ABSTRACT

GUO, SHIA. High-Intensity Ultrasound in Adherent Cell Sorting and Tissue Ablation.
(Under the direction of Dr. Xiaoning Jiang).

High-power ultrasound has been applied in many biomedical applications. However, many
new applications and the associated challenges need to be addressed to advance high power
ultrasound technology in medicine and biology. In this dissertation, the research objectives
are: (1) to explore new high-intensity focused ultrasound (HIFU) applications in biology; (2)
to enhance tissue ablation efficiency for more power efficient HIFU therapies. In order to
achieve these objectives, several tasks were executed, and the background, design method
and materials, experimental results and conclusions for each task were presented.

To explore new HIFU application in biology, the use of ultrasonic waves to release
pallets for isolation of adherent live cells was investigated with high cell survivability. This
technique has the potential for use in high-throughput cell sorting. This highly selective
pallet/cell release method yields significantly higher cell viability after single-pallet release,
comparing with other existing methods, largely resulting from the relatively slow release
speed and low radiation forces.

To investigate more efficient HIFU therapies, a combined modeling and experimentation
approach was employed to understand the physics behind the differences in tissue ablation
behavior between single- and multi-frequency ultrasound. It is found that tissue ablation
using multi-frequency HIF U yielded a up to 37.9 % higher temperature rise rate compared to
ablation using single-frequency HIFU under the same exposure power and time. This finding

has been verified by both thermocouple and MRI measurements, but cannot be explained



well by the Pennes bio-heating theory, which does not consider cavitation. This more
effective tissue ablation using multi-frequency HIFU is likely attributed to the enhanced
cavitation effect based on the obtained cavitation detection results.

To investigate the cavitation effect under multi-frequency sonications, the enhanced
effect of dual-frequency ultrasonic irradiation on cavitation yield was reported, for the first
time, via the cavitation bubble modeling, followed by the cavitation yield characterization
using the PCD (passive cavitation detection) method. Two-frequency (1.5 MHz/3 MHz)
orthogonal pulse ultrasound was used in the tests. It was found that the simultaneous
irradiation of dual frequency ultrasound can produce a significant increase in cavitation yield
compared with single frequency irradiation. The possible mechanisms of the enhanced effect
were briefly discussed and explained by the single-bubble cavitation model, where the
calculated radiated pressure generated by acoustic bubble cavitation was found to be greater
in dual-frequency cases.

Both the ultrasonic cell sorting study and the multi-frequency HIF U study suggest that
high power ultrasound is promising for a broader range of applications in medicine and

biology.
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CHAPTER 1 Introduction

1.1  High power ultrasound

1.1.1 Ulrasound

Acoustics, the science of sound, starts as far back as Pythagoras in the 6th century BC, who
wrote on the mathematical properties of stringed instruments. Echolocation in bats was
discovered by Lazzaro Spallanzani in 1794, when he demonstrated that bats hunted and
navigated by inaudible sound but not vision. The piezoelectric effect, discovered by
Jacques and Pierre Curie in 1880, was instrumental in the creation and detection of ultrasonic
waves. After the discovery of the piezoelectric effect, and subsequent development and
research, transducers could be used to generate and detect ultrasonic waves in air and
water. Francis Galton constructed a whistle producing ultrasound in 1893, and the first
technological application of ultrasound was an attempt to detect submarines by Paul
Langevin in 1917 [1].

In acoustics, people from both academics and industry have drawn a lot of interest in
ultrasonics. Ultrasound is an oscillating sound pressure wave with a frequency greater than
the upper limit of the human hearing range. Ultrasound is thus only separated from audible
sound by the fact that humans cannot hear it, and not based on differences in physical
properties. Although this limit varies from person to person, it is approximately 20 kHz in
healthy, young adults. Ultrasound devices operate with frequencies from 20 kHz up to

several GHz (Fig. 1-1).
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Figure 1-1. Approximate frequency ranges corresponding to ultrasound, with general guide

of some applications [1].

To describe an ultrasound wave, considering a half-space filled with liquid or soft-tissue,
and in most cases, the soft tissue may be considered as liquid-like medium. At x = 0 (Fig. 1-
2), it is assumed that there is a thin solid-plane with lateral dimensions much greater than the
wavelength (L) of the sound wave. With a sound source located at this plane, its vibration
leads to the generation of a sound wave in the region at x>0. The displacement of this source

plane with respect to x =0 can be written as

x(t) = Acos(2nft+@,), (D

where t is the time, fis the frequency of the vibration, A is the amplitude, and @, is the initial
phase, which determines the initial condition. The pressure in the medium caused by this
vibration is a function of x and t and fluctuates around the equilibrium pressure. If we define
the acoustic pressure p(x,t) as the excess of the total pressure to the equilibrium pressure, it

can be written as



p(x,t) = Py(x) cos(kx — wt), (2)

where P,(x) is the acoustic pressure amplitude, which is a function of position x related with

the attenuation coefficient of the medium o

oxf
0

P,()=P(0)- 10,  (3)

Other parameters include the angular frequency w = 2ttf, the wave number k = 21t/ A.
In water, the attenuation coefficient is often negligible. Frequency and wavelength are
dependent for a sound wave; they are related by the relationship of f A = ¢, where ¢ is the
phase velocity and the wavefront x, = ct. As an example, in water or soft-tissue, the phase

velocity at 20<C is approximately 1500 ms.

Sound Source
«~T>
Wavefront

>

>

<« >

0 > X
“T Xo (wave propagation direction)
«—1>

>

>

Figure 1-2. A plane-wave sound source and its wavefront.



Ultrasound is used in many different fields (Fig. 1-3), many of which take advantage of
the ability to detect objects and measure distances using ultrasonic waves. Ultrasonic
imaging is used in both veterinary medicine and human medicine; in the nondestructive
testing of products and structures, ultrasound is used to detect invisible flaws such as cracks
and material irregularities; ultrasound is also used for cleaning and for mixing, and to
accelerate chemical processes. At higher power levels, ultrasonics is useful for therapy,

micro-particle manipulation or changing the chemical properties of substances [2] [3].

Ultrasound cleaning

Ultrasound therapy

Figure 1-3. Examples of ultrasound applications.



1.1.2 High intensity focused ultrasound (HIFU)

High-intensity focused ultrasound is often considered a promising technology within the
non-invasive or minimally invasive therapy segments of medical technology. HIFU’s
capacity to generate in-depth precise tissue necrosis using an external applicator, with no
effect on the surrounding structures, is unique. The history of using therapeutic ultrasound
dates back to early in the 20th century. Technology has continually improved and additional
clinical applications, both diagnostic and therapeutic, have become an integral part of
medicine today. Simple focusing can be achieved either by a spherical-shaped concave
transducer or by using an acoustic focusing lens. High-power applications of ultrasound often
use frequencies between 20 kHz and a few MHz. Intensities can be very high, above 10 watts
per square centimeter. This high intensity can induce cavitation in liquid media, with some
applications using up to 1000 watts per square centimeter.

Ultrasound intensity is defined as the power transferred per unit area, which is also

related with the acoustic pressure and medium property

Power Pressure?

[= = , 4
A 2pc )

where A is the area of the focal beam, p is the density of the medium. Here the pressure is the
peak-to-peak pressure value. To understand the meaning of the intensity of ultrasound, we
can recall that an oscillating source of ultrasound in contact with tissue transfer its

mechanical energy to the particle of the tissue medium, causing them to vibrate. The medium



particles then possess energy by virtue of their motion. Intensity is a measure of this energy.
It represents the feature of mechanical vibrations of the medium particles. Different physical
parameters may be used to express this feature. These include particle velocity, particle
acceleration and particle pressure. Each of these parameters varies in time and in space
within the medium, and so does the intensity. Intensity may be expressed either as an
absolute measurement, or using a relative scale. Knowledge of the absolute intensity of
ultrasound is required in HIFU applications. The output intensity of an ultrasound transducer
affects its sensitivity. As an example, when we wish to assess the potential biological
consequences of the exposure to ultrasonic energy, we must know the amounts of energy
actually dissipated in tissue.

As an example, a theoretical model will be discussed here and shown in Fig. 1-4. This
type of focused transducer usually consists of a piezoelectric ceramic component whose front
surface is nearly of spherical shape with the radius A. The geometrical center of the sphere is

at C.
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Figure 1-4. Illustration of a focused ultrasound transducer.

The dimensions of the curved front surface can be described as:

a =Asino,h = A(1 —cosa),b? =a?2 +h?, A=R+h

f-number = R/2a =1/(2 sina), (5)

where R is called the focal length of a ultrasound transducer, h is called the depth of the
concave surface, f-number is defined as the ratio of the focal length to the diameter of the
spherical transducer.

It has been mathematically demonstrated by O’Neil [6] that the greatest intensity (the
physical focus) takes place near C (the geometrical focus) but not exactly at C. The
magnitude of focusing, expressed by the ratio of the intensity at C to the average intensity at

the radiating surface, is equal to 2wh/A2 In other words, increasing this ratio or equivalently



decreasing f-number increases the sharpness of the focusing. Furthermore, this also decreases
the distance between the physical focus and the geometrical focus at C. The plane that
contains C and is normal to the axis of the sound field is called the focal plane. To describe
the directivity of the focused ultrasound field; we use the z direction as the direction of the
wave propagation and the x-y plane is perpendicular to z direction. Fig. 1-5 shows an
example of the acoustic pressure distribution vs. axial and lateral distances for a 1.5 MHz
HIFU transducer. The simulation results are generated using Field Il [4], which is a Matlab
tool box (MathWorks, MI, USA). Input parameters of this transducer are 30 mm-focal length
and 29 mm-diameter aperture. This type of ultrasound transducers is also called piston

transducers.
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Figure 1-5. The acoustic pressure distribution for a 1.5 MHz ultrasound transducer. The axial

direction is the acoustic emitting direction. (a) 2D pressure distribution along the axial and

lateral directions. (b) pressure distribution along the acoustic axis.



A change of relative pressure by 6 dB is of special significance. For every 6 dB change,
there is a change in absolute pressure by a factor of two. The area with the relative pressure

above 6 dB is called the focal area of an ultrasound transducer.

1.2 High intensity ultrasound applications

High-intensity focused ultrasound has been demonstrated as a precise medical procedure
(Fig. 1-6). Focused high intensity ultrasound pulses can be used to break calculi such as
kidney stones and gallstones into fragments small enough to be passed from the body without
undue difficulty, a process known as lithotripsy [5]. High intensity ultrasound has also been
used to trigger the release of anti-cancer drugs from delivery vectors including liposomes,
polymeric microspheres and self-assembled polymeric [6]. Another important application is
that ultrasound can ablate tumors or other tissue non-invasively, which is widely used for
tumor treatment. This technique is called focused ultrasound surgery (FUS surgery). This
procedure uses generally lower frequencies than medical diagnostic ultrasound (250—
2000 kH2z), but significantly higher time-averaged intensities (up to 1000 watts per square
centimeter). The treatment is often guided by Magnetic Resonance Imaging (MRI); the
combination is referred to as Magnetic resonance-guided focused ultrasound (MRgFUS) [7]
[8]. Delivering chemotherapy to brain cancer cells and various drugs to other tissues is
called acoustic targeted drug delivery (ATDD). These procedures generally use high
frequency ultrasound (1-10 MHz) at a range of intensities (0-20 W/cm2). The acoustic
energy is focused on the tissue of interest to agitate its matrix and make it more permeable

for therapeutic drugs [9] [10]. Furthermore, researchers have successfully used ultrasound to
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regenerate dental material [11], to treat eataract by phacoemulsification [12], to enable non-
invasive delivery of epirubicin across the blood—brain barrier in mouse models [13]. High-
intensity ultrasound is being tested for use in aiding tissue plasminogen activator treatment

in stroke sufferers in the procedure called ultrasound-enhanced systemic thrombolysis [14].

eombus. US-induced release of 0.9, 1PA

thrombolysis

Figure 1-6. Examples for high-intensity focused ultrasound applications.

To understand high-intensity ultrasound in the numerous applications, three major
characteristics have been discussed in recent years. The first characteristic of high-intensity
ultrasound is thermal effects, which has been described in the definition of ultrasound

intensity as the absorption process:
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where q is the thermal source generated by the absorption of ultrasound. Intense acoustic
energy is delivered to a small region of tissue, where the absorption process increases the
tissue temperature to a relatively high value and causes thermal coagulation and ablation of
cells [15]. Homeostatic mechanisms will tend to counteract the rise in temperature of tissues
exposed to heating. The success of homeostasis in restoring normal temperature depends on
the balance between heat gain and heat loss. Any alteration in temperature automatically
initiates a reaction in an effort to restore normal temperature. However, it is apparent that
homeostatic control was unable to prevent the rise in tissue temperature recorded by Draper
and colleagues [16]. This is because that those local and general homeostatic mechanisms are
only partially successful in quickly reversing the effect of a rise in temperature. The resultant
tissue temperature following heating primarily depends on the extent of conduction into
surrounding tissues and dissipation by blood perfusion. Dissipation by blood perfusion is
highly variable and difficult to estimate, but is known to be poor in fatty tissue and tendon
[17].

Second characteristic of high-intensity ultrasound is based on acoustic radiation force, a
physical phenomenon resulting from the interaction of an acoustic wave with the media.
Generally, the force exerted on the obstacle is evaluated by integrating the acoustic radiation
pressure (due to the presence of the ultrasonic wave) over its time-varying surface (Fig. 1-7).

In attenuative media, attenuation includes both scattering and absorption of the acoustic wave.
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In this case, the induced pressure gradient will generate radiation force. The magnitude of

the force (F) exerted by an acoustic plane wave at any given location can be calculated as:

F = 2al/c. (7)

ultrasound
transducer

focal point

Figure 1-7. Particles within acoustic field will be forced from higher-intensity area to lower-
intensity area in the parallel plane of the ultrasound surface, and spontaneously forced along

the acoustic transmitting direction by acoustic radiation force.

The third characteristic is cavitation. Cavitation is a process in which mechanical
activation destroys the attractive forces of molecules in the liquid phase. Cavitation is usually
divided into two classes of behavior: inertial (or transient) cavitation and non-inertial (or
stable) cavitation (Fig. 1-8). Microscopic gas bubbles that are generally present in a liquid
will be forced to oscillate (non-inertial cavitation) due to an applied acoustic field. If the

acoustic intensity is sufficiently high, the bubbles will first grow in size and then rapidly
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collapse (inertial cavitation). When these bubbles collapse, it is accompanied by the release
of a high concentration of energy which results in high local acoustic pressure and the
propagation of shock waves [18]. High-power ultrasound usually utilize the inertial
cavitation of microscopic vacuum bubbles for treatment of solid surfaces, liquids, and
slurries [19]. More details of these characteristics on different applications will be discussed

in the next three chapters.
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Figure 1-8. The use of ultrasound provides specific activation based on a physical

phenomenon: acoustic cavitation [20].

1.2.1 High power ultrasound for thermal ablation

High intensity focused ultrasound (HIFU) is being used today primarily to thermally
ablate tissue, where the rate of energy deposition in the tissues produces heat faster than that
dissipated. As a result, temperature rise in the exposed tissue can cause thermal ablation of
cells [21]. Pulsed-HIFU exposures, however, using low duty, generate energy deposition

rates low enough that temperature elevations are well below the threshold for thermal
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damage in the tissues [22]. The effects of pulsed-HIFU are more mechanical in nature, such
as the creation of acoustic radiation forces. These forces, if high enough, can produce local
displacements on the order of cellular dimensions [23] [24]. It has been suggested that
repetitive displacements are capable of inducing structural alterations in the tissue, through
the creation of locally induced strain. The strain results from shear forces produced between
adjacent regions of tissue experiencing non-uniform displacement, and the alterations (i.e.
widening of intercellular spaces between both endothelial and parenchymal cells) may
increase the tissue's permeability [25]. The ultrasound technology employed for directly
inducing thrombolysis has involved procedures that are either invasive (e.g. via catheter
based techniques) [26] or rely on ultrasound mechanisms such acoustic cavitation [27],
which is potentially damaging to surrounding tissues [28]. Ultrasound has also been
combined with thrombolytic agents in in vitro and in vivo models with improved rates of

thrombolysis [29].

1.2.2 High power ultrasound for cell sorting

Focused ultrasonic manipulation has emerged as a simple and powerful tool for trapping,
aggregation, and separation of cells. During the last decade, an increasing amount of
applications in the microscale format has been demonstrated, of which the most important is
acoustophoresis (continuous acoustic cell or particle separation). Traditionally, the
technology has proven to be suitable for treatment of high-density cell and particle

suspensions, where large cell and particle numbers are handled simultaneously.
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Methods for manipulating single cells date back to the early twentieth century when
Barber demonstrated how to grasp a cell with suction through a hollow glass micropipette tip
[30]. In comparison to electrical or optical cell manipulation, ultrasonic manipulation is
generally not associated with the high spatial accuracy needed for single-cell handling.
Instead, ultrasound is known as an efficient tool for, e.g., high-throughput cell separation
(“acoustophoresis™) [31] or cell aggregation in mL-volume cell suspensions [32] capable of
simultaneous handling of cell numbers ranging from thousands to several millions.
Nevertheless, ultrasound has recently been demonstrated to be capable of cell manipulation

approaching the single-cell level [33] [34].

1.3 Objectives

High-power ultrasound has been proven to have potential in many applications in
medicine and biology, and many existing problems and challenges need to be addressed to
advance high power ultrasound technology in medicine and biology. The objectives of this
research are: 1) enhance tissue ablation efficiency for more power efficient HIFU therapies; 2)
explore new high power ultrasound applications in biology. In order to achieve these
objectives, several tasks were designed and executed during the past 4 years, and the
background, design method and materials, experimental results and conclusions for each task
were summarized in the following three chapters.

In Chapter 2, the use of ultrasonic waves to release pallets for isolation of adherent live
cells was investigated with high cell survivability. This technique has the potential for use in

high-throughput cell sorting. To approach this goal, modeling on possible mechanisms for
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ultrasound-based cell sorting was firstly performed, followed by pallet release tests using
ultrasound on different pallet samples for feasibility demonstration of this technology.
Finally, the tests of live cell release with pallet samples were performed.

In Chapter 3, the combination of modeling and experiments was employed to understand
the physics behind the differences in tissue ablation behavior between single- and multi-
frequency ultrasound. In specific, we firstly simulated the nonlinear acoustic pressure field of
the dual-frequency ultrasound for two different transducer positioning configurations.
Temperature rise expected from thermoviscous heating was also calculated for both single-
and dual-frequency ultrasound excitations based on a linear acoustic approximation.
Experimental results of single- and multi-frequency HIFU for tissue ablation are shown in
the form of recorded temperature by both thermocouples and MRI (magnetic resonance
imaging), and the possible attribution of accelerated heating by multi-frequency ultrasound is
discussed and verified by positive cavitation detection tests and cavitation bubble modeling.

In Chapter 4, the enhanced effect of dual-frequency ultrasonic irradiation on cavitation
yield is reported, for the first time, via the cavitation bubble modeling. The cavitation yield
was characterized using the PCD (passive cavitation detection) method. Two-frequency (1.5
MHZz/3 MHz) orthogonal pulse ultrasound has been used in the tests. It was found that the
combined irradiation of dual frequency ultrasound can produce a significant increase in
cavitation yield compared with single frequency irradiation. The possible mechanisms of the
enhanced effect were briefly discussed and explained by the single-bubble cavitation model,
where the calculated radiated pressure generated by acoustic bubble cavitation was found to

be greater in dual-frequency cases.
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Finally, in Chapter 5, the results obtained in the chapter 2, 3 and 4 are summarized. The
remaining challenges and application potential of these high -intensity ultrasound techniques

are also discussed.
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CHAPTER 2 Ultrasonic cell sorting

2.1  Background

2.1.1 Cell sorting

Separation of selected cells from a mixed population is an important process in many
biomedical research areas including genetic engineering, stem cell research and regenerative
medicine. For example, to study the function of individual genes and proteins, genetically
engineered cells must first be isolated from a mixed cell sample additionally. Cell sorting is
applicable in stem cell research since undifferentiated stem cells must be selected from a
group that contains more differentiated cells. Finally, to develop human cell lines for
personalized medicine, isolation and cloning of desirable cells from a patient’s biopsy is
required [35]-[37].

There are two basic systems for growing cells in culture, as monolayers on an artificial
substrate (i.e., adherent culture) or free-floating in the culture medium (suspension culture).
Many cell types, in particular many microorganisms, grow in solution and not attached to a
surface. These cell types can be subcultured by simply taking a small volume of the parent
culture and diluting it in fresh growth medium. Adherent cells, for example many
mammalian cell lines, grow attached to a surface such as the bottom of the culture flask.
These cell types have to be detached from the surface before they can be subcultured.

A number of technologies have been developed to separate non-adherent cells. Research
progress on stem-cell fate determination, molecular markers, signaling pathways and niche
interactions in hematopoietic, neuronal and muscle tissue may provide parallel insight into

the biology of mammary epithelial stem cells. Taking advantage of approaches similar to
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those employed to isolate and characterize hematopoietic and epidermal stem cells, a
mammary epithelial cell population with several stem/progenitor cell qualities have been
identified [38]. For individual Natural killer (NK) cells, the relationship between the
characteristics of these cell-cell interactions, cytolysis, and secretory activity is not well
understood. Arrays of subnanoliter wells were used to monitor individual NK cell-target cell
interactions and quantify the resulting catalytic and secretory responses. It showed that NK
cells operate independently when lysing a single target cell and that lysis is most probable
during an NK cells first encounter with a target [39]. To measure the effects of the
interactions between neutrophils and monocytes migrating in response to various chemo
attractants, at single-cell resolution, a microfluidic platform that replicates critical features of
focal inflammation sites was developed. It was integrated that a lactase assay into the focal
chemotactic chambers (FCCs) of the device to distinguish between phlogistic and
nonphlogistic cell recruitment [40].

Many methods have been developed to separate non-adherent cells, but the options are
very limited when dealing with adherent cells. Traditionally, adherent cells have been
detached from their growth surface mechanically or enzymatically, both of which result in
cellular perturbations such as loss of morphology [41]-[42], removal of cell surface markers
[43] [44], and alterations in cell physiology [45]-[47].

For adherent cells, fluorescence-activated cell sorting and limited dilution with or
without antibiotic selection are the two most common methods in use [48]. In fluorescence-
activated cell sorting, the cells are rendered differentially fluorescent and incorporated into a

small liquid stream illuminated by a laser beam [49]. Integrase-positive bacterial colonies
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from the enrichment cultures were then isolated by using hydrophobic grid membrane filters
and integrase-specific gene probes. Bacterial clones isolated by this technique were then
confirmed to carry integrons by further testing by PCR and DNA sequencing. Rapid and
efficient identification, isolation, and characterization of antibiotic resistance-associated
integrons are possible by this protocol. However, both of these strategies suffer from a major
drawback. In these techniques cells must be detached from their surface during the sorting
process, which can lead to programmed cell death, especially if such cells remain in

suspension for more than a few minutes [50].

2.1.2 Microarray technologies for adherent sorting

To avoid these perturbations, a platform for manipulating adherent cells without
stripping the cells from their growth surfaces would be of great value in the selection of
single live adherent cells with their adhesive state preserved [51]-[52]. By using a micro-
machined silicon substrate with moving parts, it was demonstrated the dynamic regulation of
cellcell interactions via direct manipulation of adherent cells with micrometer-scale
precision. Thereby mechanical control of both tissue composition and spatial organization
could be achieved [53]. A self-folding technique using cells is highly biocompatible and does
not involve special material requirements for the microplates and hinges to induce folding
[54]. In another way, a parylene-C microstencil was used to develop two methods of creating
patterned co-cultures using either static or dynamic conditions. In the static case, embryonic
stem (ES) cells were co-cultured with fibroblasts or hepatocytes by using the reversible

sealing of the stencil on the substrate. In the dynamic case, ES cells were co-cultured with

21



NIH-3T3 fibroblasts and AML12 hepatocytes sequentially by engineering the surface
properties of the stencil [55].

Microarray technologies were developed to isolate adherent cells by using an array of
releasable microfabricated elements that are called "pallets™ or "rafts" (Fig. 2-1). The pallets
can be fabricated from a biocompatible, transparent, 1002F epoxy photoresist on a
microscope slide by standard photolithography [56] [57]. These pallets can be varied in size
from tens to hundreds of microns to provide an adequate growth area for single cells or
colonies. In addition, the pallet surfaces can be chemically modified with polymers or
proteins to enhance cell attachment and growth [58]. To select and sort cells using the pallet
arrays, cells are initially placed in suspension and allowed to settle and grow on individual
pallets of the array, and the targeted cells are released later together with the pallets. Over the
last few years, micro-fabricated mobile platforms enable adherent cells to retain their
adhesive properties during manipulation. Allbritton's group proposed the use of microsized
blocks mounted on a glass substrate as a means to separate live adherent cells individually
[59] [60]. Microrafts, an array of microwells possessing detachable concave elements, were
manufactured using a polydimethylsiloxane (PDMS) mold combined with a dip-coating
process. PDMS-based microraft array is more flexible compared with micropallets on glass
substrate. Release of pallets by a laser pulse [61] [62] and release of rafts by a microneedle

[63] have been investigated for isolation of adherent live cells.
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Glass substrate

SU-8 micropallet

Figure 2-1. Sketch of a 500-pm SU-8 micropallet array on a glass substrate.

The micropallet array system used a pulsed laser to release pallets tens of microns to
hundreds of micrometers in size from a larger array, enabling selective isolation of single
cells adherent to the pallets (Fig. 2-2). The laser-based release of pallets with respect to pallet
array and laser parameters was characterized. The required laser energy for pallet release
increases linearly with the area of the single pallet in contact with the glass substrate. The
spacing between pallets within an array as well as the thickness and height of the pallets does
not affect the energy required to release a pallet. Delivery of multiple laser pulses decreases
the energy and pulse number required for pallet release when the pallets were 100 pmor
greater on a side. In addition to the square pallets, complex structures such as cantilevers and

spirals could also be released without damage using the pulsed laser. Identification of the
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pallet-array variables influencing the laser energy as well as strategies to minimize this

energy will contribute on optimizing the release of pallets with cells on the arrays [64].
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Figure 2-2. Experimental system for laser-based pallet release [64].

Cells plated on the microarray settled at the center of the wells due to the microrafts'
concavity. Individual microrafts were readily dislodged by the action of a needle inserted
through the compliant polymer substrate. The hard polymer material (polystyrene or epoxy
resin) of which the microrafts were composed to protect the cells from damage by the needle.
For cellanalysis and isolation, cells of interest were identified using a standard inverted

microscope and microrafts carrying target cells were dislodged with the needle (Fig. 2-3).
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The released cells/microrafts could be efficiently collected, cultured and clonally expanded

[65].

DC Motor

Micromanipulator

Micro-needle
Rafts

Microscope

Figure 2-3. Microraft release by a tiny needle [31].

These cell-laden microcarriers have proven beneficial for the separation and collection
of various types of specific single adherent cells from a mixed population. However, there is
a need to further advance this technology. For example, in pallet release process the laser
pulse was unable to detach large micropallets (e.g. 500 pm <500 pm) from glass substrates
because a high laser energy density is needed, yielding poor cell survival [66]. Furthermore,
needle-based mechanical release involved piercing the elastomeric substrate to dislodge the

rafts, which may lead to a relatively low releasing rate and cell damages.
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2.1.3 Ultrasound for cell manipulation

Focused ultrasonic manipulation has emerged as a simple and powerful tool for trapping,
aggregation, and separation of non-adherent cells. During the last decade, an increasing
number of microscale applications in cell biology, molecular genetics, biotechnological
production, clinical diagnostics and therapeutics have been demonstrated. Traditionally, the
technology has proven to be suitable for manipulation of high-density cell and particle
suspensions, where large cell and particle numbers are handled simultaneously.

Methods for manipulating single cells date back to the early twentieth century when
Barber demonstrated how to grasp a cell with suction through a hollow glass micropipette tip
[67]. Today, this method is still the standard technique for handling and manipulation of
single cells, although it requires a skillful operator and can easily damage the cell [68]. More
recently, methods based on external force fields have emerged as a contactless alternative
[69]. In particular in microfluidic devices [70], these techniques provide a simple, powerful,
and possibly gentle tool for trapping, aggregation, and alignment of particles or cells [71].
However, in comparison to electrical or optical cell manipulation, ultrasonic manipulation is
generally not associated with the high spatial accuracy needed for single-cell handling.
Instead, ultrasound is known as an efficient tool for high-throughput cell separation
(“acoustophoresis™) [72] or cell aggregation in mL-volume cell suspensions [73]. Using these
ultrasonic techniques, it is possible to simultaneously handle cell numbers ranging from
thousands to several millions. New state-of-the-art techniques have shown, however, that

ultrasound is indeed capable of cell manipulation approaching the single-cell level [74] [75].
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An acoustic microfluidic system for miniaturized fluorescence- activated cell sorting
(LWFACS) was recently reported [76]. By excitation of a miniaturized piezoelectric transducer
at 10 MHz in the microfluidic channel bottom, an acoustic wave is formed in the channel.
The acoustic radiation force acting on a density media causes fluidic movement, and the
particles or cells on either side of the fluid interface are displaced ina direction perpendicular

to the wave direction (Fig. 2-4).

Ultrasound transducer

) o
Particle flow

Figure 2-4. A radiation force acting on a density media causes fluidic movement.

A new ultrasonic characterization method of cellular adhesion on substrates was
developed in [77]. With this method, longitudinal acoustic waves are applied on cell culture
to impose a longitudinal strain on cells. Only the cells subjected to a sufficient level of strain
will be detached from the substrate. The idea is to correlate cell detachment rate to the

longitudinal strain threshold supported by cells. This global method can be adapted for
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different cell types and for different substrates. This method can provide an evaluation of the
effect of functionalization on substrates. But the cell viability is always a concern during the

cell manipulation, and this method is not selectively.

2.1.4 Motivation and objective

While ultrasound has been demonstrated with promising potential on manipulating
individual cells, it has yet to be proven effective in the manipulation of large numbers of
adherent cells. To this end, the objective of this work is to investigate the use of ultrasonic
waves to release pallets for isolation of adherent live cells with high cell survivability. This
technique has the potential for use in high-throughput cell release. To approach this goal,
modeling on possible mechanisms for ultrasound-based cell sorting was considered. Initially,
the pallet release tests using ultrasound on different pallet samples were done to prove the
feasible of this technology, and after all, the tests of live cell release with pallet samples were

performed.

2.2  Micro-pallet release modeling
2.2.1 Acoustic radiation force modeling

Acoustic radiation force is one of the important mechanisms of ultrasound. It has been
used in global population studies of cells [78] [79]. In this work, ultrasound was used to
enable selective release of micropallets with cells, and acoustic radiation force as a possible
mechanism in this application is studied. Here, an analytical model for the selective

micropallet release using ultrasound is presented. As an ultrasound beam propagates through
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an object, acoustic radiation force is transmitted. This force is caused by the acoustic pressure
and the momentum transported by the beam [80] [81]. The acoustic radiation force drives
objects inside the acoustic field towards the direction of acoustic streaming [82]. In this
analytical model, it is assumed that the acoustic radiation force acting on the miropallets is a
planar wave propagating along the acoustic axis (Fig. 2-5). This assumption is reasonable
because the length of the -6 dB focal zone of the 3.3-MHz transducer is as long as 4.34 mm
based on the acoustic field simulation (Fig. 2-6), which is significant thicker than the pallets

(a few hundred micrometers).

digtion force

Po

Figure 2-5. Acoustic radiation force on an arbitrary particle generated by a plane wave. Py is
the acoustic pressure of the plan wave, after the absorption of the particle, the pressure

difference cause the acoustic radiation force.
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Figure 2-6. Pressure field simulation of the 3.3 MHz transducer used in pallet release tests on

500 um samples. The output acoustic power is 30 W. (Unit: MPa)

The radiation force is estimated following the formalism derived by Gor’kov [83] [84],
S 3eYV-p2-f-gi _z
F@) = 77 (fi+3f)-v-pi-f sm(z% ), ®)

where z is the distance from the transducer surface along its acoustic axis, f is the frequency,

V is the particle volume in the acoustic field, p, is the pressure amplitude and y, is the
2

acoustic wavelength in the medium. The dimensionless factors f; = 1—’;‘% and f, =

2(p—pyp)

op are determined by the density and sound velocity of the medium around the pallets
0

30



(Fig. 13). It is assumed that the radiation pressure required to release a pallet is the same as

the pressure used in our experiments.

2.2.2 Acoustic cavitation modeling

Ultrasound enabled pallet release could also be the result of acoustic cavitation. Since
the cell culture medium was not degased and the acoustic pressure in the medium is
significant (above 1 MPa) to cause acoustic cavitation (Fig. 2-7), the radiated force generated
by cavitation bubble could cause moment of inertia on micropallets. The acoustic cavitation

modeling theory is covered in chapter 4.2.

Glass substrate

= e Mi I
Microbubbles &5 s® Icropallet

Figure 2-7. Microbubbles generated radiated force (black arrows).
Since radiation force generated by a cavitation bubble could act on any point on the
pallet surface, which may cause the rotation of the pallet after release. From a single

cavitation bubble, the maximum moment of inertia (1) could be expressed:

I max = (RF.W/2)/((WL"4)/12), 9)
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where W is the thickness of the pallet, and L is the length of a side. From bubble dynamics
modeling, the radiated force (RF) generated by cavitation bubbles could be estimated using

the generated moment of inertial, which may act on the pallet as shear force.

2.2.3 Attraction force and global force balance

Either acoustic radiation force or microbubbles generated radiated force acts against the
attraction force between pallets and the substrate. Once the total external force is larger than
the attraction force, the pallet is released. Different theoretical models allow an estimation of
the particle adhesion force to the surface resulting from Van der Waals attraction [85]. They
all predict that the force F necessary to remove an adsorbed particle from a surface is
proportional to its dimension R. For example, the model elaborated by Johnson et al.

provides [86]:

P = —1.5 wnR, (10)

where w is the work of adhesion, which is the sum of the surface energy of the two

contacting materials minus the interfacial energy. Converting this force into a local

pressure P on a square particle gives:

P~ —6w/L, (11)
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where L is the length of the edge. As we analyzed before, the acoustic radiation force and
cavitation generated radiated force could be two primary stresses in the global removal stress.

In order to calculate the attraction force between the micropallets and the substrate, the
surface energy and interfacial energy should be estimated. The surface energy density of a

solid can be expressed as

w=TW/2L(W —-1L), (12)

where w the surface energy density of the solid, and T is a constant uniaxial tension.

Considering the possible cavitation bubble generated radiation force, the possible final local

pressure (Ptotal) Can be integrated by:

P_total = —6W /L —n-1_max - (WL"3)/12, (13)

where n is the number of cavitation bubbles. In order to remove a particle, the global removal

stress must be stronger than the attractive force, in another words, P_total is larger than P.

2.3  Experimental method
2.3.1 Micropallet arrays and HeLa cells preparation

Firstly, SU-8 photoresist and developer were used to fabricate SU-8 pallet arrays on
glass substrates with four different pallet sizes. The square micropallets in the arrays had the

following dimensions: 100 pm side length and 50 pm height, 200 pm side length and 50 pm
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height, 200 pm side length and 100 pm in height (Fig. 2-8), and 500 pm side length and 300
pm height. The surfaces of the arrays were modified to cause cell adhesion. Both the pallet
array fabrication and surface functionalization of the pallets were performed by Dr.

Albbritton’s group in the department of chemistry at UNC Chapel Hill
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Figure 2-8. Image of SU-8 micropallet array with square pallets having a 200 um side lengths

—

and 100 pm height taken by a measuring microscope (Olympus STM6, Olympus, Center

Valley, PA)

HelLa cells were grown on the array at 37 <C and plated in a volume of 1mL on each
array. Immediately prior to use, the growth media was removed from the cell chamber and
replaced with PBS (phosphate buffered saline). The mammalian expression plasmid pegfp-

CRKL was transfected into the HelLa cells by electroporation on a gene pulser system.
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2.3.2 Experimental setup

A 3.3-MHz ultrasound transducer with a -6dB beam width of 0.51 mm was used to
deliver ultrasound waves through the cell substrate. The pallet release process was recorded
using a high-speed camera (Phantom 640) which provided 100- ps-interval resolution for
close monitoring of cell release.

To investigate the interaction between the ultrasound waves and microfabricated
elements, arrays of pallets were fabricated on glass substrates. The pallet dimensions were
500 pm %500 pm <300 m with spacing between two neighboring pallets of 200 pm. The
pallet cassette dish and collection dish were fabricated from polycarbonate by CNC machine,
and the micropallets were fabricated on a glass substrate with a thickness of 1 mm. Figure 1
shows the schematic of the experimental setup for pallet release using ultrasound. A 3.3-
MHz focused ultrasound transducer was used for pallet release experiments. According to the
transducer simulation using Field 11 [87] (codes in Apendix 1), the diameter of a -6 dB focal
beam is 0.51 mm. The transducer used has a 29-mm-diameter aperture and 30-mm focal
length, and the output power can be adjusted as high as 30 W under a continuous sinusoidal
signal. The driving signal was generated from a function generator (AFG3101, Tektronix)
and amplified by an RF power amplifier (3700, ENI). The input signal was set to match the
center frequency of the transducer. The output acoustic power of the transducer was
calibrated using an acoustic power radiation balance (UPM-DT-1AV, Ohmico) under
different input electrical powers. To analyze the mechanism of ultrasound-enabled
micropallet release, we monitored the process of pallet release at 0.5 ms intervals using a

high-speed camera (Fig. 17).
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Figure 2-9. Schematic of the experimental setup for pallet release.

For cell release experiments, HeLa cells were grown on the fibronectin-coated pallet
array at 37<C for 24 hours. Two hours prior to the release experiment, HelLa cells were co-
stained with 5 M Calcein acetomethoxy (AM) and 5 M SYTO 17 (Invitrogen Corporation)
for 30 min at 37<C. SYTO 17, a cell-permeant red fluorescent nucleic acid stain which
exhibits bright, red fluorescence upon binding to nucleic acids, was used to facilitate cell
counting. Calcein AM is a cell-permeant molecule that is used as a cell-viability indicator.
Immediately prior to use, the growth media was removed from the cell chamber and replaced

with phosphate buffered saline (PBS). To determine cell viability, released cells co-stained
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with calcein AM and SYTO 17 were imaged by a transillumination and fluorescence
microscope (Nikon TE200) equipped with FITC and Texas Red filter sets. Viable cells show

both calcein AM and SYTO 17 staining, while dead cells show only SYTO 17 staining.

2.4 Results and discussion
2.4.1 Experimental results

We demonstrated, for the first time, that adherent live cells can be safely and rapidly
released on pallets using ultrasound waves. Firstly, release experiments on a 200-pum pallet
were carried out. The influenced micropallets were observed in each experiment. These
observations indicated that in some cases the micropallet was not totally detached, but a
position change occurred. Variable power was applied to a variety of pallet sizes for variable
duration. The effects of this power application were recorded by a microscope equipped with
a digital camera to measure the normalized influenced area of micropallets and obtain the
value of threshold power for the release of single micropallet.

No pallet detachment or release was observed on 200-pm-size pallets with 100-um
height under a 60 s application of 10 W input power. When the input was power increased to
15 W, a single pallet was released after 10 seconds, shown in Fig. 2-10(a). Single pallet
release also occurred after a 3 second exposure to a 30 W input. The quantity of released

pallets increased as the input power and exposure time were increased (Fig. 2-10(b)-(d)).
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Figure 2-10. (a) Single pallet was released by 15 W input power after 10 seconds. (b) Two
pallets were released by 20 W input power after 5 seconds. (c¢) Four pallets were released by
30 W input power after 5 seconds. (d) Nine pallets were released by 30 W input power

afterl5 seconds.

Single-pallet release was achieved within short ultrasonic exposure times ranging
from 100 ms to 1 s without affecting neighboring pallets. Figures 2-11(a) and (b) show the
array of pallets with living cells before and after the single pallet release, respectively. The
targeted pallet is indicated by the arrow. To enable cell release, the target pallet was aligned

to the acoustic axis of the ultrasound transducer. After the amplified signal to the ultrasound
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was triggered on at the output power of 10 W, the selected pallet disappeared in the field of
view, indicating a successful release of the pallet. After single-pallet release, the ultrasound

had no effect on the surrounding non-targeted pallets and cells.

(c) (d) (€) soona

Figure 2-11. Ultrasound induced pallet release with HeLa cells (shown in green). (a)-(b)
Selective release of a single 500 um micropallet with HeLa cells. Pallet array before the
single pallet release (arrow points to the pallet to be released) (a), and after released (b). (c)-
(e) Collected 500 um micropallet with HeLa cells. (¢) Merged image. 95 cells (stained both

green and red) from a total number of 109 were alive. Scale bar = 500 um.
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All released pallets settled down to the collection dish by the force of gravity. The
viability of cells attached to targeted pallets after ultrasound release was examined by the
fluroescencel4. An Example of a single released pallet with live cells is shown in Figure 2-
11(c)-(e), where the pallet had 95 live cells (both greenand red colors) and 14 dead cells (red
color). 92.2% of the cells remaining on the pallets (number of pallets counted N = 12) were
found to be viable after release.

According of characterizations of pallet release with different dimensions, 500-pum-
size, 300-um-height pallets with HelLa cells cultured on them were used in these tests. A
single large pallet was successfully released within a short ultrasonic exposure time (ms)
without affecting neighboring pallets. 92% of the cells remaining on the pallet were still alive
after detachment based on six release tests, which is significantly higher than the
conventional 30~60% cell viability after fluorescence-activated cell sorting (FACS). Unlike
laser-based pallet release [75], no plasma formation was found during the ultrasound-enabled
detachment according to the movie recorded by the high-speed camera (Fig. 2-12). It is
believed that the pallets were released because of the large-amplitude vibration, together with
the ultrasonic radiation force. The releasing velocity of the micropallet was estimated to be
less than 1 m/s. This relatively smooth separation contributes to the resulted high

survivability of cells.
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Figure 2-12. Photograph pictures from a movie (7 ms) of pallet release process recorded

using a high-speed camera. Scale bar = 500 pm.

Unlike laser-based pallet release [76], no plasma formation was identified during the
ultrasound-enabled detachment as observed from the images recorded by the high-speed
camera. The releasing velocity of the micropallet was estimated to be 0.5 m/s, considering
the length of the focal zone of the high-speed camera and the time needed for the released
pallet passing the focal zone. This relatively smooth separation, compared to the release
speed of 45~60 nVs in laser-based pallet release, may contribute to the high viability of cells
after ultrasonic pallet release. Rotation of the pallets after detachment was observed similar

to that found in laser-based pallet release [88].
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2.4.2 Modeling results and discussion

Based on those assumptions, the radiation force acting on the 500 pum-size, 300 um-
height pallet at 10 W output power of the transducer is calculated to be 14.9 uN, which has
been proved to be safe for HelLa cells attaching on those pallets according to the
experimental results. For transducers with similar F-number (e.g. 1.034 which is same as the
3.3 MHz transducer used in the tests), the relationship between the working frequency and -6
dB beam width can be simulated as shown in Fig. 4. Assume that the radiation pressure
required to release a pallet is the same (14.9uN /(X (0.25mm)?) as the one found in our
experiments, the size of a pallet that can be released is similar to the -6dB beam size, and can
be estimated as a function of ultrasound frequency (Fig. 2-13). One can find that pallets with
larger culture surface require lower-frequency ultrasound, while high frequency ultrasound
may be used for micro-pallet release. Pallet height and the total -6 dB beam length may also
be considered in ultrasonic pallet release. However, the -6 dB beam length is approximately
reciprocal to the working frequency of the ultrasound transducer while the working
frequency is higher than 1 MHz according to the simulation results. In this case, while a
transducer with high working frequency is designed for micro-pallet release, its -6 dB beam
length is 7~8 times larger than the pallet size, which should satisfy the aspect ratio of the
pallet dimensions to maximize the radiation force. From equation (8), while the acoustic
pressure and frequency is confirmed, the radiation pressure is only related with the height of
pallets, which means higher pallet will always help this release process. For example, the

radiation pressure under 1 MPa, 3.3 MHz ultrasound wave is calculated (Table. 2-1).
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Figure 2-13. The relationship between working frequency and -6 dB ultrasonic beam width at

fixed F number (Focal length =30 mm, diameter of aperture =29 mm).

Table 2-1. Acoustic radiation pressure under 1 MPa, 3.3 MHz ultrasound wave.

Pallet height | Radiation force

110 pm 0.57 kPa
220 pm 1.26 kPa
300 pm 1.72 kPa

Cavitation bubbles induced by high frequency pressure (sound) waves to agitate a liquid

could be generated during high intensity ultrasound exposure. The agitation produces high
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forces on contaminants adhering to substrates like metals, plastics, glass, rubber, and
ceramics. The intention is to thoroughly remove all traces of contamination tightly adhering
or embedded onto solid surfaces. The acoustic pressure around the pallets is above 1 MPa
measured by a hydrophone. This pressure value is used as an input for the bubble dynamics
modeling. As the result shown in Fig. 2-14, the radiated peak pressure is 300~400 kPa, which

may generate considerable shear force during pallet release.
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Figure 2-14. Acoustic cavitation modeling. The radiated pressure is calculated under 1 MPa,

3.3 MHz ultrasonic sonication.

Inequation (12), T is a constant uniaxial tension which is measured by a force balance as
about 0.46 x 1073 N, W is the thickness of the glass substrate (1 mm)/pallet (300 pm), L is
the length of the edge (500 um). Interfacial energy is assumed to be zero because there isn’t
any other particle between the substrate and the pallet. In this case, the total y is calculated to

be 0.23 x 1073 N/mm, and the attraction pressure is 1.41 kPa, which is smaller than the
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calculated acoustic radiation force (1.72 kPa) on 300 pm-thick pallets. Here the radiated
force generated by cavitation bubble is not integrated because the number of cavitation
bubbles is difficult to be estimated. With the possible involved cavitation induced radiated
pressure, the global force could be stronger than the attraction force, which leads to the pallet

release.

2.5  Summary

In summary, ultrasound-enabled microfabricated pallet release with adherent cells has
been demonstrated. This highly selective pallet/cell release method yields significantly
higher cell viability after single-pallet release, comparing with other existing methods,
largely resulting from the relatively slow release speed and low radiation forces. The
mechanisms behind the ultrasound-induced pallet release are considered: acoustic radiation
force and acoustic cavitation. The parameters of the ultrasound transducer are optimized
based on different pallet samples, and also the design of the microarray is proposed to reduce
the required release energy. The demonstrated selection, separation, and collection of specific
cells from a mixed cell population using the ultrasonic method holds great potential for
biomedical research, including genetic cell engineering and stem cell engineering toward

new drug discovery and therapy exploration.
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CHAPTER 3 Tissue ablation using multi-frequency ultrasound

3.1  Background

3.1.1 Tissue ablation using high-intensity focused ultrasound (HIFU)

Scientific studies involving high-intensity focused ultrasound (HIFU) as a possible therapy
option for several types of tumors have been published for about half a century (Fig. 3-1).
Ultrasound has the potential to provide a truly non-invasive target treatment option, which is
not limited to the direct treatment of cancers, but may also be used in palliative setting for
relief of chronic pain of malignant origin, for hemostasis, or even for the treatment of cardiac

conduction or congenital anomalies [89].
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Figure 3-1. Focused ultrasound on tumor treatment [89].
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Mechanisms of HIFU-induced tissue ablation

The thermal effects of HIFU in cancer treatments have been widely studied. The first
mechanism behind the thermal effect is bio-heat effect [90]. Intense acoustic energy is
delivered to a small region of tissue, where the absorption process results in the tissue
temperature rise to a relatively high value and causes thermal coagulation and ablation of
cells (e.g. over 60°C for more than 1 second [91]). The second thermal mechanism is
ultrasound-induced cavitation. The pressure rarefactions due to the ultrasound propagation
can cause gas to be drawn out of solution in tissue to form bubbles. When these bubbles are
further driven to oscillate and/or collapse by successive pressure oscillations, resulting in
high mechanical stresses and shock waves which are further absorbed within the tissue [92].
These processes manifest as high temperatures within the insonated area. Although there are
still many on-going discussions on other possible HIFU ablation mechanisms, the broadly
accepted hypothesis is that tissue ablation results from a combination of both thermal and
cavitation effects [93]. A magnetic resonance imaging (MRI)-guided ultrasound therapy tool

for cancer treatment has been adopted due to its ability of temperature mapping [94].

Dual-frequency HIFU induced tissue ablation and cavitation

Despite the success of HIFU for many tumor ablations, unwanted lesion volume has
hindered the full realization of the benefits of HIFU as a therapy option. In order to obtain
tissue ablation with steeper temperature rise and enlarged lesion volume, dual-frequency
HIFU has been studied in recent years by a few groups [95]-[100]. The dual-frequency

experiments were carried out by simultaneously irradiating porcine liver regions of interest

47



with confocal ultrasound transducers at 1.563 MHz and 1.573 MHz (Fig. 3-2 and 3-3) [95]. It
was found that dual-frequency FUS induces larger lesions than conventional single frequency
FUS under the same power density. It was believed that the cavitation effect is more
pronounced in the multi-frequency mode, which was well presented in the work done by
Tatake et al [96]. Another possible explanation offered by lernetti et al is the production of
larger number of air bubbles by the introduction of the low-frequency (20 kHz) stimulating
field, which aids in the cavitation effect [97]. Carpendo et al correlated the effect of dual-
frequency excitation and the increase in heating effects to the combination resonance of the
two ultrasonic fields [98]. It has been observed that using dual frequency, same amplitude
waves can achieve a preferential cavitation threshold field where cavitation threshold at and
near the focus is preferentially lower than that in the near-side, using a phased-array
transducer [99]. It is noticed that these reported dual-frequency ablation experiments either
used dual frequency with the lower frequency transducer in the 10-500 kHz range, or with
the frequency difference less than 50 kHz. In cavitation detection experiments, frequency
difference above 250 kHz (Fig. 3-4 and 3-5) and working frequency above 1 MHz [100]

could still enhance the cavitation effect.
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Figure 3-2. Schematic diagram of dual-frequency HIFU lesioning apparatus [9].

Figure 3-3. Photographs of lesions in the degassed liver samples induced by dual-frequency
HIFU and conventional single-frequency HIFU (from 1 to 5, the exposure times are 10, 15,

20, 25 and 30 s, respectively) [9].
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Figure 3-5. The amount of I2 released (represent the cavitation efficiency) under dual-beam

orthogonal low MHz ultrasound [100].

Furthermore, ultrasound imaging guided HIFU has drawn research interests in using
multi-frequency ultrasound to enhance the ablating rate [101]. Tissue ablation using multi-

frequency ultrasound with both high frequency (e.g., > 3 MHZz) and low frequency (1-1.5
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MHz) can be of interest because the high-frequency component can be used for imaging
guidance of subsurface structures with a high resolution [102], while the effective tissue
ablation can still be expected using the multi-frequency HIFU. However, there is no report
about experimental results of temperature rise in tissue ablation with multi-frequency
ultrasound ina MR imaging environment. In this work, we first conducted ablation tests on
tissue-mimicking phantoms using single- and dual-frequency HIFU, while temperature
mapping was obtained by using a MR scanner. For the first time, cavitation detection tests
and theoretical models were also proposed to quantify the differences between single- and

dual-frequency ultrasound induced cavitation yields.

3.1.2 Objective and approach

From the above background information, one can conclude that it is of the interest to
investigate tissue ablation using multi-frequency HIFU (950 kHz~3.3 MHZz) with frequency
differences greater than 500 kHz and to analyze the effects of different governing parameters
on the temperature rise during controlled therapeutic insonation. These parameters include
the transmission frequency and the acoustic power exposure. In this case, our objective is to
investigate multi- frequency HIFU-induced tissue ablation with frequency difference greater
than 500 kHz. This work initiated with ablation on chicken breast using single- and dual-
frequency HIFU and temperature measured by a needle thermocouple. Furthermore, we also
conducted ablation tests on tissue-mimicking phantoms, while temperature mapping was
obtained using a MR (magnetic resonance) scanner, which will help us further verify the

efficiency of multi-frequency HIFU.
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The combination of modeling and experiments was employed to understand the physics
behind the differences in tissue ablation behavior between single- and multi-frequency
ultrasound. In specific, we firstly simulated the nonlinear acoustic pressure field of the dual-
frequency ultrasound for two different transducer positioning configurations. Temperature
rise expected from thermoviscous heating was also calculated for both single- and dual-
frequency ultrasound excitations based on a linear acoustic approximation. Experiments
using single- and multi-frequency HIFU for tissue ablation were conducted with temperature
recorded using both thermocouples and MRI (magnetic resonance imaging). The possible

attribution of accelerated heating by multi-frequency ultrasound was discussed.

3.2 Tissue ablation modeling
3.2.1 Acoustic field modeling

To reveal the mechanism of multi-frequency HIFU ablation, it is critically important to
understand the pressure field generated by such ultrasound excitations. In a nonlinear
acoustic system, the wave travels faster during the high pressure phase of the oscil lation than
during the lower pressure phase, which can be explained by the fact that the local speed of
sound will increase with the temperature rise caused by the absorption process in
compressible materials. In this case with acoustic waveform changing, other frequency
components will be introduced, rather than a linear system which only responses to the
driving frequency. Non-linear acoustic simulation could provide more information in the
frequency spectrum, which will help us analyze the differences between single- and multi-

frequency acoustic fields. A k-space time-domain method was employed to simulate the
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nonlinear acoustic field. Its accuracy has been extensively verified. This algorithm aims to

solve the full Westervelt equation as shown below [103]

1 10%°p 6 d3p g 0*p
\7-(—\7)———+— + =0, (13
Po” oy "P) T 20tz T ot atd T pycyt 0t2 (13)

where p is the acoustic pressure; o is the speed of sound; po is the density; B is the acoustic
nonlinearity coefficient; & is the sound diffusivity. It has been proven that this k-space
method is significantly more accurate and efficient than the conventional finite-difference
time-domain (FDTD) method for weakly inhomogeneous media, which is the case in this
study [103]. The pressure amplitude on the transducer surface was estimated based on the
measured output power by an acoustic power radiation balance (UPM-DT-1AV, Ohmic
Instruments, Easton, MD), which serves as the acoustic source to our algorithm. The Matlab
(MathWorks Inc, Natick, MA) code to solve this Westervelt equation was provided by Dr.

Yun Jing.

By using the normalized wave field f = p/\/ﬁ and defining an auxiliary field w = f +

v, where v = (Z—é - 1) f, Equation (13) can be reduced to

LOW _poy_pry 447074y
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where
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Fourier transformation of Equation (15) in the spatial domain yields the k-space equation

*wW
ot?2

= c2k*2(V—W) —(Q —H —D), (16)

where k = /kZ+ kZ +kZ,andW, V, Q, Hand D are the sparial Fourier transforms of w, v,

g, hand d, respectively, which can be calculated using a fast Fourier transform (FFT).

Equation (16) con be solved in a nonstandard finite difference approach to achieve the

complete time stepping algorithm as

W(t+At) —2W(t) + W(t — At)

=4WFG%EMV—W— (Q—H-D+ M|, (17)
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Nonlinear acoustic simulations were carried out in two conditions for dual-frequency
ultrasound, which were used to analyze the difference between single- and dual-frequency
ultrasound fields. In the first case it is assumed that dual-frequency ultrasonic beams were
emitted from the same source and had an incidence angle of 45°to the tissue surface (Fig. 3-
6(a)). Inthe other condition, the two beams were emitted from two different sources with 90
between their acoustic beam axes and both of them had the incidence angle of 45°to the

tissue surface (Fig. 3-6(b)). While the former case has been extensively studied in recent
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research [104], the latter configuration is the focus of this study and we show that it could

shed light on the mechanism of multi-frequency HIFU for tissue ablations.

Dual-frequency
ultrasound

Dual-frequency
ultrasound

Tissue surface Tissue surface

(a) (®)
Figure 3-6. Schematic diagrams of tissue ablation using different HIFU configurations in
simulations. (a) con-focal dual-frequency configuration; (b) separated dual-frequency

configuration.

3.2.2 Temperature rise modeling

For the temperature rise simulation, linear acoustics was assumed in both single- and
dual-frequency cases. This assumption is considered to be valid as it is shown that the
amplitudes of harmonics are low compared with the fundamental frequency (see Fig. 3-11,
the amplitude at the second harmonics is about 10 dB below that at the fundamental
frequency), therefore contributing insignificantly to the temperature rises. The simulations of
the linear intensity field of HIFU transducers were implemented in the Field II program

[105], and a concave model was used with the input parameters (aperture radius, focal length
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and focal pressure). Because the transducer is axially symmetric, so the emitted field was
simulated on the y-z plane, in which the z direction is the acoustic axis. Temperature rise was

estimated by solving the inhomogeneous Pennes equation of heat conduction in y-z plane

[106], [107]

oT T -
— = kA(T) —
e (T)

01y (18
Cv

where T is the tissue temperature; Ty is the room temperature, C,, is the heat capacity of a unit
volume; k is the thermal diffusivity; A is the Laplace operator; 7 is the characteristic time of
the blood perfusion, which is not considered and is set to infinite in this simulation for

chicken breast tissue. Equation (18) can be then rewritten as

aT q
— =kA(T) +—=, (19
5 = kA T2, (19)

where qy describes the field of thermal sources generated by the ultrasonic wave absorption

and i1s evaluated by the following equation

a,=2) a(fl,, (20)
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where n is the number of transducers used in the ablation, I, represents the acoustic intensity
field of each transducer, and a(f,) is the acoustic absorption coefficient at the center
frequency of each transducer. By solving this bio-heat equation with the calculated acoustic

mtensity field as an input, tissue temperature rise versus exposure time can be acquired.

3.3  Experimental method
3.3.1 Ultrasound transducers

Three single-frequency HIFU transducers and a dual-frequency one produced by Blatek
(State College, PA) were used in experiments. The center frequencies of these transducers
are 950 kHz, 1.5 MHz, 3.3 MHz, and combined 1.5 MHZz/3 MHz, respectively. The aperture
diameter and focal length of these transducers are shown in Table 3-1. They have the same
dimensions which made it easier to build the fixture to hold them for ablation experiments.
Fig. 3-7 describes the schematic geometry of the focal zone, where ablation is expected to
occur in the experiments. The focal zone of the dual-frequency transducer is very similar to
the single 1.5 MHz and 3.3 MHz transducer at each working frequencies. Prepared tissue
samples were chosen to be much larger (length > 5 cm, width > 5 cm, height > 5 cm) than
these focal zones, which means the sample lateral dimension is larger than the focal beam

width, and the sample thickness should be larger than the focal length.
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Table 3-1. Characteristics of ultrasound transducers used in tissue ablation experiments.

Center Aperture Focal
Frequency Diameter Length
950 kHz 29.5 mm 28 mm
1.5 MHz 29.5 mm 30 mm
3.3 MHz 29.5 mm 30 mm
1.5 and 3 MHz 29.5 mm 28 mm

Ultrasound transducer probes

12.10

1.66

9.14

113

- 4.34

0.51

Figure 3-7. Schematic of the acoustic beam focal zone length and diameter (units of mm) of

ultrasound transducers: 950 kHz transducer (top), 1.5 MHz transducer (middle) and 3.3 MHz

transducer (bottom).
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More details about the dual-layer, dual-frequency and single-aperture transducer could
be found in [108] (Fig. 3-8). Insuch a dual- layer design, the dual frequency transducer could
work at 3 MHz mode or 1.5 MHz mode, or combined frequencies. Dual-frequency
ultrasound could be generated with one dual-frequency single input from an arbitrary
waveform generator (Agilent Technologies Inc., Santa Clara, CA). Impulse spectrum clearly
showed two strong resonant frequencies at about 1.5 MHz and 3 MHz with almost identical
amplitudes. Relative to the fundamental frequency (1.5 MHz), high order of harmonics of the
transducer at 4.5 MHz, 6 MHz and 7.5 MHz are very low, with amplitudes of -12.61 dB, -
28.39 dB and -49.29 dB, respectively. Beam profile of the acoustic field was measured with a
high power hydrophone (HYP-0, Omega Engineering Inc., Stamford, CT). Because of
stronger focusing, the 3 MHz ultrasound shows smaller focal zone than the 1.5 MHz
ultrasound. With the same voltage input (300 V), the pressure of 3 MHz ultrasound at focal
point is 8.39 MPa compared to 6.64 MPa for 1.5 MHz ultrasound, corresponding to a power
density of 2.35 kW/cm? for 3 MHz ultrasound beam and 1.47 kW/cm? for 1.5 MHz
ultrasound beam, respectively. The pressure of the dual frequency ultrasound is 8.30 MPa
and the power intensity is 1.48 kW/cm? at the same voltage input as single-frequency signals.
Such power density is high enough to cause cavitation and hyperthermia effect, and thus

resulting in lesion in bio-tissue [109].
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Figure 3-8. Configuration of the dual frequency transducer. Arrows on the transducer around

“P” indicate the polarization direction [109].

In tissue ablation experiments, each transducer was driven by an amplified sinusoidal
wave signal generated by function generators (SRS PS355, Sunnyvale, CA; Tektronix
AFG3101, Beaverton, OR; Agilent 33250A, Santa Clara, CA), and amplified by RF power
amplifiers (ENI AP400B, ENI 3700 and ENI 3100L, Lake Mary, FL). The input signal was
set to match the center frequency of each corresponding transducer. Its input voltage was
then selected to adjust the output acoustic power designed for these experiments.

Output acoustic power of each transducer was measured under different input electrical
power using the acoustic power radiation balance. The results showed the relationship
between input electrical power and output acoustic power of those transducers, so the output

acoustic power could be controlled by adjusting the input electrical signals. In the tests, 25 W
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output acoustic power was employed, and the corresponding input voltages are listed in

Table 3-2.

Table 3-2. Input voltages for 25 W input power under different frequencies and the

corresponding output acoustic powers.

Transducer type Working frequencies Input peak-to- peak | Output acoustic

(amplitude ratio) voltage power
single-frequency Single 950 kHz 310V 7.4 W
transducers Single 1.5 MHz 310V 12.1W
Single 3.3 MHz 310 V 6.6 W

dual-frequency 1.5 MHz 314V 12.75 W
transducer 3 MHz 350 V 7.00 W
15MHz :3MHz =1:1 319V 9.87 W

15MHz :3MHz =3:1 329V 1131 W

15MHz :3MHz =5:1 340 V 11.79 W

15MHz :3MHz =10:1 348 V 12.22 W

Note: The first three rows describe the power measurements of the single-frequency
transducers, and the rest rows show the output under various inputs for the dual-frequency

transducer.

3.3.2 Tissue ablation monitoring using a thermocouple

The experimental setup for single-frequency and multi-frequency tissue ablation is
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schematically shown in Fig. 3-9. Packaged frozen chicken breast tissue was brought to room

temperature and left in open air for more than 30 minutes before being used for experiments.

The tissue was cut to obtain a clean, flat surface from a bulk piece, and then mounted into a

cylindrical PVC end cap with a diameter of 1.5 inches. 1 mm-thickness steel needles were

used to hold the tissue in the designed position relative to the housing. In single-frequency

tests, one transducer was set 45°to the tissue surface and focused on a certain depth (e.g.,

5mm) into the tissue sample. A depth of 5mm was chosen to avoid significant heat

dissipation into water. In multi-frequency tests, HIFU transducers with significantly different

center frequencies (0.95 MHz, 1.5 MHz and 3 MHZz) were mounted using fixtures to ensure

that all transducers were focused on the same area inside the tissue.
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Needle
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Data
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Figure 3-9. Schematic diagram of the experimental setup of dual-frequency tissue ablation

tests using a thermocouple for temperature measurement.

A needle thermocouple probe (Omega HYPO, Stamford, CT) with diameter of 0.2 mm
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was positioned inside tissue at the focal zone to measure the local tissue temperature. A
needle thermocouple with the diameter smaller than the wavelength was chosen to reduce the
acoustic field interference in tissue [110]. This T-type (Copper-Constantan) thermocouple
probe is enclosed in a long hypodermic needle, and also has a fast response with a continuous
temperature rating below 200 <€. The thermocouple signal was acquired via data acquisition
system (USB-6361, NI, Austin, TX) for signal recording and processing.

The chicken tissue sample and HIFU transducers were aligned to let the transducers
focus at 5 mm below the tissue surface. The ultrasound transducers and the data acquisition
system for temperature recording were triggered at the same time. Each measurement
consisted of a 30 seconds ultrasound exposure. Signals from thermocouple were
simultaneously sampled at a rate of 100 samples per second. The total input electrical power
of 15 W was introduced for both single- and multi-frequency ablations to compare the rises
in temperature. In this case, the acoustic pressure at the focal point is calculated to be greater
than 6 MPa under each frequency, which is found to be above the cavitation threshold
through the analyses in ref. [111]. Each test was conducted four times to obtain the average

value and standard deviation of the temperature rise.

3.3.3 Tissue-mimicking phantom ablation in a magnetic resonance imaging (MRI)
environment

Magnetic resonance imaging is a medical imaging technique used inradiology to
investigate the anatomy and function of the body in both health and disease. MRI scanners

use strong magnetic fields and radiowaves to form images of the body. Most medical
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applications rely on detecting a radio frequency signal emitted by excited hydrogen atoms in
the body (present in any tissue containing water molecules) using energy from
an oscillating magnetic field applied at the appropriate resonant frequency. The orientation of
the image is controlled by varying the main magnetic field using gradient coils. As these
coils are rapidly switched onand off they create the characteristic repetitive noises ofan MRI
scan. The contrast between different tissues is determined by the rate at which excited atoms
return to the equilibrium state.

There are several different types of contrast agent. Image contrast may be weighted to
demonstrate different anatomical structures or pathologies. T1 weighted image is one of the
basic pulse sequences in MRI and demonstrates the differences in the T1 relaxation time of
tissues. T1l-weighted image is generated through different amounts of magnetization by
changing the repetition time. This image weighting is useful for assessing the cerebral cortex,
identifying fatty tissue, characterizing focal liver lesions and for post-contrast imaging. We
produced T1-weighted images on a Siemens Trio 3T MR scanner (Siemens, Erlangen,
Germany). Two objectives were taken into consideration while choosing the imaging
parameters: 1) The resolution of the images had to be high enough to clearly show the focal
region targeted by the HIFU transducer; 2) The volume of interest (VOI) had to be acquired
in a sufficiently fast manner so that the sample would not cool down, losing the temperature
contrast across the VOI. In order to achieve these two goals, the parameters for the 3D T1-
MPRAGE sequence were chosen as follows: Number of slices = 52, Slice thickness =1 mm,
FOV =58 mm x 141 mm, Matrix size = 29 x 128 (yielding an in-plane resolution of 2 mm x

1.1 mm). TE/TR = 3.28 ms/1130 ms, Tl = 900 ms, Flip angle = 8< GRAPPA acceleration
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factor = 4, Phase partial Fourier factor = 6/8 and Slice partial Fourier factor = 6/8.
Temperature calibration was done by imaging a gelatin phantom at various temperatures and
recording the normalized image intensities. The normalization was done by dividing the
intensity at the focal area by that at a region of interest in the non-focal area.

Gelatin phantom was prepared for ablation. 80% water and 20% beef gelatin (Kosher,
Grayslake, IL) were mixed and heated to 80 <C, and then cooled down to room temperature.
The HIFU transducer and phantom were placed in the head coil of the MRI scanner, as
shown in Fig. 3-10. The phantom was filled into the bottom of a glass tube, and the
transducer is stuck at the top of the tube by a movable holder in the vertical direction. Water
was filled between the transducer and the phantom. The RF power amplifier and waveform
generator sat outside the MRI room to avoid magnetic interference. For hyperthermia
ablation comparison between single frequency and dual frequency ultrasound, acoustic
power transmitted into tissue should be remained constant. For example, if 25 W was decided
to be used in the ablation, the total input power of all frequency combinations was adjusted
so that the output acoustic power is 25 W. In each test, 25% duty cycle burst was applied to
excite the transducer for 30 seconds, and after that, the T1 weight of the phantom was imaged
to estimate the target temperature. Various input powers and dual-frequency waveforms were
tested to compare the efficiencies on temperature rise, and under each condition, more than

three groups of results were collected to obtain the average values.
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Figure 3-10. Schematic diagram of the tissue-mimicking phantom ablation tests in a MR
scanner using a dual-frequency HIFU transducer. The HIF U transducer could be plugged into

the fixture through the upper red arrow, and the gelatin phantom is placed at the bottom

3.4  Results and discussion
3.4.1 Modeling results

By solving the nonlinear acoustic equation and bio-heat transfer equation, the acoustic
and temperature fields could be achieved. In nonlinear acoustic simulation, the frequency
spectrums of pressure at the focal point are presented. In temperature simulation, the linear
acoustic fields and induced temperature rise at the focal point are presented. Fig. 3-11 and 3-
12 show the simulated nonlinear acoustic pressure (normalized frequency spectrum) at the
focal point under the two conditions discussed in the section 3.2.1. 1.5 MHz and 3 MHz
transducers were used, and the input pressure value in the simulation is the same as that in

the transducer characterizations. Some parameters used in the simulation are listed here for
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reference: co = 1500 m/s inthe water and co = 1550 m/s inthe tissue [112]; po =1000 kg/
m3 for the water and po = 1060 kg/m?3 for the tissue; B = 3.5 for the water and p = 3.9 for the
tissue; the sound diffusivity 8 was calculated through the equation @ = §w?/2¢3, where o =
4.28 m! is the attenuation coefficient and @ is the angular frequency of ultrasounds [113].

The k-space algorithm currently considers an attenuation that is proportional to the frequency

squared.
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Figure 3-11. Simulation of acoustic pressure spectrum at the focal point while assuming dual-

frequency ultrasound beams were emitted from a dual-frequency source as shown in Fig,

2(a).
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Figure 3-12. Simulation of acoustic pressure spectrum at the focal point while assuming dual-

frequency ultrasound beams were emitted from two separated transducers as shown in Fig.

2(b).

Harmonic waves of the two center frequencies are clearly shown in both conditions. The
amplitudes of those harmonic waves (3 MHz, 4.5 MHz and 6.6 MHz) are similar between the
two configurations discussed in section 3.2.1. A. In addition, more components in the
frequency domain are generated with significant amplitudes in the first confocal condition
(Fig. 10), which indicates that the interactive effect is potentially greater. This is due to the
fact that the ultrasound with multiple frequencies is emitted from the same transducer, so

they will have interactions from the initial transducer plane all the way to the focal area. In
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this case, more frequency components are shown in the acoustic field simulation results, e.g.,
4.8 MHz (1.5 MHz + 3.3 MH2), 6.3 MHz (1.5 MHzx2 + 3.3 MHz), and etc. For the second
non-confocal case, significant nonlinear interactions between the two different center-
frequencies only occur near the focal point.

For the acoustic simulation with the Field II program (codes in Appendix II), we used
the same dimensions and input pressure values from the transducer characterizations (Fig. 3-
13). The acoustic simulation results were used to solve Eqation (18).The parameters used
include: Ty =20%€ is the room temperature, C,, = 3.81 X 10° J/kg/°Cis the heat capacity of
a unit volume, k = 1.3 X 1077m? /s is the thermal diffusivity [114], and a = 4.28 m™!at
950 kHz and 6.75 m™tat 1.5 MHz Temperature simulations were implemented for single-
frequency modes (1.5 MHz, 3.3 MHz) as well as dual-frequency mode (1.5 MHz and 3.3

MHz combination) (see Fig. 3-14).
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Figure 3-13. Simulated acoustic pressure field of (a) 950 kHz transducer, (b) 1.5 MHz

transducer.
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Figure 3-14. Simulated temperature vs. time of single- and dual-frequency tests between 950

kHz and 1.5 MHz under 15 W total input power for 30 seconds.
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In the simulation where the cavitation effect was not considered, the dual-frequency
ultrasound induced temperature rise is close to the algebraic average of single-frequency
results. This also occurs in the simulation of tri-frequency ultrasound induced tissue ablation.
This is due to the fact that in the solution to the bio-heat transfer function, the temperature is
approximately proportional to the total input energy [115], or linearly related to the output
intensity field of the ultrasound transducers. Therefore, tissue ablation using multi-frequency
ultrasound does not lead to increased temperature rise compared to single-frequency
ultrasound according to Pennes bio-heating theory. In other words, Pennes bio-heating theory
considers acoustic absorption and heat transfer inside tissue without the involvement of

cavitation.

3.4.2 Experimental results
Thermocouple measurement results

Tissue temperature (measured by a needle thermocouple) with respect to time using
single- and dual-frequency tissue ablation are shown in Fig. 3-15 to Fig. 3-19. The average of
the two single-frequency tests is also estimated against the exposure time. The total input
electrical power is kept constant (e.g., 15 W) for all measurements, with an initial
temperature of 20 <C for all tests as well. As an example, in Fig. 3-15, the total input power
is maintained at 15 W. The input power of each transducer was 15 W for single-frequency
tests. For dual-frequency tests, each transducer was supplied an electrical power of 7.5 W so
that the total input power remained at 15 W. Fig. 3-16 and Fig. 3-17 presents the results using

various groups of transducers (950 kHz and 3.3 MHz, 1.5 MHz and 3.3 MHz combinations).
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For all the above measurements, the depth of focus was maintained at 5mm below the tissue
surface, as mentioned in the experimental setup. As can be seen in Fig. 3-15 to Fig. 3-17,
higher temperatures and faster temperature rises can be obtained by using a dual-frequency
mode HIFU ablation under the same total input power, indicating a more effective tissue

ablation approach.
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Figure 3-15. Measured change in chicken tissue temperature with exposure time for single
frequency and dual-frequency (950 kHz and 1.5 MHz) tests under 15 W total input power,

and 5 mm depth below the tissue surface.
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Figure 3-16. Measured change in chicken tissue temperature with exposure time for single -
frequency and dual-frequency (950 kHz and 3.3 MHz) tests under 15 W total input power,

and 5 mm depth below the tissue surface.
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Figure 3-17. Measured change in chicken tissue temperature with exposure time for single -
frequency and dual-frequency (1.5 MHz and 3.3 MHz) tests under 15 W total input power,

and 5 mm depth below the tissue surface.
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Tissue ablation tests with tri-frequency HIFU were also carried out with the total input
power set at 15 W. Each transducer was supplied a power of 5 W. As shown in Fig. 3-18, the
tissue temperature rise at 30 seconds in tri-frequency test is higher than those of single-
frequency tests under the same input power. Although the results of tri-frequency tests are
almost the same as those in two groups of dual-frequency tests, it is higher (about 4 °C at 30
seconds) than the algebraic average of dual-frequency results under the same power (see Fig.

3-19).
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Figure 3-18. Measured change in chicken tissue temperature with exposure time for single -
frequency and tri-frequency tests under 15 W total input power, and 5 mm depth below the

tissue surface.
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Figure 3-19. Measured change in chicken tissue temperature with exposure time for dual-
frequency and tri-frequency tests under 15 W total input power, and 5 mm depth below the

tissue surface.

Table 3-3 summarizes the average tissue temperature rise rate for the first and second 10
seconds of ablation and the temperature at the end of 30 seconds of ablation. Among single-
frequency tests, we found that the results were different among the three transducers used in
tests under the same power. The 1.5 MHz transducer could generate a higher temperature
because of its higher power transfer efficiency, as shown in Table 3-3. Hence dual-frequency
tests with the 1.5 MHz transducer lead to higher temperatures than the groups of 950 kHz
and 3.3 MHz transducers. It was also noted that temperature rises in multi-frequency modes
are always higher than that in single-frequency modes, and the temperature rise in tri-

frequency mode is higher than the algebraic average of those in dual-frequency modes.
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Table 3-3. Measured temperature rise (°C) at 10 seconds, 20 seconds and 30 seconds during

the ablation experiments under different HIFU configurations.

Temperature rise (€)
Ultrasonic frequency

10s 20s 30s

950kHz 13.8 | 16.4 | 16.9
1.5MHz 179 | 21.1 | 21.9
3.3MHz 6.4 | 13.0 | 153

950kHz and 1.5MHz 214 | 253 | 274

950kHz and 3.3MHz 146 | 184 | 19.8

1.5MHz and 3.3MHz 214 | 252 | 30.2

950kHz, 1.5MHz, 3.3MHz | 20.8 | 25,5 | 28.8

MRI for ablation temperature measurement

In the ablation tests using MRI, the ultrasound was focused at 5 mm below the phantom
surface. Burst ultrasonic waves were excited for 30 seconds, and after that, the T1 weight of
the phantom was imaged to estimate the target temperature rise. The luminance change is
proportional to the temperature rise in T1 weight imaging. Before testing, phantoms with
different temperature were imaged before ultrasound exposure to calibrate the temperature
mapping form T1 mode. The luminance of the phantom image was acquired and associated

with the initial temperature (Fig. 3-20).
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Figure 3-20. Temperature vs. imaging luminance in T1-MPRage mode on gelatin phantom.

The luminance at the focal area was then obtained from these images to estimate
temperatures under different ultrasound exposures, where single frequency, various dual-
frequency combinations of amplitude ratio between 1.5 MHz and 3 MHz were tested. Fig. 14
shows the MR images of phantom before (Fig. 3-21(a)) and after (Fig. 3-21(b) and (c))
sonications. One can see that the target area of dual-frequency induced ablation is darker and
larger, indicating higher temperature within that area. Fig. 3-22 summarizes the temperature
rise results under single-frequency ultrasound and several dual-frequency cases. In dual-
frequency tests, the amplitude rate between 1.5 MHz and 3MHz was modified for efficiency
comparison. It was found that dual-frequency ultrasound could generate about 20% more
temperature rise, which in general agrees with our previous finding in chicken tissue ablation
tests in non-MRI environment [28]. The slightly more temperature rise might be attributed to

the fact that MRI avoids heat loss compared with thermocouple, and the dual-frequency
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signal was modified from 1:1 mixture of 1.5 MHz and 3 MHz signals to 10:1. We introduced
higher amplitude on 1.5 MHz because of its greater performance on temperature rise in

single-frequency cases.

(b)

Figure 3-21. MR imaging of the phantom before and after HIFU exposure. The target areas

of HIFU transducer are shown in the red circle (a) before ultrasonic exposure; (b) after 25 W
single-frequency (1.5 MHz) exposure; and (c) after 25 W dual-frequency (1.5 MHz:3 MHz =

5:1 ) exposure.
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3.4.3 Discussion

The rate of temperature rise in HIFU treatment is an important characteristic, because it
is directly related to the HIFU cancer treatment time. From our study using both
thermocouple and MRI in tissue ablation, it was found that multi-frequency HIFU can yield
up to 37.9 % (Table 3-4) improvement in temperature rise rate comparing with single-
frequency ones, which can help shorten the duration of each current 2-3 hour HIFU treatment
by about 0.5 hour for now, but further advancement could lead to a significant reduction in

treatment time [116], [117].
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Table 3-4. Summarized enhancement on temperature rise by multi- frequency ultrasound.

Temperature measure Multi-frequency Temperature rise
tools combinations enhancement
Thermocouple 950 kHz and 1.5 MHz 25.1 %
950 kHz and 3.3 MHz 17.1%
1.5 MHz and 3.3 MHz 37.9%
950 kHz, 1.5 MHz and 3.3 31.5%
MHz
MRI 1.5 MHz and 3 MHz 18.75 %

From the nonlinear acoustic simulation results shown in Fig. 3-11 and Fig. 3-12, it is
noted that the pressure amplitude at 1.8 MHz (the frequency difference of two primary
working frequencies, 3.3 MHz - 1.5 MHz = 1.8 MH2) is lower in the case of non-confocal
configuration (Fig. 3-12) than that in confocal configuration (Fig. 3-11). However, multi-
frequency ultrasound with non-confocal configuration still showed promising and consistent
enhancement on temperature rise in our tissue ablation tests (Fig. 3-8~3-12). According to
the results shown in ref. [100], where a dual frequency ablation with 20 kHz frequency
difference was adopted, it was believed that a multi-frequency wave will lead to a decrease in
the cavitation threshold if a low frequency wave (e.g. 20 kHz) was introduced. Nevertheless,
according to our findings, cavitation may still be triggered more efficiently in multi-

frequency ablation, even though the frequency difference is as high as 1.8 MHz.
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Dual-frequency ultrasound can generate higher temperatures under the same exposure
conditions, which may be attributed to the cavitation field enhancement by nonlinear mixing
of the primary frequencies. The nonlinearity of acoustic propagation results in waves with a
wider range of frequencies. In other words, a combination of two or more different
frequencies may even result in the formation of constructive and destructive interference
patterns that are composed of waves with a wide range of frequencies and pressure
amplitudes [118]. It is known that cavitation is a random frequency and pressure dependent
phenomenon [119], and thus the generation of waves with a wide range of different
frequencies increases the chance of more efficient energy dissipation during cavitation.
Hence, more efficient tissue ablation can be achieved. Furthermore, nonlinear frequency
mixing of multi- frequency ultrasound may locally reduce the cavitation threshold sufficiently
[120] [121]. Another possible reason for this increase in efficiency may be that the radiation
force inside the tissue contributes to the cavitation. When an incident wave is absorbed or
scattered, a non-zero mean radiation force is exerted, which is proportional to the intensity of
the wave and the local absorption or scattering properties of the tissue. With multi-frequency
ultrasound, tissue is subject to the radiation force at different wave frequencies at the focal
point of the transducers, which may trigger cavitation more efficiently [122].

In this project, we varied the working frequencies of the ultrasound and maintained other
characteristics (total power, exposure time and the same focal area) of HIFU transducers to
study the efficiencies of single- and dual-frequency ultrasound. There are other
characteristics of HIFU treatment that are also important and may be affected when

switching to multi-frequency. The size of the focal zone changing with time is one important
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aspect in target therapy. We did not present the results in this chapter; since two separated
transducers were used with a certain angle between them, which resulted in lesions not in
typical shapes. The edge of the focal zone would also be essential in case to protect healthy
tissue. We could either observe the size of the lesion or estimate the size from temperature

field simulation results by solving the bio-heat transfer equation.

3.5  Summary

In this chapter, we combined modeling and experiments to study HIFU-induced tissue
ablation behavior using single- and multi-frequency ultrasound. In specific, we firstly
simulated the nonlinear acoustic pressure field of the dual-frequency ultrasound to achieve
the frequency spectrums. Temperature rise expected from viscous heating was also calculated
for both single- and dual-frequency ultrasound excitations based on a linear acoustic
approximation. Experiments using single- and multi-frequency HIFU for tissue ablation were
conducted with temperature recorded using both thermocouples and MRI (magnetic
resonance imaging), in which, the results didn’t agree with the temperature modeling without
considering cavitation effect. The possible attribution of accelerated heating by multi-
frequency ultrasound was discussed based on the simulated frequency spectrums.

Tissue ablation using multi-frequency HIFU yielded a up to 37.9 % higher temperature
rise rate compared to ablation using single-frequency HIFU under the same exposure power
and time. This finding has been varied by both thermocouple and MRI, but cannot be
explained well by the Pennes bio-heating theory, which does not consider cavitation. It is

believed that more effective tissue ablation using multi-frequency HIFU is attributed to the
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enhanced cavitation effect based on the cavitation detection results. The non-linear acoustic
simulation results suggest that acoustic waves with a wide range of frequencies may result in
a more efficient cavitation than that by their single frequency counterparts. Finally, the multi-
frequency HIFU with a relatively large frequency difference (more than 500 kHz) may lead

to promising ultrasound imaging guided therapy.

83



CHAPTER 4 Multi-frequency cavitation study

4.1  Background
4.1.1 Cavitation effect and physics
Cavitation is the formation of vapor cavities in liquid, i.e. small liquid-free zones called
"bubbles” or "voids". It usually occurs when a liquid is subjected to rapid changes
of pressure which cause the formation of cavities. Cavitation was first studied by Lord
Rayleigh in the late 19th century, when he considered the collapse of a spherical bubble
within a liquid. It was found that when a volume of liquid is subjected to a sufficiently
low pressure, it may rupture and form a cavity. When subjected to higher pressure, the
cavities implode and generate an intense shockwave with significant radiated pressure [123].
Therefore cavitation is usually divided into two classes of behavior: inertial (or transient)
cavitation and non-inertial (or stable) cavitation.

Inertial cavitation is the process where a bubble in a liquid rapidly collapses, producing
a shock wave. In nature, inertial cavitation occurs in the vascular tissues of plants, as well as
in the strikes of mantis shrimps and pistol shrimps. In man-made objects, it can occur
in control valves, pumps, propellers and impellers. Non-inertial cavitation is the process in
which a bubble in a fluid is forced to oscillate in size or shape due to some form of energy
input, such as anacoustic field (Fig. 4-1). Such cavitation is often employed in ultrasonic

cleaning baths and can also be observed in pumps, propellers, etc. [124]
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Figure 4-1. Non-inertial and inertial acoustic cavitation.

Ways of generating cavitation voids involve the local deposition of energy, such as high-
intensity focused ultrasound [125]-[126], intensely focused laser (optic cavitation) [127] or
with an electrical discharge through a spark [128]. Gas evaporates into the cavity from the
surrounding medium. This cavity has a relatively low gas pressure because it is not a perfect
vacuum. Such a low-pressure cavitation bubble in liquid begins to collapse due to the higher
pressure of the surrounding medium. As the bubble collapses, the pressure and temperature
within the cavity increase. The bubble eventually collapses to a minute fraction of its original
size, at which point the gas dissipates into the surrounding liquid and a significant amount of
energy is released in the form of an acoustic shock wave and as visible light. At the point of
total collapse, the temperature within the bubble may be several thousand kelvin, and the
pressure can be several hundred atmospheres [128].

Cavitation is a significant cause in some engineering applications. In biomedical
engineering, cavitation plays an important role for the destruction of kidney stones in shock

wave lithotripsy [129]; tests are being conducted as to whether cavitation can be used to
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transfer large molecules into biological cells [130]; cavitation plays a key role in non-thermal
non-invasive fractionation of tissue for treatment of a variety of diseases [131]; cavitation
also probably plays a role in HIFU, a thermal noninvasive treatment methodology for cancer
[132]-[133]. In chemical engineering, cavitation is often used to homogenize, or mix and
break down, suspended particles in a colloidal liguid compound such as paint mixtures or
milk [134]; the drastic decrease in pressure as the liquid accelerates into a larger volume
induces cavitation. This method can be controlled with hydraulic devices that control inlet
orifice size, allowing for dynamic adjustment during the process, or modification for
different substances [135]. For some cleaning applications, cavitation has sufficient power to

overcome the particle-to-substrate adhesion forces, loosening contaminants [136]-[137].

4.1.2 Muli-frequency ultrasound for cavitation enhancement

In engineering applications, most of cavitation effects are generated through acoustic
waves. As described in the chapter 1, 2 and 3, we draw research interest in ultrasound in
medicine and biology, so we look into the proper ways to enhance acoustic cavitation, which
will benefit cavitation-involved ultrasound applications. In current years, multi-frequency
ultrasound for enhancement of cavitation yields have been studied and demonstrated by a
few research groups. It was demonstrated by Tatake that the cavitation effect is more
efficient in the dual-frequency mode [138]. A cavitation zone with a higher bubble volume
fraction [139] and larger number of bubbles [140] were noticed in a dual-frequency
sonoreactor, compared to mono-frequency sonoreactors. It was also found that a three-beam

configuration could further increase cavitation yield [141]. A possible explanation offered by
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lernetti is the production of a larger number of air bubbles by the introduction of the low-
frequency (20 kHz) stimulating field into a 700 kHz field, which aids the cavitation effect
[142]. It was also observed that using a dual-frequency transducer, the same amplitude waves
canachieve a preferential cavitation threshold field, cavitation threshold at and near the focus
is preferentially lower than that in the nearside [143]. The dual-frequency tissue ablation
experiments were carried out by simultaneously irradiating porcine liver regions of interest
with confocal ultrasound transducers at 1.563 MHz and 1.573 MHz, where the frequency
difference is 10 kHz, and in this work, it is demonstrated that the improved From published
results on multi-frequency exceeding acoustic cavitation, it was found that by using a multi-
frequency approach, the cavitation yield could be enhanced gradually. However, these multi-
frequency approaches have not been verified theoretically, and thus the mechanism of multi-

frequency ultrasound enhanced cavitation has not been understood very well.

4.1.3 Motivation, objective and approach

Recent research suggests that multiple-frequency ultrasound is capable of effectively
enhancing the acoustic cavitation effect over single-frequency ultrasound. Potential
applications of this cavitation enhancement can be widely applied for sonochemistry, and
transdermal drug release. In this chapter, the enhanced effects of dual-frequency sonication
on cavitation via a combined approach of experiments and multi-frequency cavitation bubble
modeling are reported.

Cavitation was characterized using the PCD (passive cavitation detection) method. A

dual-frequency focused ultrasound transducer (operating at 1.5 MHz, 3MHz, or a
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combination thereof) was focused on tissue- mimicking phantom to generate cavitation. A 10
MHz confocally aligned transducer was focused at the target of the dual-frequency
transducer to receive the broadband cavitation signals during the exposures. The model used
for single-bubble dynamics was the Gilmore—Akulichev formulation, with gas diffusion
included. The radiated pressure was calculated using the Akulichev formulation and
correlated with received cavitation signals. The experimental results and the modeling results

were then analyzed to understand the mechanism of dual-frequency ultrasonic cavitation.

4.2  Bubble cavitation modeling
4.2.1 Bubble dynamics modeling

The problem of how a bubble behaves in a liquid was first studied by Rayleigh [144].
Since then, many models have been developed, including the Gilmore equation [145]-[146]
and the Rayleigh-Plesset Equation [147], [148], which were developed from Rayleigh’s work
and were applied to the problem of traveling cavitation bubbles by Plesset [149]. In this
work we use a form of the Gilmore equation, with gas diffusion included. This model was
proposed and solved numerically for lithotripsy by Church [150]. We have reproduced
Church’s numerical solution and briefly review the model here. Further details can be found
in Chol et al. [151]. The Gilmore equation describes the oscillations of a single spherical

bubble driven by an acoustic excitation and can be written in the following form:

RRlRBRle—HlRHRlR 21
(1) g (i-g)=m(re ) +nz(i-3) e
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where R is the bubble radius, a dot indicates a time derivative, c is the sound speed of the

liquid at the bubble wall, and H is the difference in the liquid enthalpy between the bubble

wall and infinity. The variable H can be represented as

here,

p(R)
1
H = j Yo, @
p
Poo
20 4u
R) =p,———-CR (23
p(R) =p, — = — (23)

p=p +S2[(E) 1], o

n 1\p,

The upper limit of the enthalpy integral is the pressure at the water—gas interface, where

Py is the pressure in the gas bubble, ¢ is the coefficient of surface tension, and p is the

coefficient of viscosity. The lower limit is p,, = p, + P(t), the pressure at infinity, where

P(t) is acoustic pressure associated with the introduced ultrasound wave. Equation (24) is the

Tait equation and n is the Tait parameter, po is ambient pressure, p is the density of the liquid,

po is ambient density, and cois small-signal sound speed.

To solve Equation (21), it is assumed that

so Equation (21) could be rewritten as
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(26)

here H could be estimated as

Hz(pg—z—a—4—”R)<1—l;ﬂ), (27)

R R e

where Vi, is the volume of a gas molecule and Vg is gas constant, therefore Equation (21)

could be written as an ordinary differential equation as

Ry =5 =) (1) (1 26002) 4 522 (1 - 298) = 2 y? (1 -

9 c pc

u0o)| ry Ry (1-252), ()

Equation (28) could be solved using the Matlab toolbox ode(23) (see Apendix Il1) to
achieve y», hence, y1 R vs. time could be obtained. This model assumes that a bubble already
exists. Most studies to date primarily covered experiments where dual-frequency ultrasound
was used to induce the formation of microbubbles. After cavitation bubbles are formed, this

model can estimate single bubble activity under different sonications.
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4.2.2 Radiated force modeling

After computing the bubble activity under acoustic sonications, the radiated pressure
correlated with received cavitation signals was performed. This generated pressure by bubble
oscillation correlates with the received cavitation signal in PCD tests, and indicates the
cavitation intensity. Radiated pressure is also used to estimate the global pressure acting on
micropallets in ultrasound-induced cell sorting. The radiated pressure was calculated using

the Akulichev formulation [158]

= PoC
RF =p, + "

212 |, n1 n+1 -
(—+—>< /1+—ZG) -1, (29)
n+1 n+1 rcy

where G = RH is an invariant of the bubble motion evaluated at the bubble wall and r is the

distance from the bubble.

4.3  Experimental method

The dual-frequency, single-aperture MR-compatible transducer was used to generate
acoustic cavitation in water, and this transducer was designed and fabricated as reported in
chapter 3. The transducer was characterized through a pulse-echo test and the acoustic
pressure and power was calibrated with a hydrophone (Onda HNA-0400, Onda Co., CA) and
an acoustic power radiation balance (UPM-DT-1AV, Ohmic Instruments, Easton, MD). The
dual frequency transducer can be operated to produce HIFU at 3 MHz, 1.5 MHz, or both

simultaneously. The transducer was driven by an arbitrary waveform generator (Tektronix
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AFG3101, Beaverton, OR) and amplified by a RF power amplifier (ENI 3100L, Rochester,
NY).

A 10 MHz transducer (Panametrics V309, Olympus NDT Inc., Waltham, MA) with
50.8 mm focal length was focused at the target of the dual-frequency HIFU transducer to
receive the broadband cavitation signals during the exposures (Fig. 46). The cavitation
detection transducer was connected to a pulser/receiver (5900PR, Olympus, Center Valley,
PA) with a 26 dB gain setting, and the received signals were processed through a 9.5 MHz
high pass filter and converted to the frequency domain using a fast Fourier transform (FFT)
coded in Matlab (The MathWorks Inc, Natick, MA). The cavitation signals were recorded
during ultrasonic exposures with single frequency and dual frequency excitation, respectively.
After 5 seconds of ultrasonic exposure, the received signals from the 10 MHz transducer
became stable. The broadband acoustic cavitation signal was about 20 times lower in
amplitude than the original signal at the primary frequencies without 9.5 MHz filtering.
Through the use of the 9.5 MHz high-pass filter, the signal of the fundamental frequencies
and low-order harmonics of the transducer were suppressed. After this post-processing,
cavitation signals without major harmonics from the primary exciting frequencies were
presented for comparison of the wideband cavitation pressures induced by single- and multi-

frequencies.
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Figure 4-2. Schematic diagram of the experimental setup for cavitation detection by a 10

MHz receiving transducer.

4.4  Results and discussion
4.4.1 Bubble cavitation modeling results
Cavitation bubble model validation
The validity of the Matlab code for bubble dynamics modeling was first checked against
others’ results using signal-frequency excitations, especially Church’s results. The input

pressure function used by Church [150] was

P(t) = 2P,e~* cos (a)t + g) K(1—e?), (30)
where @ = 9.1 x 10°s, K = 1.03 (a constant), f = 9.21 x 107 Hz. Also, w = 2xf (with
f = 83.3 kHz) was the radial frequency. The K(1 — e~P%) part was added to account for a

nonzero rise time. The resulting pressure function is plotted in Fig. 4-3(a) by Church, and in

Fig. 4-3(b) by this work. The pressure pulse does indeed rise immediately and then fall
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below zero, as described in the introduction. The bubble dynamics modeling results in
Chruch’s paper (Fig. 4-3(c)) was repeated; the modeled plot of normalized bubble radius vs
normalized time is shown in Fig. 4-3(d). Here P, = 107 Pascals. It canbe seen that the time
between the first minimum and the second minimum is less than 4.8 x 10~¢ seconds,
whereas in Figure 7 the difference is over 2.4 x 10~* seconds. Also, the maximum
normalized bubble radius reached is between 10 and 100. While Fig. 8 does show a little of

the aftershocks, the aftershocks are not as pronounced as in Fig. 3a of Church. In fact, in

Figure 8 here it appears as if there is a flat line between Ti =4and Ti = 16. Insucha case,
A A

I think my model is nearly accurate compared with Church’s results.
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Figure 4-3. (a) Input pressure function used by Church [151]. (b) The pressure pulse as a
function of time with the function in Church’s paper. (c) The bubble dynamics modeling
results in Chruch’s paper. (d) Normalized bubble radius is plotted against normalized time,

which corresponds to Fig. 47(a).

For the bubble dynamics modeling the following parameters were assumed: p, =
1.05 x 10°Pa, ¢, = 1500m/s, p, = 1000kg/m3, n= 10, c = 0.0725 N/m, p = 18.27 pPa-s

[159]. Bubble dynamics modeling was performed assuming 10 ps pulsed 1.5MHz and 3MHz
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sinusoids with amplitude of 2 MPa, which is similar to the pressure at the focal area in

experimental studies in chapter 3 (Fig. 4-4).
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Figure 4-4. The pressure vs. time graph for the mput acoustic excitation.

Cavitation bubble model results

Bubble dynamics modeling was performed assuming 10 ps pulsed 1.5MHz and 3MHz
sinusoids with amplitude of 2 MPa, which is similar to the measured pressure at the focal
area in the experimental studies. The induced radiation pressure was calculated from the
bubble radius-time curve. Fig. 49 shows the bubble diameter vs. time during each ultrasound

excitation. The bubble diameter changes under dual-frequency excitation are less periodical
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than in single-frequency ones, which is likely caused by the additional frequency differences
from input waveforms. In Fig. 4-5, single-frequency ultrasound generated cavitation was
compared to the dual-frequency case. It was found that, in the dual-frequency mode, the
high-amplitude radiated pressure produced a higher root-mean-square of the received
cavitation signal than in the single frequency cases (Fig. 4-6). The largest radiated pressure
was generated with the amplitude ratio of 1.5 MHz : 3 MHz = 5:1 (Fig. 4-7). The radiated
pressure may be correlated with the cavitation energy [159], which contributes to improving
the cavitaion effect. Since multi-bubble modeling is difficult, here the total radiated pressure
is assumed to be proportional to the acoustic power in each case. Although the output
acoustic power of 1.5 MHz is slightly higher than dual-frequency cases under the same input

power, the radiated pressure enhanced by dual-frequency ultrasound is still significant.
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In order to verify the dual-frequency enhancement on cavitation, another important
pramtere — acoustic pressure is considered. It was found that in lower pressure excitation (<
2MPa), the dual-frequency ultrasound can increase the radiated pressure with perticular
amplitude ratio of 1.5 MHz : 3 MHz, like 20% of 3 MHz at 0.5 MPa and 1 MPa, 20% and 80%
of 3 MHz at 1.5 MPa; but at higher pressure level (>= 2 MPa), the generated radiated

pressure by dual frequency is always above signal frequency (Fig.4-8).
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Figure 4-8. The calculated root-mean-square radiated pressure under ultrasound sonications

with different acoustic pressure (the presentage shown is the amplitude rate of 3 MHz).

This model assumes that a bubble already exists. Most studies to date primarily covered
experiments where dual-frequency ultrasound was used to induce the formation of
microbubbles. After cavitation bubbles are formed, this model can estimate single bubble
activity under different sonications. These simulation findings suggest that dual-frequency

ultrasound may be used to enhance cavitation in tissue ablation.

4.4.2 Experimental results

The cavitation signals were recorded during ultrasonic exposures with single frequency
and dual frequency excitation, respectively. After 5 seconds of ultrasonic exposure, the

received signals from the 10 MHz transducer became stable. The broadband acoustic
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cavitation signal was about 20 times lower in amplitude than the original signal at the
primary frequencies without 9.5 MHz filtering.

From the filtered signals, the time average values of cavitation were calculated and
compared (Fig. 4-9). For both single- and dual-frequency ultrasound, cavitation signals were
detected while the acoustic powers were above 10 W. Significant enhancement on cavitation
effect by dual-frequency was observed at relative high power levels (e.g. 25 W power level).
The frequency spectra generated from dual frequency cavitation illustrated wider bandwidth
and higher pressure peaks (Fig. 4-10) compared to signal-frequency induced cavitation. This
finding was supported by the cavitation modeling results, and can be used to explain the
findings in tissue mimicking phantom ablation tests (presented in Chapter 3) using this MR

compatible dual frequency HIFU transducer.
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45  Summary

It was found that the combination of dual-frequency ultrasound can produce a significant
increase in cavitation yield compared with single-frequency sonication. 36% increase on the
cavitation signal of dual-frequency ultrasound occurred at the highest employed acoustic
power (25 W). The possible mechanisms of the enhanced effect may be explained by the
bubble cavitation model, wherein the calculated radiated pressure generated from simulated
bubble dynamics was greater (26%) under dual-frequency sonication at the same power level.

The results from these studies are promising for the design of a multi-frequency ultrasound
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system with enhanced cavitation for a number of biomedical, biological and chemical

processing applications.
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CHAPTER S5 Conclusions

High-power ultrasound has been proven to be promising in this dissertation in the two
aspects: (1) multi-frequency HIFU-enhanced tissue ablation efficiency for more efficient
HIFU therapies; (2) new high-intensity ultrasound technique for adherent cell sorting.
Models for ultrasound induced different types of phenomenon including acoustic field,
thermal transfer, acoustic radiation and acoustic cavitation were carried out to understand
these techniques better, in combination with the experimental study. Based on the presented
work in the previous chapters, the following conclusion can be drawn:

) High-power ultrasound has been proven to be able to induce microfabricated
pallet release with adherent cells. This highly selective pallet/cell release method yielded
significantly higher cell viability after selectively large single-pallet release, comparing with
other existing methods, largely resulting from the relatively slow release speed and low
radiation forces. The mechanisms behind the ultrasound-induced pallet release can be
understood by looking intothe combination of acoustic radiation force and acoustic
cavitation against the attraction force between the pallets and the substrate. The parameters of
the ultrasound transducer were optimized based on different pallet samples, and the design of
the microarray was proposed to reduce the required release energy.

@) Tissue ablation using multi-frequency HIFU with frequency difference of
more than 500 kHz yielded an up to 37.9 % higher temperature rise rate compared to
ablations using single-frequency HIFU under the same exposure power and time. This
finding has been validated by temperature measurements using both thermocouple and MRI,

but cannot be explained well by the Pennes bio-heating theory, which does not consider
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cavitation. It is believed that more effective tissue ablation using multi-frequency HIFU is
attributed to the enhanced cavitation effect based on the cavitation detection results. The non-
linear acoustic simulation results suggest that acoustic waves with a wide range of
frequencies may result in a more efficient cavitation than that by their single frequency
counterparts.

(3) The combination of dual-frequency ultrasound can produce a significant
increase in cavitation yield compared with single-frequency sonication. 36% increase on the
cavitation signal of dual-frequency ultrasound occurred at the highest employed acoustic
power (25 W). The possible mechanisms of the enhanced effect may be explained by the
bubble cavitation model. Multi-frequency acoustic cavitation model was carried out for the
first time, wherein the calculated radiated pressure generated from simulated bubble
dynamics was greater (26%) under dual-frequency sonication at the same power level.

Effectiveness of these techniques have been demonstrated in the previous chapters,
however, it is believed that optimizing these techniques for either clinical or biological
applications is still challenging in hardware design or pursuing a more efficient approach. For
multi-frequency tissue ablation, the design for high-intensity multi-frequency ultrasound
transducers with proposed working frequencies is critical and challenging, and more efficient
therapy is a pursuit; for ultrasound induced pallet release, a phased-array ultrasound
transducer is a need for an efficient cell sorting, because beam streaming can realize fast

localization of the focus.
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Appendix |

% Appendix | is a Matlab code using Field Il toolbox to simulate the linear acoustic

field of a piston ultrasound transducer. Input parameters of this transducer are 30 mm-focal

length and 29 mm aperture.

fetal=1; % Whether to use cardiac or fetal intensities

% Set values for the intensity

PO =10e3; % surface pressure

al=30;a2=0;a3=0; % focal length
bl =50; % total graph length
cl=0; % 1 for pressure (MPa), O for dB
dl =25; % total width
el=2; % 1 for width, 2 for height
0 = 1.5e6;
if (fetal==1)
% For fetal
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Z=1.480e6; % Characteristic acoustic impedance [kg/(n*2 s)]

% Transducer center frequency [HZ]

M=3;
Tprf=1/100; % Pulse repetition frequency [s]
Tp=M/0; % Pulse duration [s]

Ispta=P0"2/2/Z* Tp/Tprf; % Fetal intensity: Ispta [w/n*2]

%Ispta=0.046*100"2; % Fetal intensity In Situ: Ispta [w/m"2]

Itype="Fetal’; % Intensity type used

else

% For cardiac

M=8; % Number of cycles in pulse

Ispta=0.730*100"2; % Cardiac intensity: Ispta [w/m"2]

Itype="Cardiac’; % Intensity type used

end

% Generate the transducer apertures for send and receive

5=200*10; % Sampling frequency [Hz]
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c=1540; % Speed of sound [nVs]

lambda=c/f0; % Wavwelength

% Set initial parameters

elefocus = 0;

Rconvex = 29/1000;

no_sub_x =2;

no_sub y =12;

height=12/1000; % Height of element [m]
width=(0.54/4-0.035)/1000; % Width of element [m]
kerf=0.035/1000; % Distance between transducer elements [m]
no_elements=1; % Number of elements

focus=[a2 a3 al]/1000; % Initial electronic focus

R=14/1000; % Radius of transducer

ele_size=1/1000; % Size of mathematical elements

focal radius=30/1000;

% fO and use this:
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set_field (‘att',2.5*100);
set_field (‘'Freq_att',0.5*100/1e6);
set_field (‘att_f0',0);

set_field (‘'use_att',0); % Set this flag to one when including attenuation

% Set the sampling frequency

set_sampling(fs);

% Make the aperture for the rectangles

if (elefocus == 0)
ape = xdc_concave (R, focal radius, ele_size);
ape = xdc_convex_array (no_elements, width, height, kerf, Rconvex, no_sub_x, no_sub _y,
focus);

end

% Set the excitation of the aperture

excitation=sin(2*pi*f0*(0:1/fs:M/10));

excitation=excitation.*hanning(length(excitation))';

xdc_excitation (ape, excitation);
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% Set the impulse response of the aperture

impulse=sin(2*pi*f0*(0:1/fs:1/10));
impulse=impulse.*hanning(length(impulse))';

xdc_impulse (ape, impulse);

% Find the scaling factor from the peak value

point=[0 0 0]/1000;
zvalues=(1:0.1:10)/1000;
index=1;
1=0;
P=0;
disp('Finding calibration...")
for z=zvalues
point(3)=z;
[y,t] = calc_hp(ape,point);
[(index)=sum(y.*y)/(2* 2)/ts/ Tprf;
P(index)=max(y);
index=index+1;
end

|_factor=Ispta/I(1);
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% Set the correct scale factor

scale_factor=sqrt(l_factor);
excitation=scale_factor*excitation;

xdc_excitation (ape, excitation);

% Make the calculation in elevation

disp('Finding pressure and intensity.. ‘)
point=[0 0 0]/1000;
zvalues=(5:0.1:01)/1000;
avalues=(-d1:0.1:d1)/1000;
index=1;
1=0;
l1=zeros(b1*10-9,20*d1+1);
Ppeak=0;
PPpeak=zeros(b1*10-49,20*d1+1);
for z=zvalues
if rem(z*1000,10)==0
disp(['Calculating at distance ',num2str(z*1000),"” mm?)
end

point(3)=z;
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aa=1;
for a=avalues

point(el)=a;
[yy.,t] = calc_hp(ape,point);
Il(index,aa)=sum(yy.*yy)/(2*2)/fs/Tprf;
PPpeak(index,aa)=sgrt(l1(index,aa)*2*2);
aa=aa+l;
end
index=index+1;
end

Pmean=sqrt(1*2*Z* Tprf/Tp);

111=20*log((11*1000/(1002))/(max(max(I1))*1000/(100°2))):

PPP=20*log((PPpeak/1e6)/(max(max(PPpeak))/1e6));

% Plot the calculated response

alifonds = 25;
figure(1)
if (c1==1)
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a = mesh(avalues*1000,zvalues*1000,PPpeak/1e6)
Zlabel('Pressure [MPa]','FontSize',allfonds)
else
a= mesh(avalues*1000, zvalues*1000,PPP)
Zlabel('Pressure [dB]','FontSize',allfonds)
end
xlabel('Lateral distance [mm]','FontSize',allfonds);
ylabel('Axial distance [mm]','FontSize',allfonds);
set(gca,'FontSize',allfonds,"XGrid','on’);

set(gca,'FontSize',allfonds,"Y Grid','on’);

set(gcf,'PaperPosition’,[0.1 0.1 12 12]);

print(-dpng’,'1’);

figure(2)

if (c1==1)

b = plot(zvalues*1000,PPpeak(;,10*d1+1)/1e6);

else

b = plot(zvalues*1000,20* log(PPpeak(:,10*d1+1)/max(PPpeak(:;,10*d1+1))));
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xlabel('Axial distance [mm]','FontSize',allfonds+15);
ylabel('Pressure [dB]','FontSize',allfonds+15);
set(gca,'FontSize',allfonds+15,"XGrid','on’);
set(gca,'FontSize',allfonds+15,"Y Grid','on’);
xlim([0,50]);

set(b, LineWidth',2);

set(gcf,'PaperPosition’,[0.1 0.1 12 12]);
print(-dpng’,'2");

end

figure (3)

if (c1==1)
plot(avalues*1000,PPpeak(301,:)/1e6);
xlabel('Lateral distance [mm]’)
ylabel('Pressure [MPa]’)

else

plot(avalues*1000,20* log(PPpeak(301,:)/max(PPpeak(301,:))));

xlabel('Lateral distance [mm]’)
ylabel('Pressure [dB]')

end
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% Release the aperture

xdc_free(ape);
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Appendix 11

% Appendix Il is a Matlab code using k-wave toolbox to simulate the non-linear

acoustic field of dual-frequency (1.5 MHz and 3.3 MHz) transducers.

clear all;

% create the computational grid

Nx = 80; % number of grid points in the x (row) direction
Ny = 80; % number of grid points in the y (column) direction
Nz = 80;

dx =0.1le-3; % grid point spacing in the X direction [m]
dy =0.1le-3; % grid point spacing in the y direction [m]
dz =0.1e-3;

kgrid = makeGrid(Nx, dx, Ny, dy, Nz, dz);

% define the properties of the propagation medium
medium.sound_speed = 1500*ones(Nx, Ny, Nz); % [nV/s]
medium.sound_speed(Nx/2:Nx, : ;) =2000; % [mV/s]
medium.density = 1000*ones(Nx, Ny, Nz); % [kg/m"3]
medium.density(Nx/2:Nx, : ) =1200; % [kg/m3]

medium.alpha_coeff =0.75*ones(Nx, Ny, N2); % [dB/(MHz"y cm)]
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medium.alpha_coeff(Nx/2:Nx, : 3) =8;

medium.alpha_power = 1.5;

% define properties of the input signal
source_strength = 1e6; % [MPa]
tone_burst freq_1 = 1.5e6; % [Hz]
tone_burst_freq_2 = 3.3e6; % [Hz]

tone_burst_cycles = 10;

total time = 1/tone_burst_freq*20;

[kgrid.t_array, dt] = makeTime(kgrid, medium.sound_speed,0.3,total time);

% create the input signal using toneBurst

input_signal = toneBurst(1/kgrid.dt, tone_burst freq, tone_burst cycles);

% scale the source magnitude by the source_strength divided by the
% impedance (the source is assigned to the particle velocity)
input_signal =

source_strength/(medium.sound_speed(1,1,1)*medium.density(1,1, input_signal,
( h(medi d_speed(1,1,1)*medium.density(1,1,1)))*i ignal

% physical properties of the transducer

transducer.number_elements =30; % total number of transducer elements
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transducer.element_width =2; % width of each element [grid points]
transducer.element_length =60; % length of each element [grid points]
transducer.element_spacing =0; % spacing (kerf width) between the elements [grid points]

transducer.radius = inf; % radius of curvature of the transducer [m]

% calculate the width of the transducer in grid points
transducer_width = transducer.number_elements*transducer.element_width ...

+ (transducer.number_elements - 1)*transducer.element_spacing;

% use this to position the transducer in the middle of the computational grid
transducer.position = round([1, Ny/2 - transducer_width/2, Nz/2 -

transducer.element_length/2]);

% properties used to derive the beamforming delays

transducer.sound_speed = 1540; % sound speed [nVs]
transducer.focus_distance = 7e-3; % focus distance [m]
transducer.elevation_focus_distance = 7e-3; % focus distance in the elevation plane [m]

transducer.steering_angle =0; % steering angle [degrees]

% append input signal used to drive the transducer

transducer.input_signal = input_signal;
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% create the transducer using the defined settings

transducer = makeTransducer(kgrid, transducer);

% define a sensor mask through the central plane of the transducer
sensor.mask = zeros(Nx, Ny, N2z);

sensor.mask(;, : Nz/2) =1,

% set the record mode such that only the rms and peak values are stored

sensor.record = {'p_rms', 'p_max,'p'};

% run the simulation

sensor_data = kspaceFirstOrder3D(kgrid, medium, transducer, sensor);

% reshape the returned rms and max fields to their original position

sensor_data.p_rms = reshape(sensor_data.p_rms, [Nx, Ny]);

sensor_data.p_max = reshape(sensor_data.p_max, [NXx, Ny]);

% view final pressure field

alfonds = 15;

time = size(sensor_data.p);

figure (1)
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mesh(10:1:Nx-10,10:1:Ny-10,sensor_data.p_rms(10:Nx-10,10:Ny-10));
set(gcf,'paperposition’,[0 05 5]);

print(-dpng’,'a’);
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Appendix 111

% Appendix IIl is a Matlab code to solve the Gilmore equation which is used to
calculate bubble dynamics under ultrasonic excitation. In addition, the radiated force is
calculated based on bubble dynamics.

clear all;

global ¢ fs dtq fo w Pa phi Ro rhol Po mu_sh eps mu_liquid chi gam sigma shell thick

b _van Vm,

alifonds = 30;

¢ = 1540; % speed of sound mks units

fs = 100e6; % sampling frequency

dtq = 1/fs; % sampling interval

fo_list = [1.5e6]; % center frequency

% w = 2*pi*fo; % angular frequency

phi = 0; % initial phase of the driving pulse
phi2=0;

142



% Ro_list = 1.8e-6;

Ro_list =[1.8e-6];

rhol = 1000;

Po = 101.3e3;
mu_liquid =0.01;
chi = 0.50;

gam = 1.07,

sigma = 0.051;
shell thick = 1e-9;
b _van =0.1727;

Vm = 22.4;

Nf = length(fo_list);

Nr = length(Ro_list);

Rmax = zeros(Nf,Nr);
Rmin = zeros(Nf,Nr);

Emax = zeros(Nf,Nr);

Emin = zeros(Nf,Nr);

Erms = zeros(Nf,Nr);

phead = zeros(1,500);

% bubble initial radius in meter

% liquid density
% ambient pressure
% liquid viscosity
% shell elastic modulus
% polytropic gas exponent
% interfacial tension
% shell thickness, assume 2 nm
% L/mol, volume of a gas molecule

% L/mol, gas constant

% add some zeros in the head and tail
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Pa = 0*1.5e6; % PPpeak(fl,d1+1); % amplitude of driving pressure in Pascals

Pa2= 1*1e6; % PPpeak2(fl,d1+1);

ncyc = 5; % number of cycles in waveform

for mm = 1:Nf

fo = 1.5e6; % fo_list(mm);

fo/le6

w = 2*pi*fo;

f0_1 = 3e6;

f0_1/1e6

w2= 2*pi*f0_1,

% driving pulse

tpulse = 0:dtg:ncyc/1e6; % time index for driving pulse

% tpulsel = 0:dtg:ncyc/f0_1;

pdr = Pa*sin(w*tpulse + phi)+Pa2*sin(w2*tpulse + phi2);%.*blackman(length(tpulse)).’;
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figure(1);

aaa = plot(tpulse,pdr);set(aaa,' LineWidth',2); print('-dpng’,'c’);

rms_pdr(mm) = sgrt(mean(pdr.”*2)); % pulse rms for normlization

pr = [phead pdr phead];

t = (O:length(pr)-1)*dtq;

% filter for the transducer bandwidtgh

fitt_pr =pr,

Plist_n = -min(filt_pr); % Max negative pressure (as a positive value)

pdrive = struct('omega’,w, hyd',filt_pr,'t,t*w,'Pmin’,Plist_n);

figure(2);

plot(t,pr,'r'tfilt_pr,'b");

% [max(pr) max(filt_pr)]

%  [min(pr) min(filt_pn)]
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for m= 1:Nr
Ro = Ro_list(m);
% Ro*1e6

mu_sh_eps = max(0,(1.90*Ro/le-6 - 1.1)*1e-9);

% run differential eqn. solver

[t rp,y_rp] = ode23(('model),[0 max(pdrive.t)],[1; O;],[].pdrive);

dtg_rp =t _rp/w; % redimensionalize the time
r=vy rp(,1)*Ro; % redimensionalize the wall radius
rdot =y _rp(;,2)*Ro*w; % calculate the wall velocity
rdotdot = acce*Ro*w"2; % calculate the wall acceleratio
r_interp = interpl(dtg_rp,r,t); % interpolate to the same time scale
rdot_interp = interp1(dtq_rp,rdot,t); % interpolate to the same time scale
rdotdot_interp = interp1(dtg_rp,rdotdot,t); % interpolate to the same time scale
end,
end,
f0 = fo_list/1e6;

d0 = 2*Ro_list*1e6;
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save echo_20cyc.mat Rmax Rmin Emax Emin Erms rms_pdr 10 dO;

figure(3); a = plot(t,r_interp);
xlabel('time(s)','FontSize',allfonds);
ylabel('bubble size (m)','FontSize',allfonds);
set(gca,'FontSize',allfonds,"’ X Grid','off");
set(gca,'FontSize',allfonds,"Y Grid','off");
set(a,'Color','red','LineWidth',2);

print(-dpng’,'a’);

figure(4); b = plot(t,rdot_interp);
xlabel('time(s)','FontSize',allfonds);
ylabel('Radiated pressure (kPa)','FontSize',allfonds);
set(gca,'FontSize',allfonds,"XGrid','off");
set(gca, FontSize',allfonds,"Y Grid','off");
set(b,'Color','red','LineWidth',2);
print('-dpng','b’);
sqrt(mean(rdot_interp.”2))

figure(5); b = plot(t,rdotdot_interp);
xlabel('time(s)','FontSize',allfonds);
ylabel('Radiated pressure (Pa)','FontSize',allfonds);

set(gca,'FontSize',allfonds,"XGrid','off");
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set(gca,'FontSize',allfonds,"Y Grid','off");
set(b,'Color','red','LineWidth',2);
% print(-dpng’,'b");

sqrt(mean(rdotdot_interp.”2))

Fs = 1e8;
T = 1/Fs;
L = length(t);

tt = (0:L-1)*T;

NFFT = 2”nextpow2(L);
Y = fft(rdot_interp,NFFT)/L;
f = Fs/2*linspace (0,1,NFFT/2+1);

FFT = 2*abs(Y(1:NFFT/2+1));

figure (6);

e = plot(f,2*abs(Y(1:NFFT/2+1)));

% e = plot(f,20*log(FFT/max(FFT)));
xlim([0,15€6]);
xlabel('Frequency (Hz)','FontSize',allfonds);

% ylabelAmplitude (dB)','FontSize',allfonds);
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ylabel( Amplitude (kPa)','FontSize',allfonds);
set(gca,'FontSize',allfonds,"XGrid','on’);
set(gca,'FontSize',allfonds,"Y Grid','on’);
set(e,'Color','red’,'LineWidth',2);

print(’-dpng’,'e’);

%Code for cavitation radiation force

tvalues=1:1:length(t);

ivalues=f1:1:b1;

jvalues=-d1:1:d1;

for i=ivalues

for j=jvalues

for tl=tvalues
A((i-f1+1),j+d1+1,t1)=1000*r_interp(t1)/sqrt((30-i)*2+(0-
)72)*1000*(2*rdot_interp(t1)).A2+r_interp(tl)*rdotdot_interp(t1);
end

end

end

for x=1:1:length(ivalues)

for y=1:1:length(jvalues)
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rmx=A(X,Y, ’);
RMQ(x,y)=1/length(tvalues).*sum(rmx.”2);
end

end

Irad=RMQ."2/1000/c;

for i=ivalues

for j=jvalues

Drad=4*pi*((sqrt((al- i)*2+(0-j)*2))/1000)".2.*Irad;
end

end

for i=ivalues

for j=jvalues

Dabs=Drad.*(1-exp(-2/13.5*(sqrt((al- i) 2+(0-j)"2)/1000)));
end

end

for i=ivalues

for j=jvalues

gb=Dabs.*4/3/pi/((sqrt((al-)"2+(0-j)"*2))/1000)"3;
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end

end

function dy = model(t,y,flag,driv)

global ¢ w Ro rhol Po mu_sh eps mu_liquid chi gam sigma shell_thick b_van Vm;

% y(1) is R non-dimensional

% y(2) is Rdot non-dimensional

P = interp1(driv.t,driv.hyd,t);

Rnd = y(1); % Rnd = R/Ro

R = Ro*y(L);

Rdot = Ro*w*y(2);

temp = (Po+2*sigma/Ro+2*chi/Ro)*((1 - b_van/VVm)./(Rnd"3 - b_van/\Vm))*gam;

terml = rho*Rnd*w"2*Ro”"2/Po; % term in front of Rnd_dot_dot

Rdotdot = - 3/2*rhol*(Rdot*2)/Po ...

+ temp*(1-3*gam/c*Rdot)/Po ...
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- 4*mu_liquid*Rdot/R/Po ...

- 2*sigma/R*(1-Rdot/c)/Po ...

- (1-3*Rdot/c)/Po ...

- (Po + P)/Po;

Rdotdot = Rdotdot/term1;

dy = [ y(2); Rdotdot J;
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