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intRoDuction
Nearly two decades ago, it was discovered that low-in-
tensity pulsed focused ultrasound (FUS) applied in the 
presence of intravenously circulating contrast agent micro-
bubbles can temporarily and selectively increase blood–
brain barrier (BBB) permeability in rabbits,1 providing 
a window for targeted delivery of therapeutics into the 
brain. Extensive pre-clinical work has demonstrated that a 
wide range of agents can be delivered to brain parenchyma 
using this approach (e.g. rodent models),2–8 and that 
various biological effects can result from FUS exposures 
with microbubbles but without additional agent delivery, 
including increased hippocampal neurogenesis,9,10 the 
clearance of amyloid-beta plaque pathology,11–13 as well 
as the stimulation of angiogenesis.14 Multiple laboratories 
have obtained positive therapeutic outcomes in animal 
models of brain tumors (e.g. rat models),7,15,16 Alzhei-
mer’s disease (AD; e.g. transgenic mouse models,11–13,17 
natural canine model of aging18) and Parkinson’s disease 
(e.g. transgenic rodent models).19–21 Based on the favor-
able safety profile of transcranial FUS-mediated BBB 

permeabilization observed in large animal experi-
ments performed using a commercial brain system (e.g. 
non-human primate22 and trans-human skull porcine23 
models), the first clinical trials in human subjects began 
at Sunnybrook Research Institute (Toronto, ON) in late 
2015. Two separate safety trials have recently completed 
with this extracorporeal FUS device (30 cm diameter 
hemispherical phased array, 1024 elements, 220–230 kHz 
center frequency; ExAblate Neuro, InSightec, Ltd., Tirat 
Carmel, Israel); one for enhanced chemotherapy delivery 
to brain tumors (NCT02343991) and another in patients 
with early AD24 (NCT02986932). A third safety trial 
in patients with amyotrophic lateral sclerosis (ALS) is 
currently ongoing (NCT03321487). Researchers in France 
have concurrently demonstrated that repeated ultrasound 
exposures with microbubbles in circulation using a device 
implanted within the skull (10 mm diameter unfocused 
single-element transducer, 1.05 MHz center frequency; 
SonoCloud, CarThera, Inc., Paris, France) is safe and 
well-tolerated in patients with recurrent glioblastoma25 
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aBstRact

Transcranial focused ultrasound (FUS) combined with intravenously circulating microbubbles can transiently and selec-
tively increase blood–brain barrier permeability to enable targeted drug delivery to the central nervous system, and 
is a technique that has the potential to revolutionize the way neurological diseases are managed in medical practice. 
Clinical testing of this approach is currently underway in patients with brain tumors, early Alzheimer’s disease, and 
amyotrophic lateral sclerosis. A major challenge that needs to be addressed in order for widespread clinical adoption of 
FUS-mediated blood–brain barrier permeabilization to occur is the development of systems and methods for real-time 
treatment monitoring and control, to ensure that safe and effective acoustic exposure levels are maintained throughout 
the procedures. This review gives a basic overview of the oscillation dynamics, acoustic emissions, and biological 
effects associated with ultrasound-stimulated microbubbles in vivo, and provides a summary of recent advances in 
acoustic-based strategies for detecting, controlling, and mapping microbubble activity in the brain. Further develop-
ment of next-generation clinical FUS brain devices tailored towards microbubble-mediated applications is warranted 
and required for translation of this potentially disruptive technology into routine clinical practice.
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(NCT02253212), and there is an ongoing trial in patients with 
mild AD using this invasive applicator (NCT03119961).

It has been known since the 1950’s that ultrasound exposure to 
the brain can lead to increased BBB permeability, when Bakay 
et al noted regions of trypan blue extravasation at the periphery 
of FUS-induced lesions in cat brain.26 Subsequent studies indi-
cated that increases in BBB permeability can be achieved in 
the absence of tissue damage via high-intensity FUS alone (i.e. 
without circulating microbubbles), however the approach was 
found to be inconsistent and unpredictable.27,28 Both thermal 
and non-thermal mechanisms were hypothesized to contribute 
to the FUS-mediated BBB permeabilization observed in these 
early studies.27,28 It has since been demonstrated that the dose 
threshold for thermal-mediated increases in BBB permeability is 
above that for brain tissue damage.29 More recently, inadvertent 
increases in BBB permeability have been observed in acute stroke 
patients following transcranial Doppler sonography without 
microbubbles,30 presumably due to skull heating effects.31

Following the seminal work of Hynynen et al.1 (i.e. frequency 
= 1.63 MHz frequency, peak negative pressure ≈ 1 MPa in situ, 
pulse length = 10 ms, pulse repetition frequency = 1 Hz, expo-
sure duration = 20 s, bolus of 50 µl kg–1 Optison® microbubbles), 
a wide range of treatment parameters have been investigated 
for inducing transient increases in BBB permeability via FUS 
and microbubbles (e.g. see reviews for details).32,33 With appro-
priate treatment parameters, which include factors related to 
the ultrasound pulsing scheme and microbubble administra-
tion protocol,34–40 increased microvascular permeability can 
be achieved without evident tissue damage upon histological 
examination.22,41,42 Under these conditions, barrier function-
ality is generally restored within a few hours1,43,44 independent 
of the treatment volume.45 However, unsuitable parameters can 
result in a lack of desired effect or, conversely, extended dura-
tions of increased BBB permeability (e.g. 3–5 days46,47), vascular 
damage48,49 or substantial neuroinflammation.40,50 Treatment 
parameter selection is complicated by the application of FUS 
exposures through the human skull, as it is difficult to predict 
the acoustic pressure levels in the brain due to substantial vari-
ations in skull transmission efficiency,51–53 imperfect trans-skull 
focusing,54 as well as the potential for standing wave formation 
within the skull cavity.55,56 Furthermore, the local vascularity and 
resulting microbubble concentration differ considerably between 
brain structures, and are thought to impact the obtained biolog-
ical outcomes.22,57,58 These sources of variability, combined with 
the relatively narrow window of parameters for which increased 
BBB permeability can be achieved without causing apparent 
tissue damage,22,41,42 necessitate the development of systems and 
methods for real-time treatment monitoring and control.

MRI is commonly used to assess the outcome of FUS procedures. 
For instance, gadolinium-based contrast-enhanced T1-weighted 
sequences can detect changes in microvascular permeability, 
whereas T2- and T2*-weighted sequences can monitor for the 
presence of unwanted edema or hemorrhage induced by the 
sonications, respectively.1,22,24 However, the potential for a 
delayed onset of increased BBB permeability following FUS 

exposures (e.g. 5–15 min post-sonication),59 coupled with the 
low temporal resolution of MRI (acquisition times ≈ seconds-
to-minutes) relative to the timescales over which the rele-
vant ultrasound–microbubble–vessel interactions take place 
(microseconds-to-milliseconds), restricts the use of MRI to 
post-treatment evaluations in this context. Further, repeated 
gadolinium-based MRI contrast agent injections can lead to 
longlasting brain deposits depending on the class of contrast 
agent that is administered, which may pose a risk to patients.60 
MR-thermometry, which is routinely employed for online 
monitoring of thermal FUS brain treatments, has limited utility 
during FUS BBB permeabilization procedures as the macro-
scopic temperature elevations generated are insignificant.1,23

Since spectral characteristics of the acoustic emissions gener-
ated from ultrasound-stimulated microbubbles can uncover 
features of the underlying bubble oscillation dynamics, remote 
detection of these signals may provide a means of guiding micro-
bubble-mediated FUS treatments. The acoustic signals detected 
during FUS exposures with microbubbles for increased BBB 
permeability have been identified as potential indicators of 
treatment outcome41,42,61,62 and have since been investigated for 
online monitoring and control of the procedures.63–68 Multiele-
ment detector arrays can provide spatial information regarding 
microbubble activity in the brain69–76 that can be exploited 
for acoustic exposure level calibration,74 and element-specific 
aberration corrections can be incorporated into the recon-
struction process to improve image quality in transcranial 
scenarios.70–72,77–79 This review gives a basic overview of the 
oscillation dynamics, acoustic emissions, and biological effects 
associated with ultrasound-stimulated microbubbles in vivo, and 
provides a summary of recent advances in acoustic-based strate-
gies for detecting, controlling, and mapping microbubble activity 
in the brain during transcranial FUS procedures.

acoustic cavitation: DynaMics, eMissions, 
anD Bioeffects
Acoustic cavitation refers to the interaction of acoustic waves 
with gas or vapor-filled cavities. At sufficiently high rarefactional 
pressures, cavitation and its accompanying bioeffects can be 
induced directly within tissue80 and the vasculature81 through 
nucleation of bubbles from the absorbed gases present in vivo 
and subsequent interactions of the nucleated bubbles with the 
incident acoustic field. Alternatively, encapsulated microbub-
bles, long used as contrast agents in diagnostic ultrasound,82 
can be injected into circulation to provide additional cavitation 
nuclei and reduce cavitation thresholds within the vasculature.83 
Commercially available ultrasound contrast agents consist of an 
air or perfluorocarbon core coated with a protein, polymer, or 
phospholipid shell to increase stability (i.e. circulation lifetime) 
at the sizes (<10 µm) required for successful entry into systemic 
circulation upon intravenous injection.84

In the context of biomedical ultrasound, cavitation activity 
is commonly separated into two distinct phenomenological 
regimes. Bubbles driven acoustically at low pressure amplitudes 
undergo periodic, volumetric oscillations about their equi-
librium state that are dominated by the compressibility of the 
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gas core, and under sufficient driving pressures non-spherical 
surface mode vibrations can develop. This type of bubble activity 
is often termed stable cavitation.85 The biological effects on the 
vasculature induced by stable cavitation are mainly attributed 
to a combination of acoustic microstreaming of the medium 
surrounding the bubble, which can exert large shear stresses on 
nearby cells or vessel walls,86 and stretching of the capillary vessel 
walls during the expansion and contraction states of the bubble 
oscillation.87 In addition, acoustic radiation forces can promote 
the translation of bubbles toward vessel walls88 and enhance 
the stresses experienced by nearby endothelial cells. These 
highly localized mechanical forces are thought to contribute to 
the ultrasound-triggered cell wall and vessel wall permeability 
observed in the presence of cavitating microbubbles,89 and may 
also play a role in FUS-mediated increases in BBB permeability 
through transient widening of the tight junctions.57,90 There is 
also evidence to suggest that bubbles undergoing stable oscilla-
tions can generate sufficient stresses to rupture capillaries.87

If the acoustic pressure is increased above a certain threshold 
value, bubbles can rapidly expand and violently collapse during 
the compression phase of the incident acoustic wave. Because 
the resulting chaotic collapse is dominated by the inertia of the 
surrounding liquid, this behavior is often referred to as iner-
tial cavitation.85 Inertial cavitation can generate shock waves, 
high-velocity liquid jets, as well as extreme thermodynamic 
conditions that can lead to chemical reactions as well as light 
production. Encapsulated microbubbles can also be disrupted 
through fragmentation91 or due to the loss of shell material.92 
Inertial bubble collapse has been associated with several biolog-
ical effects in vivo, including apoptosis,93 tissue necrosis,94 as well 
as blood vessel rupture.49

Bubbles scatter or reradiate pressure waves in response to ultra-
sound stimulation.85 These acoustic emissions can be detected 
remotely using piezoelectric transducers, providing a method 
for monitoring cavitation non-invasively. The pressure waves 
emitted by a bubble undergoing stable and inertial cavitation 
have markedly different acoustical signatures, which is most 
evident from differences in the spectral frequency content of 
the two scenarios. Under sufficient driving pressure, a bubble 
undergoing stable cavitation within an ultrasound field can emit 
harmonics (i.e. (n + 1)f; n = 1,2,3…) as well as subharmonics (i.e. 
f/(n + 1); n = 1,2,3…) and ultraharmonics (i.e. (2n + 1)f/2; n = 
1,2,3…) of the excitation frequency (f). Theoretical models have 
shown that subharmonic and ultraharmonic behavior can only 
exist when the driving pressure exceeds certain threshold values, 
both for free95,96 and encapsulated97 bubbles. For free bubbles, 
the threshold for the first subharmonic (i.e. f/2) is minimized 
when the bubble is driven at twice its resonance frequency (i.e. 
f = 2f0). For encapsulated microbubbles, rapid changes in the 
nonlinear shell elasticity and viscosity are thought to contribute 
to the enhancement of subharmonic behavior.97,98 Optical 
evidence suggests that the maximal subharmonic response from 
encapsulated microbubbles is obtained when 1.7f0 < f < 2.4f0, 
depending on the bubble size and transmit pressure employed.99 
Non-spherical modes of oscillation may also contribute to 
nonlinear bubble emissions.100 As the driving pressure is further 

increased and the inertial cavitation threshold is approached, 
broadband continuous noise, also visible to some extent during 
stable cavitation, becomes more prominent.85 Spectral analysis 
of cavitation emissions can therefore be used to characterize 
aspects of the underlying bubble dynamics, and this approach is 
under investigation for FUS treatment monitoring and control.

cavitation Detection
Perhaps the most common acoustic-based method for detecting 
cavitation remotely is through the use of a single-element passive 
cavitation detector (PCD), namely, a receive-only transducer 
that is separate from the therapy applicator81,94 (Figure  1a). 
With this approach, cavitation activity can be identified by an 
increase in the scattered signal in the time domain, or by changes 
in spectral content (e.g. harmonic, subharmonic, ultraharmonic, 
and broadband emission bands) in the frequency domain. The 
size, shape, and piezoelectric material of the detector can have 
a major impact on its spatial sensitivity profile and on the spec-
tral frequency characteristics of the measured signals, and these 
factors should be carefully considered when interpreting acoustic 
emissions data.103 For example, detectors made of piezoelec-
tric polymers (e.g. polyvinylidene fluoride) typically provide a 
broader frequency response than those made of piezoelectric 
ceramics (e.g. lead zirconate titanate) with equivalent geometry, 
with the trade-off of reduced levels of sensitivity. Single-element 
passive cavitation detection is now a well-established technique 
that is widely employed in both research and clinical settings for 
monitoring cavitation activity during the application of FUS. 
The existing clinical transcranial FUS brain systems (ExAblate 
Neuro, InSightec, Ltd., Tirat Carmel, Israel) have incorporated 
single-element PCDs for improved treatment safety, with sonica-
tions terminated automatically if signatures of significant inertial 
cavitation activity are observed.23,104

Several pre-clinical studies on FUS-mediated increased 
BBB permeability have reported correlations between spec-
tral characteristics of the acoustic emissions captured using 
a single-element PCD and the resulting treatment outc
omes.39,41,42,58,61,62,68,105–107 For example, it has been shown 
that increased vascular permeability can be achieved without 
detecting broadband emissions or red blood cell (RBC) extrav-
asations,41,42 both evidence of inertial cavitation activity. These 
initial studies also reported significant increases in the strength 
of harmonic signals when exposure levels resulting in increased 
BBB permeability were employed, suggesting that harmonic 
emissions may be a useful metric for indicating treatment prog-
ress. Numerous reports have since attempted to correlate aspects 
of measured cavitation emissions with the resulting biological 
effects in a retrospective fashion, including the magnitude of 
increased BBB permeability, the BBB closure time, as well as 
the presence/absence of damage.39,58,61,62,68,105–107 For instance, 
exposure parameters that result in detectable broadband emis-
sions are frequently associated with vascular, parenchymal, or 
neuronal damage.22,41,42,61,63,65,66,105 However, some studies have 
suggested that the detection of low-level broadband noise does 
not always result in damage,39,42,65,66 whereas in other cases RBC 
extravasations have been observed in the treated zone without 
detecting any significant wideband signals.39,64 The feasibility 
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of monitoring contrast agent microbubble emissions transcra-
nially with a single-element PCD has been demonstrated in 
large animal models through both primate22,58 and human23 
skulls during pre-clinical testing of FUS-mediated increased 
BBB permeability, and initial clinical feasibility has recently been 
demonstrated.24,108,109

cavitation contRol
The retrospective studies described in the previous section have 
prompted research that has attempted to exploit the acoustic 
emissions detected during FUS-mediated increased BBB perme-
ability for real-time treatment feedback to achieve the desired 
biological effects while preventing unwanted damage. In one 
study, Arvanitis et al63 monitored changes in the combination of 
the first three harmonics of the transmit frequency during tran-
scranial exposures in macaques using two separate detectors. 
The applied pressure level for each sonication was held constant, 
and was adjusted manually based on the spectral content of the 

received signals relative to baseline (i.e. without microbubbles 
in circulation) in previous exposures at the same target loca-
tion for a given animal. The authors found that increasing the 
exposure level until a strong increase in harmonic emissions was 
detected relative to baseline, while staying below the threshold 
for substantial broadband noise, was an effective way of ensuring 
safe increases in BBB permeability. Expanding on this work, Sun 
et al66 developed a closed-loop feedback controller that sustains 
increased levels of harmonic emissions and suppresses broad-
band noise, both relative to their respective baseline levels. This 
control paradigm has been shown to enable reliable delivery 
of pre-defined, therapeutically relevant drug concentrations in 
both healthy and tumor bearing rats without causing apparent 
tissue damage.

Tsai et al carried out constant pressure sonications in rodents 
with a confocal dual-frequency transducer setup designed to 
terminate exposures automatically if subharmonic emissions 

Figure 1. Various detector types used to monitor acoustic cavitation remotely. (a) Single-element PCD potted in the middle 
of a spherically curved therapy transducer (FUS Instruments, Inc., Toronto, ON). (b) 1D linear array aligned with a spherically 
curved therapy transducer101 (© 2014 IEEE. Reprinted, with permission, from IEEE Transactions on Ultrasonics, Ferroelectrics, and 
Frequency Control). (c) Multifrequency sparse hemispherical transmit/receive ultrasound phased array clinical prototype.74 (d) 
Sparse hemispherical receiver array integrated within a clinical MRI-guided FUS brain system102 (© Institute of Physics and Engi-
neering in Medicine. Reproduced by permission of IOP publishing. All rights reserved).
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were detected, and concluded that the detection of subharmonic 
activity was a good predictor of increased BBB permeability.65 
With the current implementation, this approach65 lacks the flex-
ibility to modulate the exposure level to account for variable in 
situ pressures within the brain. A recent pre-clinical study has 
proposed a closed-loop control scheme where a pre-determined 
level of ultraharmonic emissions is maintained throughout 
the entire exposure duration, however, safety assessments (e.g. 
histological examination) are necessary to determine whether 
this approach can lead to increased BBB permeability without 
causing tissue damage.67 Finally, O’Reilly et al increased the 
transmit pressure incrementally on a burst-by-burst basis until 
either the first or second ultraharmonic signals were detected 
by a single sensor, at which point the pressure was reduced to 
a percentage of the value required to induce this microbubble 
activity for the remainder of the sonication.64 In that study, 
sonications carried out at the 50% target level were shown to 
consistently produce safe increases in BBB permeability; lower 
target levels (i.e. 0 and 25%) were less likely to result in perme-
ability enhancement, whereas at higher target levels (i.e. 75%) 
gross tissue damage was observed occasionally. Although ultra-
harmonics were analyzed in the original publication,64 subse-
quent work has utilized subharmonic signals within the same 
general approach.12 A modified version of this calibration 
method is currently being tested clinically during sonications 
in patients with early AD using a commercial transcranial FUS 
brain system.24

Although single-element PCDs can provide useful informa-
tion for FUS treatment monitoring and control, the approach 
is limited by the sensor's fixed receive sensitivity profile, which 
inhibits spatially resolved cavitation detection from being 
carried out over an extended region. An inherent trade-off exists 
between the volume of sensitivity and spatial specificity of a 
single-element detector; focused receivers provide higher levels 
of sensitivity over a more confined spatial volume than do unfo-
cused receivers of the same aperture size and spectral frequency 
characteristics. Focused detectors are therefore prone to missing 
cavitation events that originate from outside of their spatial 
sensing volume, whereas unfocused detectors cannot localize 
acoustic emissions with a high degree of spatial specificity and 
may fail to detect weaker cavitation events due to reduced levels 
of sensitivity. Unfocused detectors are thus more susceptible to 
false-positive detection events, such as the occurrence of cavi-
tation activity in the coupling medium between the subject 
and the therapeutic transducer,64 though it may be possible to 
ascertain whether or not acoustic emissions have originated 
from within the brain based on the relative spectral content of 
different non-linear frequency components.110 Furthermore, 
when attempting to monitor cavitation activity in the brain, the 
location and orientation of the detector relative to the skull bone 
can greatly influence the nature of the recorded signals due to 
various effects such as local variations in attenuation, reflection/
refractive effects, standing wave fields, and shear mode conver-
sion.52,56,111,112 Thus, despite their widespread use in pre-clinical 
and clinical settings, single-element PCDs suffer from a number 
of limitations, particularly when employed in transcranial 
scenarios.

cavitation MaPPing
Spatial information regarding microbubble activity would 
improve the safety of cavitation-mediated FUS procedures by 
allowing confirmation that the intended bioeffects are localized 
at the target(s) of interest while simultaneously monitoring for 
potential off-target microbubble behavior. During trans-skull 
FUS brain therapy, cavitation activity can be generated outside 
of the intended focal zone in sidelobes of the acoustic field112 
or as a result of intracranial reverberations,55,56 and is more 
likely to occur in regions with a reduced cavitation threshold 
(e.g. tissue–ventricle interfaces).113 Multiple pre-clinical studies 
have observed FUS-induced bioeffects outside of the intended 
treatment region following exposures with microbubbles in 
circulation,112,114,115 including a recent study on FUS-mediated 
increased BBB permeability.66 Mechanical translation and/or 
rotation of a single-element detector can enable spatial mapping 
of cavitation distributions,116 though this approach requires 
highly stable cavitation fields over the course of signal acquisi-
tion and is impractical when such information is desired over 
large regions.

Pulse-echo imaging of ultrasound contrast agents via non-linear 
imaging sequences117,118 or filtering techniques119 can provide 
spatial information regarding microbubble activity in vivo. 
However, in the context of monitoring cavitation activity orig-
inating from within the brain, the acoustical properties (e.g. 
density, sound speed, attenuation) of human skull bone severely 
limit the use of typical B-mode frequencies.51 The application of 
low frequencies and shear-mode conversion may provide a solu-
tion for bubble cloud imaging in patients in the future.111,120

Multielement passive sensor arrays can generate spatial infor-
mation regarding source fields via beamforming of the acquired 
signals, and this approach has been utilized for a wide variety 
of applications in the field of acoustics.121–125 Distribution of 
the receivers over a two-dimensional (2D) surface enables 
three-dimensional (3D) source field mapping.122 Over the past 
decade, passive sensor arrays have become increasingly investi-
gated within the therapeutic ultrasound community for spatial 
mapping of cavitation activity.126–131 Passive acoustic imaging 
techniques have several important differences from traditional 
active imaging schemes (e.g. B-mode, Doppler) that make 
them particularly well-suited for ultrasound therapy guidance. 
Because passive imaging approaches rely on the therapy appli-
cator for the excitation source, cavitation activity can be moni-
tored continuously throughout the exposures without needing 
to gate the therapy burst to send interleaved imaging sequences. 
Passive beamforming methods typically form images based on 
correlations between the signals received on different elements of 
the array125,128 without using absolute time-of-flight information 
(n.b. synchronized passive acoustic imaging has been achieved in 
vitro101 and in vivo73,76 using absolute time-of-flight information, 
and has been shown to improve the axial resolution of one-di-
mensional (1D) arrays when short excitation bursts are used), 
whereas traditional line-by-line active imaging exploits absolute 
time-of-flight to encode image depth. As a result, the spatial reso-
lution obtained via conventional delay, sum, and integrate passive 
beamforming algorithms (e.g. see Refs. 71,125,128 for details) is 
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primarily dictated by the source's spectral characteristics and the 
receiver array’s diffraction pattern, and, contrary to traditional 
active imaging schemes is independent of burst length.129 This 
feature can be beneficial from a therapy monitoring perspective 
as it allows for continuous imaging throughout long therapy 
bursts without having to sacrifice spatial resolution. The use of 
long bursts also provides the opportunity to perform temporal 
averaging for improving the image signal-to-noise ratio (SNR) 
and temporal frequency resolution, the latter of which can aid 
in differentiating between specific types of cavitation activity, 
with the associated trade-off of reduced temporal resolution.77 
However, if the SNR of the individual detectors is sufficient, 
short-time analysis can provide spatial cavitation maps as a 
function of time within a given therapy burst at high temporal 
resolution. In the context of sonothrombolysis in vitro without 
exogenous cavitation nuclei, megahertz-rate processing has been 
shown to uncover details regarding the evolution of cavitation 
activity that can be missed when temporal averaging is carried 
out over the duration of ultrasound on-time.132 Ultrafast 3D 
acoustic imaging has also been employed in vivo for spatiotem-
poral monitoring of contrast agent microbubbles during cavita-
tion-mediated brain therapy.133 In the future, high volume-rate 
3D microbubble imaging is expected to aid in the development 
of FUS treatment control strategies,74 and may also have applica-
tion in bubble tracking for ultrasound angiography beyond the 
diffraction limit.134,135

The incorporation of passive acoustic imaging during cavita-
tion-mediated FUS brain therapies would undoubtedly make the 
procedures more practical, however, ultrasound imaging in the 
human brain is complicated by the presence of the intervening 
skull. One approach to utilizing passive beamforming methods 
in the brain is to image through acoustic windows (e.g. temporal 
or suboccipital windows) using a narrow-aperture array, such 
as a 1D linear diagnostic probe69,73,75,76,78 (Figure 1b). With this 
configuration, the local variations in skull morphology over the 
region of acoustic signal collection are small, and transcranial 
passive acoustic imaging can be achieved at sufficiently low 
frequencies without the need for element-specific aberration 
corrections on receive.69,73,75,76,78 However, the limited range of 
acceptance angles from which source signals can be acquired 
using such a narrow-aperture device leads to poor spatial reso-
lution, particularly in the axial direction (i.e. along the acoustic 
axis of the transducer), when employing delay, sum, and inte-
grate passive beamforming methods.71,125,128 Furthermore, the 
effective imaging region with a stationary small-aperture 1D 
receiver array is confined to a 2D area located near the central 
axis of the device. Lastly, considerable inter- and intrapatient 
variability exists in the availability of acoustic windows within 
human skull bone, and each acoustic window has a limited field-
of-view within the brain.136

Alternatively, the use of large-aperture 2D receiver arrays allows 
source signals of interest to be acquired over a greater solid 
angle, and enables 3D acoustic imaging with improvements in 
spatial resolution, receive sensitivity, and the effective imaging 
volume during passive beamforming.77 For monitoring cavita-
tion activity within the brain in a clinical setting, the use of a 

receiver array covering the maximal available skull surface area 
would thus greatly improve upon the case of imaging through 
acoustic bone windows with a narrow-aperture device. Indeed, 
such a large-aperture design is employed in the transmit arrays 
that are currently used for transcranial FUS brain therapy in the 
clinic.23,24 However, element-specific corrections will become 
necessary on receive to account for skull-induced aberrations, 
particularly at higher source frequencies, analogous to the case of 
transcranial transmit beam focusing with large-aperture arrays. 
It has been shown through both numerical simulations77,78 and 
experimental measurements70–72,79,134,137 that aberration correc-
tions can provide improvements in image quality (e.g. positional 
error, main lobe volume, peak sidelobe ratio, image SNR) when 
employing passive acoustic imaging through human calvaria. 
Similar to the transmit focusing case, trans-skull aberration 
corrections can be obtained for imaging purposes through inva-
sive measurements with an emitting/receiving transducer,70,72 or 
via non-invasive approaches, such as CT-based ultrasound prop-
agation modeling71,77–79 or analysis of single bubble emissions 
originating from within the skull cavity.134,137

The FUS group at Sunnybrook Research Institute (Toronto, 
ON) has developed large-aperture transmit/receive hemispher-
ical ultrasound arrays for microbubble-mediated transcranial 
therapy delivery and simultaneous 3D cavitation mapping.70,72,74 
Numerical simulations were carried out to inform the various 
device designs,77 as transducer layout is known to play a major 
role in the obtainable transmit focusing quality and imaging 
point spread function of sparse array systems. In the initial 
work, O’Reilly et al integrated a sparse hemispherical receiver 
array within an existing fully populated transcranial phased 
array prototype.70 Using this dual-mode system, the feasibility 
of 3D bubble cloud mapping in the brain during exposures 
carried out at pressure levels below and above the threshold for 
FUS-mediated increases in BBB permeability was demonstrated 
in rodents70 with an intervening ex vivo human skullcap.71 The 
same group has also fabricated multifrequency FUS brain proto-
type systems (Figure  1c) with increased flexibility from both 
therapy delivery and treatment monitoring standpoints.72,74 
Using one of these clinical-scale prototypes, it has been shown 
in both rabbits74 and pigs138 that 3D transcranial subhar-
monic imaging can be used to actively calibrate exposure levels 
for volumetric FUS-mediated increases in BBB permeability 
without causing apparent tissue damage (Figure 2). Researchers 
at Brigham and Womens Hospital (Boston, MA) have recently 
designed a sparse hemispherical array to fit within a clinical 
MRI-guided FUS brain system (Figure 1d), and have presented 
results of 3D bubble cloud mapping during non-thermal ablation 
in the brain of a macaque with this device.102 A lab in Taiwan has 
also constructed a dual-mode ultrasound phased array system 
for microbubble-mediated FUS brain therapy.139

The continued development of systems and methods for tran-
scranial therapy delivery and simultaneous 3D microbubble 
mapping/control are expected to improve the safety and efficacy 
of FUS-mediated BBB permeability enhancement procedures. 
Furthermore, as this general approach to treatment guid-
ance is applicable to other cavitation-mediated therapies (e.g. 
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Figure 2. Example of 3D transcranial subharmonic microbubble imaging for calibrating acoustic exposure levels for inducing volu-
metric FUS-mediated BBB permeabilization in the thalamus of a New Zealand White rabbit (male, 3 kg) without causing apparent 
tissue damage. The data correspond to an animal from the “treatment group” of the study described in Ref.74 (a) MRI data. (Left) 
Axial T2w MR image acquired pre-FUS. Two non-overlapping target volumes (6 × 6 point grids, 1.0 mm point spacing, “X” symbol 
denotes calibration point) and their respective electronic beam steering trajectories are illustrated. (Center) Axial CE-T1w MR 
image acquired immediately post-FUS. Regions of CE-T1w MRI signal hyperintensity were induced by the exposures, indicating 
increased BBB permeability within the target volumes. (Right) Axial T2*w MR image acquired 15 min post-FUS. No obvious regions 
of T2*w MRI signal hypointensity were induced by the exposures. Histological examination of hematoxylin-eosin stained tissue 
sections revealed no RBC extravasations in this animal,74 confirming that safe exposure levels were employed. Scale bar indicates 
5 mm. (b) Ultrasound data corresponding to the posterior-most target volume (yellow). (Top Left) Estimated in situ spatial-peak 
temporal-peak negative pressure (pSPTPN) and (Bottom Left) SPTA source field intensity of 3D acoustic reconstructions during a 
calibration sonication with microbubbles in circulation and subsequent therapeutic exposure at the 50% target level (f = 612 kHz, 
burst length = 10 ms, burst repetition frequency = 1 Hz). Baseline values from a pressure ramp at the same target location acquired 
without microbubbles in circulation are also shown. The received signals were captured using the array elements tuned to the 
subharmonic (f/2 = 306 kHz). A delay of 5 min between sonications allowed the bubbles to mostly clear from the circulation. 
(Top Right) Normalized MIP contour images (linear contours at 10% intervals) of temporal-average source field intensity volume 
distributions for the bursts 42 s (pSPTPN = 0.59 MPa, no subharmonic activity) and 43 s (pSPTPN = 0.60 MPa, subharmonic activity) 
into the calibration sonication. The imaging field-of-view is centered on the calibration point (“X” symbols). Scale bar indicates 3 
mm. (Bottom Right) Frequency spectrum of the beamformed signal at the location of SPTA source field intensity for the bursts 
42 and 43 s into the calibration sonication. The data are normalized to the spectral peak at the fundamental frequency for t = 43 
s. Further details regarding the MRI and ultrasound protocols can be found in Ref.74
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non-thermal ablation,114,115 sonothrombolysis,140 histotripsy141) 
and would improve upon existing cavitation monitoring strat-
egies during treatments that are intended to be purely ther-
mal-based,53,104 these acoustic-based techniques stand to have a 
substantial impact on the clinical management of neurological 
disorders by making FUS brain interventions safe and practical.

conclusion
Since the first pre-clinical experiments were published in 2001,1 
the application of transcranial FUS in conjunction with intrave-
nously circulating microbubbles for increased BBB permeability 
has been shown by multiple independent laboratories to enable 
the delivery of a wide range of therapeutics into the brain and 
improve outcomes in various animal disease models—work that 
ultimately culminated in initial clinical testing in patients with 
brain tumors (in 2015), early AD (in 2017), and ALS (in 2018). 
Continual improvements in therapeutic ultrasound system capa-
bilities and image-guidance strategies are expanding the use of 
FUS in the brain, thereby increasing the number of neurolog-
ical indications for which FUS is a viable and effective treatment 
option. In particular, the development of next-generation clinical 
brain systems capable of transcranial therapy delivery and simul-
taneous detection, control, and mapping of microbubble activity 
will make FUS-mediated BBB permeability enhancement proce-
dures more practical, and will help facilitate the technique’s 
translation into routine clinical practice.
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