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ABSTRACT 

Acoustic cavitation has been shown to play a key role in a wide array of novel therapeutic 

ultrasound applications. This paper presents a brief discussion of the physics of thermally 

relevant acoustic cavitation in the context of High-Intensity Focussed Ultrasound (HIFU). 

Models for how different types of cavitation activity can serve to accelerate tissue heating are 

presented, and results suggest that the bulk of the enhanced heating effect can be attributed to 

the absorption of broadband acoustic emissions generated by inertial cavitation. Such 

emissions can be readily monitored using a passive cavitation detection (PCD) scheme and 

could provide a means for real-time treatment monitoring. It is also shown that the 

appearance of hyperechoic regions (or bright-ups) on B-mode ultrasound images constitutes 

neither a necessary nor a sufficient condition for inertial cavitation activity to have occurred 

during HIFU exposure. Once instigated at relatively large HIFU excitation amplitudes, 

bubble activity tends to grow unstable and to migrate towards the source transducer, causing 

potentially undesirable pre-focal damage. Potential means of controlling inertial cavitation 

activity using pulsed excitation so as to confine it to the focal region are presented, with the 

intention of harnessing cavitation-enhanced heating for optimal HIFU treatment delivery. The 

role of temperature elevation in mitigating bubble-enhanced heating effects is also discussed, 

along with other bubble-field effects such as multiple scattering and shielding. 

Keywords: high intensity focused ultrasound (HIFU), stable cavitation, inertial cavitation, microbubbles, 

cavitation control, cavitation monitoring, heating, absorption, attenuation, passive cavitation detection (PCD), 

B-mode ultrasound, hyperechoic, hyperechogenic, pulsed ultrasound, duty cycle, pulse duration. 



-3- 

1. INTRODUCTION 

 

At large rarefaction pressure amplitudes, a propagating ultrasonic wave may place the 

surrounding tissue under sufficient tension for small cavities, which rapidly fill with gas and 

vapor, to form.  This process is known as acoustically induced cavity nucleation, and the 

pressure amplitude required to induce such phenomena depends greatly on the physical 

properties of the medium [1-3].  Once formed, subsequent ultrasonic excitation will cause 

these bubbles to pulsate volumetrically, a process known as acoustic cavitation [4-9]. 

 

Early studies of ultrasonically induced cavitation in tissue were triggered by concerns for the 

safety of diagnostic ultrasound [10-18]. Experimental studies (performed mostly in small 

animals) suggested that, at the upper end of the pressure output of diagnostic scanners, tissue 

damage, which occurred preferentially near gaseous interfaces, could be observed. Concerns 

about such bioeffects led to the formulation of the Mechanical Index, which gauges the 

likelihood of cavitation excitation by short-pulse, low-duty-cycle diagnostic ultrasound in the 

presence of pre-existing gas nuclei [8, 19-21].  Based on this work, operating conditions 

aimed at minimizing the risk of what was perceived as undesirable bubble activity in a 

diagnostic context have been proposed for ultrasound scanners [15, 16, 18, 22].   

 

However, the rapid emergence of a wide array of therapeutic ultrasound applications over the 

last two decades has led to a reevaluation of the desirability of acoustic cavitation in vivo. 

Ultrasonic waves have been reported to cause potentially beneficial bioeffects, including the 

sealing of blood vessels (acoustic haemostasis) [23-34], dissolution of blood clots 

(thrombolysis) [35-46], activation of drugs [47-50], opening of the blood brain barrier 

[51-61]  and the increase of cell membrane and skin permeability to molecules (sonoporation 
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and sonophoresis) [62-64]. Even though the exact biophysical mechanisms underlying these 

phenomena remain poorly understood, acoustic cavitation is often acknowledged as their 

most likely common denominator [65-69].    

 

Many therapeutic applications – particularly those involving rapid tissue heating, acoustic 

haemostasis, and tissue ablation – employ high intensity beams of focused ultrasound (HIFU) 

[70-73]. Tissue heating occurs primarily due to viscous absorption of the acoustic energy. 

Both the attenuation and absorption coefficients in tissue are known to increase as a power 

law with increasing frequency [74-77], which implies that the choice of clinical HIFU 

frequencies constitutes a compromise between the desired treatment depth, limited by 

attenuation, and the maximum achievable rate of heating, determined by absorption [78, 79]. 

In the context of HIFU ablation in particular, the objective is to induce rapid and irreversible 

thermal necrosis of malignant tumors, with minimal damage in the intervening path. Any 

mechanism which might make it possible to increase heat deposition efficiency at the focus 

whilst minimizing prefocal damage is therefore of great potential interest, and it is in this 

context that cavitation can play a potentially crucial role.  

 

The peak negative pressures produced by HIFU fields are often sufficiently large to produce 

cavitation activity which is generally, but not always, initially confined to the focal region of 

the HIFU field. Recent studies have demonstrated that the presence of small gas bubbles at 

the ultrasound focus can lead to substantially higher rates of tissue heating, which can be as 

much as six times the rate of heating in the absence of bubbles [80-84]. This enhanced rate of 

heating is generally attributed to two basic types of acoustic cavitation activity, described in 

greater detail in the next section. Stable cavitation is the prolonged linear or nonlinear 

oscillation of an acoustically driven bubble about its equilibrium radius, where the dynamics 
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of the cavity motion are dominated by the compressibility of the gas. Inertial (or transient) 

cavitation describes the unstable expansion of a bubble followed by a rapid, violent collapse 

dominated by the inertia of the surrounding medium, usually occurring over a single or small 

number of acoustic cycles [85]. During collapse, inertial cavities will radiate energy into the 

surrounding tissue in the form of broadband acoustic emissions [86, 87] .    

 

Based on the premise that the local rate of HIFU-induced heating is determined by the local, 

frequency-dependent absorption coefficient, any mechanism that either increases the 

high-frequency content of the sound field or extends the length-scales over which viscous 

absorption can occur will result in enhanced heating. The strong scattering of sound by 

cavities present within a bubble cloud at the HIFU focus will ‘trap’ acoustic energy within 

that region, extending the sonic propagation path and leading to greater absorption by viscous 

dissipation and thermal conduction. In addition, the presence of multiple cavities oscillating 

in the sound field increases the opportunity for viscous absorption in boundary layers at the 

bubble surface. Finally, in the presence of inertial cavitation, the frequency dependence of the 

absorption coefficient dictates that the high-frequency broadband noise emissions produced 

by the collapsing bubbles will be very readily and locally absorbed.  

 

Based on these three mechanisms, acoustic cavitation has tremendous potential to enhance 

the heat deposition efficiency during HIFU treatment, as it can lead to preferential heating in 

the focal region compared to the pre-focal region. Furthermore, if this enhanced heating can 

be directly correlated with inertial cavitation activity, monitoring the broadband noise 

emissions produced by collapsing bubbles at frequencies well removed from the main HIFU 

frequency could make it possible to monitor treatment non-invasively. However, harnessing 

cavitation activity for optimal HIFU treatment delivery is not without its challenges. The 
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pressures required to generate cavitation in vivo are generally very high and tissue-specific [1, 

88-90]. The use of nucleating agents or particular pre-conditioning excitations may thus be 

required to instigate and promote cavity formation. The appearance of bubbles in a region of 

tissue will dramatically alter its acoustic impedance, causing reflection of the incident sound 

wave and increasing sound intensity in the region proximal to the focal volume. This in turn 

can cause the migration of the bubble cloud towards the HIFU transducer, resulting in 

damage to prefocal tissue and shielding of the original focus. These factors can contribute to 

the formation of HIFU lesions of unpredictable shape [83, 91-95], a feature that is highly 

undesirable during clinical treatments.  

 

For these reasons, the cavitation nucleation and activity in tissue must be understood, 

monitored and controlled in order to enhance the delivery and monitoring of HIFU treatment. 

This paper presents a brief overview of the underlying physics of cavitation, the various 

mechanisms by which cavitation can enhance heating, some representative experimental 

results demonstrating the accelerated heating effect, and possible techniques for monitoring 

thermally relevant cavitation activity in real time.       

 

2. PHYSICS OF THERMALLY RELEVANT CAVITATION 

Linear and Non-Linear Bubble Behavior 

A bubble exposed to a low amplitude sound field will exhibit small radial oscillations that are 

symmetric about its equilibrium radius. In this linear regime, its behaviour is analogous to 

that of a mass-spring-damper system, where the spring represents the compressibility of the 

gas, the mass the inertia of the surrounding liquid, and the damper any viscous, thermal or 

radiation losses  [96, 97].  For bubbles of equilibrium diameter smaller than 10 microns, the 
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surface tension at the liquid-gas interface will also contribute significantly to the stiffness of 

the system [85].  As for any second-order linear system, the acoustic bubble will resonate for 

a particular excitation frequency, known as the resonance frequency f0 and given by [97, 98] 

0
0 2

31
2 o o
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R R
γ

3

4σ
π ρ ρ

= + ,            (1) 

where P0 is the ambient pressure, ρ the density of the liquid, σ the surface tension at the 

liquid-gas interface, R0 the equilibrium radius in the absence of sound and γ the polytropic 

exponent for the gas (an adiabatic process is frequently assumed). Conversely, the 

equilibrium size R0 of the bubble that will resonate at a particular excitation frequency f0 is 

known as the resonance size.  Note that for air bubbles in water possessing radii greater than 

approximately 5 µm, one can ignore the surface tension term, in which case the resonance 

frequency and equilibrium radius are inversely proportional to each other.  For such a bubble 

undergoing adiabatic pulsations (γ = 1.4) at atmospheric pressure, this proportionality 

constant is approximately 3.26 Hz-m.  

 

In the context of the high ultrasound amplitudes encountered in HIFU, the oscillations 

performed by the bubble can no longer be deemed small and are generally not symmetric 

about its equilibrium radius. These large pulsations cause the bubble to respond non-linearly, 

in a manner that is ultimately determined by the initial bubble size, the spectral content of the 

incident sound field, the proximity of physical boundaries or other neighboring bubbles, the 

viscoelastic and interfacial properties of the surrounding medium, the ambient temperature, 

and the propensity for gas diffusion across the bubble wall. The effect that this large array of 

parameters has on single and multiple bubble behaviour has been explored in detail elsewhere            

[85, 97, 99-102] and will not be repeated here.  
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In order to investigate the salient features of HIFU-driven cavitation behavior, we assume 

here a single bubble of known equilibrium radius Ro pulsating radially in a Newtonian viscous 

liquid under the effect of a single-frequency acoustic plane wave of amplitude Pa, in the 

absence of gas transfer across the bubble wall and well away from physical boundaries.  The 

changes in radius R of a bubble driven in this manner can be described by a force balance 

equation across the bubble wall, where internal pressures arise from gas compression and 

vapor pressure, and external pressures arise from surface tension, viscous stress, static fluid 

pressure and dynamic acoustic pressure fluctuations [103, 104]: 

 
( ) ( )2

, , , ,31 1 1
2 3

P R R t P R R tR R R RRR R
c c c cρ ρ

∂⎛ ⎞ ⎛ ⎞ ⎛ ⎞
− + − = + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠ t
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⎡ ⎤⎛ ⎞⎛ ⎞= − − + − − − −⎢ ⎥⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠⎢ ⎥⎣ ⎦

 . 

Po, σ, Pv, µ, c, and ρ are respectively the ambient pressure, surface tension, vapor pressure, 

viscosity, sound speed, and density of the surrounding medium.  It should be noted that 

Equation 2 reduces to the aforementioned classic second-order system in the limit of small 

oscillations and negligible surface tension, i.e. for acoustic pressures less than about 0.01 

MPa and equilibrium radii greater than 5-10 µm. 

 

Equation 2 is highly nonlinear and suggests a range of possible bubble behaviours that are 

rich in complexity, yet can be broadly classified into two categories: stable and inertial 

cavitation. Stable cavitation is characterized by essentially repetitive radial oscillations about 

an equilibrium radius that may or may not change over time due to gradual dissolution, or to 

growth by a process known as rectified diffusion [99, 105, 106]. When driven at 

HIFU-relevant amplitudes, a stable response is only likely to be exhibited by larger gas-filled 

bubbles whose radial excursions are arrested by the inertial mass of the surrounding medium. 
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Such cavities will generally be on the order of the resonance size or larger. In an aqueous 

medium driven at 1 MHz and a pressure amplitude of 1 MPa, only those bubbles with radii 

larger than about 3-5 µm will respond stably.  As the HIFU pressure amplitude is raised, this 

lower size limit also increases. 

 

Probably the most important facet of stable cavitation is the formation of small-scale fluid 

flows known as cavitation microstreaming [107-110], an effect that is greatly enhanced by the 

excitation of surface waves on the bubble. These flows occur over scales comparable with the 

bubble dimensions, and are considered to be one of the key ways by which cavitation can 

lyse cells, clean surfaces, and promote convective drug delivery [66, 111-113].  Stable 

cavitation can also promote heat generation due to viscous losses in the boundary layer on the 

surface of the pulsating bubble. In short, stable cavitation provides a means of converting 

acoustical energy into mechanical (streaming) and thermal (heating) energy over length 

scales that are comparable to the bubble size but generally much smaller than an acoustic 

wavelength.  

 

If a stable gas-filled cavity is driven at sufficiently large pressure amplitudes, the rarefaction 

portion of the acoustic pressure cycle causes it to grow to a size for which the internal 

pressure drops to the vapor pressure. The progression from gas-filled microbubble to a 

growing vapor-filled cavity occurs much more readily if the equilibrium size of the bubble is 

small at the outset, or if the peak negative pressure is extremely large. During the ensuing 

compressive phase, the growth is arrested and the vapor-filled bubble proceeds to collapse 

unstably.  By the time the gas pressure builds up to the point where it is dynamically 

significant, the bubble wall velocity approaches supersonic speeds and the collapse continues, 

driven by the inertia of the inrushing liquid (hence the name inertial cavitation).  If this 
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phenomenon occurs far from any boundaries (or other bubbles), the gas is profoundly 

compressed, resulting in intense heating and pressure.  Chemical reactions ensue and light is 

generated from the radiative re-combination of chemical species [114-116].  Microstreaming 

can also result, particularly if the bubble is not destroyed upon collapse and rebound.  

Probably the most thermally relevant aspect of intertial cavitation is the generation of 

broadband acoustic emissions upon collapse [99, 117].  Due to the frequency dependence of 

the absorption coefficient, high-frequency broadband noise emissions are readily absorbed by 

the surrounding tissue and converted into heat.  In addition, these emissions provide a 

diagnostic tool for monitoring both the nature and extent of cavitation activity present in the 

HIFU field. 

 

For exposure conditions relevant to HIFU, only bubbles smaller than about half the resonance 

size at the fundamental HIFU frequency will tend to behave inertially.  Indeed, there exists 

an optimum size for which a bubble is most likely to undergo inertial growth and collapse [8].  

Allen et al. showed that this size is essentially the nonlinear resonance radius of the driven 

bubble [118] and decreases with increasing HIFU pressure amplitude.  For 1 MHz HIFU 

with 1 MPa pressure-amplitude in an aqueous medium, this optimum radius is approximately 

0.06 µm. 

Cavitation Nucleation in Tissue 

Our discussion thus far has assumed that bubbles of adequate sizes pre-exist in a medium 

prior to being excited linearly or non-linearly by the incident HIFU field. In practice, 

adequate inhomogeneities must be present that will enable acoustically induced cavity 

nucleation upon exposure to ultrasound.  These cavitation nuclei are typically pre-existing 

gas bodies or imperfectly wetted solids [101, 119].  In many aqueous systems, cavitation 

nuclei are plentiful, but it is not clear whether this is the case everywhere in human tissue. In 
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the absence of suitable nuclei, the pressure required to initiate cavitation can be so large (on 

the order of 10 MPa) that the ensuing bubble behavior rapidly grows out of control and 

deleterious biological effects result.  Recent studies suggest that the targeted region can be 

populated with gas nuclei by injection of ultrasound contrast agents [120-125], which are 

stabilized microbubbles designed to enhance imaging contrast in blood [126-132].  A 

detailed discussion of acoustic cavitation nucleation mechanisms [1, 119, 133] and techniques 

[134-136] is beyond the scope of this paper.  For the purposes of this discussion, we assume 

that some form of nucleating agent is present and cavitation can be both initiated and 

sustained at relatively modest HIFU pressure amplitudes on the order of 1-3 MPa. 

 

Mechanisms of Cavitation-Enhanced Heating 

HIFU-induced heating in tissue is directly dependent on the incident intensity and the local 

frequency-dependent absorption coefficient. As a result, stable and inertial cavitation will 

increase the rate at which acoustic energy is being converted into heat because they increase 

the length scales over which viscous absorption can occur, or redistribute some of the energy 

of the incident field as higher-frequency emissions that are more readily absorbed. The three 

primary mechanisms by which this enhanced heat deposition will occur – multiple scattering, 

absorption in the viscous boundary layer at the bubble wall and absorption of secondary 

acoustic emissions – are described in detail hereafter.  

 

Whether bubbles are oscillating linearly or non-linearly, they will act as strong scatterers of 

the incident sound field. Multiple cavities contained within a volume of tissue will therefore 

effectively trap the incident acoustic energy, increasing the path length over which viscous 

absorption can occur within that region. Multiple scattering of the incident field will therefore 

result in enhanced heating over the volume of tissue containing bubbles.       
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Furthermore, the high shear stresses present in the boundary layer between an oscillating 

bubble and the surrounding medium will also lead to enhanced viscous absorption. Equation 

(2), which describes the bubble dynamics, includes a viscous stress term that is 

velocity-dependent and corresponds to the dissipative work done by the bubble on the 

surrounding medium.  The bubble acts simultaneously as a vehicle for conversion of 

acoustic to mechanical energy, by virtue of the bubble dynamics, and from mechanical to 

thermal energy by virtue of viscous dissipation.  An estimate of the cycle-averaged deposited 

power per bubble comes from consideration of the average rate of work done by viscous 

stress and is given by [99, 137] 

216vis t
D Rπµ= R  .                               (3) 

This energy is dissipated solely as heat and depends on the shear viscosity µ of the medium, 

the equilibrium bubble size and the bubble dynamics.   

 
When a bubble undergoes a violent collapse, the acceleration associated with its rebound is 

considerable and results in a very short burst of broadband sound.  For micron and 

sub-micron bubbles pulsating inertially, this so-called secondary acoustic emission exceeds 

the HIFU energy scattered by the original bubble by orders of magnitude.  The acoustic 

emission from a bubble undergoing volumetric pulsations is given by [99, 138] 

 ( ) ( ) (2, 2 r R
sae

Rp r t R RR e
r

α )ρ − −= +  ,                        (4) 

where r is radial distance from the center of the bubble and α is the frequency-dependent 

ultrasound attenuation coefficient for the medium.  Two things are immediately obvious 

from Equation 4.  First, since sound attenuation in tissue increases with increasing frequency, 

broadband emissions at high frequencies will be more readily absorbed than sound scattered 
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from the primary HIFU field at the fundamental frequency.  Secondly, the amplitude of the 

emission is a strong function of both wall velocity and acceleration.  The acceleration term 

can dominate in the case of inertial collapses, and is greatest at the point of maximum 

collapse. 

 

At a distance r, the power emitted as secondary noise emissions is given by 

 
2

2

0

4( ) 4 ( )sae sae
rW r r I r p d
c

ππ
ρ

∞
= = ∫ 2 t  ,                     (5) 

where I is the acoustic intensity at the distance r.  If the sound power emitted as secondary 

emissions at the surface of the bubble (r = R) is W0, then the thermal power deposited in the 

volume subtended by r is given by: 

 ( ) ( )sae o saeD r W W r= −  .                             (6) 

It is evident from Equations 4–6 that bubbles radiating the most noise will be the bubbles that 

are most likely to contribute to heating through the absorption of radiated sound power. 

 

The relative significance of cavitation-enhanced heating due to increased absorption in the 

viscous boundary layer near the bubble wall, described by Equation 3, and of that due to the 

absorption of secondary acoustic emissions, given by Equation 6, deserves further 

investigation.  Direct simulations of the bubble response, as given by Equation 2, have been 

performed to compute the heat deposited by these two mechanisms [99, 139, 140]. The exact 

values of the shear viscosity and range of equilibrium bubble sizes are critically important to 

these calculations but are not known for biologically relevant media. Therefore, these 

simulations are set up as a parameter study in which the equilibrium bubble size was varied 

from 0.1 to 50 µm, and the shear viscosity was allowed to vary between one and hundred 
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times the shear viscosity of water (0.001 N-s/m2.) 

 
Results obtained for a 1 MHz HIFU exposure at a pressure amplitude of 2.8 MPa are shown 

in Figures 1a and 1b.  Both plots reveal regions in which bubble-enhanced heating is 

maximal:  Figure 1a shows maximum power depositions on the order of 50 mW, but only for 

the highest viscosities considered and for bubble sizes equal to, or somewhat larger than, the 

linear resonance radius of 3.72 µm.  These larger bubbles are pulsating stably, and we 

conclude that, for these relatively low level HIFU exposure conditions, stable cavitation is 

most effective at converting acoustical energy to heat via viscous loss.  Figure 1b shows that 

similar levels of heat deposition can be achieved by the absorption of secondary acoustic 

emissions, but this enhanced heating is associated with a broad range of sub-resonant bubble 

sizes and candidate media viscosities.  Bubbles in this parameter range undergo inertial 

collapse, and from this we conclude that inertial cavitation is more effective at converting 

acoustical energy to heat via the absorption of secondary acoustic emissions. 

Allowable Bubble Sizes in Tissue 

The results of the simulations presented in Figure 1 suggest that both inertial and stable 

cavitation can induce comparable levels of enhanced heat deposition by different mechanisms, 

but for completely different ranges of equilibrium bubbles sizes. However, not all bubble 

sizes can necessarily exist in tissue under ultrasound exposure. Bubbles exposed to HIFU 

undergo a gradual growth in equilibrium size due to a process known as rectified diffusion 

[105, 106, 141-143]  and, once they reach a critical radius, break up into smaller bubbles due 

to instabilities caused by surface perturbations.  The specifics of these two processes are 

discussed in further detail by Yang [144] and Holt and Roy [99].  For now, it suffices to say 

that there exists an upper bound to allowable bubble sizes and bubbles smaller than this size 

undergo a cyclic process of growth followed by breakup, yielding an asymptotic bubble size 
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distribution that is limited at the lower end by surface tension and the upper end by surface 

instabilities. 

 

For a given frequency and pressure amplitude, the range of allowable bubble sizes depends 

on both viscosity and dissolved gas concentration.  For water-like viscosities and exposure 

conditions of 1 MHz and 2.5 MPa, the allowable size range is 10 nm – 1 µm [140, 144] 

irrespective of the dissolved gas concentration.  For such conditions, only inertial cavities 

can exist, and bubble enhanced heating is due solely to the absorption of radiated noise.  For 

viscosities greater than about 20 times that of water, the limiting bubble size distribution 

expands to 10 nm – 2 µm for a degassed medium (0.1% of saturation), and once again only 

inertial cavitation is supported.  However, in a gas-saturated medium, the range becomes 10 

nm – 18 µm.  Both inertial and stable cavities can exist and contribute to heating, but only at 

the highest viscosities and dissolved gas concentrations.  

 

It must be emphasized that the viscosities and gas concentrations encountered in vivo will 

vary with tissue type and physiological condition.  Therefore, these numbers serve only as a 

qualitative guide of what one might expect to occur in vivo. Nevertheless, the modeling 

evidence suggests that, for most materials and for the relatively low level HIFU exposures 

under consideration, bubble enhanced heating is most likely to result from the absorption of 

noise generated by inertial cavitation.  Thus we anticipate a correlation between a physical 

observable (noise) and a desired effect (heating).  This testable hypothesis is investigated 

further in the context of experimental observations of cavitation-enhanced heating.  
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3. EXPERIMENTAL OBSERVATIONS OF CAVITATION-ENHANCED 
HEATING 

  

Tissue-mimicking materials 

There have been several investigations of the correlation between cavitation activity and the 

resulting rate of heating, both in vivo [82-84, 138, 145-148] and in vitro [81, 83, 84, 139]. In 

order to isolate the thermal effects due to cavitation and to develop techniques on how to best 

monitor and control the process, it is often desirable to carry out such experimentation under 

precisely known acoustic and thermal conditions in gel-based tissue-mimicking materials 

known as “tissue phantoms” [139, 149-151]. These media are generally designed to match at 

least some of the physical properties relevant to HIFU treatment in tissue, such as attenuation, 

density and speed of sound. However, it must be noted a priori that no phantom will provide 

an exact match to many other relevant tissue properties, such as the absorption coefficient, 

cavitation threshold, coefficient of non-linearity, or rate of tissue perfusion, and that such in 

vitro studies are primarily aimed at developing a qualitative rather than quantitative 

understanding of the cavitational and other mechanisms involved in tissue heating.   

 
One commonly used tissue phantom consists of agar gel, graphite particles, and 1-proponol 

[139].  The 1-proponol is used to “tune” the sound speed of the phantom to match that of 

tissue.  The graphite serves to introduce acoustic scatterers and thus enhances acoustic 

absorption.  It can also provide nucleation sites for bubble formation.  Indeed, the measured 

cavitation nucleation threshold for this material can be as low as 1.8 MPa, when saturated 

with gas.  This is significantly less than thresholds reported in tissues, many of which exceed 

4-6 MPa [1, 88-90].  The agar/graphite phantom is an ideal medium for promoting cavitation 

effects and monitoring HIFU-induced bubble behavior. 
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Cavitation Detection 

A typical experimental setup used to investigate HIFU-induced cavitation and its associated 

heating effects is depicted in Figure 2. A single-element, 1.1 MHz, focused HIFU source 

(Sonic Concepts H-102 S/N-6) with a transmission aperture of 6 cm and a focal length of 

approximately 6 cm is driven using a sine-wave generator (Agilent 33250A) and power 

amplifier (ENI A150), and aimed at an agar-graphite tissue phantom. A needle hydrophone 

(not shown) can be embedded into the phantom to monitor the pressure field in situ. The 

HIFU half-power beam width is approximately 1 mm. Temperature is measured using a 

125-µm diameter, bare-wire, Type-E thermocouple (not shown) positioned in the focal plane 

of the HIFU source and offset by approximately 0.5 mm with respect to the beam axis in 

order to reduce the possibility of cavitation occurring on the surface of the sensor.   

 

A key element in the apparatus is a tightly focused broadband acoustic sensor 

(NDT-Panametrics V313-SU), of centre frequency 15 MHz, positioned at 90 degrees and 

confocally with the HIFU beam, the objective of which is to isolate, detect and monitor 

broadband noise emissions resulting from inertial cavitation activity at the focus of the HIFU 

transducer. The signal received by the 15-MHz transducer is amplified by 60 dB (EE&G 

5185) and filtered through a passive 5-MHz high-pass filter (Allen Avionics F5081-5PO-B) 

to remove any contributions from the HIFU fundamental, second, third and fourth harmonic 

frequencies arising from nonlinear sound propagation. The resulting signal is attenuated by 6 

dB using a passive in-line attenuator (JFW 50F-006) so as to match the full 1 V input range of 

a digitizing peak detector (G.E. Panametrics 5607). This passive cavitation detection (PCD) 

scheme is therefore configured to sense broadband acoustic emissions from inertial cavitation, 

and not scattering from the primary HIFU beam from stable cavitation bubbles [152, 153].  

It is a real time indicator of the extent of inertial cavitation activity present within its sensing 
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volume, effectively defined by the focal region of the PCD transducer.  Its output can be 

processed and displayed in real time, providing the user with a non-invasive “cavitation 

meter.”  It can also be stored and later correlated with measured temperature elevations and 

observations of lesion formation.  

Correlation of observed heating with cavitation activity 

Figure 3.I depicts the temperature elevation in an agar-graphite phantom following exposure 

of three different phantom locations to 1.1-MHz HIFU for 1 second at three different 

insonation amplitudes. Also plotted is the peak voltage from the PCD sampled in a 20 µsec 

window at a rate of 1000 samples/sec. At the lowest exposure pressure amplitude (1.65 MPa), 

the output of the PCD in Figure 3.I.c indicates that no inertial cavitation occurs in the 

confocal region of the HIFU and PCD transducers. A modest rate of heating is observed 

under those conditions, resulting in a temperature elevation of less than 10o C during HIFU 

exposure, followed by cooling. This type of heating-cooling behaviour is well-predicted by a 

standard heat conduction model, commonly known as the bioheat transfer equation (BHTE) 

[99, 154]. The BHTE takes into account thermal conduction, has sink terms to account for 

tissue perfusion and convective blood cooling (both zero for this phantom), and a source term 

to incorporate energy deposition from ultrasound absorption.  At these low pressures, no 

cavitation activity is evident and linear propagation effects alone account for the observed 

heating.  

     

For a modest increase in HIFU pressure amplitude to 1.8 MPa, the heating rate initially 

observed in Figure 3.I.b differs only slightly from that seen in Figure 3.I.c. However, halfway 

through the HIFU exposure, there is a sudden and dramatic increase in heating coincident 

with an equally sudden and sustained burst of broadband emission.  This strongly suggests 

that the origin of the enhanced heating phenomenon is related to the origin of acoustic 
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emissions: inertial cavitation. 

 
Finally, an additional small increase in the HIFU insonation amplitude to 1.9 MPa results in 

the immediate onset of both inertial cavitation and enhanced heating, as shown in Figure 3.I.a.  

A temperature elevation of some 30o C is obtained over the 1-second exposure and greatly 

exceeds that obtained without bubbles present.  The temperature rise predicted by the BHTE 

at 1.8 MPa in the absence of cavitation should not exceed the increase at 1.65 MPa by more 

than 33%, yet the measured elevation is almost triple that at 1.65 MPa.  In this phantom, and 

for these relatively low pressures, bubbles dominate the heating process. 

 

The temperature rise observed over a wide range of HIFU excitation amplitudes deserves 

further investigation. Shown in Figure 3.II is the measured peak temperature elevation in the 

agar-graphite phantom exposed to 700-ms long tone bursts of high intensity focused 

ultrasound.  Each data point represents an average of 5 measurements taken at a given HIFU 

pressure amplitude, and the phantom was allowed to cool for 100 seconds between 

measurements.  The data suggests four distinct regions, presumably corresponding to 

differing regimes of bubble activity: linear heating, enhancement, saturation, and suppression. 

 

As shown in Figure 3.I, the inertial cavitation threshold for this agar-graphite phantom is 1.8 

MPa. At HIFU pressure amplitudes below that threshold, Figure 3.II shows that the 

temperature rise is quadratic with pressure, as predicted by the BHTE. As the pressure is 

increased beyond 1.8 MPa, the level of inertial cavitation activity gradually increases and 

coincides with a sudden and dramatic increase in the rate of heating, with peak temperature 

rises greatly in excess of those predicted by linear heating models in the absence of cavitation. 

However, further increases in the HIFU pressure amplitude beyond 2 MPa do not yield any 

further increase in the peak temperature reached. This is presumably due to gradual saturation 
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of the HIFU focal region with cavitation activity. For excitation pressures beyond some 3 

MPa, the peak temperature recorded by the thermocouple suddenly decreases. At these 

relatively high HIFU pressures, it is likely that cavitation is initiated in the prefocal region as 

well as in the focal region: this will result in shielding of the original HIFU focus, due to 

increased attenuation through the prefocal bubble cloud, and will lead to enhanced heat 

deposition ahead of the intended focus. When bubbles and tissue heating are concerned, more 

power is not necessarily desirable, both in terms of heat deposition efficiency at the focus and 

the likelihood of generating unpredictably shaped and positioned lesions that extend well into 

the prefocal region. 

 

It is important to note that these results were obtained in a gassy phantom that has a lower 

cavitation threshold and lower absorption coefficient than most tissues. As a result, it is much 

more susceptible to cavitation activity and will not get as hot as tissue during HIFU exposure. 

The relative contribution of cavitation-enhanced heating with respect to heating caused by 

absorption due to linear and non-linear sound propagation clearly depends on the relationship 

between the cavitation threshold pressure and that for which significant nonlinear 

propagation occurs. This has been investigated previously [83, 93-95, 155] and will not be 

addressed here. However, the effect of increasing temperature during HIFU exposure on 

cavitation-enhanced heating deserves further investigation and is discussed hereafter.   

Role of ambient temperature  

As tissue heats up during HIFU exposure, a number of significant changes take place.   

Proteins denature, leading to an increase in tissue stiffness and attenuation coefficient [156, 

157].  The bubbles are stress-confined and may not be able to grow and collapse inertially 

[102].  This potentially important effect remains poorly understood and will not be discussed 

here.   



-21- 

 

However, what is known is that the hot tissue becomes supersaturated and proceeds to outgas 

into existing bubbles.  The bubble equilibrium size increases and, in the process, existing 

cavities are less likely to grow and collapse inertially due to the mass loading of the 

surrounding tissue.  Finally, the increasing temperature causes a significant increase in vapor 

pressure. As a result, the vapor inside the bubble is less likely to condense during the 

compression phase and serves to inhibit inertial collapse [158, 159] . The combined result of 

all these effects is a reduction in the bubble radial expansion ratio, defined as Rmax/Rmin.  A 

decrease in the expansion ratio leads to a decrease in the broadband noise emissions 

following collapse and, by extension, to a reduction in the energy available for 

cavitation-enhanced HIFU heating [84, 160]. 

 
Calculations performed using the models described earlier (Equations 2-6) confirm this 

observation. For an air bubble in water, the thermal power deposited by secondary acoustic 

emssions and viscous boundary layer heating decreases by 50% and 60% respectively when  

the water temperature is increased from 20˚C to 90˚C [84].  This implies that, as the medium 

heats up, inertial cavitation bubbles cease to act as either thermal or broadband noise sources. 

At this point, a stable cavitation field in the form of acoustically driven boiling bubbles 

remains. However, visual observations suggest that these bubbles become very large and will 

therefore impact the local sound field primarily through acoustic scattering.  For the reasons 

outlined in Section 2, sound scattering from boiling cavitation at the focus enhances pre-focal 

heating. This effect is undesirable, as it can lead to the generation of malformed 

“tadpole-shaped” lesions of unpredictable shape, size and position. However, boiling bubbles 

are sufficiently large that they become clearly visible as a bright region in diagnostic 

ultrasound pulse-echo images of the treatment volume. This increased echogenicity has 

proven beneficial for treatment monitoring and guidance using diagnostic ultrasound. [73, 90, 
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161-164]   

4. MONITORING AND CONTROL OF CAVITATION DURING HIFU 

 

In the previous section, we demonstrated that at relatively modest HIFU excitation 

amplitudes and at sub-boiling temperatures, inertial cavitation can greatly enhance the rate of 

heating and provides a mechanism for increased heat deposition efficiency at the focus. 

However, the rapidly changing conditions and increasing temperature during HIFU exposure 

have also been shown to impact the bubble dynamics and their resulting heating enhancement, 

leading to potentially undesirable pre-focal effects. This emphasizes the need for adequate 

monitoring and control of inertial cavitation activity during HIFU exposure, if it is to be 

harnessed for optimal treatment delivery. 

 

Cavitation Monitoring  

HIFU therapy is often delivered under ultrasound guidance, utilizing linear phased-arrays 

driven in pulse-echo mode to image the HIFU focal region. Previous investigators have 

suggested that relatively subtle grayscale changes in such ultrasound images during HIFU 

exposure could provide a direct indication of inertial cavitation activity . To investigate this 

hypothesis, an agar-graphite tissue phantom was exposed to 1.1-MHz HIFU, whilst cavitation 

activity at the focus was monitored simultaneously using the previously described passive 

cavitation detector (PCD) and a 5-MHz ultrasound imager, as depicted in Figure 2. The PCD 

signal was fed directly to an 8-bit peak detector with a 20-µs detection window, the output of 

which was transferred digitally to a 12-bit DAQ board (AT-MIO-16E-1, National 

Instruments) on a PC and displayed as a function of time. The peak detector also passed the 

raw PCD signal to a 10 MHz vector signal analyzer (89410A, Hewlett-Packard), which 
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displays the frequency spectrum of the received PCD signal in real time. The imaging scan 

head (Analogic Corp. 8802) is a 192-element array with bandwidth 3.5-6 MHz, driven by an 

Analogic engine in pulse-echo mode. The S-video output from the engine was fed directly to 

an S-Video ADC on the PC, as well as recorded using an S-VHS VCR. 

  

A B-mode image of the HIFU focal region prior to exposure is shown in Figure 4, where the 

confocal region of the HIFU and PCD transducers is denoted by the white cross. The HIFU 

pressure amplitude was ramped up in steps of 0.15 MPa, as shown on the top axis of Figure 4, 

every five seconds, as indicated on the bottom axis of Figure 4. At the end of the 5-second 

interval for which a new HIFU excitation amplitude had been imposed, the HIFU field was 

switched off and the B-mode image was visually examined for the appearance of a noticeable 

hyperechogenic region. If none were identified, the confocal position of the HIFU, PCD and 

imaging transducers was moved to a different location in the phantom, whilst maintaining the 

propagation path length to each transducer constant. The HIFU amplitude was then ramped 

up again from zero in five-second intervals until the next highest excitation amplitude 

increment was reached, and the procedure was repeated until a hyperechogenic region 

became visible on the B-mode image.  

 

Such a region became visible for the first time following 45 seconds of HIFU exposure, by 

the end of which the HIFU amplitude had been ramped up every 5 seconds in 0.15-MPa 

increments to 1.35 MPa. The resulting B-mode image, shown in Figure 4 at t = 46 seconds, 

shows a clearly visible bright-up that is coincident with the confocal region of the HIFU, 

PCD and imaging transducers (indicated by the white cross). However, closer investigation of 

the peak value and spectral content of the PCD signal over the 45 second exposure, also 

plotted in Figure 4, strongly suggests that inertial cavitation activity had been initiated as 
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early as t = 20 s, when the HIFU pressure amplitude was 0.9 MPa. The spectral content of the 

PCD signal further confirms this, by exhibiting a clear jump in broadband noise emissions 

between t = 16 s and t = 31 s. In the time interval between t = 20 s and t = 45 seconds, both 

the PCD peak value and spectral content indicate that the level of inertial cavitation activity 

continues to increase and is sustained throughout the exposure, yet a hyperechogenic region 

does not become visible until a pressure amplitude of 1.35 MPa is reached and maintained for 

five seconds until t = 45 s.  

 

From this, we conclude that the appearance of a hyperechogenic region on B-mode images 

constitutes neither a necessary nor a sufficient condition for inertial cavitation to have 

occurred during HIFU exposure [165]. As suggested in the previous section, the appearance 

of a hyperechogenic region is most likely linked to the formation of large, boiling cavities as 

the temperature is increased by exposure to HIFU. Similar observations have been reported 

during experimentation in vivo by other investigators [90, 161, 166]. In general, a Passive 

Cavitation Detection scheme constitutes the most reliable, cost-effective and sensitive means 

of real-time cavitation detection during HIFU exposure. However, when targeting 

deep-seated organs such as the liver or kidney with HIFU, the large ultrasound propagation 

path could make high-frequency secondary acoustic emissions difficult to detect. Many 

challenges remain in order to develop truly clinically applicable, reliable means of passive 

cavitation detection.                    

Control of Inertial Cavitation  

As discussed in Section 3, at relatively high HIFU excitation amplitudes inertial cavitation 

activity can migrate out of the focal region towards the HIFU transducer, leading to 

undesirable prefocal damage and shielding of the original focus. Potential evidence of this is 

shown in Figure 5, where the rms voltage detected by the PCD during 2.89 MPa HIFU 
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exposure of an agar-graphite phantom is shown to decay rapidly during continuous-wave 

(CW) excitation, suggesting that the bubble cloud is migrating towards the HIFU transducer 

and out of the field of view of the PCD. It must be noted that some of the observed decrease 

could also be due to the effect of increasing ambient temperature, as discussed earlier.  

However, Figure 5 shows that switching to a 20% duty cycle following 1 second of CW 

HIFU excitation, as previously suggested [167], can help sustain the level of inertial 

cavitation activity throughout the HIFU exposure. Three particular implementations of a 20% 

duty cycle following 1 second of HIFU excitation are investigated here, using a 5, 10 and 

100-cycle on-time, and the results suggest that shorter pulses are more effective at preventing 

shielding of the original focus than longer pulses.  

 

Such schemes for controlling inertial cavitation [167-173] may well play a crucial role in 

future attempts to harness cavitation-enhanced heating for optimal treatment delivery. 

However, it must be noted that, during 20% duty cycle excitation, only one fifth of the power 

delivered during CW exposure is received at the focus. The impact that this has on the 

resulting rate of heating needs to be investigated further, as does the effect of varying other 

parameters such as HIFU frequency and excitation amplitude in real-time.            

 

5. CONCLUSION 

 
Cavitation has tremendous potential to enhance the rate of heating and to improve the spatial 

localization of heat deposition during HIFU treatment. Under exposure conditions relevant to 

HIFU therapy, it has been shown that most of this enhancement is due to the re-radiation of 

the incident sound field as broadband noise emissions by inertially cavitating bubbles, whilst 

scattering and viscous absorption in the bubble boundary layer play a relatively minor role. 

However, as the ambient temperature is increased and the properties of tissue change, inertial 
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cavitation gradually shuts down and can give rise to larger, boiling cavities that play a 

significant thermal role through scattering. These boiling cavities currently play a useful role 

in monitoring HIFU therapy, as they are readily visible on B-mode ultrasound images, but 

could also be indicative of over-treatment of the target region. New means of monitoring and 

controlling inertial cavitation activity are being proposed, which could be used to exploit the 

enhanced heating, treatment localization and treatment monitoring advantages that could be 

provided by inertially cavitating microbubbles. The behaviour of such microbubbles in 

temperature-varying viscoelastic media is still poorly understood, and many challenges 

remain in terms of developing truly clinically relevant means of monitoring and controlling 

inertial cavitation activity. However, it is hoped that, in due course, these challenges can be 

overcome and give rise to a novel, efficacious, cavitation-based HIFU therapy system.     
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FIGURE 1 
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Figure 1:  Heating from a single bubble exposed to 1 MHz HIFU at 2.8 MPa pressure amplitude.  

Power deposited via (a) viscous boundary layer heating and (b) absorption of secondary acoustic 

emissions (SAE) are plotted as a function of the equilibrium bubble radius and the viscosity of the 

medium [99, 139].  The linear resonance radius at 1 MHz is 3.72 µm. 
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Figure 2:   Schematic of the HIFU generation (dashed line), Passive Cavitation Detection 

(continuous line) and B-mode imaging (dotted line) apparatus.  
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FIGURE 3 
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FIGURE 4 
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Figure 4: Comparison between Peak PCD output voltage, the frequency spectra of the PCD-received 

traces and the pre- and post-HIFU B-mode images obtained whilst ramping up the input voltage to the 

HIFU transducer every 5 seconds (bottom x-axis), thus increasing the peak negative focal pressure in 

steps of 0.15 MPa (top x-axis). The confocal position of the HIFU, PCD and imaging transducers in 

the agar-graphite phantom is indicated by the white cross on the B-mode images, with the HFU 

transducer being to the left of the image, the PCD transducer pointing out of the image and the 

imaging transducer lying above the image. At a peak negative focal pressure of 0.9 MPa, a sudden 

increase in peak PCD voltage is observed,  which is coincident with a clear jump in broadband noise 

emissions. However, a hyperechogenic region only becomes visible on the B-mode image at t = 32 s 

once the HIFU excitation amplitude had been ramped up to 1.35 MPa. This strongly suggests that the 

appearance of a bright-up on B-mode images cannot be assumed to be coincident with the onset of 

inertial cavitation activity.    
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Figure 5: RMS voltage received by a passive cavitation detector (PCD) positioned confocally with 

the HIFU transducer during excitation of an agar-graphite tissue phantom at a 2.89 MPa peak negative 

focal pressure amplitude. In all cases, the phantom was exposed to 1-second continuous-wave (CW) 

excitation, followed by a further 60 seconds of CW exposure (dotted line) or 20% duty-cycle 

excitation (continuous dark gray, light gray and black lines). A rapid decay in cavitation activity is 

observed during sustained CW exposure, suggesting movement of the bubble cloud towards the HIFU 

transducer and out of the field of view of the PCD. Different implementations of 20% duty cycle 

HIFU excitations, using either 5 cycles (dark grey), 10 cycles (black continuous) or 100 cycles (light 

grey) on-time, make it possible to sustain cavitation activity in the focal region for extended periods 

of time. The 10-cycle implementation appears most effective at sustaining the initially generated level 

of inertial cavitation activity.     


