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Therapeutic ultrasound: an innovative approach for targeting neurological disorders affecting the basal ganglia
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The basal ganglia are involved in motor control and action selection, and their impairment manifests in movement disorders such as Parkinson’s disease (PD) and dystonia, among others. The complex neuronal circuitry of the basal ganglia is located deep inside the brain and presents significant treatment challenges. Conventional treatment strategies, such as invasive surgeries and medications, may have limited effectiveness and may result in considerable side effects. Non-invasive ultrasound (US) treatment approaches are becoming increasingly recognized for their therapeutic potential for reversibly permeabilizing the blood–brain barrier (BBB), targeting therapeutic delivery deep into the brain, and neuromodulation. Studies conducted on animals and early clinical trials using ultrasound as a therapeutic modality have demonstrated promising outcomes for controlling symptom severity while preserving neural tissue. These results could improve the quality of life for patients living with basal ganglia impairments. This review article explores the therapeutic frontiers of ultrasound technology, describing the brain mechanisms that are triggered and engaged by ultrasound. We demonstrate that this cutting-edge method could transform the way neurological disorders associated with the basal ganglia are managed, opening the door to less invasive and more effective treatments.
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1 Introduction

The term “basal ganglia” refers to a cluster of nuclei embedded deep within the cerebral hemispheres and includes the striatum, consisting of the caudate and lenticular nuclei (the putamen, globus pallidus externus, and internus) and nucleus accumbens, and related nuclei such as the substantia nigra, subthalamic nucleus, and ventral pallidum. These basal ganglia structures are closely associated with one another through complex synaptic connections, and, through a number of partially segregated parallel loops with the cortex, are responsible for motor control, reinforcement learning, action selection, regulation of emotions, and the performance of executive functions (Lanciego et al., 2012; Alexander et al., 1986; Redgrave et al., 2011).

The basal ganglia circuitry is composed of input and output nuclei with extensive intrinsic processing. The striatum is the major input area of the basal ganglia and is divided into two main structures, the dorsal striatum and the ventral striatum. The striatum receives glutamatergic input from the cortex, the intralaminar thalamic nuclei, and dopaminergic input from the substantia nigra, and the ventral tegmental area. The output nuclei of the dorsal striatum consist of GPi and SNpr, which transmit inhibitory projections to the thalamus. Specifically, the dorsal striatum output through GABAergic projections of spiny projection neurons to the GPe is known as the “Indirect pathway,” or to the GPi as the “Direct pathway.” The ventral striatum consists of the nucleus accumbens and olfactory tubercle, which project to the ventral pallidum and SNpr and receive inputs from limbic areas, thalamus and other areas (Lanciego et al., 2012).

The basal ganglia receive information from the cortex, processes it, and determines which activities to “release” or “disinhibit” (Mathai and Smith, 2011). Dysfunction of the basal ganglia is often manifested in movement disorders such as Parkinsonian syndrome consisting of rigidity, akinesia/bradykinesia and resting tremor, dystonia due to sustained muscle contraction and abnormal posture, and chorea-ballism where brief movement fragments appear to flow irregularly from one body segment to the other in a dance-like appearance (Magrinelli et al., 2016).

In the last two to three decades, there has been a tremendous growth in knowledge of the pathophysiology of movement disorders including the progressive dopamine deficiency manifested as Parkinson’s disease (PD), its symptomatic management, and the effectiveness and rationale for emerging treatments. Treatments for PD and other basal ganglia disorders that have found their way into clinical application include medication, physiotherapy, surgical interventions such as deep brain stimulation, cell replacement therapies (to restore dopamine in PD), and gene therapy approaches, among many others. However, researchers have yet to develop effective preventive or curative therapies.

One major obstacle to the availability of more effective pharmacological treatments for basal ganglia disorders is the presence of the blood–brain barrier (BBB), a semi-permeable membrane serving as a neuroprotective structure, ensuring homeostasis inside the brain. The cerebrovascular system of the BBB is tightly interlinked and prevents the entry of large drugs or molecules (> 400 Daltons) inside the brain (Pardridge, 2012). Therefore, it is difficult for large drugs lacking a specific transport mechanism to cross the BBB and enter the brain parenchyma. Another challenge is the anatomical localization of the basal ganglia, which is deeply embedded inside the brain. Contrary to superficial brain layers, the basal ganglia nuclei are positioned below the cerebral cortex, nestled within the white matter, and surrounded by the thalamus and internal capsule. Due to the deep positioning of the basal ganglia and the relatively small size of the nuclei, it is challenging to access by surgical or functional imaging/EEG approaches, and hence, difficult for researchers and clinicians to effectively study and treat this area.

Recent advances in treatment approaches have ushered in a new age in therapy, with methods such as transcranial ultrasound (US) becoming powerful alternatives for modifying basal ganglia function. In the 1950s, ultrasound treatment was first applied in the context of psychiatric disorders by a visionary neurosurgeon named Lars Leksell (Leksell, 1956). The application of ultrasound to movement, psychiatric disorders, and brain tumors was then led by Meyers et al. (1959) and Nelson et al. (1959). Technological developments in transducer technology and simultaneous imaging have led to an increase in research using ultrasound over the last two to three decades. The transcranial ultrasound has opened up a wide vista of possibilities for application to neurodegenerative, neuropsychological, and neoplastic disorders. This review examines the research behind this innovative application of ultrasound and how it could be used to treat brain disorders related to the basal ganglia. This review will discuss therapeutic ultrasound, the BBB, drug delivery using ultrasound as a stimulus, and its significance in diseased conditions.



2 Emerging frontiers in the treatment of basal ganglia disorders and other neurodegenerative conditions with focused ultrasound

Basal ganglia disorders, such as PD, pose significant difficulties for patients and their families, leading to a substantial social and economic burden. Despite many decades of research, its prevention or long-term effective treatment remains a challenge. There exists an incomplete understanding of the etiology of PD and its pathogenesis leading to (i) a short therapeutic window for effective drug treatment in many cases, (ii) an inability to accurately identify the disorder at preclinical stages due to a lack of a minimally invasive and widely accessible biomarker, and (iii) a failure to deliver disease-modifying drugs to the affected and/or degenerating brain in a targeted and physiological manner.

The characteristic primary pathology of PD is the progressive degeneration of dopaminergic neurons in the substantia nigra, resulting in a steady decrease in dopamine delivery to the striatum and other frontal areas (Dauer and Przedborski, 2003). Motor symptoms of PD can be well managed in the initial years with dopaminergic drugs, particularly levodopa (Lewitt, 2015). In the later stages, when the side effects associated with drug therapy are no longer manageable, symptom improvement can be achieved through deep brain stimulation (DBS) and focal lesioning by radiofrequency, gamma knife, and other methods (Higuchi et al., 2017; Schreglmann et al., 2018). All currently used therapeutic approaches beyond standard drug treatment continue to be primarily symptomatic and invasive, and no treatment can currently halt or at least mitigate the process responsible for the pathogenesis of PD.

In PD, the brain nuclei that hold promise for targeting with focused ultrasound (FUS) are the subthalamic nucleus (STN), globus pallidus interna (GPi), and the ventral intermediate nucleus (Vim) of the thalamus. When a patient is medically unable to undergo an open surgical procedure, for example, in elderly patients with significant medical co-morbidity, the recommended course of action may now be ablating part of the basal ganglia circuit using FUS, with targeting guided by magnetic resonance imaging (MRgFUS). MRI coupled with FUS has already crossed the transition phase from the laboratory to the clinic. Specifically, FUS thalamotomy is both effective and FDA-approved for the treatment of Parkinsonian tremor (Elias et al., 2013; Bond et al., 2017); FUS pallidotomy (ablation of GPi) has yielded preliminary efficacy in treating dyskinesias and motor fluctuations in advanced PD (Jung et al., 2018); and according to a pilot study done in 2018, FUS subthalamotomy demonstrated positive clinical effects on PD-related abnormalities (Martínez-Fernández et al., 2018).

In addition to PD, FUS has found significant application in alleviating tremors without any underlying neurodegenerative disorder, so-called essential tremor (ET). MRgFUS-thalamotomy resulted in a tremor score reduction of 89.4 and 81% (at 1 and 3 months, respectively) post-treatment in four patients with refractory ET (Lipsman et al., 2013). Another study reported a 74.5% reduction in the hand tremor scale in 15 ET patients who were followed up for a year post-treatment (Elias et al., 2013). According to a multicentre, randomized, controlled clinical trial involving 76 ET patients, the participants were allocated to either unilateral MRgFUS-thalamotomy or sham surgery in a 3:1 ratio. In the 3-month assessment, hand tremor scores were improved by 47%, while the sham procedure scores had minimal improvement of only 1%. However, the benefit slightly declined by the 12-month follow-up, when the improvement was noted to be 40% better off than the baseline (Elias et al., 2016). The advanced FUS-based non-invasive treatment of deep brain tissue has found lasting clinical application for the motor disorders associated with ET and PD.

Similarly, in Alzheimer’s disease (AD) and other dementias, FUS has emerged in the last decade as a distinctly promising non-invasive therapeutic intervention. Nicodemus et al. (2019) published an important study investigating transcranial FUS stimulation in dementia patients. A 2-MHz transducer was used to administer FUS treatment for a duration of 1-h to the medial temporal lobe, under the guidance of MRI and Doppler ultrasound. The patients had no severe side effects, and 63% of them showed significant positive changes in cognitive assessments such as the Clinical Dementia Rating (CDR) and the Montreal Cognitive Assessment (MoCA). Furthermore, 9.1% of the patients showed positive changes in gross motor functioning after 8 weeks.

In a clinical trial (Beisteiner et al., 2020), subjects with probable AD were treated with ultrashort ultrasound pulse stimulation, with 6,000 pulses of 3 μs duration administered at 5 Hz in each session. The treatment consisted of three sessions within 2–4 weeks and involved stimulating the dorsolateral prefrontal cortex and associated areas. In a 3-month follow-up MRI, the patients experienced no clinical side effects such as tissue damage, hemorrhage, oedema, or changes in intracranial pathology. Based on the results of clinical studies, the cognitive function of the patients was significantly improved and was found to be stable for at least 3 months post-treatment. Functional MRI (fMRI) confirm an increase in memory network and hippocampus activity, which is associated with cognitive benefits in patients with AD. It will be interesting to see if this application of FUS can be used for the long-term treatment of other dementias, such as those associated with PD. Other than PD and AD, FUS has been found effective in the treatment of obsessive-compulsive disorder (OCD; Jung et al., 2015), major depressive disorder (Kim et al., 2018), chronic pain (Kim et al., 2018), and brain cancers (Coluccia et al., 2014).



3 Therapeutic ultrasound

Ultrasound, when used for the treatment of diseased organs or body tissues, is referred to as therapeutic ultrasound. When used as a non-invasive medical tool, therapeutic ultrasound provides clinicians with a powerful, easily accessible, and relatively cheap diagnostic imaging technique. Therapeutic ultrasound has become a non-invasive modality for treating brain disorders, impacting neural function without the need for surgical intervention. Utilizing the effects of ultrasound on tissues and drug delivery vehicles, the aim is for the user to be able to alter neuronal activity within targeted brain regions, offering therapeutic potential across a diverse range of neurological and neuropsychiatric disorders. Here we focus on the effect of ultrasound at neurotransmitter and cellular/molecular levels and its potential application to PD and other disorders.

Ultrasound can be used to adjust brain function by stimulating or inhibiting specific brain regions to modulate neuronal activity. This can be achieved using FUS, wherein ultrasound waves are directed through the intact skull to target specific brain regions. By carefully designing the transducers and parameters, ultrasound energy can be focused to directly stimulate neurons in targeted brain regions, such as the deep brain nuclei of the basal ganglia. This alteration in brain function provides the ability to non-invasively modulate neuronal activity and achieve lasting alteration of neural networks.


3.1 Principles of therapeutic ultrasound

Ultrasound is defined as sound waves (mechanical oscillating pressure waves) with frequencies greater than the 20 kHz threshold for human hearing (Figure 1). Ultrasound may be administered to the human body at various frequencies and was first used in medicine to cure diseases before being used to detect them (Haar and Coussios, 2007). Each spectrum affects bodily tissues differently and penetrates to varying depths (Mason, 2011; Gourevich et al., 2013).
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FIGURE 1
 Frequency discrimination in the ultrasound spectrum for audible range and medical therapy vs. diagnostic conditions. Ultrasound for medical treatment can open the blood–brain barrier and deliver or release drugs under controlled conditions at specific regions inside the brain. Image created in Biorender.com.


Focused ultrasound is generated using piezoelectric transducers capable of inducing acoustic pressure under alternating current stimulation. Piezoelectric materials include quartz, polymers, and ceramics (Gibbs et al., 2009). As the miniaturization of piezo-active elements progressed (e.g., with the application of lead zircon), transducers became appropriate for use in medical applications. For FUS, curved spherical transducers are used, in which the focal distance is determined by the radius of curvature and the diameter of the transducer (Malietzis et al., 2013). This can, however, be altered in a bespoke design to customize the transducers for use in rats, mice, sheep, non-human primates (NHPs), and humans (Deffieux et al., 2013; Guo et al., 2023; Chen et al., 2024; Pelekanos et al., 2018).

Transcranial FUS was made feasible during the early 2000s by combining ultrasound transducers with real-time MRI thermometry (Hynynen et al., 2006). However, due to the nonuniform thickness and the inhomogeneous composition of the skull bones, phase aberration of the ultrasound beam can occur, which can distort the therapeutic focus and reduce the efficiency of the treatment (Chang et al., 2016). High ultrasound absorption results in undesirable heating of the skull, which can also lead to thermal injury of the underlying cerebral cortex. Since then, phased array transducers employing multiple elements have been designed to correct and overcome targeting discrepancies due to skull structure and variability during US delivery, guided by advanced bone imaging using CT (Aubry and Tanter, 2016).




4 Clinical application of therapeutic ultrasound

Through the therapeutic use of ultrasound, which is under intensive investigation in humans, some of the issues related to the treatment of disorders such as PD and other basal ganglia disorders could potentially be addressed. We shall now discuss the physiological effects of therapeutic ultrasound, which are being harnessed for clinical applications.


4.1 Ablation

As introduced in an earlier section, currently the most clinically utilized of all the bioeffects of FUS is thermal ablation, which annihilates cells in the targeted area with minimal effect on neighboring cells and tissues. With ultrasound ablation, high-intensity ultrasound signals radiate from many hundreds of transducer elements and converge on a desired volume of tissue within the intracranial region. The degree of thermal ablation achieved is dependent on the time and temperature during FUS treatment (Sapareto and Dewey, 1984; Vigen et al., 2006). Mechanical energy from the ultrasonic waves is focused on the region of interest and is transformed into heat, thereby causing protein coagulation and cell death when the cumulative thermal index is adequate (O’brien, 2007, Haar and Coussios, 2007). Temperatures above 56°C are primarily used to achieve tissue necrosis (Mouratidis et al., 2019). Between 55 and 60°C, the transducers can target tissues as small as cubic millimeters (nominally 1 mm3 at minimum), causing coagulation and denaturation of protein in a matter of seconds (Sapareto and Dewey, 1984; Zhou, 2011).



4.2 Cavitation/blood–brain barrier permeabilization

The BBB is a physiological structure that isolates the brain’s extracellular environment from the circulatory system perfusing the rest of the body. It consists of perivascular astrocyte end feet, endothelial cells, and a basement membrane. As the name suggests, the BBB prevents the movement of the majority of molecules inside the brain, thus maintaining brain homeostasis. It regulates the influx and efflux transport of ions/molecules and protects neurons and glial cells inside the brain (Zhao et al., 2015; Obermeier et al., 2013; Banks, 2016; Wu et al., 2023). Focused ultrasound offers the therapeutic possibility of accurately and momentarily opening the BBB in a specific location. It is non-invasive and can be combined with other therapeutic approaches, such as microbubbles or liposomes, as shown in Figures 2A,B, to diagnose or treat certain disease conditions (Burgess et al., 2015; Barzegar-Fallah et al., 2022; Gandhi et al., 2022).
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FIGURE 2
 Microbubbles and liposomes as ultrasound-based drug delivery systems. (A) Therapeutic agents can be attached to gas-filled microbubbles or (B) liposomes having a hydrophilic core and lipophilic outer layer. Image created in Biorender.com.


Because ultrasound waves lead to a transfer of momentum, they can themselves generate acoustic radiation force, microstreaming, and shear stress to produce mechanical effects (Nowicki, 2020; Miller et al., 2012). However, the mechanical effects of ultrasound are increased significantly when the ultrasonic waves hit microbubbles. This decreases the acoustic energy required to be delivered for BBB opening, thereby improving the overall safety profile of FUS for this application (Dayton et al., 1999; Kim et al., 2023). Microbubbles are FDA-approved ultrasound contrast agents with a diameter of 1–10 μm (Burgess et al., 2011; Kobus et al., 2016). They primarily consist of a gaseous sulfur hexafluoride (SF6) or perfluorocarbon (PFC) core (Figure 2A), surrounded by proteins or lipid shells (Sirsi and Borden, 2009). When FUS is accompanied by the real-time intravenous injection of microbubbles, the microbubbles oscillate in phase with the ultrasound waves, accentuating microstreaming events and temporarily causing disruption and opening of the adjacent BBB (Parodi et al., 2019). Thermal effects are also likely present but are not thought to be the primary mechanism of BBB opening when FUS and microbubbles are combined (Hynynen et al., 2001). For a more detailed discussion of this topic, the reader is referred to other specialist reviews (Barzegar-Fallah et al., 2022).

Preclinical and clinical studies utilizing FUS with microbubbles have demonstrated that FUS-driven BBB opening for drug delivery is safe and efficient if the acoustic irradiation parameters and microbubble concentrations are closely supervised (McMahon and Hynynen, 2017). However, a notable drawback of microbubbles is that they have low retention of hydrophobic drugs and extremely short circulation times in vivo (Xie et al., 2009).

Reversibly permeabilizing the BBB using microbubbles is under active investigation as a means to deliver large molecules into the brain parenchyma. Most commonly, the aim is the delivery of large chemotherapeutics to treat brain cancers. The FUS technology has been approved by the FDA for some types of cancer therapy, namely, brain cancer, prostate cancer, uterine leiomyoma, and bone metastases, and it is being researched for other neoplasms (Bachu et al., 2021). There have been many studies of BBB opening with FUS in glioblastoma models in both small and larger animals that demonstrate a high degree of safety as well as effectiveness. In animal studies, acute flow-through of the BBB is reversible within 6–8 h, without any evidence of axonal or neuronal injury. According to a study published in 2001, in conjunction with intravenous microbubbles, FUS (< 1.5–2 MPa) induces transient, repeatable, and localized BBB opening in rabbits without any noticeable neuronal damage (Hynynen et al., 2001). In animal models, FUS has been effective in treating brain cancer by improving the brain transport of several cancer therapy medications, including doxorubicin (Aryal et al., 2015), carboplatin (Dréan et al., 2019), methotrexate (Mei et al., 2009), and trastuzumab (Dréan et al., 2019). For example, FUS enhances doxorubicin diffusion across the BBB and facilitates advanced tumor control. It also improves animal survival (Sun et al., 2017; Kovacs et al., 2014). FUS-generated delivery of doxorubicin in liposomes (Figure 2B) can lower side effects and prolong circulation. Notably, FUS can enhance the preloaded encapsulation of doxorubicin in liposomes (aka Doxil) through the BBB (Treat et al., 2007), and has also been shown to increase rat glioma survival (Treat et al., 2012).

Despite abundant preclinical evidence, the efficacy of FUS-mediated BBB disruption for enhanced drug delivery in humans remains limited. The first-in-human BBB opening was achieved by the surgical placement of a transducer into the epidural space directly overlying the tumor in patients with recurrent glioblastoma. The patients were treated monthly with FUS and an IV injection of microbubbles for BBB-opening, and its disruption was noted to occur at >0.8 MPa FUS pressure amplitudes (Carpentier et al., 2016).

In 2019, researchers carried out the first human trial on noninvasive MRgFUS BBB opening in malignant glioma patients with concomitant systemic administration of temozolomide chemotherapy. The patients were subjected to craniotomy and tumor resection approximately 24 h after FUS and chemotherapeutic agent treatment (Mainprize et al., 2019). Histopathological histology confirmed an increase in the signal intensity of 15–50%, reflecting transient opening of the BBB in the target tissue.

A novel device that integrates neuronavigation with FUS, the Neuronavigation-guided focused ultrasound (NaviFUS), when combined with systemic microbubbles, potentially allows delivery of the ultrasound energy accurately and in a temporally controlled manner at specific locations within the central nervous system (CNS). Although still in the early stages of clinical testing, this device can potentially enhance drug delivery for tumor control such as glioblastoma and other disease conditions with minimal side effects (Chen et al., 2020a).

This principle of FUS-induced opening of the BBB is being used as a potential disease-modifying strategy with gene therapy (Blesa et al., 2023). Gene therapy exploits various strategies, including the repair of pathogenic pathways, neuroprotection, and neurorestoration. Therefore, it holds the potential to be effective in neurodegenerative conditions such as PD, AD, and others. This is often employed using an adeno-associated virus (AAV) vehicle for gene transfer (Bedbrook et al., 2018). Recently, intravenous AAV delivery following BBB opening with FUS targeting was explored in brain regions associated with PD in normal and Parkinsonian NHPs. This study reported that the application of BBB opening with FUS in areas of PD in NHPs and human patients was safe and could be achieved with high accuracy toward predetermined targets (Blesa et al., 2023). They also concluded that systemically administered AAV vectors efficiently target focal areas in the brain of adult NHPs, thus boosting neuronal protein expression that can be used for therapeutic target validation. However, it has been difficult to achieve a higher level of transgene expression in the NHP brain compared to rodents, following repeated administration of systemic vectors (Blesa et al., 2023).

Two FDA-approved AAV-based drugs, Luxturna and Zolgensma, are under clinical trials to treat patients with genetic and non-genetic disorders (Maguire et al., 2021; Kotulska et al., 2021). Particularly, the AAV-gene therapy approach is a hot topic and is currently used in a few clinical trials involving different target regions of basal ganglia to treat PD. For example, for PD patients living with moderate to severe symptoms, clinical trials using the AAV serotype delivered by bilateral intraputamenal (Heiss et al., 2019; Muramatsu et al., 2010; Christine et al., 2022; Christine et al., 2019), and unilateral subthalamic nuclei infusion (Kaplitt et al., 2007; Niethammer et al., 2017) have either been conducted or are ongoing. Furthermore, clustered regularly interspaced short-palindromic repeat (CRISPR) based gene-editing therapeutics could directly be delivered into the brain using AAV vectors, enhancing our strategies to directly combat disease pathologies and progression (Wang et al., 2019; Li and Samulski, 2020). The disadvantage of using high doses of AAV delivery, as frequently observed with systemic AAV-gene therapy delivery, pertains to the activation of the complement or immune system, resulting in a significant inflammatory reaction (Zaiss et al., 2008). Therefore, the ability to attenuate the immune response to enhance vector delivery, for instance by using neutralizing antibodies, will facilitate an increase in the number of participants eligible for trials, and likely accelerate future research in this field.



4.3 Mechanical

In the 1960s, Bangham et al. discovered liposomes, which later became the most widely used nanomedicine carrier in targeted drug delivery systems (Bangham et al., 1965). Liposomes are a candidate drug carrier biomolecule because of their versatility and unique modifiable characteristics (Huang and MacDonald, 2004; Hinow et al., 2016; Mujoo et al., 2015; Regenold et al., 2022; Maruyama et al., 2022). Liposomes are nanoparticles, in the range of 10 s to 100 s nm in diameter and are typically composed of an outer shell made up of biocompatible phospholipids that can carry lipophilic drugs and an inner aqueous solution core that can carry hydrophilic drugs (Figure 2B). The lipid content and the characteristics of the shell, such as stiffness and surface charge, have a significant impact on drug discharge, surface-to-volume ratio, biodistribution, and pharmacokinetics (Cheng et al., 2021; Sharma et al., 2021).

The advantages that liposomes possess compared to other nano-sized drug carriers include enhanced drug stability, enhanced bioavailability, and enhanced tissue absorption (Sercombe et al., 2015, Barenholz, 2001; see Figures 2A,B). In addition to the above, liposomes have made considerable progress in recent years in carrying peptides, proteins (Watson et al., 2012), and nucleic acids (Dos Santos Rodrigues et al., 2019). To get drug release from liposomes, stimuli such as pH, temperature, radiation, and electromagnetic energy have been subjected to intensive research as targeted therapies (Blackmore et al., 2019; Aryal et al., 2015) (Figure 3). Ultrasound energy has also been recently recognized as a relatively non-invasive and facile control stimulus for the delivery of therapeutics to the brain (Kim et al., 2022; Mackay et al., 2019; Barzegar-Fallah et al., 2022; Nakano et al., 2022).
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FIGURE 3
 Various triggering mechanisms of drug release from the liposome. Among these energy triggers, ultrasound has been widely acknowledged as a non-invasive and facile procedure for controlled drug release. Image created in Biorender.com.


So, how does ultrasound enhance drug delivery for circulating nanocarriers, such as liposomes? Local hyperthermia may improve drug delivery to targeted areas by exceeding the phase transition temperature of the phospholipid bilayer, thereby releasing the nanocarrier content at the site. However, temperature elevation must be mild to avoid tissue damage and be clinically acceptable. Thus, mechanical effects are a significant mechanism of drug release from these carriers. The exact mechanical mechanism is still unclear; however, it is likely that there is the formation of transient pores that subsequently rupture the liposomes (Lin and Thomas, 2003), mimicking what occurs in the cavitation of cell membranes following ultrasound sonication.




5 Neuromodulation: ultrasound mechanism for clinical applications

Depending on the pulse delivery protocol, the FUS technique has been demonstrated to non-invasively and directly modulate neural activity in various species, including mice (King et al., 2014), rats (Kim et al., 2014), rabbits (Yoo et al., 2011), monkeys (Deffieux et al., 2013), and humans (Legon et al., 2012). One of the very first pieces of evidence for ultrasound-induced suppression of neuronal activity dates back to 1958, when, after sonicating for more than 20 s, evoked potentials were suppressed (Fry et al., 1958). In general, shorter pulses have been shown to have suppressive effects, as evidenced by the suppression of visual activity induced by light stimulation (Yoo et al., 2011), propagation of depolarization waves in rat neuronal networks (Fry et al., 1958) and brief dilation of the pupils in cats (Ballantine et al., 1960). In addition, it has been reported that ultrasound-mediated inhibition of firing rate or evoked potentials has been observed. They include the inhibition of sensory evoked potentials in the thalamus in swine (Dallapiazza et al., 2018), decreased epileptiform electroencephalogram (EEG) bursts (Min et al., 2011), and suppressed epileptic spike in PTZ-injected epileptic rats (Chen et al., 2020b), mice (Yang et al., 2020), and macaque monkeys (Lin et al., 2020), resulting in reduced epilepsy-like behavior.

Using different sonication parameters, ultrasound-mediated stimulation of neurons has been reported both in vitro and in vivo. For example, higher firing rates of primary hippocampus neurons were observed by microelectrode array recordings after ultrasound stimulation (Tasaki, 1995; Kim et al., 2017). Furthermore, some studies report ultrasound-induced motor responses (Yuan et al., 2020), sensory responses (Kim et al., 2014), depolarization of the pyramidal cell in mice’s barrel cortex (Moore et al., 2015), and action potential induction and evoked movement behaviors (Li et al., 2019). A few studies in the visual cortex and somatosensory areas of macaque monkeys have shown that ultrasound produces a modulatory effect where different neurons respond differently to the same stimulation (Wattiez et al., 2017; Yang et al., 2021).

Ultrasound stimulation has also been effectively used in humans, demonstrating significant effects akin to those shown in animals. For example, following 15 s of ultrasound stimulation at 8 MHz, significant improvement in mood at 10 and 40 min was observed in chronic pain patients (Hameroff et al., 2013), restoration of consciousness with significant behavioral responsiveness post-ultrasound treatment in severely brain-injured patients (Monti et al., 2016), and improved sensory discrimination ability in unimpaired participants (Liu et al., 2021). Interestingly, ultrasound reduces pain sensitivity in healthy participants (Badran et al., 2020), and causes effective neuronal inhibition (amplitude of single-pulse motor evoked potentials), leading to advantages in motor tasks such as reduced stimulus–response reaction time (Legon et al., 2018). Figure 4 illustrates the pulse delivery parameters utilized in the FUS.
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FIGURE 4
 Pulse delivery parameters in ultrasound. To implement ultrasound neuromodulation (rat head as an example in this image), several parameters can be varied for pulse design, including pulse length and frequency of cycles within each pulse, pulse repetition frequency (PRF) within a burst, duty cycle [DC = burst duration (BD)/burst interval (BI)], and others. Image created in Biorender.com.


Despite the breakthroughs achieved in neuromodulation by FUS, the exact mechanisms remain unclear. Several hypotheses have been posited, both experimentally and numerically; however, the interaction at the sub-cellular, molecular, or neurotransmitter level is still unknown. In this section, we focus on some of the mechanisms proposed to explain the role of ultrasound in neuromodulation through membrane interaction, ionic change, and activation of signaling cascades.


5.1 Ionic/channel level

Ultrasound waves possess energy and can release heat in the medium they are traveling through. Ultrasound influences neurons (and cells in general) via the interaction with cell membranes, which are composed of lipids. Alterations in cell membrane properties such as thickness (Heimburg, 2012), curvature (Petrov, 2002) and the conformational state of lipids (Taylor et al., 2017) affect cellular capacitance, which can cause stimulation of nerve impulses (Heimburg, 2012; Luan et al., 2014).

Ultrasound has been reported to generate capacitive currents in pure lipid membranes (Prieto et al., 2013), which may be attributed to electric polarization or conformational changes (Prieto et al., 2013). Another hypothesis is that nucleation and propagation of the cavitation, which can occur in or near the lipid bilayer, may produce capacitive currents. However, the details of cavitation with the use of ultrasound in nervous stimulation remain poorly understood (Plaksin et al., 2016). Furthermore, changes in the conformation of lipids, macromolecules and channel proteins may modulate the activity of ion channels and result in neuromodulation (Perozo et al., 2002; Seeger et al., 2010).

In 2008, it was first published that ultrasound was capable of directly potentiating synaptic transmission in the CNS, as well as enhancing the influx of Ca2+ and Na+ ions (intracellular) in central neurons, leading to action potentials (Tyler et al., 2008). One proposed hypothesis is that ultrasound can stimulate neural activity by mechanically changing the state of mechanosensitive ion channels embedded in the cellular membranes at the time of transmission in neuronal tissue. These mechanosensitive proteins, due to their transmembrane location are exposed to tissue compression, stress or shear forces from ultrasound, which can generate conformational changes such as transient small cracks and mechanical deformations, enhancing the probability of the channels opening. This, in turn, will cause ion flow, depolarization, and the triggering of voltage-gated ion channels, which will result in the generation of action potentials (Tyler, 2012). However, this hypothesis has not been conclusively proven due to experimental challenges. A few groups have reported that FUS exposure may activate voltage-gated Na+, Ca2+, and K+ channels (Tyler et al., 2008; Kubanek et al., 2016). Despite these findings, the specific methods through which ultrasound alters the ionic content and its distribution are not well determined and thus need further examination.



5.2 Cellular and molecular level

Other cellular and molecular changes induced by ultrasound have been reported. Low-intensity pulsed ultrasound (LIPU) delivery to deep brain regions may activate neural networks and alter the levels of endogenous brain-derived neurotrophic factor (BDNF), with clinical application (Tufail et al., 2010). In an in vivo rat model of AD, Lins et al. reported that 1 MHz frequency, 1 Hz pulse repetition frequency (PRF), 50 ms burst duration (BD), and 5% duty cycle (DC) increased the level of BDNF, glial-derived neurotrophic factor (GDNF), and vascular endothelial growth factor in the lateral hippocampus after 15 min of stimulation (Lin et al., 2015). Another study reported that ultrasound (1 MHz frequency, 1 Hz PRF, 5% DC) led to the activation of NF-κB in astrocytes and promoted the expression of BDNF through the TrkB/PI3K/Akt signaling pathway and the calcium/CaMK pathway (Liu et al., 2017) in vivo. LIPU can also stimulate PI3K/Akt and erk-creb-trx-1 signaling pathways that can promote neurotrophic factor-induced neuronal axon growth and hence can be used for the treatment of neurodegenerative diseases (Zhao et al., 2016).

A study in 2014 reported that LIPU could promote nerve regeneration and participate in the regulation of nitric oxide synthesis, thereby promoting the differentiation of neural stem/progenitor cells into neurons. This effect improves the vitality and proliferation of iPSCs-derived neural crest stem cells and modulates the multipotential differentiation of mesenchymal stem and progenitor cell lineages through the ROCK-Cot/Tpl2-MEK–ERK signal transduction pathway (Kusuyama et al., 2014). In addition, FUS stimulated mesenchymal stem cell proliferation by enhancing the MAPK/ERK and PI3K/Akt pathways, as well as cell cycle proteins (Ling et al., 2017).

With particular relevance to basal ganglia disorders, in an animal model of PD, continuous ultrasound stimulation of the STN or GP for 30 min per day for 5 weeks yielded enhanced motor behaviors and attenuated the sustained activation of microglia and astrocytes (Zhou et al., 2021). Furthermore, FUS stimulation of the motor cortex for 7 consecutive days can also directly or indirectly improve the disability of Parkinson’s motor dysfunction through an antioxidative effect, by restoring T-SOD and GSH-PX levels (Zhou et al., 2019). Overall, these pieces of evidence indicate that US can be used in the treatment of neurodegenerative disease by interacting with glial cells, reactive oxygen species (ROS), and stem cells, and by enhancing antioxidant and neurotrophic effects, such as via increased BDNF and GDNF.




6 Ultrasound and synaptic plasticity

The ability of synapses to strengthen or weaken over time in response to neural activity or a stimulus is known as synaptic plasticity. The strengthening of synapses is known as long-term potentiation (LTP), while the weakening of synapses is known as long-term depression (LTD). Both LTP and LTD are widely acknowledged as physiological correlates of memory formation in the brain (Morris et al., 1986; Bliss and Gardner-Medwin, 1973).

Using western blotting, electrophysiology, and Golgi staining, FUS has been reported to cause modulation of structural and functional plasticity (changes in dendritic structure, function, and neurotransmitter receptors) in the rat hippocampus in vitro (Huang et al., 2019). In anaesthetized rats, transcranial FUS is reported to induce synaptic plasticity in the hippocampus (Niu et al., 2022). Other positive effects on cognition have been reported, through the actions of ultrasound on the BBB. By transiently opening the BBB using scanning ultrasound combined with microbubbles, we restored LTP induction in the dentate gyrus area of the hippocampus in physiologically aged, senescent mice with impaired cognitive function (Blackmore et al., 2021). In 2023, FUS-mediated BBB opening was reported to significantly enhance LTP at Schaffer collaterals of the hippocampus and rescue cognitive dysfunction and working memory in the 5xFAD mouse model of AD (Kong et al., 2023). The FUS-mediated BBB opening enhances adult hippocampal neurogenesis, and the combination of FUS with Aducanumab (a drug used in the treatment of AD), attenuates cognitive function deficits in the same mouse model of AD (Kong et al., 2022).

Particular patterns of neural stimulation, such as theta burst stimulation, applied using FUS, also have directly positive neuromodulatory effects, as they do using localized electrical stimulation (Barry et al., 2014; Boddington et al., 2020). In the recent past, intermittent, and continuous theta burst ultrasound stimulation (TBUS) was reported to induce LTP and LTD respectively, as recorded by changes in motor-evoked potentials in mice (Kim et al., 2024). In this experiment, a theta burst pattern (four pulses at 30-Hz gamma frequency, repeated at 5-Hz theta frequency) was used to deliver 500-KHz US pulses for 17 ms. Intermittent TBUS delivered 2-s theta burst trains that were repeated every 10 s, while continuous TBUS delivered continuous repetitions of the same train. In humans, TBUS can also cause long-lasting alterations in motor cortical excitability (Samuel et al., 2022). Repetitive transcranial ultrasound produces long-lasting effects on motor behavior and motor cortex excitability without any side effects (Zhang et al., 2021). Together, ultrasound-mediated synaptic plasticity may be a mechanism of interest to investigate and potentially elucidate the path for therapeutic approaches targeting PD and other neurological conditions.



7 How to elucidate mechanisms of ultrasound-mediated neuromodulation for clinical application

One major advantage of FUS over other therapies for the treatment of basal ganglia disorders is its non-invasiveness and ability to penetrate deeply into brain tissues. The skull presents a significant challenge for accurate ultrasound penetration and targeting due to its varying thickness and density. Technological advancements in transducer design and ultrasound parameters are increasingly improving the ability to target deep brain nuclei for neuromodulation. For further information regarding the current clinical application of ultrasound transducers, please refer to Gandhi et al. (2022).

The use of multielement ultrasound transducers with many independently controllable transducer elements has revolutionized the targeting of deep brain areas. These ultrasound arrays can adjust the phase of each element to constructively interfere with the ultrasound waves at the target site, leading to tighter and more focused energy deposition at deep brain nuclei. This results in a higher intensity at the focal point and better isolation of the target region. In contrast, single-element transducers, which are often employed in hand-held operator-controlled systems (Gandhi et al., 2022), emit a less focused and electronically uncontrollable beam. Phased array transducers can correct for skull and brain variations using adaptive focusing techniques, where the beam is dynamically adjusted to minimize distortions as it passes through different tissues (Hynynen et al., 2004; Clement and Hynynen, 2002; Aubry et al., 2003). This enhances the accuracy of the ultrasound energy reaching deep brain nuclei, minimizing the heating of the scalp and skull where the transducers are placed, by distributing the energy across activated elements and relying on additive effects at the focus.

Thus, technological advances in ultrasound transducer technology have meant that the basal ganglia, seated deep within the brain, can be selectively and non-invasively targeted by FUS for the treatment of neurological disorders such as PD. In the paragraphs below, the various methods that could be used together with ultrasound to investigate the underlying mechanisms activated during FUS treatment have been outlined.


7.1 Fiber photometry

Ultrasound treatment lacks the specificity to record the changes in neuronal activation and function, but it can be applied together with other methods. These include fiber photometry and optogenetics, which, with ultrasound, could provide comprehensive and practical information for use in therapeutic approaches, including diagnosis and drug delivery. The preferred method to study neuronal function, due to its good temporal resolution, is offered by electrophysiology, which has restricted use in vivo. For example, intracellular recordings are usually limited to studies including a small number of cells (Reynolds et al., 2001; Reynolds et al., 2022), whereas extracellular recordings can measure activity from many cell types at the same time, thereby lacking cellular specificity (Buzsáki et al., 2012). Although fMRI has helped us understand how neural networks that respond to external inputs are dispersed throughout vast brain areas, it has limited spatial and temporal resolution.

To understand the ionic or molecular mechanism triggered by FUS in deep brain tissues, including the basal ganglia, it is imperative to examine these effects at the neuronal level. Combining methods such as fiber photometry or two-photon microscopy with fluorescent reporters (such as calcium indicators) allows for the cellular resolution investigation of neural networks in an intact brain, which is one way to address the lack of spatial information (Sych et al., 2019). Using genetically encoded calcium indicators (GECIs such as GCaMP), cell populations of interest can be targeted, allowing optical monitoring of their activity at cellular and even subcellular precision. Fiber photometry uses a thin optical cannula inserted into the tissue and works well for capturing brain activity at the neuronal population level in freely moving animals. It can also be used to gather signals from various parts of the rodent’s brain simultaneously (Byron and Sakata, 2024). This will enable researchers to address US-mediated effects at the fundamental level within the brain. Thus, integrating fiber photometry with ultrasound could help in mapping the intricate relationships between brain networks and behavior in freely moving animals, providing crucial knowledge of the fundamental processes of ultrasound-mediated neuromodulation in deep brain tissues such as the basal ganglia.



7.2 Sonogenetics

Another approach to investigating the mechanisms of ultrasound-mediated neuromodulation is sonogenetics, which uses ultrasound to manipulate and control cells genetically engineered with proteins responsive to ultrasound, in order to systematically alter cellular functions. Bioengineering is often used to fine-tune cellular systems responsive to FUS to boost their effectiveness along with spatial resolution and mitigate off-target effects (Ibsen et al., 2015). The mechanism behind sonogenetics is based on two pillars: first, the insertion of a gene or protein into a cell that responds to ultrasound, and second, the use of genetically engineered proteins or biomolecules to enhance the mechanical effects of FUS on target cells (Gao et al., 2024). One of the most studied sonogenetics mediators is the transient receptor potential (TRP) family of cationic channels, which are involved in sensory physiological processes and have conserved sequences from nematodes to humans (Samanta et al., 2018). TRP channels function as transducers of signals by modifying membrane potential through changes in the level of intracellular Ca2+. These channels activate at ultrasonic frequencies lower than 3 MHz (Chu et al., 2022). Interestingly, TRPC1 (TRP complex 1) is downregulated in PD patients (Dietrich et al., 2014). Thus, sonogenetics is an emerging technology that can be effectively applied to manipulate and control cellular functions in superficial as well as deep brain tissues.

There is growing interest in understanding the mechanisms of pathways triggered by using FUS for neuromodulation that could easily affect deep brain regions such as the basal ganglia. In these early days of research on the cellular effects of ultrasound, both fiber photometry and sonogenetics may open new avenues for studying FUS-mediated neuromodulation in brain circuitry and hence may open the pathway to the treatment of basal ganglia-related impairments and disorders.




8 Advancements and future directions


8.1 Miniaturization and wearable ultrasound devices

Ultrasound is a safe, non-invasive, versatile, and cost-effective method that assists in wound healing and drug delivery to patients under treatment. Wearable ultrasound technology frees the patient from restricted movement and has the potential to significantly enhance individualized medical treatment. With wearable solutions, a single or an array of transducers are arranged in a way to cling firmly to the skin, wirelessly transferring data in real-time to smart devices. Recent developments in wearable ultrasound technology include the imaging of diverse internal organs as a diagnostic and monitoring tool (Wang et al., 2022), and the monitoring of deep tissue signals, including blood pressure, cardiac output, and heart rate, in moving subjects (Lin et al., 2024). Limited miniaturized ultrasound techniques have been utilized in the brain, such as for cerebral blood flow monitoring (Zhou et al., 2024), neuromodulation (Hou et al., 2022), and in a clinical trial of PD patients (Zhong et al., 2024). Miniaturizing wearable ultrasound devices requires further improvement, including stable and reliable connectivity between transducers and skin, increased sensitivity, and specificity over targeting location. Additionally, the transducer size and shape need to be more customisable to better suit the needs of the patient and maximize acoustic targeting.



8.2 Multimodal approaches combining ultrasound with other modalities

In the last 5 years, wearable ultrasound has been feasibly integrated with multiple sensing modalities such as chemical sensing (Sempionatto et al., 2021), temperature sensing (Wang et al., 2023), photoacoustic sensing (Gao et al., 2022), and cardiotocography or electronic fetal monitoring (Nguyen et al., 2018). Exciting developments in the field of wearable ultrasound technology are anticipated to enhance healthcare and the quality of life for patients living with diseases related to the basal ganglia and other conditions.



8.3 Integration of artificial intelligence in ultrasound imaging and modulation

Although there is also the potential to gather continuous information using wearable transmitting and receiving ultrasound technology, decoding huge quantities of data poses difficulties for interpretation. Because of the complexity and volume of data, it has been proposed that artificial intelligence (AI) is well-placed to examine long-term patterns generated from continuous data to streamline automated data processing, data interpretation, and decision-making (Benke and Benke, 2018). Thus, AI can help enhance wearable ultrasound technology by remotely controlling the device and significantly enhancing the ability to monitor deep brain tissues, such as the basal ganglia, with high accuracy. As a result, in the future, AI integrated with wearable US technology may potentially carry out preliminary diagnoses and provide necessary treatment without involving a physician on the frontlines.



8.4 Ultrasonic reporters of Ca2+ for deep tissue imaging

In 2023, Jin et al. reported the first dynamic, noninvasive, reversible, allosteric acoustic biosensor named URoC (ultrasound reporter of Ca2+) for deep tissue imaging in mammalian cells. Following the mechanisms of fluorescent GECIs, URoC uses engineered gas to undergo a reversible segment conformational change in the presence of calcium, thereby increasing the flexibility of the structures and the nonlinear acoustic characteristics (Jin et al., 2023). They further reported that this sensor has a significant 4.7-fold increase in response to calcium changes in vitro. Crucially, it is entirely genetically encoded and functional within mammalian cells, providing greater than 170% contrast in response to increased intracellular calcium. Together, the URoC technique is a promising advancement in the field of deep tissue imaging and has presented researchers with a unique way to investigate calcium signaling in intact living organisms (Jin et al., 2023). Thus, ultrasound can also be employed to track dynamic cellular processes in the natural setting of intact living animals, thereby advancing research into exploring the cell-specific effects of drug action deep inside the brain.




9 Conclusion

Focused ultrasound has the potential to revolutionize treatment strategies for the basal ganglia. In addition to diagnosis, ultrasound can also be used for direct neural modulation, drug delivery at precise locations, and monitoring of deep brain tissue changes following drug treatment.

Since patient movement is either limited or impaired in basal ganglia disorders, wearable US technology innovation could be effective for remote treatment based on consultations and teledata delivered from wearable technology. Although wearable and miniaturized FUS technology is in the early stages, further optimization is needed to enhance the sensitivity and specificity of treatment strategies. Future breakthroughs and advances in transducer materials, miniature electronics, AI, and control algorithms are required to address the issues and improve the functionality of the current FUS-based technology, for improved treatment of basal ganglia disorders.
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