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Ultrasound is a mechanical wave that can non-invasively penetrate the skull to deep brain regions to activate neurons. Transcranial focused ultrasound neuromodulation is a promising approach, with the advantages of noninvasiveness, high-resolution, and deep penetration, which developed rapidly over the past years. However, conventional transcranial ultrasound’s spatial resolution is low-precision which hinders its use in precision neuromodulation. Here we focus on methods that could increase the spatial resolution, gain modulation efficiency at the focal spot, and potential mechanisms of ultrasound neuromodulation. In this paper, we summarize strategies to enhance the precision of ultrasound stimulation, which could potentially improve the ultrasound neuromodulation technic.
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1 Introduction

Neurological disorders pose a heavy burden on human health worldwide, and the corresponded interventions are urgently in need (Dayan et al., 2013). Neuromodulation is a promising approach in treating neurological disorders which developed rapidly over the past years. Currently, noninvasive neuromodulation techniques such as transcranial magnetic stimulation (TMS) (Hallett, 2007; Grossman et al., 2017), transcranial alternating current stimulation (tACS) (Grover et al., 2023) and transcranial direct current stimulation (tDCS) (Salling and Martinez, 2016), have been widely used in the treatment of neuropsychiatric disorders. However, spatial resolution and stimulation depth limit the applications of these techniques (Wagner et al., 2007; Romero et al., 2019). Transcranial focused ultrasound (tFUS) transmit a form of mechanical energy that could target the deep brain region non-invasively through the skull with a millimeter-sized focal spot (King et al., 2013). It has been widely used in medical applications for its advantages of high resolution, controllability, and noninvasiveness (Yoo et al., 2011; Pasquinelli et al., 2019; Landhuis, 2017; Bystritsky et al., 2011).

tFUS could modulate neurons without damage with energy level of ISPTA < 500 mW/cm2 (Tyler et al., 2018). It has been applied in the modulation of brain activities in rodent (Li et al., 2016; Cui et al., 2019; Bobola et al., 2020; Tufail et al., 2010), rabbit (Yoo et al., 2011), pig (Dallapiazza et al., 2018), goat (Lee et al., 2016), monkey (Wattiez et al., 2017), and human (Legon et al., 2014). tFUS is also effective in treating neurological disorders such as consciousness, epilepsy, and obsessive-compulsive (Landhuis, 2017; Servick, 2020; Germann et al., 2021).

The spatial resolution of tFUS is crucial for achieving precise neuromodulation. To increase the tFUS resolution, acoustic metasurfaces offer a unique capability to customize wave fields, enabling complete control over phase and amplitude that could achieve subwavelength focus. Acoustic metasurfaces are 2D materials composed of subwavelength unit cells on millimeter and sub-millimeter scales, which could manipulate the wave fields freely. The modulation efficiency at the targeted region affects tFUS precision. Maximizing the modulation efficiency within the focal spot while minimizing the effect out of the focal spot is crucial to achieve precise modulation. tFUS with appropriate stimulation parameters could increase the modulation efficiency of the targeted region. The mechanism of tFUS neuromodulation remains unclear (Yoo et al., 2022). The mechanosensitive ion channels could transform mechanical stimuli into electric or chemic signals under tFUS (Jin et al., 2020). There are a few mechanosensitive ion channels could be activated by tFUS which hold the potential for tFUS neuromodulation.

In this review, we focus on techniques aimed at enhancing the precise of neuromodulation. Firstly, we explore the potential of metasurfaces to increase resolution by minimizing the focal spot size of tFUS. Secondly, different approaches of gaining modulation efficiency of the tFUS focal spot are investigated, such as the optimization of tFUS parameters and the application of microbubbles. Thirdly, mechanisms underlying tFUS neuromodulation are reviewed, with a particular emphasis on the involvement of mechanosensitive ion channels in refining targeted modulation.



2 Focal size regulation of tFUS

The resolution of tFUS affects the accuracy of neuromodulation. Smaller focal spot could minimize the impact outside the targeted region. Therefore, tFUS with high resolution and enough focal intensity is urgently needed.

The most popular focusing methods are through geometrical curve (Marzo et al., 2018), lens (Sanchis et al., 2010), and phased array (Marzo et al., 2015). The size of the focal spot lies in millimeter range depends on the size and frequency of the focused transducer. Increasing the fundamental frequency or the transducer aperture could increase the resolution. As shown in Figure 1A, the axial focusing of the transducer with aperture 3.4 cm and focal length 1.7 cm is 1 mm at 1 MHz frequency. While increasing the frequency to 5 MHz, axial focusing could be reduced to 0.25 mm (Figure 1B). However, the high frequency could introduce extra thermal effect, attenuation, and scattering in transcranial applications, thus, reducing the efficiency of this promising technic. Standard frequencies of tFUS are less than 1 MHz.
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FIGURE 1
 Focusing effect at different frequencies. (A) 1 MHz transducer focus. (B) 5 MHz transducer focus.


Acoustic metasurfaces is able to achieve subwavelength focal spots in different applications. Three types of metasurfaces—refractive, diffractive, and reflective—have been proposed to realize acoustic focusing. Refractive metasurfaces could attain specific focusing functions based on the effective distribution of the acoustic refractive index. Zhou et al. introduced a solid phononic crystal lens that achieved super-focusing capabilities beyond the diffraction limit (Zhou et al., 2014). Jin et al. reported a class of acoustic gradient-index metasurfaces engineered from soft graded-porous silicone rubber, which could realize beam steering and beam focusing (Jin et al., 2019). Reflective metasurfaces converge reflected waves by calculating gradient phases induced by surface unites at the designed focal spot. Qi et al. proposed multilateral metasurfaces that had excellent performance in acoustic energy confinement (Qi et al., 2017). Wu et al. proposed a broadband metasurface that reflects US waves to enhance the focus effect (Wu et al., 2016). Diffractive metasurfaces, including grating lobes and Fresnel zone plate (FZP) types, are utilized to manipulate the patterns of US waves. Chiang et al. developed a metalens capable of narrowing the focal spot to 0.364 times the wavelength (Chiang et al., 2021). Astolfi et al. demonstrated the construction of air-filled polymer shell lenses utilizing evenly-spaced concentric rings. The lens achieved a full width at half maximum (FWHM) of 0.65 wavelengths at the focal spot (Astolfi et al., 2022).

The FZP lens exhibits excellent focusing performances such as the focal spot gain for its concentric circle structure comprising adjacent transparent zones (Figure 2; Tarrazó-Serrano et al., 2019; Xia et al., 2020; Calvo et al., 2015). The FZP lens has the capability to adjust the number of rings, thickness, and width to modulate the size of the focal spot. Chen et al. created an acoustic hypersurface lens composed of a group of deep sub-wavelength-scale slit structures that could modulate far-field and near-field acoustic focusing simultaneously (Chen et al., 2018). Meanwhile, Ma et al. utilized a time-reversal technique to accomplish acoustic focusing. After that, an open-cavity structure with sub-wavelength dimensions was introduced at the focal spot to confine the acoustic wave energy inside (Ma et al., 2020). Pan et al. proposed the Soret type of the FZP lens, which demonstrates a subwavelength underwater sound focusing effect across a broad frequency band (Pan et al., 2023). Jiang et al. addressed limitations by enlarging the feature size of the metamaterial while maintaining a compact overall geometry, achieving a robust subwavelength US focus. This enhancement is achieved by increasing the acoustic field energy and reducing the focal spot size effectively, enabling sub-wavelength focusing. The realization of a sub-wavelength focal spot can be facilitated using a lens to create a “coarse to fine” effect (Jiang et al., 2022; Tarrazó-Serrano et al., 2019). Shin et al. demonstrated a sub-wavelength acoustic focus using a planar US transducer equipped with a metasurface piezoelectric annular array, achieving a needle-like sub-wavelength focus (Hur et al., 2022).
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FIGURE 2
 Schematic diagram of the FZP focusing lens.


Acoustic metasurfaces provide a versatile platform for controlling the acoustic field with high precision. Hu et al. designed the Airy-beam holographic, which enables precise and free ultrasound neuromodulation (Hu et al., 2024). The acoustic metasurfaces allow for the reduction of transducer size, focal length, and multi-point focusing capabilities. Metasurfaces offer unique acoustic properties compared with conventional methods, enabling the development of a wide range of novel acoustic devices with diverse functions. They aim at new opportunities for achieving high-precision, high-performance, and cost-effective integrated acoustic focusing. Thus, optimizing the focusing performance through metasurfaces is essential for achieving targeted neuromodulation with tFUS.



3 Enhancement of modulation efficiency

Neurons located outside the targeted region may be stimulated by US, which impairs stimulation accuracy. Therefore, achieving the focal spot modulation efficiency and minimizing the effect of tFUS outside the focal spot is crucial for enhancing the spatial resolution of tFUS neuromodulation.


3.1 Increasing modulation efficiency based on microbubbles

Microbubbles are sensitive to US waves and are widely used in US contrast imaging. Researches indicate that oscillating microbubbles could exert force on the surrounding medium (Yildiz et al., 2022). Microbubbles undergo stable cavitation at low acoustic pressure. The oscillating microbubbles generate scattered force (Figure 3A) that enhances the acoustic radiation force and increases the stimulation success rate of US without harming tissues (Meng et al., 2019).

Microbubble mediated neuromodulation has shown the potential to amplify the treatment efficiency. Ibsen et al. modulated nematode neurons under the body surface cuticle using US combined with microbubbles. US without microbubbles did not activate the nematode neuron, and US combined with microbubbles activated this neuron because the mechanical deformations produced by the oscillating microbubbles were transmitted to the nematode neuron (Ibsen et al., 2015). Cui et al. injected microbubbles into the tail vein of mice and stimulated the motor cortex (M1) with tFUS, which significantly enhanced the c-Fos expression. The combination of US and microbubbles under low acoustic pressure increased the success rate of stimulation without causing tissue damage (Cui et al., 2020). Harriet et al. demonstrated that nanodroplets by tail vein injection could be used for both neuroinhibition and neurostimulation without disrupting the blood–brain barrier of the rat using US stimulation (Lea-Banks et al., 2021).

Surface modification of microbubbles or other means of injecting microbubbles into targeted region could significantly improve the stimulation accuracy. Hou et al. utilized US driven gas vesicles (GVs) to achieve precise, reversible and reproducible neuromodulation (Figure 3B; Hou et al., 2021). GVs is nano-sized protein structures extracted from cyanobacteria, which have similar acoustic properties to microbubbles. The resolution of US stimulation could be increased because nearby neurons with GVs could be activated by lower acoustic pressure US stimulation. Shen et al. (Figure 3C) developed piezo1-targeted microbubbles (PTMB) that could bind to piezo1 channels (Figure 3D), and US causes the microbubbles to oscillate so that the neurons could be activated at lower US acoustic whereas neurons not bound to the PTMB require higher acoustic pressure to be activated (Shen et al., 2021). This approach achieves targeted US stimulation and provides an effective strategy for precise neuromodulation.
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FIGURE 3
 Gain modulation efficiency based microbubbles (A) US combined with microbubble modulation. (B) Schematic illustration of our GVs/saline injection and US stimulation plan (Hou et al., 2021). (C) Diagram of PTMB binding to the cells and the enhanced calcium ion influx by US stimulation (Shen et al., 2021). (D) Schematic of the mice cortex model (Cui et al., 2020).


US-excited microbubbles are a strategy for effectively targeting and amplifying US stimulation. However, microbubbles need to be injected through the vein, and then the microbubbles circulate in the bloodstream with low targetability. Injecting microbubbles directly into the corresponding brain regions requires craniotomy and is not considered a safe or clinically translatable option. It is feasible to change the surface of microbubble shells and apply modifications to the molecules or antibodies using genetic engineering.



3.2 Increasing modulation efficiency based on ultrasound parameters

The effect of tFUS neuromodulation depends on stimulation parameters (Wang et al., 2020). Pulsed US parameters include five parameters: fundamental frequency (FF), pulse repetition frequency (PRF), duty cycle (DC), stimulation duration (SD), and acoustic pressure (AP) (O'brien, 2007; Figure 4A). Different tFUS studies have shown that excitatory or inhibitory of US might vary with the experimental conditions (Yu et al., 2016). Therefore, appropriate tFUS parameters could significantly enhance the effect of neuromodulation (Tufail et al., 2010; Mueller et al., 2014; Lee et al., 2015; King et al., 2013). Fomenko et al. investigated the effect of different acoustic parameters on the amplitude of motor evoked potentials (MEP), it demonstrated that DC had a significant effect on MEP amplitude, with 10% DC inhibiting it, while 30% DC had no effect. In addition, stimulation duration also had a similarly significant effect on MEP amplitude according to their research (Fomenko et al., 2020). Park et al. investigated the effect of stimulating the medial prefrontal cortex (mPFC) using unfocused US at 40 Hz PRF and 300 kHz FF could reduce Aβ plaques and enhance brain connectivity (Park et al., 2021). Kim et al. utilized US with 70% DC and 5 s interstimulus interval (ISI) to activate bilateral mPFC, whereas utilizing 5% DC with no interstimulus interval inhibited the mPFC (Kim et al., 2022). Kim et al. found that at 300 s SD, 350 kHz FF, 50% DC stimulation of rat M1 was superior to motor responses elicited by 30 and 70% DC stimulation; at 50% DC, 1–5 ms TBDs, 350 kHz FF was superior to 650 kHz, and pulsed tFUS was superior to equivalent continuous tFUS (Figure 4B; Kim et al., 2014). King et al. used US to elicit a motor response in mice and found that the success rate of elicitation increased with increasing AP and SD (King et al., 2013). Ye et al. investigated that with increasing FF, greater AP was required to achieve the same motor response (Ye et al., 2016). Yu et al. demonstrated that tFUS was able to induce neuronal activation in vivo and that the degree of neuronal response and the time to activation was strongly correlated with AP and SD, with SD of 0.4 s, 0.5 s were inhibition effects, while 0.1, 0.2, and 0.3 s were no effects (Yu et al., 2016).
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FIGURE 4
 Gain modulation efficiency based on US parameters (A) US parameters. (B) Experimental set-up to test excitatory neuromodulation using FUS in rat (Kim et al., 2014). (C) tFUS setup for epilepsy therapy (Chen et al., 2020).


Adjusting the parameters of tFUS stimulation could produce excitatory or inhibitory effects on the central nervous system at the stimulated region, which could be reversibly neuromodulated. Chen et al.’s study (Figure 4C) showed that US could inhibit pentylenetetrazol which induces abnormal neuron discharges in acutely epileptic rats and the effect of tFUS on elilepsy suppression is related to the choice of parameters. Sharabi et al. used a 230 kHz spherical phased array US that effectively suppressed tremors in Parkinsonian rats and was able to induce motor responses in the tail and leg (Sharabi et al., 2019). According to Yoon et al. the tFUS stimulation with higher DC (>30%) and shorter SD favored activation of the targeted brain region, whereas stimulation with lower DC (<10%) and longer SD (>1 min) inhibited the activity of the targeted brain regions (Yoon et al., 2019).

Enhancing modulation efficiency is another effective strategy to increase the spatial resolution of tFUS neuromodulation. The scattered pressure of the oscillating microbubbles on the surrounding medium and the optimization of the parameters to increase the sensitivity of the tissue to tFUS could enhance the modulation efficiency. Therefore, microbubble and tFUS parameters could be considered in improving tFUS neuromodulation accuracy.




4 Mechanisms of tFUS neuromodulation

Ion channel, protein expressed by living cells that provides a pathway for charged ions from dissolved salts, including sodium, calcium, potassium, and chloride ions, to pass through the otherwise impermeable lipid cell membrane (Ye et al., 2018). One of the mechanisms of tFUS neuromodulation is based on mechanosensitive ion channels (Tyler, 2011). tFUS could activate mechanosensitive ion channels in neurons (Figure 5A), alter the permeability of cell membranes, and modulate intracellular ion concentrations (Meng et al., 2019). To achieve targeted tFUS neuromodulation, genetic manipulation techniques are employed to express mechanical force-sensitive receptors on neurons. This confers cellular sensitivity to US stimulation, which acquires specificity for the cell or tissue. This method is the most studied means of targeted tFUS neuromodulation.
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FIGURE 5
 tFUS neuromodulation (A) tFUS neuromodulation based on mechanosensitive channel. (B) US targeted at the cortical M1 region with MscL evoked rapid EMG responses (Qiu et al., 2021). (C) US modulation of mice M1 expressing hsTRPA1 (Duque et al., 2022). (D) US stimulate Ctrl-side and KO-side.



4.1 MscL

Mechanosensitive Channel of Large Conductance (MscL) is widely expressed in prokaryotic cells (Martinac et al., 1987). The state of MscL is regulated by membrane tension. MscL allow the passage of small molecules such as potassium ions, sodium ions, and glucose.

Research has demonstrated the ability of US stimulation to activate MscL. Following the successful expression of MscL in mammalian cells by Doerner (Doerner et al., 2012), Ye et al. expressed MscL in primary cultured rat hippocampal neurons and utilized US at 29.92 MHz frequency to activate MscL and achieve neuronal modulation. MscL expression did not alter the original electrophysiological properties or survival of the neurons (Ye et al., 2018).

Qiu et al. expressed MscL-G22S in vitro and induced calcium influx and neuronal activation using 500 kHz US. Subsequently, they successfully expressed MscL-G22S in the primary M1 of mice under the same FF of US stimulation as in the in vitro experiments. They observed that MscL-expressed mice exhibited an increased magnitude of electromyography (EMG) response and success rate. Additionally, M1 neurons showed higher expression levels of c-Fos (Figure 5B; Qiu et al., 2021). The MscL responded to a wide range of US frequencies, ranging from 0.5 MHz to 30 MHz, and they could be activated by lower intensity US, which is conducive to achieving tFUS neuromodulation.



4.2 TRP

Transient receptor potential (TRP) channels are widely distributed ion channel proteins found in the cell membranes of various organisms, playing crucial roles in numerous cellular physiological and pathological processes. Ibsen et al. discovered that US combined with microbubbles could modulate the locomotor behavior of Caenorhabditis elegans expressed TRP-4 channels. They further observed an increase in calcium accumulation in TRP-4-expressing AWC neurons stimulated by US combined with microbubbles, indicating the activation of TRP channels by US (Ibsen et al., 2015). However, TRP-4 channels are not effective in mammals. To enhance the targeting of US, the team stimulated HEK cells in vitro using US at a frequency of 7 MHz, resulting in increased calcium levels and activation of HEK cells (Figure 5C; Duque et al., 2022). Additionally, in vitro stimulation of the M1 of mice expressing TRPA1 channels led to significant electromyographic responses in the corresponding limbs and increased neuronal c-Fos expression. Notably, no significant increase in c-Fos expression was detected in the auditory cortex, suggesting that US neuromodulation does not involve the auditory pathway (Sato et al., 2018; Guo et al., 2018). Yang et al. induced hibernation-like hypothermia and hypometabolic state in rats by applying US stimulation to the preoptic area (POA) (Yang et al., 2023). Knockdown of TRPM2 channels in POA neurons inhibited US-induced hypothermia and hypometabolic behavior. Furthermore, Yang et al. expressed TRPV1 channels in the primary somatosensory cortex of mice and utilized US to activate the TRPV1 channel. They concluded that TRPV1 channel activation was attributed to the thermal response induced by US (Yang et al., 2023). As TRPV1 channels are activated at temperatures of 42°C or higher, the thermal effect of US could be employed to gate TRPV1 channels (Kwon et al., 2022). TRP channels exhibit responsiveness to US stimulation across a wide range of frequencies and could be gated by US stimulation. However, these channels typically require high acoustic pressure for activation. Mutation scanning protein engineering techniques could be utilized in future studies to increase the sensitivity of TRP channels to lower acoustic pressure US stimulation.



4.3 K2P

Two-pore domain potassium (K2P) channels, also known as biportal ion channels, are specific types of ion channels used for potassium ion transport in cell membranes (Fink et al., 1998). The TRAAK channels are categorized within K2P channels family, with their activity regulated by membrane tension (Brohawn et al., 2014). Kubanek et al. expressed TREK-1, TREK-2, and TRAAK channels of the K2P family in African Xenopus oocytes. Using US to stimulate the cell while detecting electrophysiological signals, it was found that US stimulation could regulate the activity of K2P channels and alter the membrane potential (Kubanek et al., 2016). Sorum et al. expressed TRAK channels in African Xenopus oocytes and found increased cell membrane tension and activated TRAK channels by increasing AP. It is shown that US could activate TRAK channels and the activation state is related to AP (Sorum et al., 2021). In general, US could activate K2P channels, but requires a higher US FF and AP.



4.4 Pizeo

Piezo channels are widely expressed in mammals and have extensive distribution in humans (Coste et al., 2010). To date, two types of ion channels, Piezo1 and Piezo2, have been identified. Piezo1 is the most extensively studied channel in the context of US modulation. Piezo1 stands out as one of the most sensitive mechanosensitive ion channels, capable of activation by forces exceeding 10 pN (Wu et al., 2016).

Qiu et al. employed US to activate Piezo1 channels expressed in HEK-293 T cells and in primary neurons of mice. Their findings demonstrate that US alone is capable of activating both exogenous and endogenous Piezo1 channels (Qiu et al., 2019). Pan et al. expressed Piezo1 channels in HEK293T cells and utilized microvesicle-mediated inward calcium ion flow to trigger downstream pathways by inducing the opening of Piezo1 ion channels with US (Pan et al., 2018). Zhu et al. demonstrated that Piezo1 knockout (P1KO) in the M1 of mice resulted in a significant decrease in US-induced limb movement and electromyography (EMG) responses, highlighting the critical role of Piezo1 channels as key mediators of tFUS neuromodulation (Figure 5D; Zhu et al., 2023). Liao et al. reported that Piezo1 is activated in response to US-induced shear stress, leading to an elevation in intracellular calcium ion levels (Liao et al., 2021). Li et al. identified the essential role of Piezo2-mediated hearing in mice, suggesting that Piezo2 channels could be gated by US stimulation (Li et al., 2021).

Ion channel-based modulation currently represents the most effective means of achieving targeted, high-precision stimulation using US. Furthermore, it remains the most extensively studied method in this field. Nevertheless, certain mechanosensitive ion channels, such as TREK-1, TREK-2, and TRAAK, necessitate a high frequency US and present challenges in clinical application. US-targeted neuromodulation with the help of ion channels requires that the target ion channels be expressed on neurons by AAV virus, which is mainly realized by stereotactic brain injection, requiring craniotomy for virus injection and low safety. With the development of genetic engineering, studies have been conducted to modify the AAV virus capsid so that it could effectively cross the blood–brain barrier and target specific cells in the brain (Goertsen et al., 2022). This enables the expression of specific genes in particular neurons through intravenous injection of the virus (Table 1).



TABLE 1 Parameters of ultrasound-activated mechanosensitive ion channels.
[image: Table1]




5 Conclusion

In summary, tFUS neuromodulation combines noninvasiveness, high spatial resolution, and depth penetration. It has experienced a rapid expansion over the past years and holds significant promise for treating neurological disorders and elucidating neural circuits. Current efforts are being directed at exploring which ways to maximize the precision of tFUS stimulation since it impacts the effectiveness of modulation.

In this paper, we investigated the impact of focal size, treatment efficiency and mechanism on enhancing tFUS modulation accuracy. All reviewed methods have improved resolution and efficiency, with each type of method improving differently. However, in general, there are still shortcomings in terms of focus accuracy and security. Combining acoustic metasurfaces and ion channel and selecting appropriate stimulation parameters is an effective means of achieving precise ultrasound neuromodulation.
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