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 

Abstract—The emergence of new ultrasound technologies has 

improved our understanding of the brain functions and offered 

new opportunities for the treatment of brain diseases. Ultrasound 

has become a valuable tool in preclinical animal and clinical 

studies as it not only provides information about the structure and 

function of brain tissues but can also be used as a therapy 

alternative for brain diseases. High-resolution cerebral flow 

images with high sensitivity can be acquired using novel 

functional ultrasound and super-resolution ultrasound imaging 

techniques. The non-invasive treatment of essential tremors has 

been clinically approved and it has been demonstrated that the 

ultrasound technology can revolutionize the currently existing 

treatment methods. Microbubble-mediated ultrasound can 

remotely open the blood brain barrier enabling targeted drug 

delivery in the brain. More recently, ultrasound neuromodulation 

received a great amount of attention due to its non-invasive and 

deep penetration features and potential therapeutic benefits. This 

review provides a thorough introduction to the current 

state-of-the-art research on brain ultrasound and also introduces 

basic knowledge of brain ultrasound including the acoustic 

properties of the brain/skull and engineering techniques for 

ultrasound. Ultrasound is expected to play an increasingly 

important role in the diagnosis and therapy of brain diseases. 

 

Index Terms—Brain ultrasound, Non-invasive brain imaging 

and therapy, High intensity focused ultrasound (HIFU), Low 

intensity focused ultrasound (LIFU).  

 

I. INTRODUCTION 

rain is the most complex and important organ in the human 

body. The advances in methodologies and tools for 

studying the brain often lead to the development of 

fundamental insights into the function of the brain. The 

emergence of new technologies and sophisticated tools, 
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especially magnetic resonance imaging (MRI) and 

electroencephalograph (EEG) has dramatically accelerated our 

understanding of the human brain. However, MRI has a 

millimeter-level spatial resolution and only second-level 

temporal resolution, while EEG has a millisecond-level 

temporal resolution but centimeter-level spatial resolution. 

Novel methodologies and tools can provide great opportunities 

for the treatment of neurological and psychiatric disorders [1]. 

Nevertheless, there is still a shortage of treatment methods that 

are highly accurate and non-invasive.  

Ultrasound has been used widely for diagnostic and 

therapeutic applications as it offers the advantages of 

non-invasiveness, fine resolution and safety [2, 3]. It has 

become a valuable tool in preclinical animal studies and clinical 

practice related to many areas of the brain. Brain ultrasound is a 

broad field that encompasses various techniques that use 

ultrasound waves to not only acquire real-time images of the 

brain tissue [4], but also treat brain diseases including cancer, 

cerebrovascular disease and neurological disorders [5, 6]. 

Ultrasound has limited applications for the brain unlike for 

other organs  due to the challenges associated with penetrating 

through the skull [3]. 

Ultrasound imaging has been used frequently for evaluation 

of the cerebrovascular function of the brain as the ultrasound 

scanner is inexpensive, portable and can acquire images in 

real-time [7, 8]. Brain imaging using ultrasound has progressed 

recently thanks to the use of ultrafast Doppler for acquiring 

functional information of the brain [4]. This progress has 

created a breakthrough in the knowledge of brain research 

including brain hemodynamics, functional connectivity and 

cognitive neuroscience [9]. In addition, low frequency 

ultrasound can penetrate the brain skull, thus providing a highly 

promising tool for non-invasive brain therapy [10, 11]. Indeed, 

the ultrasonic energy can be concentrated in a small region of 

the brain, which permits a selective opening of the blood brain 

barrier (BBB) and, therefore, allows for the delivery of 

therapeutic drugs without systemic side effects [5].  

Moreover, focused ultrasound (FUS) has received a 

significant amount of attention for non-invasive 

neuromodulation as it has been shown to be capable of 

modulating the neural activity in rodents[12-15], rabbits [16], 

pigs [17], sheep [18], non-human primates [19, 20] and humans 

[21]. Therefore, the FUS has become a highly promising tool 

for the treatment of brain diseases. Although there are many 

types of ultrasound equipment and methods that are being used 

for brain research and relevant clinical studies [6, 13, 22, 23], 

there are still several challenging niches that need to be 

overcome for brain imaging and therapeutics. The development 
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of novel ultrasound methodologies and tools can provide great 

opportunities to facilitate the progress of brain research.  

This review provides a summary of the state-of-the-art 

research progress on the applications of ultrasound for brain. It 

introduces basic knowledge including the acoustic properties of 

the brain/skull and the engineering techniques used in 

ultrasound. We provide a brief overview of the use of 

ultrasound for different brain applications, such as functional 

brain imaging, brain neuromodulation and brain therapy. This 

review addresses some of the most significant and recent 

contributions from the peer-reviewed published literature. In 

particular, the review gives the details of the methods including 

the waveform generation, skull distortion compensation, 

imaging techniques, treatment strategy, treatment monitoring, 

mechanism and safety issue. This review aims to provide a 

comprehensive knowledge of ultrasound technology for the 

brain. 

II. PHYSICAL PROPERTIES OF BRAIN AND SKULL 

A. Soft Brain Tissue  

Brain is one of the most important organs, and its size varies 

significantly for different living species. Figure 1 shows the 

relative size of the brain of a mouse (~0.4 g, ~15.2 mm 

length*~8.9 mm width * ~5.6 mm height), rat (~1.9 g, ~22 mm 

length*~13 mm width * ~11 mm height), Rhesus monkey (~88 

g, ~75 mm length * ~31 mm width * ~46 mm height), and 

human (~1500 g, ~167 mm length * ~140 mm width * ~93 mm 

height) [24-26]. These dimensions are approximate values in 

the largest cross-section because the brains are irregular 

spheroid shapes. The brain size is an important parameter for 

the ultrasonic focal point evaluation. 

The acoustic properties of brain tissue are similar to those of 

other soft tissues in the human body. The density and speed of 

sound in brain tissues are about 1.03 g/cm3 and 1550 m/s, 

respectively [27]. Therefore the acoustic impedance is about 

1.6 MRayls. The speed of sound shows minor variations of less 

than 4 m/s over 1-5 MHz frequency, and increases to about 38 

m/s when the temperature increases from 15 to 40 degrees [28]. 

The acoustic attenuation of the brain tissue is about 0.8 

dB/cm*MHz [27], which decreases with increasing 

temperature, and the white matter has a higher attenuation 

compared to the gray matter [28]. The aforementioned values 

are representative and vary for different living subjects. 

The brain tissue is protected by the skull bones, a covering of 

three thin membranes and the cerebrospinal fluid present inside 

the skull. The skin of the scalp is the thickest skin of the human 

body, and is up to 8 mm (normally 3-5mm) thick in adults [29]. 

The acoustic properties of the scalp are not available from the 

published literature. The density, speed of sound, and acoustic 

impedance of skin in other human parts are about 1.15 g/cm3, 

1730 m/s and 1.99 MRayls, respectively [27]. The acoustic 

attenuation of the skin tissue is about 3 dB/cm*MHz [30], 

which is relatively higher than that of other soft tissue. The 

acoustic properties of the tissues present in the human head are 

summarized in Table I. 

The hair present on the patient’s head is always a point of 

concern in clinical studies, and the current procedures require 

shaving the head before the ultrasound treatment. Existing 

research shows that the effect of the hair can be negligible when 

the ultrasound frequency is below 0.5 MHz [31, 32]. 

B. Skull Bone 

The skull is a bony structure that provides a protective cavity 

for the brain tissues. It is comprised of many bones and the 

frontal, sphenoid, ethmoid, occipital, parietal and temporal 

bones are the most important ones when we deal with 

ultrasound propagation through the skull. These bones are 

shown in Fig. 2. Different bones are connected via sutures that 

are a type of fibrous joint. The thickness of the human skull 

varies significantly between different skull locations, as well as 

between different individuals. The thickness of the skull can 

range from 2 mm to 10.5 mm for adults, and increases gradually 

before the age of 20, and then stabilizes [33, 34]. As for the 

 
Fig. 1.  Comparison of brain size of different species. Adapted from [26].  

 
Fig. 2. The physical structure of the skull bone. The left side skull image is 

adapted from Wikipedia. Three-layer skull image is adapted from [35]. The 

temporal bone and occipital bone are the thinner areas of the human skull. 

TABLE I 
ACOUSTIC PROPERTIES OF THE HUMAN HEAD. 

Tissue Speed of 

sound 

Acoustic 

Impedance 

Attenuation 

Brain tissue 1550 m/s 1.6 MRayls  0.8 dB/cm*MHz 

Skull 4080 m/s 7.75 MRayls  20 dB/cm*MHz 

*Skin 1730 m/s 1.99 MRayls  3 dB/cm*MHz 

Hair - - Negligible when <0.5 MHz 

Water 1480 m/s 1.48 MRayls 0.002 dB/cm*MHz 

Note: The data are rough values and vary for different subjects and measurement settings. *The 

skin data are not from the scalp but shown here as a reference. 
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temporal and occipital bones are the thinnest areas of the 

human skull so that they usually behave as acoustic windows  

[7]. Hence, these areas are usually exploited in transcranial 

ultrasound imaging for acquiring the flow information of the 

brain.    

The acoustic property of the skull bone is different from that 

of the soft brain tissue. The skull has three parts: the outer table 

bone, the middle layer cancellous bone also known as the 

diploe, and the inner table bone [35]. The ultrasonic waves can 

interact with the complex microstructure of the cancellous bone 

present in the diploe layer. As the density of skull tissue is 

about 1.9 g/cm3, and the speed of longitudinal waves is about 

4080 m/s [27], the acoustic impedance is approximately equal 

to 7.75 MRayls, which is significantly higher than that of water 

or soft tissue.  

The acoustic wave undergoes large attenuation losses due to 

acoustic reflection, scattering, absorption and mode conversion 

in the skull. The insertion loss through an intact human skull is 

highly dependent on the ultrasound frequency. In general, the 

one-way loss is about 10 dB and 20 dB at 0.5 MHz and 1.5MHz, 

respectively [36]. The acoustic attenuation caused by the skull 

tissue is about 20 dB/cm*MHz, which is significantly higher 

than that of human tissue [27].  

The reflection at the skin-bone and bone-dura interfaces can 

be as high as 80% due to the high acoustic impedance mismatch 

between the tissues. The diploe layer has a lower acoustic 

impedance, and a large and highly frequency-dependent 

attenuation [36] because of its porous structure. Compared to 

the diploe layer, the outer and inner table layers have similar 

acoustic impedance and relatively low acoustic attenuation. 

The incident angle influences the ultrasound propagation. The 

conversion from longitudinal wave to shear wave in the skull is 

negligible when the incidence angle is less than 20 degrees 

[36]. 

C. Focal Beam in Brain 

Focused ultrasound is important for imaging and therapy 

since the small size of the focal point increases the imaging 

resolution of living tissues and can be used for local treatment. 

Figure 3 shows the diagram of the ultrasonic focal beams and 

focal points. The focal points have the highest intensity in the 

acoustic field. The focal length for a focused transducer 

depends on the physical geometry, and the value in an array 

transducer can be adjusted using the phased delay of the array 

elements. The shape of the focal point is ellipsoidal and its size 

(-6 dB acoustic pressure at full width at half maximum) can be 

approximately calculated as follows [3]: 

D

F
fw number                (1) 

2

2.72.7 







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D

F
fd number           (2) 

where w is the width of the focal point, d is the length of focal 

point in the axial direction,  is the ultrasound wavelength, 

and F and D are the focal length and effective aperture diameter 

of the transducer, respectively. Therefore, if large aperture 

transducers are used, the width and length of the focal point are 

approximately 0.5-3mm and 5-30 mm, respectively [3]. 

D. Skull Measurement and Compensation 

One major issue encountered by brain ultrasound in a clinical 

study is the distortion effects caused by the skull bone, which 

include attenuation, aberration, refraction and mode conversion. 

Therefore, the ultrasonic waveforms are distorted when the 

ultrasound waves pass through the skull as shown in Fig. 3d. 

The position of the focal point may shift and the -6 dB area may 

increase unevenly. The use of ultrasound is still acceptable in 

some applications such as transcranial Doppler (TCD) flow 

imaging even though a single element transducer is used and 

the focal point is distorted. The performance of brain 

ultrasound can improve significantly if the aforementioned 

distortions in the skull can be minimized. 

Using an array transducer for skull compensation is an 

established method for reshaping the focal point. In this method, 

the array transducer is combined with a dedicated beamformer 

to adjust the wave-front and correct for the skull phase 

aberrations, such that a precise and focused beam is generated 

at the target after propagation through the skull. An array 

transducer with different adaptively phased ultrasound waves 

emitted from each array element is widely used to correct the 

distortions due to the skull [3, 37]. The focal point can be 

reshaped by phase realignment if the speed of sound and 

thickness of the incident position of the skull can be acquired 

precisely, as shown in Figs. 4b-c. Therefore, it is important to 

know the thickness and the speed of sound through the skull for 

ultrasound compensation. 

There are several methods proposed for characterizing the 

skull using computed tomography (CT) [38], magnetic 

resonance imaging (MRI) [39] and ultrasound backscatter [40]. 

  
Fig. 3. Diagram of the focused ultrasound beams and focal points. (a) The 

acoustic field of a single element focused transducer with 1 MHz center 

frequency, 18 mm diameter, and 40 mm focal length. Simulated using Field 

II software. (b) Spherical focused transducer. (c) Flat array transducer. (d) 
The focal point is distorted because of skull bone, in which the size and 

position of focal point will change in the presence of the skull. (e) The skull 

distortion can be compensated using a phased array transducer.  
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Currently, the CT-based skull compensation method is used in 

clinical studies although ionized radiation is involved in CT 

scanning. First, high-resolution multiple slices CT images can 

be acquired, and then the thickness of skull bone can be 

obtained directly from the CT image. The speed of sound and 

porosity map of the skull are interrelated. The porosity of the 

skull   can be calculated as 

=1-
1000

HU
                                   (3) 

where HU represents the CT Hounsfield units indicating the 

absorption of tissue in the X-ray. The values of HU range from 

0 (for water, assuming no air in the skull) to ~1700 (typical 

cortical bone), as shown in Fig. 4a.  

Subsequently, the density  , the speed of ultrasound c, and 

the absorption   can be obtained as follows [38]: 

,max= (1 )water skull                      (4) 

w ,max= (1 )ater skullc c c                     (5) 

-,max wat= ( )water skull er

                    (6) 

where water is the mass density of water, and ,maxskull  is 

the maximum density in cortical bone. The speed of 

ultrasound in water and the maximum speed of ultrasound in 

cortical bone are represented by waterc  and ,maxskullc , 

respectively. Similarly, the ultrasound absorption of water 

and the maximum absorption of the skull are denoted by 

water  and ,maxskull , respectively. The values of   can vary 

from 0.3 to 0.7 [38], which represents varying absorption of 

wave fronts propagating through different skull parts. 

Finally, the waveform can be compensated using the 

estimated thickness, density, speed of sound, and absorption 

coefficient. 

The CT-based aberration correction suffers from a few 

limitations mainly in the presence of micro-porosities that 

cannot be detected by clinical CT due to its low resolution. 

Micro-porosity in the skull affects attenuation and can vary 

across patients or even across a skull of the same patient. In 

addition to the CT-based method, MRI and ultrasound imaging 

have also been proposed for characterizing the skull. Ultrashort 

echo-time MRI was applied to acquire the weak and short-lived 

signal from the skull bone and correct the ultrasound aberration 

induced by the skull [39].  

It was reported in the literature that there was no significant 

difference using the CT-based and MR-based correction 

method when the corresponding data were imported in the 

aberration correction software provided by the manufacturer 

(Exablate Neuro, Insightec). In addition, ultrasound itself can 

be used for skull characterization using focused ultrasonic 

waves. The front and back ends of the skull can be acquired by 

moving the focal point across it, and subsequently, the 

thickness and speed of sound in the skull bone can be calculated 

[40, 41]. The dual transducers method was proposed to correct 

the wave-fronts and obtain a high level of focusing inside the 

skull [42]. However, more data and in vivo results are required 

to demonstrate the feasibility of MRI or ultrasound-based 

compensation methods. 

III. ULTRASOUND IMAGING FOR THE BRAIN 

A. Transcranial Ultrasound Imaging 

Transcranial ultrasound is a noninvasive, nonionizing, 

inexpensive, portable and real-time imaging modality. It has 

been used frequently for cerebrovascular function evaluation 

[7]. Even though the skull bone causes the ultrasound beam to 

attenuate and distort significantly, the imaging of the brain can 

still be carried out through the relatively thinner skull bones. 

Two skull windows are present in the temporal bone near the 

ear and the occipital bone in the back. Both of these bones are 

thin and as a result, the skull aberrations are minimal in these 

two skull regions compared to other parts of the skull. 

Transcranial ultrasound imaging usually utilizes the ultrasound 

frequencies within the 1.5 to 2.5 MHz range to achieve a 

balance between ultrasound imaging resolution and skull 

attenuation. Higher frequencies undergo severe attenuation and 

distortion, and low frequency provides low resolution. 

However, 5% of brain imaging results are not successful 

because the ultrasound waves cannot penetrate the temporal 

bone sufficiently to allow analysis of intracranial 

hemodynamics [43]. 

Transcranial ultrasound imaging includes a single element 

transducer-based transcranial Doppler (TCD) and array-based 

transcranial color Doppler (TCCD). Both modes exploit the 

temporal and occipital bones as acoustic windows to acquire 

the flow information of the brain. The TCD has a single 

element narrow bandwidth and high sensitivity transducer with 

1.5-2.5MHz center frequency, ~8 mm diameter and ~60 mm 

focal length. The transducer is used to acquire the pulsed 

Doppler shift frequency induced by the blood flow in the 

cerebral vessel. Figures 5a-b show the setup for brain imaging 

using a TCD probe (Shenzhen Delica Electronics Co., Ltd, 

 
Fig. 4. (a) The CT image of a human skull. Typical values of Hounsfield 

units have been labeled. (b) Waveform distortion induced by the skull bone. 

(c) The compensated waveform after the skull bone and the focal point was 

reshaped to a normal state. 
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Shenzhen, China) through the temporal or occipital window, 

and Fig. 5c shows the Doppler spectrum display of the middle 

cerebral artery. The TCD has been applied for identifying 

cerebrovascular diseases such as acute stroke, 

intracranial arterial stenosis and occlusion, vasospasm, 

subarachnoid hemorrhage and sickle cell disease [7].  

Transcranial color Doppler (TCCD) can visualize the blood 

flow of the anterior cerebral artery, middle cerebral artery and 

posterior cerebral artery for the auxiliary diagnosis of stroke. 

Figure 5d shows the image of the blood flow in the middle 

cerebral artery image (acquired by M9, Shenzhen Mindray 

Bio-Medical Electronics Co., Ltd), which can be utilized for the 

diagnosis of emboli, stenosis and other pathologies. The TCCD 

typically uses a phased array transducer with 1.5-2.5MHz 

center frequency and an aperture size that can fit within the 

acoustic window. The technical specifications of the array 

transducer for brain imaging match closely with those of the 

transducer for transthoracic echocardiography [44]. 

Contrast-enhanced ultrasound imaging using microbubble can 

be useful in assessing real-time cerebral perfusion changes [8]. 

In addition, transcranial 3D ultrasound volume imaging was 

realized using a 2D array transducer [44-47].  

Although several reports have been published on the topic of 

skull effect compensation for brain imaging [40-42, 48, 49], 

there is only limited work available using clinical ultrasound 

scanner [46, 47]. There is an increasing need for improving the 

image quality of brain ultrasound imaging. Super-resolution 

ultrasound brain imaging was proposed to improve the 

resolution and accuracy of brain vascular mapping and an ex 

vivo study was carried out using the human skull [50, 51]. 

Acoustic metamaterials [52] and time-reversal [53] may 

improve the imaging quality but there are no data available till 

now. 

Nonetheless, as the skull effect is minimal for neonates, 

high-frequency ultrasound (~7MHz) has been used for 

transcranial ultrasound imaging through the fontanelle window 

[9, 54] to detect abnormalities in their brains. Ultrasound 

Doppler imaging can non-invasively image the spatial and 

temporal dynamics of microvascular changes that can occur 

during seizures and interictal periods with a very high 

resolution at bedside [9]. 

B. Ultrasound Imaging in the Absence of Skull 

Open skull surgery, also known as craniotomy is usually 

performed to treat brain tumors, aneurysms, hematomas, and 

traumatic head injury. In this surgery, a part of the skull bone is 

removed to expose the brain tissues. Therefore, ultrasound 

imaging can be easily carried out in the absence of skull [55, 

56], with the ultrasound frequency in the range of 5-15MHz. 

Contrast-enhanced ultrasound is highly useful for improving 

the delineation between the tumor and healthy tissue 

pre-resection, as well as for showing the remaining tumor 

tissues after the initial resection [55]. 

The recently proposed plane-wave based power Doppler 

ultrasound imaging method has been applied for cerebral flow 

imaging. In this method, parallel ultrasonic data were 

transmitted and received by all the array elements 

synchronously unlike the conventional line-by-line scanning 

[2]. Usually, a three-cycle pulse was employed and very high 

frame rate data were acquired to increase Doppler ultrasound 

sensitivity for imaging the blood flows in small cerebral vessels 

[4]. The flow data can be quantified to evaluate brain tumors (as 

shown in Fig. 6a) [57], which may help to precisely assess the 

brain tumors characteristics before or during surgical resection.  

The several advantages of ultrasound make it a unique tool to 

acquire information of brain functions and allow tracking the 

spatiotemporal dynamics of the brain activities [4]. Ultrasound 

was also shown to be sensitive enough to map the functional 

connectivity in a living rat’s brain with a significantly higher 

spatiotemporal resolution than fMRI. Therefore, the brain 

ultrasound imaging method is usually referred to as the 

 
Fig. 5. Transcranial ultrasound imaging method and clinical images. The 

acquisition position of a TCD probe through (a) temporal window and (b) 

occipital window. (c) Pulsed wave Doppler imaging in the human brain. 

The images are provided by Delica. (d) Color Doppler image of the blood 
flow of the middle cerebral artery. The image is provided by Mindray. (e) 

The 3D cerebral flow ultrasound imaging. The image is from [45]. 

 
Fig. 6. Cerebral flow images of rodent in the absence of skull using (a) 

plane-wave based functional ultrasound [57], and (b) super-resolution 

ultrasound, adapted from [61]. 
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functional ultrasound (fUS) [4]. The fUS can assess local 

changes in cerebral blood volume that can occur during 

cognitive tasks. Its temporal resolution is high enough to 

measure the directional propagation of signals [58]. It has also 

been used concurrently with extracellular recordings of local 

field potentials to reveal brain-wide spatiotemporal 

hemodynamics of single rapid eye movement sleep episodes 

[59].  

More recently, with the introduction of super-resolution 

imaging for the brain applications, the ultrasound modality has 

achieved a major breakthrough [60]. It uses individually 

localized microbubbles that have a resolution of less than 20 

μm. The positions of the moving microbubbles are tracked and 

accumulated to generate a super-resolution image, shown in Fig. 

6b. The generation of this image overcomes the 

diffraction-limit of spatial resolution [61]. This novel 

neuroimaging modality based on ultrafast ultrasound provides 

new insights into the brain dynamics and neuroscience studies.  

IV. ULTRASONIC THERAPY FOR BRAIN 

Ultrasound can be focused in a small area in the human brain 

allowing for precise, incisionless, transcranial delivery of 

acoustic energy into the brain tissue. In this section, two 

focused ultrasound methods and their applications are 

presented, including high intensity focused ultrasound (HIFU) 

and low intensity focused ultrasound (LIFU). The former 

produces tissue ablation, while the latter is a non-destructive 

treatment, during which the tissue is safe and intact. The 

acoustic properties of therapeutic ultrasound for the brain are 

summarized in Table II. 

A. Ablation of Brain Tissue  

The HIFU allows the ablation of a precise volume of tumor 

tissues by generating peak temperatures ranging from 51 to 60 

degrees Celsius without any side effects or neurological deficits 

[62]. Generally, focused ultrasound with 10-25 seconds 

duration, 0.5-0.8 MHz center frequency and 150-950 Watt 

acoustic power was transmitted into the brain tumor, where the 

acoustic attenuation converted acoustic energy into heat [63]. 

It has been demonstrated that using ultrasound to treat 

malignant glioma [63] and various functional brain diseases 

including chronic neuropathic pain [64], essential tremor [65], 

and Parkinson's disease [66] through thermal ablation of 

thalamic and subthalamic targets is both feasible and safe. 

Ultrasound brain therapy offers a reduced risk of damage to the 

non-targeted areas, and blood clot formation compared to the 

traditional RF ablation [67] or deep brain stimulation (DBS). It 

is performed while the patient is awake and does not involve 

any anesthesia, scalp incisions, burr holes through the skull or 

insertion of electrodes into the brain. It is a non-invasive, single 

treatment approach that enables the patients to recover rapidly.  

Ultrasound undergoes high attenuation through the skull 

bone and, therefore, the heat generated in the skull bone cannot 

be ignored. A three to five minute break must be applied after a 

10–25-second sonication to allow the skull bone and adjacent 

tissue to cool down and prevent adverse thermal lesions [63]. 

Another limitation of the existing brain HIFU methods is that 

the therapeutic target is located around the central part of the 

brain. Moreover, the treatment volume should be monitored to 

prevent overheating of the skull even when the target is located 

in the central portion of the brain. Overheating may occur for 

large treatment volumes. Currently, a variety of methods to 

broaden the treatment area are being evaluated, including using 

lower frequency ultrasound [68, 69], ultrasonic microbubble 

mediated therapy [70] and new transducer arrangement [71, 72]. 

A new method for brain HIFU can enhance the therapeutic 

potential of ultrasound for various brain diseases in the future. 

In addition to the thermal ablation, histotripsy is another 

therapeutic method for the brain [73, 74]. In this method, the 

pulse duration is usually short: microsecond for histotripsy and 

millisecond for boiling histotripsy. The pulses have very high 

acoustic pressures (≥30MPa), and the ultrasonic frequency is 

in the range of 0.3-1.5MHz. Bubble clouds are generated within 

the tissues and ablation is induced by the rapid collapse of the 

bubbles. Furthermore, highly localized mechanical stress and 

strain liquefy the target tissue into acellular debris. Histotripsy 

has been demonstrated to generate sharply defined lesions of 

arbitrary shapes and sizes in the swine cortex [75]. The latest 

developments in random phased array and nonlinear trans-skull 

focusing technology for boiling histotripsy have the potential to 

create shocks with aberration correction at points located inside 

the skull [76, 77]. 

B. Blood-brain-barrier (BBB) Opening Therapy 

The BBB is a complex structure that protects the brain from 

exposure to potentially damaging substances. However, it also 

blocks the therapeutic drugs used for treating 

neurodegenerative and oncological diseases. 

Microbubble-mediated LIFU has been demonstrated to be 

feasible and safe for targeted delivery of drugs through 

transient permeabilization of BBB. The delivered drugs can be 

used to treat brain diseases including Alzheimer’s disease (AD) 

[5], brain tumors [78], myotrophic lateral sclerosis [6] and other 

diseases of the central nervous system. These studies show that 

ultrasound can become an option to treat many neurological 

disorders, as the technology can be used to safely open the BBB 

and deliver therapeutic agents to the brain. 

The sonication targets have a size of 5 mm × 5 mm × 7mm in 

the brain. They can be treated using a 0.22 MHz ultrasound [6], 

and the frequency can vary over a large range from 0.2 to 1.5 

MHz or higher. The acoustic pressures should be higher than 

TABLE II 

TYPICAL ACOUSTIC PROPERTIES OF THERAPEUTIC ULTRASOUND FOR THE 

BRAIN. 

Technique Frequency Waveform Power Stage 

HIFU 
Ablation 

0.5-0.8MHz 10-25s 
Continuous 

waveform 

150-950 W Clinical 

Histotripsy 

Ablation 

0.3-1.5MHz Short pulse, ~2 

cycles or ~1% 
PRF 

High 

pressure ≥
30MPa 

Preclinical 

BBB 

opening 

0.2-1.5MHz Short pulse, 

~1% low PRF 

Low 

pressure 
~0.5 MPa 

Clinical 

trial 

Neuro- 

modulation 

0.2-5MHz Low PRF pulse 

or shock wave 

Low 

pressure or 
short high 

pressure 

Preclinical 

and clinical 
trial 

Sonothrom-

bolysis 

0.3-2MHz Low PRF short 

pulse 

Low 

pressure 

Clinical 

trial 
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0.3 MPa [79]. Ultrasound is usually delivered in a burst mode, 

and each spot sonication consists of typically 2 ms on and 28 

ms off bursts for 300 ms, with a repetition interval of 2.7 s for 

human study [5]. A sonication cycle is between 50-90 s and one 

to two sonication cycles can be applied until the BBB opens [6]. 

Each sonication cycle is coupled with a weight-based 

intravenous injection of 4 μl/kg microbubbles, followed shortly 

by the application of ultrasound to the target. The total dose of 

the injection should not exceed 20 μl/kg [5, 6]. Several 

commercially available microbubbles (Sonovue, Bracco 

Diagnostics Inc., Milan, Italy; Definity, Lantheus Medical 

Imaging, USA) are suitable for BBB opening studies. It is 

reported that the BBB can be closed within 24 hours or less 

using appropriate settings [79]. 

C. Ultrasound Neuromodulation 

Neuromodulation is a technique that has been used for basic 

and clinical neurosciences. It applies electrical, magnetic, 

optical, acoustic, and/or pharmaceutical agents to neurons for 

altering their activity. Neuromodulation based on the LIFU is 

an emerging technique that can non-invasively modulate the 

neural activities in the brain by delivering low-intensity 

ultrasonic waves through the intact skull [21]. Compared to 

other neuromodulation approaches, the LIFU-based approach 

is non-invasive and can reach deep brain regions with a high 

spatial resolution of about several millimeters. Thus, it has 

attracted a significant amount of attention in the field of brain 

science [80]. 

The parameters of the ultrasound wave for ultrasound 

neuromodulation are similar to those required for BBB opening. 

The frequency range can be very large in the range of 

0.2MHz-43MHz [80, 81]. Usually, low frequency ultrasound, 

i.e., less than 2.5 MHz is used for stimulation because the 

penetration depth is high for low frequency ultrasound. The 

width of the focal point in a small animal’s brain can be less 

than 1 mm when a 5MHz ultrasound is used [12]. The 

parameters of sonication vary for different experiments. A 

successful activation can be induced for acoustic pressure 

values that are usually higher than a threshold of 0.3 MPa [12]. 

The LIFU is normally delivered in a burst mode to avoid a 

temperature increase [82]. Each spot sonication typically has a 

duty factor of 50%, consisting of about 1 ms on and 1 ms off 

bursts for 2-300 ms, with a repetition interval of 2-3 s [15]. The 

number of sonication cycles depends on the study: transient 

stimulation can be achieved in one cycle, and long term 

treatment may require treatment cycles each time of several 

minute. 

Another method uses a very short but very high acoustic 

pressure ultrasonic wave for neuromodulation. The wave 

duration is about 3 s, the positive and negative pressures are 

20 MPa and 10 MPa, respectively, the energy flux density is 

0.2-0.3 mJ/mm2 and the pulse repetition frequency is 1-5 Hz. 

This method was applied for treating Alzheimer’s disease 

patients, whose neuropsychological scores improved 

immediately as well as one and three months after the 

ultrasound stimulation [83]. 

The LIFU was applied to modulate the connectivity profiles 

of the brain, which indicated that such stimulation could 

selectively target structures deep in the macaque brain [84]. In 

addition, ultrasound increased the functional coupling of the 

stimulated regions with the strongly or closely connected 

regions [20]. A further understanding of the potential 

mechanisms is necessary for better application of ultrasound in 

brain neuromodulation. The LIFU can be a highly useful tool 

for modulating specific neuronal pathways or nuclei in both 

clinical and basic neuroscience studies such as aging [85] and 

social behavior. The latest development of portable devices and 

systems for studying awake animals provides new options for 

ultrasound neuromodulation [13, 15, 86]. In addition to a 

general neuromodulation tool, the LIFU has demonstrated its 

potential therapeutic effects on neurologic diseases including 

Parkinson's disease [87], depression [88], and epilepsy [89-91] 

in small animals. Moreover, ultrasound neuromodulation can 

be developed as a general noninvasive sonogenetic method to 

manipulate the neural activities [92]. 

D. Sonothrombolysis 

Early recanalization of patients with acute ischemic stroke 

can significantly reduce the disability rate. However, a large 

number of stroke patients remain disabled after the 

interventional treatment using tissue plasminogen activator 

(t-PA). The LIFU has been aided by using t-PA, known as 

sonothrombolysis to treat acute ischemic stroke. It was found 

that the LIFU (2MHz pulsed transcranial ultrasound) can 

induce a detectable improvement of residual flow and early 

recanalization with the t-PA therapy [93]. In addition, the LIFU 

having the same diagnostic settings as those used originally for 

the TCCD with a 2 MHz transducer through the temporal bone 

has been evaluated. Microbubble mediated sonothrombolysis 

may augment recanalization therapy for acute ischemic stroke 

[94]. However, another clinical trial using low frequency 

ultrasound at 0.3MHz for sonothrombolysis was stopped due to 

an increased rate of cerebral hemorrhages in patients caused 

after the tPA treatment [95]. There is a risk of brain damage 

during tPA extravasation due to inertial cavitation and standing 

wave hurdles in low frequency ultrasound [96]. 

E. Imaging Guidance for the Therapy 

Currently, MRI has been employed for real-time guidance of 

ultrasound brain therapy [3]. The MRI can provide a good 

contrast between soft tissues and skull, and is sensitive to subtle 

changes in morphology and functions. Therefore, MRI can be 

used to monitor the focal point by providing visualization of the 

temperature elevation and displacement induced by the focused 

ultrasound, which in turn can be used to localize the position of 

therapy. A variety of MRI parameters are sensitive to the 

thermal effects induced by ultrasound, among which the 

protons resonance frequency is the most widely used parameter 

for monitoring the ultrasound therapy [97]. The resonance 

frequency of proton in water molecules demonstrates a linear 

relationship with the temperature change. A relatively low 

power ultrasound of about 150 to 250 W induced temperatures 

of 40 to 45°C and resulted in confirmed accurate focusing in the 

brain using the MR thermography [65]. The temperature was 

continuously monitored during the therapeutic procedure, 

which ensured the safety and reliability of ultrasound therapy 

for noninvasive brain neurosurgery. 

The MR acoustic radiation force imaging (MR-ARFI) [98] is 

another method to guide the ultrasound treatment. The 

micro-scale local displacement induced by the ultrasound 
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insonation can be encoded as the phase contrast. As the 

ultrasound pulses with a low duty cycle have minor thermal 

effects, they can be used to monitor nonthermal treatment such 

as target drug delivery, BBB opening, and neuromodulation. 

Adaptive algorithms based on the MR-ARFI feedback that can 

correct phase aberrations caused by the skull were reported in 

[99, 100]. However, a high ultrasound intensity was required to 

obtain good quality transcranial images. A simultaneous 

MR-ARFI thermometry sequence with high temporal and 

spatial resolution was proposed for sub-second multi-slice 

temperature and displacement imaging during sonication [101].  

All the aforementioned methods help in better targeting of 

the brain structures with improved safety profile and therapy 

efficiency. Once the focal point and the ultrasonic intensity are 

verified and confirmed, the MRI can also be used to monitor the 

process of BBB permeabilization in the brain using new 

gadolinium enhancement in T1-weighted imaging [6], as 

shown in Fig. 7c. The visualization of gadolinium enhancement 

in the brain target effectively shows the BBB opening, thus 

indicating when the sonication procedure should be terminated 

[6].  

In terms of microbubble mediated therapy applications, 

harmonic and ultra-harmonic acoustic feedback from the 

targeted area can be used to indicate the level [6] and location 

of cavitation [102-104]. In addition, Evans blue extravasation is 

frequently used for small animal studies [105, 106], where the 

blue color indicates the permeabilization area in the brain tissue, 

as shown in Fig. 7d. 

Furthermore, 3D infrared camera technology can also be 

used to guide the therapy [23, 83]. An optical sensor is attached 

to the transducer and, therefore, the 3D position of the sensor is 

known and the focal point of the transducer can be tracked 

simultaneously. Consequently, the ultrasonic focus can be 

simulated in real-time in the brain map that is acquired a priori 

by CT or MRI scanner. This method removes the need of 

ultrasound equipment for MRI compatible issues and simplifies 

the therapeutic process. However, the skull aberrations cannot 

be compensated because of the low resolution of the guidance 

technology, which is about 1-2mm. 

V. MECHANISM  

Ultrasound are mechanical waves that can travel through the 

living tissue. The interactions of ultrasound with the living 

tissues are complex and, therefore the mechanism behind the 

interactions is also complex and sometimes involves several 

factors. The mechanism in play differs depending on the 

therapeutic applications, as summarized in Table III. 

A. Imaging 

Ultrasound interacts with the living tissues when traveling 

through them. These interactions can include reflection, 

scattering and absorption. The reflection occurs when the 

ultrasound waves encounter difference in acoustic impedance. 

The transducer composes an image from the received reflected 

signal, which represents the relative variations of acoustic 

impedance in living tissues. This is known as B-mode imaging. 

The microbubbles used as contrast agents in clinical studies are 

micron-sized and, therefore they can be easily introduced 

intravenously. The bubbles are typically gas-filled bodies that 

significantly increase the scattering of ultrasound waves, 

especially the nonlinear scattering. As a result, they can be 

easily differentiated from soft tissue structures, which is known 

as Contrast mode. A change in the frequency of an ultrasound 

wave, known as the Doppler effect, is caused by the blood flow. 

This frequency change can be used to detect the velocity and 

TABLE III 

MECHANISM OF ULTRASOUND FOR BRAIN IMAGING AND THERAPY. 

Applications Mechanism 

B-mode imaging Mechanical wave effect 

Doppler imaging Mechanical wave effect, Doppler effect 

Contrast mode imaging Mechanical wave effect, non-linear 

ultrasound, cavitation effect 

Elasticity imaging Mechanical wave effect, acoustic radiation 

force, shear wave propagation 

Ablation Thermal effect, cavitation effect [108] 

BBB opening Cavitation effect, sonoporation, acoustic 

radiation force, microstreaming [110-112] 

Neuromodulation Potentials piezoelectric effect, 

intramembrane cavitation, acoustic radiation 

force, cavitation effect [81, 109, 113, 115-6] 

Thrombolysis Cavitation effect, acoustic radiation force, 

thermal effect [117] 

 

 
Fig. 7. (a) Stable and inertial cavitation of microbubble induced by ultrasonic 

wave. The image is adapted from [111]. (b) Bioeffect of acoustic 

micro-bubble in the vessel: 1. Stable cavitation; 2. microstreaming around the 
bubble; 3. Non-ruptured permeability; 4. Shock wave causing by collapse 

cavitation; 5. Pierced and ruptured cell; 6. A liquid jet that pierces the 

endothelial lining. The image is adapted from [111]. (c) MRI images of brain 
tissue when BBB is open. The image is adapted from [6]. (d) Evans blue 

extravasation in brain tissue indicating multiple BBB opening positions. The 

image is from [106]. 
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direction of the blood flow. This is known as Pulse-wave 

Doppler and Color Doppler mode [107]. 

B. Therapy 

The absorption of ultrasound waves in tissues causes thermal 

effects that have been exploited for the HIFU thermal ablation 

applications. A therapeutic sonication of 10 to 20 seconds can 

induce a temperature increase of the targeted tissue from 40 to 

63°C for the maximal voxel monitoring using MR 

thermography [65]. In addition, inertial cavitation may occur 

due to high mechanical indices that can generate high 

temperature and pressure elevation within proximity to the 

targeted tissue, which contributes further to the thermal 

ablation [108]. 

The permeabilization of BBB requires microbubble 

mediated ultrasound and multiple physical phenomena can play 

a role in this process as shown in Fig. 7a-b. The microbubbles 

oscillate at low-pressure ultrasound waves, which is known as 

stable cavitation, The resulting oscillations can interact with the 

vascular lining [109]. In addition, rapid oscillation may create 

micro-streaming, which in turn may interact further with the 

vascular lining creating high shear stress. The acoustic 

radiation force can also contribute to this cascade process by 

pushing the bubbles. The bubbles may collapse when high 

acoustic pressure is applied, and the accompanying shock wave 

and micro-jet can induce vascular permeabilization [110, 111]. 

The mechanism behind ultrasound neuromodulation is still 

not fully understood, although several studies have been carried 

out in recent years. The process may involve multiple physical 

phenomena including mechanical waves, piezoelectric effects, 

acoustic radiation force, cavitation, and/or thermal effects. 

Mechanosensitive channel may be a factor that causes 

ultrasound neuromodulation [112, 113]. A mechanosensitive 

channel of large conductance (MscL) was found in rat 

hippocampal neurons in primary culture, which could be 

activated by ultrasound [112]. Piezo-type mechanosensitive ion 

channel component 1 (Piezo1) mediates the in vitro action of 

mouse primary cortical neurons and can also be activated by 

ultrasound [113]. In addition, the acoustic radiation force was 

deemed as a physical mechanism behind neuronal cell 

stimulation [81]. A hypothesis was proposed according to 

which the neuronal intramembrane piezoelectricity was 

responsible for causing ultrasound neuromodulation [114]. The 

capacitance of the intramembrane changed due to the 

conformational state of the lipids in the membrane, which 

generated a nerve impulse [115]. However, all these aspects 

require confirmation using further experimental data, and the 

underlying mechanism can be more complex than a single 

physical phenomenon. 

Cavitation has been hypothesized as the main source of 

thrombolysis. Stable cavitation in the vicinity of blood clots 

facilitates the efficacy of lytic drugs and inertial cavitation 

produces micro-jet that can further cause physical damage to 

the blood clot’s surface [116]. In addition to cavitation, acoustic 

radiation force could be responsible for sonothrombolysis 

[117]. 

VI. SAFETY  

The safety of brain ultrasound depends on the mechanical 

and/or thermal effects of ultrasound. The mechanical effect is 

mainly induced by acoustic radiation force or acoustic 

cavitation. It can damage the normal cell structure and cause 

bleeding in the capillary around the targeted tissue. The thermal 

effect can increase brain tissue temperature resulting in protein 

denaturation or cell death. 

Figure 8 shows a typical ultrasonic waveform for brain 

ultrasound applications. A good imaging resolution should be 

obtained for structural imaging, and therefore, the pulse should 

be as short as possible, usually between one to three cycles. 

One-cycle pulse can provide the best imaging resolution. 

Two-cycle will increase the echo amplitude at the expense of 

imaging resolution. Typically, a three-cycle waveform was 

used for functional ultrasound flow imaging and a 5-10 cycle 

waveform was used for pulsed-wave Doppler flow imaging. 

The ultrasound pulse for therapy application is typically 

longer than that for imaging applications. Figure 8c shows the 

waveform used for LIFU therapy such as ultrasound-mediated 

BBB opening and ultrasonic neuromodulation. It should be 

noted that due to high acoustic attenuation in the skull, it may 

overheat even if LIFU is applied [82]. A continuous-wave is 

used for HIFU therapy as shown in Fig. 8d. 

The typical ultrasound parameters including the acoustic 

intensities can be calculated based on the following two 

equations [15]: 

ttPcTI
T

d)]([)(1
0

0

2

0sppa               (7) 

)( 4231sppaspta TTTTII                                    (8) 

where P(t) is the spatial peak instantaneous acoustic pressure, 

and T0 is an integer representing the number of periods of the 

ultrasound waveform. The spatial peak pulse average intensity, 

 
Fig. 8.  Acoustic waveforms for ultrasound applications. (a) One cycle pulse 

is for B-mode imaging, and 2-3 cycle for functional ultrasound imaging. 
More than 5 cycles for Doppler imaging. (b) High-pressure shock wave for 

histotripsy and neuromodulation. (c) The pulsed waveform for LIFU 

application. T1 is the continuous pulse duration; T2 is the pulse repetition 
period; T3 is the sonication duration; T4 is the stimulus repetition period; T5 

is the total time for each treatment. (d) Continuous-wave (>20 seconds) for 

thermal ablation. 
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i.e., Isppa with units of W/cm2, can be calculated by integrating 

the square of the instantaneous acoustic pressure over the time 

T0 and then dividing the result by the mass density ρ and speed 

of sound c. The spatial peak temporal average intensity, i.e., Ispta 

with units of mW/cm2 is calculated by multiplying Isppa by T1, 

T2, T3, and T4, which represent the continuous pulse duration, 

pulse repetition period, sonication duration, and stimulus 

repetition period, respectively. 

Equation 7 can be simplified for linear ultrasound waveform. 

A sinusoidal wave with the same amplitude of peak 

compression pressure and rarefaction pressure can be given as 

follows:  

)2cos()( 0 tfPtP                  (9) 

where P0 is the amplitudes of peak pressure, and f is the center 

frequency of the ultrasound waveform. The non-linearity can 

be negligible in LIFU and, therefore, Isppa can be approximately 

calculated as: 

)(22

0sppa cPI                                       (10) 

The safety standard for brain ultrasound applications is 

guided by the Food and Drug Administration (FDA) guidelines 

for diagnostic ultrasound imaging devices. The mechanical risk 

of ultrasound is evaluated by the parameters Isppa and the 

Mechanical Index (MI), while the thermal risk is evaluated by 

the parameters Ispta and Thermal Index (TI). The MI is given by: 

f

P
MI r

                           (11) 

where Pr is the peak rarefaction pressure (in MPa) and f is the 

center frequency (in MHz) of the ultrasonic waveform. The MI 

can predict the onset of inertial cavitation in the presence of 

microbubble. 

According to the FDA guidelines for imaging applications in 

the adult brain, Isppa, Ispta, and MI must not exceed 190 W/cm2, 

94 mW/cm2, and 1.9, respectively [118]. These parameters are 

related to the ultrasonic pressure, ultrasonic frequency and 

pulse duration, and limiting these parameters is useful for 

decreasing the risk from thermal effects.  

VII. RECENTLY DEVELOPED ULTRASOUND DEVICE AND 

SYSTEM FOR BRAIN IMAGING AND THERAPY 

Recent developments in ultrasound transducer and 

electronics along with imaging or therapeutic algorithms open 

new opportunities for brain diagnosis and therapy. Plane-wave 

based power Doppler using ultrafast imaging sequence can 

significantly improve the sensitivity of cerebral flow imaging 

[4]. Real-time 3D imaging can be achieved using a 

multiplane-wave scheme with a 1024-element 2D array 

transducer, which provides an imaging tool to track transient 

activities in the brain such as epileptiform events [119]. 

Transcranial 3D ultrasound imaging using 2D array transducer 

was proposed in [44, 45]. However, its imaging quality is 

relatively low and requires further development of skull 

compensation. 

Figures 9a-b show an MRI compatible array transducer 

(ExAblate Neuro, InSightec Haifa). The transducer was used to 

induce a therapeutic effect in the brain through an intact skull 

[120]. It is a hemispheric-phased array with ~31cm diameter 

and ~15.5cm radius of curvature, which allows for ultrasound 

propagation through the entire skull. The operating frequency is 

220 kHz (for BBB opening or neuromodulation) or 650 KHz 

(for thermal ablation). There are a total of 1024 elements in 

each transducer and each element can be controlled 

individually to enable focusing of the ultrasound beams in the 

brain. A stereotaxic frame is usually coupled with the 

transducer by fixing it to the patient's head under a local 

anesthetic [5]. Degassed water is also used as an acoustic 

coupling between the scalp and the transducer. Real-time MRI 

guidance increases the safety and accuracy of the treatment 

process [3]. A scalable 2D plane array transducer was proposed 

for brain neuromodulation, rendering a small size focal point 

and large steering range in the brain [121]. The transducer is 

MRI compatible and was used to carry out primate animal 

study in vivo for deep brain neuromodulation.   

In addition, ultrasound-guided therapy was proposed. 

Dual-mode arrays were designed for image-guided therapy [13, 

122], and multi-target neurostimulation or BBB opening can be 

achieved using array transducers [13, 106]. Moreover, 

multi-frequency array transducers were proposed for variable 

transmit focal sizes and multiple frequency excitation [102, 

123]. Both half and second harmonic imaging can be obtained 

that are useful for cavitation detection and localization.  

Portable ultrasound devices have been developed and 

evaluated on free-moving animals [15, 86] and humans [23, 83]. 

These devices can make the ultrasound treatment simple and 

convenient. The transducer can be attached directly to the head, 

and its location can be tracked in real-time using a 3D infrared 

camera technology. The therapeutic process is similar to the 

 
Fig. 9.  The ultrasound transducer and system for brain therapy. (a) MRI 

guided array transducer for brain therapy. The images are from [120]. (b) 
The schematic of MRI guided ultrasound setup for brain therapy. (c) 

Multiple scalable array transducers for deep brain neuromodulation [121]. 

(d) Transcranial pulse stimulation handheld transducer for brain therapy 

[83]. The images in (d) are courtesy of Storz Medical AG. 
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transcranial magnetic stimulation technology that can be well 

accepted by clinician.  

Implantable ultrasound devices in the brain can offer a 

high-resolution localized BBB opening by avoiding the skull 

effect [124]. Once the device is implanted, the remaining 

process can be carried out easily. However, the main drawback 

of this method is the invasiveness of the procedure. It is 

expected that the new transducer designs and systems will 

promote the development and application of brain ultrasound. 

In particular, 3D acoustic lenses have been recently used to 

correct the aberrations induced by the human skull [125], with 

promising steering capabilities [126]. 

Ultrasonic neural dust, which is an ultrasound-based wireless 

neural recording technique has been applied to acquire the 

electrophysiological signal in vivo [127]. With this technique, 

ultrasound can not only provide a communication path between 

the neural cell and the outside console but also offer power 

supply for the mm-scale device implanted in the body [127, 

128]. The recorded neural signal can be transmitted from the 

implanted device using ultrasonic backscatter. The 

ultrasound-based neural interface can have a great potential for 

brain-machine interface. 

VIII. CONCLUSIONS 

The ultrasound waves can penetrate non-invasively into 

brain tissues based on the different physical phenomena, 

enabling multiple clinical applications in diagnosis and therapy. 

Ultrasound has thus become a versatile and valuable tool in 

both preclinical and clinical studies that provides not only 

imaging information of the structure and function of the living 

brain but also enables manipulation of the brain and treatment 

of brain diseases. It is expected that ultrasound will play a 

major role in future clinical neurological studies. 
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