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ABSTRACT: Focused ultrasound is rapidly emerging
as a novel technology for the development of symptom-
atic therapies and supporting disease-modifying treat-
ments for Parkinson’s disease (PD). At the forefront of
this development is thermoablation using high-intensity
focused ultrasound, an incisionless treatment that has
been extensively tested in clinical trials and so far has
received clinical approval for the treatment of essential
tremor and PD patients. At the other end of the spec-
trum, low-intensity focused ultrasound has been demon-
strated in both neuromodulation and blood-brain barrier
opening to allow the entry of therapeutic molecules into
the central nervous system. The aim of this review is
both to provide an overview of the current and future
roles of focused ultrasound in disease-modifying treat-
ments for PD with a special focus on outlining the full
complexity of the disease beyond dopaminergic cell loss
and to bridge clinical and preclinical research. First, we
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establish PD as a disease including both circuit dysfunc-
tions and molecular pathology. Second, we discuss
focused ultrasound state-of-the-art clinically and when
relevant in relation to other similar treatment strategies
(ie, deep brain stimulation). Third, we highlight preclinical
advances and the potential of focused ultrasound to
become a disease-modifying treatment. Understanding
the therapeutic effects of focused ultrasound in a com-
plex disease like PD is necessary to harness the full
potential of the technology. © 2026 The Author(s). Move-
ment Disorders published by Wiley Periodicals LLC on
behalf of International Parkinson and Movement Disorder
Society.
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The disabling symptoms associated with Parkinson’s
disease (PD) include tremor, bradykinesia, and rigidity
as cardinal motor features. The symptoms’ association
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with degeneration of nigral dopaminergic neurons led
to a focus on treatments aiming at increasing dopami-
nergic levels, for example, levodopa (1-dopa), or
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correcting for circuit dysfunctions induced by the loss
of dopaminergic cells, for example, lesional therapies
and deep brain stimulation (DBS)."* However, PD also
involves substantial molecular complexity. A major
pathological hallmark of PD is accumulation of aggre-
gated a-synuclein in neurons, and mutations or multi-
plications of the gene encoding a-synuclein, SNCA,
result in familial forms of PD.>'* Whereas therapies
targeting o-synuclein take up approximately 15% of
clinical trials, other disease-modifying targets have
emerged, such as inflammation, the lysosomal protein
glucocerebrosidase, kinases including leucine-rich
repeat kinase 2 (LRRK2), energy metabolism, and
growth factors.'> However, current approved medical
and surgical paradigms still aim for symptom treat-
ment, with some symptoms such as freezing of gait,
dementia, psychiatric symptoms and rapid eye move-
ment sleep disorder remaining difficult to treat.
Targeting both circuit and molecular pathologies,
focused ultrasound has emerged as a novel technologi-
cal framework to treat PD."* However, reviews have to
a large extent treated clinical (focusing mainly on cir-
cuit dysfunctions) and preclinical (focusing on molecu-
lar treatments) advancements in the field separately. In
this review, we introduce both aspects of the pathology
and outline clinical and preclinical findings, including a
discussion of the translatability of the preclinical find-
ings. Our aim is to improve bench-to-bedside transla-
tion of focused ultrasound treatments, and also
bedside-to-bench-driven research. We discuss focused
ultrasound-based therapies for PD, which is divided
into three categories: (1) high-intensity focused ultra-
sound (HIFU) for therapeutic lesioning with targeted
local heating of the brain tissue; (2) low-intensity
focused ultrasound modulation of brain cell activity
through mechanoreceptors (transcranial ultrasound
stimulation [TUS])"**?; (3) low-intensity focused ultra-
sound to increase the permeability of the blood-brain
barrier (BBB, LIFU-B), through ultrasound-induced
oscillation of an exogenous contrast agent resulting in a
transient decrease in tight-junction proteins and efflux
transporters and an increase in endothelial transcytosis
(Fig. 1A).*°*° Finally, we discuss future- and
unexplored potentials of focused ultrasound for PD.

Pathology of PD: A Brief Review
Molecular Pathology of PD

The etiology of PD remains incompletely deter-
mined, and multiple starting points potentially exist,
which ultimately cause the loss of neurons, particu-
larly dopaminergic neurons. Presynaptic a-synuclein
in healthy neurons can undergo reversible exchange
between an unstructured cytoplasmic form and an
a-helical vesicle-bound form, and a-synuclein aggre-
gates can be transported along neuronal processes

and exchanged between neurons.*®*” Under the right
conditions and posttranslational modifications, such
as phosphorylation, ubiquitination, and truncation,
a-synuclein aggregates into oligomers and fibrils,
which can further develop into dense structures called
Lewy bodies (LB).*® Although it has been suggested
that the extent of LB formation correlates with dis-
ease progression, this remains controversial, and LBs
can be found postmortem in people without PD
symptoms and are not present in all familial forms of
PD.?” Recently developed methods allow a highly
sensitive detection of oligomeric a-synuclein aggre-
gates in brain tissue, which could enable the investi-
gation of the link between disease progression and
oligomer formation.?%>!

The role of a-synuclein in PD onset and progression
remains to be determined, and PD is a multisystem dis-
order. The brain in patients exhibits decreased levels of
autophagic and lysosomal markers, oxidative damage,
mitochondrial dysfunctions, and signs of a chronic
proinflammatory environment.**** Cytokines are key
modulators of the immune response, and the associa-
tion of their activity with PD has led to phase 1 and
2 clinical trials, investigating interleukin-1p release and
tumor necrosis factor o as targets for disease-modifying
therapeutics,'**” NCT05924243 and NCT05962957.
Genetic findings demonstrate that mutations in SNCA
as well as in genes encoding glucocerebrocidase,
LRRK2, and proteins important for mitochondrial
function (D]-1, Parkin, and phosphatase and tensin
homologue-induced kinase 1) all cause familial forms
of PD.*'%%* The accumulating dysfunctions eventu-
ally cause cell death, affecting multiple neuronal sub-
types and circuits that are linked to different symptom
developments in PD patients (reviewed in detail in
McGregor and  Nelson**). The dopaminergic,
neuromelanin-containing neurons in substantia nigra
pars compacta (SNc) are especially sensitive to PD
pathology and are lost early in disease progression.*’
The increased sensitivity of this neuronal population is
still not fully understood but has been suggested to be
related to more extensive axonal branching and auton-
omous pacemaker activity.*> In addition, dopamine,
neuromelanin, and iron have been suggested to be func-
tionally linked, and studies have found a correlation
between dopaminergic dysfunctions and increased
neuromelanin and iron deposits.*®

A recent proposal suggests the segregation of PD
patients based on the presence or absence of prodromal
symptoms into “body first” or “brain first” pathologies,
respectively.*”  Accumulation of  phosphorylated
a-synuclein in peripheral tissue can be found in early
PD, and in some patients prodromal symptoms, for
example, constipation, anosmia, and rapid eye move-
ment sleep disorder, are seen prior to the onset of the
classical motor symptom.*®*’ These markers and
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(A) Focused ultrasound subtypes and preclinical and clinical results
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Action Potential Diagram

£
&7 L) s
Time (ms)
Clinic Preclinic Clinic Preclinic Clinic
Treatment of motor symptoms - Prevent loss of - Safety When combined with - Safety
dopaminergic neurons - Potential improvement of therapeutic: - Potential decrease of
- Improve motor symptoms cognitive performance (small - Prevent loss of amyloid-B levels (LIFU-B
cohort) dopaminergic neurons alone, without therapeutic)
- No effect on MDS-UPDRS - Improve motor symptoms - Delivery of recombinant
score (small cohort) - Decrease a-synuclein levels glucocerebrosidase
(B) Normal Basal Ganglia Circuitry (C) Basal Ganglia Circuitry in Parkinson's Disease
Thalamus Striatum Thalamus
Inputs from SNc ~ y
Inputs from SNc Pu. " N
R Dopamine ~
Dopamine
T I
I D2 Receptor D1 Receptor A
D2 Receptor D1 Receptor ibi ivati - :
Inhlbltopry Actlvatll:g 4 >—» Excitatory synapse In:;lf,:cotry Ace"f‘fl::;tng d g > Excitatory synapse
effect effect GPi >— Inhibitory synapse GPi 7 >—iInhibitory synapse
Direct pathway Direct pathway
) facilitates movement facilitates movement
STN  __ Indirect pathway STN ___Indirect pathway
inhibits movement inhibits movement
SNc SNc

DBS target

FIG. 1. Focused ultrasound subtypes and simplified model of normal and PD (Parkinson’s disease)-related basal ganglia circuitry. (A) Focused ultra-
sound can be divided into high-intensity focused ultrasound (HIFU), transcranial ultrasound stimulation (TUS), and low-intensity focused ultrasound
combined with bubbles (LIFU-B). HIFU is used in the clinic to treat tremor in PD patients, whereas TUS and LIFU-B primarily are investigated
preclinically for the prevention of dopaminergic cell loss and motor dysfunctions. (B, C) Basal ganglia (BG) consist of the caudate and putamen,
together called the dorsal striatum; the globus pallidus (GP), subdivided into pars interna (GPi) and pars externa (GPe); the subthalamic nucleus (STN);
the nucleus accumbens; and the olfactory tubercle. Of some importance in relation to PD, the substantia nigra (SN), subdivided by its microscopic
appearance in pars compacta (SNc) and pars reticulate (SNr), is included. It is important to note that the BG are involved in many aspects of brain func-
tion apart from movement, comparably modulated by dopamine, including limbic and cognitive functions. Subsequently, the affected motor circuits are
thus used as an example of a more general degeneration and shift in circuit dynamics taking place within the BG. The caudate-putamen together make
up the dorsal striatum, which serves as the primary input nuclei of the basal nuclei. Most cortical areas project to the striatum. The striatum consists
almost entirely (95%) of medium spiny projection neurons. These form both the major input and output cells of the striatum. They are universally
GABAergic, with variation in co-transmitters based on the location of the projection. Importantly, they differentially express either D1- or D2-type dopa-
mine receptors, with a small subpopulation co-expressing D1 and D2 receptors. The final 5% of the neurons in the striatum are interneurons, mostly
positive for acetylcholine. The output from the striatum, facilitated by the medium spiny projections, sends inhibitory output to both the GPe and GPi.
The neurons projecting to the GPi contain GABA and substance-P, and are positive for dopamine D1 receptors. The GPe receives GABAergic/
enkephalinergic neurons, positive for dopamine D2 receptors. The cortico-striatal-GPi pathway is known as the “direct” pathway, whereas the cortico-
striatal-GPe pathway is known as the “indirect” pathway. As a corollary, the GPi and SN together form the output nuclei of the BG, as they are the
structures that interface with nuclei and areas of the brain outside the BG. For the SN, the inputs are inhibitory projections from the GPe and excitatory
from the STN. In addition, the SN projects to the thalamus, the superior colliculus and the peduncolopontine nucleus. Briefly, the activation of the direct
pathway means a glutamatergic signal acts on the striatum, increasing GABAergic inhibition of the GPi. The GPi in turn ceases tonic inhibition of the
thalamus, with the net result being increased motor cortical activity. On the contrary, activation of the indirect pathway entails glutamatergic activation
of the striatum, increasing inhibitory signals to the GPe. This in turn disinhibits GABAergic inhibition of the GPi, thus resulting in increased tonic inhibi-
tion from the GPi to the thalamus, resulting in decreased propagation of motor signals. This scheme, although simple provides an intuitive understand-
ing of the STN or GPi as targets of choice for modulatory treatments, has however been challenged by recent evidence, implying that the functional
connectivity is more complicated than indicated here; created using BioRender.com. [Color figure can be viewed at wileyonlinelibrary.com]

symptoms can therefore offer early predictors for the Pathological Circuitry in PD in Relation to Surgical
initiation of treatment with therapeutics, for example, Treatment

targeting a-synuclein progression or supporting neuro- Normal Transmission through the Basal
nal health.

Ganglia. The striatum serves as the primary input
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nuclei of the basal nuclei and receives projections from
most cortical areas (Fig. 1B). Morphologically, the stri-
atum consists almost entirely (95%) of medium spiny
projection neurons. They are universally GABAergic
with differentially expressed D1-type or D2-type dopa-
mine receptors and a small subpopulation co-expressing
both receptors. Facilitated by the medium spiny projec-
tions, the striatum sends inhibitory output to the exter-
nal (GPe) and the internal (GPi) globus pallidus. The
neurons projecting to the GPi and GPe are positive for
dopamine D1 and D2 receptors, respectively. The
cortico-striatal-GPi pathway is known as the “direct”
pathway, whereas the cortico-striatal-GPe pathway is
known as the “indirect” pathway. Activation of the
direct pathway results in increased GABAergic inhibi-
tion of the GPi, which ceases tonic inhibition of the
thalamus, with a net increased motor cortical activity.
On the contrary, activation of the indirect pathway
increases inhibitory signals to the GPe, hereby
disinhibiting GABAergic inhibition of the GPi and
resulting in decreased propagation of motor signals. In
all this, the dopaminergic projections from the SN serve
a modulatory role. This scheme provides an intuitive
understanding of the subthalamic nucleus (STN) or GPi
as neuromodulatory targets; however, recent evidence
implies that functional connectivity is more complicated
than indicated here.

Pathological Transmission in PD in Relation to
Surgical Treatment. The pronounced loss of dopa-
minergic projection neurons in the SN¢ induced by PD-
related molecular pathology causes the disruption of
the modulatory function of dopamine (Fig. 1C). Dopa-
minergic deficiency results in decreased activity of the
excitatory and D1-positive direct cortico-striatal path-
way. Conversely, dopamine loss disinhibits the indirect,
inhibitory, and D2-positive cortico-striatal pathway,
resulting in an overall inhibition of output from the stri-
atum. Taken together, deficiency of dopamine transmis-
sion causes loss of striatal excitation, which in turn
causes disinhibition of GPi and STN. As these struc-
tures deliver inhibitory signals to the thalamus, the
result is an overall decrease in the activity of thalamo-
cortical transmission leading to akinesia and rigidity.
This also serves to explain the prevalence of dyskinesia
using extended 1-dopa therapy. The association
between circuit and molecular mechanisms shows evi-
dence suggesting a sensitization of D1 and D2 receptors
and an increasingly dysregulated presynaptic metabo-
lism and clearance of dopamine with prolonged disease.
This implies dopamine hypersensitivity, and exoge-
nously applied dopamine results in an exacerbated D1
and D2 response and exaggerated striatal excitability,
the end result of which is decreased action selectivity
resulting in dyskinetic movements. Further, the loss of
SN-dopaminergic activity affecting the STN can result

in increased P-band activity, implying that thalamic
inhibition from dopamine loss is oscillatory.’*!

Neuromodulatory Treatment of PD Circuit
Dysfunctions Using DBS and HIFU
HIFU and DBS for Motor Symptoms of PD

The motor symptoms resulting from PD circuit dys-
functions can generally be managed by neu-
romodulatory treatments such as DBS and magnetic
resonance-guided HIFU. The choice to offer either
treatment depends not only on the expected clinical
effect but also on the nature of individual symptoms,
patient preference, and similar factors. Furthermore,
DBS targets are mostly STN or GPi, and so far, HIFU
is mostly described for the ventral intermediate nucleus
(VIM) of the thalamus. This target stratification there-
fore confers slightly different symptomatic effects.

Evidence for the clinical utility of HIFU in PD is col-
lated through a systematic search of the literature
(Appendix S1).

HIFU leads to robust and lasting effects on tremor,
although long-term data are still somewhat forthcom-
ing. Changes in tremor-related outcome measures, such
as the Clinical Rating Scale for Tremor and the tremor
subsections of the Movement Disorder Society-
Sponsored Revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS), Part III, are robust in all
published cohorts 3 to 12 months after treatment
(Fig. 2; Appendix S1). One study included a long-term
assessment of up to 5 years and found complete relapse
of tremor in 7.69% (2 patients) and partial relapse in
30.76% (8 patients) of the treated patients.”* Addition-
ally, differentiated effects depend on target. Across all
reports, HIFU was able to alleviate tremor by 67.78%
(95% confidence interval [CI]: 56.78%-78.77%).

Broadening the scope to motor symptoms in general
and including all targets, HIFU is an effective symptom-
atic treatment showing an estimated improvement of
40.25% (95% CI: 35.92%, 44.55%), corresponding to
11.53 points on MDS-UPDRS, Part IIl, in the oz medi-
cation state (95% CI: 9.07, 14.72) (Fig. 2B). Stratified
by target improvements are GPi/pallidothalamic
tractotomy (PTT): 43.65% (95% CI: 32.59, 54.70%),
STN: 38.98% (95% CI: 32.92, 44.47%), and VIM:
44.51% (95% CI: 29.28, 59.73%).

This is comparable, although slightly lower than that
indicated by the extensive literature for DBS
(Supporting Information), showing 44.94% improve-
ment (95% CI: 41.35%, 48.53%) in the off medication
state (Fig. $1).°*® Thus, in cases where DBS may not
be feasible, HIFU seems to offer a reasonable alterna-
tive. It is important to be clear that this conclusion can
be drawn only regarding patients with tremor as the
main symptom because most data from HIFU treatment
have VIM as target, and STN for DBS. Additional
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FIG. 2. Clinical effects of HIFU (high-intensity focused ultrasound) on PD (Parkinson’s disease). (A) Forest plot of percentage change in tremor scales
before and after HIFU stratified by target. Green line indicates mean improvement for VIM. PTT (pallidothalamic tractotomy), including GPi (internal
globus pallidus) lesion, STN (subthalamic nucleus), and VIM (ventral intermediate nucleus of the thalamus). (B) Forest plot of the overall motor symptom
effects of HIFU in different targets as reported by included studies. The black dashed line indicates the weighted mean motor symptom improvement.
All points and attendant confidence intervals (Cl) are given as percentage improvement in the Movement Disorder Society-Sponsored Revision of the
Unified Parkinson’s disease Rating Scale, Part Ill, in the on medication state. For each target, the improvements are PTT: 43.65% (95% CI: 32.59,
54.70%), STN: 38.97% (95% Cl: 33.23, 44.71%), and VIM: 44.51% (95% CI: 29.28, 59.73%). [Color figure can be viewed at wileyonlinelibrary.com]

sources of bias in the current literature include limited
availability of longer-term investigations and several
studies being conducted in an experimental setting,
which may lead to an overestimation of effect sizes.
Furthermore, true double blinding in the HIFU setting
is generally not feasible, which could lead to an infla-
tion of initial treatment effects.

Circuit- and Molecular-Level Corrections Using
HIFU and DBS

Although HIFU has clear inhibitory effects on
targeted circuit nodes, the overall, circuit-level alter-
ation is less clear. Presumably, pallidotomies or sub-
thalamotomies exert antiparkinsonian effects by
disrupting the indirect pathway, either by removing the
inhibitory effects of GPi on the thalamus or upstream
by disrupting STN activation of the GPi.®*®”

Interestingly, “temporary” thalamotomy from
microlesioning during DBS electrode insertion can
cause tremor reduction that relapses as perisurgical
edema subsides.®®®® Furthermore, STN-DBS causes
local release of GABA from GPe, increasing the inhibi-
tory activity on the STN and subsequent disinhibition
of the thalamus.”’ Conversely, evidence indicates
increased activation after DBS, including increased
excitatory neurotransmitter release or increased blood
flow.”! Taken together, this entails a need to instead
focus on the effects at the network level. This circuit-
level view seems particularly compelling as there is no
clear evidence of either DBS or thalamotomy-related

effects on dopaminergic neuronal signaling,”*”® with

reports showing continuing progression of dopaminer-
. 74 . . .
gic neuron loss”” and only sparse and inconclusive evi-
75,7
dence to the contrary.”>>"®

The Potential of Low-Intensity Focused
Ultrasound for Neuromodulation and Disease-
Modifying Treatments

HIFU has demonstrated therapeutic efficacy in clini-
cal trials; however, it does not target the underlying
molecular  pathology of PD such as the
proinflammatory environment, autophagic dysfunc-
tions, oxidative damage, and a-synuclein aggregation.
For targeting the progression of molecular pathology,
low-intensity focused ultrasound has provided promis-
ing results in clinical trials and preclinical research.

Low-Intensity TUS

TUS can modulate the activity of neurons in the
targeted areas and can be used to target highly diverse
brain areas from cortical structures to deep-brain
regions depending on the treatment goal, for example,
to alleviate motoric or cognitive symptoms (Fig. 1A;
Table S1). Similar to DBS, TUS is a reversible neu-
romodulatory treatment but with the ability to nonin-
vasively target deep brain structures.”” TUS can
therefore easily be positioned to target multiple differ-
ent brain regions in a single treatment as opposed to
DBS that is limited to targeting the brain region where
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the electrodes are inserted. TUS can activate receptors
and induce both decreased and increased neuronal
responses.'®'? TUS stimulation in nonhuman primates
simultaneous with behavior tasks improved motivation
and decision accuracy, and repeated TUS treatments in
preclinical animal models result in disease-modifying
effects (Table 1).”® It is not known whether TUS can
induce long-term therapeutic effects in humans, and
protocols to achieve this must be developed because
clinical transducers are not currently wearable and suit-
able for sustained stimulation.

Clinical Trials. Opposed to HIFU, neuromodulation
with TUS has not yet been investigated in sufficiently
large cohorts of patients to demonstrate robust thera-
peutic effects. Five studies have applied TUS treatments
in patients with PD and confirmed safety of the treat-
ment.””%”?° Nicodemus et al showed TUS-induced
cognitive improvement (timepoint for assessment not
provided) in 27.3% of patients in a cohort, including
11 Alzheimer’s disease (AD) and 11 PD patients; how-
ever, 13.6% exhibited a decline in cognition, demon-
strating that the treatment had an effect only on a
subgroup.”” In addition, the choice of a 2-MHz fre-
quency may have negatively influenced the ability of
ultrasound to propagate through the skull.”! The safety

TABLE 1  Overview of TUS treatments in animal models of PD

TUS parameters Target

of TUS was recently confirmed by Hu et al in the larg-
est study of TUS in PD patients so far, including
56 patients with PD and cognitive impairments ran-
domly assigned between the TUS treatment group and
the sham group.®” The results demonstrated a signifi-
cant improvement compared to baseline in Montreal
Cognitive Assessment (MoCA) and Mini-Mental State
Examination (MMSE) of 1.0 and 4.5 points, respec-
tively, after sham treatment and 2.0 and 7.0 points,
respectively, after TUS treatment. Similar to Nicodemus
et al, the timepoint for these assessments is not pro-
vided. At the same time TUS improved MoCA and
MMSE only with 2.0 points compared to sham.®” The
study demonstrates a large placebo effect on cognitive
functions, which interestingly was also observed on
serum neurotransmitter levels, warranting caution
when interpretating positive treatment effects of TUS in
studies where a proper sham treatment is not included.
In addition, Grippe et al and Darmani et al enrolling
20 and 10 patients, respectively, showed target engage-
ment through changes in cortical excitability within
60 min of the treatment, which depended on 1L-dopa
dose.®®?Y In fact, Grippe et al observed only effects on
cortical excitability and reduced bradykinesia induced
by TUS in patients on medication.®® Using these find-
ings, the same group demonstrated in Samuel et al that

Outcome measures Animal model References

3.8 MHz, 50% DC, 1 kHz PREF, Subthalamic nucleus or
0.5 ms TBD, 4 s ISI, 1 s SD,

30 min/d

globus pallidus

0.8 MHz, 760 mW/cm?, 10%
DC, 0.1 kHz PRF, 10 s ISL, 6 s
SD, 40 min/d

Motor cortex

0.5 MHz, 5100 mW/cm?, 5%
DC, 1 kHz PRF, 1s1ISI, 0.5 s
SD, 0.39 MPa, 5 min/d

Subthalamic nucleus

1 MHz, 100-300 mW/ cm? No information

0.5 MHz, 2600 mW/cm?, 1 kHz
PRF, 0-5 ms TBD, 10 min/d

Unfocused

No information

TH expression, markers of
apoptosis, motor function

Motor function, antioxidant levels

Motor function

Dopamine release, TH expression,

(FA) and relaxation time T2*

Mouse + MPTP 79

Mouse + MPTP 80

Mouse + MPTP 81

Mouse + MPTP 82

motor function

Rat + 6-OHDA 83

Mouse + MPTP 84

1 MHz, 123-110.667 mW/cm?,
20% DC, 1 kHz PRF, 10 min/
d

3.8 MHz, 430 mW/cm?, 50%
DC, 1 kHz PRF, 4 s ISI

1 MHz, 528 mW/cmZ, 5% DC,
1 kHz PRF, 50 ms TBD

Subthalamic nucleus

Multiple brain regions

TH expression, apoptosis, motor
function

TH expression, inflammation, Mouse + MPTP 85
antioxidants, motor function + probenecid
TH expression, GDNF, lidocalin 2 Rat + 6-OHDA 86

and interleukin 1 levels, motor
function

Abbreviations: TUS, transcranial ultrasound stimulation; PD, Parkinson’s disease; DC, duty cycle; PRF, pulse repetition frequency; TBD, tone burst duration; ISI, inter-
stimulation interval; SD, sonication duration; TH, tyrosine hydroxylase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; FA, fractional anisotropy; 6-OHDA,

6-hydroxydopamine; GDNF, glial cell line—derived neurotrophic factor.
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an accelerated TUS protocol could induce changes in
cortical excitability measured immediately after sonica-
tion in 10 patients off medication.®” The protocol also
induced a trending decrease in upper-extremity rigidity
assessed shortly after treatment, which was observed
only in patients with a baseline score >3.5” The field of
TUS, in general, is currently working toward improving
reproducibility where attention should be on patient
selection, medication state depending on the chosen
TUS protocol, and the implementation of proper sham
controls.”>”? This includes masking the auditory effects
of TUS, as done by Grippe et al, as this can induce
changes in TMS measurements.”*”® In addition, when
TUS is applied through the human skull, aberrations
caused by the skull must be accounted for to ensure tar-
get specificity.”” Indeed, it was recently demonstrated
that sustainable decreases in tremors in essential tremor
patients could be achieved for several minutes when
applying TUS and accounting for skull aberrations.”®

Preclinical Findings and Translation. TUS can
induce neuronal activation in both superficial and deep
brain structures. The therapeutic potential of this has been
investigated in toxin-induced animal models of PD using
different TUS parameters (Table 1). The toxins induced a
primarily dopaminergic depletion of otherwise-healthy
neurons through oxidative stress and mitochondrial dys-
function.””!% In these models, TUS has been used to
stimulate several nodes of the cortico-basal ganglia-
cortical circuit, including GP, STN, and motor cortex.””%°
Although TUS is used to target similar circuits as HIFU,
the outcomes in preclinical studies primarily focused on
the molecular effects, including loss of tyrosine hydroxy-
lase (TH)—positive cells in SNc, oxidative stress and apo-
ptosis, and motor function.””-80:83-54

Preclinical TUS treatments of toxin-induced models
typically result in a complete or partial inhibition of
dopaminergic cell loss, which might explain most of
the beneficial effects seen.””%>%%%> In the brains of
PD patients, a substantial cell loss has already
occured by the time of diagnosis. Although progress
is observed in both fluid-based, peripheral tissue and
imaging biomarkers, it remains challenging to iden-
tify PD patients prior to symptom onset (reviewed in
detail elsewhere'®"1°%) and TUS treatments cannot
currently be initiated in time to prevent dopaminergic
cell loss to the point of total restoration. Neuronal
stimulation by DBS has demonstrated neuro-
protective and disease modulatory effects in
synucleinopathy animal models; however, this is not
clearly seen when DBS is applied in PD patients,
which might be attributed to the disease stage at
which the treatment is initiated (Fig. 3A)."%%'%* Simi-
larly, potential disease modulatory effects of TUS on
dopaminergic cell loss might be observed only when
the treatment is applied early in disease progression

ULTRASOUND

FOR PARKINSON’'S DISEASE

(Fig. 3A). It remains to be determined whether TUS
exerts neuroprotective effects in PD patients and ani-
mal models of synucleinopathy. Combination with
other disease-modifying treatments, for example,
targeting a-synuclein, inflammation, or energy metab-
olism, might be needed to maintain the cells in a stage
where they can respond to the TUS treatment.

Low-Intensity Focused Ultrasound Combined with
Micro- and Nanobubbles

Low-intensity focused ultrasound combined with
bubbles (LIFU-B) is used to transiently increase the per-
meability of the BBB (Fig. 1A).° As opposed to HIFU,
TUS, and DBS, LIFU-B was primarily developed as a
brain delivery mechanism, though preclinical and clini-
cal studies, especially in the field of AD, have demon-
strated  that LIFU-B  also  has interesting
neuromodulatory effects. The bubbles are gas-filled
lipid or polymer vesicles, in either micro- or nanoscale
size, some of which have traditionally been used as
ultrasound contrast agents (Definity, SonoVue, Opti-
son).'%®197 Clinically, only microbubbles have been
used so far, but nanobubbles may offer increased deliv-
ery of therapeutics.'*®

Clinical Trials. Based on several preclinical studies
demonstrating LIFU-B-induced decreased levels of
amyloid-f plaques, increased neurogenesis in the hippo-
campus, and improved cognitive function, the first neuro-
degenerative patient group treated with LIFU-B was AD
patients.'”'? Clinical trials in AD have progressed
toward assessing therapeutic effects, whereas studies in
PD patients are currently focusing on proof-of-concept
studies of safety and efficacy, with 3 to 7 patients enrolled
in each study (Table S1). The first two studies confirmed
that LIFU-B could be safely applied in PD patients with
dementia, which is associated with amyloid-f pathol-
ogy.***1113 Gasca-Salas et al did not find significant
reductions in amyloid-p levels on positron emission
tomography (PET) scans in 4 patients 3 to 4 weeks after
LIFU-B treatment targeting cortical areas; however,
Pineda-Pardo et al demonstrated a significant decrease in
amyloid-f using PET scans in 7 patients when measured
3 months after LIFU-B treatments targeting the stria-
tum.”>*! Decreased amyloid-p level has also been demon-
strated using PET 3 months after LIFU-B treatments in
AD patients."'* Collectively, the results from these clinical
trials suggest that the ability of LIFU-B to decrease
amyloid-p pathology may be translated to patients. A
third study using LIFU-B as a treatment in PD patients
focused on patients with heterozygous loss-of-function
mutations in GBA1 encoding the lysosomal enzyme
glucocerebrosidase, which increases the risk of developing
PD.** Meng et al utilized LIFU-B for the delivery of intra-
venously administered recombinant glucocerebrosidase to

Movement Disorders, 2026 7

95UB0| SUOLLILLIOD BA (6810 Bdeal|dde 8y} Aq paueAoB 8.8 S3[0ILR O ‘88N JO S3|NI 10y AReIq 1T 8UIUO AB|IAA UO (SUORIPUOD-PUR-SULIB)LI0D" A3 1M ARR1q)1BU1UO//:SdNY) SUO HIPUOD PUe SWiB | 8U} 89S *[9202/20/ST] U0 A%iq18uljuo A8 IM ‘MmN L jo ASAIUN AQ 9GTOZ SPU/ZO0T OT/I0P/W00" 3| IM ARG 1BUI|UO S JBPI0S IPIUBLLIBAOW/ SNy LWO1j Papeo|umoq ‘0 ‘/GZ8TEST



KOFOED ET AL

(A) Relevance of findings in preclinical models (B)

1
J

Clinical translation of preclinical findings

Improved efficacy of treatments with LIFU-B

Window with major dopaminergic cell loss

9|

\\
@

{
)

(C) Stem cells

LIFU-B can increase
stem cell delivery to
the brain

1 Limited number of intracranial Grid of LIFU-B spots for delivery of LIFU-B delivery to connected brain
injections and therapeutic therapeutic to large brain structures  regions using retrograde virus
delivery sites

Weeks - .
Symptoms P =9 ) ’%’
Years/
decades

The unexplored potential of TUS and LIFU-B for the treatment of Parkinson's disease

(D) Targeting pathologies associated with cognitive impairments

LIFU-B alone or combined with therapeutics
can improve cholinergic signaling

LIFU-B alone or combined with therapeutics can inhibit

disease and age-related loss of dendrites and synapses
TUS can increase g ynap

stem cell survival and
neuronal differentiation

— P

FIG. 3. Preclinical and clinical use and potential of focused ultrasound. (A) Preclinical findings show a substantial inhibition of dopaminergic cell loss
after TUS (transcranial ultrasound stimulation) and LIFU-B (low-intensity focused ultrasound combined with bubbles) treatments; however, up to 90%
dopaminergic cell loss observed at PD (Parkinson’s disease) diagnosis hinders the opportunity to achieve similar effects in the clinic without predictive
biomarkers.'®® (B) LIFU-B has the potential to improve the efficacy of treatments for PD by increasing the delivery of therapeutics to large or multiple
brain regions. (C) TUS and LIFU-B can be combined with stem cells to increase stem cell delivery to the brain as well as survival and neuronal differen-
tiation. (D) Cognitive symptoms in PD patients are associated with cholinergic dysfunctions and decreased levels of cortical synapses. LIFU-B has
demonstrated the ability to improve both pathologies in animal models of AD (Alzheimer’s disease) and normal aging, suggesting the use of LIFU-B to
inhibit or slow the development of cognitive impairments in PD patients; created using BioRender.com. [Color figure can be viewed at

wileyonlinelibrary.com]

the putamen and demonstrated a reduced metabolic rate
in the targeted area 5 weeks after the last of three
biweekly treatments, suggesting successful delivery and
reduction in disease-associated hypermetabolism.”>''* To
date, LIFU-B has successfully been targeted to multiple
regions in PD patients of relevance for therapeutic deliv-
ery, including the cortex, putamen (unilaterally and bilat-
erally), and the SNc.?**"''®!17 Taken together, clinical
trials support the safety of LIFU-B in PD patients.''® This
motivates the continued investigation of LIFU-B as a
treatment of PD. As a delivery mechanism, the successful
translation of LIFU-B as an approved treatment depends
on choosing both the right target and the right therapeu-
tic. As outlined later, preclinical studies have focused
heavily on delivery of neuroprotective agents to areas
with dopaminergic cell loss, whereas treatments targeting
a-synuclein have been delivered more broadly to multiple
brain areas.

Preclinical Findings and Translation. Utilizing
LIFU-B for the opening of the BBB and delivery of ther-
apeutics to the brain of PD animal models have been
achieved using several different strategies, which are

summarized in Table 2. In general, the therapeutics that
have been investigated using LIFU-B in animal models
of PD can be divided into recombinant proteins, small-
molecule drugs, and DNA encoding RNA gene regula-
tors or proteins.''®'2! The therapeutics have been
delivered to the brain either by the application of
LIFU-B after a direct intravenous injection of the thera-
peutic or by incorporation in or conjugation to a deliv-
ery vehicle from where they are released upon
ultrasound stimulation (Table 2).118:11%:122

The main focus of the preclinical studies using LIFU-B
for the delivery of therapeutics to PD animal models is to
inhibit the loss of dopaminergic cell bodies and projections
and improve motor functions (Table 2). Similar to studies
on TUS, the majority of the investigations of LIFU-B have
focused on the effect in toxin-induced models. Only two
studies, Xhima et al and Feng et al have used animal
models of synucleinopathy enabling the assessment of the
therapeutic effects of LIFU-B on a-synuclein levels and
aggregates.''”'*! Xhima et al achieved 50% a-synuclein
knockdown after LIFU-B-mediated delivery of an AAV
encoding miRNA targeting a-synuclein mRNA in trans-
genic mice overexpressing wild-type human a-synuclein.'*!
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TABLE 2 Overview of LIFU-B treatments in animal models of PD

Therapeutic Delivery system Outcome measures Animal model References
Intravenous administration
Recombinant ~ None Dopamine levels and TH Mouse + MPTP 123
neurturin expression
GDNF Conjugated to or incorporated GDNF, dopamine, GFAP and Rat + 6-OHDA 120
(DNA) in bubbles TU]J-1 levels, TH expression,
motor function.
Nrf2 (DNA) — TH and DAT expression, ROS Rat + 6-OHDA 124
levels.
GDNF & = Dopamine and caspase-3 levels, Mouse + MPTP 125
BDNF TU]J-1 expression, motor
(DNA) function.
Recombinant  — FGF20, dopamine & metabolites ~ Rat + 6-OHDA 118
FGF20 levels, TH expression and
TUNEL staining, motor
function.
Curcumin — Curcumin levels and motor Mouse + MPTP 122
function.
Triptolide = Liver toxicity, a-syn, dopamine Acute o-syn overexpression 119
& metabolites levels, thioflavin through viral injection
staining, motor function.
GDNF Incorporation in vehicles GDNF, dopamine, DOPAC, Rat + 6-OHDA 126
(DNA) injected separate from HVA levels, TH expression,
bubbles motor function
Curcumin — Dopamine & metabolites levels, Mouse+ MPTP 127
TH expression and motor
function
GDNE Incorporation in vehicle GDNF, dopamine, DOPAC Mouse + MPTP 128
(DNA) conjugated to bubbles levels, TH expression and
motor function
GDNF — Not possible to distinguish Rat + 6-OHDA 129
(DNA) GDNEF alone eftects from
GDNF combined with LIFU-
B
GDNF & — Not possible to distinguish Rat + 6-OHDA 130
Nurrl GDNF&Nurrl alone effects
(DNA) from GDNF&Nurrl
combined with LIFU-B
GDNF — GDNEF levels, TH expression Mitopark mouse 131
(DNA) and motor function
GDNF AAV injected separate from TH expression and motor Mouse + MPTP 123
(DNA) bubbles function
miRNA — O-Syn expression Transgenic mouse 121
(DNA) overexpressing o-syn
SIRT-3 AAV conjugated to bubbles SIRT-3 expression Rat (not PD model) 132
(DNA)

(Continues)
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TABLE 2 Continued

Therapeutic Delivery system Outcome measures Animal model References
Intracranial administration
Recombinant  Incorporation into bubbles Not possible to distinguish effects  Rat + 6-OHDA 133
GDNEF from GDNF alone or when
combined with LIFU-B
Intranasal administration
Recombinant  Intranasal therapetics and TH expression. Motor function Mouse + MPTP 134
BDNF intravenous bubbles test lacks BDNF only control.
Intraperitoneal administration
Recombinant  Intraperitoneal therapeutics and Gastrodin, dopamine, Bcl-2, Mouse + MPTP 135
gastrodin intravenous bubbles BDNEF, PSD-95, and

synaptophysin levels. TH and

Caspase-3 expression

Abbreviations: LIFU-B, low-intensity focused ultrasound combined with bubbles; PD, Parkinson's disease; TH, tyrosine hydroxylase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine; GDNF, glial cell line—derived neurotrophic factor; GFAP, glial fibrillary acidic protein; TUJ-1, neuron-specific class III p-tubulin; 6-OHDA, 6-hydro-
xydopamine; Nrf2, nuclear factor erythroid 2-related factor 2; DAT, dopamine transporter; ROS, reactive oxygen species; BDNF, brain-derived neurotrophic factor; FGF20,
fibroblast growth factor 20; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; a-syn, a-synuclein; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA,

homovanillic acid; Nurrl, nuclear receptor related 1; mRNA, microRINA.

Similar levels of reduction can rescue dysfunctions in a
mouse model with aggressive synucleinopathy and
associated motor dysfunctions, suggesting that the
LIFU-B-mediated delivery of miRNA resulted in a
therapeutically relevant level of a-synuclein knock-
down.'?"!3¢ Feng et al delivered an anti-inflammatory
compound, triptolide, to the brain in a mouse model
of acute viral-mediated o-synuclein-induced pathol-
ogy."" Delivery of triptolide to the brain significantly
increased dopamine levels and motor function and
decreased total a-synuclein levels, but the underlying
mechanism is not described. Finally, one published
conference abstract shows decreased a-synuclein levels
after LIFU-B-mediated delivery of an anti-a-synuclein
antibody compared to antibody treatment alone.'?”
This confirms that antibodies delivered to the brain
using LIFU-B can interact with intracellular targets,
which is corroborated by similar findings using anti-
bodies against the microtubule-associated protein,
tau.'>® From a therapeutic perspective, the targeting of
aggregated o-synuclein in affected brain regions or
native a-synuclein in still-healthy regions using anti-
bodies or gene therapies is particularly well suited for
LIFU-B-mediated delivery as these biologics have very
poor BBB penetrance.'*” In addition, a-synuclein
aggregates are found in both the central and periph-
eral nervous systems.*® There is therefore potential in
combining some of the benefits of targeting both
peripheral and central nervous system a-synuclein
pathologies using intravenous delivery and LIFU-B,
which cannot be achieved by either intravenous treat-
ment or intracranial injections.

Besides the studies described earlier, LIFU-B-based
treatments have been tested in multiple toxin-induced
animal models and one transgenic model with

mitochondrial dysfunction (Mitopark) (Table 2). Deliv-
ery of neuroprotective agents has been the main focus
of LIFU-B application in toxin-induced models. Particu-
larly trophic factors, including glial cell line-derived
neurotrophic factor (GDNEF), brain-derived neuro-
trophic factor, and neurturin, as well as the down-
stream protein nuclear receptor related 1 have received
attention (Table 2). Outcome measures in toxin-
induced models generally include the level of dopamine
and metabolites, TH expression or number of TH-
positive cells, and test of motor function. Seven studies
have demonstrated significantly higher therapeutic
effects on outcome measures when combining neuro-
protective agents with LIFU-B-mediated delivery com-
pared to when the neuroprotective agent or LIFU-B was
used alone,'20-123:125:126.128.13L134  Oyther compounds
demonstrating varying levels of therapeutic effects after
LIFU-B delivery in toxin-induced models include fibro-
blast growth factor 20 and nuclear factor erythroid
2-related factor 2, and the chemical compounds cur-
cumin and gastrodin.!'®12%124127:135 Qyerall, LIFU-B
enables the delivery of treatments in dosages high
enough to overcome toxin-induced mitochondrial dys-
function and oxidative stress, but the lack of
synucleinopathy and aging in these models warrants
further investigation in other animal models, which
exhibit more features of PD pathology.

GDNF and neurturin have so far failed to meet their
primary endpoints in clinical trials."**'*!" However,
postmortem analysis has demonstrated an increase in
TH expression in areas treated with AAV-mediated
transgenic neurturin expression.'** The neurturin-
positive area covered up to 12.4% of the putamen and
66.6% of the SN, which may not be enough to achieve
a therapeutic effect of the treatment.'** LIFU-B enables
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gene delivery to large brain areas in the primate brain,
such as the entire putamen, without associated needle
track damage (Fig. 3B)."'® LIFU-B and novel gene vec-
tors have the potential to improve the efficacy of treat-
ments that have previously failed in clinical trials,
which could increase their ability to reach a therapeutic
effect in PD patients.

Future Perspectives of Focused
Ultrasound for the Treatment of PDP

Treatment of Parkinsonian Symptoms
Using HIFU

The present evidence shows a convincing effect of HIFU
in PD. Targets have been derived from those of DBS
(VIM, STN, GPi), all of which show a significant effect
on motor symptoms on the treated side of the body com-
pared to the control group.'**"'** There are currently only
comparative studies between HIFU targets, and long-term
results (>12 months) are available only for HIFU-
subthalamotomy-treated patients.'*¢:'*”

Several questions are currently in focus for the opti-
mization of HIFU. First, the safety and efficacy of bilat-
eral staged HIFU treatment and the optimal choice of
the target and lesion shape for the respective PD sub-
types must be determined to ensure personalized treat-
ments with minimal side effects."**'°%  Previous
ablation techniques and modulation methods suggest
using STN as “broad-spectrum” motor improvement,
GPi for antidyskinetic target, VIM/posterior sub-
thalamic area for tremor focus, and pedunculopontine
nucleus for more investigational treatment for freezing
of gait.”’'"'*3 HIFU is currently FDA (U.S. Food and
Drug Administration) and CE approved for unilateral
thalamotomy (VIM) and pallidotomy (GPi) in PD as
well as CE approved for unilateral targeting of STN
and FDA approved for bilateral staged PTT (fibers from
GPi to thalamus).

Second, the optimal timing, and target specification,
of HIFU treatment during the course of the disease is
not yet clear. HIFU treatment at an early stage of the
disease could have a favorable influence on the course
of the disease and reduce the symptom burden.'** On
the contrary, it is not clear at what age patients no lon-
ger benefit from HIFU treatment, as side effects such as
gait instability can be difficult to treat.

Third, in addition to the aforementioned questions,
direct comparisons with other device-based forms of
therapy, such as DBS and medication pumps, are
missing.

To summarize, HIFU treatment of PD is an effective
and wusually well-tolerated treatment option. The
answers to the open questions will provide the basis for
a more detailed assessment of the value of the therapy.

ULTRASOUND

FOR PARKINSON’'S DISEASE

Stem Cells and TUS and LIFU-B

Recent breakthroughs in the use of stem cell trans-
plantation have introduced the hope that lost dopami-
nergic neurons can be replenished in PD patients, at
least to some degree'’*'°¢ (NCT05635409). Several
studies have provided results suggesting that TUS can
increase the therapeutic efficacy of transplanted stem
cells by increasing the survival and neuronal differentia-
tion of the engrafted cells (Fig. 3C)."*”"% In addition,
LIFU-B has been demonstrated to enable noninvasive
delivery of intravenous stem cells to targeted brain
areas (Fig. 3C).'°%'%* TUS and LIFU-B thus have the
potential to further increase the efficacy of the already-
promising stem cell-based treatments for PD.

Targeting Cognitive Dysfunctions

Mild cognitive deficits are observed in at least 20%
of PD patients at the time of diagnosis, and after
10 years almost half progress to dementia.''® Studies
using LIFU-B in models of AD have shown promising
results for the targeting of dysfunctions in the choliner-
gic system, which is also highly affected in individuals
with PD and dementia.'®*"1°® In addition, LIFU-B treat-
ments alone can prevent age-related loss of dendrites in
healthy mice, and increase pre- and postsynaptic
markers in a toxin-induced PD mouse model."?*'¢
The underlying mechanism behind LIFU-B-induced
neuroplasticity is unknown but might be caused by an
increase in trophic factors and the activation of
microglia, which is highly involved in synaptic mainte-
nance and pruning.''*!¢¢1¢%170 The aforementioned
findings suggest that LIFU-B might be able to hinder or
slow neuropathological changes associated with the
development of dementia if the treatment is initiated
shortly after the diagnosis of PD (Fig. 3D).

Conclusion

PD is a multisystem disorder acting at several organi-
zational levels of the central nervous system. HIFU has
demonstrated convincing therapeutic effects to target
different parkinsonian symptoms. The safety of TUS
and LIFU-B application in PD patients has been demon-
strated, but FDA or CE approvals of low-intensity
focused ultrasound treatments for PD have not yet been
obtained. Clinical translation of preclinical findings
using low-intensity focused ultrasound depends on fur-
ther investigation with an increased focus on the rele-
vance of the animal model and the findings for
translation. In addition, venturing into yet unexplored
potentials of focused ultrasound for the treatment of
PD may lead to the development of novel therapies for
dopaminergic replenishing and targeting of nonmotor
symptoms of PD. @
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