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Abstract

The demands for region-specific, non-invasive therapies for neurological/psychiatric conditions 

are growing. We have witnessed the rise of transcranial focused ultrasound (tFUS) technology that 

temporarily and reversibly disrupts the blood-brain-barrier (BBB) in the brain with exceptional 

control over the spatial precisions and depth, all in a non-invasive manner. Starting with small 

animal studies about a decade ago, the technique is now being explored in non-human primates 

and humans for the assessment of its efficacy and safety. The ability to transfer exogenous/

endogenous therapeutic agents, cells, and biomolecules across the BBB opens up new therapeutic 

avenues for various neurological conditions, with a possibility to modulate the excitability of 

regional brain function. In this review, we address the technical fundamentals, sonication 

parameters, experimental protocols, and monitoring techniques to examine the efficacy/safety in 

FUS-mediated BBB disruption, and discuss its potential translations to clinical use.
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1. Introduction

The blood-brain-barrier (BBB) plays an essential role in maintaining the normal physiology 

of the brain; however, it can complicate neurological treatment procedures by blocking the 

introduction of therapeutic agents and cells to the brain parenchyma. Advancement in 

transcranial focused ultrasound (tFUS) technique allows for the delivery of acoustic pressure 

waves to regional brain areas, with exquisite control over the size and depth. Research has 

shown that the pulsed application of the focused ultrasound (FUS), when combined with the 

intravenous (IV) injection of microbubbles (MBs) clinically used in ultrasound imaging, can 

temporarily and reversibly disrupt the regional BBB. This technique has shown new 

possibility for transferring exogenous pharmaceutical/biological agents across the BBB. 
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This has opened up new avenues toward neurotherapeutic opportunities, yet the technique 

has many challenges ahead for its effective and safe use. In this review, we intend to provide 

the technical information regarding tFUS-MB mediated BBB disruption (BBBd) and its 

potential clinical translations based on a survey of the literature.

1.1. Brief review of structural and functional characteristics of the BBB

Extensive investigation has been performed to discover the roles and physiology of the BBB. 

The BBB serves as a physical barrier separating the blood circulating in the cerebral 

vasculature from the brain (1). The main function of the BBB is to protect the brain 

parenchyma from other foreign/immunogenic substances while allowing passive diffusional 

transport of water, lipid-/water-soluble gases, and molecules as well as facilitating active 

transport of key nutrients for neural function (2). It is distinguished from other types of 

barriers involving the brain, e.g., the barrier existing between circulating blood and 

cerebrospinal fluid (CSF) (3).

The lumen of the cerebral vasculature in the brain is made up of cerebral endothelial cells 

that are ‘welded’ together by tight junctions. The extracellular domains of cells in tight 

junctions are composed of transmembrane proteins such as junctional adhesion molecules 

(JAM), occludins, and claudins. Neuronal cells such as pericytes and astrocytes are present 

around the cerebral vasculature, and play important roles in the proper formation and 

maintenance of the BBB. The normal function of the BBB is compromised mostly through 

trauma or sequelae from stroke. Abnormal function of the BBB has been implicated in 

neurological disorders such as epilepsy, demyelination diseases (e.g., multiple sclerosis and 

amyotrophic sclerosis), psychiatric conditions such as schizophrenia, and neurodegenerative 

diseases such as Alzheimer’s disease (AD) (4–6).

1.2. Review of conventional methods to disrupt the BBB

Various means to modify the BBB permeability using solvents have been proposed (1), such 

as the administration of hyperosmotic solutions (7). These methods, with questionable 

safety, affect broad brain areas; therefore, targeted disruption is not possible. Localized 

temperature elevation achieved via microwave irradiation is known to disrupt the BBB (8). 

However, there are risks associated with thermal damage, which raise safety issues for its 

routine clinical use. Localized direct injection of drugs has been proposed (9), but it requires 

invasive procedures. Biological agents such as viruses or vasoactive molecules (e.g., 

vascular endothelial growth factor) and compounds that utilize innate cell-mediated 

transport mechanisms have been used (10). These methods suffer from a lack of spatial 

specificity that would enable locally-targeted disruption of the BBB. A batch of ultrasound 

wave pulses, given at a moderate pressure-level, in a highly-repetitive fashion, also appear to 

disrupt the BBB (11).

1.3. Microbubble interactions with ultrasound

Mechanical pressure waves, including soundwaves, disrupt the integrity of the BBB. 

However, an excessive level of acoustic pressure is prone to damage targeted and 

surrounding brain tissues. This leads to investigations to find a way to deliver and amplify 
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the local acoustic pressure level just enough to disrupt the BBB without damaging the brain, 

and combined use of MBs with ultrasound was suggested (12).

The commercial introduction of various microbubble (MB)-based ultrasound contrast agents 

in the early and mid-1990s helped trigger the investigation of ultrasound-mediated BBBd. 

The MB was originally intended for enhancing echogenicity of the blood vessels by being 

confined in the vascular pool, for liver or vascular/cardiac ultrasound imaging, as contrast 

agents (CAs) (13). The size of the microsphere varies slightly, and there are several 

academic labs that develop in-house MBs with different sizes and material characteristics to 

be used as special delivery vehicles (14–17).

Although the detailed mechanism behind the FUS-mediated BBBd has yet to be ascertained, 

two major mechanisms have been suggested as likely candidates—one via stable cavitation 

(i.e., wobbled expansion and contraction of MBs) and the other via inertial cavitation 

(extensive wobbles often resulting in ‘disrupting’ or ‘popping’ MBs). In more detail, stable 

cavitation involves harmonic, sub-/ultra-harmonic oscillations from MBs (15, 18–21), and 

becomes the dominant mechanism for BBBd when MB diameters are similar to the 

diameters of surrounding blood vessels (19). Inertial cavitation is caused by collapses and 

disruptions of MBs (causing broadband emissions) (15, 21), and can cause vascular damage 

(19, 20). When MB diameters are smaller than vessel diameters, inertial cavitation is more 

likely to occur (19, 22). These effects altogether amplify pressure waves experienced by the 

local blood vessels and can mechanically loosen adjacent endothelial barriers (23, 24).

2. FUS for the localized disruption of BBB – Basic fundamentals

Advancements in FUS techniques, with image-guidance for targeting the sonication focus to 

a specific region-of-interest, have enabled non-invasive delivery of highly-focused (with a 

focal size measuring a few millimeters) acoustic energy to biological tissues, by using 

acoustic lens (25), the geometric shape of the transducer (26), and the phased actuation of 

multiple FUS elements (27). The focused acoustic waves can deposit thermal and 

mechanical energy to a small, selected area of the human anatomy, and have been utilized 

for clinical applications ranging from thermal ablation to extracorporeal shock wave 

lithotripsy (28, 29).

Transcranial application of FUS, unlike sonication through soft tissue, casts many 

challenges, because the skull introduces significant aberration of the acoustic beam path via 
acoustic absorption/reflection/refractions. The use of a low fundamental frequency (typically 

< 1 MHz, which is much lower than the 1–15 MHz range used for clinical imaging) helps to 

alleviate concerns over the significant attenuation and refraction of the acoustic energy (30). 

The use of a phased-array FUS transducer configuration (consisting of > 1000 ultrasound 

elements surrounding the head) and the independent actuation of each transducer element, 

can further correct acoustic aberration caused by the skull (27, 31). These techniques have 

been utilized for thermal ablation of brain tumors and for functional neurosurgery in humans 

by adopting a high acoustic power (typically ranging from a few hundred to thousand watts) 

(32, 33). A single-element FUS transducer configuration, having a segmented spherical 
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shape with variable or fixed focal depth, is also used to deliver focused acoustic energy to 

the brain transcranially (34).

2.1. tFUS hardware

A few technical terms and hardware configurations to achieve successful BBBd are outlined. 

An MR-guided (MRg) clinical tFUS surgery platform, based on a helmet-style, multiple-

element phased-array transducer configuration (e.g., ExAblate™, Insightec, Israel), allows 

for the correction of phase aberrations (of the acoustic waves from each individual 

ultrasound transducer element) introduced by the skull by independently actuating the 

transducer elements that surround the human cranium (32, 33). The helmet is filled with 

circulating degassed water surrounding the head and a rubber diaphragm is used to block 

water leakage. The system is efficient in reaching deep brain areas, as the ‘angle of attack’ 

(noted as ‘α’; in Fig. 1A) of the acoustic wavefront originating from each transducer 

element is large relative to the skull surface. However, when the focus is placed near the 

surface of the brain, such as cortical areas, the angle becomes smaller for a few transducers 

(noted as ‘β’; in Fig. 1B), and subsequently increases the level of refraction/reflection at the 

skull surface beyond control. To remedy this shortcoming, beam-selection (selectively 

activating the arrays closest to the sonication target) or blocking of the waves that cause 

excessive aberration (illustrated in Fig. 1C) can be employed. These can also be substituted 

by the use of a smaller single-element FUS transducer (e.g., Neurosona™, Neuro Science 

Network, LTD, Korea) having customizable focal size and depth) that is maneuvered around 

the skull under the image-guidance (illustrated in Fig. 1D).

Although it would be ideal to have the capability for electronic beam steering and focal size 

adjustment to provide ultimate flexibility in an experiment (achievable through the use of 

multi-arrayed transducers), a single-element configuration has been used in many 

exploratory BBBd experiments. A single-element transducer configuration, having a 

segmented spherical shape with variable or fixed focal depth, grants the (practical) wearable 

design for both humans and large animals. The sonication location can be changed by 

moving the transducer around the scalp while acoustic coupling media, such as a (degassed) 

water-filled bag (35) or a compressible polyvinyl alcohol hydrogel (36, 37), are provided at 

the interface. The utility of a single-element design was already demonstrated in delivering 

highly-focused acoustic energy across various brain areas in sheep as well as in humans (11, 

34).

2.2. Image-guidance

To visualize acoustic wave propagation and focal location, MRI-based thermometry imaging 

(35) or Acoustic Radiation Force Imaging (AFRI) (38) have been proposed; however, 

heating of the brain tissue may not be a desirable option in many clinical cases while the 

sensitivity of ARFI is not sufficient to detect elastic changes of the brain tissue at the 

acoustic focus. Therefore, image-guidance is desired to inform the operator of the location 

of the focus in the brain. To do so, neuroanatomical information (through magnetic 

resonance imaging; MRI and computed tomography; CT) is acquired from the individual, 

and this ‘virtual’ information is registered to the actual space of the individual’s head (38). 

By subsequently tracking the relative spatial and orientation information of the transducer 
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with respect to the head in real-time using optical tracking systems, one can reasonably 

estimate the location of the focus. However, due to the attenuation and deviation of the wave 

propagation through the skull, simple geometric/spatial information of the focus based on 

transducer specifications may not be sufficient to accurately predict the location, shape, and 

intensity of the focus. To augment the accuracy of image-guidance and to predict the state of 

the acoustic wave propagation through the media, (especially the in situ acoustic pressure at 

the focus), a computer-based numerical simulation can be used (39, 40). The simulation-

assisted guidance not only increases the spatial accuracy of sonication, but also informs the 

operator of potential safety risks, such as the formation of standing waves (41) that can 

create unwanted acoustic foci in the brain.

2.3. Pulsing schemes of tFUS for BBBd

Continuous application of FUS energy to a local brain area can eventually elevate the tissue 

temperature when given beyond a level at which the generated heat will not dissipate 

quickly. To disrupt the BBB without heating the brain tissue, tFUS is typically given in a 

batch of pulsed applications of ultrasound pressure waves (illustrated in Fig. 2) at 

fundamental frequencies (FF), typically in a range of 200–700 kHz. The batch of bursts of 

pulses, each having a specific tone-burst-duration (TBD), are administered in a repeated 

fashion with a pulse repetition frequency (PRF), whereby TBD and PRF together determine 

the duty cycle (DC) of sonication (in %, which indicates the fraction of active sonication 

time). Since the PRF is low in BBBd, on the order of 0.5–2 Hz (see later section), the 

nomenclature of DC is seldom used. The overall duration of pulsed sonication is termed as 

sonication duration (SD).

FF is inversely related to wavelength (speed of sound in the water ÷ FF). Therefore, 

increasing the FF reduces the wavelength. Assuming the sound of speed in the water/

biological tissue is estimated to be around 1500 m/s, the wavelength of the ultrasound at 250 

kHz, for example, would be 1500 m/s ÷ 250 kHz = 6 mm.

It is important to note that the wavelength is one of the key elements to determine the rate of 

transmission through the skull, whereby the use of longer wavelengths (i.e., smaller FF) 

generally results in better acoustic transmission through the skull. For example, in the case 

of the human skull, at FF > 1 MHz, most of the acoustic energy (> 99%) is lost and cannot 

be transmitted through the cranium. The wavelength, on the other hand, limits the minimum 

achievable size of the focus (in diameter and length; the focus is generally ellipsoid in shape 

with its long axis aligned to the sonication direction). Although the size and shape of the 

focus is dependent on many factors, such as transducer geometry and configurations 

(described further in Section 2.4 below), the use of a shorter wavelength generally improves 

the overall spatial selectivity of the sonication (by generating a smaller focus) while a longer 

wavelength reduces spatial selectivity (by generating a larger focal size). Therefore, 

compromise must be made between the transmission rate and the size of the focus.

The energy of the acoustic waves is also an important parameter in the FUS application, and 

is typically represented by acoustic intensity, i.e., the acoustic power per given area (i.e., 

W/cm2). Acoustic intensity is conventionally expressed in spatial-peak pulse-average 

intensity (Isppa) while spatial-peak temporal-average intensity (Ispta) represents its time-
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averaged value per stimulus. The nomenclature, however, is not favorably used in the field of 

FUS-mediated BBBd since the effectiveness of disruption is related to the acoustic pressure 

at the focus (represented in unit, Pascal; Pa). The mechanical pressure waves have positive 

(i.e., ‘push’) and negative (i.e., ‘pull’) components in an oscillating manner in the time 

domain. Only unidirectional amplitude, particularly negative peak pressure (represented as 

the peak rarefactional pressure) is considered important for estimating the effectiveness and 

safety of the method.

Another component to be considered is Mechanical Index (MI), which is a generally-

accepted index to gauge the safety of the ultrasound output. MI is a unit-less index that 

involves both FF and pressure, and is defined as peak rarefactional pressure (in MPa) ÷ √FF 

(in MHz). A higher MI is associated with higher risks of mechanically affecting the 

biological tissue. In the context of tFUS-MB mediated BBBd, McDannold and colleagues 

have found that MI is positively correlated with efficacy of BBBd (42). Some literature 

started to introduce a new index called Cavitation Index (CI), peak rarefactional pressure (in 

MPa unit) ÷ FF (in MHz unit), to gauge the efficacy of the BBBd and the likelihood of 

subharmonic emissions from stable cavitation (18, 20). However, this model is limited to a 

relatively high frequency range (> 800 kHz), and may not be used in the FF range applicable 

for use in humans (18).

2.4. Parameters that affect the focal shape and size of tFUS

In addition to FF (and associated wavelength), the spatial selectivity of the FUS, i.e., 3-

dimensional acoustic pressure distribution generated by the FUS transducer, is profoundly 

influenced by multiple factors such as transducer type/geometry (e.g., segmented sphere or 

lens-mediated focusing) and its configurations (e.g., single-element or multiple array) (43). 

Therefore, the wavelength of the ultrasound alone cannot reliably predict the volume/shape 

of the affected tissues. In the case of a single-element transducer, the ‘tightness’ of the focus 

is often related to the ‘F-number’ (fn) of the transducer (the depth of the focus divided by the 

width of transducer aperture). A large fn (in which the depth of the focus is much greater 

than the transducer aperture) tends to create an elongated focus. On the other hand, an 

excessively small fn (< 0.5, the focal depth is much smaller than the transducer aperture) not 

only limits the depth penetration but also can create a small ‘angle of attack’ that 

subsequently increases the level of refraction/reflection at the skull surface (illustrated in 

Fig. 1B). Therefore, an fn of ~1 (a width of a transducer aperture close to the focal depth) is 

favored for FUS applications. For example, a single-element, acoustic lens-based FUS 

transducer (Neurosona™, Neuro Science Network, LTD, Korea) having the fn = 1.2 (30 mm 

aperture and 37 mm focal depth from the exit plane of the transducer) and FF=250 kHz 

shows the ellipsoidal pressure distribution with 3 mm diameter (along the short axis) and 17 

mm along the long axis measured at 90% maximum pressure level (Fig. 3).

Furthermore, the acoustic pressure waves interact with the skull and underlying brain tissues 

via linear and non-linear absorption/scattering/reflections that inevitably affect the shape/

size/intensity of the acoustic focus, which warrants the use of a computer-based numerical 

simulation for its characterization. The detailed theoretical foundations that dictate 
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ultrasound parameters to the resulting shape of the acoustic focus in situ are discussed 

elsewhere (41, 44).

3. In-depth technical overview of FUS-mediated BBBd

With this background information, more detailed aspects of FUS-mediated BBBd are 

introduced herein.

3.1. Used hardware type for the tFUS

Custom-made tFUS systems, mostly based on single-element segmented spherical 

transducers, have been extensively used (40, 42, 45, 46) while clinical-grade, multi-arrayed 

FUS systems have also been deployed (47). Single-element transducers, with variable focal 

lengths, can be used to sonicate specific brain regions by adjusting the location and 

orientation of the transducer along the scalp. Arrayed transducers can accurately sonicate 

deeper brain regions due to their ability to correct aberrations from the skull bone. The FUS 

transducers can be prepared with cavitation detectors, mounted in water on each side of the 

transducer head (47) or placed coaxially and confocally within a transducer (14, 15), for 

real-time monitoring of acoustic emissions. Cavitation detection can be separately conducted 

from an agar-based vessel phantom to assess cavitation at varying pressures (20). The use of 

hydrophones (e.g., Y-107, Sonic Concepts™, WA, USA) that ‘listen’ to the subharmonic 

emissions of the MB activity from the brain can provide feedback to the operator to adjust 

the in situ acoustic pressure, which can vary depending on the individual skull geometry or 

differences in vasculature diameter (15).

3.2. Ultrasound contrast agents

Although there are new MBs being introduced to the market with novel capabilities, three 

major MBs have been approved for clinical use (availability and market approval varies 

depending on country). Definity™ (Lantheus Medical Imaging, North Billerica, MA, USA) 

consists of perflutren lipid microspheres (mean diameter of 1.1–3.3 µm with a maximum 

diameter of 20 µm). SonoVue™ (Bracco Imaging, Milan, Italy) is the suspension of 

phospholipids microsphere containing sulfur hexafluoride gas (mean diameter of ~2.5 µm; 

more than 90% of the bubbles are smaller than 8 µm). Optison™ (GE Healthcare, Princeton, 

NJ, USA) consists of sterile non-pyrogenic suspension of microspheres of human serum 

albumin with perflutren (mean diameter of 3.0–4.5 µm with a maximum diameter of 32 µm). 

These MBs are typically injected intravenously (IV) and temporarily stay in the vascular 

space until they are eliminated from the body (with different half-lives; Definity™: ~1.3 

min; SonoVue ™: ~12 min; Optison™: ~10 min). Half-life varies depending on the 

chemical composition, size, and charge characteristics of the MBs.

MB size and dose of administration during FUS application have been reported to positively 

correlate with degrees of BBBd. Hosseinka et al. found that vascular wall stresses are 

dependent on bubble size, supporting the statement that MB-induced mechanical stresses 

influence BBBd (23). The amount of MB at the site during the sonication, therefore, affects 

the degree of BBBd, i.e., higher MB concentration increases the probability of BBBd in any 

Cammalleri et al. Page 7

J Clin Neurophysiol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



given time period (46). However, for human applications, the maximum dose (via bolus IV 

or continuous injection) is limited clinically.

Regarding the timing of the MB introduction with respect to the timing of the sonication, 

many studies have employed a preemptive IV injection of MBs in a bolus fashion, 

immediately followed by the sonication; however, some studies have used either (1) 

continuous injection of the MBs (48) or (2) sonication accompanied or followed by bolus 

injection of the MBs (14–16). O’Reilly et al. found no significant difference between the 

bolus administration (15 s) and longer infusions of the MBs in the efficacy of BBBd (49).

3.3. Focused ultrasound parameters affecting the efficacy of BBBd

The effects of FUS parameters, i.e., (1) TBD, (2) PRF, (3) SD, (4) FF, and (5) in situ 
acoustic pressure, on BBBd are described in more detail.

Tone burst duration (TBD) and Pulse repetition frequency (PRF)—As the length 

of time for each burst of sound waves (i.e., TBD) increases from 0.1–10 ms, the extent of 

BBBd also increases (50), however, these effects start to plateau for bursts over 10 ms. This 

may be because MBs near the focal region are destroyed at a higher TBD, thereby requiring 

a reperfusion of MBs into the corresponding vasculature (1, 50).

The optimal PRF for BBBd is likely to be 1 Hz. O’Reilly et al. have shown that PRF below 

1 Hz did not sufficiently yield the T1-weighted MRI signal enhancement associated with 

BBBd, whereas, a PRF of 2 Hz only slightly increased enhancement (49). McDannold et al. 
tested PRFs from 0.5–5 Hz, and found the greatest mean signal intensity enhancement (from 

contrast enhanced T1-weighted MRI) at 1 Hz (50). Based on these findings, many studies 

have used PRFs of 1–2 Hz (14, 17, 19, 45, 46, 48, 51–64).

Sonication duration (SD)—The time period of the entire FUS sonication has been found 

to positively correlate with BBBd from 0–40 s and then plateau from 40 to 60 s (58). FUS 

exposure time over 300 s has been shown to cause tissue damage (1). This is congruent with 

a recent study on large animals (sheep) whereby the excessively repeated (a few hundreds of 

FUS sonication events) sonication with relatively short time intervals (i.e., 300 ms), even 

without the presence of MBs, resulted in minor microhemorrhaging (without edema) (11). 

Although a duration of 1–2 min has been favored by many FUS-BBBd studies, it is likely 

that an SD exceeding 2 min can also be used in conjunction with proper monitoring methods 

such as cavitation detection and dynamic contrast-enhanced MRI (described below).

Fundamental frequency (FF), In situ acoustic pressure, and Mechanical index 
(MI)—Fundamental frequency (FF) has been shown to affect BBBd. Higher frequencies 

require greater pressure amplitudes to open the BBB. This phenomenon has been previously 

shown in various rabbit and rodent studies using FFs ranging from 260–1700 kHz (45, 46, 

48, 49, 51, 53–60, 63, 65, 66). Although not performed transcranially, implantable 

transducers have recently been tested in non-human primates (NHP) and humans to avoid 

attenuation from the skull bone (62, 64, 67). These studies utilizing intracranial transducers 

have shown BBBd without hemorrhaging or tissue damage with a FF of 1050 kHz (62, 67). 

In the context of transcranial transmission, due to a thicker skull bone in humans (on the 
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order of 5–7 mm, but varying depending on location and the individual), transcranial FUS 

would require a lower FF for BBBd. Therefore, compromise has to be made in determining 

the FF to balance the rate of acoustic transmission and the minimum size of the focus. 

Typically 200–700 kHz seems to be an appropriate choice for the transcranial FUS in 

humans.

Acoustic pressure level is another crucial factor in determining the level of BBBd. As 

introduced in the previous section, higher pressure would increase the level of cavitation of 

MBs, and therefore, increase the probability of BBBd, but with a greater risk for brain tissue 

damage. It is important to note that, at the same pressure level, the use of a lower FF would 

increase the MI (see section above for the definition of MI), which could result in non-

reversible tissue damage/bleeding.

Although there is not an absolute consensus, MI became the factor to estimate the degree of 

BBBd as well as potentials for tissue damage. Greater MI increases the probability of 

successful BBBd, but also increases the extent of hemorrhaging and tissue damage (42). 

McDannold et al. found that the BBBd threshold, where the probability for disruption is 

50%, occurs at an MI of 0.46, which remained the same for different frequencies tested (42). 

To survey the relationship among FF and acoustic pressure (with corresponding MI values), 

we compiled results from 14 studies that evaluated the presence/extent of damage across 

various FF (under 1 MHz) and acoustic pressures (Fig. 4). A more comprehensive overview 

of existing studies over a wider range of FF, along with different experimental parameters 

and study designs, is given in Table 1.

According to the compilation, a minimum MI of 0.3 is necessary to elicit BBBd, while up to 

0.7 can be used without inducing apparent hemorrhaging or tissue damage. It is notable, 

however, that minor damage (i.e., few extravasated blood cells) was observed at an MI of 0.3 

performed at 560 kHz among rats (56) as well as from another study conducted among 

rabbits using an MI of 0.5 at 690 kHz (50). It is important to note that many of these studies 

were done transcranially on smaller animals whereby the possibility of having acoustic 

reverberation is high (68). More recent studies, using intracranial FUS technology (delivered 

through implanted FUS transducer) on NHP and humans, showed that BBBd can be 

achieved without damage at MIs of 0.8–1.12 (62, 67). As MI may not be a sole factor in 

gauging the effectiveness/safety of the technique, further studies are needed.

3.4. Methods to visualize/characterize the blood-brain barrier disruption

Various techniques have been used to characterize BBBd. In animal models, Evan’s blue dye 

(or trypan blue) can be injected during cardiac perfusion that fixates the brain tissue. These 

dyes leak out from the disrupted BBB into the brain parenchyma and are evaluated 

histologically (47, 52, 54, 57, 58, 60). Injection of fluorescent tagged dextrans has been used 

for visualization of BBBd (65). Electron-microscopic images (TEM) were also used to 

assess the degrees of BBBd (40). However, these techniques are not compatible with clinical 

use in humans.

MRI, as a non-ionizing imaging modality, has been extensively used to evaluate the degrees 

of BBBd as well as to assess the presence of hemorrhaging. Gadolinium (Gd)-based MR 
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CAs such as Magnevist™ (Gadopentetate Dimeglumine, Bayer Healthcare, Whippany, NJ, 

USA), Omniscan™ (Gadodiamide, GE Healthcare, Princeton, NJ, USA), or OptiMARK™ 

(Gadoversetamide, Guerbet Co, Villepinte, France), are injected through IV after the BBBd. 

These agents, due to their small size, leak out from the vascular space through the disrupted 

BBB, and enhance T1-weigted MR signals. The MR images before and after BBBd are 

compared, and the areas showing signal enhancement (often quantified in percentage signal 

increase from the baseline image) indicate regions where successful BBBd occurred.

Excessive BBBd can result in local hemorrhaging and local accumulation of hemosiderin, 

and, therefore, must be monitored/evaluated during/after the procedure. Iron contents 

associated with hemorrhaging shorten the T2* constant of the affected brain tissue, reducing 

T2*-weighted signals. Susceptibility weighted imaging (SWI), typically using a long TE 

(Time of Echo) during the gradient-echo MR acquisition, is deployed to detect these regions 

by taking images before and after the BBBd procedure (52). For these reasons, the use of 

iron-based cell-labeling (such as superparamagnetic iron oxide; SPIO) to assess the amount 

of cells delivered by the FUS-BBBd procedure (40), should be carefully evaluated to 

distinguish the iron contents for labeling from hemorrhaging. A dual contrast mechanism, 

utilizing echo-time shifted SWIs, can be gainfully adopted to reduce this confounder (69).

We note that simple comparisons (i.e., image subtraction) of contrast-enhanced (via MR 

contrast agents) T1-weighted images before and after the BBBd procedure, may not have 

sufficient sensitivity. This is especially true when low acoustic pressure waves are applied to 

minimally disrupt the BBB, reducing the T1-signal contrast at the site of disruption. 

Therefore, time course of the contrast enhancement, with the aim of accounting for the 

pharmacokinetics of Gd-enhancement, recently started to take place for the visualization and 

quantification of the BBBd. This technique, referred to as Dynamic Contrast Enhanced MRI 

(DCE-MRI), traditionally utilized in malignancy detection of tumors and assessment of 

stroke, can be used to measure the transfer coefficient for gadolinium (Ktrans) (70, 71). When 

applied to quantify the degree of BBBd, DCE-MRI identified that increases in acoustic 

pressure elevated the Ktrans value, supporting the correlation of applied pressure to the 

degree of BBBd (20). This technique inherently has a higher sensitivity in the assessment of 

BBBd compared to the simple image-subtraction, which may reveal the effectiveness of 

safer parameters, and is recommended to be used in a clinical setting. The use of an 

automated data processing technique, such as independent component analysis (ICA) (70), 

can be adopted to analyze the MR signal enhancement patterns.

3.5. Duration of blood-brain barrier disruption and Spatial extent

BBBd from tFUS-MB administration is transient and reversible. Detailed information 

regarding the duration of the BBB opening is necessary. The contrast-enhanced T1-weighted 

MRI signal immediately reached its maximum following the administration of FUS, and 

decreased over time (45), suggesting that BBBd is achieved almost immediately after FUS. 

The BBB opening has been shown to be near complete closure 5 hours after sonication with 

no evidence of BBBd after 4–5 weeks (51). An additional imaging study has shown the BBB 

to be completely closed after 2–5 days (45, 72) suggesting that the disruption can far outlast 

the duration of the sonication itself. The duration of BBBd is dependent upon the choice of 
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acoustic parameters and the choice of MB agents. Further studies are needed to identify their 

detailed correlations.

The spatial extent of BBBd can vary depending on the spatial distribution of peak negative 

pressure. BBBd volume increased proportionally with in situ pressure level (16). At a 

constant pressure (e.g., at 0.4 MPa), varying degrees of incidence sonication angle with 

respect to the skull surface altered the in situ profile of the acoustic focus as well as the 

volume of subsequent BBBd (16). FUS sonication, and concurrent disruption of the BBB, 

can be patterned in multiple locations, and overlapped in the same location multiple times. 

For example, FUS has been used to disrupt the BBB around the following target areas in 

animal models through multiple sonication events that occurred in one experimental session

—bilateral targets in hippocampus and LGN, primary visual cortex, cingulate cortex and 

amygdala (47); thalamus, putamen, cingulate cortex, visual cortex, hippocampus, white 

matter structures, and LGN (hippocampus and optic tract) (47); thalamus, hippocampus, 

superior colliculus, caudate, and putamen (46).

3.6. Used animal species and Anesthetic agents

Previous studies have administered FUS for BBBd on rabbits (42, 45, 50, 51) and rodents 

(46, 52–56, 58, 65), and, more recently, NHP, such as macaques (14, 16, 17, 19, 47, 67) and 

baboons (62, 67). Animal choice is important, because the safest and most effective FUS 

parameters may differ depending on animal species. Brain size and skull thickness, along 

with a varying vasculature in different animals, can affect MB cavitation and BBBd 

differently. For example, smaller blood vessels (10–30 µm) are more susceptible to the 

BBBd procedure than larger vessels (20–70 µm) (73), thereby requiring a lower acoustic 

intensity for BBBd. Changes in vascular parameters like blood flow, blood pressure, and 

blood vessel dilation/constriction are also known to affect MB activity and interactions with 

ultrasound waves (57).

Most small animal studies were done under anesthetic conditions, such as ketamine/

xylazine, and isoflurane. In NHP, similar anesthetic agents have been used (16). However, it 

is important to acknowledge that anesthetic agent and dose affect vascular factors and have 

shown to influence BBBd. McDannold et al. found that rats anesthetized with a cocktail of 

ketamine and xylazine showed greater BBBd enhancement with contrast-enhanced MRI 

than rats anesthetized with isoflurane and oxygen (57). Few NHP studies are reported in the 

absence of anesthetic agent (14, 62, 67). The ability to perform FUS-mediated BBBd 

sessions on awake animals/human subjects is desired not only to eliminate the confounding 

effects from anesthesia but also to be able to monitor the behavioral responses.

3.7. Safety considerations

Heating of the skull in the path of sonication may occur during the application of high-

intensity FUS (HIFU); however, is not likely in FUS-mediated BBBd procedures due to the 

use of low acoustic energy. Rather, damages may occur at the site of BBBd and/or the 

surrounding tissues. The types of potential damages include hemorrhaging, ischemia, cell 

membrane disruption, and possibly a sterile inflammatory response (SIR). Rodent studies 

have previously observed hemorrhaging after tFUS-MB administration at pressure 
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amplitudes of 0.8 MPa or higher (52, 54, 61, 63, 65). A recent study by Kovacs et al. found 

genetic level changes in heat-shock protein 70, IL-1, IL-18, and TNFα at the sonicated site 

(mimicking a SIR) after tFUS-BBBd treatment at 590 kHz, using 0.9 MPa pressure waves 

(48). It is important to note that these effects were found in mice and were only examined 

for a 24 h period. Also, due to the use of a higher MI in the study (i.e., 1.2) which is prone to 

damage the brain tissue, further study is warranted to evaluate the presence of similar 

inflammatory responses using a lower pressure level (and lower MI).

The safety of repeated tFUS-MB administration to the same locations needs to be assessed 

for potential clinical translation of the method that requires multiple treatments. Recent 

studies on NHPs have shown promising results. For example, repeated exposure to the 

sonication from the implanted FUS device every 15 days over a 4-month period among 

baboons and a macaque resulted in no behavioral consequences, no epileptic signs or 

pathological central nerve conduction, and resulted in detection of only a few erythrocytes at 

the sonication site upon histological examination (67). Downs and colleagues applied 

multiple BBBd sessions on the caudate, putamen, and thalamus of awake macaques 

performing visuomotor control and motivation tasks, and found no edema or 

microhemorrhage from the brain (14). In addition, no negative physiological or neurological 

effects were detected from repeatedly opening the BBB around the basal ganglia across the 

20-month testing period in macaques (14). Likewise, repeated tFUS-MB (i.e., five sessions 

over 5–9 week period) for BBBd in the central visual field targets of macaques did not affect 

their behavior or performance on visual acuity tasks (47). It is, however, important to note 

that MBs were made in-house in some of these studies which may have affected the safety 

parameters.

Repeated FUS-mediated BBBd sessions were also administered in a clinical study using an 

intracranially implanted FUS transducer to enhance a local delivery of carboplatin for 

patients with recurrent glioblastoma (62). Patients, who were alert during the procedure, 

were exposed to up to four sets of BBBd sessions (FF = 1050 kHz, TBD = 23.8 ms, SD = 

150 s, PRF = 1 Hz, Pressure = 0.8–1.1 MPa) and showed no damage or behavioral changes 

from the procedure. Pressures of 0.5 MPa and 0.65 MPa were also administered safely in 

this study, but did not induce BBBd, based on contrast-enhanced MRI (62).

4. Potential clinical applications of tFUS-BBBd

Based on promising safety data, FUS in combination with MBs has been used with the aim 

of administering a variety of therapeutic agents to the brain, and has started to show 

potential utilities in treating various diseases of the central nervous system.

Studies have successfully administered chemotherapies to deliver tumor-suppressing drugs 

such as doxorubicin in rats (46) and carboplatin in NHPs and humans (62) (using an 

implanted FUS transducer). These studies demonstrated tumor reduction without significant 

sonication-related damage. Cell-based therapy for cancer has also been sought after. For 

example, Natural killer (NK) cells have been delivered to HER-2 expressing human breast 

tumor cells, reducing the tumor size (59).
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GFP-positive stem cells have been successfully delivered through the BBB to the left 

striatum and left hippocampus, presenting a potential use of FUS for stem-cell therapy to 

treat neurological diseases such as Parkinson’s disease, traumatic brain injury, and stroke 

(56). Neurotropic factors with the capability of neuroregeneration, such as brain-derived 

neurotropic factor (66) and neurturin (74), have also been safely delivered through the BBB 

in mice.

For the potential treatment of Alzheimer’s disease (AD), Jordão et al. delivered anti-Aβ 
antibodies to the brains of TgCRND8 mice (an AD animal model), and observed a 

significant reduction in number, size, and total surface area of Aβ plaques after four days 

(55). In a separate study, FUS-mediated BBBd was applied to the hippocampus of 

TgCRND8 mice, once every week for one month. Interestingly, without introducing any 

exogenous therapeutic agents, these repetitive, multi-session BBBd sessions have shown to 

decrease Aβ size and number and to improve performance on a memory task (Y-maze) (75). 

Although the mechanism behind this observation is not clear at this time, temporary 

disruption of BBB itself seems to have a powerful impact on improving AD-related 

symptoms, at least in the rodent model, and awaits further validation in humans.

Regional BBBd was shown to modulate the excitability of brain tissue in rats. Low pressure 

(i.e., MI of 0.55 at 400 kHz) FUS to the primary somatosensory area (SI), combined with the 

introduction of MBs, resulted in short-term suppression of the EEG somatosensory evoked 

potentials (SSEP) lasting less than 1 h, whereas higher pressure (i.e., MI of 0.8) given to the 

SI yielded prolonged (lasting 7 days) suppression of the SSEP amplitude and latency, 

suggesting suppressive effects on cortical excitability (60). The authors suggested a possible 

therapeutic application of this method for the suppression of epilepsy (60). On a similar 

note, it is plausible to conceive that tFUS-MB mediated BBBd can be used to temporarily 

increase the level of anti-epileptic drugs to the ictal locations for patients taking medication, 

but the serum level of medication may not be sufficient to suppress the ictal activity 

otherwise. More recently, Downs and colleagues opened the BBB in the putamen 

(unilaterally) in NHP performing visual-motor decision-making tasks, and showed that their 

decision making process improved (76). This observation led them to suggest that a similar 

technique can be used as a cognitive neural prosthetic device that may have a sustained and 

positive impact on performing complex cognitive tasks. Also, promising short-term anti-

depressant effects have been observed from tFUS-MB administration on the hippocampus 

among rodents undergoing a forced-swim test (77).

Another emerging treatment possibility lies in non-invasive and focal acoustic transfection, 

whereby ultrasound waves can disrupt the lipid bilayer of the cell membrane for individual 

cells to deliver nucleic acids/genetic molecules into the cytoplasm. Conventionally, it 

involves using an ultrasound transducer with a fundamental frequency of over 150 MHz to 

deliver various sizes of macromolecules into the cell in vitro (78). If this technology could 

be safely combined with BBBd, it will hold the potential to introduce genetic materials to 

the brain in vivo. However, the increased level of absorption of the sound wave at the skull 

in this frequency range would cast additional challenges.
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It is worthy to note that pulsed application of the FUS, when combined with tissue 

plasminogen activator (tPA) or similar thrombolytic agents, can be used to reduce the size of 

clots formed from spontaneous intracerebral hemorrhage (ICH) or ischemic stroke (79). The 

technique, widely known as sonothrombolysis, is currently under multi-center trials to 

examine its safety and efficacy (80). tFUS hardware can be readily adopted to serve this 

purpose, and the utility of MBs in this treatment setting await further investigations.

5. Summary and conclusions

For potential translations to human/clinical applications, multi-array MRgFUS systems or 

single-element FUS configurations can be used, and there are efforts from the industry to 

make these systems more available for research. Image-guidance in administering FUS to 

the targeted brain location is important, together with computer simulations to predict the 

location and the in situ pressure level. The combined use of CT and MRI for image-guidance 

is needed to identify the targeted brain location.

MBs should be given with a dose and timing in accordance with the vendor-suggested 

protocol for safety. The dominant method of MB administration is an IV bolus-injection, and 

FUS is given almost immediately after the injection. FF in a range of 200–700 kHz would be 

preferred in the case of human application to maximize the transcranial transmission of the 

acoustic energy. A TBD of 1–10 ms and PRF of ~1 Hz are applied for a duration of 1–2 min 

while the use of a longer TBD or a higher PRF does not seem to effectively increase the 

degree of BBBd.

The use of the lowest possible pressure that is enough to induce BBBd is important in initial 

translational investigations. A pressure level at a given FF that yields an MI of ~0.3–0.4 

seems to be ideal, although an MI up to 0.7 may be acceptable based on literature. The use 

of the lowest possible acoustic pressure will also help to reduce the effects from possible 

formation of standing waves. Especially in the case of single-element FUS transducer 

configuration, the pressure level at the site of the standing wave is likely to be lower than 

that from the primary focus.

Repeated tFUS-BBBd sessions have been used in animal models while the gap between the 

sessions and number of sessions should be carefully characterized to ensure its safe use. Due 

to variability in effectiveness of BBBd according to individual neuroanatomy, monitoring of 

the presence and degree of the BBBd, with techniques such as dynamic contrast-enhanced 

MRI and cavitation detection, is desired to accompany the procedure.

tFUS-BBBd may ramify into a wide range of therapeutic applications, from drug to cell 

delivery, which may have a profound impact on the treatment of neurological disorders. 

Before this therapy can become widely available, further work is urgently warranted to 

probe the detailed safety parameters and efficacy of the procedure among NHPs and 

humans. Studies aiming to reveal detailed mechanisms behind the FUS-mediated BBBd also 

constitute major subjects of future investigations.
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Fig. 1. 
Illustration of different modes of tFUS configurations (human example). (A) Sonication of 

deep brain structures using a multi-element transducer. Red lines indicate the surface 

tangential to the skull with respect to the incident sonication beam originating from each 

element (in green line), (B) Sonication of cortical area near the skull surface. (C) Beam 

selection (in green line) by blocking (in yellow) or (D) use of single-element FUS transducer 

under the image-guidance to track the location of the transducer with respect to the head.
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Fig. 2. 
Illustration for the definition of sonication parameters used.
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Fig. 3. 
Spatial map of acoustic pressure distribution obtained from a single-element FUS transducer 

operating at 250 kHz, with an F-number of 1.2. The map was obtained using a needle 

hydrophone mounted to a robotic stage that measured acoustic pressure originating from the 

transducer, and was pseudo-colored to represent its relative magnitude. (A) Pressure 

distribution longitudinal to the wave propagation (a white arrow indicates the direction of 

propagation). (B) Pressure distribution in the transverse plane at the focal region (dashed 

line from the panel A). The dotted profiles indicate areas with ≥ 90% of the maximum 

pressure level.
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Fig. 4. 
Frequencies and acoustic pressures previously used for successful BBBd using FUS (across 

different animal species) and the degree of observed vascular/tissue damage, with different 

MI values overlaid. For the given marker, green indicates successful BBBd without damage, 

orange indicates the presence of minor damage, whereby the red indicates extensive damage 

to the brain. Only the results using a FF under 1 MHz were included (based on n = 14 papers 

published).
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