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Abstract: Low-intensity transcranial ultrasound stimulation (TUS) is a novel non-invasive brain
stimulation technique that uses acoustic energy to induce changes in neuronal activity. However,
although low-intensity TUS is a promising neuromodulation tool, it has been poorly studied as
compared to other methods, i.e., transcranial magnetic and electrical stimulation. In this article,
we first focus on experimental studies in animals and humans aimed at explaining its mechanisms
of action. We then highlight possible applications of TUS in movement disorders, particularly in
patients with parkinsonism, dystonia, and tremor. Finally, we highlight the knowledge gaps and
possible limitations that currently limit potential TUS applications in movement disorders. Clarifying
the potential role of TUS in movement disorders may further promote studies with therapeutic
perspectives in this field.

Keywords: transcranial ultrasound stimulation; TUS; movement disorders; Parkinson’s disease;
essential tremor; dystonia; motor system; neuromodulation

1. Introduction

Transcranial ultrasound stimulation (TUS) is a novel non-invasive brain stimulation
(NIBS) tool that uses acoustic energy delivered through the intact skull to induce changes in
neuronal activity [1,2]. The first human study dates back to 2013, when the TUS delivered
on the frontal cortex was demonstrated to be able to improve pain and mood in patients
with chronic pain [3]. In less than 10 years, significant effects of TUS on motor and
somatosensory cortices have been reported using neurophysiological, neuroimaging, and
behavioral outcome measures [2,4]. In addition, there was evidence that TUS can modulate
the activity of deep brain areas, including the thalamus and brainstem nuclei [5–7]. In vitro,
animal, and modeling studies suggest that the mechanisms of action of TUS depend on
the biophysical effects produced by the acoustic energy of the ultrasound beam delivered
to tissues. These effects include mechanical force resulting in the deformation/cavitation
of the neuronal membrane and increased temperature in the target area, which partially
absorbs ultrasound waves as they pass [1,2,8]. Membrane deformation and the formation
of pores lead to capacitance changes or even cell membrane rupture, which in turn result in
altered electrochemical cell properties and the activation of mechanosensitive calcium- and
voltage-gated ion channels [9–11]. Similarly, the ultrasound-related temperature increase
can transiently modulate neural activity by modifying the conductance of thermosensitive
ion channels and altering membrane properties [12,13]. Notably, the sensitivity of different
channels to mechanical forces or temperature may differ, and channel distribution may
also significantly vary across cell types and brain regions. TUS effects may thus differ
according to the brain area stimulated. Moreover, TUS may determine significantly variable
effects, ranging from neural activity excitation to inhibition, depending on the stimulation
parameters used [2,4,8,14]. The fundamental frequency of stimulation is crucial to the
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spatial targeting of brain areas and influences the attenuation of ultrasound by the skull.
Indeed, increasing ultrasound frequency narrows the stimulation focus but results in
greater transcranial attenuation and scattering [15]. For this reason, human TUS studies
commonly adopt fundamental frequencies <1000 kHz. Moreover, TUS can be delivered
with a continuous or pulsed sonication paradigm. Other stimulation parameters are the
pulse repetition frequency (PRF), reflecting the pulse rate delivered, the duty cycle (DC), i.e.,
the proportion of time between the starting point of two consecutive sonications covered
by the pulse duration, and the sonication duration (SD), referring to the total time from
the onset of the first pulse to the termination of the last pulse. Finally, a very relevant
TUS parameter is intensity, which can be measured as spatial-peak temporal average (i.e.,
average intensity during the entire sonication duration —ISPTA) and spatial-peak pulse
average (i.e., average intensity of a single pulse—ISPPA). Importantly, high-intensity focused
ultrasound (FUS) (ISPPA > 200 W/cm2) induces permanent lesions in the brain through
coagulation of cellular proteins and thermal ablation [16,17]. The rationale for the use
of FUS for therapeutic purposes in neurological disorders is based on previous evidence
obtained in studies based on lesional surgery and will not be further discussed in this paper.
In this review, we will instead focus of low-intensity TUS (ISPPA < 100 W/cm2), which is
ideal for safe neuromodulation purposes [18]. Low-intensity TUS may either be delivered
through commercially available diagnostic ultrasound imaging devices (i.e., unfocused
TUS) or through dedicated systems that allow a more focused ultrasound beam (focused
TUS—fTUS). Importantly, despite unfocused and fTUS acting through the same biophysical
mechanisms, their intrinsic differences may play a role in determining different outcomes.
fTUS implies the stimulation of a smaller brain volume, thus likely activating intracortical
neural circuits in a more selective manner. Conversely, unfocused TUS may lead to a more
widespread activation of neurons and fibers originating from the targeted area [2,4]. In
addition, the sonication pattern is usually continuous for unfocused TUS and pulsed for
fTUS, the latter more closely resembling repetitive TMS protocols able to induce plasticity
effects [19–21].

Compared to other techniques, i.e., transcranial magnetic stimulation (TMS) and tran-
scranial electrical stimulation (TES), the most significant advantage of low-intensity TUS
is the depth penetration [4]. Stimulation can reach subcortical regions that are not easily
accessible by TMS or TES. To date, despite the potential of low-intensity TUS as a novel
NIBS tool, only a few research studies have been performed on healthy animal models
or human subjects. Studies on animal models have been performed on a wide spectrum
of neurological diseases, including dementia, epilepsy, and stroke [8,14]. In humans, to
date only three pilot studies have been performed in Alzheimer’s disease [22–24] and two
in epilepsy [25,26], and one case report involved a patient with a post-traumatic disorder
of consciousness [7]. Concerning its use in movement disorders, low-intensity TUS has
only been tested in a few parkinsonian animal models [27–31], though no study has been
conducted in humans. Investigating low-intensity TUS effects in patients with movement
disorders would be very useful for a deeper understanding of pathophysiological mecha-
nisms and in order to develop novel therapeutic approaches. Low-intensity TUS could be
effectively used in this context by leveraging existing knowledge. Along with changes in
the basal ganglia-thalamo-cortical circuits in parkinsonism and dystonia pathophysiology,
neurophysiological studies in these conditions have provided evidence of additional ab-
normalities at the cortical level, particularly in the primary motor cortex (M1), brainstem,
and spinal cord circuits, including reduced inhibition, maladaptive plasticity, and altered
sensory processing [32–34]. More recently, the role of the cerebellum and its interactions
with the basal ganglia and cortical areas has been highlighted in both parkinsonism and
dystonia pathophysiology [35,36]. Interestingly, in addition to the prominent role of the
cerebellum and its major thalamic recipient (i.e., the ventral intermediate nucleus—Vim) in
the pathophysiology of action tremor, abnormal interactions between the cerebellum and
basal ganglia have also been proposed as a major mechanism in the pathophysiology of
rest (parkinsonian) tremor [37,38].
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In this perspective article, we first briefly describe the neurophysiological effects of
TUS in healthy animals and humans in relation to the stimulated brain site. Based on these
mechanisms and available TUS experimental data on animal models, we then discuss the
possible rationale for using TUS in movement disorders and propose possible approaches
for future studies in this research field.

2. TUS Effects in Healthy Animals and Humans

Concerning the neurophysiological effects of low-intensity TUS on cortical areas, the
majority of the available studies have focused on motor areas, including M1 and non-
primary motor areas, and the somatosensory cortex (S1). Investigations on possible TUS
effects on other cortical areas are still limited. To the best of our knowledge, M1 studies
in animals demonstrated excitatory effects, including the induction of subtle electromyog-
raphy (EMG) responses and overt movements [39–44], primarily reflecting the intensity
and duration of low-intensity TUS [45]. Additional mechanisms of action of low-intensity
TUS of M1 include local field potential (LFP) changes with increased frequency of cortical
spikes [39], cortical gamma power enhancement [46] in the stimulated area, increased phase
synchronization between cortical LFP and EMG activity in various frequency bands [47],
and increased cortical blood flow, which was linearly coupled with EMG motor response
amplitude [48]. In humans, low-intensity TUS of M1 did not elicit motor responses per
se [49–53]. However, in line with animal data, it has been reported that low-intensity fTUS
of M1 during a cued finger-tapping task increased the functional magnetic resonance imag-
ing (MRI) activation volume of the thumb representation [54]. It has also been observed
that low-intensity unfocused TUS of M1 induces short-lasting motor evoked potential
(MEP) amplitude changes reflecting increased corticospinal excitability [49]. However,
opposite results were found when delivering TMS stimuli during low-intensity fTUS of M1.
For example, concurrent single-pulse TMS and low-intensity fTUS led to M1 inhibition,
as evidenced by decreased MEP amplitude and intracortical facilitation (ICF), a measure
that specifically reflects facilitatory circuits within M1. Interestingly, this effect paralleled
reduced motor task reaction time [53]. More recently, a double-blind study confirmed
both the inhibitory effects on corticospinal excitability and the increased motor perfor-
mance during low-intensity fTUS of M1. This study also found that MEP suppression was
dose-dependent and accompanied by more effective short-interval intracortical inhibition
(SICI) [50], a paired-pulse TMS measure reflecting GABA-A-ergic neurotransmission within
M1 [55,56].

Similar to what has been observed in TMS studies, repetitive and patterned fTUS
protocols have recently been conceived to induce long-lasting M1 plasticity changes. Repet-
itive fTUS (rTUS) for 15 min increased corticospinal excitability for up to 30 min after
stimulation and reduced reaction time in a stop-signal task [51]. Similarly, an 80 s theta-
burst patterned fTUS (tbTUS), which was derived from the original theta-burst stimulation
protocol [57], produced consistent MEP facilitation for about 30 min. This novel neuro-
modulation paradigm also decreased SICI, increased ICF, and shortened movement time
in a visuomotor task [52]. To the best of our knowledge, only one study tested the effects
of low-intensity TUS on non-primary motor areas. Verhagen et al. (2019) applied 40 s
fTUS on the supplementary motor area (SMA) in animals and found that activity coupling
between the SMA and nearby areas increased for more than 1 h after stimulation, while the
connectivity between the SMA and distant regions was reduced [58].

Concerning TUS effects on S1, some studies have suggested that stimulation exerts
cortical excitation, while other lines of evidence support the opposite. Indeed, S1-fTUS in
animals depolarized pyramidal neurons [59], increased S1 reactivity, modulated the spatial
aspects of sensory receptive fields [60], induced action potentials in the targeted area [61],
and determined hemodynamic changes, as measured by near-infrared spectroscopy, whose
amplitude correlated with the peak intensity of the acoustic wave [62]. In line with the pro-
posed excitatory effects of low-intensity TUS of S1, studies in humans have demonstrated
that low-intensity fTUS elicits tactile sensations in the contralateral hand, evoking corti-
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cal potentials resembling somatosensory evoked potentials (SSEP) [63,64], and enhances
sensory discrimination ability in a tactile vibration task through facilitatory mechanisms
in cortical electroencephalography activity [65]. However, when analyzing the effect of
low-intensity fTUS of S1 on SSEP, both animal and human studies demonstrated SSEP
amplitude suppression during and after stimulation [66,67] and alterations in the spectral
content and phase distribution of sensory-evoked brain oscillations [66,68]. Though seem-
ingly at odds with neurophysiological data, these effects were, however, associated with
improved somatosensory discrimination abilities [66]. The reasons for the opposed effect of
S1-fTUS on SSEP and sensory performances are unclear. It might be due to methodological
factors (e.g., different stimulating parameters between studies) and the different functional
role of the putative neurons/circuits targeted by TUS in S1 on neurophysiological and
behavioral measures.

As regards subcortical areas, the thalamus was the most widely targeted region in
healthy conditions. In this setting, low-intensity fTUS has generally exerted inhibitory
effects [8,14]. Indeed, various studies used SSEP amplitude as a proxy of sensory thalamic
activity, and significant SSEP suppression was found with low-intensity TUS in swine [69],
ovine [70], and rodents, with spatially and intensity-dependent specificity [13]. Consistent
with animal data, low-intensity fTUS delivered unilaterally on the sensory thalamus in-
hibited the P14 SSEP component in a large, sham-controlled study in humans [5]. There
was also an attenuation in alpha, beta, and time-locked gamma power and significant
performance worsening on a discrimination task during stimulation [5]. In a different study,
thermal pain sensitivity significantly decreased after 10 min low-intensity fTUS targeting
the right anterior thalamus under MRI guidance [71]. Inhibitory fTUS effects have also
been found when stimulating other subcortical areas, including the amygdala in healthy
macaques [72] and the hippocampus in epilepsy mice [73], whereas excitatory effects have
been reported when low-intensity fTUS was applied on the midbrain and periaqueductal
grey in normal mice [74,75] and the substantia nigra (SN) and striatum in parkinsonian
animal models (see Section 4). Finally, a recent study demonstrated that unfocused TUS
on the superior colliculus increased trigeminal blink reflex excitability in healthy humans,
possibly modulating inhibitory interneurons activity within this nucleus [6].

In summary, there is now significant evidence showing that low-intensity TUS modu-
lates both cortical areas and deep structures, including the thalamus and brainstem and
possibly the cerebellum [2,4,8,14]. The effects are highly variable and most likely depend on
methodological factors that are currently not fully understood. However, the specific char-
acteristics of the stimulated site may also affect the results. At the level of the sensorimotor
cortex, inhibitory effects have been described in some cases [66,67], though most evidence
shows an excitatory effect of TUS [59–64]. Conversely, the stimulation of deep brain areas
has mainly inhibitory effects [2,4,8,14]. In addition to modifying neuronal excitability,
low-intensity TUS seems to be able to modify the oscillatory activity of neuronal networks
and, as recent evidence shows, also induce plasticity phenomena [51,52,68]. However,
behavioral effects in terms of motor and sensory skills are less clear.

3. Possible Applications of TUS in Movement Disorders

Given the prominent role of M1 dysfunction in the pathophysiology of movement
disorders [32,33,76,77], low-intensity TUS could be applied over M1 with the aim of ame-
liorating cortical neurophysiological abnormalities and motor performance. A cardinal
neurophysiological feature of both parkinsonism and dystonia pathophysiology is the
reduced inhibition at the M1 level, as demonstrated by paired-pulse TMS [32,78,79]. In PD,
the impairment of GABA-A-ergic intracortical inhibition, as measured by SICI, is a very
early and possibly prodromal alteration that is implicated as a pathophysiological mecha-
nism underlying bradykinesia [76–78,80]. Patients with dystonia have decreased SICI both
at rest and during movement initiation [81–84]. This mechanism is believed to contribute
to altered M1 output, possibly resulting in unwanted muscle activation, co-contraction
activity, and motor overflow phenomena in dystonia [85]. TUS could be an optimal neu-
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romodulation tool to target mechanisms contributing to defective M1 inhibition. Indeed,
M1-fTUS has been demonstrated to improve GABA-A-ergic intracortical neurotransmission
in humans (increased SICI effectiveness [50]). A possible research approach could be to
use M1-fTUS in PD and dystonia patients to evaluate whether reduced cortical inhibition
can be restored and whether this determines the amelioration of PD motor symptoms or
dystonic motor features (e.g., abnormal postures and co-contraction activity).

Another well-established neurophysiological alteration in PD and dystonia is ab-
normal M1 plasticity. In PD patients, M1 plasticity is impaired, according to findings
from TMS-based protocols, and this impairment may contribute to movement dysfunc-
tion severity [20,76,86]. Conversely, experimental studies in dystonia have demonstrated
prevailing facilitation of synaptic potentiation leading to homeostatic disruption [87]. M1
plasticity induced by paired associative stimulation (PAS) has been found to be abnormally
enhanced in both focal hand and cervical dystonia patients [32,88,89]. Low-intensity fTUS
protocols have been designed to induce long-term potentiation-like cortical plasticity in
humans [51,52]. These paradigms could be tested in patients with PD and dystonia to
verify whether TUS-induced plasticity mechanisms are altered like TMS-induced plasticity
mechanisms in these conditions. It should also be evaluated whether this technique is
able to obtain more reliable effects than those reported using TMS in movement disorders
patients [90].

Concerning possible TUS effects on motor behavior, although human M1-TUS studies
showed conflicting results regarding the direction of M1 excitability modulation (i.e., M1
excitability increase in [49] and decrease in [50,53]), all demonstrated improved motor
function during or after low-intensity TUS, consistent with animal investigations [50–53].
Moreover, one recent study conducted in parkinsonian rats demonstrated encouraging
results [31]. The authors delivered low-intensity fTUS over M1 (800 kHz, 100 Hz PRF,
10% DC, 6 s SD, 10 s ISI, 760 mW/cm2 ISPPA, 40 min/day) for 7 consecutive days and found
improvements in locomotor and exploratory activity tasks as well as in bradykinesia and
movement balance after 4–5 days of stimulation. After the entire treatment, there was also
an increase in the number of c-Fos positive cells in M1 and in total superoxide dismutase
and glutathione peroxidase activity in the striatum, suggesting that low-intensity TUS may
have antioxidative effects in PD [31].

The SMA is another motor-related cortical area that could be targeted by low-intensity
TUS. In PD, there is an increase in SMA-M1 coherence, and this neurophysiological alter-
ation is hypothesized to reflect a compensatory mechanism of motor dysfunction [91–93].
A low-intensity fTUS study in healthy macaques demonstrated that functional connectivity
between the SMA and M1 was enhanced after SMA stimulation [58]. Therefore, it would be
interesting to apply low-intensity fTUS over the SMA in patients with PD and test whether
SMA-M1 connectivity further increases and whether this change is associated with clinical
motor scale improvement.

S1 neuromodulation could be another interesting field of TUS application that could
be mostly applicable in dystonia. Sensory involvement is a clinical feature of dystonia
patients [94], and neurophysiological evidence has demonstrated that defective somatosen-
sory processing contributes to the network dysfunction underlying dystonia pathophysiol-
ogy [32,95]. Patients with dystonia show abnormal tactile spatial and temporal discrim-
ination [96,97], and these alterations are hypothesized to result from reduced inhibitory
circuit excitability within S1 [98]. Importantly, the totality of S1-fTUS studies in animals and
humans demonstrated beneficial effects on sensory functions during and after stimulation,
including improved somatosensory discrimination abilities. Accordingly, there is enough
rationale for delivering TUS over S1 in patients with dystonia to test whether stimulation
restores impaired sensory task performance by modulating somatosensory processing at
the S1 level. Modulation of somatosensory abilities could also be obtained by thalamic-
fTUS, but negative effects (i.e., possible performance worsening) would be expected based
on previous studies in animals and humans [5,71]. Therefore, we believe that applying
thalamic-fTUS in dystonia would not be a particularly promising field of investigation.
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Considering the high spatial resolution and penetration depth of TUS, another rele-
vant opportunity in patients with movement disorders could be to stimulate deep brain
regions, including the basal ganglia. A key neurophysiological feature in parkinsonism
pathophysiology is the altered oscillatory activity in the basal ganglia-thalamo-cortical
network. LFP recordings in the subthalamic nucleus (STN) of patients with PD have
demonstrated exaggerated beta oscillations and reduced gamma activity power and burst
rate, which correlated with cardinal motor symptom severity and contributed to move-
ment force, velocity, and amplitude impairment [99–103]. Interestingly, a recent study in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonian mice demon-
strated that targeting the STN with fTUS (500 kHz, 1 kHz PRF, 5% DC, 50 ms SD, 1 s ISI,
5.1 W/cm2 ISPPA, 5 min total stimulation time) improved the typical pattern of altered
oscillatory activity in PD, i.e., the stimulation significantly decreased mean beta power as
well as the strength of beta-gamma and beta-ripple frequency phase-amplitude coupling
early after stimulation [28]. Accordingly, it would be interesting to use STN-fTUS in PD
patients to verify whether the stimulation ameliorates abnormal oscillations in the basal
ganglia-thalamo-cortical loop and, in parallel, improves motor symptoms. In patients with
dystonia, increased power of low-frequency oscillations (4–12 Hz) has been recorded in
the globus pallidus internus (GPi), which correlated with abnormal EMG activity and
dystonia clinical severity and is also involved in the modulation of dystonic contractions
by sensory tricks [95,104–106]. In line with this evidence, deep brain stimulation (DBS) of
the GPi, the most effective target to inhibit dystonic symptoms in patients [107], suppresses
excessive low-frequency activity in the basal ganglia-thalamo-cortical loop and ameliorates
M1 plasticity abnormalities [95]. Targeting the GPi with fTUS in patients with dystonia
could therefore be a valid approach to improve GPi-related neurophysiological alterations
and motor dysfunctions. However, the usefulness of GPi-fTUS in dystonia is dependent on
the identification of appropriate stimulation parameters to induce inhibitory effects, ideally
like those produced, albeit transiently, by FUS [17].

Importantly, TUS could be applied to the basal ganglia to improve bradykinesia in
PD. Stimulation protocols that use repeated TUS applications over several weeks could
be designed to test possible long-term changes in motor symptoms as well as the impact
of chronic TUS on disease progression. These ideas are based on existing evidence in
PD mice showing that 10 days of unfocused TUS treatment (1 MHz, continuous mode
DC, 0.3 W/cm2 ISPPA, 5 min/day) restored locomotion activity and increased dopamine
levels in the striatum, possibly due to neuroprotective effects and dopaminergic neurons
regeneration [29]. In line with these data, a study conducted in a chronic PD mouse
model showed motor function improvement following repeated applications of STN-fTUS
(two sessions per week for 5 consecutive weeks, 3.8 MHz, 1 kHz PRF, 50% DC, 1 s SD,
4 s ISI, 430 mW/cm2

ISPTA), which was associated with increased expression of c-Fos in
the STN, a marker of neuronal activity. In addition, the stimulation protocol suppressed
neuroinflammation response in the SN and striatum by downregulating proinflammatory
cytokines and signaling and reducing microglia and astrocyte activation [30]. Further
corroborating the possible neuroprotective role of TUS administration in PD, a recent study
found that 10 min of unfocused TUS applied five times every 24 h (1 MHz, 1 kHz PRF,
20% DC, ≈120 mW/cm2 ISPTA) reduced MPTP-induced neurotoxicity on dopaminergic
neurons in mice. Indeed, in parallel to movement and balance dysfunction improvement,
stimulation decreased the loss of tyrosine hydroxylase positive neurons in the SN pars
compacta. Moreover, TUS attenuated MPTP-related decreased activity and improved
intracellular oxidative stress and mitochondrial dysfunction [27].

The thalamus is another deep brain nucleus that could be targeted by fTUS. As detailed
in Section 2, studies conducted in healthy animals and humans have demonstrated that
fTUS exerts inhibitory effects on this brain area. Given the relevant role of the thalamus in
tremors pathophysiology, not only in patients with essential tremor (ET) [108] but also in
PD [37,109] and dystonia [110], it would be reasonable to test whether thalamic-fTUS is
able to reduce tremor severity in patients during and/or after stimulation. In this regard, it
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is also worth mentioning that both DBS targeting the Vim nucleus of the thalamus and FUS
thalamotomy are effective and FDA-approved treatments to suppress tremor in ET and
tremor-dominant PD [17,111,112]. However, not all patients are suitable for these therapies.
Vim-DBS and FUS are also limited by invasiveness and possible side effects [113,114]. The
possible use of non-invasive neuromodulation techniques such as fTUS could provide
relevant safety advantages. In our opinion, another possible field of TUS application in the
future could be the target selection of movement disorder patients who are candidates for
DBS or FUS. Once TUS effects on the STN, GPi, and thalamus are fully clarified, this non-
invasive tool could be used as a pre-intervention procedure to test the effects produced by
neuromodulation on each nucleus at the individual subject level when the most efficacious
target is unclear (e.g., STN vs. GPi vs. thalamus in a tremor-dominant patient with PD or
GPi vs. thalamus in a patient with dystonia and tremor).

The brainstem is another important brain area implicated in the pathophysiology of
movement disorders. To date, it has been observed that unfocused TUS possibly modulates
brainstem interneurons, although its effect can vary depending on the specific nucleus
being stimulated (considering the polarity of the effects of various interneurons within the
brainstem circuits) [6]. Moreover, the effects of brainstem-TUS may change according to the
stimulation duration and other methodological factors. In both parkinsonism and dystonia,
brainstem hyperexcitability has generally been found, as revealed by altered recovery cycle
of the trigeminal blink reflex [32]. Particularly, brainstem hyperexcitability is considered
a key mechanism underlying the orbicularis oculi muscles spasms in patients with ble-
pharospasm [32]. Whenever TUS proves to be able to modulate brainstem excitability, it
could, therefore, be used as a potential therapeutic tool in parkinsonism and dystonia.

Finally, the cerebellum is a node that plays a very important role in the pathophysio-
logical network of movement disorders [108,115]. The cerebellum was early found to be a
key region for action tremor generation [116]. Morphological and morphometric changes
have been described in the Purkinje cells of patients with ET [117], and neuroimaging
studies demonstrated structural cerebellar damage and connectivity alterations between
the cerebellum and cortical areas, which are thought to be responsible for various motor
and non-motor symptoms of ET [108]. More recently, it has been observed that the cerebel-
lum also plays a key role in the pathophysiology of resting (parkinsonian) tremor [37] as
well as in generating dystonic-like movements and postures [115]. In this regard, neuro-
physiological studies in dystonia consistently found cerebellar abnormalities, including
impaired eye-blink classical conditioning, a simple form of motor learning that relies on
olivopontocerebellar circuit activation [118–120], and reduced cerebellar-brain inhibition, a
TMS measure reflecting the connectivity between the cerebellum and M1 [121]. There is
also neuroimaging evidence of altered cerebellar activation in both sporadic and hereditary
focal and generalized dystonia [115]. To date, different non-invasive neuromodulation
techniques have been found to modulate cerebellar activity and connectivity [122–124].

In our opinion, cerebellar TUS possibly represents a novel NIBS tool with multiple
possible applications in patients with dystonia and tremor (Figure 1). Table 1 summarizes
the available TUS studies in movement disorders.
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Figure 1. Most relevant nodes (red text) and pathways (red arrows) of the pathophysiological net-
works involved in Parkinson’s disease (PD), dystonia and tremor syndromes, including essential
tremor (ET). The boxes summarize the rationale and proposed applications for possible neuromod-
ulation using TUS in these movement disorders patients. BG: basal ganglia; BS: brainstem; Crbl:
cerebellum; LTP: long-term potentiation; M1: primary motor cortex; S1: somatosensory motor cortex;
SN: substantia nigra; STN: subthalamic nucleus; Thal: thalamus; Vim: ventral intermediate nucleus.
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Table 1. Available TUS studies in movement disorders.

Reference Study Subjects Target area TUS Parameters Stimulation Protocol Key Findings Significance

Zhou et al., 2019 [31] Parkinsonian rats M1
800 kHz, 100 Hz PRF,

10% DC, 6 s SD, 10 s ISI,
760 mW/cm2 ISPPA

40 min/day for 7 days

- Improved locomotor activity,
movement balance
and bradykinesia

- Increased c-Fos + cells in M1
and total SOD and GPx activity

in the striatum

M1-TUS ameliorates motor
symptoms and exerts

antioxidative effects in PD

Wang et al., 2020 [28] Parkinsonian mice STN
500 kHz, 1 kHz PRF, 5%

DC, 50 ms SD, 1 s ISI,
5.1 W/cm2 ISPPA

5 min total
stimulation time

- Decreased beta power
- Decreased beta-gamma and

beta-ripple frequency PAC

STN-TUS improves the
typical pattern of altered
oscillatory activity in PD

Xu et al., 2020 [29] Parkinsonian mice Whole brain
1 MHz, continuous

mode DC, 0.3 W/cm2

ISPPA (unfocused TUS)
5 min/day for 10 days

- Improved locomotion
- Increased dopamine levels in

the striatum

TUS ameliorates motor
symptoms and may

induce dopaminergic
neurons regeneration

Zhou et al., 2021 [30] Parkinsonian mice STN
3.8 MHz, 1 kHz PRF, 50%

DC, 1 s SD, 4 s ISI, 430
mW/cm2 ISPTA

2 sessions per week for
5 weeks

- Improved movement
coordination, balance,

and bradykinesia
- Increased c-Fos expression in

the STN
- Downregulation of

proinflammatory signaling and
reduced activation of microglia

and astrocytes in the SN and
the striatum

STN-TUS improves motor
functions and suppresses the
neuroinflammation response

in basal ganglia in PD

Chen et al., 2021 [27] Parkinsonian mice Whole brain
1 MHz, 1 kHz PRF, 20%

DC, ≈120 mW/cm2

ISPTA (unfocused TUS)
10 min/day for 5 days

- Improved movement
and balance

- Decreased loss of
TH + neurons in the SN
- Improved intracellular

oxidative stress and
mitochondrial dysfunction

TUS improves motor
dysfunctions and may have
neuroprotective effects in PD

DC: duty cycle; GPx: glutathione peroxidase; ISI: interstimulus interval; ISPPA: spatial-peak pulse average; ISPTA: spatial-peak temporal average; M1: primary motor cortex; PAC:
phase-amplitude coupling; PD: Parkinson’s disease; PRF: pulse repetition frequency; SD: sonication duration; SOD: superoxide dismutase; SN: substantia nigra; STN: subthalamic
nucleus; TH: tyrosine hydroxylase.
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4. Conclusions

Low-intensity TUS is a highly promising NIBS tool. In contrast to TMS and TES, the ul-
trasound beam can reach small and deep brain areas (including the basal ganglia, thalamus,
brainstem, and cerebellum) that are crucial to the pathophysiology of parkinsonism, dysto-
nia, and tremor. Moreover, TUS mechanisms of action largely differ from those of previous
non-invasive brain stimulation techniques. Biomechanical and thermal modifications in the
neuronal membrane might determine different, and potentially greater, effects than those
reported using TMS or TES on cortical areas in movement disorder patients [90]. There are
currently important limitations affecting TUS applications in movement disorders. First,
TUS neurophysiological effects on healthy subjects are scarce and sometimes conflicting
(i.e., excitatory vs. inhibitory effects). This is mainly due to the lack of homogeneity in
the stimulating parameters used across the various studies, including the intensity and
fundamental frequency of stimulation, duty cycle, and sonication duration. Moreover, it is
likely that focused and unfocused TUS devices operate through partially different mech-
anisms of action, thus determining different effects [49,50]. Accordingly, methodological
studies on large samples are needed that systematically examine TUS effects on cortical
and subcortical areas according to the stimulation parameters used. A further relevant
limitation is that only five studies have been conducted on animal models of movement
disorders, and all involved parkinsonian mice. TUS has never been used on animal models
of parkinsonism, dystonia, and tremor. More importantly, no study has involved movement
disorder patients. Due to neuroanatomical and neurophysiological differences between
mice and humans, it is possible that TUS responses in PD patients differ from those reported
in parkinsonian animals. Additionally, beneficial effects could not be observed in patients
because of suboptimal TUS stimulation parameters. Furthermore, concerning the various
experimental approaches that we proposed in parkinsonism, dystonia, and tremor, TUS
may not necessarily modulate the activity of the different targets in the expected direction.
For instance, since no previous study targeted the GPi, it is difficult to predict whether TUS
would exert positive clinical effects as hypothesized. In addition, although the brainstem
and cerebellum are both crucial nodes in movement disorders, there are only few or no data
on the TUS effects on cerebellar activity. Therefore, future studies are needed in healthy
humans and in patients with movement disorders to better delineate the neuromodulator
role of TUS in these conditions.

Author Contributions: Conceptualization, A.G. and M.B.; writing—original draft preparation, A.G.
and M.B.; writing—review and editing, A.G. and M.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Blackmore, J.; Shrivastava, S.; Sallet, J.; Butler, C.R.; Cleveland, R.O. Ultrasound Neuromodulation: A Review of Results,

Mechanisms and Safety. Ultrasound Med. Biol. 2019, 45, 1509–1536. [CrossRef] [PubMed]
2. Darmani, G.; Bergmann, T.O.; Butts Pauly, K.; Caskey, C.F.; de Lecea, L.; Fomenko, A.; Fouragnan, E.; Legon, W.; Murphy, K.R.;

Nandi, T.; et al. Non-Invasive Transcranial Ultrasound Stimulation for Neuromodulation. Clin. Neurophysiol. 2022, 135, 51–73.
[CrossRef] [PubMed]

3. Hameroff, S.; Trakas, M.; Duffield, C.; Annabi, E.; Gerace, M.B.; Boyle, P.; Lucas, A.; Amos, Q.; Buadu, A.; Badal, J.J. Transcranial
Ultrasound (TUS) Effects on Mental States: A Pilot Study. Brain Stimul. 2013, 6, 409–415. [CrossRef] [PubMed]

4. Di Biase, L.; Falato, E.; Di Lazzaro, V. Transcranial Focused Ultrasound (TFUS) and Transcranial Unfocused Ultrasound (TUS)
Neuromodulation: From Theoretical Principles to Stimulation Practices. Front. Neurol. 2019, 10, 549. [CrossRef]

5. Legon, W.; Ai, L.; Bansal, P.; Mueller, J.K. Neuromodulation with Single-Element Transcranial Focused Ultrasound in Human
Thalamus. Hum. Brain Mapp. 2018, 39, 1995–2006. [CrossRef]

6. Guerra, A.; Vicenzini, E.; Cioffi, E.; Colella, D.; Cannavacciuolo, A.; Pozzi, S.; Caccia, B.; Paparella, G.; Di Stefano, G.; Berardelli,
A.; et al. Effects of Transcranial Ultrasound Stimulation on Trigeminal Blink Reflex Excitability. Brain Sci. 2021, 11, 645. [CrossRef]

http://doi.org/10.1016/j.ultrasmedbio.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/31109842
http://doi.org/10.1016/j.clinph.2021.12.010
http://www.ncbi.nlm.nih.gov/pubmed/35033772
http://doi.org/10.1016/j.brs.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22664271
http://doi.org/10.3389/fneur.2019.00549
http://doi.org/10.1002/hbm.23981
http://doi.org/10.3390/brainsci11050645


Brain Sci. 2022, 12, 611 11 of 15

7. Monti, M.M.; Schnakers, C.; Korb, A.S.; Bystritsky, A.; Vespa, P.M. Non-Invasive Ultrasonic Thalamic Stimulation in Disorders of
Consciousness after Severe Brain Injury: A First-in-Man Report. Brain Stimul. 2016, 9, 940–941. [CrossRef]

8. Kim, T.; Park, C.; Chhatbar, P.Y.; Feld, J.; Mac Grory, B.; Nam, C.S.; Wang, P.; Chen, M.; Jiang, X.; Feng, W. Effect of Low Intensity
Transcranial Ultrasound Stimulation on Neuromodulation in Animals and Humans: An Updated Systematic Review. Front.
Neurosci. 2021, 15, 620863. [CrossRef]

9. Krasovitski, B.; Frenkel, V.; Shoham, S.; Kimmel, E. Intramembrane Cavitation as a Unifying Mechanism for Ultrasound-Induced
Bioeffects. Proc. Natl. Acad. Sci. USA 2011, 108, 3258–3263. [CrossRef]

10. Plaksin, M.; Kimmel, E.; Shoham, S. Cell-Type-Selective Effects of Intramembrane Cavitation as a Unifying Theoretical Framework
for Ultrasonic Neuromodulation. eNeuro 2016, 3, ENEURO.0136-15.2016. [CrossRef]

11. Yoo, S.; Mittelstein, D.R.; Hurt, R.C.; Lacroix, J.; Shapiro, M.G. Focused Ultrasound Excites Cortical Neurons via Mechanosensitive
Calcium Accumulation and Ion Channel Amplification. Nat. Commun. 2022, 13, 493. [CrossRef] [PubMed]

12. Kubanek, J.; Shi, J.; Marsh, J.; Chen, D.; Deng, C.; Cui, J. Ultrasound Modulates Ion Channel Currents. Sci. Rep. 2016, 6, 24170.
[CrossRef]

13. Darrow, D.P.; O’Brien, P.; Richner, T.J.; Netoff, T.I.; Ebbini, E.S. Reversible Neuroinhibition by Focused Ultrasound Is Mediated by
a Thermal Mechanism. Brain Stimul. 2019, 12, 1439–1447. [CrossRef] [PubMed]

14. Zhang, T.; Pan, N.; Wang, Y.; Liu, C.; Hu, S. Transcranial Focused Ultrasound Neuromodulation: A Review of the Excitatory and
Inhibitory Effects on Brain Activity in Human and Animals. Front. Hum. Neurosci. 2021, 15, 749162. [CrossRef] [PubMed]

15. Pichardo, S.; Sin, V.W.; Hynynen, K. Multi-Frequency Characterization of the Speed of Sound and Attenuation Coefficient for
Longitudinal Transmission of Freshly Excised Human Skulls. Phys. Med. Biol. 2011, 56, 219–250. [CrossRef] [PubMed]

16. Quadri, S.A.; Waqas, M.; Khan, I.; Khan, M.A.; Suriya, S.S.; Farooqui, M.; Fiani, B. High-Intensity Focused Ultrasound: Past,
Present, and Future in Neurosurgery. Neurosurg. Focus 2018, 44, E16. [CrossRef]

17. Moosa, S.; Martínez-Fernández, R.; Elias, W.J.; Del Alamo, M.; Eisenberg, H.M.; Fishman, P.S. The Role of High-Intensity Focused
Ultrasound as a Symptomatic Treatment for Parkinson’s Disease. Mov. Disord. 2019, 34, 1243–1251. [CrossRef] [PubMed]

18. Kubanek, J. Neuromodulation with Transcranial Focused Ultrasound. Neurosurg. Focus 2018, 44, E14. [CrossRef]
19. Guerra, A.; Suppa, A.; Asci, F.; De Marco, G.; D’Onofrio, V.; Bologna, M.; Di Lazzaro, V.; Berardelli, A. LTD-like Plasticity of the

Human Primary Motor Cortex Can Be Reversed by γ-TACS. Brain Stimul. 2019, 12, 1490–1499. [CrossRef]
20. Guerra, A.; Asci, F.; D’Onofrio, V.; Sveva, V.; Bologna, M.; Fabbrini, G.; Berardelli, A.; Suppa, A. Enhancing Gamma Oscillations

Restores Primary Motor Cortex Plasticity in Parkinson’s Disease. J. Neurosci. 2020, 40, 4788–4796. [CrossRef]
21. Suppa, A.; Asci, F.; Guerra, A. Transcranial Magnetic Stimulation as a Tool to Induce and Explore Plasticity in Humans. Handb.

Clin. Neurol. 2022, 184, 73–89. [CrossRef] [PubMed]
22. Beisteiner, R.; Matt, E.; Fan, C.; Baldysiak, H.; Schönfeld, M.; Philippi Novak, T.; Amini, A.; Aslan, T.; Reinecke, R.; Lehrner, J.;

et al. Transcranial Pulse Stimulation with Ultrasound in Alzheimer’s Disease-A New Navigated Focal Brain Therapy. Adv. Sci.
2020, 7, 1902583. [CrossRef]

23. Jeong, H.; Im, J.J.; Park, J.-S.; Na, S.-H.; Lee, W.; Yoo, S.-S.; Song, I.-U.; Chung, Y.-A. A Pilot Clinical Study of Low-Intensity
Transcranial Focused Ultrasound in Alzheimer’s Disease. Ultrasonography 2021, 40, 512–519. [CrossRef] [PubMed]

24. Jeong, H.; Song, I.-U.; Chung, Y.-A.; Park, J.-S.; Na, S.-H.; Im, J.J.; Bikson, M.; Lee, W.; Yoo, S.-S. Short-Term Efficacy of Transcranial
Focused Ultrasound to the Hippocampus in Alzheimer’s Disease: A Preliminary Study. J. Pers. Med. 2022, 12, 250. [CrossRef]
[PubMed]

25. Stern, J.M.; Spivak, N.M.; Becerra, S.A.; Kuhn, T.P.; Korb, A.S.; Kronemyer, D.; Khanlou, N.; Reyes, S.D.; Monti, M.M.; Schnakers,
C.; et al. Safety of Focused Ultrasound Neuromodulation in Humans with Temporal Lobe Epilepsy. Brain Stimul. 2021, 14,
1022–1031. [CrossRef]

26. Lee, C.-C.; Chou, C.-C.; Hsiao, F.-J.; Chen, Y.-H.; Lin, C.-F.; Chen, C.-J.; Peng, S.-J.; Liu, H.-L.; Yu, H.-Y. Pilot Study of Focused
Ultrasound for Drug-Resistant Epilepsy. Epilepsia 2022, 63, 162–175. [CrossRef]

27. Chen, X.; Wang, D.; Zhang, L.; Yao, H.; Zhu, H.; Zhao, N.; Peng, X.; Yang, K. Neuroprotective Effect of Low-Intensity Pulsed
Ultrasound on the Mouse MPTP/MPP+ Model of Dopaminergic Neuron Injury. Ultrasound Med. Biol. 2021, 47, 2321–2330.
[CrossRef]

28. Wang, Z.; Yan, J.; Wang, X.; Yuan, Y.; Li, X. Transcranial Ultrasound Stimulation Directly Influences the Cortical Excitability of the
Motor Cortex in Parkinsonian Mice. Mov. Disord. 2020, 35, 693–698. [CrossRef]

29. Xu, T.; Lu, X.; Peng, D.; Wang, G.; Chen, C.; Liu, W.; Wu, W.; Mason, T.J. Ultrasonic Stimulation of the Brain to Enhance the
Release of Dopamine—A Potential Novel Treatment for Parkinson’s Disease. Ultrason. Sonochem. 2020, 63, 104955. [CrossRef]

30. Zhou, H.; Meng, L.; Xia, X.; Lin, Z.; Zhou, W.; Pang, N.; Bian, T.; Yuan, T.; Niu, L.; Zheng, H. Transcranial Ultrasound Stimulation
Suppresses Neuroinflammation in a Chronic Mouse Model of Parkinson’s Disease. IEEE Trans. Biomed. Eng. 2021, 68, 3375–3387.
[CrossRef]

31. Zhou, H.; Niu, L.; Xia, X.; Lin, Z.; Liu, X.; Su, M.; Guo, R.; Meng, L.; Zheng, H. Wearable Ultrasound Improves Motor Function in
an MPTP Mouse Model of Parkinson’s Disease. IEEE Trans. Biomed. Eng. 2019, 66, 3006–3013. [CrossRef]

32. Bologna, M.; Valls-Solé, J.; Kamble, N.; Pal, P.K.; Conte, A.; Guerra, A.; Belvisi, D.; Berardelli, A. Dystonia, Chorea, and Other
Dyskinesia. Clin. Neurophysiol. 2022, in press.

33. Bologna, M.; Paparella, G.; Fasano, A.; Hallett, M.; Berardelli, A. Evolving Concepts on Bradykinesia. Brain 2020, 143, 727–750.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.brs.2016.07.008
http://doi.org/10.3389/fnins.2021.620863
http://doi.org/10.1073/pnas.1015771108
http://doi.org/10.1523/ENEURO.0136-15.2016
http://doi.org/10.1038/s41467-022-28040-1
http://www.ncbi.nlm.nih.gov/pubmed/35078979
http://doi.org/10.1038/srep24170
http://doi.org/10.1016/j.brs.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31377096
http://doi.org/10.3389/fnhum.2021.749162
http://www.ncbi.nlm.nih.gov/pubmed/34650419
http://doi.org/10.1088/0031-9155/56/1/014
http://www.ncbi.nlm.nih.gov/pubmed/21149950
http://doi.org/10.3171/2017.11.FOCUS17610
http://doi.org/10.1002/mds.27779
http://www.ncbi.nlm.nih.gov/pubmed/31291491
http://doi.org/10.3171/2017.11.FOCUS17621
http://doi.org/10.1016/j.brs.2019.06.029
http://doi.org/10.1523/JNEUROSCI.0357-20.2020
http://doi.org/10.1016/B978-0-12-819410-2.00005-9
http://www.ncbi.nlm.nih.gov/pubmed/35034759
http://doi.org/10.1002/advs.201902583
http://doi.org/10.14366/usg.20138
http://www.ncbi.nlm.nih.gov/pubmed/33730775
http://doi.org/10.3390/jpm12020250
http://www.ncbi.nlm.nih.gov/pubmed/35207738
http://doi.org/10.1016/j.brs.2021.06.003
http://doi.org/10.1111/epi.17105
http://doi.org/10.1016/j.ultrasmedbio.2021.03.034
http://doi.org/10.1002/mds.27952
http://doi.org/10.1016/j.ultsonch.2019.104955
http://doi.org/10.1109/TBME.2021.3071807
http://doi.org/10.1109/TBME.2019.2899631
http://doi.org/10.1093/brain/awz344
http://www.ncbi.nlm.nih.gov/pubmed/31834375


Brain Sci. 2022, 12, 611 12 of 15

34. Wichmann, T. Changing Views of the Pathophysiology of Parkinsonism. Mov. Disord. 2019, 34, 1130–1143. [CrossRef]
35. Bologna, M.; Berardelli, A. Cerebellum: An Explanation for Dystonia? Cerebellum Ataxias 2017, 4, 6. [CrossRef] [PubMed]
36. Jinnah, H.A.; Neychev, V.; Hess, E.J. The Anatomical Basis for Dystonia: The Motor Network Model. Tremor Other Hyperkinet Mov.

2017, 7, 506. [CrossRef]
37. Dirkx, M.F.; Bologna, M. The Pathophysiology of Parkinson’s Disease Tremor. J. Neurol. Sci. 2022, 435, 120196. [CrossRef]
38. Haubenberger, D.; Hallett, M. Essential Tremor. N. Engl. J. Med. 2018, 378, 1802–1810. [CrossRef]
39. Tufail, Y.; Matyushov, A.; Baldwin, N.; Tauchmann, M.L.; Georges, J.; Yoshihiro, A.; Tillery, S.I.H.; Tyler, W.J. Transcranial Pulsed

Ultrasound Stimulates Intact Brain Circuits. Neuron 2010, 66, 681–694. [CrossRef]
40. Lee, W.; Croce, P.; Margolin, R.W.; Cammalleri, A.; Yoon, K.; Yoo, S.-S. Transcranial Focused Ultrasound Stimulation of Motor

Cortical Areas in Freely-Moving Awake Rats. BMC Neurosci. 2018, 19, 57. [CrossRef]
41. Kim, H.; Kim, S.; Sim, N.S.; Pasquinelli, C.; Thielscher, A.; Lee, J.H.; Lee, H.J. Miniature Ultrasound Ring Array Transducers

for Transcranial Ultrasound Neuromodulation of Freely-Moving Small Animals. Brain Stimul. 2019, 12, 251–255. [CrossRef]
[PubMed]

42. Cui, Z.; Li, D.; Feng, Y.; Xu, T.; Wu, S.; Li, Y.; Bouakaz, A.; Wan, M.; Zhang, S. Enhanced Neuronal Activity in Mouse Motor
Cortex with Microbubbles’ Oscillations by Transcranial Focused Ultrasound Stimulation. Ultrason. Sonochem. 2019, 59, 104745.
[CrossRef] [PubMed]

43. Cui, Z.; Li, D.; Xu, S.; Xu, T.; Wu, S.; Bouakaz, A.; Wan, M.; Zhang, S. Effect of Scattered Pressures from Oscillating Microbubbles
on Neuronal Activity in Mouse Brain under Transcranial Focused Ultrasound Stimulation. Ultrason. Sonochem. 2020, 63, 104935.
[CrossRef] [PubMed]

44. Wang, H.; Zhou, X.; Cui, D.; Liu, R.; Tan, R.; Wang, X.; Liu, Z.; Yin, T. Comparative Study of Transcranial Magneto-Acoustic
Stimulation and Transcranial Ultrasound Stimulation of Motor Cortex. Front. Behav. Neurosci. 2019, 13, 241. [CrossRef]

45. King, R.L.; Brown, J.R.; Newsome, W.T.; Pauly, K.B. Effective Parameters for Ultrasound-Induced in Vivo Neurostimulation.
Ultrasound Med. Biol. 2013, 39, 312–331. [CrossRef]

46. Wang, X.; Yan, J.; Wang, Z.; Li, X.; Yuan, Y. Neuromodulation Effects of Ultrasound Stimulation Under Different Parameters on
Mouse Motor Cortex. IEEE Trans. Biomed. Eng. 2020, 67, 291–297. [CrossRef]

47. Wang, Y.; Xie, P.; Zhou, S.; Wang, X.; Yuan, Y. Low-Intensity Pulsed Ultrasound Modulates Multi-Frequency Band Phase
Synchronization between LFPs and EMG in Mice. J. Neural Eng. 2019, 16, 026036. [CrossRef]

48. Yuan, Y.; Wang, Z.; Liu, M.; Shoham, S. Cortical Hemodynamic Responses Induced by Low-Intensity Transcranial Ultrasound
Stimulation of Mouse Cortex. Neuroimage 2020, 211, 116597. [CrossRef]

49. Gibson, B.C.; Sanguinetti, J.L.; Badran, B.W.; Yu, A.B.; Klein, E.P.; Abbott, C.C.; Hansberger, J.T.; Clark, V.P. Increased Excitability
Induced in the Primary Motor Cortex by Transcranial Ultrasound Stimulation. Front. Neurol. 2018, 9, 1007. [CrossRef]

50. Fomenko, A.; Chen, K.-H.S.; Nankoo, J.-F.; Saravanamuttu, J.; Wang, Y.; El-Baba, M.; Xia, X.; Seerala, S.S.; Hynynen, K.; Lozano,
A.M.; et al. Systematic Examination of Low-Intensity Ultrasound Parameters on Human Motor Cortex Excitability and Behavior.
eLife 2020, 9, e54497. [CrossRef]

51. Zhang, Y.; Ren, L.; Liu, K.; Tong, S.; Yuan, T.-F.; Sun, J. Transcranial Ultrasound Stimulation of the Human Motor Cortex. iScience
2021, 24, 103429. [CrossRef] [PubMed]

52. Zeng, K.; Darmani, G.; Fomenko, A.; Xia, X.; Tran, S.; Nankoo, J.-F.; Shamli Oghli, Y.; Wang, Y.; Lozano, A.M.; Chen, R. Induction
of Human Motor Cortex Plasticity by Theta Burst Transcranial Ultrasound Stimulation. Ann. Neurol. 2022, 91, 238–252. [CrossRef]
[PubMed]

53. Legon, W.; Bansal, P.; Tyshynsky, R.; Ai, L.; Mueller, J.K. Transcranial Focused Ultrasound Neuromodulation of the Human
Primary Motor Cortex. Sci. Rep. 2018, 8, 10007. [CrossRef] [PubMed]

54. Ai, L.; Bansal, P.; Mueller, J.K.; Legon, W. Effects of Transcranial Focused Ultrasound on Human Primary Motor Cortex Using 7T
FMRI: A Pilot Study. BMC Neurosci. 2018, 19, 56. [CrossRef]

55. Kujirai, T.; Caramia, M.D.; Rothwell, J.C.; Day, B.L.; Thompson, P.D.; Ferbert, A.; Wroe, S.; Asselman, P.; Marsden, C.D.
Corticocortical Inhibition in Human Motor Cortex. J. Physiol. 1993, 471, 501–519. [CrossRef]

56. Ziemann, U.; Reis, J.; Schwenkreis, P.; Rosanova, M.; Strafella, A.; Badawy, R.; Müller-Dahlhaus, F. TMS and Drugs Revisited 2014.
Clin. Neurophysiol. 2015, 126, 1847–1868. [CrossRef]

57. Huang, Y.-Z.; Edwards, M.J.; Rounis, E.; Bhatia, K.P.; Rothwell, J.C. Theta Burst Stimulation of the Human Motor Cortex. Neuron
2005, 45, 201–206. [CrossRef]

58. Verhagen, L.; Gallea, C.; Folloni, D.; Constans, C.; Jensen, D.E.; Ahnine, H.; Roumazeilles, L.; Santin, M.; Ahmed, B.; Lehericy, S.;
et al. Offline Impact of Transcranial Focused Ultrasound on Cortical Activation in Primates. eLife 2019, 8, e40541. [CrossRef]

59. Moore, M.E.; Loft, J.M.; Clegern, W.C.; Wisor, J.P. Manipulating Neuronal Activity in the Mouse Brain with Ultrasound: A
Comparison with Optogenetic Activation of the Cerebral Cortex. Neurosci. Lett. 2015, 604, 183–187. [CrossRef]

60. Fisher, J.A.N.; Gumenchuk, I. Low-Intensity Focused Ultrasound Alters the Latency and Spatial Patterns of Sensory-Evoked
Cortical Responses in Vivo. J. Neural Eng. 2018, 15, 035004. [CrossRef]

61. Li, G.; Qiu, W.; Zhang, Z.; Jiang, Q.; Su, M.; Cai, R.; Li, Y.; Cai, F.; Deng, Z.; Xu, D.; et al. Noninvasive Ultrasonic Neuromodulation
in Freely Moving Mice. IEEE Trans. Biomed. Eng. 2019, 66, 217–224. [CrossRef] [PubMed]

http://doi.org/10.1002/mds.27741
http://doi.org/10.1186/s40673-017-0064-8
http://www.ncbi.nlm.nih.gov/pubmed/28515949
http://doi.org/10.5334/tohm.383
http://doi.org/10.1016/j.jns.2022.120196
http://doi.org/10.1056/NEJMcp1707928
http://doi.org/10.1016/j.neuron.2010.05.008
http://doi.org/10.1186/s12868-018-0459-3
http://doi.org/10.1016/j.brs.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30503712
http://doi.org/10.1016/j.ultsonch.2019.104745
http://www.ncbi.nlm.nih.gov/pubmed/31473423
http://doi.org/10.1016/j.ultsonch.2019.104935
http://www.ncbi.nlm.nih.gov/pubmed/31945558
http://doi.org/10.3389/fnbeh.2019.00241
http://doi.org/10.1016/j.ultrasmedbio.2012.09.009
http://doi.org/10.1109/TBME.2019.2912840
http://doi.org/10.1088/1741-2552/ab0879
http://doi.org/10.1016/j.neuroimage.2020.116597
http://doi.org/10.3389/fneur.2018.01007
http://doi.org/10.7554/eLife.54497
http://doi.org/10.1016/j.isci.2021.103429
http://www.ncbi.nlm.nih.gov/pubmed/34901788
http://doi.org/10.1002/ana.26294
http://www.ncbi.nlm.nih.gov/pubmed/34964172
http://doi.org/10.1038/s41598-018-28320-1
http://www.ncbi.nlm.nih.gov/pubmed/29968768
http://doi.org/10.1186/s12868-018-0456-6
http://doi.org/10.1113/jphysiol.1993.sp019912
http://doi.org/10.1016/j.clinph.2014.08.028
http://doi.org/10.1016/j.neuron.2004.12.033
http://doi.org/10.7554/eLife.40541
http://doi.org/10.1016/j.neulet.2015.07.024
http://doi.org/10.1088/1741-2552/aaaee1
http://doi.org/10.1109/TBME.2018.2821201
http://www.ncbi.nlm.nih.gov/pubmed/29993389


Brain Sci. 2022, 12, 611 13 of 15

62. Kim, E.; Anguluan, E.; Youn, S.; Kim, J.; Hwang, J.Y.; Kim, J.G. Non-Invasive Measurement of Hemodynamic Change during 8
MHz Transcranial Focused Ultrasound Stimulation Using near-Infrared Spectroscopy. BMC Neurosci. 2019, 20, 12. [CrossRef]
[PubMed]

63. Lee, W.; Kim, H.; Jung, Y.; Song, I.-U.; Chung, Y.A.; Yoo, S.-S. Image-Guided Transcranial Focused Ultrasound Stimulates Human
Primary Somatosensory Cortex. Sci. Rep. 2015, 5, 8743. [CrossRef] [PubMed]

64. Lee, W.; Chung, Y.A.; Jung, Y.; Song, I.-U.; Yoo, S.-S. Simultaneous Acoustic Stimulation of Human Primary and Secondary
Somatosensory Cortices Using Transcranial Focused Ultrasound. BMC Neurosci. 2016, 17, 68. [CrossRef]

65. Liu, C.; Yu, K.; Niu, X.; He, B. Transcranial Focused Ultrasound Enhances Sensory Discrimination Capability through Somatosen-
sory Cortical Excitation. Ultrasound Med. Biol. 2021, 47, 1356–1366. [CrossRef]

66. Legon, W.; Sato, T.F.; Opitz, A.; Mueller, J.; Barbour, A.; Williams, A.; Tyler, W.J. Transcranial Focused Ultrasound Modulates the
Activity of Primary Somatosensory Cortex in Humans. Nat. Neurosci. 2014, 17, 322–329. [CrossRef]

67. Yoo, S.-S.; Yoon, K.; Croce, P.; Cammalleri, A.; Margolin, R.W.; Lee, W. Focused Ultrasound Brain Stimulation to Anesthetized
Rats Induces Long-Term Changes in Somatosensory Evoked Potentials. Int. J. Imaging Syst. Technol. 2018, 28, 106–112. [CrossRef]

68. Mueller, J.; Legon, W.; Opitz, A.; Sato, T.F.; Tyler, W.J. Transcranial Focused Ultrasound Modulates Intrinsic and Evoked EEG
Dynamics. Brain Stimul. 2014, 7, 900–908. [CrossRef]

69. Dallapiazza, R.F.; Timbie, K.F.; Holmberg, S.; Gatesman, J.; Lopes, M.B.; Price, R.J.; Miller, G.W.; Elias, W.J. Noninvasive
Neuromodulation and Thalamic Mapping with Low-Intensity Focused Ultrasound. J. Neurosurg. 2018, 128, 875–884. [CrossRef]

70. Yoon, K.; Lee, W.; Lee, J.E.; Xu, L.; Croce, P.; Foley, L.; Yoo, S.-S. Effects of Sonication Parameters on Transcranial Focused
Ultrasound Brain Stimulation in an Ovine Model. PLoS ONE 2019, 14, e0224311. [CrossRef]

71. Badran, B.W.; Caulfield, K.A.; Stomberg-Firestein, S.; Summers, P.M.; Dowdle, L.T.; Savoca, M.; Li, X.; Austelle, C.W.; Short, E.B.;
Borckardt, J.J.; et al. Sonication of the Anterior Thalamus with MRI-Guided Transcranial Focused Ultrasound (TFUS) Alters Pain
Thresholds in Healthy Adults: A Double-Blind, Sham-Controlled Study. Brain Stimul. 2020, 13, 1805–1812. [CrossRef] [PubMed]

72. Folloni, D.; Verhagen, L.; Mars, R.B.; Fouragnan, E.; Constans, C.; Aubry, J.-F.; Rushworth, M.F.S.; Sallet, J. Manipulation of
Subcortical and Deep Cortical Activity in the Primate Brain Using Transcranial Focused Ultrasound Stimulation. Neuron 2019,
101, 1109–1116. [CrossRef] [PubMed]

73. Yang, H.; Yuan, Y.; Wang, X.; Li, X. Closed-Loop Transcranial Ultrasound Stimulation for Real-Time Non-Invasive Neuromodula-
tion in Vivo. Front. Neurosci. 2020, 14, 445. [CrossRef] [PubMed]

74. Mohammadjavadi, M.; Ye, P.P.; Xia, A.; Brown, J.; Popelka, G.; Pauly, K.B. Elimination of Peripheral Auditory Pathway Activation
Does Not Affect Motor Responses from Ultrasound Neuromodulation. Brain Stimul. 2019, 12, 901–910. [CrossRef] [PubMed]

75. Wang, Y.; Niu, L.; Meng, W.; Lin, Z.; Zou, J.; Bian, T.; Huang, X.; Zhou, H.; Meng, L.; Xie, P.; et al. Ultrasound Stimulation of
Periaqueductal Gray Induces Defensive Behaviors. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2021, 68, 38–45. [CrossRef]

76. Bologna, M.; Guerra, A.; Paparella, G.; Giordo, L.; Alunni Fegatelli, D.; Vestri, A.R.; Rothwell, J.C.; Berardelli, A. Neurophysiologi-
cal Correlates of Bradykinesia in Parkinson’s Disease. Brain 2018, 141, 2432–2444. [CrossRef]

77. Guerra, A.; Colella, D.; Giangrosso, M.; Cannavacciuolo, A.; Paparella, G.; Fabbrini, G.; Suppa, A.; Berardelli, A.; Bologna, M.
Driving Motor Cortex Oscillations Modulates Bradykinesia in Parkinson’s Disease. Brain 2022, 145, 224–236. [CrossRef]

78. Ammann, C.; Dileone, M.; Pagge, C.; Catanzaro, V.; Mata-Marín, D.; Hernández-Fernández, F.; Monje, M.H.G.; Sánchez-Ferro,
Á.; Fernández-Rodríguez, B.; Gasca-Salas, C.; et al. Cortical Disinhibition in Parkinson’s Disease. Brain 2020, 143, 3408–3421.
[CrossRef]

79. Berardelli, A.; Abbruzzese, G.; Chen, R.; Orth, M.; Ridding, M.C.; Stinear, C.; Suppa, A.; Trompetto, C.; Thompson, P.D. Consensus
Paper on Short-Interval Intracortical Inhibition and Other Transcranial Magnetic Stimulation Intracortical Paradigms in Movement
Disorders. Brain Stimul. 2008, 1, 183–191. [CrossRef]

80. Ridding, M.C.; Inzelberg, R.; Rothwell, J.C. Changes in Excitability of Motor Cortical Circuitry in Patients with Parkinson’s
Disease. Ann. Neurol. 1995, 37, 181–188. [CrossRef]

81. Beck, S.; Richardson, S.P.; Shamim, E.A.; Dang, N.; Schubert, M.; Hallett, M. Short Intracortical and Surround Inhibition Are
Selectively Reduced during Movement Initiation in Focal Hand Dystonia. J. Neurosci. 2008, 28, 10363–10369. [CrossRef]

82. Kanovský, P.; Bares, M.; Streitová, H.; Klajblová, H.; Daniel, P.; Rektor, I. Abnormalities of Cortical Excitability and Cortical
Inhibition in Cervical Dystonia Evidence from Somatosensory Evoked Potentials and Paired Transcranial Magnetic Stimulation
Recordings. J. Neurol. 2003, 250, 42–50. [CrossRef] [PubMed]

83. Ridding, M.C.; Sheean, G.; Rothwell, J.C.; Inzelberg, R.; Kujirai, T. Changes in the Balance between Motor Cortical Excitation and
Inhibition in Focal, Task Specific Dystonia. J. Neurol. Neurosurg. Psychiatry 1995, 59, 493–498. [CrossRef] [PubMed]

84. Stinear, C.M.; Byblow, W.D. Impaired Modulation of Intracortical Inhibition in Focal Hand Dystonia. Cereb Cortex 2004, 14,
555–561. [CrossRef]

85. Hallett, M. Neurophysiology of Dystonia: The Role of Inhibition. Neurobiol. Dis. 2011, 42, 177–184. [CrossRef]
86. Udupa, K.; Chen, R. Motor Cortical Plasticity in Parkinson’s Disease. Front. Neurol. 2013, 4, 128. [CrossRef]
87. Quartarone, A.; Hallett, M. Emerging Concepts in the Physiological Basis of Dystonia. Mov. Disord. 2013, 28, 958–967. [CrossRef]
88. Kojovic, M.; Caronni, A.; Bologna, M.; Rothwell, J.C.; Bhatia, K.P.; Edwards, M.J. Botulinum Toxin Injections Reduce Associative

Plasticity in Patients with Primary Dystonia. Mov. Disord. 2011, 26, 1282–1289. [CrossRef]

http://doi.org/10.1186/s12868-019-0493-9
http://www.ncbi.nlm.nih.gov/pubmed/30885121
http://doi.org/10.1038/srep08743
http://www.ncbi.nlm.nih.gov/pubmed/25735418
http://doi.org/10.1186/s12868-016-0303-6
http://doi.org/10.1016/j.ultrasmedbio.2021.01.025
http://doi.org/10.1038/nn.3620
http://doi.org/10.1002/ima.22262
http://doi.org/10.1016/j.brs.2014.08.008
http://doi.org/10.3171/2016.11.JNS16976
http://doi.org/10.1371/journal.pone.0224311
http://doi.org/10.1016/j.brs.2020.10.007
http://www.ncbi.nlm.nih.gov/pubmed/33127579
http://doi.org/10.1016/j.neuron.2019.01.019
http://www.ncbi.nlm.nih.gov/pubmed/30765166
http://doi.org/10.3389/fnins.2020.00445
http://www.ncbi.nlm.nih.gov/pubmed/32477055
http://doi.org/10.1016/j.brs.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/30880027
http://doi.org/10.1109/TUFFC.2020.2975001
http://doi.org/10.1093/brain/awy155
http://doi.org/10.1093/brain/awab257
http://doi.org/10.1093/brain/awaa274
http://doi.org/10.1016/j.brs.2008.06.005
http://doi.org/10.1002/ana.410370208
http://doi.org/10.1523/JNEUROSCI.3564-08.2008
http://doi.org/10.1007/s00415-003-0942-2
http://www.ncbi.nlm.nih.gov/pubmed/12527991
http://doi.org/10.1136/jnnp.59.5.493
http://www.ncbi.nlm.nih.gov/pubmed/8530933
http://doi.org/10.1093/cercor/bhh017
http://doi.org/10.1016/j.nbd.2010.08.025
http://doi.org/10.3389/fneur.2013.00128
http://doi.org/10.1002/mds.25532
http://doi.org/10.1002/mds.23681


Brain Sci. 2022, 12, 611 14 of 15

89. Quartarone, A.; Morgante, F.; Sant’angelo, A.; Rizzo, V.; Bagnato, S.; Terranova, C.; Siebner, H.R.; Berardelli, A.; Girlanda, P.
Abnormal Plasticity of Sensorimotor Circuits Extends beyond the Affected Body Part in Focal Dystonia. J. Neurol. Neurosurg.
Psychiatry 2008, 79, 985–990. [CrossRef]

90. Latorre, A.; Rocchi, L.; Berardelli, A.; Bhatia, K.P.; Rothwell, J.C. The Use of Transcranial Magnetic Stimulation as a Treatment for
Movement Disorders: A Critical Review. Mov. Disord. 2019, 34, 769–782. [CrossRef]

91. Wu, T.; Long, X.; Wang, L.; Hallett, M.; Zang, Y.; Li, K.; Chan, P. Functional Connectivity of Cortical Motor Areas in the Resting
State in Parkinson’s Disease. Hum. Brain Mapp. 2011, 32, 1443–1457. [CrossRef]

92. Pollok, B.; Kamp, D.; Butz, M.; Wojtecki, L.; Timmermann, L.; Südmeyer, M.; Krause, V.; Schnitzler, A. Increased SMA-M1
Coherence in Parkinson’s Disease—Pathophysiology or Compensation? Exp. Neurol. 2013, 247, 178–181. [CrossRef]

93. Tessitore, A.; Cirillo, M.; De Micco, R. Functional Connectivity Signatures of Parkinson’s Disease. J. Parkinsons Dis. 2019, 9,
637–652. [CrossRef]

94. Stamelou, M.; Edwards, M.J.; Hallett, M.; Bhatia, K.P. The Non-Motor Syndrome of Primary Dystonia: Clinical and Pathophysio-
logical Implications. Brain 2012, 135, 1668–1681. [CrossRef]

95. Tisch, S.; Limousin, P. Neurophysiological Insights in Dystonia and Its Response to Deep Brain Stimulation Treatment. Exp. Brain
Res. 2020, 238, 1645–1657. [CrossRef]

96. Bara-Jimenez, W.; Shelton, P.; Hallett, M. Spatial Discrimination Is Abnormal in Focal Hand Dystonia. Neurology 2000, 55,
1869–1873. [CrossRef]

97. Fiorio, M.; Tinazzi, M.; Bertolasi, L.; Aglioti, S.M. Temporal Processing of Visuotactile and Tactile Stimuli in Writer’s Cramp. Ann.
Neurol. 2003, 53, 630–635. [CrossRef]

98. Antelmi, E.; Erro, R.; Rocchi, L.; Liguori, R.; Tinazzi, M.; Di Stasio, F.; Berardelli, A.; Rothwell, J.C.; Bhatia, K.P. Neurophysiological
Correlates of Abnormal Somatosensory Temporal Discrimination in Dystonia. Mov. Disord. 2017, 32, 141–148. [CrossRef]

99. Kühn, A.A.; Tsui, A.; Aziz, T.; Ray, N.; Brücke, C.; Kupsch, A.; Schneider, G.-H.; Brown, P. Pathological Synchronisation in the
Subthalamic Nucleus of Patients with Parkinson’s Disease Relates to Both Bradykinesia and Rigidity. Exp. Neurol. 2009, 215,
380–387. [CrossRef]

100. Lofredi, R.; Tan, H.; Neumann, W.-J.; Yeh, C.-H.; Schneider, G.-H.; Kühn, A.A.; Brown, P. Beta Bursts during Continuous
Movements Accompany the Velocity Decrement in Parkinson’s Disease Patients. Neurobiol. Dis. 2019, 127, 462–471. [CrossRef]

101. Lofredi, R.; Neumann, W.-J.; Bock, A.; Horn, A.; Huebl, J.; Siegert, S.; Schneider, G.-H.; Krauss, J.K.; Kühn, A.A. Dopamine-
Dependent Scaling of Subthalamic Gamma Bursts with Movement Velocity in Patients with Parkinson’s Disease. eLife 2018,
7, e31895. [CrossRef]

102. Oswal, A.; Brown, P.; Litvak, V. Synchronized Neural Oscillations and the Pathophysiology of Parkinson’s Disease. Curr. Opin.
Neurol. 2013, 26, 662–670. [CrossRef]

103. Tan, H.; Pogosyan, A.; Anzak, A.; Foltynie, T.; Limousin, P.; Zrinzo, L.; Ashkan, K.; Bogdanovic, M.; Green, A.L.; Aziz, T.; et al.
Frequency Specific Activity in Subthalamic Nucleus Correlates with Hand Bradykinesia in Parkinson’s Disease. Exp. Neurol.
2013, 240, 122–129. [CrossRef]

104. Silberstein, P.; Kühn, A.A.; Kupsch, A.; Trottenberg, T.; Krauss, J.K.; Wöhrle, J.C.; Mazzone, P.; Insola, A.; Di Lazzaro, V.; Oliviero,
A.; et al. Patterning of Globus Pallidus Local Field Potentials Differs between Parkinson’s Disease and Dystonia. Brain 2003, 126,
2597–2608. [CrossRef]

105. Chen, C.C.; Kühn, A.A.; Hoffmann, K.-T.; Kupsch, A.; Schneider, G.-H.; Trottenberg, T.; Krauss, J.K.; Wöhrle, J.C.; Bardinet, E.;
Yelnik, J.; et al. Oscillatory Pallidal Local Field Potential Activity Correlates with Involuntary EMG in Dystonia. Neurology 2006,
66, 418–420. [CrossRef]

106. Neumann, W.-J.; Horn, A.; Ewert, S.; Huebl, J.; Brücke, C.; Slentz, C.; Schneider, G.-H.; Kühn, A.A. A Localized Pallidal
Physiomarker in Cervical Dystonia. Ann. Neurol. 2017, 82, 912–924. [CrossRef]

107. Moro, E.; LeReun, C.; Krauss, J.K.; Albanese, A.; Lin, J.-P.; Walleser Autiero, S.; Brionne, T.C.; Vidailhet, M. Efficacy of Pallidal
Stimulation in Isolated Dystonia: A Systematic Review and Meta-Analysis. Eur. J. Neurol. 2017, 24, 552–560. [CrossRef]

108. Pietracupa, S.; Bologna, M.; Tommasin, S.; Berardelli, A.; Pantano, P. The Contribution of Neuroimaging to the Understanding of
Essential Tremor Pathophysiology: A Systematic Review. Cerebellum 2021. [CrossRef]

109. Helmich, R.C.; Hallett, M.; Deuschl, G.; Toni, I.; Bloem, B.R. Cerebral Causes and Consequences of Parkinsonian Resting Tremor:
A Tale of Two Circuits? Brain 2012, 135, 3206–3226. [CrossRef]

110. Madelein van der Stouwe, A.M.; Nieuwhof, F.; Helmich, R.C. Tremor Pathophysiology: Lessons from Neuroimaging. Curr. Opin.
Neurol. 2020, 33, 474–481. [CrossRef]

111. Cury, R.G.; Fraix, V.; Castrioto, A.; Pérez Fernández, M.A.; Krack, P.; Chabardes, S.; Seigneuret, E.; Alho, E.J.L.; Benabid, A.-L.;
Moro, E. Thalamic Deep Brain Stimulation for Tremor in Parkinson Disease, Essential Tremor, and Dystonia. Neurology 2017, 89,
1416–1423. [CrossRef] [PubMed]

112. Dallapiazza, R.F.; Lee, D.J.; De Vloo, P.; Fomenko, A.; Hamani, C.; Hodaie, M.; Kalia, S.K.; Fasano, A.; Lozano, A.M. Outcomes
from Stereotactic Surgery for Essential Tremor. J. Neurol. Neurosurg. Psychiatry 2019, 90, 474–482. [CrossRef] [PubMed]

113. Rohani, M.; Fasano, A. Focused Ultrasound for Essential Tremor: Review of the Evidence and Discussion of Current Hurdles.
Tremor Other Hyperkinet. Mov. 2017, 7, 462. [CrossRef]

114. Dhima, K.; Biars, J.; Kondylis, E.; Nagel, S.; Yu, X.X.; Floden, D.P. Neuropsychological Outcomes after Thalamic Deep Brain
Stimulation for Essential Tremor. Parkinsonism Relat. Disord. 2021, 92, 88–93. [CrossRef]

http://doi.org/10.1136/jnnp.2007.121632
http://doi.org/10.1002/mds.27705
http://doi.org/10.1002/hbm.21118
http://doi.org/10.1016/j.expneurol.2013.04.013
http://doi.org/10.3233/JPD-191592
http://doi.org/10.1093/brain/awr224
http://doi.org/10.1007/s00221-020-05833-8
http://doi.org/10.1212/WNL.55.12.1869
http://doi.org/10.1002/ana.10525
http://doi.org/10.1002/mds.26804
http://doi.org/10.1016/j.expneurol.2008.11.008
http://doi.org/10.1016/j.nbd.2019.03.013
http://doi.org/10.7554/eLife.31895
http://doi.org/10.1097/WCO.0000000000000034
http://doi.org/10.1016/j.expneurol.2012.11.011
http://doi.org/10.1093/brain/awg267
http://doi.org/10.1212/01.wnl.0000196470.00165.7d
http://doi.org/10.1002/ana.25095
http://doi.org/10.1111/ene.13255
http://doi.org/10.1007/s12311-021-01335-7
http://doi.org/10.1093/brain/aws023
http://doi.org/10.1097/WCO.0000000000000829
http://doi.org/10.1212/WNL.0000000000004295
http://www.ncbi.nlm.nih.gov/pubmed/28768840
http://doi.org/10.1136/jnnp-2018-318240
http://www.ncbi.nlm.nih.gov/pubmed/30337440
http://doi.org/10.5334/tohm.378
http://doi.org/10.1016/j.parkreldis.2021.10.026


Brain Sci. 2022, 12, 611 15 of 15

115. Bologna, M.; Berardelli, A. The Cerebellum and Dystonia. Handb. Clin. Neurol. 2018, 155, 259–272. [CrossRef]
116. Pan, M.-K.; Kuo, S.-H. Essential Tremor: Clinical Perspectives and Pathophysiology. J. Neurol. Sci. 2022, 435, 120198. [CrossRef]
117. Mavroudis, I.; Kazis, D.; Petridis, F.; Chatzikonstantinou, S.; Karantali, E.; Njau, S.N.; Costa, V.; Ciobica, A.; Trus, C.; Balmus, I.M.;

et al. Morphological and Morphometric Changes in the Purkinje Cells of Patients with Essential Tremor. Exp. Ther. Med. 2022,
23, 167. [CrossRef]

118. Kojovic, M.; Pareés, I.; Kassavetis, P.; Palomar, F.J.; Mir, P.; Teo, J.T.; Cordivari, C.; Rothwell, J.C.; Bhatia, K.P.; Edwards, M.J.
Secondary and Primary Dystonia: Pathophysiological Differences. Brain 2013, 136, 2038–2049. [CrossRef]

119. Popa, T.; Milani, P.; Richard, A.; Hubsch, C.; Brochard, V.; Tranchant, C.; Sadnicka, A.; Rothwell, J.; Vidailhet, M.; Meunier, S.;
et al. The Neurophysiological Features of Myoclonus-Dystonia and Differentiation from Other Dystonias. JAMA Neurol. 2014, 71,
612–619. [CrossRef]

120. Sadnicka, A.; Teo, J.T.; Kojovic, M.; Pareés, I.; Saifee, T.A.; Kassavetis, P.; Schwingenschuh, P.; Katschnig-Winter, P.; Stamelou,
M.; Mencacci, N.E.; et al. All in the Blink of an Eye: New Insight into Cerebellar and Brainstem Function in DYT1 and DYT6
Dystonia. Eur. J. Neurol. 2015, 22, 762–767. [CrossRef]

121. Brighina, F.; Romano, M.; Giglia, G.; Saia, V.; Puma, A.; Giglia, F.; Fierro, B. Effects of Cerebellar TMS on Motor Cortex of Patients
with Focal Dystonia: A Preliminary Report. Exp. Brain Res. 2009, 192, 651–656. [CrossRef] [PubMed]

122. Pauly, M.G.; Steinmeier, A.; Bolte, C.; Hamami, F.; Tzvi, E.; Münchau, A.; Bäumer, T.; Weissbach, A. Cerebellar RTMS and PAS
Effectively Induce Cerebellar Plasticity. Sci. Rep. 2021, 11, 3070. [CrossRef] [PubMed]

123. Spampinato, D.; Avci, E.; Rothwell, J.; Rocchi, L. Frequency-Dependent Modulation of Cerebellar Excitability during the
Application of Non-Invasive Alternating Current Stimulation. Brain Stimul. 2021, 14, 277–283. [CrossRef] [PubMed]

124. Maiorana, N.; Guidetti, M.; Dini, M.; Priori, A.; Ferrucci, R. Cerebellar TDCS as Therapy for Cerebellar Ataxias. Cerebellum 2022.
[CrossRef]

http://doi.org/10.1016/B978-0-444-64189-2.00017-2
http://doi.org/10.1016/j.jns.2022.120198
http://doi.org/10.3892/etm.2021.11090
http://doi.org/10.1093/brain/awt150
http://doi.org/10.1001/jamaneurol.2014.99
http://doi.org/10.1111/ene.12521
http://doi.org/10.1007/s00221-008-1572-9
http://www.ncbi.nlm.nih.gov/pubmed/18815775
http://doi.org/10.1038/s41598-021-82496-7
http://www.ncbi.nlm.nih.gov/pubmed/33542291
http://doi.org/10.1016/j.brs.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33482375
http://doi.org/10.1007/s12311-021-01357-1

	Introduction 
	TUS Effects in Healthy Animals and Humans 
	Possible Applications of TUS in Movement Disorders 
	Conclusions 
	References

