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Abstract
Neurological diseases associated with dysfunctions of neural circuits, including Alzheimer’s disease (AD),
depression and epilepsy, have been increasingly prevalent. To tackle these issues, artificial stimulation or
regulation of specific neural circuits and nuclei are employed to alleviate or cure certain neurological diseases. In particular, ultrasound neuromodulation has been an emerging interdisciplinary approach, which
integrates medicine and engineering methodologies in the treatment. With the development of medicine
and engineering, ultrasound neuromodulation has gradually been applied in the treatment of central nervous
system diseases. In this review, we aimed to summarize the mechanism of ultrasound neuromodulation and
the advances of focused ultrasound (FUS) in neuromodulation in recent years, with a special emphasis on
its application in central nervous system disease treatment. FUS showed great feasibility in the treatment
of epilepsy, tremor, AD, depression, and brain trauma. We also suggested future directions of ultrasound
neuromodulation in clinical settings, with a focus on its fusion with genetic engineering or nanotechnology.

Nanogenerator, neuromodulation, neurological disease, sonogenetics, ultrasound.

Neurological diseases, such as Alzheimer’s
disease (AD), depression, and epilepsy, are
becoming increasingly common due to the
rapidly increasing number of aging populations. Although millions of people are
affected by neurological diseases, effective treatment measures are still far from
adequate [1]. First, the currently preferred
treatment for most central nervous system
disease is drug therapy, but it is difficult
for drugs to reach the therapeutic concentration in the brain due to the blood–brain
barrier [2]. Second, even though surgical
treatment could effectively alleviate the
symptoms of neurological diseases such as
tremor and Parkinson’s disease, thus somehow improving patients’ life quality [3],
craniotomy may leave some sequelae,
including intracranial hemorrhage, memory
decline, and traumatic epilepsy. Moreover,
gene therapy can alter gene mutation sites
in neurological diseases through adeno-associated virus delivery, but the use of viral
vectors still carries the risk of immune
stimulation [4] (Table 1). Therefore, it is
crucial to find a non-invasive, reversible,
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and controllable treatment method for neurological diseases.
Alternatively, the combination of medicine and engineering implicates a novel
direction for the treatment of neurological
diseases, namely neuromodulation [18, 19].
Neuromodulation refers to the artificial and
controllable regulation of specific neuronal
excitability and neural circuit conduction
through physical methods, which is based
on the combination of neuromedicine and
physical engineering [20]. In some neurological diseases, the dysfunction of neural circuits results in impaired cognitive,
sensory, or motor function [1]. Drawing
on advanced and customized equipment,
doctors applied electric, magnetic, optical, and acoustic modalities to accurately
stimulate the specific neural circuits and
brain nuclei to improve the function of
the nervous system [21]. Currently available neuromodulation methods include
deep brain stimulation, transcranial magnetic stimulation (TMS), optogenetics, and
focused ultrasound (FUS) (Table 2). Deep
brain stimulation, for example, by electrically stimulating neural circuits with electrodes implanted in brain tissue, has been
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Table 1

Current Treatment Methods for Neurological Diseases

Treatment
Drug therapy
Surgery
Gene therapy
Neuromodulation

Table 2

Advantages
Simplicity,
efficiency
Effectiveness
Durability
Controllability,
targeting

Disadvantages
Drug resistance
Invasiveness
Bio-safety
Unclear treatment
mechanism for now

Current Options of Neuromodulation Techniques

Neuromodulation Technique
Deep brain stimulation
Transcranial magnetic stimulation
Optogenetics
Focused ultrasound

Principle
Electrical stimulation through insertion of
electrodes into brain tissue
A strong magnetic field is applied to the cerebral
cortex, affecting neural electrical activity
Light is used to activate photosensitive ion
channels to excite nerve cells
The neurons’ excitability and neuro-
microenvironment were changed by ultrasound
irradiation

used to alleviate tremor caused by Parkinson’s disease [22].
Neuromodulation has become one of the fastest developing
disciplines in recent decade, and it has broad application
prospects in the treatment of neurological diseases.
In particular, with the development of multi-element
transducers and phased-array techniques, FUS energy can be
non-invasively delivered to the targeted brain area through
the human skull [23, 24]. Currently, FUS is applied as a new
neuromodulation technique to reversibly stimulate or inhibit
nervous system activity [25, 26]. Compared with other
neuromodulation techniques, ultrasound neuromodulation
has the advantages of penetration depth, non-invasiveness,
imaging guidance, and precise spatial control [27]. Based on
the interdisciplinary characteristics of ultrasound neuromodulation, the deep fusion of medicine and engineering is the
core factor to promote the progress of ultrasound neuromodulation [28]. The continuous innovation of ultrasound transducers makes it possible to accurately stimulate the neural
circuits in the human brain. The in-depth understanding of
neurological diseases would encourage researchers to further explore the mechanisms of ultrasound neuromodulation.
The application of ultrasound neuromodulation in neurological disease treatment has manifested encouraging results
and is still developing rapidly. Existing review work has
surveyed the bio-physical mechanisms and safety issues of
ultrasound neuromodulation [29, 30], but more empirical
studies or systematic reviews are needed to provide a more
comprehensive picture of applying ultrasound neuromodulation in neurological disease treatment. Therefore, the
current review aimed to synthesize the research progress of
ultrasound neuromodulation in the past 5 years, with special emphasis on its application in the treatment of various
central nervous system diseases. We hope to present the latest advances in the field and also suggest potential areas for
future research, focusing on the therapeutic effects of ultrasound neuromodulation for a variety of neurological disorders, including epilepsy, AD, and depression.
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Treatment of Neurological Diseases
Epilepsy [5], tremor [6], Alzheimer’s disease [7],
depression [8], Parkinson’s disease [9]
Tremor [10], brain trauma [11], Parkinson’s disease [3]
Parkinson’s disease [12], Alzheimer’s disease [13]
Epilepsy [14], tremor [15], Alzheimer’s disease [16],
depression [17]

Limitations
It is invasive and requires surgical implantation of electrodes
Low focusing precision
Weak penetration depth
Gene transfection is required
The biological consequences of ultrasound
are complex, and the tissue around the
ultrasound beam path might be damaged

Mechanism of ultrasound
neuromodulation
Effect of mechanical force
Acoustic radiation force is the mechanical force of ultrasound acting on the interface of substance. As shown in
Figure 1B, given proper ultrasound intensities, acoustic
radiation force stretches and distorts cytomembranes and
then changes their geometric shape and mechanical properties [31]. Conformational recombination of phospholipid
layers and proteins on the cell membrane leads to changes
in membrane capacitance, affecting cell potential and
hyperpolarization [32]. Chen et al. recently demonstrated
that high-frequency oscillations could induce action potential through direct deflection effects at weak displacement
amplitudes [33].
Ultrasound stimulation can lead to physical pores on
the lipid bilayer membrane, resulting in an increase in the
capacitance of the lipid membrane, in a process known as
sonoporation [34]. The most prominent hypothetical mechanism for driving sonoporation is the cavitation effect. Stable
cavitation generates microjets, shock waves, and acoustic
streaming to stimulate mechanosensitive ion channels and
receptors of surrounding nerve cells [35]. Cell potential and
hyperpolarization states are also altered by changes in fluidity, permeability, and conductance of the cell membrane
[36] (Figure 1C). In addition to the cavitation effect caused
by extracellular microbubbles, intramembrane cavitation
can also lead to neuronal depolarization [37]. Ultrasound
mechanical energy is transformed into periodic expansions
and contractions of the bilayer membrane space and induces
intramembrane cavitation (bubble formation) (Figure 1D).
Formation and collapse of nanobubbles in the membrane
space could change the local curvature of bilayers and affect
the capacitance, fluidity, and permeability of lipid bilayers.
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Figure 1 Mechanical effect of ultrasound neuromodulation in neuron. (A) Ion channels on the neuron membrane are closed in the resting
state. (B) Focused ultrasound directly applies acoustic radiation to the ion channel protein and induces its opening. (C) Cavitation effect produced by ultrasound combined with microbubbles could also induce the opening of ion channels. (D) Ultrasound mechanical effect is capable
of causing lipid membrane deformation and promotes the opening of ion channels through intramural cavitation, which in turn induces calcium
influx and nerve impulses.

Intramembrane cavitation is considered to be another mechanism of the neuronal electrical discharge stimulated by cavitation in the absence of gas [38].

Thermal effect
When ultrasonic waves propagate through the medium,
some of the acoustic energy is transformed into thermal
energy which increases the temperature of the medium [39].
The thermal effects of high-intensity FUS can cause cell protein degeneration, DNA fragment rupture, and tissue coagulation necrosis [40]. At lower ultrasonic intensities, local
heat generates moderate effects including decreased action
potential amplitude, changes in ion channel dynamics, suppressed neural signaling, and reversible conduction block
[41, 42]. Furthermore, the thermal effect of FUS has the
ability to enhance the neurotrophic factor delivery through
the increased blood perfusion and permeability of the blood–
brain barrier [43].

Neurotrophic factor manipulation
Neurotrophic factors are polypeptides or protein factors that
can promote the survival, growth, and differentiation of nerve
cells [44]. Ultrasound can promote the secretion, release,
and delivery of neurotrophic factors. Yang et al. found that
neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF),
and vascular endothelial growth factor, were increased after
stimulation of integrin receptors by low-
intensity ultrasound [43]. The expressions of BDNF and GDNF in the

ultrasound-irradiated cerebral hemispheres (Ispta=110 mW/
cm2) were significantly higher than that in unirradiated
hemispheres. Moreover, FUS (30–50 mW/cm2) could also
improve the bio-activity of nerve growth factor and promote neurite outgrowth through the mechanotransduction-
mediated ERK1/2 CREB Trx-1 pathway [45]. Ultrasound
can increase the local concentration of neurotrophic factors
by activating signaling pathways, which is beneficial for
most neurological diseases.

Neurological disease treatment
Epilepsy
Epilepsy is a chronic disorder of the brain, which is characterized by an enduring predisposition to the generation of epileptic seizures [46]. Although more than 20 drugs have been
developed to treat epilepsy, more than one-third of patients
reported null response to any drug, known as drug-resistant
epilepsy [47]. For these patients, neuromodulation might
an alternative therapy to reduce the incidence of abnormal
epileptic discharges [48]. Ultrasound neuromodulation techniques have gained widespread attention due to their therapeutic utility in nervous impulse suppression. In chemically
induced animal models, ultrasound stimulation–induced
cortical excitability diminution has been shown to attenuate epileptic activity [49]. Hakimova et al. found that pulsed
ultrasound stimulation could effectively suppress seizures in
mice with epilepsy in the temporal lobe. Ultrasound-treated
mice exhibited fewer spontaneous recurrent seizures in the
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chronic period of epilepsy [50]. Chen et al. investigated the
parametric selection of ultrasound exposure that provided
epilepsy suppression. The EEG signals in ultrasound-treated
groups showed a significant decrease in the number of spikes
compared with the control groups [51]. FUS exposure for
600 seconds with a mechanical index of 0.75 provided an
effective spike-suppressing effect. The downstream target of
the mTOR pathway in the cortex and hippocampus of rats
was suppressed by FUS treatment. Therefore, the aforementioned studies provided solid evidence that FUS pulsation
could serve as an effective and non-invasive therapeutic tool
to suppress epileptic activity, which implicates great potential for clinical use.

Tremor
Tremor is characterized by the involuntary, rhythmic, and
sinusoidal alternation of body parts [52]. Particularly,
essential tremor (ET) is a common nervous system disease characterized by tremor in clinical practice and affects
approximately 1% of the population worldwide [53]. In a
multi-institution clinical trial, 76 patients with moderate
to severe medication-refractory ET were randomized to
undergo FUS thalamotomy or a sham therapy, which did
not provide ultrasonic energy. After 3 months of treatment,
it was found that, compared with sham surgery, patients
completing FUS thalamotomy significantly reduced hand
tremor and improved their quality of life [52]. Sharabi et al.
explored the feasibility of using non-thermal FUS to suppress ET in rats [54]. FUS was used to irradiate the olivary
system, and the tremor frequency in ET rats was significantly reduced. The tremor was completely inhibited in half
of the animals. Meanwhile, magnetic resonance imaging
(MRI) after treatment detected no signs of nerve damage
in the brain. FUS continues to advance and demonstrate its
efficacy in the treatment of neurological diseases and may
become a novel intervention against brain pathology. As a
promising alternative to deep brain stimulation, ultrasound
neuromodulation provides a broad spectrum of minimally
invasive treatment with high specificity for diseases that are
refractory to surgery.

Alzheimer’s disease
With the increase of aging population, neurodegenerative
disease is reaching epidemic proportions. Dementia is a
common neurodegenerative disease with approximately 44
million people worldwide suffering from it. Among the various causes of dementia, AD explains the biggest portion,
accounting for approximately 50% to 75% [55]. Current
drugs for AD target cholinergic and glutamine neurotransmitters, but their neuroprotective activity remains controversial [56]. Ultrasound neuromodulation is capable of stimulating neural circuits in the brain and increasing the secretion of
endogenous neurotrophic factor [57, 58], which is expected
to be used in novel treatments for neurodegenerative diseases. FUS has become a prospective treatment in mitigating
brain injury, dysmnesia, and cognitive dysfunctions induced
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by cerebral disease [59]. Lin et al. examined the protective effect of FUS on brain injury induced by aluminum in
AD rats [60]. FUS (Ispta=528 mW/cm2) reduced aluminum
concentration, acetylcholine esterase activity, and amyloid
protein β (Aβ) deposition, while promoting increased production of neurotrophic factor in brain tissues. BDNFs are
effective mediators of neural plasticity in the hippocampus,
which is significantly associated with the pathogenesis of
AD [61]. Burgess et al. continuously stimulated the bilateral
hippocampal bodies of AD mice using FUS (pressure=1.25
MPa). The number of new neurons in the hippocampus after
treatment increased by more than 250%, and these neurons
exhibited longer dendrites and branches [62]. At the same
time, it was also demonstrated that the spatial learning in AD
model mice was improved by Y-maze analysis.
Importantly, FUS not only improves the effectiveness of
AD treatment by increasing neurotrophic factors but can also
be used directly as physiotherapy for AD [63]. The main
pathological features of AD are amyloid plaques and neurofibrillary tangles (NFTs). Leinenga and Goetz treated AD
with repeated scanning ultrasound (pressure=0.7 MPa) independently and found that Aβ plaques were cleared in 75% of
the ultrasound-treated mice [64]. The mobility and cognitive
ability of the mice whose Aβ plaques were nearly removed
showed improved performance. Changes in mouse behavior
were correlated to the decline in Aβ plaques as well as the
increase in plasticity in the dentate gyrus. Pandit et al. investigated the effects of ultrasound treatments in K3 mouse
models that harbor the K369I mutation of tau, presenting
with prevalent NFTs in the cortex and hippocampus [65]. The
results showed that repeated ultrasound treatment resulted
in a two-fold reduction in tau phosphorylation and NFTs,
especially in the hippocampus. After sonication, the MTOR
activity (p-mTOR/mTOR) was significantly decreased, and
the number of p62-positive spots were increased, suggesting
that ultrasonic processing could inhibit AD by increasing the
autophagy activity of neurons.
To sum up, accumulating therapies that targeted various
aspects of AD have achieved significant clinical developments. Ultrasound could produce therapeutic effects in
AD through different mechanisms, including activation of
microglial cells to clear Aβ, and enhancement of tau clearance through autophagy.

Depression
Depression is a common and recurrent mood disorder in
the modern society. Despite the significant increase in anti-
depressant medications, many patients are still suffering from
inadequate drug therapy [66]. Promoting BDNF could alleviate symptoms of depression, as BDNF plays an important
role in its pathogenesis [67]. It has been proposed that FUS
could be effective in the treatment of depression because it
regulates the concentration of BDNF in the brain [57].
Zhang et al. used FUS to stimulate the prelimbic cortex of restrained rats for 2 weeks [68]. They found that it
provided relief of depressive symptoms such as reversed
anhedonia and reduced exploratory behavior. BDNF in the
ipsilateral brain was significantly promoted in the FUS
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group, protecting neurons against restraint stress and facilitating neurogenesis in the hippocampus. Previously, BDNF
has been shown to be involved in neurogenic regulation of
the hippocampus and decreased hippocampal neurogenesis
is also associated with depression. Studies have shown that
transcranial ultrasound could promote hippocampal neurogenesis [69], but its bio-physical mechanism is still poorly
understood. Therefore, the effect of transcranial ultrasound
on neurogenesis merits further investigations to elucidate its
mechanism in the treatment of depression.
In addition to being associated with increased BDNF
expression, the therapeutic effect of ultrasound also inhibits
the oxidative stress injury response that is toxic to neurons.
Zhao et al. found that FUS (50 mW/cm2) could induce the
activation of K2P channels, stretch-activate ion channels,
and ultimately modulate the PI3K-Akt and ERK1/2 signaling pathways to prevent cytotoxicity of 1-methyl-4-
phenylpyridinium (MPP+)-induced oxidative stress. Their
results showed that activation of mechanosensitive ion channels might be a mechanism of the neuroprotective effect of
FUS [70]. Thus, FUS has the potential to be a non-invasive
antidepressant treatment tool. FUS therapy is expected to
address the drawbacks of current physical therapy, such as
inadequate response, serious side effects, and major surgical
hazards.

Brain trauma
Brain trauma causes different degrees of neurological dysfunction. The symptoms of neurological dysfunction are
determined by the damaged brain area. Local brain trauma
can lead to motor, verbal, visual, and auditory abnormalities, whereas diffuse brain trauma could result in consciousness confusion and coma. In the clinic, brain stimulation
has demonstrated the eligibility to enhance the behavioral

responsiveness of disorder of consciousness (DOC) patients,
which could increase the excitability of thalamic efferent
neurons. Monti et al. applied FUS (720 mW/cm2) to stimulate the intact thalamus of a comatose brain trauma patient.
After sonication, the patient exhibited improved behaviors
in motor function, understanding, and communication abilities without evident harmful reactions. Five days after the
sonication, the patient demonstrated walking ability [71].
Currently, a clinical trial explored the role of low-intensity
FUS in patients with acute brain injury [72, 73]. Treatment
of neurological diseases by FUS is in its infancy, but this
study substantiated the therapeutic effect of ultrasound neuromodulation in patients, which was informative for future
examinations on the application of ultrasound in the treatment of clinical diseases. The currently identified therapeutic targets for central nervous system disease are summarized in Figure 2.

New directions of ultrasound
neuromodulation
Sonogenetics
Ultrasound has the ability to transfer energy to the targeted
area with millimeter precision and exert mechanical forces
on the tissue to control mechanical signaling. However,
with the development of molecular biology and precision
medicine, millimeter-level nerve stimulation relying on
focusing probes cannot meet the practical requirements.
To improve the specificity of ultrasonic neuromodulation,
the term “sonogenetics” was first proposed in 2015 [74].
Sonogenetics is a promising research field that sensitizes the
neuron’s response to ultrasound by superficial expression of

Figure 2 Schematic diagram of ultrasound neuromodulation targets in neurological disease treatment. Ultrasound could be used to stimulate different areas of the human brain, including the thalamus, medulla oblongata, and temporal lobe. According to the types of neurological
diseases, the appropriate targets of ultrasound neuromodulation can be selected to achieve the treatment of several different neurological
diseases, including Alzheimer’s disease, depression, epilepsy, and tremor.
Y. Chen et al.: Ultrasound Neuromodulation: Integrating Medicine and Engineering for Neurological Disease Treatment
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mechanical-sensitive ion channels. Similar to optogenetics
and magnetogenetics, sonogenetics uses gene-engineering
technology to transduce the gene’s encoding ultrasonic-
sensitive ion channel proteins into targeted neurons [74].
Then, ultrasonic stimulation is applied to mechanically
deform channel proteins, thus activating the ion channel and
inducing action potentials of neurons that underwent gene
editing (Figure 3).
The TRP-4 channel is responsive to mechanical signals,
including ultrasound [72]. Ibsen et al. reported that the
stimulation of Caenorhabditis elegans expressing TRP-4
using low-frequency (2.25 MHz) and low-pressure FUS
(0.9 MPa) modulated neuronal activities and led to a subsequent escape response in C. elegans. The addition of
microbubbles in this study amplified the mechanical effect
of ultrasound on C. elegans. The results demonstrated
that the combination of the genome-editing technique and
ultrasound is available for the modulation of target neurons with high efficiency in organisms [74]. To further lay
the foundation of sonogenetics, Ye et al. engineered the
hippocampal CA1/CA3 neurons with a variant (I92L) of
the mechanosensitive channel of large conductance that
increased mechanosensitivity and evaluated its response to
ultrasonic stimulation [75]. This study demonstrated that
the introduction of I92L indeed conferred ultrasound sensitivity to neurons. The mutant expressing I92L could generate a depolarizing current of 4 pA/pF without microbubbles
under ultrasound stimulation with a pressure of 0.25 MPa.
Neurons expressing I92L could elicit spike trains induced
by ultrasound with a time precision of milliseconds.
However, the high frequency of ultrasound used in these
studies resulted in low penetration, which is not suitable for
applications in vivo. Huang et al. developed a method to
remotely control transgenic neurons using low-frequency
and low-acoustic pressure FUS based on the auditory sensing protein prestin from mammalian outer hair cells [76].
They found that low-frequency ultrasound (0.5 MHz)
could effectively induce calcium flow in cells transfected
with mutant prestin. Further, the researchers injected an
adeno-associated virus encoding mutant prestin into the
unilateral ventral tegmental area of mouse. The nerve
excitation in unilateral hemispheres of the transfected mice

expressing prestin were triggered by ultrasound, whereas
the contralateral brain regions that did not express prestin
were not activated. These results confirmed that low-frequency ultrasound could specifically activate neurons
expressing the mutant prestin to achieve noninvasive and
precise neural cell activity manipulation.
In addition to specific neuromodulation, sonogenetics
could also be harnessed to regulate the signal pathways
mediated by mechanical signals to achieve temporospatial
control of cellular processes in disease therapy. In recent
studies, to increase the spatiotemporal precision of CAR-T
activation, Pan et al. transduced the T-cell-expressed Piezo 1
ion channel into CAR-T, mediated by ultrasound, to improve
the targeting ability of CAR-T immunotherapy against
malignant tumor tissues [77]. This method allowed remote,
non-invasive, and accurate control of gene expression as
well as guidance of polytype cancer treatment.
Sonogenetics enables the specific stimulation of individual neurons at the cellular level and can be used as a
highly targeted and noninvasive neuromodulation method
in fundamental neuroscience research. However, the clinical translation of sonogenetics relies on the identification
of more acoustically responsive ion channels, which are not
expressed in the mammalian brain. Moreover, only when
genetic engineering of human neurons are performed reliably and safely could sonogenetics be pervasively applied in
clinical trials.

Nanogenerator support
Safety is still the crucial concern to the application of ultrasound neuromodulation in the human brain. The biological
outcome of ultrasound-mediated neuromodulation is excessively affected by different combinations of ultrasound parameters, including intensity, frequency, and pulse length [78].
A higher intensity or longer exposure time may cause nerves
to suffer from hyperthermia and cavitation from sonication
[79, 80]. To reduce the output power of ultrasound and prevent damage to healthy tissue during neuromodulation, a
secondary reinforcement can be applied to improve the neural stimulation ability of FUS.

Figure 3 Schematic diagram of in vivo application of sonogenetics. First, the gene encoding ultrasonic-sensitive ion channel proteins was
transduced to the target brain tissue, and the nerve cells in the target brain region are encouraged to express ion channel proteins in response
to ultrasound. Then, ultrasound irradiation could activate ion channels, increase calcium ion influx, and then achieve neuronal excitation.
Nerve cells that did not receive gene transfer were not excited by ultrasound irradiation.
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Nanogenerators are a prospective method to strengthen the
local effect of FUS [81, 82]. They can effectively generate
electricity in biofluids driven by ultrasonic stimulation via
the piezoelectric properties of nanomaterials [83] (Figure 4).
Drawing on characteristic of acoustoelectric conversion, piezoelectric nanomaterials can be used as nanogenerators to
efficiently transform received ultrasonic energy into electricity and induce stable stimulation of neurons.
To date, multiple preclinical studies detailing the application of piezoelectric nanomaterials on neural tissues in vitro
have been published. As a piezoelectric material with good
biocompatibility, boron nitride nanotubes (BNNT) can be
polarized under ultrasonic mechanical stress and transduce
electric stimuli to cells. Ciofani et al. found that after treatment with BNNT and ultrasound, neuronal-like PC12 cells
produced 30% more axons than controls with increased Ca2+
influx. The results demonstrated that acoustoelectric transduction could facilitate neural stimulation by the indirect
effects from low-intensity ultrasound [84].
To explore the underlying mechanism of ultrasound-
mediated piezoelectric nanomaterial treatment in promoting
neuronal cell growth and differentiation, Marino et al. successfully induced calcium and sodium influx in neuron-like
cells using cubic barium titanate nanoparticles (BTNP) under
ultrasound [85]. It was hypothesized that the activation of
the voltage-gated ion channels was induced by a localized
electric field produced from the process of acoustoelectric
transduction from ultrasound stimulation. Ca2+ transients and
axon elongation of SH-SY5Y cells cultured on the P(VDFTrFE)/BTNP films were induced by ultrasound irradiation,
suggesting that the piezoelectric effect directly mediated by
polymer/ceramic composite films and ultrasound could be
used for neuron stimulation [86]. In parallel, Rojas et al. confirmed that the combination of pulsed ultrasound and BTNP
enhanced the mixed spiking and bursting electrophysiological activities in neurons by using microelectrode arrays [87].
The modified F-ratio of the neurons was linearly correlated
with the strength of the pressure field, suggesting that neural

activity could be altered by fine-tuning the amplitude of
ultrasound waves.
Piezoelectric nanoparticles are expected to be highly specific, effective, and remote electrical stimulation tools in
vivo through mechanical deformation by ultrasound stimulation [88]. However, extensive studies of the biocompatibility, biodistribution, and durability of these novel nanomaterials are needed to mitigate the security issue in vivo.
Future research could focus on the targeted properties of
piezoelectric nanomaterials to enable selective binding of
neurons to achieve specific neuromodulation. Ultrasound
targeted microbubble destruction (UTMD) technology is a
non-invasive approach that can achieve targeted delivery
by modifying microbubbles with antibodies or ligands [89].
Piezoelectric nanomaterials can be loaded into the microbubbles attached to specific ligands and delivered to targeted neurons. Furthermore, the effect of UTMD on enhancing membrane permeability can further promote the entry
of nanoparticles into cells [90, 91]; thus, UTMD technology
combined with piezoelectric nanomaterials is expected to be
a new prospect in ultrasound neuromodulation research.

Outlook
Recent studies have demonstrated that ultrasound not only
exerts neuromodulation on cortical brain regions [41, 92],
but also non-invasively stimulates deep brain regions, such
as the hippocampus and thalamus [93]. The functional regulation of deep brain tissue has significant implications for
the treatment of nervous system diseases. There are few
studies on ultrasound neuromodulation in the treatment of
neurological diseases that have registered clinical trials.
Hameroff et al. reported the therapeutic efficacy of ultrasound in patients with chronic pain [94], which could provoke more applications in related fields. After ultrasound
stimulation of the posterior frontal cortex, the subjective
mood of patient was improved. Ultrasound neuromodulation

Figure 4 Schematic diagram of ultrasound combined with piezoelectric nanoparticles for targeting neural modulation. The mechanical
effect of ultrasound can induce piezoelectric effect of piezoelectric nanoparticles and generate local electric field. Piezoelectric nanoparticles
could be endocytized by nerve cells. Ultrasound irradiation stimulates the piezoelectric nanoparticles in nerve cells to generate electricity and
induces the excitation of nerve cells.
Y. Chen et al.: Ultrasound Neuromodulation: Integrating Medicine and Engineering for Neurological Disease Treatment
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is therefore expected to provide a novel treatment approach
for the neurofunctional diseases. In light of the recent developments and limitations of ultrasound neuromodulation
in clinical trials, we suggested the following outstanding
questions for future investigations of neuromedicine and
engineering:
1. For medicine, the exact biophysical mechanisms
underlying the therapeutic effect of ultrasound neuromodulation remain to be elucidated. At present, most
ultrasound neuromodulation research are limited to
the observation of surface phenomena, but there is no
in-depth study on the signal pathway mechanism, ultrasonic-electric interaction, or its influence on neuronal
activity.
2. With respect to the treatment mechanism, it is necessary
to further optimize ultrasonic parameters according to
the characteristics of different neurological diseases.
In the future, more studies should be carried out to
explore the neural network mechanism of ultrasound
neuromodulation to identify the therapeutic targets for
various neurological diseases.
3. In terms of instrument engineering, it would be important to promote the development and industrialization of
ultrasound neuromodulation instruments through close
communication between doctors and engineers. The
combination of ultrasound neuromodulation and neuroimaging technology such as fiber bundle tracking and
electrophysiological signal analysis should be promoted
to achieve precise image-guided neuromodulation.
4. From a lens of interdisciplinary integration, the application scope of ultrasound neuromodulation for diseases
still needs to be expanded. A combination of various
therapeutic means, such as fusing ultrasound neuromodulation and nanotechnology, should be adopted
to promote the clinical application of ultrasound

neuromodulation. Ultimately, the goal is to apply the
technology to clinical treatment.

Conclusion
As a combination of medicine and engineering, ultrasound
neuromodulation has been proposed for the treatment of
different central nervous diseases. Accumulating evidence
manifested that ultrasound neuromodulation has great potentials as an innovative treatment against neurological diseases. Based on the development of ultrasonic transducers,
ultrasound neuromodulation become a non-invasive therapy
with high spatial precision and fewer side effects. We believe
that, with the development of interdisciplinary investigation
of neuromedicine, biological engineering, ultrasound, nanotechnology, and molecular biology, ultrasound neuromodulation will play a greater role in the treatment of neurological
diseases in the near future.
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