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Abstract

Visualizing and perturbing neural activity on a brain-wide scale in model animals and humans is a 

major goal of neuroscience technology development. Established electrical and optical techniques 

typically break down at this scale due to inherent physical limitations. In contrast, ultrasound 

readily permeates the brain, and in some cases the skull, and interacts with tissue with a 

fundamental resolution on the order of 100 μm and 1 ms. This basic ability has motivated major 

efforts to harness ultrasound as a modality for large-scale brain imaging and modulation. These 

efforts have resulted in already-useful neuroscience tools, including high-resolution hemodynamic 

functional imaging, focused ultrasound neuromodulation and local drug delivery. Furthermore, 

recent breakthroughs promise to connect ultrasound to neurons at the genetic level for 

biomolecular imaging and sonogenetic control. In this article, we review the state of the art and 

ongoing developments in ultrasonic neurotechnology, building from fundamental principles to 

current utility, open questions and future potential.

In Brief

The physics of ultrasound provides non-invasive access to the intact brain and the potential for 

large-scale imaging and control of neural activity. This article reviews the current state of 

ultrasound applications in neuroscience, building from fundamental principles to established 

techniques for functional imaging and neuromodulation, and highlighting ongoing technology 

development to connect ultrasound to neural activity at the molecular level.
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Introduction: the fortuitous physics of ultrasound

Breakthroughs in neuroscience can often be traced to new experimental methods. Diverse 

techniques ranging from electrophysiology and histology to optical imaging, magnetic 

resonance, optogenetics and chemogenetics have provided new ways to study the structure 

and function of neural circuits. However, the established neuroscience toolkit does not yet 

satisfy a critical experimental need: the ability to observe and perturb neural circuit 

dynamics on a brain-wide scale in behaving mammals. Moreover, most neuroscience 

techniques are impossible to apply in humans without unacceptable invasiveness.

These limitations arise primarily from the physics connecting the forms of energy 

underlying each method with biological materials (Marblestone et al., 2013; Piraner et al., 

2017a). Electrical recording of spiking neurons requires probes to be located within 

approximately 200 μm of the cell, which, together with finite probe size, limits the density 

and coverage of in vivo electrophysiology (Marblestone et al., 2013). Visible light is 

typically scattered within 1 mm of tissue, making it difficult to precisely resolve or target 

optical signals beyond this depth (Ntziachristos, 2010). The weak polarization of nuclear 

spins limits the signal and thereby the spatial resolution of functional magnetic resonance 

imaging (fMRI). The difficulty of focusing and localizing electromagnetic fields at depth 

hinders the precision of electrical or magnetic stimulation and source identification from 

outside the brain. Radioactive probes are limited by their pharmacokinetics and the spatial 

delocalization of their emissions. Chemogenetic tools typically require invasive delivery to 

operate at anatomically defined sites.

In contrast, ultrasound (US) is a form of energy that easily penetrates soft tissues at 

wavelengths on the order of 100 μm (Maresca et al., 2018a). This allows ultrasound-based 

methods to generate images or deliver focused energy several cm into tissue with spatial 

precision corresponding to this wavelength. Moreover, the speed of sound wave propagation 

– approximately 1.5 km/s in soft tissue – allows ultrasound to operate with temporal 

precision below 1 ms. These fortuitous properties have made ultrasound imaging one of the 

most widely used technologies in clinical medicine, facilitated by its relatively low cost, 

high portability and safety. At the same time, as the only form of non-ionizing energy that 

can be focused in deep tissues, focused ultrasound (FUS) has become a rapidly-growing 

modality for non-invasive therapy, used in the ablative treatment of cancer and neurological 

dysfunction , facilitated by advances in US hardware and image guidance (Escoffre and 

Bouakaz, 2016).

In the last 10 years, ultrasound has burst onto the scene of neuroscience research as the basis 

for several breakthrough tools, ranging from high-resolution hemodynamic and molecular 

imaging to non-invasive neuromodulation. This seemingly sudden emergence is, in fact, 
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underpinned by decades of progress in basic ultrasound technology, which continue to create 

new possibilities as the first wave of neuroscience applications becomes established.

In this review, we spotlight the ultrasound-based techniques available for neuroscience 

research, describing their principles, applications, future potential and pitfalls. We start with 

ultrasound imaging, focusing on the already-useful hemodynamic functional ultrasound 

imaging (fUSI) and the emerging capabilities of biomolecular ultrasound. Next, we cover 

several ways in which FUS can perturb neural activity, including direct FUS 

neuromodulation, FUS-based drug and gene delivery and emerging “sonogenetic” control. 

Finally, we mention how ultrasound can be used to power and communicate with inorganic 

devices. Operating in diverse acoustic regimes (Fig. 1), each of these methods allows 

ultrasound to probe neural function through unique biophysical interactions. Our goal in this 

article is to introduce neuroscientists to these regimes and the imaging and perturbation 

methods they enable, and answer the question we often encounter from our neuroscience 

colleagues: “what can these technologies do for me?”.

Ultrasonic neuroimaging

Ultrasound (US) imaging is a pulse-echo technique involving the transmission of brief 

pulses (“pings” in Fig. 1a) of ultrasound into tissue and the recording of backscattered 

echoes from objects and interfaces within the tissue. The relative timing of the transmitted 

pulses and received signals, transduced by arrays of piezoelectric elements, is used to locate 

objects in space and form an image. Scattering arises from materials with different density 

and/or compressibility relative to their surrounding medium, including tissue interfaces, 

blood cells and contrast agents (Maresca et al., 2018a). In soft tissue, the frequencies 

typically used in ultrasound imaging (3-25 MHz) correspond to wavelengths of 500-60 μm 

and penetration depths of 10-1 cm, respectively. Penetration depth is determined by a 

combination of scattering and viscous energy dissipation. Acquiring a single pulse-echo 

image can take as little as tens of μs. This performance provides favorable trade-offs relative 

to electrical, optical and magnetic resonance techniques (Fig.2a). Although US is strongly 

attenuated and refracted by bone, imaging is possible through intact skull in mice. In other 

species, ultrasound imaging of the brain is typically performed through defined acoustic 

windows. Two recent fundamental advances have created the potential for ultrasound to play 

a major role in neuroscience. The first, already materialized, is the use of ultrafast ultrasound 

to visualize hemodynamic correlates of neural activity in behaving animals with brain-wide 

coverage and unprecedented spatiotemporal resolution. The second, still in development, is 

the use of genetically encodable acoustic reporter genes and biosensors to directly monitor 

the function of genetically defined cells.

Hemodynamic functional ultrasound imaging (fUSI)

Hemodynamic functional ultrasound imaging (fUSI) visualizes neural activity by mapping 

local changes in blood flow. The ability of ultrasound to quantify this flow is classically 

based on the Doppler effect – the shift in frequency of an emitted wave due to the motion of 

the emitter (in this case, a sound-scattering red blood cell) relative to the detector. Doppler 

ultrasound is commonly used in medical cardiology, and transcranial Doppler applied 

through the temporal bone can monitor blood flow in the basal intracerebral arteries (Aaslid 
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et al., 1982). However, the speed and signal-to-noise ratio (SNR) of conventional Doppler 

ultrasound was insufficient to monitor the subtle blood flow changes caused by 

neurovascular coupling until the development of ultrafast ultrasound imaging (Tanter and 

Fink, 2014). Ultrafast ultrasound can produce thousands of images per second, compared to 

the typical 50 frames per second of conventional ultrasound scanners. The key idea behind 

ultrafast ultrasound is to use plane-wave transmissions instead of sequential focused beams 

to cover an entire field of view at a frame rate of up to 20 kHz. Enabled by the 

computational power to solve a ~ 100,000-element linear algebra problem for each frame, 

this method allowed US for the first time to image transient phenomena occurring in the 

millisecond range deep inside organs and greatly increased the signal-to-noise ratio (SNR).

fUSI was born when ultrafast ultrasound was applied to imaging cerebral blood flow 

(Bercoff et al., 2011; Mace et al., 2011). In this paradigm, plane waves return echoes 

scattered from red blood cells, whose motion within each voxel changes the complex 

amplitude of the echo arising from that voxel between successive frames. The rate of phase 

change in this signal corresponds to a Doppler velocity, while the absolute magnitude of the 

time-varying echoes after filtering out static and slow-moving tissue signals represents the 

Doppler power (Mace et al., 2013). This Power Doppler (PD) signal is proportional to 

cerebral blood volume (CBV) and relatively robust to noise, making it the primary signal 

used in fUSI neuroimaging. To attain sufficient SNR for robust neurovascular contrast, plane 

waves are typically transmitted at a series of angles (e.g., ± 10°) and their echoes are 

coherently summed before PD processing (Fig. 2b). At present, a common fUSI 

implementation uses a pulse repetition frequency of 5 kHz, 10 angles and 200 compounded 

frames (each acquired at 500 Hz) to produce one PD image in 400 ms. At these parameters 

fUSI is sensitive to CBV changes from large cerebral vessels, with blood flow velocity >10 

mm/s, to the smallest microvessels, with velocity of 0.5-1.5 mm/s (Boido et al., 2019).

The first in vivo proof of concept for fUSI was established in 2011 by imaging the rat brain 

during whisker stimulation and epileptic seizures (Mace et al., 2011), and proved sufficient 

sensitivity to detect single-trial CBV changes of just 2%. The spatial resolution of fUSI at 15 

MHz transmit frequency is estimated as approximately 100×100×300 μm3 based on 

measurement of the point spread function of the flow of particles in a sub-wavelength 

channel (Macé et al., 2018). The precise quantitative relationship between the fUSI signal 

and underlying neural activity is under active investigation. A recent study demonstrated a 

linear correspondence between local dendritic calcium, fUSI signal and optically measured 

CBV in the mouse olfactory bulb (Boido et al., 2019).

Following its pioneering development in 2011, fUSI has been used in over 100 studies in a 

variety of animal models and contexts, including rodents, birds, ferrets, monkeys and 

humans (Fig. 2c), as reviewed extensively by (Deffieux et al., 2018). For example, this 

technique has been applied to functional connectivity (Osmanski et al., 2014a), mapping of 

sensory cortical regions (Bimbard et al.; Osmanski et al., 2014b; Rau et al., 2018), tracking 

of spreading depression waves (Demene et al., 2017; Macé et al., 2011; Rabut et al., 2019) 

and planning of movement (Norman et al., 2020).
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Since bones attenuate and aberrate acoustic waves at high frequencies (Pinton et al., 2012), 

most of these applications require circumventing the skull. This is not necessary in mice and 

young rats, where fUSI can be performed through intact skull (Tiran et al., 2017). In rats, 

open craniotomy has been mostly chosen for terminal acquisition sessions (Gesnik et al., 

2017; Mace et al., 2013; Osmanski et al., 2014a, 2014b), and chronic imaging has relied on 

thinned-skull procedures (Urban et al., 2014) or the installation of polymeric acoustically 

transparent cranial windows (Bergel et al., 2018; Sieu et al., 2015; Urban et al., 2015). 

Similar methods have been implemented in ferrets (Bimbard et al.), pigeons (Rau et al., 

2018) and rabbits (Demené et al., 2018). In non-human primates, fUSI has been performed 

through a cranial window (Blaize et al., 2020; Dizeux et al., 2019; Kévin et al., 2019; 

Norman et al., 2020). In humans, fUSI has been applied in scenarios where the skull is 

absent, including during intra-operative craniotomy procedures (Imbault et al., 2017; 

Soloukey et al., 2020) and though the anterior fontanelle window of newborns (Demene et 

al., 2017).

One of the biggest advantages of fUSI compared to fMRI is its ability to image awake, 

behaving subjects, including during locomotion. Ambulatory imaging is accomplished by 

reversibly fixing a miniaturized ultrasonic probe on the skull around the cranial window. 

Awake imaging makes possible the monitoring of cerebral functions without the potential 

confounds of anesthesia and also enables investigating brain functions in behaving rodents 

during operant tasks (Urban et al., 2015) or during sleep (Bergel et al., 2018; Sieu et al., 

2015). Recently, pharmaco-fUSI was introduced to monitor drug effects on perfusion and 

functional connectivity in awake, feely moving mice (Rabut et al., 2020). Another major 

advantage of fUSI is its spatiotemporal resolution, with studies routinely achieving ~100 μm 

in-plane resolution and 400 ms sampling. In principle, the temporal resolution can be pushed 

to < 200 ms using existing methods, making it much faster than the underlying 

hemodynamic transfer function (Aydin et al., 2020), while even faster dynamics can 

potentially be inferred from the relative timing of response initiation between regions 

(Dizeux et al., 2019). Finally, fUSI can be combined with other techniques (Fig. 2a), 

including electrophysiology (Bergel et al., 2018, 2020; Sieu et al., 2015) (Demene et al., 

2017), two-photon microscopy (Boido et al., 2019; Rungta et al., 2017) and optogenetic 

stimulation (Brunner et al., 2020). fMRI has also been used to assist fUSI acquisitions in 

clinical applications (Demene et al., 2017; Imbault et al., 2017; Soloukey et al., 2020).

How difficult is it for neuroscientists to start using fUSI? Today, it is relatively 

straightforward thanks to the commercialization of turn-key systems to perform non-clinical 

realtime fUSI and analyze the results. Alternatively, it is possible to implement fUSI on a 

general-purpose programmable ultrasound engine with home-made code, provided sufficient 

expertise and time to implement and optimize computationally-demanding routines for 

image and signal analysis.

As a new technology, fUSI has considerable scope for improvement and expansion. Major 

areas of ongoing research include the extension of fUSI into simultaneous 3D imaging of 

whole brains, the use of contrast agents to increase fUSI sensitivity and enable imaging 

through intact skull in larger species, and the development of chronic fUSI-based brain-

machine interfaces (BMI). The original implementation of fUSI visualized one 2D plane at a 
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time, and 3D imaging required physically translating the transducer between scans (Demené 

et al., 2016; Gesnik et al., 2017; Macé et al., 2018; Rau et al., 2018). This approach is 

effective in mapping neural activity in 3D by repeating a task while acquiring different 

planes. However, this increases experiment duration, and makes it impossible to cross-

correlate activity between planes as needed, for example, in connectivity analysis. Last year, 

it was demonstrated for the first time that simultaneous 3D volumetric fUSI of nearly the 

whole brain in craniotomized rodents can be performed using a planar matrix array 

transducer -as opposed to the typical linear array- (Rabut et al., 2019). This required a 

substantial increase in the number of acquisition channels (1024 compared to the typical 128 

or 256), the use of advanced multi-plane wave pulse sequences to compensate for a loss of 

SNR due to smaller transducer elements, and computationally-intensive image processing. A 

second study demonstrating volumetric fUSI recently appeared as a pre-print, using matrix 

array multiplexing to enable 3D scanning with only 256 channels (Brunner et al., 2020). 

With these impressive demonstrations, it is clear that 3D imaging is the future of fUSI, 

especially when it becomes implemented on turn-key commercial systems.

A second area for technology development is imaging through intact skull in a broader set of 

animals and humans. One solution to compensate for skull attenuation involves enhancing 

blood flow signal using intravenous ultrasound contrast agents. The most common type of 

micrometric bubbles of perfluorocarbon gas encapsulated by lipid shells (Frinking et al., 

2020). Owing to the large density and compressibility difference between the surrounding 

liquid and the gaseous core, microbubbles strongly scatter sound waves, and their presence 

in the blood enables transcranial blood flow imaging in adult rats (Errico et al., 2016). 

However, because microbubble formulations are typically polydisperse in size and acoustic 

properties, they add not just signal, but also noise, diminishing their utility for visualizing 

temporally varying hemodynamic signals. To overcome this challenge, it helps to use 

microfluidically-sorted monodisperse bubbles (Segers et al., 2018) or nanometric 

biosynthetic agents (gas vesicles, described in the following section), which provide a 

“smooth” enhancement of signal and increase fUSI sensitivity (Maresca et al., 2020).

Contrast agents also offer a powerful complement to fUSI: super-resolution imaging, or 

ultrasound localization microscopy reviewed in (Christensen-Jeffries et al., 2020) and 

(Couture et al., 2018). Inspired by optical super-resolution techniques, ultrasound 

localization microscopy exploits the spatiotemporal sparsity of microbubble-generated 

echoes to precisely map vasculature, enabling transcranial reconstruction of cortical 

vasculature in rat brains at a sparial resolution below 10 μm (Errico et al., 2015). Over the 

past few years, other significant advances in super-resolution imaging have leveraged 

sparsity to enhance temporal resolution (Bar-Zion et al., 2018), used phase-correction and 

focusing for transcranial imaging in humans (Soulioti et al., 2020), and adapted matrix 

arrays for volumetric imaging (Harput et al., 2019; Heiles et al., 2019). However, there is 

much room for improvement. For instance, the persistence of currently available contrast 

agents in vivo is limited; development of agents with enhanced circulation times would 

facilitate studies in awake animals, where repeated injections are impractical. Nevertheless, 

the combination of fUSI and ultrasound localization microscopy will provide valuable 

insight into fundamental questions such as the functional and anatomical changes underlying 
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neurodevelopment and neurodegeneration, as reviewed in (Iadecola, 2017; Sweeney et al., 

2018).

Finally, given the high performance of fUSI, one could ask whether this technique could 

serve as a method for chronic neural recording or a brain-machine interface. Both 

electrophysiology and optical apparatus have been miniaturized and affixed to the skull of 

animals or humans. Likewise, the piezoelectric transducer arrays used for fUSI could be 

chronically mounted to the skull for sustained long-term recording, as they have already 

been acutely (Bergel et al., 2018; Sieu et al., 2015; Urban et al., 2015). A major motivation 

is provided by the possibility of developing minimally invasive clinical brain-machine 

interfaces, wherein an ultrasound transducer is implanted in place of a section of skull, but 

performs imaging through an intact protective dura, thereby bypassing potential 

complications from transdural surgery. A recent study recording fUSI from the posterior 

parietal cortex of macaques during movement planning demonstrated decoding of movement 

intentions before their execution with greater than 85% accuracy, motivating future work in 

this direction (Norman et al., 2020).

Biomolecular ultrasound

Neural activity is mediated by molecules such neurotransmitters, second messengers, 

enzymes, ion channels and transcription factors. As a result, tools for visualizing the 

concentrations and activities of these molecules play major roles in neuroscience research. 

Today, most molecular neuroimaging is performed using optical methods and relies on 

genetically encoded fluorescent indicators such as GCaMP for calcium, iGluSnFR for 

glutamate, ASAP for voltage or activity-dependent promoters for transcriptional activation 

(Andreoni et al., 2019; Lin and Schnitzer, 2016); (Kavalali and Jorgensen, 2014; Knöpfel, 

2012; Knöpfel et al., 2015). These indicators provide excellent sensitivity, specificity and 

kinetics, which have been extensively optimized over multiple generations. In addition, 

genetic encoding allows these indicators to be expressed in specific subsets of neurons using 

a variety of genetic approaches (Luo et al., 2008, 2018), aiding in the interpretation of their 

signals. Because intracellular calcium is intrinsically linked to neuronal excitation and 

neurotransmission, GCaMP has become a mainstay of in vitro and in vivo tracking of neural 

activity. The major limitation of these optical tools is the limited penetration of visible light 

into tissue, making it extremely challenging to image neural activity in vivo at depths 

beyond approximately 1 mm from the optical access point. Non-optical indicators have been 

developed for MRI and radionuclear imaging (Bartelle et al., 2016; Ghosh et al., 2018; 

Hammoud et al., 2007; Le Roux and Schellingerhout, 2014; Ghosh et al., 2018; Westmeyer 

and Jasanoff, 2007), but have not yet received wide adoption due to their limited 

performance (sensitivity, kinetics, genetic encodability) and demanding technical 

requirements such as expensive scanners or radiochemical synthesis.

Could ultrasound fulfill the need for genetically targeted biomolecular imaging that can 

access the entire brain? Until recently, this idea considered very unlikely, since only 

synthetic contrast agents were available for ultrasound imaging (Ferrara et al., 2007; Paefgen 

et al., 2015; Sheeran et al., 2012; Unnikrishnan and Klibanov, 2012), and it was not clear 

how they could be targeted to neurons or be connected to gene expression or specific 
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molecular activity. All the optical indicators mentioned above were enabled by the discovery 

of the green fluorescent protein (GFP) as a genetically encodable and engineerable 

fluorophore. Before any analogous indicators for ultrasound can be developed, there first 

needs to be a protein that can produce ultrasound contrast. Fortunately, an acoustic 

biomolecule of this type was identified in 2014 (Fig. 3, a–b) (Shapiro et al., 2014) and 

recently adapted as a reporter gene (Bourdeau et al., 2018; Farhadi et al., 2019) and 

biosensor (Lakshmanan et al., 2020) for US. While this technology has not yet been applied 

to neural imaging, its rapid development over the last few years gives it strong potential to 

impact this field.

The “GFP for ultrasound” is based on a unique class of genetically encoded air-filled protein 

nanostructures known as gas vesicles or GVs, which evolved in aquatic photosynthetic 

microbes as a means to achieve buoyancy (Pfeifer, 2012; Walsby, 1994). GVs comprise a 2-

nm thick protein shell, with a typical diameter of ~140 nm and length of 500 nm, enclosing a 

compartment of gas which is at equilibrium with the surrounding media (Fig. 3, a–b) 

(Maresca et al., 2018a; Pfeifer, 2012; Walsby, 1994). Their protein shell mostly comprises a 

crystalline 2D arrangement of a single protein, GvpA, reinforced by an optional external 

scaffolding protein, GvpC (Fig. 3, c–d). These proteins are included in gene clusters of 8 or 

more genes, with the other genes encoding minor structural components, chaperones, or 

other essential “assembly factors”.

When imaged in purified form (Shapiro et al., 2014b) or expressed in bacteria (Bourdeau et 

al., 2018b) or mammalian cells (Farhadi et al., 2019), GVs produce bright backscattered 

ultrasound contrast (Fig. 3e), and specialized ultrasound imaging paradigms have been 

developed to detect GVs with maximal sensitivity and specificity (Farhadi et al., 2019; 

Maresca et al., 2017, 2018b). These paradigms take advantage of the unique, engineerable 

nonlinear mechanical properties of GVs (Fig. 3, f–g) (Cherin et al., 2017; Lakshmanan et al., 

2016; Zhang et al.). To date, GV expression has been imaged using ultrasound in tumors 

(Fig. 3h) and GI-resident bacteria, driven in both cases by chemically inducible promoters. 

Both the expression of GVs and their imaging with ultrasound is well-tolerated by the cell 

types tested. In mammalian cells, GV are detectable by ultrasound when they occupy < 0.1% 

of the cytoplasm. One major potential application of GVs in neuroscience is as 

transcriptional reporters, for example driven by activity-dependent promoters (Guzowski et 

al., 2005; Kawashima et al., 2013, 2014). This would allow patterns of activation arising 

from a certain sensory or behavioral task to be visualized non-invasively and repeatedly 

throughout the entire brain, giving more dynamic information than the current method of 

euthanizing animals and visualizing activation with immunofluorescence. To make this 

possible, GV genes must be packaged into viral vectors for convenient delivery to the brain 

and expression in neurons, which are topics of ongoing technology development. The 

tolerability of GV expression in neurons will also need to be evaluated, as with any new 

genetically encoded tool.

Could GVs be engineered as dynamic acoustic biosensors of intracellular or extracellular 

signals beyond gene expression? Indeed, this possibility was very recently demonstrated 

with the development of GV-based biosensors of protease activity (Lakshmanan et al., In 

press.). Proteases are involved in many aspects of cellular signaling, homeostasis, disease 
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and therapy (Patron et al., 2018; Saita et al., 2016), and were among the first targets for the 

development of dynamic fluorescent indicators (Heim and Tsien, 1996; Mitra et al., 1996). 

In neuroscience, proteases are involved in both intracellular signaling (e.g. calpain) and 

extracellular interactions (e.g., matrix metalloproteinases). Acoustic biosensors of protease 

activity were developed by engineering the GV shell-stiffening protein GvpC to contain 

protease-recognition sequences for human calpain, the model endopeptidase TEV or the 

model proteasome ClpXP. In the presence of active enzyme, the GvpC was cleaved or 

degraded off the GV surface, resulting in GVs with greater deformability and the production 

of nonlinear ultrasound contrast (Fig. 3, i–k). The basic acoustic biosensor design 

demonstrated in this study should be amenable to the sensing of additional proteases, and 

could be applied in neurons with mammalian genetic encoding (Farhadi et al., 2019). A 

major open question is whether GV-based acoustic biosensors could go beyond cleavage-

based, irreversible sensors, to allosteric conformational change-based sensors of molecules 

such as calcium or neurotransmitters. If so, these molecular signals could be imaged brain-

wide with US.

While promising, acoustic reporter genes and biosensors are still in the early stages of 

development, with open questions remaining with regard to their expression and tolerability 

in the brain and their molecular sensitivity. In the meantime, one neuroscience application of 

GVs has already been implemented: when injected into the blood stream, purified GVs 

provide smoother enhancement of the Doppler signal than that created by microbubbles, 

boosting the SNR of fUSI imaging (Maresca et al., 2020). This smooth enhancement arises 

from GVs’ relatively monodisperse acoustic properties and their greater number per given 

gas volume (each microbubble is the size of 100-1000 GVs), reducing stochastic variation in 

acoustic scattering.

An alternative mechanism by which ultrasound can help visualize molecular dynamics is 

through photoacoustic imaging, a technique wherein optical excitation is absorbed by 

chromophores and converted into thermoelastic pressure waves that can be detected by 

ultrasound transducers, enabling visualization of optical molecules in tissues with the 

resolution of ultrasound (Wang and Hu, 2012). A big potential advantage of this approach is 

its compatibility with existing fluorescent indicators, but this requires overcoming the strong 

background absorbance of hemoglobin by engineering reporters that work in the infrared, 

and efforts to do so are still in the relatively early stages (Deán-Ben et al., 2016; Yao et al., 

2016; Ovsepian et al., 2017).

Ultrasonic control of neural activity

The same properties that make ultrasound attractive for neural imaging make it appealing for 

neuromodulation, including the ability of sound waves to penetrate deep into tissues and 

achieve high spatiotemporal precision. In addition, the fact that ultrasound only needs to 

travel one-way for neuromodulation, and is typically used at lower frequencies, means that 

focus ultrasound (FUS) can be applied transcranially, including in humans. Furthermore, 

FUS has several modes of physical interaction with constituents of biological tissue, 

depending on their composition and ultrasound pulse parameters, including local heating, 

mechanical force and bubble cavitation (Fig. 1, b–d). These interactions are already used in 
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clinical medicine to destroy tumors, ablate brain regions and break up kidney stones. In their 

gentler form, they provide several avenues for neuromodulation, including direct activation 

or inhibition of unmodified neurons, sonogenetic control of genetically modified cells, local 

delivery of pharmacological agents, and acoustic targeting of chemogenetic agents.

Direct ultrasonic neuromodulation (UNM)

Non-invasive neuromodulation technologies are valuable tools for both basic neuroscience 

and the clinic. The most widely used technique – transcranial magnetic stimulation – has 

yielded important scientific insights and medical treatments, but is difficult to target with 

high spatial precision or focus at depth. In contrast, FUS can deliver mechanical energy to 

neurons deep within the brain in the form of an acoustic pressure wave (Fig. 4a), which 

results in thermal or mechanical effects, depending on the pulsing parameters (frequency, 

pressure, pulse duration and pulse energy) (O’Brien, 2007).

The concept of using ultrasound to modulate brain function arose in the 1950s, with a 

seminal study demonstrating the suppression of visual-evoked potentials in cats (Fry et al., 

1958). This concept re-emerged 10 years ago when a study demonstrated the use of low-

intensity FUS to excite neurons in mice, resulting in electrical and motor responses (Tufail et 

al., 2010). Following this pioneering work, a number of studies applying ultrasonic 

neuromodulation (UNM) emerged in various animal models (Supplementary Table 1), 

evaluating the dependence of UNM on acoustic parameters and FUS targeting. Concurrently, 

UNM was tested in human subjects, eliciting somatosensory and visual evoked potentials 

and tactile sensations of individual fingers, or enhancing performance on sensory 

discrimination tasks (Lee et al., 2015, 2016; Legon et al., 2012a, 2014). (Fig. 4, b–c).

At low ultrasound intensities (spatial peak time-averaged intensity, Ispta < 10 W cm−2), most 

studies have reported motor or sensory effects consistent with neural excitation. However, 

inhibitory effects have also been reported on visual-evoked potentials in rabbits (Yoo et al., 

2011b) and rats (Kim et al., 2015), and somatosensory evoked potentials in humans (Legon 

et al., 2014b). In NHPs, UNM has been shown to affect ipsilateral antisaccade latencies 

(Deffieux et al., 2013), the firing rates of single neurons in the frontal eye field (Wattiez et 

al., 2017), fMRI signals in primary sensory cortex (Yang et al., 2018) and decision bias 

toward the contralateral direction during visuomotor decision tasks (Kubanek et al., 2020).

The safety of UNM applied at typical low-intensity UNM parameters has been evaluated in 

humans, demonstrating no significant adverse effects (Legon et al., 2020). A careful 

histological analysis in sheep confirmed that FUS applied at similar parameters does not 

cause tissue damage or open the blood-brain barrier (Gaur et al., 2020). Most UNM studies 

today operate at ultrasound frequencies of 250-1000 kHz, Ispta of 3 to 30 W cm−2, with 

either pulsed (~1 kHz) or continuous stimuli lasting hundreds of ms each.

The application of FUS over longer periods (0.5–5 min) has been shown to produce 

persistent neuromodulatory effects, lasting from a few minutes to several hours. In an acute 

epileptic animal model, low-intensity FUS applied to the thalamic area for 3 min led to 

suppression of hyperactivity for tens of minutes (Min et al., 2011). Similar treatments could 

suppress tremor in mouse models of Parkinson’s disease (Dallapiazza et al., 2018; Sharabi et 
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al., 2018; Wang et al., 2020). Prolonged FUS was also reported to induce excitation-like 

effects and changes in connectivity in NHPs and human subjects lasting for over an hour. 

Stimulation of the amygdala and supplementary motor area in NHPs affected circuit 

connectivity, resulting in a change in the coupling of fMRI-observed activity between the 

FUS targets and other brain areas (Folloni et al., 2019; Verhagen et al., 2019) (Fig. 4d). Very 

recently, the application of FUS to the frontal eye field of macaques for 100 ms immediately 

before a visual cue shifted the bias of a choice task in favor of the corresponding 

contralateral side (Kubanek et al., 2020). Human UNM positively shifted mood by targeting 

the right inferior frontal gyrus (rIFG) and modulating functional connectivity (Sanguinetti et 

al., 2020). Some experiments applying UNM to patients in a vegetative state even suggested 

that this form of stimulation could facilitate consciousness, although sham controls were not 

included (Monti et al., 2016).

The biggest question concerning UNM concerns its underlying mechanisms. Given the 

multiple ways ultrasound can interact with tissues (Fig. 1), biophysical mechanisms 

involving mechanical force, cavitation and heating have been considered. Thermal effects 

are unlikely under most UNM parameters, which result in too little energy deposition to 

generate appreciable heat (Constans et al., 2018; Lee et al., 2016), with the exception of 

inhibitory effects from very high intensity FUS (Kim et al., 2020). Cavitation of bubbles 

nucleated in the neuronal membrane has been advocated on a theoretical basis (Krasovitski 

et al., 2011; Plaksin et al., 2016) and appears to be consistent with the parameters effective 

in UNM, but has not been confirmed experimentally. Most commonly it has been 

hypothesized that UNM operates via mechanical force on neurons, transduced by 

mechanosensitive ion channels (Tyler, 2011).

A major challenge in studying the biophysical mechanisms of UNM arises from the fact that 

conventional in vitro models – involving the growth of neurons or other cells on hard 

substrates and/or recording of their activation with stiff electrodes (Han et al., 2018; Kim et 

al., 2017; Oh et al., 2020; Prieto et al., 2013; Tufail et al., 2010; Tyler et al., 2008) – 

comprise acoustic and mechanical conditions far removed from the those experienced by 

neurons in vivo. At the same time, as discussed further below, the presence of auditory side 

effects in small animals constrains mechanistic studies of UNM in vivo. A recent study 

addressed these challenges by examining the mechanisms of UNM in mouse neurons 

cultured under acoustically realistic conditions comprising an acoustically transparent 

platform and using all-optical readouts to avoid mechanical confounds (Yoo et al., 2020) 

(Fig. 4e). This study demonstrated that FUS parameters common in animal studies (> 100 

ms, > 3 W/cm2) elicit direct and reversible neural responses (Fig. 4f), and that these 

responses do not involve significant cavitation, heating, large-scale mechanical deformation 

or synaptic transmission. Instead, FUS was found to induce calcium accumulation through 

specific mechanosensitive ion channels, leading to activation of calcium-dependent sodium 

channels and low-threshold calcium channels, resulting in substantial excitation (Fig. 4g). 

As demonstrated with pharmacological and genetic perturbations, the ion channels involved 

in responding to FUS included TRPP1/2, TRPC1 and TRPM4. Overexpression of these 

channels increased the ultrasound responsiveness of the neurons. While these results provide 

evidence that neurons themselves can respond to FUS, other work points to astrocytes as an 

additional or alternative cell type involved in UNM (Oh et al., 2020).
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Another important question concerning UNM is its specificity and potential side-effects. 

Early studies in small animals showed that motor responses did not follow the expected 

spatial targeting of FUS, for example with bilateral body movements actuated when 

stimulating only one side of the motor cortex (Ye et al., 2016), or maximal motor responses 

elicited when targeting non-motor cortical regions. Given the small size of rodent heads 

relative to the FUS beam and the ms-scale pulse durations used in UNM, some lack of 

spatial specificity could arise from the formation of standing waves due to multiple 

reflections of ultrasound inside the skull (O’Reilly et al., 2010; Pulkkinen et al., 2014). In 

addition, given the exceptionally light anesthesia used in most experiments (King et al., 

2013, 2014; Tufail et al., 2010; Ye et al., 2016; Yoo et al., 2011; Younan et al., 2013), there 

was a possibility that indirect sensory effects of UNM could be involved in eliciting animal 

movement.

Indeed, two side-by-side studies published in 2018 showed that FUS, applied with widely 

used UNM parameters, produced significant auditory activation (Guo et al., 2018; Sato et 

al., 2018). Using wide-filed calcium imaging in transgenic mice, one of the studies showed 

robust FUS activation of the contralateral auditory cortex, even when visual cortex was 

targeted, followed by broader cortical activation (Sato et al., 2018). In addition, mice 

responded with movement not only in response to US, but also in response to audible stimuli 

applied at the same pulse repetition frequency, and to air puffs, suggesting the involvement 

of startle. Chemical deafening strongly attenuated the response to ultrasound and audible 

sound, but not to air puffs. In the second study, electrical recordings from the auditory cortex 

and inferior colliculus in wild-type guinea pigs revealed responses to FUS applied anywhere 

in the brain and even to other parts of the animal (Guo et al., 2018). These responses were 

eliminated with surgical deafening. Together, these studies suggested that FUS can vibrate 

the inner ears to activate auditory pathways (Fig.4 h–j), in addition to any direct 

neuromodulatory effects on the targeted brain region. Audible percepts have recently been 

reported in human volunteers treated with FUS (Braun et al., 2020; Sanguinetti et al., 2020), 

demonstrating their relevance in larger crania.

The presence of auditory side effects or cutaneous perception (Gavrilov et al., 1977a; Legon 

et al., 2012b) is by no means an insurmountable problem for UNM. As has been done with 

transcranial magnetic stimulation (Foysal and Baker, 2020; Tringali et al., 2012) and 

transcranial direct current stimulation (tDCS) (Matsumoto and Ugawa, 2016), sensory side 

effects must be comprehensively studied and understood to enable the design of adequate 

sham controls. Recent work has shown that auditory side-effects, while present, are not the 

primary source of the neuromodulatory responses of animals to FUS. For example, it was 

shown that FUS still elicits motor responses in chemically or genetically deafened rodents 

(Mohammadjavadi et al., 2019; Xiaodan Niu, 2018; Yu et al., 2019). Additional work is 

needed to examine the role of other potential sensory confounds such as tactile or pain 

sensation (Gavrilov et al., 1977b; Legon et al., 2012a). At the same time, the source of the 

auditory side-effect of FUS is becoming better understood. A recent computational model 

showed how FUS can create skull-conducted shear waves, which propagate well outside the 

insonated region to reach the cochlea within 10 ps of stimulus initiation (Salahshoor et al., 

2020). It has also been recognized that auditory responses can be exacerbated by applying 

FUS with sharp pulsing (creating broadband frequencies) or using repetition rates in the 
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audible frequency range (often ~1 kHz). Auditory effects can be minimized by applying 

longer, continuous pulses and smoothing their application with ramps. Most UNM studies 

published in the last 2 years have included controls to demonstrate that their observed 

responses are not caused by auditory side-effects (Folloni et al., 2019; Mohammadjavadi et 

al., 2019; Verhagen et al., 2019; Wang et al., 2020; Xiaodan Niu, 2018). In humans, auditory 

side-effects were successfully masked using coapplied audible stimuli (Braun et al., 2020).

Is UNM ready for “prime time” use by neuroscientists? Yes, but with caution. One of the 

primary selling points of UNM is its applicability to NHPs and human subjects, facilitated 

by the design of improved and simplified methods to target FUS to desired brain regions 

with steerable transducer arrays (Chaplin et al., 2018) and 3D-printed acoustic lenses 

(Brown et al., 2017; Ferri et al., 2018; Jiménez-Gambín et al., 2019; Maimbourg et al., 

2018). However, the modulatory effects observed in these species have been relatively 

modest and divergent in terms of their polarity and duration, making it challenging to predict 

the outcome of any new application. In addition, the presence of potential auditory or other 

sensory side-effects requires the design of adequate sham controls and masking stimuli to 

make the results of UNM experiments convincing. We are hopeful that recent and ongoing 

work on the mechanisms and safety limits of UNM will reveal FUS parameters with larger 

neuromodulatory effects and facilitate the design and interpretation of future UNM 

experiments.

Sonogenetics

One of the biggest advantages of optogenetic and chemogenetic techniques is their ability to 

target genetically defined neuronal populations. Given the unique spatial focusing and tissue 

penetration capabilities of FUS, there has been considerable interest in the development of 

equivalent “sonogenetic” approaches. In fact, sonogenetic methods for applications outside 

the nervous system have a long history, starting with the use of thermal FUS (Fig. 1c) to 

activate heat-sensitive transcription via mammalian heat shock promoters or bacterial 

thermal bioswitches (Deckers et al., 2009; Guilhon et al., 2003; Kruse et al., 2008; Piraner et 

al., 2017b). In these applications, brief non-toxic temperature elevations (e.g. 42°C for 1 

hour) drove spatially selective expression of a desired gene. More recently, mechanical 

sonogenetics was demonstrated when heterologous expression of large conductance 

mechanosensitive ion channel (MscL) sensitized mammalian cells to ultrasound-driven 

mechanical perturbation mediated by synthetic microbubbles (Heureaux et al., 2014).

The first study to apply sonogenetics to neuroscience, which also coined the name for this 

class of tools, used overexpression of the TRP-4 mechanosensitive ion channel (MSC) in C. 
elegans, in conjunction with microbubbles, to elicit reversible behavioral responses in 

transgenic worms (Ibsen et al., 2015) (Fig. 4k). Since then, several other established or 

putative MSCs, including MscL (Ye et al., 2018), Piezo1 (Pan et al., 2018; Prieto et al., 

2018), MEC-4, DEG/ENaC/ASIC (Kubanek et al., 2018), Prestin (Huang et al., 2020), 

TREK-1/2, TRAAK (Kubanek et al., 2016), TRPP1/2 and TRPC1 (Yoo et al., 2020) have 

been reported to sensitize cells to acoustic stimuli in vitro. Because most of these studies 

employed synthetic microbubbles or used acoustic and mechanical conditions 

unrepresentative of in vivo brains, it is not yet certain which of these channels will be useful 
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in vivo. Relatively preliminary in vivo experiments suggest that some of these channels can 

be activated with ultrasound in the mouse brain (Huang et al., 2020; Ye et al., 2018), but 

rigorous performance characterization and demonstration of a significant behavioral effect 

are still lacking. In addition to mechanical sonogenetics, efforts are underway to make use of 

thermal mechanisms to sensitize neurons to ultrasound, for example by overexpressing the 

temperature-sensitive ion channel TRPV1 (Yang et al., 2020).

Before sonogenetic techniques become widely useful to neuroscientists, more extensive in 
vivo characterization must be performed, including a demonstration of robust behavioral 

effects. In addition, there needs to be a better understanding of the mechanical conditions 

required for activation, for example the importance of microbubbles or other ultrasound-

responsive actuators. Potential cross-talk between sonogenetic activation and UNM must 

also be considered, along with the possibility of sensory side-effects. For thermal 

sonogenetics, it is important to consider the temperature senitivity of endogenous ion 

channels and conditions under which certain receptors may need to be knocked out (Güler et 

al., 2012).

Acoustically targeted pharmacology and chemogenetics

Pharmacological perturbation is an established means to modulate neural activity based on 

the selective inhibition or agonism of specific neuronal receptors. However, in vivo 
neuropharmacology is greatly limited by the restrictive transport of molecules across the 

blood brain barrier (BBB) from systemic circulation (Misra et al., 2003) and the requirement 

of invasive injections to obtain spatial specificity. Both of these challenges can be addressed 

using the ability of FUS to locally open the BBB and actuate the release or entry of 

pharmaceutical compounds.

FUS opening of the BBB is an established technique that relies on the stable cavitation 

(expansion and contraction) of circulating microbubbles (Fig. 1d and Fig. 5a) to 

mechanically open the tight junctions forming the BBB (Hynynen et al., 2001). This 

opening enables the permeation of particles up to a few tens of nm in size, including small 

molecules, proteins, nanoparticles and viral vectors (Hynynen et al., 2001; Kinoshita et al., 

2006; Samiotaki et al., 2015; Thevenot et al., 2012; Wang et al., 2015). BBB opening 

requires a few seconds or minutes of FUS, and closes within a few hours. The safety of 

FUS-BBB opening performed at appropriate acoustic parameters is well-established (Downs 

et al., 2015; Kobus et al., 2016), and recent studies have demonstrated safe BBB opening in 

human patients (Carpentier et al., 2016; Lipsman et al., 2018).

As applied to neuroscience research, one use of FUS-BBB opening involves the local 

administration of systemically circulating BBB-impermeable drugs, such as the inhibitory 

neurotransmitter GABA (Constans et al., 2020; McDannold et al., 2015; Todd et al., 2019). 

Since the BBB remains permeable for several hours after opening, it is possible to open a 

targeted brain region in anesthetized animals under MRI guidance, then move them to a 

behavioral setup for simple systemic administrations of the drug during a sensory or 

behavioral task. It is also possible to accomplish local pharmacological neuromodulation 

without BBB opening by applying FUS in conjunction with circulating drug-loaded 

perfluorocarbon nanodroplets loaded with a BBB-permeable drug (Airan et al., 2017). Using 
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this approach, local delivery of the anesthetic propofol demonstrated effective functional 

inhibition in rats (Wang et al., 2018) (Fig. 5b). The advantages of both of these 

pharmacological approaches are that animals are not permanently modified, and different 

brain regions can in theory be targeted with different drugs on different experimental days. 

Their completely noninvasive nature and use of FDA-approved substances further enhances 

potential translation to humans. However, the need to perform FUS BBB opening for each 

experiment or treatment can be logistically challenging, and the pharmaceutical agents 

administered to date lack cell type specificity.

An alternative approach enables a single FUS treatment to provide repeatable, long-term 

pharmacological control of spatially and genetically defined neurons (Szablowski et al., 

2018). In acoustically targeted chemogenetics (ATAC), FUS BBB opening is used to 

transduce neurons at specific locations in the brain with virally-encoded engineered 

chemogenetic receptors (Sternson and Roth, 2014). These receptors can then respond to 

systemically administered designer compounds to activate or inhibit the activity of these 

neurons as needed for experimental perturbation or treatment (Fig. 5c). In the first 

implementation of ATAC, FUS-BBB opening was used to target adeno-associated viral 

vectors (AAV9) encoding inhibitory designer receptors exclusively activated by designer 

drugs (DREADDs) to excitatory neurons in the hippocampus of mice, showing robust and 

specific pharmacological inhibition of memory formation (Szablowski et al., 2018). 

Neuronal excitation and intersectional genetic targeting were also demonstrated (Fig. 5d). A 

major advantage of the ATAC approach is that FUS is applied only once, and subsequent 

pharmacological perturbation happens like any normal pharmacological treatment. Another 

significant advantage compared to local drug release is that the use of a genetic component 

enables cell type-specific targeting. Furthermore, compared to conventional surgically-

delivered chemogenetic approaches, ATAC can cover larger brain regions – by sweeping the 

ultrasound beam – than accessible with injections, making it particularly attractive for use in 

larger animals and human patients.

The primary challenge of ATAC as currently implemented is the requirement of a fairly high 

dose of systemic virus to achieve efficient transduction at the ultrasound focus, resulting in 

co-transduction of peripheral organs. The use of cell-type-specific promoters is largely 

effective in confining expression of chemogenetic receptors to neurons, but nevertheless it 

would be preferable to develop viral vectors with higher efficiency for this specific 

application. In addition, there is substantial scope to optimize the chemogenetic receptors 

and ligands used in a given application. Finally, the requirement of a genetic perturbation 

lengthens the timeframe on which ATAC could be translated to humans.

Of all the available strategies for FUS neuromodulation, direct UNM is the easiest for 

neuroscience laboratories to try, and can be used in human experiments, but comes with 

several open questions and caveats. Ultrasound-targeted pharmacology and ATAC operate 

through well-understood mechanisms, but for now are limited to applications in animals. 

Sonogenetic approaches still require in-depth validation in vivo.
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Ultrasound-interacting inorganic materials

In addition to its interactions with molecules and tissues, ultrasound can also be used to 

actuate or communicate with inorganic materials and devices based on piezoelectricity. In 

this application, the ability of ultrasound to focally concentrate energy allows it to efficiently 

deliver signals and power to mm-sized devices that would otherwise have poor resonance 

with radiofrequency electromagnetic transmission. In addition, devices containing 

piezoelectric materials can be engineered to modulate their backscattered ultrasound 

intensity depending on a signal of interest. For example “neural dust” was introduced as a 3 

mm3 implantable device to measure compound action potentials from peripheral nerves, 

providing a detection noise floor of 160 μVrms (Seo et al., 2016). Piezoelectric materials can 

also convert acoustic pressure into electric current, which, combined with appropriate 

circuits, can be used to stimulate neurons (Charthad et al., 2018; Piech et al., 2020).

Piezoelectric materials can also be used at the nano-to-micro-scale. For example, barium 

titanate nanoparticles have been used to stimulate neurons in culture based on the conversion 

of ultrasound to electrical current (Marino et al., 2015). Alternatively, mechanoluminescent 

materials such as doped ZnS nanoparticles can convert ultrasound to light, which is then 

connected to neural stimulation through optogenetics (Wu et al., 2019).

The advantages of ultrasound-based implantable devices and materials relative to more 

established radiofrequency and magnetic tools for neuroscience applications have yet to be 

conclusively demonstrated. However, the fundamental advantages of spatial focusing and 

penetration provided by ultrasound make this a promising area of technology development.

Discussion

In this review, we have attempted to describe the primary concepts and developments 

underlying the recent emergence of ultrasound as a tool for neuroscience research, and 

accurately convey its present and potential future utility. Ultrasound has unique advantages 

in terms of its biophysical interactions with tissue, which have been leveraged to both image 

and modulate neural activity. Some ultrasound neurotechnologies have immediate uses, 

including fUSI, direct UNM (with some caveats) and ultrasound-targeted gene and drug 

delivery. Others, including biomolecular ultrasound, sonogenetics and ultrasound-interacting 

devices, show promise but need further development.

How difficult is it for a neuroscientist interested in these techniques to pick up ultrasound? 

In short, it is no more difficult than optics. Both modalities rely on a similar core set of 

physical concepts, the basics of which can be learned without much complication. Like 

optical tools, the recent commercialization of ultrasound neurotechnologies will make 

working with them easier, while ongoing collaborations between neuroscientists and 

ultrasound engineers will push the boundaries of what ultrasound can do in this biological 

arena.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table of Acronyms

US Ultrasound

FUS Focused ultrasound

fUSI Functional ultrasound imaging

GV Gas vesicles

UNM Ultrasonic neuromodulation

BBB Blood brain barrier

MSC Mechanosensitive Ion Channel

ATAC Acoustically targeted chemogenetics
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Figure 1 - Acoustic Regimes
(A) Ultrasound imaging involves the emission of brief pulses of sound and recording of 

backscattered echoes from materials such as molecular reporters and blood cells.

(B) Sustained ultrasound application on the scale of milliseconds can generate mechanical 

forces, leading to cellular or molecular actuation.

(C) Extended ultrasound can deposit thermal energy in tissues, which can activate 

temperature-dependent molecular function.
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(D) Ultrasound at lower frequencies can interact with bubbles to produce cavitation, leading 

to mechanical effects, such as blood-brain barrier (BBB) opening (A–D adapted from 

Maresca et al., 2018a).

(E) Ultrasound can communicate wirelessly with inorganic materials, such as millimeter-

scale piezoelectric neural sensors (adapted from Seo et al., 2016).
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Figure 2 - Functional Ultrasound Imaging.
(A) Approximate performance characteristics of common brain-imaging techniques. (B) The 

transmission of ultrasound plane wave in the brain allows a fast temporal sampling of the 

Doppler signal for highly sensitive measures of CBV variations (adapted from Deffieux et 

al., 2018). (C) Functional ultrasound imaging has been applied in many animal models and 

humans. Above the arrow: from left to right: functional imaging in awake mice (Tiran et al., 

2017), dynamic changes in cerebral blood flow in rabbits undergoing cardiac arrest (Demené 

et al., 2018), 3D functional imaging of a pigeon (Rau et al., 2018), monitoring of cerebral 

activity through the ultrasound permeable anterior fontanel window in newborns (Demene et 

al., 2017), and intraoperative functional mapping to maximize tumor removal while 

preserving functional brain areas (Imbault et al., 2017) are shown. Below the arrow: from 

left to right: 3D functional imaging of rats using a matrix array probe (Rabut et at., 2019), 

ultrafast ultrasound localization microscopy allows sub-wavelength structural imaging of 

cerebral microvessels (Errico et al., 2015), enhancement of hemodynamic signal using gas 

vesicles (Maresca et al., 2020), 3D tonotopic mapping of the auditory pathway of awake 

ferrets (Bimbard et al.), detection of functional activation in awake monkeys during visual 

tasks (Dizeux et at, 2019), and rich vascular characteristics found in pre-resection tumors 

during intraoperative fUSI acquisition (Soloukey et al., 2020) are shown.
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Figure 3 - Biomolecular Ultrasound.
(A) Transmission electron microscopy (TEM) image of a gas vesicle (GV). (B) Diagram of a 

GV, showing the ability of gas to cross the shell, and the exclusion of water (left); 

physiochemical properties of the GV shell, namely the hydrophilic exterior that helps to 

solubilize the GV in the aqueous environment of the cell and the hydrophobic interior that 

prevents water from forming a liquid phase inside the GV (right). (C) Structural models of 

GvpA, the primary structural protein of the GV. Hydrophilic residues are colored white and 

hydrophobic residues red. The former can be seen to cluster on the convex side and the latter 

on the concave side. (D) (Top) Gene cluster from Anabaena flos-aquae encoding the 

formation of GVs, with each Gvp gene labeled. (Bottom) Diagram of a GV showing the 

relative contributions of the two main structural proteins to the structure of the GV (A-D 

from Maresca et al., 2018a). (E) Ultrasound images of human HEK293T cells in agarose gel 

expressing GVs under the control of a doxycycline (Dox)-inducible promoter. Scale bar, 1 

mm (adapted from Farhadi et al., 2019). (F) Diagram showing the linear and nonlinear 

responses of GVs to ultrasound. (G) (Left) Ultrasound pulse sequence and corresponding 

image for a sample in the linear imaging mode. Tissue-mimicking linearly scattering 

particles and GVs are indistinguishable. (Right) The same sample imaged in nonlinear mode 

is shown, which detects nonlinearly scattering GVs, but not linearly scattering particles (F 

and G adapted with permission from Maresca et al., 2017) . (H) Ultrasound image of a GV-

expressing tumor growing directly underneath the skin of a mouse. Scale bar, 1 mm (adapted 
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from Farhadi et al., 2019). (I) Diagram of GV-based acoustic biosensor of protease activitiy 

(J) Representative ultrasound images of agarose phantoms containing acoustic biosensors 

sensing ClpXP activity. (K) Representative ultrasound images of agarose phantoms 

containing acoustic biosensor of calpain incubated with calpain and Ca2+ or calpain without 

Ca2+. (I-K adapted with permission from Lakshmanan et al., 2020). Scale bars for (J) and 

(K), 1 mm.
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Figure 4 - Ultrasonic Neuromodulation and Sonogenetics
(A) Illustration of focused ultrasound application to the brain and acoustic pulse parameters. 

CW, continuous wave; ISI, inter stimulus interval; PRF, pulse repetition frequency; PW, 

pulsed wave; SD, sonication duration; TBD, tone burst duration. (B) Top-down view of the 

brain showing acoustic intensity field of ultrasound beam targeting the S1 and sites 1 cm 

anterior (+1 cm) and posterior (−1 cm). (C) Time-frequency plots showing the power of 

evoked neural oscillations in the α, β, γ frequency bands in relation to the onset of 

ultrasound (dashed vertical line) and median nerve stimulation (solid vertical line) for sham 
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and ultrasound treatment condition (B and C adapted with permission from Legon et al., 

2014). (D) Left: acoustic intensity field targeting amygdala area of the primate brain. Right: 

functional connectivity fingerprint shows the strength of activity coupling between amygdala 

and other areas in control (blue), after ultrasound to amygdala (yellow), and after ultrasound 

to anterior cingulate cortex (ACC, red; adapted with permission from Folloni et al., 2019). 

(E) Diagram of experimental setup for in vitro neuronal ultrasound stimulation under 

acoustically realistic conditions. (F) GCaMP6f calcium signals in cultured neurons in 

response to ultrasound stimulation. Scale bar, 30 μm. (G) Biomolecular mechanisms of 

ultrasonic neuromodulation (E-G adapted with permission from Yoo et al., 2020). (H) 
Indirect excitation of mouse auditory cortex by FUS application to the visual cortex 

followed by widespread cortical response, as observed with wide-field calcium imaging 

(adapted with permission from Sato et al., 2018). (I) Neuronal responses to FUS recorded 

from guinea pig auditory or somatosensory cortex before and after deafening. (J) 
Mechanisms of indirect ultrasonic neuromodulation, where propagating ultrasound waves 

vibrate the cochlea, activating both auditory and non-auditory ascending pathways, leading 

to widespread activation. Deafening eliminates ultrasound-evoked multiunit sensory activity 

(I and J adapted from with permission from Guo et al., 2018). (K) Ultrasound activation of 

calcium signal in a C. elegans neuron engineered to express TRP-4 (adapted with permission 

from Ibsen et al., 2015).
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Figure 5 - Acoustically Targeted Pharmacology and Chemogenetics
(A) Illustration of microbubble-mediated blood brain barrier (BBB) opening by focused 

ultrasound. (B) Left: illustration of drug release from propofol-loaded nanoemulsions 

(adapted from Airan et al., 2017). Middle: illustration of ultrasound focal zone. Right: 

Fluorodeoxyglucose Positron emission tomography (FDG PET) images captured during 

sonication with or without propofol-loaded nanoparticle administration are shown. Scale bar, 

5 mm (adapted from Wang et al., 2018). (C) Schematic of acoustically targeted 

chemogenetics (ATAC) paradigm. (D) Representative MRI scan indicating the site of the 

BBB opening (top, scale bar: 1 mm) and immunostaining imaging (bottom, scale bar: 200 

μm). AAVs encoding hMsDq-mCherry were selectively delivered to the left SNc/VTA. The 

targeted neurons were excited by clozapine-N-oxide (CNO) ( C and D adapted with 

permission from Szablowski et al., 2018).
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