Additionally, in the studies referenced in Table 5.1, spectra of RF data
are not provided to demonstrate and confirm the extent of subharmonic signal. Subharmonic
imaging at the average resonance frequency may still be sensitive to ambient pressure changes,
but a narrower transmit bandwidth would improve the detection of the subharmonic signal and
enhance the sensitivity to ambient pressure.

Transmitting at twice the average resonance frequency and using pulses with long cycles
(SHIp;, ,) resulted in a significant increase in subharmonic intensity with ambient pressure for
acoustic pressures less than 400 kPa with SonoVue [see Figure 5.6(b), Figure 5.7(b)]. The
subharmonic change with ambient pressure was maximized at an acoustic pressure of 70 kPa, with
a sensitivity of 0.20 dB/mmHg from 0-80 mmHg. The relationship of image intensity
(subharmonic signal) with acoustic pressure agrees with prior works that have measured the
subharmonic response of SonoVue at 3.0 MHz [58] and 4.0 MHz [62], however, we evaluated a
more comprehensive range of acoustic and ambient pressure combinations in comparison to these
studies. While previous studies have reported that the subharmonic generation threshold of lipid
shelled microbubbles is dependent on both acoustic and ambient pressure [50, 58, 62], our results
indicate that ambient pressures as low as 40 mmHg are sufficient to generate detectable
subharmonic signal (dependent on the noise floor of the system) even at very low acoustic
pressures (35 kPa). Our measured sensitivity is also slightly greater than recent in-vitro evaluations
of SonoVue at 4 MHz with low acoustic pressures (120 kPa), where Nio, et al. [49] measured a
sensitivity of 0.15 dB/mmHg from 0-75 mmHg, and Xu, et al. [62] measured a sensitivity of 0.16
dB/mmHg from 10-40 mmHg. Average spectra of RF data acquired at 70 kPa [see Figure 5.4(c),
Figure 5.4(d)] showed a distinct subharmonic peak that increases with ambient pressure during
both the full amplitude pulse (SHI, ;) and after PI processing (SHIp;4,), and the reported image
intensities are representative of subharmonic signal changes. We note that the subharmonic
component is considered as an “even” harmonic, which PI detects while AM and AMPI detect
nonlinear signal at all harmonic components but at a slightly lower level [28]. Small to negligible
differences were observed between the nonlinear pulsing schemes at all acoustic pressures [see
Figure 5.8], including the single pulse (SHI, ,), suggesting that the narrow bandwidth (18 cycles

at 4.2 MHz) used in these subharmonic modes was sufficient to separate the subharmonic and
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fundamental components. The use of pulsing schemes may still offer some advantages by allowing
the use of shorter pulses and improved spatial resolution. However, for our study we
conservatively selected longer pulses to ensure good separation of the subharmonic component
even without the use of a pulsing scheme. We also note that due to the dependence of ambient
pressure sensitivity on acoustic pressure, the subharmonic response with AM and AMPI represents
the combined subharmonic behavior across 2 acoustic pressures (half and full amplitude), while
PI detects the subharmonic response from a single acoustic pressure. Therefore, the optimal
subharmonic imaging mode that maximizes subharmonic signal change with ambient pressure was
to transmit at twice the average resonance frequency, required longer than conventional imaging
pulses (narrow transmit bandwidth), PI pulsing scheme (SHIp; ) and a low acoustic pressure of
70 kPa.

Subharmonic imaging above twice the resonance frequency with longer pulses (SHp;7 )
resulted in similar behavior to the SHIp; , subharmonic mode, with subharmonic intensity
increasing with ambient pressure at acoustic pressures < 400 kPa [see Figure 5.6(c), Figure
5.7(c)], and a distinct subharmonic peak observed in the average spectra of the RF data acquired
at lower acoustic pressures (110 kPa) [see Figure 5.4(e), Figure 5.4(f)]. However, the detected
change in subharmonic signal with ambient pressure (0-80 mmHg) was 0.12 dB/mmHg less with
SHIp;70 (0.08 dB/mmHg at 110 kPa) compared to SHlp;4, (0.2 dB/mmHg at 70 kPa). One
explanation for this reduced sensitivity may be due to the polydispersity of SonoVue, as the
microbubbles that are at twice their resonance at 7 MHz, with an approximate radius of 0.75 um
[34], make up a smaller percentage of the total microbubble population compared to the average
radius of 1.25 um [37]. We also note that the receive processing of the imaging probe used for
SHI; o (eL18-4) is optimized for imaging depths of 1-4 cm, which may impact signal detection at
our selected region of interest from 5-7 cm. Despite the reduced sensitivity, subharmonic imaging
at 7 MHz still offers a viable method of detecting ambient pressure changes that can be useful for
applications at shallow imaging depths such as interstitial fluid pressure measurements of breast

cancer [63, 64].

5.4.2 Ambient pressure sensitivity of SonoVue

Figure 5.10 shows the subharmonic signal change with ambient pressure, referred to as

sensitivity (dB/mmHg), as a function of acoustic pressure (calculated from the slopes observed in
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Figure 5.10: Average ambient pressure sensitivity as a_function of acoustic pressure.

Ambient pressure sensitivity is calculated from the change in subharmonic signal from 0-40 or 0-
80 mmHg using the data presented in Fig. 7(b). Images acquired with C5-1, 4.2 MHz, 18 cycles,
pulse inversion.

Figure 5.7(b)) with SHIp;,,. Sensitivity is shown for 2 ambient pressure ranges, 0-40 mmHg,
which is the relevant pressure range for evaluating portal hypertension [65] and monitoring
interstitial fluid pressure in solid tumors [66], and 0-80 mmHg, the relevant pressure range for
evaluating pulmonary arteries and right heart chambers [67, 68]. SonoVue is sensitive to ambient
pressure for acoustic pressures < 500 kPa and is maximized at 70 kPa with 0.31 dB/mmHg from
0-40 mmHg and 0.2 dB/mmHg from 0-80 mmHg. Similar to Figure 5.7(b), the sensitivity at 35
kPa is not shown in Figure 5.10 due to no subharmonic signal detected from 0-20 mmHg. Our
results also indicate that the optimal acoustic pressure for maximizing ambient pressure sensitivity
with SonoVue (oscillating at twice the resonance frequency) is the minimum acoustic pressure
(dependent on noise floor of scanner) needed to detect subharmonic signal at atmospheric pressure
(70 kPa in this work). The increased sensitivity of SonoVue at lower acoustic pressures is an
important consideration for clinical implementation of subharmonic imaging (Table 5.1) which
has relied on an incident acoustic output algorithm to select patient specific acoustic pressures,
typically during the “growth” phase of the subharmonic response [7]. However, due to the unique
subharmonic response of SonoVue as a function acoustic pressure, confirmed with both our
measurements [see Figure 5.6(b)] and in other in-vitro studies [58, 62], the acoustic output
algorithm could be eliminated in favor of a constant, low acoustic pressure (< 200 kPa) that would

offer ambient pressure sensitivity with SonoVue and avoid patient-specific calibration.
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5.4.3 High ambient pressures results in microbubble destruction

After evaluation of subharmonic images (SHIp;,,) during prolonged ambient pressure
cycling with SonoVue [see Figure 5.9], we observed that the high ambient pressures (> 100
mmHg) induce a permanent reduction in subharmonic signal, which we attribute to possible
microbubble destruction due to static pressure and not a change in subharmonic sensitivity. When
the chamber was not pressurized (pg,, = 0 mmHg) and observed for 2 minutes the subharmonic
intensity increased by 2.2 dB/min to the reference intensity of 4.4 dB at t = 2 min. This time-
dependence of the subharmonic response may be related to the diffusivity of the sulfur
hexafluoride gas from SonoVue [37, 69] to the surrounding medium [70] and demonstrates the
importance of comparing subharmonic intensities at the same time relative to when microbubbles
were injected into the chamber. When the chamber was depressurized after low ambient pressures
Pamp < 100 mmHg) the subharmonic intensity returned to the reference intensity (4.4 dB)
indicating a nondestructive ambient pressure range exists from 0-100 mmHg. During high ambient
pressures (Pgmp > 100 mmHg) the overall subharmonic intensity was reduced, and after
depressurizing (¢ = 2 min) the subharmonic intensity was below the reference intensity, decreased
by 6 dB when pg,,, was 120 mmHg and decreased by 9 dB when p,,, was 140 mmHg. Our
results also agree with Nio, et al. [49] who reported similar descending subharmonic intensity at
high ambient pressures (> 125 mmHg) with SonoVue and speculated that the decrease is due to
microbubble buckling and destruction. This is important to consider when using subharmonic
imaging in patients with severe heart disease, where ambient pressures can exceed 100 mmHg [3]
and may require new techniques such as ultrafast imaging to measure dissolution time [47, 71].
The increase in subharmonic signal over time must also be considered for in-vivo work with
SonoVue, as clinical implementation of subharmonic imaging (Table 5.1) currently utilizes
continuous infusions for microbubble delivery which if paired with SonoVue may result in an
ambient pressure sensitivity that changes over time. Therefore, subharmonic imaging techniques
compatible with bolus injections should be developed to eliminate variation in ambient pressure

sensitivity dependent on evaluation time.

5.4.4 Limitations of in-vitro evaluation

In this study we used a pressurized chamber placed in a water tank to evaluate the

subharmonic response SonoVue and several subharmonic imaging modes. This allowed for direct
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assessment of freshly prepared microbubbles covering a wide range of acoustic conditions to
accurately quantify the change in subharmonic signal to ambient pressure. However, the simplicity
of in vitro setups eliminates some factors that are present in-vivo. Microbubbles were injected
directly from the prepared dilution into the chamber without first filtering the dilution to remove
any large microbubbles, a function performed by the lungs in-vivo [72]. While the number of large
bubbles only constitute a small percentage of the microbubble population [37, 38], the presence of
these microbubbles could potentially influence the results in-vitro. Another factor was the absence
of flow in our experimental setup, requiring a slow frame rate (0.33 Hz) to protect microbubbles
from destruction during repeated scanning at the higher acoustic pressure. Still, our measurements
of the subharmonic response of SonoVue as a function of acoustic pressure [see Figure 5.6(b)]
indicate that sensitivity to ambient pressure is maximized at nondestructive acoustic pressures
below the threshold for microbubble shell rupture (< 200 kPa) [see Figure 5.10] [39, 40]. By
optimizing subharmonic imaging at low acoustic pressures, clinical implementation of SHIp; ,
can be performed with real-time frame rates and does not require triggering methods (e.g.,
electrocardiogram triggering) that are necessary for high acoustic pressure techniques [43, 44].
Transmit beamforming is another important consideration, as the ambient pressure
sensitivity is highly dependent on acoustic pressure. All subharmonic intensities described in this
work represent the average intensity from the region of interest placed at image depths of 5-7 cm
[see Figure 5.2(c)]. Comparing this region to the spatial pressure distribution of SHI, , [see Figure
5.1(f)], the 5-7 cm range corresponds to acoustic pressures within 60% (0-4 dB) of the maximum
pressure delivered at 7 cm. However, microbubbles at shallower depths (2-5 cm) are exposed to
lower acoustic pressures and will exhibit a different subharmonic response compared to
microbubbles positioned near the maximum acoustic pressure [see 700 kPa images in Figure 5.5].
The dependence of subharmonic response on acoustic pressure presents a problem for clinical
implementation of subharmonic imaging, as exact acoustic pressures cannot be known in-vivo. A
potential solution is to select transmit beamforming that generates a more uniform acoustic
pressure distribution such that ambient pressure sensitivity is uniform throughout the imaging
plane. Additionally, the effect of attenuation, which is dependent on both imaging depth and transit
frequency, must also be considered and may impact detected subharmonic signal during in-vivo

evaluations.
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5.5 CONCLUSION

In this study, we evaluated the effect of 3 different transmit frequencies (near resonance,
twice resonance and greater than twice resonance), bandwidth, pulsing scheme, and acoustic
pressure on the subharmonic response of SonoVue microbubbles under ambient pressures of 0-
140 mmHg. Transmitting at twice the resonance frequency (4.2 MHz) results in the greatest change
in subharmonic signal with ambient pressure, a 16 dB increase from 0-80 mmHg (+ 0.2 dB/mmHg)
at 70 kPa acoustic pressure. This result is important because it eliminates the need for patient-
specific acoustic pressures. SonoVue is also particularly sensitive to low ambient pressures (0-40
mmHg), relevant for monitoring IFP in solid tumors. Prolonged exposure to high ambient
pressures (> 100 mmHg) resulted in microbubble destruction that impacts subharmonic intensity.
The findings in this work provide evidence of the utility of SonoVue for ambient pressure sensing

at low acoustic pressures.
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CHAPTER 6. AMBIENT PRESSURE SENSITIVITY OF SONAZOID
MICROBUBBLES AT RESONANCE FREQUENCY

Abstract

Subharmonic imaging for ambient pressure estimation is a noninvasive alternative to direct
pressure catheter measurements that are currently used to diagnose multiple disease processes and
monitor interstitial fluid pressure. Sonazoid, a microbubble contrast agent, is commonly used in
subharmonic imaging due to its high sensitivity to ambient pressure. However, clinical
implementations of subharmonic imaging employ frequencies below the resonance frequency of
Sonazoid, requiring high acoustic pressure to generate subharmonic signal. We investigated
transmitting long pulses (18 cycles) at the resonance frequency of Sonazoid microbubbles (4.2
MHz) and detecting the subharmonic component with narrow receive bandwidth in a pulse
inversion scheme as a sensitive method to detect ambient pressure. We used an in-vitro pressure
chamber with transparent acoustic windows and filled with Sonazoid microbubbles to vary the
ambient pressure (0-140 mmHg) while collecting subharmonic images. We considered a range of
acoustic pressures (70-700 kPa) to investigate the subharmonic response of Sonazoid above and
below the acoustic pressure threshold of microbubble shell disruption. Native linearized image
data were used to accurately measure the subharmonic signal in the images. During low acoustic
pressures (< 200 kPa), we observed that the subharmonic response of Sonazoid can slightly
increase with increasing ambient pressure. At high acoustic pressures (> 500 kPa) Sonazoid
exhibits a slight negative sensitivity with ambient pressure, with a 4.6 dB decrease from 0-60
mmHg (-0.08 mmHg) at 640 kPa acoustic pressure. We also observed a significant difference in
subharmonic responses of SonoVue and Sonazoid microbubbles driven at 4.2 MHz, with SonoVue
exhibiting a higher sensitivity to ambient pressure for acoustic pressures < 400 kPa. The findings
suggest that further investigation of Sonazoid in subharmonic imaging for ambient pressure

sensing is necessary.
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6.1 INTRODUCTION

Sonazoid (GE HealthCare, Oslo, Norway) a clinically approved contrast agent, is
commonly used for subharmonic imaging studies (Table 5.7). Although Sonazoid shares a similar
physiochemical structure to SonoVue (a phospholipid monolayer encapsulating sulfur
hexafluoride gas [1, 2]), with a lipid monolayer (hydrogenated egg phosphatidyl serine)
encapsulating an inert gas (perfluorobutane gas), Sonazoid exhibits a higher average resonance
frequency, near 4 MHz [3, 4], and increased shell material stiffness compared to SonoVue [5, 6].
Despite both SonoVue and Sonazoid being lipid-shelled microbubbles, the differences in material
and acoustic properties may result in subharmonic responses specific to each agent [7].

Most subharmonic imaging studies that use Sonazoid as an ambient pressure sensor drive
the contrast agent at a transmit frequency of 2.5 MHz (Table 5.1), below its average resonance
frequency. The selection of 2.5 MHz as the transmit frequency is often attributed to the in-vitro
study by Dave, et al. [8], who evaluated the ambient pressure sensitivity of Sonazoid at a range of
transmit frequencies (2.5-6.6 MHz) and acoustic pressures (0.35-0.6 MPa). The ambient pressure
sensitivity of Sonazoid was optimized when driven at 2.5 MHz at 0.35 MPa acoustic pressure,
however other transmit frequencies that were near resonance (4.4 MHz) or above resonance (5,
6.6 MHz) demonstrated similar sensitivities to ambient pressure (-0.07 dB/mmHg) during the same
acoustic pressure. Wang, et al. [9] also evaluated the subharmonic response of Sonazoid when
driven at its resonance frequency during an acoustic pressure range of 300-800 kPa, where 550
kPa was identified as the optimal acoustic pressure producing an ambient pressure sensitivity of -
0.15 dB/mmHg. Notably, the studies by Halldorsdottir [8] and Wang [9] both used high acoustic
pressures (> 200 kPa) that exceed the threshold for shell disruption and lipid shedding [10, 11].
Consequently, the subharmonic response of Sonazoid at low acoustic pressure (< 200 kPa) has yet
to be explored, especially at higher transmit frequencies that may reduce the subharmonic
threshold.

In this work we perform an initial study evaluating the change in subharmonic signal with
ambient pressure of Sonazoid when driven near its resonance frequency. We considered a range
of acoustic pressures (70-700 kPa) to investigate the subharmonic response of Sonazoid above and
below the acoustic pressure threshold of microbubble shell disruption. Sonazoid was evaluated
using the SHIp;,, subharmonic mode (4.2 MHz, 18 cycles, pulse inversion), found to be the

optimal mode with SonoVue in Chapter 5. A custom-built chamber pressurized to physiologically
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relevant static ambient pressures (0-100 mmHg) was used to evaluate change in subharmonic
signal with ambient pressure. We used Sonazoid diluted to concentrations equivalent to clinical
doses. The microbubble solutions were constantly stirred and imaged at a slow frame rate (0.33
Hz) to minimize microbubble destruction during the experiments. Native linearized image data
(with the logarithmic compression removed) were recorded and post-processed to measure
changes in image intensity. The subharmonic signal change per unit ambient pressure is the key
metric used to evaluate all the ultrasound parameters and allows for direct comparisons of the

ambient pressure sensitivity of SonoVue and Sonazoid.
6.2  MATERIAL AND METHODS

6.2.1 Microbubble preparation

Sonazoid was reconstituted according to the manufacturer instructions, resulting in base
concentrations of ~108 microbubbles/mL [12], and all measurements were completed within 3
hours of preparing the vial. Prior to each experiment, a new microbubble dilution was prepared by
extracting a small volume from the vial, mixing in deionized water for 30 s, and then injecting into
the chamber, resulting in a concentration of ~10* microbubbles/mL (same concentration used with
SonoVue). The microbubble concentration was selected to be representative of clinical
concentrations [13] when mixed in 5 L blood. To control for variation from different dilution times
observed in literature [14], all experiments began 2 minutes from when agent was extracted from

the starting vial.

6.2.2 Experimental protocol

To measure subharmonic signal change of Sonazoid with ambient pressure, we repeated
the procedure of increasing acoustic pressure during static ambient pressures described in Section
5.2.4 with the SHIp;,, mode (Table 5.2). Briefly, the chamber [see Figure 5.2(a)] was set to a
static ambient pressure between 0-100 mmHg, allowed to mix for 30s, and then the acoustic
pressure was gradually increased. At each acoustic pressure, an image loop was recorded
consisting of 5 frames captured at a frame rate of 0.33 Hz (once every 3 seconds) to minimize
bubble destruction when evaluating the higher acoustic pressures. To avoid signal saturation at
high acoustic pressures (> 400 kPa), the 2D analog gain of the scanner was reduced by 8 dB relative

to the gain selected for subharmonic imaging at acoustic pressures less than 400 kPa. A new
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microbubble dilution was used for each ambient pressure, with each experiment being completed
within 10 minutes of extracting contrast agent from the starting vial. Native DICOM (linearized
image data) were collected and post-processed with QLAB (Philips Healthcare, Bothell, WA,
USA) using a region of interest [see Fig. 5.2(c)] spanning an image depth of 5-7 cm to measure

linearized image intensity per frame. The average image intensity over 5 frames was calculated.

6.3 RESULTS

Figure 6.1 shows subharmonic images (SHIp;4 ) of Sonazoid at acoustic pressures of 70,
430, and 700 kPa at ambient pressures of 0, 40, and 80 mmHg. We note that the images at an
acoustic pressure of 70 kPa have an extra 2D gain of 8 dB compared to the images at 430 and 700
kPa. At all acoustic pressures, the image intensity when using Sonazoid shows little to no change
with increasing ambient pressure. At 700 kPa, we observe a hyperechoic region from 6-9 cm,
similar to subharmonic images with SonoVue at 700 kPa [see Figure 5.5], but the image brightness
in shallower depths does not change with ambient pressure.

Figure 6.2 shows the average subharmonic image intensity as a function of acoustic
pressure (Figure 6.2(a)) and as a function of ambient pressure (Figure 6.2(b)) for ambient
pressures of 0-100 mmHg. Figure 6.2(a) shows that the subharmonic intensity gradually increases

with acoustic pressure, and more rapidly increases when acoustic pressure > 500 kPa. Little to no

40 mmHg 80 mmHg

70 kPa

430 kPa
(-8 dB)

700 kPa
(-8 dB)

Figure 6.1: Subharmonic images of Sonazoid at 3 ambient pressures and 3 acoustic pressures.

Images acquired with C5-1, 4.2 MHz, 18 cycles, pulse inversion.
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Figure 6.2: Average image intensity of Sonazoid as a function of (a) acoustic pressure, and (b)
ambient pressure.

Intensity values in (b) were normalized with respect to the value at atmospheric pressure (0
mmHg). Images acquired with C5-1, 4.2 MHz, 18 cycles, pulse inversion

change in subharmonic intensity is observed with increasing ambient pressure. Figure 6.2(b)
further highlights the effects of ambient pressure, where at low acoustic pressure (< 200 kPa),
Sonazoid increases in image intensity with increasing ambient pressure. The increase in image
intensity with ambient pressure was maximized at the lowest acoustic pressure of 70 kPa, with a
2.7 dB increase at 60 mmHg and a sensitivity of 0.05 dB/mmHg from 0-60 mmHg. For acoustic
pressures 200-500 kPa, Sonazoid was not found to be sensitive to ambient pressure changes in our
in vitro experiments. At high acoustic pressures (> 500 kPa) Sonazoid exhibits a negative
sensitivity with ambient pressure, maximized at 60 mmHg with a 4.6 dB decrease in intensity and

a sensitivity of -0.08 mmHg from 0-60 mmHg.

6.4  DISCUSSION

In this initial study, we considered a range of acoustic and ambient pressures for evaluating
the subharmonic response of Sonazoid driven near its resonance frequency, with a special focus
on low acoustic pressures. The subharmonic intensity of Sonazoid gradually increased with
acoustic pressure [see Figure 6.2(a)]. During low acoustic pressures (< 200 kPa), the subharmonic
response of Sonazoid slightly increases with increasing ambient pressure. A positive sensitivity
with Sonazoid has not been observed in other studies (due to limited investigation of low acoustic
pressures) and indicates that Sonazoid may also be considered for non-destructive subharmonic
imaging. However, because the driving frequency is near the resonance frequency of Sonazoid,

only a small percentage of the total bubble population (due to polydispersity of microbubble sizes
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[4]) may be in the buckling regime to generate subharmonic signal. The small number of scatterers
capable of generating subharmonic signal could explain the non-uniform appearance of Sonazoid
at low acoustic pressures [see 70 kPa images in Figure 6.1] and the relatively weak subharmonic
signal compared to the subharmonic response at higher acoustic pressures where subharmonic
signal from microbubbles at resonance is dominant [15]. At high acoustic pressures (> 500 kPa)
we measured the greatest ambient pressure sensitivity (-0.08 dB/mmHg) during 640 kPa acoustic
pressure. Our results agree with Wang, et al. [9] who also observed a gradual increase in
subharmonic signal from 300-800 kPa during a 16-cycle pulse at 4.4 MHz, and found an optimal
acoustic pressure of 550 kPa for maximizing ambient pressure sensitivity (-0.15 dB/mmHg) over
a smaller pressure range of 10-40 mmHg. Dave, et al. [8] measured a similar sensitivity (-0.06
dB/mmHg) when driving Sonazoid microbubbles with a 64-cycle, 4.4 MHz pulse during acoustic
pressures greater than 500 kPa but also found Sonazoid was sensitive to ambient pressure from
300-500 kPa (where we observed no sensitivity). The difference in subharmonic behavior between
our studies could be due to the longer pulse lengths (64 cycles vs 18 cycles in our study) used by
Dave, et al. [8] which can exhibit increased ambient pressure sensitivity compared to subharmonic
measurements with shorter pulse lengths [16].

The change in subharmonic signal with ambient pressure was also specific to the
microbubble formulation, with SonoVue exhibiting a larger relative change in subharmonic signal

compared to Sonazoid. Similar to Figure 5.10 for SonoVue, Figure 6.3 shows for Sonazoid the
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Figure 6.3: Average ambient pressure sensitivity as a function of acoustic pressure for Sonazoid.

Ambient pressure sensitivity is calculated from the change in subharmonic signal from 0-40 or 0-
80 mmHg using the data presented in Figure 6.2(b). Images acquired with C5-1, 4.2 MHz, 18
cycles, pulse inversion.
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ambient pressure sensitivity (dB/mmHg) as a function of acoustic pressure (calculated from the
slopes observed in Figure 6.2(b)) measured with SHIp;,,. Sensitivity is shown for 2 ambient
pressure ranges: 0-40 mmHg, which is the relevant pressure range for evaluating portal
hypertension [17] and monitoring interstitial fluid pressure in tumors [18], and 0-80 mmHg, the
relevant pressure range for evaluating pulmonary arteries and right heart chambers [19, 20]. Figure
6.3 shows that Sonazoid exhibits a slight positive sensitivity to ambient pressure for acoustic
pressures < 200 kPa, maximized at 70 kPa with +0.06 dB/mmHg from 0-40 mmHg. In comparison,
SonoVue imaged with SHIp;,, [see Figure 5.10] is sensitive to ambient pressure for acoustic
pressures less than 500 kPa and is maximized at 70 kPa with +0.31 dB/mmHg from 0-40 mmHg.
SonoVue exhibits a greater ambient pressure sensitivity since it is driven at twice its resonance
frequency where most of the microbubble population is near the buckling regime generating a
greater subharmonic signal magnitude relative to Sonazoid. Another consideration is the higher
shell stiffness of Sonazoid which would resist the deformation necessary to transition to the
buckled state, further limiting the subharmonic signal generation at low acoustic pressures [10].
The results of our study suggest that SonoVue offers a greater sensitivity to ambient pressure than
Sonazoid when insonified at 4.2 MHz (twice the resonance frequency of SonoVue) with low
acoustic pressures and is especially suited for applications such as evaluating portal hypertension
where a smaller ambient pressure range (0-40 mmHg) is expected. Future studies should also
consider implementing subharmonic imaging at twice the resonance frequency of Sonazoid (8.5

MHz) to directly compare the subharmonic response derived from buckling of both agents.

6.5 CONCLUSION

In this initial study, we evaluated the subharmonic response of Sonazoid microbubbles
driven at the resonance frequency (4.2 MHz) under ambient pressures of 0-100 mmHg. We found
that the subharmonic signal of Sonazoid can increase with ambient pressure during low acoustic
pressures (< 200 kPa), with a small 2.5 dB increase from 0-80 mmHg (+ 0.03 dB/mmHg) at 70
kPa acoustic pressure. This result is important because non-destructive subharmonic imaging can
also be performed with Sonazoid, and sensitivity may be further improved with transmit
frequencies at twice the resonance frequency. We also observed a significant difference in

subharmonic responses of SonoVue and Sonazoid driven at 4.2 MHz, with SonoVue exhibiting a
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higher sensitivity to ambient pressure for acoustic pressures < 400 kPa. The findings in this work

suggest the need for further investigation of Sonazoid at low acoustic pressures.
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CHAPTER 7. CONCLUSIONS

7.1 SUMMARY OF CONTRIBUTIONS

Ultrasound-mediated microbubble cavitation has been investigated in this thesis as a
method of improving systemic drug uptake through modulation of the tumor microenvironment,
in which the same clinical tools (ultrasound and microbubbles) used to identify solid tumors can
also be used for treatment and subsequent monitoring. The unique tumor microenvironment of
solid tumors, comprised of abnormal vasculature, desmoplasia within the extracellular matrix, and
elevated interstitial fluid pressure (IFP) act as major barriers for delivery of systemic therapies.
Through careful consideration of acoustic parameters, microbubble cavitation can induce localized
biological effects that can overcome these barriers to drug delivery. We separately investigated the
mechanical and thermal effects of microbubble cavitation therapy to elucidate how best to control
these effects which can lead to improved systemic drug delivery. We also explored subharmonic
imaging with microbubbles as a noninvasive strategy for measuring tumor IFP. The use of a
clinical ultrasound system and commercial contrast agents throughout this thesis is intended to

accelerate future translation efforts.

7.1.1 Cavitation therapy with a clinical scanner and real-time monitoring

In Chapter 2 we designed and implemented pulses (1.67 MHz, 20-1000 cycles, 0.8-2.5
MPa, 5-100 ms pulse repetition time) suitable for microbubble cavitation with a phased array on a
clinical scanner. The cavitation therapy setting was combined with imaging for better treatment
guidance. We evaluated the cavitation activity in vitro with a comprehensive range of acoustic
parameters (acoustic pressure, pulse repetition time, and pulse length) not previously covered to
this extent by utilizing a novel perfusion phantom that consisted of microbubbles suspended in a
gel phantom that has similar ultrasound properties as tissue. Passive cavitation detection (PCD)
measurements found that the duration of inertial cavitation lasted for ~3-5 pulses during the first
100 ms of treatment. Similar cavitation activity was observed in our later in vivo studies (Figure
3.9(b) and Figure 3.13(b)), validating the in vitro work with the perfusion phantom as being
representative of the microvascular network (capillary bed) of a tumor during the peak of a bolus
injection of microbubbles. The findings in this in vitro evaluation informed the acoustic parameters

selection for the subsequent in vivo studies discussed in Chapter 3.
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In Chapter 3 we successfully performed ultrasound cavitation treatments in animal tumor
models in vivo delivered by the clinical system optimized in Chapter 2 or a focused single element
transducer and gained new insights on cavitation activity and changes to IFP resulting from
cavitation therapy. Our setup was comprehensive, accurate, reliable, and included simultaneous
real-time monitoring of cavitation treatments with PCD and contrast-enhanced ultrasound (CEUS)
and provided comprehensive information of both cavitation activity and changes to tumor
perfusion. CEUS captured spatial and temporal dynamics of transient tumor perfusion loss (TTPL)
resulting from cavitation treatments. PCD confirmed accurate targeting of cavitation treatments
and correlated with the extent of TTPL immediately after treatment. In our first study, we delivered
cavitation treatments at 2 acoustic pressures (1.6, 2.2 MPa) with the clinical scanner that followed
a protocol of 4 repeated treatments of 60s duration with alternating 5s on/off sonication. Pressure
catheter measurements confirmed a significant reduction in IFP resulting from cavitation
treatments that was similar between the 2 acoustic pressures used (1.6 and 2.2 MPa). All ultrasound
conditions induced TTPL without significant tissue damage or hemorrhage. Cavitation treatments
at 2.2 MPa caused near-complete cessation of flow, while cavitation treatments at 1.6 MPa
gradually decreased TTPL. The significant perfusion disruption observed when the acoustic
pressure was 2.2 MPa may impede drug transport of systemically delivered therapeutic agents. In
another study, cavitation treatments at 3 acoustic pressures (1.2, 2.5, 4.0 MPa) were delivered by
a focused, single element transducer following a protocol of a single, 1 s treatment and monitored
by CEUS up to 60 minutes after treatment. TTPL immediately after treatments increased in
severity with increasing acoustic pressure, where perfused area was partially disrupted (< 50%
reduction in perfused area) when acoustic pressure was less than 2 MPa, while significant
disruption (> 50% reduction in perfused area) was observed when acoustic pressure was above 2
MPa. Monitoring TTPL up to 60 minutes after a single 1 s treatment revealed that the majority of
tumor perfusion recovered as soon as 5 minutes after treatment. In the case of high acoustic
pressure (4.0 MPa) perfusion gradually degrades up to 60 minutes after treatment, possibly
indicating some nonrecoverable vascular damage occurred. PCD measurements between the 2
treatment protocols also found similar results that inertial cavitation activity subsided after the first
1-20 transmitted pulses (depending on pulse repetition rate). The complimentary information
provided by CEUS and PCD indicates that a single injection with a short treatment duration is

sufficient for generating immediate TTPL and significant cavitation activity. Our measurements
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of TTPL within the first hour after cavitation treatments also indicate that delaying subsequent
cavitation treatments by at least 5 minutes (preferably longer) in this tumor model can increase the

efficacy of treatments and may be used to further enhance systemic drug delivery.

7.1.2  Controlled hyperthermia with microbubble enhanced heating

In Chapter 4, we demonstrated control over the enhanced heat deposition during
microbubble cavitation through careful selection of acoustic parameters and microbubble dosing.
We evaluated temperature elevation in an ex-vivo porcine liver which maintains in vivo properties,
used with and without machine perfusion to evaluate the effect of blood flow and perfusion on
heat transfer in the liver. The measured temperature elevation in perfused and non-perfused
porcine liver without microbubbles agreed with bioheat simulations. In non-perfused tissue, we
defined 2 acoustic pressure regimes based on microbubble heating behavior. “Controlled”
microbubble enhanced heating (BEH) occurs at low acoustic pressures (< 1.2 MPa) when only
injected microbubbles are inertially cavitating, but below the inertial cavitation threshold of
residual air pockets trapped in the medium. “Uncontrolled” BEH occurs at high acoustic pressures
(> 2 MPa) where both microbubbles and residual air pockets inertially cavitate, recognized by a
plateau of temperature elevation due to intense cavitation shielding the focal area from further
energy deposition. Thermocouple measurements also demonstrated that the heated area was larger
when using microbubbles at all pressures. In the presence of perfusion, only local injections
provided a sufficiently high concentration of microbubbles at the treatment location necessary for
significant temperature enhancement to overcome the blood flow heat deposition. Little
temperature enhancement was observed when systemic injections were used for microbubble
delivery. While it may be possible to enhance heating with systemic injections, relevant for in vivo
evaluations, we anticipate that the high microbubble concentrations required for significant heating
would introduce acoustic shadowing that can shift the treatment location. Our findings suggest that
we can combine the mechanical and thermal effects of cavitation therapy to modulate the tumor
microenvironment and improve systemic drug delivery despite having investigated them

separately in this thesis.

7.1.3  Subharmonic imaging to measure ambient pressure and IFP

In Chapter S we evaluated SonoVue, a clinically available contrast agent that has not yet

been used with clinical studies with subharmonic imaging, for ambient pressure sensing at low
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acoustic pressures. We investigated a comprehensive range of ultrasound parameters, considering
the effect of transmit frequency, bandwidth, pulsing scheme, and acoustic pressure on the
subharmonic response of SonoVue under ambient pressures of 0-140 mmHg. A new subharmonic
imaging mode was implemented on a clinical scanner. We show that transmitting at twice the
resonance frequency of SonoVue, which lowers the acoustic pressure threshold for subharmonic
signal generation, resulted in the greatest subharmonic signal change with ambient pressure.
SonoVue was also particularly sensitive to ambient pressures of 0-40 mmHg, indicating SonoVue
is well-suited for monitoring IFP in our subcutaneous model of HCC where IFP ranged from 0-15
mmHg (Figure 3.15). Some current commercially available implementations of subharmonic
imaging use pulses with frequency near the resonance frequency of microbubbles and a small
number of cycles. With these parameters, a considerable overlap between the fundamental and
subharmonic signals exists to the extent that it is no longer possible to separate the subharmonic
component. Our results demonstrate that improving the detection of the subharmonic component
through careful selection of the transmit frequency and number of cycles can significantly enhance
ambient pressure sensitivity. Additionally, we provided the first evidence that high ambient
pressures (> 100 mmHg) resulted in microbubble destruction that reduced the subharmonic
intensity. The findings in this work are significant as optimization at low acoustic pressures
eliminates the need for patient specific calibrations used in existing clinical implementations of
subharmonic imaging.

In Chapter 6 we provided an initial investigation of the subharmonic response of Sonazoid
with the subharmonic imaging mode created in Chapter 5. Sonazoid is a clinically available
contrast agent, that has been investigated in the past for ambient pressure sensing. Our
investigation addresses important gaps that existed in terms of the subharmonic response of
Sonazoid. A small positive ambient pressure sensitivity with Sonazoid was observed at low
acoustic pressures (< 200 kPa), indicating that Sonazoid may also be used for non-destructive
subharmonic imaging but is much less sensitive to ambient pressure than SonoVue. Comparisons
of the subharmonic response of SonoVue (Chapter 5) and Sonazoid (Chapter 6) when driven at
4.2 MHz revealed the differences between the microbubble formulations. SonoVue exhibited a
greater ambient pressure sensitivity than Sonazoid, since most of the SonoVue microbubble
population is driven at twice its resonance frequency (4.2 MHz) where microbubble shells enter a

tensionless, buckled state. We hypothesized that Sonazoid may exhibit greater sensitivity to
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ambient pressure when driven near twice its resonance frequency (8.5 MHz), which would enable

comparison of microbubble buckling behavior between SonoVue and Sonazoid.

7.2  FUTURE DIRECTIONS

There are several interesting investigations that could follow considering the outcomes of
this work. Although we demonstrated that cavitation therapy delivered with a clinical scanner can
induce a reduction in tumor IFP, further optimization of ultrasound parameters may improve our
understanding of the mechanisms of cavitation-induced IFP changes. Similar reduction in [FP was
observed after 1.6 and 2.2 MPa cavitation treatments. At this point, we do not know if acoustic
pressures less than 1.6 MPa may still reduce IFP. Further investigation of lower acoustic pressure
(< 2 MPa) would also be of interest for studying drug extravasation and enhanced drug delivery
since tumor perfusion is only partially disrupted at these pressures. Future in vivo studies may also
consider measuring IFP, possibly with subharmonic imaging, and tumor perfusion at different
stages of tumor growth in our HCC model to provide insights into tumor development. By
balancing tumor perfusion loss and IFP with drug delivery new insights may be gained on
cavitation induced changes to the tumor microenvironment.

The next step to our ex vivo evaluation of BEH is to evaluate these treatments in vivo. We
hypothesized that BEH with systemic injections may also be suitable in hypervascular tumors,
such as HCC, that can exhibit an early diversion of blood flow to the tumor and act to deliver a
high concentration of microbubbles specific to the tumor. The subcutaneous HCC mouse model
developed for Chapter 3 offers an excellent opportunity to investigate BEH in vivo. Since
microbubble cavitation can generate both thermal and mechanical effects, designing a study that
investigates the biological effects of both microbubble cavitation effects is of great interest. A
focused transducer can be used to deliver targeted cavitation treatments, programmed with acoustic
conditions suitable for both BEH (high intensity) and generation of mechanical forces (low
intensity). We note that while microbubble cavitation does not always enhance heat deposition
(isolated mechanical effects), generation of BEH also indicates the generation of cavitation (stable
or inertial) that can still induce mechanical forces (mechanical and thermal effects). Temperature
measurements with a needle thermocouple or even MRI could be used to confirm temperature
elevation with and without microbubbles. Similar readouts to our studies of cavitation therapy

(PCD, CEUS, IFP) can also compliment this potential study by measuring cavitation activity and
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biological mechanisms in response to heating treatments. An acute study with the animal model
can allow for optimization of the relevant parameters for generating mild hyperthermia (< 10 °C
temperature elevation) and enable future studies that investigate drug delivery enhancement with
controlled BEH.

Finally, our results with subharmonic imaging also encourage the exploration of 2 major
concepts: estimation of IFP and absolute pressure measurements. Subharmonic imaging may be
used in the future to noninvasively monitor IFP changes in solid tumors following cavitation
treatments. The subcutaneous HCC mouse model again offers an ideal environment to both deliver
cavitation treatments and later evaluate IFP with pressure catheter measurements. Due to the small
animal model, a high frequency linear probe is better suited for superficial imaging of
subcutaneous tumors, which creates an excellent opportunity to implement subharmonic imaging
at 8.5 MHz and study Sonazoid driven at twice its resonance its resonance frequency. Additionally,
subharmonic imaging at low acoustic pressures (< 200 kPa) with SonoVue has not yet been studied
in vivo and will offer valuable new insights on subharmonic imaging, including developing a new
technique compatible with bolus injections. However, these measurements would still rely on
pressure catheter measurements of tumor IFP to calibrate subharmonic signal to ambient pressure,
therefore there is still a great need to develop a strategy for absolute pressure measurements. A
promising solution is the inclusion of a second, low frequency (10-100 kHz) transducer that
dynamically manipulates ambient pressure by a known amplitude in tandem with the high
frequency (4-8 MHz) subharmonic imaging pulses [1]. While this dual-frequency technique has
not been attempted in vivo, our animal water tank setup offers an opportunity to investigate the
low frequency transducer as a secondary method for estimating IFP that can be later compared to

pressure catheter measurements.
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