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TOC Blurb:  

This Review describes how acoustic cavitation can be used to improve the delivery of drugs for the 

treatment of diseases such as cancer and stroke. Methods for seeding cavitation, treatment 

monitoring and current and future clinical applications are described. 

 

Key points:  

 A major challenge in the treatment of diseases such as cancer and stroke is achieving a 

sufficient concentration of a drug throughout the target region without producing toxic side 

effects elsewhere in the body.  

 Oscillating microbubbles driven by ultrasound produce a range of mechanical, thermal and 

chemical effects that can be used to enable both localised delivery and improved 

distribution of drugs in tissue.  

 This approach can be used to deliver both conventional small-molecule drugs and more 

recent biological therapeutics to areas of the body that are normally inaccessible, including 

across the blood–brain barrier and into solid tumours. 

 Ultrasound-responsive microparticles and nanoparticles can either be used as drug carriers 

or co-administered with a free drug into the blood stream, providing cavitation nuclei that 

reduce the ultrasound pressures required to achieve effective drug delivery.  

 The production of strong acoustic emissions during cavitation-enhanced delivery enables 

acoustic localization and mapping of bubble activity in real time for treatment monitoring. 

 
 
Abstract  
Acoustically driven bubbles produce a range of mechanical, thermal and chemical effects that can be 

exploited in drug delivery applications. Significant improvements in the targeting, distribution and 

efficacy of both current and emerging therapeutics can be achieved, from small molecules to 

biologics and nucleic-acid-based drugs. This Review describes how specially designed cavitation 

nuclei in the form of solid, liquid or gas particles can enable the triggered release of drugs, promote 

the permeabiliziation of challenging biological barriers and enhance drug delivery through tissue 

regions where diffusion alone is inadequate. Scalable strategies for mapping and controlling 

cavitation activity to harness its therapeutic potential at depth within the body are discussed, 
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alongside current and emerging applications for the treatment of diseases including cancer and 

stroke.  

[H1] Introduction 
 
The term ‘cavitation’ encompasses bubble formation produced by changes in fluid pressure 
(hydrodynamic cavitation), heat (boiling), pressure waves (acoustic cavitation) and absorption of 
radiation (particle cavitation). Its usage also includes the dynamic behaviour of bubbles, in particular 
their expansion and collapse. Since the 19th century, cavitation has been investigated in fields as 
diverse as the hunting strategies of marine creatures1, accelerating chemical reactions 2 and drug 
delivery 3. Acoustic cavitation produced by ultrasound has been studied extensively in biological 
systems. Initially this was to establish standards for the safe use of ultrasound in medical 
applications4, 5. However, it was also recognized that cavitation could have beneficial effects, for 
example in the treatment of kidney stones using lithotripsy [G] 6, in high-intensity focused 
ultrasound [G] (HIFU) surgery 7, and in the intracellular delivery of molecules 8.  
 
The effects associated with cavitation are caused primarily by the dynamic behaviour of bubbles. 
Being filled with gas and/or vapour makes bubbles highly responsive to changes in pressure and 
temperature, both of which can cause rapid and dramatic changes in their volume. These volume 
changes lead to mechanical, thermal and chemical phenomena that can substantially impact their 
surroundings. In biological tissue, for example, cavitation may cause the destruction of malignant 
cells or the permeabilization of structures such as the blood–brain barrier 9. These processes involve 
complex interactions between bubbles and the surrounding tissue, and are therefore challenging to 
predict. In this Review we focus on cavitation induced by exposure to an ultrasound field and its 
applications in drug delivery. We describe the mechanisms by which cavitation can be exploited to 
enhance the delivery, penetration and distribution of therapeutics into tissues. We discuss how 
cavitation is nucleated and monitored. We then survey current and potential applications of 
cavitation and propose future developments to enable clinical translation. 
 

[H1] Cavitation for drug delivery 
Successful drug delivery strategies maximize drug concentration at the target site or sites while 
minimizing off-target effects. Typically the target site is physically inaccessible, its location may not 
be precisely known or there may be multiple targets. Therefore, drugs are commonly delivered 
systemically via injection into the circulation, or via the digestive or respiratory tract. We use the 
term ‘drug’ to include both conventional small molecule drugs (mass < 1 kDa and effective size < 5 
nm) and more modern biological therapeutics such as antibodies (100–500 kDa; ~10 nm), 
oligonucleotides (0.1–1 MDa; <100 nm), therapeutic viruses (> 10 MDa; 100–200 nm), or 
therapeutics reformulated as nanoparticles (1–1000 MDa; 50–500 nm). 
 
Once introduced into the bloodstream, a drug is transported throughout the body. The quantity 
delivered to a target site is limited by several factors (Fig. 1). The toxicity of the drug restricts its 
maximum safe blood concentration, to avoid damage to healthy tissue. The circulation time is 
limited; that is, a drug is only active for a finite time because of degradation and/or clearance from 
the blood stream. Unless the target is vascular [G], the drug must diffuse out of the vessel across the 
endothelium [G] and through the surrounding tissue. The larger and/or more highly charged the 
drug, the lower its diffusivity — a particular challenge for large proteins or viral particles. In a 
malignant tumour, diffusion may be further restricted by elevated pressure due to reduced 
lymphatic drainage and an increase in tissue density due to rapidly proliferating cells. Once at the 
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target site, the drug must be taken up by the target cells. Additionally, in some cases the drug must 
also reach a specific cellular compartment, such as the nucleus, to be effective. The next sections 
describe how cavitation can overcome these barriers.  

[H2] Triggered release and activation 

Encapsulating a drug within a carrier such as a liposome or polymeric nanoparticle can protect it 
from degradation, limit off-target interactions and increase its circulation time 10. It is desirable, 
however, to be able to release the drug ‘on demand’. Cavitation can be used to trigger release from 
particles and/or activation of drugs through several mechanisms 11, 12, 13 (Fig. 2).  
 

[H3] Mechanical effects  

When exposed to an ultrasound field, bubbles undergo volumetric oscillations, owing to the time-
varying pressure. For therapeutic applications, the field typically will have a centre frequency of 0.5–
2 MHz and a peak negative pressure amplitude of 0.5–5 MPa. Even at moderate amplitudes (< 500 
kPa at 1 MHz), the acceleration of the bubble wall may be sufficient to impose significant forces 
upon nearby surfaces that can be used to promote drug release from particles, depending on their 
size and mechanical rigidity. Momentum transfer from the oscillating bubble to the surrounding 
liquid through interfacial friction can also produce localized flows known as microstreaming [G] 14 
(Fig. 2). If the bubble is close to a surface, such as a blood vessel wall or another bubble, it can 
exhibit highly non-spherical oscillations15, 16, 17 giving rise to microstreaming velocities on the order of 
1 mm s-1 (Ref. 18). This motion in turn imposes shear stresses upon any nearby structures, again 
potentially enabling drug release. 
 
Another phenomenon associated with non-spherical bubble oscillations near a surface is the 
generation of a liquid microjet during bubble collapse43. If there is sufficient asymmetry in the 
acceleration of the fluid on either side of the collapsing bubble, then the more rapidly moving fluid 
may deform the bubble into a toroidal shape, causing emission of a high-velocity jet on the opposite 
side (Fig. 2). Microjetting is well known to cause pitting even in highly resilient materials such as 
steel 19, 20, and similar damage to solid particles has also been observed and correlated with drug 
release 21. Microjetting is typically seen at relatively low frequencies (<500 kHz) and/or high 
pressures (> 1MPa at 1 MHz). In this regime, bubbles may also collapse such that the bubble wall 
velocity becomes supersonic. The supersonic motion of the bubble wall creates a discontinuity in the 
pressure in the surrounding liquid, leading to the emission of a shockwave and large stresses on 
nearby structures. Like microjets, shockwaves have also been correlated with particle disruption 22. 
 
Even at very low amplitudes (<0.1 MPa at 1 MHz), oscillating bubbles reradiate energy from the 
incident ultrasound field in the form of spherical pressure waves. Owing to the compressibility of 
bubbles, the amplitude of these waves is considerably larger than the acoustic scattering from a rigid 
sphere of equivalent size23. Additionally, the nonlinear character of the microbubble oscillations 
leads to energy being reradiated over a range of frequencies. At moderate driving pressures (<0.5 
MPa) the bubble spectrum contains integer multiples (harmonics) of the driving frequency; at higher 
pressures (>0.5 MPa) also fractional components (subharmonics and ultraharmonics). As discussed 
below, this is the reason for the widespread use of microbubbles as ultrasound contrast agents: the 
harmonic emissions are readily distinguished from the linear echoes from surrounding tissue, and 
can also be exploited for treatment monitoring in drug delivery. 
 

[H3] Thermal effects 

The nonlinear acoustic radiation from oscillating bubbles also leads to heating of the immediate 

surroundings. In biological tissue, absorption of ultrasound increases with frequency. Thus, because 
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of the higher harmonics in the radiation from the bubbles, quite dramatic increases in temperature 

can be produced by cavitation 24, 25, 26. This effect can enhance thermal ablation and release drugs 

from thermally sensitive carriers 27. Bubbles also dissipate energy because of viscous friction in the 

liquid and thermal conduction from the gas core, the temperature of which increases during 

compression. Which mechanism is dominant depends on the size of bubble, the driving conditions 

and the viscosity of the medium 48, 49,28. However, conductive heating is typically negligible in 

biomedical applications of ultrasound because the time constant of heat transfer is much longer 

than the period of the microbubble oscillations 29.  

 

[H3] Chemical effects 

Although sufficient to promote drug release, the temperature rise produced in the surrounding 
tissue is negligible compared to that occurring inside the bubble, where it may reach several 
thousand Kelvin during a rapid bubble compression 30. The gas pressure similarly increases 
substantially during this time. These extreme conditions are only sustained for a brief period (< 1µs), 
but can lead to emission of electromagnetic radiation (sonoluminescence) and production of highly 
reactive chemical species, in particular reactive oxygen species (ROS). ROS are important for multiple 
biological processes 31,54 and substantial quantities can be generated in the surrounding fluid by 
cavitation under conditions relevant for drug delivery (<1 MPa peak negative pressure at 1 MHz), 32. 
The importance of ROS generation and/or sonoluminescence in terms of their direct impact on cells 
has yet to be determined because direct measurements of these effects in tissue are challenging.  
 
Another question is whether there are any deleterious effects on the drugs themselves. To the best 
of our knowledge no studies have indicated degradation of drugs by cavitation under mild 
therapeutic conditions; even highly sensitive drugs such as small interfering ribonucleic acids (siRNA) 
are unaffected 33. Indeed, the chemical effects of cavitation can be used to activate certain types of 
drug, a phenomenon termed sonodynamic therapy 34. This enables treatment localization because 
toxic species are confined to the ultrasound focus and off-target toxicity is negligible.  
 

[H2] Cavitation-enhanced transport  

Controlling the release and/or activation of a drug improves targeting, but is no guarantee of 
effective delivery. A sufficient concentration must also reach the target cells. Exposure to focused 
ultrasound of drugs co-administered with microbubbles promotes their transport out of the blood 
stream 35 and into challenging biological targets such as solid tumours where the elevated interstitial 
pressure and dense extracellular matrix hinder the penetration of drugs 36.  Transport of drugs has 
been reported over length scales of mm in tissue phantoms [G] 37  and hundreds of micrometres in 
vivo 38. The detailed mechanisms are not yet fully understood, and multiple phenomena are 
relevant.  
 
First, transport of drug molecules increases as a result of the convective flow produced by 
microstreaming around an oscillating bubble 39. Second, opening of pores and channels within and 
between endothelial cells can be stimulated by the shear stresses generated by microstreaming 17 
and/or direct impingement by bubbles 40, 41. This opening facilitates transport of drugs into 
extravascular tissue either directly or via transcytosis [G] — particularly relevant in the brain where 
the tightly packed layer of endothelial cells, the blood–brain barrier (BBB), represents a significant 
challenge to drug delivery 42. Third, there is evidence that ROS and other chemical species may 
induce intercellular and intracellular transport 43 44 45.  
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These mechanisms are associated with relatively mild exposure conditions (< 1 MPa peak negative 
pressure at 1 MHz) and may involve both direct mechanical effects and stimulation of biological 
responses 46. At higher pressures, microjetting and ballistic motion of bubbles may create larger 
openings in the vessel wall and surrounding tissue. Ballistic motion results from the pressure 
gradient in the fluid generated by a propagating ultrasound wave (primary radiation force). Owing to 
their high compressibility, bubbles can travel at high velocities, sufficient to penetrate biological 
tissue. Bubble ‘tunnelling’ has been reported47, 48, 49, 50 and may explain why vessel permeabilization 
appears to be reversible at low ultrasound intensities but correlated with permanent damage under 
more intense exposures 51.  
 
However, interactions between bubbles and tissue are far from fully understood and there are two 
aspects in particular that require further investigation, discussed here.  
 

[H3] Bubble-boundary interactions 

The behaviour of a bubble close to a surface can be extremely complex 52, including phenomena 
such as  asymmetric oscillations, microstreaming and, at sufficiently high pressures, microjetting. 
Furthermore, the interaction between the reradiated ultrasound field and its reflection from the 
surface leads to a pressure gradient in the liquid and a secondary radiation force [G] on the bubble. 
The elastic properties of the boundary determine the phase difference between the radiated and 
reflected waves and hence whether the bubble moves towards or away from the surface. These 
properties similarly determine the direction of any microjetting. Additionally, non-spherical bubble 
dynamics may be important for the release of drugs during delivery from coated microbubbles 53. 
Unfortunately, the viscoelastic and heterogenous nature of tissue hinders prediction of the 
behaviour of bubbles in vivo and observations made in vitro in conventional cell culture chambers 
may be of limited value 54. Moreover, in many cases a bubble is confined in multiple directions, for 
example in a narrow capillary55, and the dynamics of the system (bubble, vessel and surrounding 
tissue) as a whole must be considered 56. 
 

[H3] Bubble-bubble interactions 

We have discussed cavitation phenomena in the context of a single bubble for the sake of simplicity. 
However, in drug delivery applications the observable effects of cavitation are typically produced by 
a population of bubbles and the influence of inter-bubble interactions should not be ignored. 
Secondary radiation forces are generated between oscillating bubbles, inducing the formation of 
large clusters 57 that may behave very differently from individual bubbles. For example, bubble 
clusters experience much larger primary radiation forces and this may explain why the diameter of 
the ‘tunnels’ observed experimentally is much larger than that of the bubbles present 47. 
 
 

[H2] Sonoporation and intracellular transport 

At the cellular level, cavitation-mediated permeabilization has been widely observed in cases where 
bubbles and cells are in close proximity. Similar mechanisms to those described above are thought 
to be responsible; we refer readers to earlier reviews 58,59 for a detailed discussion. There is some 
evidence that intracellular streaming also occurs, which may promote transport within the 
cytoplasm 18. 
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[H1] Cavitation Nucleation 

[H2] Ultrasound-mediated nucleation  

 
In a pure liquid, whether it is thermodynamically favourable for a bubble to exist is determined by 
the local pressure and temperature. This is because temperature and pressure govern the state of 
the medium, the maximum concentration of dissolved gas and the size of any pre-existing bubbles.  
 
For a bubble to form, energy must be provided to create a new surface. According to classical 
nucleation theory, this energy is that required to overcome intermolecular bonds, that is, the tensile 
strength of the liquid. In water, such homogenous nucleation would require negative pressures of 
the order of 108 Pa and yet, even in pure water, bubbles form following much smaller pressure 
changes and in the absence of heating. In the 1940s it was proposed that this discrepancy could be 
explained by the presence of discontinuities, that is, places where the medium structure is already 
disrupted, enabling bubbles to form more readily via heterogenous nucleation60.  
 
This proposal was made in response to the problem of bubble formation in tissue, but the 
hypothesis is equally applicable to simple liquids. Indeed it was subsequently demonstrated that the 
pressure required to generate bubbles in water was directly related to its purity 61, evidencing the 
role of discontinuities as bubble nucleation sites. The exact nature of these sites is still the topic of 
some debate 62, but the most widely accepted theory — the crevice model — is that bubbles 
originate from hydrophobic crevices or pores in which gas is trapped. These crevices may be located 
on either the surfaces bounding the liquid or microscopic particles within it 63, 64, 65. There is also 
strong evidence to suggest that many liquids contain microscopic and nanoscopic bubbles stabilized 
by surfactants 66,67 that may also act as nuclei  — the skin model (Fig.3). 
 
Cavitation nucleation by ultrasound in tissue and by quasi-static pressure reduction in a pure liquid 
occur by fundamentally the same process. However, the time dependence of both temperature and 
pressure need to be considered. As ultrasound propagates through a medium, the pressure varies 
periodically at the frequency of the incident wave. The temperature may also increase as a result of 
absorption. If the intensity of the ultrasound is sufficient, such as in HIFU surgery, then the 
temperature rise may create vapour bubbles — that is, boiling occurs. However, at moderate 
intensities the temperature rise is small. In that case, bubble formation depends on whether the 
peak negative pressure of the ultrasound is sufficient to allow gas trapped at a nucleation site to 
expand. This expansion occurs against the combined constraints of the inertia and viscosity of the 
surrounding liquid and the surface tension of the bubble, which arises from the gas–liquid interfacial 
tension and any elastic resistance presented by a surfactant coating. At very low frequencies, surface 
tension is the dominant factor and the pressure required for bubble formation is known as the Blake 
pressure 68. The smaller the nuclei or the higher the surface tension, the larger this pressure is. At 
the MHz frequencies relevant for therapeutic applications, bubble growth is further restricted by 
liquid inertia and viscosity. There may be insufficient time during the negative cycle of the 
ultrasound pulse for the bubble to expand enough to produce a measurable effect. Thus, the 
pressure required for nucleation increases with increasing driving frequency. The duration of 
ultrasound exposure is also important, because bubble nuclei can grow over several cycles through a 
process known as rectified diffusion 69. Hence the pressure required for nucleation may decrease 
with increasing pulse length or duty cycle.  
 

[H2] Cavitation agents  
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A significant advantage of ultrasound is that it can be tightly focused, offering a high degree of 
control over when and where cavitation occurs. However, the pressure amplitudes required to 
activate endogenous nuclei, that is those naturally present in tissue, are relatively high and vary 
considerably with location and between subjects. As in pure liquids, the exact nature of nuclei in 
tissue is unknown but a plethora of particles, inhomogenous surfaces and surfactant molecules is 
present. To address this variation, exogenous or artificial cavitation nuclei are introduced. When a 
known concentration of nuclei with a known acoustic response are present at a target site, bubbles 
can be generated more reproducibly at lower pressures. The cavitation agents that have been 
investigated for drug delivery applications are broadly grouped into three classes (Fig.3) discussed 
here. 
 

[H3] Gas bubbles  

The most widely studied nuclei to date have been gas microbubbles stabilized by a surfactant or 
polymer coating. Although clinically approved as contrast agents for diagnostic ultrasound 
applications, they have been shown to enhance multiple types of ultrasound therapy in animal 
studies and also clinically (discussed below). Contrast agent microbubbles typically have diameters 
of 1–10 µm. At room temperature (21oC) and pressure (1 atmosphere) contrast agent microbubbles 
have mean diameters of ~2µm, however, at physiological temperature (37oC) bubbles expand. For 
clinically relevant ultrasound frequencies of 0.5–2 MHz, the pressures required to produce 
therapeutically relevant amplitudes of oscillation are typically less than 1 MPa, that is, considerably 
below those required to stimulate naturally occurring nuclei. The microbubble coating both reduces 
surface tension and provides a barrier to gas diffusion. Depending on its thickness and viscoelastic 
properties it may also reduce the amplitude of oscillation at a given pressure and increase the 
mechanical resonant frequency of the bubble70. Additionally, the coating material can play a direct 
role in drug delivery by modifying the permeability of cells through transfer of material prior to 
ultrasound exposure71. 
 
In most studies, microbubbles have been co-injected systemically with a drug. However, the coating 
can be further exploited to improve treatment localization by providing a substrate to which drug 
molecules are bound. The method of attachment depends on the nature of the drug 72, 73. For 
example, hydrophobic drugs may be encapsulated between the gas core and the coating, whereas 
hydrophilic drugs may be conjugated to the outer surface either directly 74 or in the form of 
liposomes 75. In addition to reducing systemic toxicity, conjugation improves cellular uptake 76. Other 
molecules may also be attached to the bubble surface to facilitate targeting to a specific site. 
Multiple approaches have been investigated in the contexts of drug delivery and molecular imaging. 
One is to use antibodies to enable binding at the endothelium, such as anti-vascular endothelial 
growth factor (anti-VEGF) which enables binding at sites of endothelial cell proliferation or anti-
vascular cell adhesion molecule (anti-VCAM) which enables binding at sites of inflammation.  
Another approach is incorporation of magnetic nanoparticles to enable concentration of 
microbubbles at a target by an applied magnetic field 77, 78.  Current clinical contrast agents contain 
gas with high molecular weight and low solubility, such as perfluoropropane or sulphur hexafluoride. 
However, microbubbles are also being investigated for the delivery of therapeutic gases, such as 
oxygen to improve the response of hypoxic tumours 79, and nitric oxide for cardiovascular disease 80.  
 
The echogenicity [G] of microbubbles that makes them excellent contrast agents is also useful for 
drug delivery because it enables them to be tracked through the circulation using low-intensity 
ultrasound. However, microbubbles do have several disadvantages. They are too large to 
extravasate prior to ultrasound exposure. Additionally, owing to their size, the circulation half-life of 
microbubbles is relatively short (<5 mins), restricting the treatment window 81. They are also rapidly 
destroyed once exposed to ultrasound which limits their ability to promote the activation and 
transport effects described above.  
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[H3] Liquid droplets 

One approach to address some of the limitations of microbubbles is to form gas bubbles using sub-
micrometre sized droplets of volatile liquids that vaporize upon exposure to ultrasound82. The boiling 
point of the liquid, typically a perfluorocarbon, is sufficiently low for it to exist in a gaseous state at 
37oC. However, the size of the droplet gives rise to a high surface pressure that maintains the core in 
a superheated liquid state. Once exposed to ultrasound, the droplets form gas microbubbles, which 
behave as described above. The small size of droplets enables them to circulate in the blood stream 
for tens of minutes prior to ultrasound exposure, thus increasing the treatment window and 
improving their targeting potential compared with microbubbles. It may also allow them to 
extravasate in the ‘leaky’ vasculature associated with cancerous tumours 82, enabling cavitation 
activity at greater tissue depths. However, the clinical utility of the so-called enhanced permeation 
and retention effect has been questioned 83.  

Liquid droplets can be coated with similar materials to those used for gas microbubbles for 
stabilization and attachment of functional species 33, 82, 84, 85, 86, 87, and have been investigated in most 
of the same applications. In vivo, liquid droplets have been reported as providing better control over 
lesion volume for thermal ablation 88 compared with microbubbles. Other studies have 
demonstrated improved distribution of chemotherapy within a tumour 89 and more homogenous 
delivery of a model drug across the BBB 90.  
 
Liquid droplets have some disadvantages compared to microbubbles. Droplets typically require 
higher pressures to initiate vaporization, although this does depend on the perfluorocarbon and 
coating material used. Unlike microbubbles, droplets cannot be imaged with ultrasound prior to 
vaporisation. Furthermore, their acoustic response is currently less well understood. In particular, 
there is a complex relationship between droplet size, ultrasound frequency, pulse length, duty cycle 
and the pressure required to produce vaporisation 91. The inverse relationship between vaporization 
pressure and driving frequency observed with larger (micrometre scale) droplets is due to 
superharmonic focusing [G] 92. However, this cannot explain the nonlinear relationships observed for 
some formulations of sub-micrometre droplets.  
 
Finally, gaseous ‘nanobubbles’ with diameter < 1μm have also been studied. These offer the 
advantages of droplets in terms of circulatory stability and extravasation [G] potential, but respond 
at much lower ultrasound pressures than droplets do 93. However, there is some controversy about 
the mechanism of cavitation enhancement94.  
 

[H3] Solid particles 

Another type of cavitation agent consists of solid particles containing hydrophobic cavities which 
entrap gas, thereby providing nucleation sites. Like droplets, such particles can be produced with 
sizes that facilitate favourable circulation times and extravasation potential. Several types of 
biocompatible particles have been investigated including mesoporous silica 95, carbon nanotubes 96, 
polymer ‘sponges’ 97, polymeric ‘cups’ 98 and gold cones 99. Particles that generate gas bubbles 
through chemical reaction have also been tested 100.  
 
A major advantage of solid particles over gas bubbles and liquid droplets is the degree to which solid 
particles can sustain cavitation, owing to the fact that the particles are not destroyed by exposure to 
ultrasound. Thus, the particles can continuously nucleate bubbles, provided the hydrophobic cavities 
do not become wetted. The combination of size and stability also enables solid particles to promote 
cavitation activity at greater tissue depths. Like droplets, solid particles require higher pressures 
than microbubbles for activation and they cannot be imaged prior to activation. It is also challenging 
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to functionalize solid particles for targeting or drug loading, because of the risk of wetting the 
hydrophobic cavity. Moreover, certain types of particle suffer from safety concerns, such as the 
potential of mesoporous silica to induce thrombosis, and the possible carcinogenicity of carbon 
nanotubes 101. 
 

[H1] Cavitation Monitoring 
 

[H2] Classifying cavitation 

 

[H3] A cautionary note on cavitation thresholds 

How cavitation is classified depends on the phenomena of interest. These include bubble nucleation, 
acoustic emissions, sonoluminescence or the likelihood of mechanical damage. Consequently there 
are multiple “thresholds” that can be defined to characterise different types of bubble behaviour. 
The most commonly used in drug delivery applications is the inertial cavitation threshold. It is 
important, however, to understand the physical meaning of this threshold and whether or not it is 
relevant for a given application.  
 
Numerous mathematical formulations exist to analyze bubble dynamics 102. The motion of the 
bubble is primarily determined by the competition between the liquid inertia and the internal gas 
pressure. This competition can be characterized103 by comparing the relative contributions of  inertia 
and pressure to the acceleration of the bubble wall, using the Rayleigh–Plesset equation 
 

d2𝑅

d𝑡2 = IF + PF    

where the inertial factor 

IF = −
3

2𝑅
(

d𝑅

d𝑡
)

2

 

and the pressure factor 

PF = (
𝑝𝐺(𝑅) + 𝑝∞(𝑡) − 2𝜎/𝑅

𝜌𝐿𝑅
). 

 
R is the time-dependent bubble radius with initial value Ro, pG is the pressure of the gas inside the 

bubble, p∞ is the combined hydrostatic and time-varying pressure of the liquid,  is the surface 

tension at the gas–liquid interface and L is the liquid density. Various forms of the Rayleigh–Plesset 
equation have been studied and several more complex equations of motion have been derived that 
incorporate factors such as liquid viscosity and compressibility or thermal effects. For more 
information on these models, we refer readers to Ref. 102  
 
Two scenarios arise, depending on which factor dominates when the bubble approaches its 
minimum size. In the non-inertial scenario, the pressure factor is dominant and the bubble 
undergoes sustained volume oscillations.  If the inertia term is dominant, the bubble undergoes 
inertial collapse, after which it may either rebound or disintegrate. Which of these scenarios occurs 
depends on the bubble expansion ratio Rmax/Ro, where Rmax is the maximum radius of the bubble, 
which in turn depends on the amplitude and frequency of the applied ultrasound field. This analysis, 
developed in Ref. 103, provides a framework for categorizing cavitation behaviour in terms of the 
violence of bubble collapse, in other words, whether the cavitation is inertial or non-inertial. From 
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this a threshold for inertial cavitation can be defined in terms of either a critical pressure amplitude 
for a given bubble size and driving frequency, or a critical bubble size for a given pressure amplitude. 
We note that historically the term “stable cavitation” was used to describe prolonged small-
amplitude bubble oscillations, and “transient cavitation” described rapid violent bubble collapse, 
which is more likely to produce damage. However, the term stability may refer to the periodicity of 
bubble oscillations, bubble persistence, or the consistency of secondary effects such as acoustic 
emissions. Moreover, it is possible for a gas bubble to undergo periodic violent collapses104.  

 

Alternative criteria for categorizing bubble behaviour include the interior temperature exceeding a 
threshold and the bubble wall velocity exceeding the speed of sound in the liquid 105. The Blake 
pressure defined above similarly provides the basis for defining a limiting threshold for bubble 
nucleation. These analyses have been used to define the mechanical index, a conservative safety 
index for use in diagnostic applications that determines the likelihood of an inertially collapsing 
bubble being created from a pre-existing gaseous nucleus in response to a single cycle of ultrasound 
of a given frequency and amplitude 106.   
 
Equivalent standards do not yet exist for therapeutic applications, and the definition of an 
appropriate cavitation threshold (or thresholds) for drug delivery poses several challenges. First, as 
mentioned above, cavitation typically involves clouds of bubbles arising from heterogeneous 
populations of nucleation sites and thus there exists a distribution of thresholds both for nucleation 
and inertial cavitation. Therefore, it is often more practical to consider cavitation events in terms of 
probability: for a given driving frequency, the threshold pressure corresponds to a percentage 
probability of the relevant cavitation event. Second, exactly what constitutes a relevant cavitation 
event is difficult to define, owing to the wide range of phenomena discussed above, whose 
importance may vary considerably between applications. Third, to be useful, a threshold should be 
related to a quantity that can be monitored during treatment. 
 

[H3] Cavitation emissions 

Several methods exist for measuring cavitation activity, but for real-time monitoring that can be 
translated into clinical applications, acoustic methods are usually the most practical because they 
can be implemented non-invasively using external probes. These methods exploit the secondary 
sound fields radiated by oscillating or collapsing bubbles. As discussed above, even at relatively low 
amplitudes, bubbles behave in a highly nonlinear fashion and their emissions contain multiples 
(harmonics) of the driving frequency. As the pressure increases, so does the range of frequencies in 
the emission spectrum, which includes fractional harmonics and, at high enough pressures, 
broadband noise. Thus, both the amplitude and frequency content of the cavitation signal indicate 
the behaviour of the bubbles: a sparse population of bubbles at low amplitudes produces 
predominantly harmonic emissions; more energetic bubble activity produces broadband noise.  
However, cavitation signals must be interpreted with care. Harmonics are also produced by 
nonlinear propagation and subsequent linear scattering of the incident field. The range of bubble 
sizes continually changes and this contributes to broadband noise. The bandwidth and resolution of 
the electronic components in the detection system also determine the characteristics of the 
recorded spectrum. There is no simple one-to-one mapping between bubble dynamics and acoustic 
emissions, which should always be interpreted based on adequate prior knowledge of the acoustic 
field, nucleation environment and detector characteristics. 
 
 

[H2] Active detection 
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Acoustic emissions are detected either actively (pulse–echo mode) or passively (emission detection) 
107. Active detection uses the same principles as ultrasound imaging or sonar. Pulses of ultrasound 
are transmitted into a tissue volume and the amplitude and time delay associated with the 
backscattered signals provide information about the concentration and scattering strength of 
scatterers present. Because bubbles are strong scatterers of ultrasound (strictly speaking, re-
radiators), they produce large signals and are readily detected. The strength and harmonic content 
of the signal can be used to infer the size and concentration (number of bubbles per unit volume) of 
bubbles present and their dynamic behaviour, subject to the caveats above. 
 
The simplest method uses a single-element transducer, separate from the therapy transducer, 
whose bandwidth coincides with a suitable range of higher harmonics of the driving field. The 
detecting transducer may be fixed to focus on a single volume of tissue, a process known as A-mode 
imaging, or it may be scanned across the region of interest. More commonly, instead of 
mechanically scanning, a transducer array is used to interrogate the region of interest. The 
ultrasound beam is swept electronically across the region and the echo time used to isolate 
scattered signals corresponding to a particular tissue depth (time gating). The amplitude of these 
signals is used to produce a greyscale image, with the intensity of each pixel corresponding to the 
magnitude of scattering from that area of the imaging plane. This process, known as B-mode 
imaging, is the same process as used in conventional ultrasound diagnostic imaging and treatment 
monitoring in ultrasound-guided therapy systems.  
 
Bubbles, particularly the large vapour-filled bubbles produced during HIFU surgery, are readily 
detected using B-mode ultrasound imaging 108, 109. Indeed, their size often poses a challenge for 
treatment monitoring because their very high echogenicity causes shadowing of the underlying 
tissue and changes to the speed of sound that distort the image formed.   More sensitive detection 
of smaller microbubbles can be achieved by exploiting their highly nonlinear behaviour and the same 
techniques used for contrast-enhanced ultrasound imaging can be used for cavitation monitoring.  A 
drawback of these approaches is that they require the monitoring transducer to have a large 
bandwidth, which increases cost and/or restricts sensitivity. Furthermore, the need to transmit pulse 
sequences reduces the temporal resolution of the monitoring system and there may be signal 
distortion due to nonlinear propagation that limits the signal-to-noise ratio. Some of these 
limitations are overcome by ultrafast active imaging approaches 110, 111. 
 

 [H2] Passive detection  

 
A major disadvantage of active detection methods is that therapeutic signals have high amplitudes, 
and therefore cannot be transmitted simultaneously with imaging or monitoring signals because of 
saturation of the detector; instead the signals must be alternated108, 112. This both complicates the 
system design and reduces flexibility in the therapeutic protocol. Because cavitation bubbles 
produce acoustic emissions in response to the therapeutic signal, however, a separate imaging signal 
is unnecessary. Instead, monitoring devices can detect cavitation passively. The simplest approach is 
to use a passive cavitation detector, which is a single-element transducer focused on the region of 
interest. This method enables monitoring over time of the formation and activity of bubbles. Passive 
methods can be far more sensitive than active methods for detecting inertial cavitation in particular. 
This is because an inertially cavitating bubble has a measurable scattering cross-section for periods 
of the order of ns, much smaller than the time typically required to form an active image 109, and 
thus may be ‘missed’. 
 
As is done for active methods, arrays of  transducers can be used for passive monitoring to detect 
and beamform [G] the acoustic emissions from tissue volumes into a spatial map of cavitation 
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activity113. Instead of using echo times as in active imaging, this passive acoustic mapping (PAM) 
localizes sources of cavitation through source coherence metrics 114. Beamforming is performed in 
either the time domain 113, 114  or the frequency domain 115, 116, 117. Whereas pulse–echo techniques 
use short-duration broadband excitation signals, PAM exploits the narrowband nature of the signals 
that cause the cavitation activity, and can thus achieve far better spectral resolution, enabling 
classification of cavitation activity in real time 118 and beamforming of narrowband and broadband 
emissions separately 119.  
 
A disadvantage of PAM is that its axial resolution is not a function of the transmitted pulse length, 
but of the point-spread function that depends on the array geometry, and the pulse centre 
frequency and bandwidth. The point-spread function describes how a point source appears after 
broadening as a result of diffraction, and thus determines the minimum distance between cavitation 
events that is resolved using a particular receiver array. Additional beamforming challenges include 
the need to deal with spherical spreading of the acoustic emissions from the source to the receiver; 
to account for uncertainties in the speed of sound and attenuation of the intervening medium; and 
to correct for the diffraction patterns of individual array elements that in reality are not true point 
receivers120. More robust passive beamforming techniques based on the Capon beamformer  
improve the axial resolution of PAM, reduce artefactual interference signals arising from multiple 
scattering between bubbles, and improve resilience to array elements of varying sensitivities 121. 
PAM techniques can be implemented in real-time and combined with active imaging techniques on 
the same ultrasound array to provide a complete system for guidance and monitoring of cavitation-
mediated drug delivery 122, 123. 
 

 [H1] Applications 
 
Cavitation in tissue can mediate a wide range of therapeutically beneficial 28 or potentially damaging 
124 bioeffects, which depend on the type of cavitation nucleation agent used, the ultrasound 
frequency and amplitude, the duty cycle, the ratio of vessel diameter to bubble size at the target site 
and the surrounding tissue properties. As a method that is uniquely capable of enabling local 
enhancements in transport and permeability, cavitation-mediated drug delivery is increasingly being 
applied to facilitate transport of therapeutics across some of the most biologically inaccessible 
barriers, including the stromal layer [G] in solid tumours, the BBB, the spinal cord, occluded vessels 
in stroke, heart muscle and skin (Fig.4).  
 

[H2] Drug Delivery for Cancer 

 
Despite their leaky vasculature 125, solid tumours present a formidable barrier to drug delivery due to 
their elevated interstitial pressure, dense extracellular matrix and sparse vascularity 36. This makes 
diffusion-driven delivery from the bloodstream into tissue highly ineffective, not least because live 
cancer cells in tumours can reside almost twice the distance (180 µm) from blood vessels than 
healthy cells (100 µm). Convective transport mediated by cavitation from artificial nuclei enables the 
penetration of large therapeutics over distances of hundreds of micrometres 38 both in vitro 126 and 
in vivo 127 (Fig. 4a). Enhancements in drug delivery have also been achieved with inertial cavitation 
from endogenous nuclei 128, 129, 130, but at the cost of microvascular rupture inside the tumour and 
extensive haemorrhage in treated areas. Cavitation agents provide a safer and more effective 
method of intratumoral drug delivery. In this context, solid gas-stabilizing nuclei that can penetrate 
the leaky tumour vasculature exhibit substantially enhanced intratumoral delivery and penetration 
compared to microbubbles 131. In certain tumour types, such as in pancreatic cancer, delivery is 
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further hindered by the presence of a thick, impenetrable stromal layer between blood vessels and 
the target tumour cells 130. A clinical report suggests that microbubble-mediated cavitation improved 
drug delivery to pancreatic tumours 132 but further randomized studies in larger patient cohorts are 
required to verify these findings. 
 

[H2] Blood Brain Barrier Permeabilization 

 
Another formidable barrier to drug delivery is the BBB. This arrangement of tight junctions between 
the cells lining the vessels in the brain prevents toxic species from reaching the central nervous 
system but also hinders transport of therapeutic molecules larger than 500 Da to treat conditions 
such as cancer, Alzheimer’s disease and Parkinson’s disease. In 2001, ultrasound-mediated cavitation 
was reported to enable reversible opening of the BBB 133. Later studies demonstrated that inertial 
cavitation produced undesirable erythrocyte [G] extravasation and cell death whereas non-inertial 
cavitation appeared to mediate safe and reversible BBB opening for drug delivery 134 135. A wide 
range of timescales for the duration of BBB opening has been reported depending on the measure 
used, probably on account of the multiple mechanisms involved as discussed above. Therefore, a key 
challenge is treatment monitoring; recent developments have indicated that adaptations of PAM 113, 

114, 118 can provide an invaluable tool for real-time 3D transcranial treatment monitoring 136, 137. 
 
Two pioneering approaches enable clinical translation of cavitation-mediated reversible BBB 
opening. The first uses a locally implanted radial probe inserted through a small perforation in the 
skull to provide highly spatially localized ultrasonic excitation; a systemic infusion of microbubbles 
with the relevant drug or drugs is given simultaneously (Fig. 4c). Initial results in ten patients have 
demonstrated safe and effective reversible opening of the BBB, but also acknowledged limitations of 
this approach in terms of the depth and location of addressable sites in the brain 138. A second non-
invasive and potentially more versatile approach uses a transcranial array and active beamforming 
approaches to focus ultrasound through the skull. This system was recently successfully tested in 
humans 139 and further trials are underway for the treatment of Alzheimer’s disease and cancer.   
 

[H2] Cardiovascular Applications 

 
Another active area of research is sonothrombolysis, the breakdown of blood clots using ultrasound,  
for ischaemic [G] stroke therapy 140. In this case, the main role of cavitation is to facilitate the 
transport and penetration of recombinant tissue plasminogen activator along partially occluded 
vessels and into dense and often calcified blood clots 141 to dissolve them and restore blood flow as 
soon as possible. Early studies with microbubbles indicated that microstreaming associated with 
non-inertial cavitation enhanced thrombolysis 142, 143; more recent studies have also suggested 
acoustic radiation forces acting on the microbubbles as a contributing mechanism 144. The few 
clinical studies of microbubble-enhanced sonothrombolysis to date have provided predominantly 
encouraging results in small numbers of patients, evidencing early recanalization [G] and the 
possibility of improved neurological outcomes for patients with ischaemic stroke  145, and faster rates 
of epicardial [G] recanalization and reduced left ventricular remodelling in heart attack patients 146, 

147 (Fig.4d). Unfortunately, however, there have been some notable and tragic exceptions. For 
example, in the Transcranial Ultrasound in Clinical Sonothrombolysis (TUCSON) trial 148 there were 
two patient fatalities whose cause is as yet unexplained. Therefore, clinical translation of this 
promising treatment requires better mechanistic understanding, the incorporation of improved 
techniques for targeting cavitation-enhanced sonothrombolysis 149, and real-time treatment 
monitoring, for example by passive acoustic mapping of cavitation activity 117, 136, 150, 151.  
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[H2] Drug Delivery to the Spinal Cord 

 
The blood–spinal cord barrier (BSCB) presents a challenge for the delivery of therapeutics to the 
spinal cord, similarly to the BBB. The use of ultrasound in the spine has traditionally been considered 
unfeasible, owing to the difficulties in transmission and focussing through the complex and highly 
attenuative bone geometry. However, studies have indicated that such targeted therapy is possible 
in vertebral bodies 152, 153, and that reversible opening of the BSCB was possible following systemic 
administration of microbubbles 154. These findings could enable improved treatment of 
leptomeningeal metastases — a serious complication of cancer in the central nervous system — and 
ultimately the technique could be extended to enable repair and regeneration of the spinal cord.  
 

[H2] Transdermal delivery 

 
Ultrasound has been widely explored as an alternative to conventional injection for transdermal 
delivery 155, 156, 157. Vaccine delivery typically targets the epidermis, where Langerhans cells [G] induce 
mechanisms of immune response, whereas drug delivery is normally aimed at the greater blood 
supply available in the dermis. Early studies typically used kHz-range ultrasound without cavitation 
nucleation agents 158, 159 and focussed primarily on using cavitation to reversibly permeabilize the 
upper layer of the skin, the stratum corneum, to improve passive diffusion of a drug or vaccine 
applied to the skin 160, 161, 162. More recently, however, the inclusion of nanoscale cavitation 
nucleation agents alongside the drug or vaccine formulation has enabled the use of microstreaming 
to simultaneously permeabilize the skin and actively transport the therapeutic across it 163 to depths 
in excess of 400 µm 164. This approach has enabled substantially improved delivery of both 
micromolecular drugs, such as insulin, 165 and an immune response caused by vaccines that exceeds 
that achievable by other transdermal methods 164 (Fig.4b). Despite these considerable advances, 
cavitation-enhanced transdermal delivery is not yet able to match the immunization efficiency of 
conventional approaches. The greatest remaining challenge in using it as a tool for drug delivery is 
that of dose monitoring and confirmation of delivery, because skin properties vary substantially as a 
function of ambient temperature and humidity.  
 

[H1] Future Developments and Challenges  
 
Early clinical trials of cavitation-enhanced drug delivery used microbubble formulations initially 
developed for diagnostic purposes, not because they were necessarily optimal for the intended 
therapeutic application, but because of their commercial availability and pre-existing regulatory 
approval which reduced the time and cost of clinical translation. However, the size, fragility and 
limited circulation time of microbubbles render them sub-optimal for certain therapeutic 
applications. For example, the inability of microbubbles to penetrate solid tumour vasculature limits 
their ability to transport therapeutics compared to sub-micrometre scale agents 131, 132. Microbubble 
destruction and depletion is also rapid in excitation regimes requiring inertial cavitation, including 
certain types of sonoporation-mediated gene transfer 166. In applications such as transdermal 
delivery, the ability of the cavitation nucleation agents to remain intact as they cross the stratum 
corneum is similarly proving important in mediating improved penetration of drugs 164.  
 
Thus the development and clinical translation of application-specific cavitation nucleation agents 
that provide the appropriate size, circulation characteristics and post-excitation cavitation dynamics 
presents a major opportunity for future research (Fig. 5a,b). For nanodroplets in particular, there is 
also a need to better understand the relationship between particle characteristics and optimal 
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exposure conditions. There is still only limited understanding of the physical and biochemical 
interactions between cavitation agents and the immune system, endothelium, tissue matrix and 
cellular and intracellular components. With the notable advances in immunotherapy over the past 
decade, this is an area requiring development. Moreover, in many cases, these next-generation 
agents exploit not only responsiveness to ultrasound but to other stimuli, such as magnetic fields, to 
improve retention and delivery performance 167. 
  
Clinical studies in recent years have also outlined the need for improved methods of real-time 
detection, localization, classification and quantification of cavitation activity, which cannot be 
addressed by either conventional B-mode ultrasound or by magnetic resonance imaging. A decade 
after its inception 113, PAM using conventional diagnostic ultrasound has evolved from its initial time-
domain 114, 118 and frequency-domain 115, 168 implementations to more robust algorithms that 
improve spatial resolution and are better suited to integration and co-registration with existing 
ultrasound-based or MRI-based treatment guidance techniques in a clinical environment 121, 169 
(Fig.5c,d).  
 
Two research areas arise from this improved ability to map acoustic cavitation in real time. First, 
because PAM enables quantification and characterization of cavitation activity at multiple locations 
simultaneously, existing strategies for the control of ultrasound exposure conditions based on a 
single scalar metric of cavitation activity 170, 171 must evolve to enable 2D or even 3D optimization of 
cavitation activity 137 (Fig.5e). Second, PAM offers a unique opportunity to correlate acoustic 
emissions spatio-temporally with specific bioeffects (Fig. 5d). This correlation will enable better 
understanding of the detailed mechanisms of permeabilization, transport and cell death, ultimately 
facilitating regulatory approval and further clinical exploration of innovative cavitation-based 
therapies. 
 
Finally, we believe that a common mistake of the past has been to combine cutting-edge drug 
delivery technologies with dated therapeutics that are perceived as safe. Ultimately, physically 
actuated remote-control drug delivery will be most transformative when combined with highly 
specific, self-amplifying modern therapeutics that harness the cellular, extracellular and immune 
environments to best exploit the improved local distribution, reduced toxicity and enhanced 
therapeutic index afforded by cavitation.   
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List of Figures 
 
Fig. 1. Schematic of barriers to drug delivery from the tissue to the intracellular scale. The size of 
therapeutics, such as antibodies, oligonucleotides, viruses and liposomes, is greater than that of 
small-molecule drugs such as conventional chemotherapeutics. The large particle size increases the 
likelihood of clearance and degradation, by the immune system (phagocytosis), or occurring in the 
liver (as hepatic filtration) or the kidneys (as renal filtration). It also restricts the ability of the drug to 
pass through the blood vessel wall (endothelium) and diffuse through the surrounding (interstitial) 
tissue. At the cellular level, the cell membrane presents a further barrier to many drugs and, for 
drugs with specific intracellular targets, transport within the cell interior (cytoplasm) may also be 
necessary. 
 
Fig. 2. Illustration of key cavitation mediated phenomena exploited in drug delivery. a| Oscillating 
bubbles can heat their surrounding liquid, through acoustic reradiation and viscous friction. This 
heating can be exploited to release drugs from thermally sensitive particles at a target location. b| 
Microstreaming of the liquid surrounding a bubble can produce shear stresses that can also promote  
drug release from microparticles and nanoparticles, enhance convective transport and permeabilize 
both tissue and cellular membranes (shear-induced permeability). At higher pressure amplitudes, 
microjetting, bubble tunnelling and shockwave generation may all contribute to tissue 
permeabilization and to drug release from particles . c| The high temperatures and pressures 
produced in the core of a collapsing bubble may generate reactive oxygen species and 
electromagnetic radiation (sonoluminescence) that may stimulate a variety of biological processes 
and may be exploited for local activation of certain drugs, an approach known as sonodynamic 
therapy.  
 
Fig. 3. Schematic of the different mechanisms of cavitation nucleation. Bubbles may be generated 
through either homogenous or heterogenous nucleation. For drug delivery applications, bubble 
formation is almost exclusively the result of heterogenous nucleation. This is due in part to the 
extremely high pressures required for homogenous nucleation that are far outside the range 
associated with ultrasound therapy, and also to the presence of gaseous nuclei in tissue. These 
endogenous nuclei are thought to consist of either microscopic or nanoscopic gas bubbles stabilized 
by a ‘skin’ of surfactants 66,67, or crevices of similar scale on the surfaces of biological structures 63, 64. 
To improve the reproducibility of cavitation activity and/or to reduce the energy required, artificial 
(exogenous) nuclei may be introduced into tissue. These may be in the form of gas-entrapping solid 
nanoparticles95-100, superheated liquid droplets 82 that undergo a transition to gas bubbles upon 
exposure to ultrasound, or stabilized gas bubbles.       
 
Fig. 4. Oncological, brain, cardiovascular and transdermal applications of microbubble-enhanced 
drug delivery.  a| Microbubble-enhanced drug delivery for cancer treatment. Upon application of 
ultrasound, intratumoural extravasation and transport of a therapeutic virus are enhanced. b| 
Evidence of enhanced transdermal delivery and penetration  of a model vaccine, ovalbumin (OVA), 
through intact rodent skin induced by ultrasound responsive nanoparticles, nanocups (NC). c| Early 
evidence of successful microbubble-mediated reversible opening of the blood-brain barriers in 
humans.  The white dashed rectangles indicate the region of interest in the T1 weighted (T1W; T1 
the spin–lattice relaxation time) magnetic resonance images. In this region the appearance of areas 
of increased image intensity indicate extravasation of a contrast agent and hence opening of the 
blood brain barrier. d| Improved microvascular replenishment following microbubble-enhanced 
sonothrombolysis in human hearts. The ultrasound images are taken before (left panel) and after 
(right panel) treatment. The arrow indicates the region where blood flow has been restored, 
indicated by the change from low to normal image intensity between the images. Panel a is adapted 
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from Ref. 38. Panel b is adapted from Ref. 164. Panel c is adapted from Ref. 138. Panel d is adapted from 
Ref. 147.  
 
Fig. 5. Challenges and future directions for applications of acoustic cavitation. a| Sub-micrometre 
solid-particle cavitation nucleation agents (nanocups) yield improved intratumoural penetration and 
prolonged cavitation persistence compared to microbubbles currently used clinically as contrast 
agents (SonoVue). This improvement is evidenced by comparing the amplitude and duration of the 
passive acoustic mapping (PAM) signal .  b| These improvements result in enhanced intratumoural 
drug delivery compared to passive accumulation, acoustically inactive cups (i-cups) or microbubbles, 
and yield significant improvements in the delivery of a biologic agent, vaccinia oncolytic virus (VV). 
PBS: phosphate-buffered saline, SV: SonoVue, US: ultrasound, *P < 0.05, **P < 0.01, ns: 
nonsignificant P > 0.05. c| Determination of location-specific acoustic emissions by passive acoustic 
mapping (PAM) applied to three regions of cavitation in an agar gel. The left panel shows the passive 
source power map. The right panel shows the PAM signal from each region, and for comparison a 
raw channel signal used to generate the PAM (upper trace).  d| Correlation between the type, 
location and frequency content of cavitation activity resulting in reversible or irreversible opening of 
the blood-brain-barrier in vivo. The left panels show T1-weighted (T1 the spin–lattice relaxation 
time) magnetic resonance imaging (MRI) images, the right panels show the corresponding cavitation 
maps, with the pixel with maximum cavitation activity marked by the +. The regions of increased T1 
contrast and regions of increased cavitation (indicated by yellow squares) correspond. The upper 
panels show non-inertial cavitation, the lower panels show inertial cavitation.  e| A customized 
hemispherical multi-frequency sparse array (left panel inset) was used for therapy and PAM.  The T1-
weighted MRI image of the treated brain (left panel) indicates where treatment occurred (white 
arrow). The right panel shows the frequency spectrum of the beamformed signal at the point of 
maximum intensity.  f| Next-generation array-based systems can spatiotemporally map, classify and 
control cavitation activity in real time.  Panel a is adapted from Ref. 123. Panel b is adapted from Ref. 
131. Panel c is adapted from Ref. 118. Panel d is adapted from Ref. 136. Panel e is adapted from Ref. 172. 
Panel f contains images courtesy of Institute of Biomedical Engineering. 
 
Glossary Terms 
 
Lithotripsy: A medical procedure involving the physical destruction of solid masses such as kidney 
stones. 
 
High-intensity focused ultrasound: In medicine this refers to ultrasound with intensities typically 
exceeding 1000 Wcm-2 used for thermal ablation of tissue, for example for cancer treatment.  
 
Vascular: Relating to vessels, typically blood vessels. 
 
Endothelium: The layer of cells lining the interior surface of blood or lymphatic vessels.  
 
Microstreaming: The microscale circulation of a viscous fluid produced by an oscillating structure. 
 
Tissue phantoms: Synthetic objects whose physical properties are similar to those of tissue, enabling 
experiments to be conducted in a realistic environment. 
 
Transcytosis: A process by which material is transported through the interior of a cell by 
encapsulation within vesicles that are formed on one side of the cell and ejected on the other. 
 
Secondary radiation force: The force generated between two objects as a result of their oscillation, 
which may be attractive or repulsive. 
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Echogenicity: Ability to produce strong echoes — reflections or scattering — of an incident 
ultrasound field. 
 
Superharmonic focusing: The process by which a small acoustically responsive object acts as a lens 
focusing the high frequency components of a nonlinearly propagated ultrasound wave. 
 
Extravasation: The leakage of a fluid out of its container; in the context of drug delivery, the 
transport of material out of the blood stream into the surrounding tissue.   
 
 
Beamform: To combine signals with suitable delays so as to amplify information coming from the 
region of interest. 
 
Stromal layer: A region of tissue containing cells that are not part of the specific function of the 
organ in which they reside. In a tumour, this layer consists of cells that are not themselves malignant 
but present a dense barrier to the diffusion of drugs.  
 
Erythrocyte: Red blood cell, whose primary function is the transport of oxygen throughout the blood 
stream. 
Ischaemic: Referring to restricted blood supply and hence a shortage of oxygen. 
 
Recanalization: The process of restoring flow to a blocked vessel. 
 
Epicardial: Referring to the membrane constituting the outer layer of the heart. 
 
Langerhans cells: Immune cells present in all layers of the epidermis and stimulated during 
vaccination.  
 
 
 
 
 
 
 
 
 
 
 
 
 


