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Abstract

The development of targeted drug delivery technologies to increase the specificity and efficacy of

cancer treatments and reduce the reliance on systemic chemotherapy drugs have long been areas

of research. Recent advances in therapeutic ultrasound have shown that targeted, enhanced

drug uptake can be achieved using ultrasound-mediated microbubble cavitation, a non-invasive

drug delivery scheme which leverages the mechanical effects of microbubble cavitation to increase

vascular permeability. Spatiotemporal measurement and control of cavitation activity are needed

to ensure that only the desired bioeffects (e.g., increased drug penetration) are induced, and the

harmful ones (e.g., hemorrhage) are avoided. However, many of the current passive cavitation

mapping (PCM) methods lack a standard, system-independent measure of cavitation dose, which

impedes the generalizability of research into cavitation-bioeffects relationships. In this thesis, we

propose an experimental platform and comparative study that enables us to evaluate the accuracy

and performance of PCM methods end-to-end.

The experimental platform was designed to allow for the codetection of a microbubble cav-

itation target with both an ultrasound array (for PCM) and a hydrophone, which provided an

independent reference measurement of cavitation energy (dose). In the comparative study, four

popular PCM methods whose absolute cavitation dose magnitudes have not all previously been

compared were implemented. Cavitation maps for different frequency bands corresponding to

different types of cavitation activity were generated for each input pressure and analyzed for dose

accuracy and spatial performance. The key result from the analysis revealed biases and vari-

ations in cavitation dose estimation that were both method-specific and frequency-dependent.

Additionally, the extracted cavitation dynamics and spatial performance aligned with previous

work, validating the experimental platform for simultaneous testing of dose accuracy and spatial

performance. These findings confirm that PCM-induced dose bias needs to be accounted for

in cavitation dose reporting. Overall, the proposed method was able to quantify differences in

cavitation dose accuracy of PCM methods, the first step needed toward the goal of standard-

izing cavitation dosimetry, which can potentially allow for the smoother clinical translation of

cavitation-mediated therapies.
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Chapter 1

Introduction

1.1 Chapter Overview

Focused-ultrasound (FUS)-mediated cavitation is an emerging therapy capable of targeted drug

delivery in a wide variety of applications throughout the body. Passive cavitation mapping (PCM)

algorithms measure and monitor the safety and e�cacy of the treatment. This chapter introduces

the clinical motivation for FUS-mediated cavitation therapy and the basics of PCM for measuring

cavitation dose to maintain safe operation. The �rst section starts with the clinical importance

of targeted therapies in various diseases. The following subsections describe how ultrasound-

mediated cavitation can meet this need and how this treatment has been monitored. The �nal

section describes the limitations of current monitoring methods and outlines the motivation,

hypothesis, and research objectives of this thesis.

1.2 Background

1.2.1 The Need for Targeted Drug Delivery

Cancer is the leading cause of death in Canada (Brenner et al., 2022), posing a signi�cant health

and economic burden. An estimated 233,900 Canadians were diagnosed with cancer, and an

estimated 85,100 cancer deaths occurred in 2022 (Brenner et al., 2022). This was estimated to

cost Canadians 7.5 billion dollars in direct healthcare costs in 2012 (de Oliveira et al., 2018), with

the total societal burden estimated to be 26.2 billion dollars in 2021. The majority of the cost
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comes from hospital-based treatments, such as chemotherapy and radiation therapy. Receiving

cancer treatment is not easy either { owing to their lack of speci�city, it is well known that

chemotherapy drugs are systemically cytotoxic to rapidly replicating cells, often causing side

e�ects such as hair loss, diarrhea, and possibly organ damage. As a result, signi�cant research

e�orts have focused on developing more speci�c targeted therapeutics, for example, monoclonal

antibody-conjugates (Lambert & Berkenblit, 2018). Unfortunately, tumours can uptake only

about 0.01% of these therapeutics, limiting their e�cacy (Lambert & Berkenblit, 2018). Delivery

of drugs is especially challenging in the brain, where the vascular structure of the blood-brain

barrier prevents the majority of drugs from leaving the bloodstream and entering the brain

tissue (Daneman & Prat, 2015). While developing new therapeutics remains an integral part

of achieving speci�c, targeted treatment of tumours, the advent of other delivery schemes, such

as vessel permeabilization through ultrasound-mediated cavitation, shows immense promise for

achieving this goal with the existing body of oncological therapeutics.

1.2.2 Enhanced Drug Delivery with Focused-Ultrasound-Mediated Cavitation

Recent advances in therapeutic ultrasound have shown that enhanced uptake of drugs can be

achieved using ultrasound-mediated microbubble cavitation (Stride & Coussios, 2019; Kooiman

et al., 2020), a drug delivery scheme which leverages the thermal and mechanical e�ects of mi-

crobubble cavitation to increase vascular permeability. Therapeutic ultrasound is particularly

well-suited for enhancing targeted drug delivery due to its relative safety, spatial speci�city, and

non-invasiveness. Using focused ultrasound (FUS) transducers, an ultrasound �eld can be gener-

ated to target its energy to a speci�c area in the body. In the presence of an oscillating pressure

�eld, gas-cored ultrasound contrast agents (such as microbubbles or MBs) undergo volumetric

oscillations { known as cavitation { that act on the 
uids and tissues around them. The resultant


uid forces and shockwaves generated by the compression and expansion of MBs can perme-

abilize the surrounding vessels and tissues, thereby allowing simultaneously circulating drugs or

biomolecules to pass through where they previously could not, promoting greater and deeper

uptake. Such ultrasound-mediated acoustic cavitation of ultrasound contrast agents has seen

recent pre-clinical and clinical translation in various applications. These include clinical trials

in blood-brain-barrier disruption for the treatment of Alzheimer's disease (Lipsman et al., 2018)

and brain tumours (Mainprize et al., 2019; Idbaih et al., 2019), treatment of liver metastases

2



(Haram et al., 2023), and breast tumours (Zhou et al., 2022).

1.2.3 Existing Cavitation Dosing Methods

Despite the demonstrated successes, careful measurement and control of the cavitation is es-

sential to avoid harmful bioe�ects and ensure safe and e�ective treatments (Jones & Hynynen,

2019; Hu, Wei, Shen, Chen, & Chen, 2023). Cavitation dose is generally de�ned as the energy

emitted by cavitating contrast agents within the target area onto the surrounding tissue. Vessel

permeabilization has been shown to be possible even at low cavitation doses produced by low

ultrasound pressure amplitudes (Stride & Coussios, 2019). However, when MBs are excited at

high ultrasound intensity, the resulting increase in cavitation dose and changes in the cavitation

regime can result in undesired e�ects such as hemorrhaging. Since di�erent doses and regimes

of cavitation induce di�erent e�ects, successful treatment monitoring depends on our ability to

discern, quantify, and localize the cavitation dose in and around the desired volume (Hu et al.,

2023). Many studies have attempted to investigate links between ultrasound parameters, relative

cavitation level, and various bioe�ects in in vitro phantoms (Smith & Coussios, 2020; Martinez,

Bottenus, & Borden, 2022), individual cells (Duan, Yu, & Wan, 2019; Duan, Lo, Lee, Wan, &

Yu, 2022), ex vivo organs (Chen, Brayman, Evan, & Matula, 2012), in vivo small animal models

(Chen & Konofagou, 2014), and large animal models (Wu et al., 2014). The following subsec-

tions describe some advantages and disadvantages of di�erent methods for measuring cavitation

activity at di�erent scales.

Optical Imaging

Optical imaging techniques have previously been used to directly observe cavitation dynamics in

isolation using high-speed imaging and shadowgraphic imaging (Bouakaz, Versluis, & de Jong,

2005) as well as the mechanisms for bubble-cell interactions such as sonoporation (Hu, Wan,

& Yu, 2013) using live confocal microscopy and high-speed imaging (Chen, Brayman, Kreider,

Bailey, & Matula, 2011). High-speed imaging of a cavitating bubble while tracking its radius is

often used to con�rm theoretical models of bubble behaviour (Dollet, Marmottant, & Garbin,

2019). While also helpful in measuring macro bioe�ects like lesion size (H.-C. Lin, Fan, Ho, &

Yeh, 2020) and analyzing cellular mechanisms (in combination with downstream cellular bioe�ect

3



assays) (Duan et al., 2022), the use cases for optical imaging for quantifying cavitation dose are

limited. Although the changing radius of a single bubble can sometimes be observed, it is di�cult

to translate this to larger-scale studies where there are often thousands of bubbles interacting in

clouds or clusters (Roovers et al., 2019). Lastly, the limited �eld of view and the requirement

for optically transparent samples further limit optical imaging from dosing cavitation in vivo.

As such, optical imaging of cavitation provides only qualitative information regarding cavitation

dose.

Acoustic Monitoring

Acoustic monitoring of cavitation activity is the only quantitative method that can bridge the

�ndings between in vitro and in vivo studies. This group of techniques utilizes ultrasound trans-

ducers to capture and image the ultrasound-frequency acoustic emissions generated by the cav-

itating microbubbles themselves. When these emissions are measured using a single-element

ultrasound transducer, this is known as passive cavitation detection (PCD). Standard diagnos-

tic ultrasound arrays can also measure these emissions and subsequently beamform them with

passive cavitation mapping (PCM) algorithms, producing spatial maps that localize the source

of the cavitation activity and compute the cavitation dose. PCM algorithms utilize many of the

same imaging principles as conventional ultrasound to quantify and generate maps of cavitation

activity.

The spectral content of the pressure waves generated by cavitating microbubbles is related

to their oscillation regime, amplitude, and frequency. Harmonics and ultraharmonics of the ex-

citation frequency are associated with stable cavitation, which is typically of lower amplitude

and associated with hemorrhage avoidance. The sum of these spectral components is thus re-

ferred to as stable cavitation dose (Wu et al., 2014). Broadband signals are associated with the

more violent shockwaves produced by inertial cavitation (bubble collapse) at high excitation pres-

sures. The sum of these spectral components is referred to as inertial cavitation dose. With this

knowledge, many di�erent signal processing methods have been developed to �lter the harmonic,

ultraharmonic, and broadband spectral components of cavitation emissions and beamform them

into maps of the cavitation energy. However, discrepancies in reported values arise due to the

large variety of signal processing methods (beamforming and �ltering), ultrasound systems (band-

width and sensitivity), and ultrasound propagation paths employed in di�erent experiments and
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applications. Additionally, many implementations of PCM in biologically relevant experiments

report cavitation energy as normalized or relative units, which depend on the speci�c ultrasound

system used, as opposed to absolute units (such as Joules), which are obtained after system cal-

ibration. Therefore, a standard metric of absolute cavitation dose remains an important missing

piece in establishing generalizable, absolute relationships between cavitation activity and bioef-

fects that are independent of setup (Hu et al., 2023). As a result, comparison ofin vitro and

pre-clinical results between research groups remains challenging due to heterogeneous reporting

of absolute/relative dosage units, spectral bandwidths included in the analysis, receive sensitivity

of PCM receivers, and the PCM beamformers themselves.

Unifying the reported cavitation doses and the methods used to compute them is needed to

achieve standardization of cavitation dosimetry. The �rst step would be to identify and char-

acterize the sources of dose magnitude error or bias introduced by the di�erent parts of the

PCM processing pipeline (e.g., �ltering, beamforming, bandwidth). Next, determine the most

critical system-independent dose metrics and errors through further bioe�ects studies. As new

PCM methods are developed and evaluated, the best-performing and most accurate methods will

emerge and be more widely adopted. Alternatively, researchers can develop techniques for error

compensation between PCM algorithms. Lastly, standardize the reporting of cavitation dose so

that the quantities measured in these studies are directly comparable. In the current state of the

literature, the quanti�cation accuracy of the absolute dose of PCM algorithms has rarely been

experimentally validated between methods or against independent ground truth reference values.

Such a performance evaluation experiment could more clearly demonstrate the biases between

PCM methods and contribute to the �rst step toward developing standard cavitation dosimetry.

1.3 Outline of Thesis Study

1.3.1 Motivation and Hypothesis

As will be described in detail in Chapter 2, numerous PCM algorithms exist for localizing cavita-

tion activity and quantifying cavitation dose. However, many PCM beamformers are not imple-

mented quantitatively with equivalent models for cavitation signal spreading and with absolute

units. Many existing evaluations focus primarily on spatial performance without focusing on dose

magnitude di�erences between algorithms. As such, there is a need for a systematic evaluation
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of PCM algorithms that can simultaneously compare their absolute dose accuracy and spatial

performance. This would provide a more complete picture of the advantages and disadvantages

of each algorithm and provide a framework for evaluating the performance of new algorithms

that is generalizable to di�erent ultrasound systems. In this thesis study, we try to address this

need �rst by considering four commonly used beamformers: time-domain delay-and-sum (TDAS),

time-domain robust Capon beamformer (RCB), frequency-domain delay-and-sum (FDAS), and

frequency-domain angular spectrum approach (AS). We are guided by two hypotheses:

Primary hypothesis : By implementing di�erent beamformers with the same bubble signal

models and with the necessary scaling factors to obtain absolute units, di�erent beamformers will

di�er both in cavitation dose estimation and spatial performance metrics. Speci�cally, TDAS and

FDAS should yield the same result (being just two implementations of the same beamformer),

but RCB and AS will both di�er from either DAS. The results will be dependent on the cavitation

behaviour and frequency bandwidths beamformed.

Secondary hypothesis : A reference hydrophone that codetects the total cavitation dose will

have a smaller di�erence in dose estimates to one of the delay-and-sum algorithms (FDAS, TDAS,

or RCB) compared to non-delay-and-sum beamformers like AS.

1.3.2 Research Objectives

The overall goal is to design an end-to-end testing framework for PCM algorithms. This is to be

accomplished by achieving the following objectives:

1. Devise an in vitro experimental platform for the controlled codetection of a variety of

cavitation behaviours with an ultrasound array (for PCM) and hydrophone (for PCD).

2. Calibrate the ultrasound array to enable absolute, quantitative estimation of cavitation

dose.

3. Implement four commonly used beamformers with absolute quantitative scaling factors and

compensation for spherical spreading.

4. While keeping preprocessing and postprocessing steps the same, evaluate the dose estima-

tion and spatial performance of each beamformer against both cavitation behaviour (mod-
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ulated by excitation pressure) and beamformed frequency (indicative of di�erent cavitation

behaviour) using the proposedin vitro experimental platform.
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Chapter 2

Cavitation Dose Estimation Using

Ultrasound Imaging - Background

and Theory

2.1 Chapter Overview

This thesis primarily focuses on evaluating PCM algorithms for quantifying cavitation dose. Ul-

trasound contrast agents like microbubbles (MBs) have been widely used in ultrasound imaging,

and the same physical principles of cavitation and imaging principles apply to quantitative PCM

for therapeutic use, with some adaptations. This chapter aims to present the fundamental prin-

ciples of the acoustic properties of microbubbles and the use of ultrasound imaging for measuring

cavitation. Section 2.2 describes microbubble composition, the acoustic response of microbubbles

when exposed to an ultrasound �eld, and the factors governing microbubble cavitation. The

following section (2.3) introduces the principles of active imaging, passive imaging, and passive

detection as three methods for measuring bubble activity. Next, an overview of existing quanti-

tative PCM beamformers and their validation methods is presented in Section 2.4. Finally, the

last section derives the quantitative beamformers with absolute units that are used in the thesis

study.

8



2.2 Ultrasound-Induced Cavitation

2.2.1 Microbubble Composition

Microbubbles are micrometre-sized, gas-cored bubbles that are typically encapsulated with a

shell of phospholipids or proteins. To serve both diagnostic and therapeutic applications, MB

suspensions are injected intravenously (Kooiman et al., 2020) and must be stable within the body

long enough to reach the target area and then have the appropriate properties to enhance image

contrast and/or deliver drugs. Their chemical and physical properties are designed to accomplish

these goals. MBs typically range in diameter from 0.5-10�m (Roovers et al., 2019). The internal

pressure di�erence required to stabilize a bubble in a given medium is called the Laplace pressure

(� P) and depends on the surface tension (� ) and radius (r ) of the bubble:

� P = 2 �=r (2.1)

Compared to unshelled, free-gas bubbles of the same size, the phospholipid or protein shell often

contains surfactants which reduce the surface tension and thereby the Laplace pressure required

to stabilize the bubble. The shell also slows gas exchange between the bubble and liquid medium,

which would also otherwise reduce the radius and accelerate the dissolution of the bubble. Lipid

and protein shells also increase the sti�ness and viscosity of the interface, which resists oscillations

and dampens cavitation (Roovers et al., 2019). To further increase stability and slow down gas

exchange, MBs are often �lled with heavy non-water-soluble gases such as per
uorocarbon (PFC)

gases like deca
uorobutane (DFB, chemical formulaC4F10) instead of water-soluble gases such

as nitrogen or oxygen (Roovers et al., 2019). For therapeutic applications such as solid tumour

drug delivery, the most popular microbubbles are lipid-shelled and can be modi�ed to include

ligands such as sugars, antibodies, and anti-cancer drugs to target speci�c tumour biomolecules

or act as drug transporters (Kooiman et al., 2020). The compressibility of gas is what allows for

bubble stabilization and pressure-responsive volumetric oscillations to take place.

2.2.2 Ultrasound-Microbubble Interaction

Single-Microbubble Cavitation

Figure 2.1 summarizes some of the key features of microbubble cavitation which are described

below. In this study, we will focus on the behaviour of lipid-shelled MBs. Bubble behaviour
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in an acoustic �eld has been extensively studied (Dollet et al., 2019) through both modelling

and observation, with the key pressure-dependent behaviours summarized in Figure 2.1A. In

response to an oscillating pressure �eld of a given fundamental frequencyf 0, a variety of time-

evolving, pressure-dependent bubble dynamics can be observed. At low pressures (< 100 kPa

at 1MHz), bubbles undergo linear, spherical volumetric oscillations (Stride & Coussios, 2019)

which re-radiate the incident ultrasound �eld at its fundamental frequency. As pressure increases

(approximately 100-500 kPa), the volumetric oscillations become non-linear, and the higher har-

monics of the fundamental frequency can be seen in the acoustic response (Figure 2.1B). At

even higher pressures (> 500 kPa), the oscillations become increasingly non-linear, with fractional

harmonics (i.e. ultraharmonics and subharmonics) appearing in the acoustic response (Stride

& Coussios, 2019). In some cases (depending on the shell properties), non-spherical vibration

modes can also appear, and thresholded behaviour caused by shell buckling and rupture can oc-

cur. Finally, at high enough pressures, the microbubbles can undergo transient behaviours such

as collapse, generating shockwaves which appear as broadband noise in the frequency spectrum.

After collapse, the microbubble gases may dissolve or leave behind small fragments.

These cavitation dynamics have been hypothesized and observed to produce bioe�ects in

various ways (Figure 2.1C). The microbubble volumetric oscillations impart forces on the 
uids

surrounding them, producing 
uid motion around the bubble (microstreaming). The 
uid mi-

crostreaming applies both shear and normal forces on the vasculature, opening holes and tears

in cell membranes or widening junctions between cells. Fluid forces from acoustic radiation or

other cavitation sources can also push bubbles into adjacent cells (tunnelling). At high pressures,

bubbles can produce shockwaves which can also disrupt membranous structures. Additionally,

highly asymmetric boundary conditions may cause asymmetric bubble collapse, resulting in the

formation of 
uid microjets which can puncture cell membranes. Within a small, 
exible tube

such as a capillary, bubble collapse can produce negative pressures of su�cient magnitude to

invaginate the vessel walls toward the point of collapse as shown (Chen et al., 2011, 2012), or

distend vessel walls during expansion.

The term 'stable' cavitation is often used to describe microbubble behaviour involving pro-

longed oscillations, namely those non-linear vibrations that produce harmonic and ultraharmonic

acoustic emissions. On the other hand, the term 'inertial' cavitation is generally ascribed to

transient bubble behaviour such as bubble collapse. This is derived from the notion that this
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behaviour is dominated by the inertia of the surrounding 
uid as opposed to the bubble compres-

sion.

As harmonic oscillators, the resonance frequency of bubbles of a given radiusR0 is typically

estimated by determining the resonance frequency of a linear harmonic oscillator model of a

microbubble (Roovers et al., 2019; Jong, Bouakaz, & Frinking, 2002). However, modi�cations to

this equation have been made to include shell properties (Jong et al., 2002). Equation 2.2 (Jong

et al., 2002) shows the resonance frequency of a free, uncoated bubble. Here,� is the polytropic

index of the gas core (� = 1 :1 for heavy gases such as PFCs (Roovers et al., 2019)),� is the

medium density, P is the ambient pressure experienced by the bubble, andR0 is its radius at

rest.

f r =
1

2�R 0

s
3�P

�
(2.2)

As shown in Equation 2.3, the shell properties add an additional term, which increases the

resonance frequency of a given bubble. Here,Sshell refers to the sti�ness and m the mass of the

shell (Jong et al., 2002).

f 2
r =

1
4� 2R2

0

3�P
�

+
Sshell

4� 2m
: (2.3)

In general, bubbles will still respond to driving frequencies within 1 MHz of the resonance fre-

quency (Roovers et al., 2019), but the oscillation amplitudes are maximal at their resonance

frequency.

Multi-Microbubble Cavitation

Although single-bubble modelling is well studied, predicting the cavitation dose resulting from a

population of MBs in the body is more di�cult due to heterogeneity in MB size, the interactions

between bubbles, and changing boundary conditions. At present, the preparation method of

commercial MBs results in a population of MBs with a relatively wide distribution of radii, or

polydisperse radii. As a result, when exposed to the same ultrasound �eld, the majority of MBs

are excited outside their resonance frequency, producing a heterogeneous cavitation response,

which complicates research into the bioe�ects (Roovers et al., 2019). Another reason MBs might

be driven outside their resonance frequency is a preference for lower frequency ultrasound (<1

MHz) which achieves deeper penetration and bypasses structures such as the skull, which absorbs

more ultrasound at higher frequencies (Jones & Hynynen, 2019). Fortunately, there have been
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Figure 2.1: Examples of: A) bubble dynamics with increasing pressure, B) acoustic responses with

increasing pressure, and C) cavitation-induced bioe�ect mechanisms. A) and C) were created in

Biorender.com

developments in the manufacturing of size-isolated, or monodisperse, MBs (Segers et al., 2018)

which are purported to produce more homogeneous cavitation behaviour.

In addition to size distribution, the concentration of MBs is another important factor in the

delivery of cavitation-mediated therapies. At low concentrations, MB cavitation approaches the

single-bubble case where there are minimal bubble-bubble interactions (Dollet et al., 2019). As the

concentration increases, the average distance between individual MB decreases, which increases

the likelihood of bubble-bubble interactions such as coalescence (the merging of multiple bubbles

into one larger bubble) and interactions between the pressure �eld scattered o� an MB toward

other nearby MBs. At high concentrations, the layer of MBs closest to the excitation transducer

can re
ect a large fraction of the incident ultrasound energy, shielding the MBs behind them

from the �eld and reducing the total cavitation activity (Roovers et al., 2019). Additionally, the

behaviour of MB clusters or clouds di�ers from single MBs, whereby the resonance frequency of

the cluster approaches that of a single bubble with an equivalent total volume (Roovers et al.,

2019).

12



Lastly, it is important to consider that there is no one-to-one mapping between cavitation

dynamics and acoustic response, especially considering the heterogeneous response of bubble

populations. The goal of cavitation mapping and dosing is to compute useful quantitative met-

rics that can be shown to correlate to measurable biological responses in di�erent applications.

While �ne-tuning MB dose for a speci�c therapeutic application is not the focus of this thesis,

knowledge of the multi-faceted factors a�ecting MB cavitation is essential for selecting appropri-

ate experimental parameters for testing PCM algorithms.

2.3 Measuring Cavitation with Ultrasound Imaging

To understand how we can quantify cavitation through imaging methods, we will compare the

physical principles of conventional (active) ultrasound imaging to the passive methods used for

cavitation imaging, as in Figure 2.2.

2.3.1 Active Ultrasound Imaging

Conventional pulse-echo (active) ultrasound imaging (Figure 2.2A) is typically accomplished by

transmitting a short pulse of ultrasound (at t=0) with centre frequency f c through a piezoelectric

ultrasound transducer array placed on the skin. The ultrasound pressure wave propagates into

the tissue and interacts with scatterers in the tissue. These particles scatter the incident pressure

waves through a combination of backscattering and Rayleigh scattering (where the particle size

is larger than the wavelength). Scattering and re
ection occur due to a mismatch in acoustic

impedance,

Z = �c 0 (2.4)

the product of the medium density, � and speed of sound,c0, between the medium and the

scatterers. The backscattered echoes are then detected by the transducer array elements and

digitized. The ultrasound pulse propagates for a known, two-way time-of-
ight from the trans-

ducer to the point of interest (a pixel on the �nal image) and back to each transducer element.

The delay-and-sum beamforming operation takes the point in each array element's analytic sig-

nal envelope (denoted by the red dots) that corresponds to the time-of-
ight to each element

and sums them coherently. The amplitude of the delayed-and-summed envelope determines the

pixel brightness. When repeated for every pixel, this forms a Brightness-mode or B-mode image.
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Figure 2.2: Overview of cavitation imaging methods. A) Active (pulse-echo) imaging, B) Passive

quantitative cavitation mapping, C) Passive quantitative cavitation detection.

The spatial resolution of pulse-echo ultrasound imaging is proportional to the wavelength and

duration of the excitation pulse.

In this form of active imaging, bubbles will appear as brighter pixels due to the mismatch

in acoustic impedance between the bubbles' gas cores and the surrounding medium, as well as

the reradiation of the ultrasound through cavitation. The cavitation behaviour described in

the previous section can also be leveraged in harmonic contrast imaging (cardiac), where the

RF data is �rst �ltered to the 2nd (or higher) harmonic of the centre frequency (2 f c) before

beamforming to isolate echoes originating from bubble cavitation (Frinking, Bouakaz, Kirkhorn,

Cate, & de Jong, 2000). A therapeutic application of active cavitation imaging is in monitoring

high-intensity focused ultrasound (HIFU) therapies, where FUS transducers are used to thermally
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and mechanically ablate tissues (without the assistance of exogenous MB contrast agents). Active

cavitation imaging can monitor the nucleation and persistence of endogenous cavitation bubbles

and the resulting changes in tissue echogenicity using B-mode imaging (Coussios, Farny, ter Haar,

& Roy, 2007). However, active cavitation imaging has mainly previously been used to localize

and identify the onset of bubbles rather than for cavitation quanti�cation purposes.

2.3.2 Passive Cavitation Mapping

In contrast, passive imaging (Figure 2.2B) techniques have been developed for estimating the

energy of cavitation through direct measurement of the bubbles' acoustic emissions. Passive

imaging di�ers from active imaging in that it assumes the ultrasound pulses are generated from

points within the imaging plane, possibly at random points in time, rather than as echoes from

pulses generated by the array. The pulses are assumed to undergo one-way propagation, and a

relative delay for each element is based on the one-way time-of-
ight from the point of interest

toward the array. Since we do not have prior knowledge about the timing of the sources, each

element's entire analytic signal is time-shifted by the one-way time-of-
ight to induce a relative

phase shift before coherent summing. Sources originating from the pixel of interest will coherently

sum maximally, whereas outside areas of cavitation, the signals will sum destructively. Assuming

that the only acoustic sources in the �eld of view are due to cavitation, the signal energy of the

resulting beamformed signal, ~s(t), is thus a measure of the cavitation energy.

Erel =
Z

T
j~s(t)j2dt (2.5)

For a scanner whose frequency-dependent pressure sensitivity is unknown (i.e., uncalibrated scan-

ner), the raw radio-frequency (RF) data is in units of Volts or digital counts. Thus, the cavitation

energy would be reported after normalization to the maximum pixel or in relative units such as

J�Pa2

V 2 which acknowledge the unknown calibration constant, in units of V/Pa. Absolute cavitation

energy is system-independent and described in physical units of energy, J. To compute this, the

array must be calibrated to convert the voltage signal to a pressure signal,p(t), and the signal

energy over an interval T must be scaled as follows,

Eabs =
4�d 2

�c 0

Z

T
jp(t)j2dt (2.6)

where the 4�d 2 scaling factor compensates for spherical spreading from a distanced to the point

of interest, and �c 0, the acoustic impedance, is required. The signal model is described in further
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detail in Section 2.4.2. Unlike active imaging, the spatial resolution of the passive image is not

a function of the cavitation pulse frequency or duration but of the array's frequency-dependent

di�raction pattern (Haworth, Bader, Rich, Holland, & Mast, 2017). The spatial resolution can

be approximated with the Fresnel approximation of a line source with the same width as an array

aperture, L . The -6dB axial depth of �eld and lateral beamwidth for an on-axis point source

located at depth z are thus given by (Haworth et al., 2017)

D6dB =
9:69�z 2

L 2 (2.7)

W6dB =
1:21�z

L
(2.8)

where � is the wavelength of interest, related to the beamformed frequencies by the relation

� = co=f .

Another factor to be aware of is that due to the wide bandwidth of cavitation emissions,

the array should ideally have as wide bandwidth as possible to capture the full spectrum of

cavitation activity. This cannot be easily modulated for most commercial diagnostic imaging

arrays, so signals are often bandpass �ltered to the array's bandwidth before processing. The

array's bandwidth or analyzed bandwidth must be considered in energy dose reporting since it

a�ects the total estimated energy, especially for inertial cavitation.

2.3.3 Passive Cavitation Detection

PCD (Figure 2.2C) is a simpler method of measuring cavitation activity involving only a single-

element transducer to detect the acoustic cavitation emissions and, thus, a single ultrasound

signal. A measure of cavitation energy can be obtained using the same principles as in PCM,

assuming a calibrated sensor. Cavitation emissions have previously been measured using hy-

drophones (unfocused) (Jiang, Sujarittam, Yildiz, Dickinson, & Choi, 2022) and focused trans-

ducers (Coussios et al., 2007). Because of the single-element limitation of PCD, there is often a

trade-o� between spatial speci�city and sensitivity. Unfocused receivers such as hydrophones and

piston transducers can detect signals from a wider area. However, the spatial origin of the received

signals is uncertain, and they may not always be sensitive enough to detect low-amplitude cavita-

tion signals. Focused receivers tend to be more sensitive and can detect cavitation emanating from

their focal area but are insensitive to any cavitation activity outside of it. The di�erent forms
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of transducers make them suitable for di�erent applications with di�erent geometries, treated

volumes, and treatment goals.

2.4 Quantitative Passive Cavitation Mapping Beamformers

2.4.1 Review of Current PCM Methods

While the delay-and-sum premise of passive cavitation mapping is relatively simple, many algo-

rithms have been developed that improve the spatial resolution and other performance metrics.

A review of the current quantitative beamformers for passive cavitation mapping of cavitation

dose for drug delivery and brain applications is presented in Table 2.1. The PCM algorithm

publications are �rst grouped based on their characteristics, like their base mode of operation

(e.g., frequency-domain delay-and-sum with/without second-order statistics), then the beam-

forming particulars such as adaptive tuning parameters, and whether or not they have been

demonstrated an estimate of absolute cavitation power or energy. Last, to highlight the trends

in the performance analysis methods, the spatial and dose performance metrics are presented,

as well as the details of any comparative analysis against other PCM algorithms or other means

(such as optical imaging). Note that this is not a complete review of all the PCM literature,

but publications were selected to demonstrate the breadth of methodology, implementation, and

performance evaluation.

As shown in Table 2.1, many di�erent beamforming techniques have been demonstrated for

passive cavitation mapping. Most studies focus mainly on the spatial resolution performance (in

terms of normalized beamwidth and contrast) and localization accuracy of a couple of algorithms.

In terms of spatial metrics, we see measurements of the axial and lateral beamwidth (denoted

BeW), including the main lobe FWHM (full-width at half maximum), -3dB beamwidth, -6dB

beamwidth, total beam area of the top 50% of pixel values, and point-spread function. Addi-

tionally, source position error (denoted Pos) is often described, as well as various contrast ratios

(denoted CAR) describing signal-to-noise ratio or signal-to-artifact ratio. The spatial resolution,

presence of artifacts, and localization accuracy are certainly all important performance metrics

in PCM since they can directly impact one's ability to discern cavitation occurring within the

desired treatment area from that outside it. Poor spatial resolution and the presence of side lobes

and tail artifacts can obscure the presence of nearby cavitation sources, and the cavitation area
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can appear larger than it truly is.

However, toward the goal of quantitatively dosing cavitation for establishing relationships to

bioe�ects, far fewer studies have demonstrated both computations of energy-based cavitation dose

and compared their absolute magnitudes to other beamformers. Those that have are highlighted

in green, and they encompass TDAS (Gy•ongy & Coussios, 2010a), TD-RCB (Coviello et al.,

2015), FDAS (Haworth et al., 2017), and aperture-domain wavefront �tting (Telichko, Lee, Hyun,

et al., 2021). Those denoted as 'Rel' (Relative) may or may not have proposed an energy-

or intensity-based dose but made their performance comparisons (to other beamformers) using

normalized (or relative, uncalibrated) units. Furthermore, no study attempts to validate the

absolute cavitation dose against an independent reference value using a di�erent technique (i.e.,

a secondary transducer or passive cavitation detector). However, in Gray, Lyka, and Coussios

(2018) and Kamimura et al. (2021) (highlighted in orange), a PCD is used to qualitatively con�rm

overall cavitation dose trends as well as the presence of harmonics, ultraharmonics, and broadband

spectral components.

Through this thesis study, described in Section 1.3, we hope to address this research gap high-

lighted by this literature review by focusing primarily on cavitation dose magnitude di�erences

with a reference PCD, along with the spatial performance.
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2.4.2 Derivation of Certain Absolute Beamforming Algorithms

In this thesis, we focus on four popular beamformers: Time-domain delay-and-sum (also referred

to as time exposure acoustics) (Gy•ongy & Coussios, 2010a), its frequency-domain counterpart,

frequency-domain delay-and-sum (FDAS) (Haworth et al., 2012, 2017), the angular spectrum

(AS) approach (Arvanitis et al., 2017), and the time-domain Robust Capon beamformer (RCB)

(Coviello et al., 2015). These were chosen as the most prevalent beamformers in the PCM liter-

ature used to study bioe�ects but whose absolute dose values had not previously been compared

against a reference value. The following subsections derive the quantitative implementations in

this thesis that consider the e�ects of both discrete-time digital processing and compensation for

spherical spreading. The implementations may di�er slightly from the way they were initially im-

plemented in the cited sources but allow for direct comparison with absolute values. The analysis

steps are based on the work of Haworth et al. (2017). We will �rst present the continuous-

time and continuous-frequency versions of the beamformers, followed by the discrete-time and

discrete-frequency versions.

Figure 2.3: Passive cavitation mapping signal model. The inset table summarizes the continuous

(Cont.) and discrete (Disc.) time and frequency notation used in the beamformer derivations.

Figure 2.3 describes the signal model used throughout the derivations. A small acoustic point

source located atr s = ( xs; zs) produces a pressure �eld propagating outward spherically toward
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a linear array. The pressure �eld p at point r decays as a function of the distance from the source

(Salgaonkar et al., 2009),

p(r ; t) =
p0(t)

4� jr s � r j
(2.9)

where p0 is the initial source pressure.

The source energy is given by integrating the squared source pressure over a time interval,

T, and scaling by the medium's acoustic impedance, which we denote in its expanded form�c

(density by speed of sound) instead ofZ to avoid confusion with the Cartesian z-axis (Coviello

et al., 2015).

Es =
1

4��c

Z

T
jp0(t)j2dt (2.10)

The goal of passive beamforming is to �nd this source energy while considering the decay of the

pressure �eld through scaling factors.

The four beamformers below model theM -element linear array elements as omnidirectional

point receivers. As such, the pressure signal incident on an elementm of the linear array located

at position r m after propagating through a medium with speed of soundc is given by

pm (t) = p(r m ; t + jr m � r sj=c) =
po(t + jr m � r sj=c)

4� jr m � r sj=c
: (2.11)

Since the true location and energy of the source,r s is unknown, the goal of the beamformers is to

produce an image of the energy at di�erent pixel locations, denotedE(r ), for the users to localize

and quantify the source givenpm (t) measured by an array.

Time-domain Delay-and-Sum

Using the above signal model, we can derive an expression for the imageET DAS using the delay-

and-sum principle. Examining Equation 2.11 for the general pointr , we �rst steer each element

to the point of interest by time-shifting the signal by the one-way propagation time to the point,

� m (r ) = jr m � r j=c and scaling by the propagation distancedm (r ) = jr m � r j to obtain

~pm (r ) = 4 �d m (r )pm (t + � m (r )) : (2.12)
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To extract the energy, we perform a coherent sum over all the elements, divide by the number of

elements, then square and integrate the resultant over a time interval T.

~E(r ) =
1

4�M 2�c

Z t0+ T

t0

�
�
�
�
�
4�

MX

m=1

dm (r )pm (t + � m (r ))

�
�
�
�
�

2

dt

=
4�

M 2�c

Z t0+ T

t0

�
�
�
�
�

MX

m=1

dm (r )pm (t + � m (r ))

�
�
�
�
�

2

dt

(2.13)

If the location r = r s, then the steered signals will be in phase and sum constructively.

Otherwise, the signals will be out of phase and sum destructively.

As pointed out by (Haworth et al., 2017), this operation alone produces a DC bias in the

measured energy. We subtract the incoherent sum with the same scaling factors to remove this

DC bias to obtain the continuous-time TDAS beamformer.

ET DAS (r ) =
4�

M 2�c

Z t0+ T

t0

�
�
�
�
�

MX

m=1

dm (r )pm (t + � m (r ))

�
�
�
�
�

2

dt

�
4�

M 2�c

Z t0+ T

t0

"
MX

m=1

jdm (r )pm (t + � m (r )) j2
#

dt

(2.14)

Discretizing Equation 2.14, we note that the signalpm is sampled at sampling interval � t with cor-

responding sampling frequencyf s = 1=� t at sample pointsn ranging from 1 to N = 
oor( T=� t).

Accordingly, the time delay � m becomes sample delaynm = 
oor( � m =� t)+1 so the steered signal

pm (t + � m (r )) becomespm [n + nm (r )]. Thus, the discrete-time TDAS beamformer is given by

ET DAS (r ) =
4�

M 2�cf s

8
<

:

NX

n=1

�
�
�
�
�

MX

m=1

dm (r )pm [n + nm (r )]

�
�
�
�
�

2

�
NX

n=1

"
MX

m=1

jdm (r )pm [n + nm (r )]j2
#)

:

(2.15)

To reduce the numerical error caused by the 
oor operator, the RF data can be optionally

upsampled prior to computing the sample delays.

Frequency-domain Delay-and-Sum

The FDAS beamformer performs the same operations as TDAS but in the frequency domain via

Fourier transform. This is possible due to the coherent summation being a linear operation. The
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following derivation modi�es the one in (Haworth et al., 2017) to include the spherical spreading

compensation model derived above.

The Fourier transform results in pm (t) $ Pm (f ) whose units are Pa and Pa�s, respectively:

Pm (f ) =
Z T

0
pm (t)e� j 2�f t dt (2.16)

We can use a �nite time window here if we assume the whole cavitation signal is present in the

time window t = [0 ; T] and zero everywhere else. According to the time-shift property of the

Fourier transform, applying the element-steering time-delay � m is equivalent to multiplying the

Fourier transform by a complex exponential:

pm (t + � m ) $ ej 2�f � m � Pm (f ) (2.17)

Similar to the time-domain case, we then sum over all the elements and compensate for the

distance to the pixel, yielding

~Pm (r ; f ) = 4 �
MX

m=1

dm (r ) � ej 2�f � m � Pm (f ): (2.18)

To obtain the energy at the pixel, we apply Parseval's theorem to Equation 2.13 which equates

the signal energy from the time domain to that in the frequency domain by a factor of 1=N, so

that

~E(r ) =
4�

M 2N�c

Z 1

�1

�
�
�
�
�

MX

m=1

dm (r )ej 2�f � m Pm (f )

�
�
�
�
�

2

df: (2.19)

With the removal of DC energy, this becomes

EF DAS (r ) =
4�

M 2N�c

Z 1

�1

�
�
�
�
�

MX

m=1

dm (r )ej 2�f � m Pm (f )

�
�
�
�
�

2

df

�
4�

M 2N�c

Z 1

�1

MX

m=1

jdm (r )Pm (f )j2 df:

(2.20)

Note that the square of the complex exponential that would be in the second term has a magnitude

of 1.

To reexpress Equation 2.20 in its discrete form, both the time and frequency domain operations

have to be discretized. The continuous-time, continuous-frequency Fourier transform (CFT) and

the discrete-time, discrete-frequency Fourier transform (DFT) are de�ned as follows, wherek is
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the discrete variable for the frequency domain.

P(f ) = Ff p(t)g =
Z 1

�1
p(t) � e� j 2�f t dt (2.21)

P[k] = Ff p[n]g =
NX

n=1

p[n] � e� j 2�kn=N (2.22)

Peq[k] =
1
f s

P[k] (2.23)

As shown in the second line, the DFT lacks adt term, so to ensure equivalence between the two,

an extra � t = 1=f s scaling factor is required to ensure that the units stay equivalent between the

two methods (Pa�s) (Haworth et al., 2017). With the DFT equivalence established and taking

df = � f = f s=N, Equation 2.20 becomes

EF DAS (r ) =
4�

M 2N�cf s

8
<

:

N � 1X

n=0

�
�
�
�
�

MX

m=1

dm (r )ej 2�kn m =N Pm [k]

�
�
�
�
�

2

�
N � 1X

n=0

MX

m=1

jdm (r )Pm [k]j2
)

:

(2.24)

Angular Spectrum

In contrast to the delay-and-sum beamformers, the angular spectrum approach operates in the

Fourier domain for both time and spatial frequencies (Cobbold, 2006). For 2D PCM, it beamforms

one image depth line at a time with a time- and spatial-Fourier domain transfer function to

propagate the signals incident on the array back to their origin location. We will consider the

beamforming of a line with the same lateral spatial limits as the array aperture. For a given

depth z to be beamformed from the aperture, the continuous-time and continuous-space transfer

function H to be applied to each temporal frequencyf and spatial frequencyu is

H (f; u ; z) = expf jzk 0
zg = exp

n
jz

p
k0(f )2 � k0

x (u)2
o

; (2.25)

where we denote the spatial and temporal wave numbersk0(f ) and k0
x (u) (not to be confused

with the discrete frequency index,k). The spatial and temporal wave numbers are de�ned based

on the frequency limits of the 2D-DFT performed on each dimension. The continuous form is as

follows:

k0(f ) =
2�
�

=
2�f

c
(2.26)

k0
x (u) =

2�
� x

= 2 �u (2.27)
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Since the RF data is already discretized in the spatial dimension due to the �nite number of

elements, it will be easier to de�ne the values off and u in terms of their discrete equivalents,k

and v. We will consider the discrete-time and discrete-space matrix representation of the pressure

incident on the array in the frequency domains:

P[v; k] = F2D f p[m; n]g =
M � 1X

m=0

N � 1X

n=0

p[v; k] � e� j 2�kn=N � e� j 2�vm=M (2.28)

with v = 0 ; 1; :::; M � 1 and k = 0 ; 1; :::; N � 1 as before, with frequency resolution �f = f s=N

and � u = 1
M � x where � x is the array pitch. The discrete functions of k0(f ) and k0

x (u) are thus

k0[k] =
2�kf s

Nc
; k = 0 ; 1; :::; N � 1

k0
x [v] =

2�v
M � x

; v = 0 ; 1; :::; M � 1

Substituting those into Equation 2.25, we obtain the discrete version of the transfer function

H [v; k; z] = exp

8
<

:
jz

s �
2�kf s

Nc

� 2

�
�

2�v
M � x

� 2
9
=

;
: (2.29)

To obtain the beamformed line ~P[m; k; z], we apply the transfer function element-wise toP[v; k]

and perform the inverse DFT in the spatial domain only.

~P[m; k; z] = F � 1
v f P [v; k] � H [v; k]g (2.30)

=
1

M

M � 1X

v=0

P[v; k] � exp

8
<

:
jz

s �
2�kf s

Nc

� 2

�
�

2�v
M � x

� 2
9
=

;
(2.31)

To compute the total energy, we multiply the expression for ~P[m; k; z] by the distance from the

origin to compute the spherical spreading compensation, then square and sum over the temporal

frequenciesk as before.

EAS (x; z) =
4�d (x; z)2

MN�cf s

N � 1X

k=0

�
�F � 1

v f P [v; k] � H [v; k]g
�
�2

(2.32)

This produces an image whose x-dimension is constrained by the array aperture dimensions and

whose x-resolution is de�ned by the spatial inverse DFT, while the image grid in the z-dimension

can be de�ned just as in the delay-and-sum beamformers. Thus, for the imaging grid to match

the coordinates of the other beamformers, two strategies are possible. First, the inverse spatial

DFT can be zero-padded to increase the resolution of the �nal image grid. Second, we can crop

and interpolate the output EAS to the desired image coordinates.
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Robust Capon Beamformer

The Robust Capon beamformer (RCB) (Stoica, Wang, & Li, 2003) is an adaptive optimal beam-

former that implements diagonal loading (J. Li, Stoica, & Wang, 2003) to suppress interference

from other sources and reduce the sensitivity of the beamformer to errors in array calibration.

In this section, the continuous-time implementation from (Coviello et al., 2015) is �rst presented

(though frequency-domain implementations are also possible (Polichetti et al., 2021)), followed

by the discretization steps as previously shown.

We previously de�ned the expressions for the element-speci�c time delays� m (r ) and nm (r )

in the TDAS derivation. RCB expands on the TDAS beamformer. Coviello et al. estimate

the sample covariance matrix R s (MxM) from the �nite-duration pre-steered pressure signals

(i.e. where the element-speci�c time delays are already applied), which we de�ne as~p(t) =

[p1(t + � 1); p2(t + � 2); :::; pM (t + � M )]T , ~p[n] = [ p1[n + n1]; p2[n + n2]; :::; pM [n + nM ]]T (MxN

matrix) as follows

R s =
Z

T
~p(t)~pH (t)dt: (2.33)

R s =
1
f s

~p[m; n]~pH [m; n]: (2.34)

In the minimum variance (Capon) problem, the goal is to compute a normalized weight vector

w to apply to the signal of each element that solves

min
w

w T R sw subject to w T 1M = 1 (2.35)

where1M denotes a M-length vector of ones. This results in the analytical solution̂w = R � 1
s 1M

1T
M R � 1

s 1M

and expression for cavitation dose (energy)

EMV (r ) =
4�

M�c
1

1T
M R � 1

s 1M
: (2.36)

This algorithm is known to be sensitive to uncertainties in the array steering vector (presumed

to be 1M , but could in practice be di�erent due to imperfect calibration and/or dead elements),

�nite sampling errors in R s (Besson, 2018), white noise, and interference from other sources

(Coviello et al., 2015) due to the matrix inversion requirement.

For RCB, Stoica et al. (2003) propose a diagonal loading extension as a way to mitigate some

of these issues. They propose the following constrained optimization problem to be solved by the
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method of Lagrange multipliers:

min
a

aT R � 1
s a subject to ka � 1M k2 = ": (2.37)

The above optimization problem has the analytical optimal solution â = 1M � (I + � R s) � 11M ,

where the Lagrange multiplier � � 0 determines the amount of diagonal loading. Coviello et al.

(2015) re-express the optimal solution in terms of the eigenvalue decomposition ofR s = UVU T

â = 1M � U (I + � V ) � 1U H 1M (2.38)

whereU is the matrix of eigenvectors andV is a diagonal matrix containing the eigenvalues. The

value of � is then determined by substituting the above equation into and solving the constraint

equation

g(� ) , kâ � 1M k2

= k(I + � R s) � 11M k2 = ":
(2.39)

With the knowledge that R s should be positive semide�nite, Stoica et al. (2003) note thatg(� )

is a monotonically decreasing function and� is bounded by quantities determined by the eigen-

values (V ) of R s (omitted here for brevity). This means that the value for � is solvable with

a few iterations of a numerical function-solving method such as Newton's method. Since the

optimization problem may not preserve the magnitude of the steering vector (k1M k2 = M ), the

resulting energy must be scaled bykâk2=M (Stoica et al., 2003).

Given the above, the energy at the resultant beamformed point, with the spherical-spreading

compensation (diagonal matrix of distancesD (r ) = diag( d(r )) and other scaling factors, is

ERCB (r ) =
4�

f s�c
kâk2

M
1

âH D � 1UV (� � 2 + 2 � � 1V + V 2) � 1U H D � 1â
(2.40)

Note that because of the interference suppression and tunability of the beamformer, removal of

the DC component that was performed for TDAS and FDAS is not required in RCB.

2.5 Chapter Summary

The fundamentals of microbubble cavitation, their acoustic responses, and acoustic measurement

methods are discussed. Passive imaging of cavitation allows for the computation of acoustic energy

released by cavitation sources from within the imaging plane. A review of the literature reveals
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a gap in cavitation dose standardization, which can be addressed by comparing the absolute

dose accuracy of PCM algorithms with an independent reference measurement. The principles

of delay-and-sum beamforming originally used in active, pulse-echo imaging can be adapted for

the passive reception of cavitation emissions. Finally, the derivation of cavitation dose for four

passive beamformers is presented with consideration of the e�ects of both spherical spreading

and discrete processing.
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Chapter 3

Method and Platform for Evaluating

Passive Cavitation Mapping

Algorithms

3.1 Chapter Overview

This Chapter presents the experimental and processing methods for the proposed algorithm

comparison. Section 3.2 illustrates the design and characterization of the cavitation exposure

platform for codetection of cavitation activity. Section 3.3 details the methods used to calibrate

the ultrasound imaging probe for quantitative PCM. Finally, Section 3.4 describes the processing,

comparative analysis, and beamforming implementation details used to compare the di�erent

algorithms.

3.2 Design of a Cavitation Exposure Platform and Tested Pa-

rameters

To test the two hypotheses presented in Chapter 1, a cavitation testbed was designed that would

allow for the controlled exposure of MBs to a focused ultrasound source (Figure 3.1) and whose

cavitation emissions can be received simultaneously by both a diagnostic ultrasound imaging

array (for PCM) and a PCD. The cavitation testbed assembly consists of a submersible platform
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machined out of aluminum designed to hold the FUS transducer and PCD at speci�c positions

from the cavitation target. A 0.6 mm inner diameter silicone tube (0.2 mm wall thickness) with


owing microbubbles was chosen as the cavitation target. This tube was selected as its relatively

small diameter would allow us to assess the spatial localization accuracy of PCM algorithms.

The tube was held within the focal region of a FUS transducer (aperture 89 mm, focal length

52.5 mm) by notches in a custom conic tube holder 3D printed in polylactic acid (PLA) polymer.

The location of the maximum within the focal region was veri�ed by measuring the pressure �eld

of the FUS transducer within the exposure platform (Figure 3.1 inset), which shows that the

tube's transverse cross-section �ts within and longitudinally spans the -3 dB lateral beamwidth

(1.50 mm nominal, 1.60 mm measured) for a total excited volume of 0.45 mm3. The �eld pro�le

measurements also con�rmed that the conic tube holder did not disrupt the FUS transducer's

pressure �eld development.

Cavitation emissions from the 
owing microbubbles were detected on the centre 64 channels

of a L14-5 array (Ultrasonix, 128 channels, 0.3048 mm element pitch, 5 mm element height)

acquired by a US4R-Lite scanner (US4US) positioned approximately 50 mm away by an external

retort stand. In this geometry, the modest elevation focusing of the array elements allows it

to capture cavitation activity from the entire target volume. Reference PCD measurements

were simultaneously captured with a 400-� m diameter aperture capsule hydrophone (ONDA

Corp., HGL-400) positioned 5.5 mm from the centre of the tube using the machined �xture.

The proximity of the hydrophone to the tube was required to boost the signal level above the

hydrophone's noise 
oor. At this distance, the target area spans a maximum of 16.6°, within

the hydrophone's nominal 30° acceptance angle. As shown, the depth axes of the hydrophone

and linear array were positioned at 90° and 45°, respectively, to the HIFU transmission axis to

prevent direct insonation from the FUS transducer.

Prior to data acquisition for each experiment, the silicone tube was �lled with air and a

0° plane-wave acquisition was obtained for later B-mode extraction of the tube position. A

complete list of the exposure parameters for this experiment is shown in Table 3.1. Liposome

solution (9:1 DSPC:DSPE-PEG2000, 2 mg/mL) prepared with a lipid-�lm hydration method

(Has & Sunthar, 2020) was shaken under a deca
uorobutane gas headspace and diluted 1:40 in

deionized water to produce a concentration on the order of 108 MBs/mL. A syringe of diluted

microbubble suspension attached to the silicone tube was placed in a syringe pump operating at
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Figure 3.1: Cavitation exposure platform with PCM-PCD codetection. Inset: Field pro�le mea-

surements of the FUS transducer with 6dB beamwidth in blue and the position of the silicone

tube shown in light blue.

a 
ow rate of 1.5 mL/min. The platform was immersed in a tank of o�-gassed water at 22°C,

corresponding to a speed of sound of approximately 1490 m/s (Wilson, 1959). The ultrasound

excitation pulses produced by the FUS transducer were driven by a Siglent function generator

(SDG2042X) output to a 30 dB ampli�er and impedance matching circuit. The pulses consisted

of a 1 MHz 20-cycle sinusoidal waveform with peak negative pressures ranging from 0 to 1000

kPa in intervals of 50 kPa. Signals from the capsule hydrophone, which was connected to a 20

dB preampli�er (Onda Corp., AHS-2010-100), were digitized with a Rigol digital oscilloscope at

a sample rate of 500 MHz and later lowpass �ltered and downsampled to 32.5 MHz to match the

scanner's sampling rate. A sync signal from the us4R-Lite scanner was used to trigger the signal

generator pulse and the oscilloscope acquisition. For each experimental pressure, 700 frames were

captured from the scanner for PCM, while 50 acquisitions were captured by the oscilloscope for

PCD over approximately 30 seconds. This procedure was repeated three times (experiments later

labelled N1-N3). In between repetitions, the array, tube, and hydrophone were disassembled and

reassembled to induce some variability in the positioning.
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Table 3.1: Exposure Platform Experimental Parameters

Parameter Value

Imaging Parameters

Ultrasound Platform us4us us4R-Lite

Probe Ultrasonix L14-5

Number of elements 64 (128 available)

Array element pitch 0.3048 mm

Array element height 5 mm

Sampling frequency 32.5 MHz

Number of frames per dataset 700 frames

Analog gain 40 dB

Distance to cavitation 50-60 mm

Hydrophone Parameters

Hydrophone Onda HGL-400

Preampli�er Onda AHS-2010-100 (20 dB)

Active element diameter 400� m

Oscilloscope Rigol DS1104Z

Sampling frequency 500 MHz

Number of waveforms per dataset 50 frames

Exposure Parameters

Signal generator Siglent SDG2042X

Ampli�er Benthowave Instrument Inc. BII-5121 (30 dB)

Impedance Matching Benthowave Insturment Inc. BII-6010

FUS transducer Benthowave Instrument Inc. BII-7653-1000

Peak negative pressure 0:100:1000 kPa

Pulse length 20 cycles

Pulse repetition interval 50 ms

Microbubble concentration � 2.8x108 MB/mL

Tube inner/outer diameter 0.6 mm/1 mm

Flow rate 1.5 mL/min

Average 
ow speed 89 mm/s
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3.3 Ultrasound Array Calibration Methods

The frequency-dependent receive sensitivity magnitude response of the PCM array, required

to convert from units of volts to pressure, was determined through a frequency sweep method

depicted in Figure 3.2. A ¼-inch piston transducer (Olympus, 5 MHz centre frequency) was used

to transmit 30-cycle sinusoidal pulses at �xed frequencies from 2.1 to 10.5 MHz in steps of 0.1 MHz

generated by an arbitrary function generator (Siglent SDG2042X). Input amplitudes of 5 Vpp or

10 Vpp were chosen to ensure adequate signal levels on the hydrophone and prevent saturation

of the linear array in its main bandwidth. In the �rst set of acquisitions (Figure 3.2A), a capsule

hydrophone with 400-� m active diameter (Onda Corp., HGL-400) was aligned with the centre of

the source transducer's �eld pro�le by a 3-axis motion stage (IntelLiDrives Ltd.) at a distance

of 58 mm from the piston transducer. The 3-axis motion stage has a minimum step size of 4� m

and has previously been used in the �eld pro�le analysis of other ultrasound probes (Ma�ett et

al., 2022). The hydrophone was then scanned over the element height (h = 5mm) in steps of 0.04

mm, and pressure waveforms were acquired at a 50 MHz sampling frequency. The waveforms

were median �ltered over �ve acquisitions at each point to reduce the impact of electrical noise

during the experiment. To calculate the peak negative voltage for each point at each frequency,

the signal was bandpass �ltered to the centre frequency± 0.5 MHz. The median of the 20 largest

negative peaks from the RF data was then taken before applying the hydrophone's sensitivity

provided by the manufacturer. Examples of the resulting �eld pro�les at 3, 6.5, and 10 MHz

are shown in the inset (Figure 3.1). To obtain the �nal hydrophone pressurePH (f ), the peak

negative pressure magnitude was spatially averaged (denoted byh�i) over all the readings in the 5

mm element height (y) to account for the spatial averaging of the array element (Equation 3.1).

jPH (f; y )j =
jVH (f; y )j
M H (f )

hjPH (f )ji =
1
h

Z

y

jVH (f; y )j
M H (f )

dy
(3.1)

In the second set of acquisitions (Figure 3.2B), the hydrophone was replaced with the linear

array. It was aligned visually to the same guide 58 mm from the piston transducer and centred

over its �eld pro�le. The piston transducer was scanned over the centre 64 elements, and 50

frames were extracted from each array element at each frequency to determine the mean peak

negative voltage (VA;m where subscriptsA denotes Array and m denotes element number). Each
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element's peak negative voltage was divided by the hydrophone's spatially averaged peak negative

pressure to obtain its receive sensitivity frequency response from 2.1 to 10.5 MHz. The calibration

was repeated in triplicate. The mean frequency response of the three experiments was smoothed

with MATLAB's smooth function (with a linear model) before its use in the receive sensitivity

compensation of experimental data.

Figure 3.2: L14-5 element sensitivity calibration method. A) First set of acquisitions where

the hydrophone scans over the element height at di�erent frequencies to obtain the reference

pressure,PH (f ). B) Second set of acquisitions where the source transducer is scanned over the

array aperture to obtain the voltage responseVA;m , which is then converted to a sensitivity value,

M A;m

3.4 Ultrasound Imaging, Preprocessing, and Beamforming

3.4.1 Beamformer Implementation Details

Table 3.2 summarizes the parameters used during beamforming. Spatial zero-padding and win-

dowing for the angular spectrum (AS) beamformer were necessary to reduce the e�ect of wraparound

errors caused by the low spatial sampling. The e�ect of the Tukey window was compensated by
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dividing the result of Equation 2.32 by the mean squared value of the window (Haworth et al.,

2017). The beamformers, which were implemented in MATLAB and accelerated with the builtin

gpuArray function, processed data on a server with a Xeon E5-2699 v4 CPU, with a total of

768GB RAM and NVIDIA A4000 graphics card. The exact CPU and memory resources avail-

able at the time were not quanti�able due to the shared nature of the server.

Table 3.2: Beamforming Parameters

Parameter Value

Image Dimensions 128 px x 128 px

Field of View 20 mm x 30 mm

Speed of Sound 1490 m/s

Beamformed Signal Length 1626 samples / 50� s

Zero-padding (spatial) AS - to 128 elements

Windowing (spatial) AS - 64-tap Tukey window, 0.25 cosine fraction

3.4.2 Cavitation Mapping Signal Processing Pipeline

The following RF data preprocessing steps were identical for the PCD and PCM data. First,

RF data were time-gated to a 50 � s window surrounding the cavitation signal and bandpass

�ltered to 2.7-10.7 MHz, representing signal from the 3rd to 10th harmonics. To convert the

units to pressure, the RF data were �rst Fourier-transformed. Then, the receive sensitivity fre-

quency response magnitude of each element (Figure 4.10) was interpolated and applied before

inverse-Fourier transforming to obtain the calibrated time-domain signal. All data were bandpass

�ltered to the frequencies of interest before beamforming to ensure equivalence between time- and

frequency-domain beamformers. For the PCD data speci�cally, since signi�cant electrical noise

was present, the frequency spectrum of noise taken from the end-region of the signal (outside the

50-� s window) was subtracted from the cavitation signal spectrum before log compression, fre-

quency band analysis, and cavitation dose calculation. Analysis of di�erent frequency bands was

accomplished by Fourier-transforming the pressure RF data and applying a frequency-domain

mask with a bandwidth of 0.1 MHz to isolate or eliminate speci�c frequency components. The

frequency bands of interest included the narrowband harmonic and ultraharmonic frequencies
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from 3 to 10 MHz, the sum of all harmonic frequencies, the sum of all ultraharmonic frequen-

cies, and the sum of all the frequencies in between the harmonic and ultraharmonic frequencies

(broadband) from 3 to 10 MHz, for a total of 18 sets of frequency bands. After bandpass �ltering,

the same datasets were Hilbert transformed and passed into the four beamformers described in

Section 2.4.2.

Using the resulting beamformed cavitation maps, the cavitation dose within the tube was

calculated as follows. First, the tube position was determined from the B-mode images by �nding

the axial and lateral position of the peak re
ection, which would correspond with the top of

the tube lumen that forms an echogenic tube-air boundary. With the knowledge of the lumen

diameter of 0.6 mm, the coordinates of the centre of the tube could be calculated, and the

corresponding PCM pixels within the lumen could be identi�ed. The PCM-derived cavitation

dose was calculated as the mean energy from the pixels within the tube.

3.4.3 Robust Capon Beamformer Tuning

As mentioned in Chapter 2, Section 2.4, the Robust Capon beamformer utilizes an empirically

determined parameter," , for interference rejection. In this experiment, the optimal value of " was

manually determined through pilot beamforming of 5 frames from each data set. The maximum

pixel values were compared to those obtained from the FDAS beamformer. As" increases, the

ratio (RCB/FDAS) between the two beamformers' maximum pixels increases monotonically, and

the optimal value is interpolated. As shown in the processing example in Figure 3.3, the optimal

" value for the harmonics band, at 600 kPa, in experiment N1, would be approximately 1. The

results of the tuning are presented in the next Chapter.
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Figure 3.3: RCB tuning example. Comparison of FDAS and RCB with 3 di�erent values of "

for experiment N1, pressure at 1000 kPa and beamformed over the harmonic frequency bands

(reduced 2 mm x 8 mm �eld of view). Colourbar units in nJ. (Far right) Testing di�erent estimate

ratios (RCB/FDAS) showed that the optimal value was 1.0.
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Chapter 4

Experimental Results of the Passive

Cavitation Mapping Evaluations

4.1 Chapter Overview

This chapter presents the results of the cavitation exposure experiment and analysis described

in the previous chapter. First, an overview of the beamforming results is provided in Section

4.2. Second, the magnitudes of the cavitation dose computed by each algorithm and how they

correspond to cavitation dynamics are highlighted in Section 4.3. Next, Section 4.4 analyzes

the discrepancies between the cavitation doses computed by each beamformer. This is followed

by an assessment of the spatial localization accuracy of the algorithms, given by the location

of each map's maximum pixel, in Section 4.5, and an analysis of each algorithm's beam area in

Section 4.6. After, the output of the reference hydrophone used as a passive cavitation detector

is presented in Section 4.7. Finally, the receive sensitivity of the L14-5 array and pressure �eld

pro�le of the FUS excitation transducer are reported in Section 4.8.

4.2 Overview of Beamforming Results

4.2.1 Summary B-mode and PCM Overlay

Figure 4.1 shows the B-mode images with overlaid PCM plots for each beamformer (columns) in

each experiment (rows N1-3) in the 1000 kPa case over the harmonic frequencies. The red circles
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indicate the true tube lumen locations. For experiments N1 and N3, the tube lumen was located

approximately on-axis at depths between 53-57 mm. In experiment N2, the lumen was positioned

5.54 mm right of centre at the same approximate depth. As shown, the PCM-estimated tube

location (indicated by the white circle) is generally deeper than the true location.

4.2.2 E�ect of Tuning on RCB

An example of the results of the " parameter tuning for RCB is shown in Figure 4.2. The

e�ect of tuning on dose estimate and beam area are shown for three values of" shown in Figure

4.2A. When " = 0 :5, RCB underestimates FDAS energy but has the smallest beam area, which

contrasts with the " = 12 case where both the beam area and dose estimate are much greater.

In this case, the optimal value of " that achieved the closest mean energy estimate to FDAS

was 1. This parameter search was repeated for each experimental pressure from 400 kPa and

above, as summarized in Figure 4.2B. The" values determined for each frequency at 400 kPa were

applied to pressures from 0-400 kPa. Overall, the distributions for the optimal parameter were

wider for the narrow frequency bands (3-10 MHz) compared to the multi-frequency harmonic

(H), ultraharmonic (UH) and broadband (BB) bands. The median " value also increased with

frequency and reduced signal level (which is not shown here).

4.3 PCM-Estimated Dose at Increasing Pressure

4.3.1 Overview

Figure 4.3 summarizes the PCM outputs of beamformers in the harmonic, ultraharmonic, and

broadband frequency bands (A, B, and C, respectively) in response to increasing pressure in the

�rst repetition of the experiment (N1). The �rst four columns provide a stacked visualization of

the mean PCM maps derived from the four PCM algorithms { angular spectrum (AS), frequency-

domain delay-and-sum (FDAS), time-domain delay-and-sum (TDAS) and Robust Capon beam-

former (RCB) { at each tested pressure from 0 to 1000 kPa. Only the >50th percentile of pixel

magnitudes from each map is plotted for ease of visualization. The black lines trace the location

of the maximum pixel within each map, around which the cavitation dose is calculated for each

experimental condition. The cavitation doses are plotted in Fig.4.3A-i, B-i and C-i, showing an
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Figure 4.1: Example PCM plots obtained from the 1000 kPa dataset beamformed on the harmonic

frequency bands for each experiment (N1-3). Actual tube positions determined from the B-mode

image are stated (in mm) and overlaid as red circles, with lines out to the maximum pixels (white

circles) in each PCM map.
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Figure 4.2: RCB tuning results. Summary plot of �nal tuned values of " for each experimental

condition for pressures 400 kPa and greater.

increasing trend as pressure increases for all frequency bands. (Analysis of Figure 4.3ABC-ii is

conducted in Sections 4.5 and 4.6.)

4.3.2 Cavitation Dose Thresholds

Figure 4.4 presents the same dose vs. pressure plots as Figure 4.3ABC-i for experiments N1-3

along with the corresponding mean energy density spectra computed from the pre-beamformed

RF data incident upon the PCM array. Using columns 1-3, we can identify the approximate

pressure thresholds that coincide with the onset of cavitation in each frequency band, and cross-

reference the increase in the dose with the appearance of their corresponding spectral features

in the 4th column. In N1 and N3, the harmonics have an initial onset between 200-300 kPa,

followed by a slight dip at 400 kPa, and an increase again at 500 kPa. In N2, there appears to be

only an initial onset at 400-500 kPa. This is followed by an additional larger change in harmonic

cavitation dose after 700 kPa and the start of a plateau is visible in N1 and N2. The shape of the

broadband curves roughly follows the same trend as the harmonics, with an initial onset at 500

kPa and again at 700 kPa, but at a ten-fold smaller magnitude. A plateau of broadband dose is

only seen in N2. Lastly, the onset of ultraharmonic components appears slightly at 500 kPa but

has a more obvious onset after 800 kPa { this is also evident in the spectra shown in column 4.

Examining the doses computed by the beamformers in columns 1-3, the dose calculated by

FDAS and TDAS follow each other almost exactly (the green curve, representing FDAS, is exactly
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