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PARKINSON'’S DISEASE
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in Parkinson’s disease informed by local field
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Transcranial ultrasound stimulation (TUS) is a promising noninvasive technique for modulating deep brain targets
and circuits with high spatial precision. For its successful clinical translation, confirmation of target engagement,
together with a deeper understanding of the effects of TUS, is essential. To advance these goals, we obtained direct
measures of neural activity using electrodes implanted in the subthalamic nucleus (STN) in patients with Parkin-
son’s disease (PD) during TUS of deep and superficial targets, guided by magnetic resonance imaging-based acous-
tic modeling and real-time neuronavigation. Seventeen patients were studied in the on-medication and off-deep
brain stimulation states. Each patient received one active and one sham session in a randomized order, and 13 of
17 patients (76%) completed a third session, which was always active. Each active condition targeted a single site—
either the primary motor cortex (M1), the globus pallidus internus (GPi), or the occipital cortex (control site)—with
10 patients per active target. TUS effects on the STN were found to be target specific. Stimulation of the M1 reduced
STN beta oscillation activity compared with sham stimulation and was associated with improvements in motor
signs. These effects were brain state specific, showing distinct modulation patterns at rest versus during move-
ment. In contrast, TUS targeting the GPi increased beta activity relative to control conditions and did not improve
motor signs. Our results provide mechanistic evidence that TUS can safely and selectively modulate pathological

brain rhythms in the STN in PD, supporting its potential as a targeted, noninvasive therapeutic modality.

INTRODUCTION

Neuromodulation can target pathological brain circuit activity through
both invasive and noninvasive techniques (1). Deep brain stimula-
tion (DBS) is an established invasive technique that can produce
meaningful therapeutic benefits but that carries risks of surgical
complications and requires substantial clinical and financial resources
(2). To date, no noninvasive technique has demonstrated clinical
effects on deep structures as robust as those achieved by DBS (1).
Transcranial ultrasound stimulation (TUS) is an innovative and rela-
tively affordable noninvasive technique capable of modulating deep
brain circuits, with the potential to either complement or serve as an
alternative to DBS (3).
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However, the clinical translation of TUS remains challenging due to
its poorly understood effects on neural elements, limited knowledge of
dose-response relationships, and variability in outcomes related to dif-
ferences in skull penetrance across individuals. Proposed mechanisms
to explain the effects of ultrasound include direct activation of mech-
anosensitive ion channels, capacitive changes in the cell membrane,
indirect neuromodulation through astrocytes, and thermal effects
(4-16). The nonuniform spatial distribution of ion channels and cel-
lular variability within the brain constitute the first major challenges to
clinical translation. The second major challenge is the dose-dependent
nature of ultrasound, where variations in parameters—such as in-
tensity, frequency, and pulse duration—can alter both the nature
(inhibitory or excitatory) and duration of effects, as demonstrated in
preclinical models (17-23) and humans (24-27). Modulatory effects
also depend on the individual’s behavioral state, such as being anes-
thetized, resting, or active (21, 28-32). The skull introduces addi-
tional complexity by causing aberration, attenuation, and distortion of
the ultrasound beam—effects that vary not only between species but
also across different regions within the same skull. Successful TUS
requires selecting the correct network to modulate, identifying the
most ultrasound responsive hub(s) within the network, optimizing the
dose and behavioral state for the desired effect, and precise target
engagement by individually calculating skull penetrance to compen-
sate for skull-induced distortions.

The high degrees of freedom required for successful TUS de-
mand rigorous human testing for clinical translation. Although
noninvasive methods like electroencephalography and functional
magnetic resonance imaging (MRI) offer useful insights, invasive
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high-fidelity spatiotemporal measurements, such as local field po-
tential (LFP) recordings, allow direct analysis of TUS effects on neural
oscillations. This is particularly relevant because specific frequency
bands serve as disease-related biomarkers; for example, exaggerated
beta-band activity in the basal ganglia is a hallmark of Parkinson’s
disease (PD) (33). Given this, attenuating pathological beta activity
may offer meaningful therapeutic benefits. For instance, in the con-
text of PD pathophysiology, increasing facilitatory drive at primary
motor cortex (M1) and reducing excessive output from an overac-
tive globus pallidus internus (GPi) would both be expected to sup-
press pathological subthalamic nucleus (STN) beta through distinct
cortical-basal ganglia pathways—highlighting beta suppression as a
robust downstream biomarker of circuit modulation (33). However,
integrating TUS with LFP recordings introduces unique challenges.
Using externalized electrodes shortly after DBS surgery carries a risk
of cavitation and tissue damage because of residual intracranial air.
In contrast, modern DBS systems enable chronic LFP recordings,
allowing safer TUS investigations to be conducted weeks after sur-
gery (34). We addressed the safety concerns of this TUS-LFP ap-
proach in patients with DBS implants through a two-step process:
first with an ex vivo safety study (35) and subsequently in a pilot
human trial in which TUS was applied directly to target the location
of DBS contacts (36). Upon confirming safety in humans, we pro-
ceeded to investigate whether this method could guide the clinical
translation of TUS in patients with PD.

We hypothesized that STN LFP changes in response to TUS could
reveal key characteristics of its effects, including magnitude, direc-
tionality, and duration of postsonication—insights that could help
guide desired clinical outcomes. To test this, LFP responses were re-
corded under four TUS conditions targeting motor and nonmotor
circuits. Each patient underwent one active and one sham session in a
randomized, single blinded order, and a subset (13 of 17) completed a
third session, which was always active. The active conditions targeted
the GPi, M1, or occipital cortex (Occ; active control), whereas the
fourth condition was an inactive sham. All stimulations were guided
by personalized acoustic simulations to account for skull-induced dis-
tortions. STN LFP recordings were acquired during sonication and at
10-, 30-, and 45-min intervals postsonication, both at rest and during
a finger-tapping task to assess brain state-dependent effects.

RESULTS

Neural recordings of STN activity during TUS

STN LFP changes and their clinical correlates in response to four
different TUS conditions were investigated in 17 patients with PD
(Table 1), all implanted with bilateral DBS systems equipped with a
recording-capable Percept PC implantable pulse generator (IPG)
(Fig. 1A). These changes were analyzed both during TUS at rest (on-
line effects: T0) and after sonication at 10, 30, and 45 min during rest
and movement (offline effects: T10, T30, and T45) (see study design
in Fig. 1B). Each participant underwent one sham TUS session and
one active TUS session, targeting the GPi, M1, or Occ, in random-
ized order. Some participants consented to a third session and were
randomized to an additional active TUS session. Each active condi-
tion was designed to include 10 participants, whereas the sham TUS
condition included all 17 participants. The theta-burst TUS (tbTUS)
protocol—previously shown to modulate cortical excitability—
was used across all conditions to enable target-specific comparisons
(24, 36, 37).
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Personalized transcranial acoustic simulations

Free-field acoustic simulations using BabelBrain software at a spatial
peak pulse average intensity (Isppa) of 30 W/cm? were performed
under water conditions for two focal depths—61 mm (representing
the GPi) and 34 mm (representing cortical targets)—because 30 W/
cm? is the maximum output available to end users on the NeuroFUS
device. The results showed that the focal region along the beam tra-
jectory was both shorter and narrower for superficial targets com-
pared with a deeper one. Specifically, the full width at half maximum
(FWHM) of the axial cross section measured 14.3 mm for M1/Occ
and 26.4 mm for GPi, whereas the lateral FWHM measured 2.9 mm
for M1/Occ and 3.7 mm for GPi (Fig. 2A). We obtained MRI images
of the patients to perform personalized transcranial acoustic simu-
lations using BabelBrain software. We simulated the in situ spatial
intensity distributions and temperature elevations for each patient
before each sonication session, accounting for skull-induced distor-
tions. The optimized trajectories and corresponding pressure maps
were coregistered onto each patient’s native MRI using neuronaviga-
tion software to guide the procedure, as illustrated in Fig. 2B. The
estimates of Isppy and mechanical index (MI) within the target areas
varied substantially across sonication targets, with a linear mixed-
effects model revealing a significant main effect of target for both
Isppa [¥%(2) = 26.29, P < 0.001] and MI [}*(2) = 24.47, P < 0.001]
(Fig. 2C). The Occ had the highest values for both Ispps (5 + 1.6 W/
cm®) and MI (0.48 + 0.08), which were significantly higher than
those observed in the M1 (3.2 + 1.4 W/cm?® and 0.38 + 0.08, respec-
tively; Pogj < 0.001 for both) and higher than those in the GPi for
Isppa only (4.4 + 1.2 W/cm® and 0.45 + 0.07, respectively; Pog < 0.05
for Isppa and P,gj = 0.13 for MI). The GPi values were also sig-
nificantly higher than those in the M1 (P,q; < 0.01 for Isppa and
P,4; < 0.001 for MI). The unadjusted mean distance to the GPi target
was 55.6 + 4.1 mm, whereas the adjusted mean distance, accounting
for skull energy losses and beam distortions, was 56.9 + 4.4 mm
(Fig. 2D, left). The extent of transducer repositioning within the in-
dividual space, as determined by initial simulations, is illustrated
in Fig. 2D (right). The maximum temperature rise varied signifi-
cantly during GPi, M1, or Occ targeting across the skin [y*(2) = 16.44,
P <0.001], skull [*(2) = 19.59, P < 0.001], and brain [y*(2) = 18.01,
P < 0.001]. However, the temperature increase remained below
0.19°C in the brain, 0.24°C in the skin, and 0.26°C in the skull, as
detailed in Fig. 2E. Occ-tbTUS caused significantly less heating than
GPi-tbTUS across all compartments (P,gj < 0.001) and less than
M1-tbTUS in the skin and skull (P,g; < 0.01) but not in the brain
(Pagj = 0.18). M1-tbTUS yielded lower heating than GPi-tbTUS
only in the brain (P,gj < 0.05). The maximum temperature rise dur-
ing the entire duration of the sonications, along with Ispps and MI
predictions from simulations, remained well within conservative
exposure ranges based on US Food and Drug Administration (FDA)
diagnostic ultrasound guidelines and the consensus framework pro-
posed by the International Transcranial Ultrasonic Stimulation Safety
Standards (ITRUSST) Consortium (maximum temperature rise <
2°C; MI < 1.9; Isppa < 190 W/em®) (38).

Subjective changes and adverse events associated with TUS

We evaluated TUS-induced sensations and potential adverse events
after each visit by asking patients, “did you experience anything un-
usual during TUS?” and “could you distinguish whether it was real
or sham stimulation?,” ensuring that blinding to the study condition
was maintained. Across 47 sessions, patients reported subjective PD
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Table 1. Patient characteristics. The levodopa equivalent daily dose (LEDD) was calculated as 100 mg of standard levodopa (.-dopa) = 133 mg of controlled-
release levodopa = 303 mg of entacapone (ENT) = 100 mg of amantadine (AMA) = 1 mg of pramipexole (PRA) = 100 mg of rasagiline (RAS) = 5 mg of
ropinirole = 3.3 mg of rotigotine (ROT) = 10 mg of selegiline = 100 mg of safinamide (SAF). AR, akinetic-rigid; DD, disease duration (years); E, equivalent; F,
female; H&Y, Hoehn and Yahr; L, left; LID, levodopa-induced dyskinesias; M, male; R, right; S, symmetric; SSD, surgery-to-study duration (months); TD, tremor-
dominant; U on, MDS-UPDRS (Movement Disorders Society Unified Parkinson’s Disease Rating Scale) Part Il Motor Examination Medication ON; the last row
shows means + SD values.

ID Age Sex DD SSD Onset Late-stage Uon H&Y LID LEDD Medication DBS DBS parameters
side- most (mg) leads [active contacts/
type affected amplitude (mA)/

side-type pulse width (ps)/
frequency (Hz)]
L C+2 /2/60/130
01 72 F 10 2 L-TD L-E 57 2 No 1682 ENT, .-dopa  SenSight - e
R C+ 10 /2/60/130
L C+3 /3/60/130
02 62 M 7 3 L-TD R-AR 31 2 No 850 AMA, .-dopa  SenSight - -
R C+ 11 /2 5/60/130
- L 3+ 2 /4 5/60/60
03 74 M 24 79 R-AR S-AR 68 2 No o75  AMAdopa gp0, T

PRA

04 66 M 7 52 R-AR S-AR 56 3 Yes 550 AMA, L-dopa 3387

: R c+ 10 /49/60/110“
L:C+ 3-/6.5//C+

AMA, L-dopa,

05 67 M 14 41 R-AR L-AR 40 2 Yes 1750 PRA 3387
HL C+1-/2.8/60/180
06 62 M 11 13 L-TD L-AR 43 2 No 500 L-dopa SenSight - .
R c+ 10 /3 9/60/180
i L c+2 /1 5/60/130
07 62 F 1 2 R-AR R-AR 21 2 Yes 1270 “9oPaROT o cight - .
SAF R c+ 10 /. 5/60/130
08 60 M 13 3 L-AR R-E 17 2 No 900 L-dopa, PRA  SenSight -
HL C+2-/1.3/60/180
09 65 M 21 95 L-TD LE 50 2 No 1926 L-dopa 3387

R:C+ 10-/4.7/60/180
CLC+o-38/CH
10 68 M 12 42 R-TD R-AR 54 3 No 1350 L-dopa 3387  3-/4/60/100
R c+ 11—/2 9/60/100
 L:C+3-/83/40/180

11 70 M 10 59 R-TD L-AR 77 5 No 600 L-dopa 3387 - .
R c+11 /3 2/60/180
L c+1 /2/60/130
12 70 M 16 3 L-TD L-AR 42 2 No 1950 AMAdopa o qope .
PRA R. c+9 /2/60/130
L C+1
13 61 M 1 2 L-TD L-E 28 2 No 2225 AMA, -dopa, SenSight
PRA R c+1o /1/60/130
. L c+2 /2 5/60/150
14 60 M 7 2 R-TD R-AR 30 2 No 400 L-dopa SenSight - g
R c+ 10 /1 5/60/150
dooa, RAS LCt2—
15 76 M 18 70 R-AR S-AR 32 2 Yes 1836 © °§S’T 3387 3-/17/60/130
R c+ 10 /3 5/40/130
|_ c+2 /1/60/130
16 6 M 6 2 R-TD S-AR 17 2 Yes 1464  ENT,i-dopa  SenSight -
R c+11 /1/60/130
‘ L: c+1 /3 3/40/160
17 40 M 8 2 L-TD L-TD 50 2 No 575 L-dopa, PRA  SenSight - -
gy 2* S
+8 +51 +£325 +174 + 599
*Median
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Fig. 1. Study design and timeline. (A) Aschematic A

illustrates the TUS system and LFP recordings

from the STN using a DBS device. A neuronaviga- }—het(am;laatuersi %ré’vﬁgr'nz
tion system was used to deliver TUS to specified SPRA -

targets of patients with Parkinson’s disease using |_| H

Focused ultrasound

Bilateral STN DBS

1

PRI =200 ms

TBD =20 ms

a theta burst protocol, lasting 120 s per hemi-

SD=120s =

sphere. Finger-tapping tasks were monitored us-

ing an accelerometer. (B) The timeline of a study
visit included the MDS-UPDRS-IIl assessments
performed at the beginning and end of each visit
by a blinded neurologist, with video recordings
reviewed for scoring by another blinded neurol-
ogist. Finger-tapping task was not performed dur- R ;
ing TUS delivery. Patients were already in their
chronic Med-ON state when they took their sched-

~ e
DBS electrodes
Brain activity recording

Clinician programmer

19
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Export

M JSON

(2]}

T
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e —
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VT J—

uled levodopa dose 50 min before ultrasound.

Medtronic telemetry

Sonication targets included the M1, GPi, and oc-
cipital cortex, along with a sham stimulation
condition. BL, baseline; JSON, Javascript Object
Notation file; Med, medication; min, minutes; i
PRI, pulse repetition interval; RF, radio frequency; (
SD, sonication duration; TBD, tone-burst duration. |

Accelerometer

symptom relief in five sessions (11%; g
two GPi, one M1, one occipital, and one
sham) and sensations such as tingling,
pain, or heating on the scalp in four ses-

BL TO

\ A A2 4

Percept PC Communicator

Analysis

recordings recordings

Neuronavigation

T10 T30 T45 Time points

v A\ A 4

sions (9%; one GPi, one M1, and two
occipital). One patient reported a tin-
gling sensation in the right hand lasting

\

l I ]

30 45 50 min

DBS OFF ON

a few seconds during left M1 sonication.
No phosphenes were reported during
any occipital stimulation sessions. Sev-
en of 17 (41%) sham stimulation visits
were guessed correctly, compared with 13
of 30 (43%) active stimulation visits. Bi-
nomial tests showed that guessing accu-
racy did not differ from chance for either
sham (P = 0.63) or active (P = 0.53) ses-

Globus pallidus

A Y

Motor Occipital

Sham

sions, and there was no systematic bias
toward guessing “active” or “sham” (P =
1.00). A neurological examination assess-
ing motor and sensory domains, cranial
nerves, and mental state was conducted
by a neurologist following the Move-
ment Disorders Society Unified Parkinson’s Disease Rating Scale,
Part IIT (MDS-UPDRS-III) evaluations performed before and af-
ter each sonication session. No significant changes were observed
between pre- and postsonication examinations. The day after each
session, patients were contacted by telephone and asked, “did you
experience any unpleasant condition related to the TUS session?”
No adverse experiences were reported, except for fatigue in nine
(19%) sessions.

LFP RECORDINGS

tbTUS of the GPi, M1, and Occ differentially

modulates STN LFPs

We modeled the DBS electrode placement for all patients in MNI
space to visualize the contact locations relative to the STN (Fig. 3A).

Sarica et al., Sci. Transl. Med. 18, eady1883 (2026) 20 May 2026

Active

A 0.5 min (mov), 4.5 min (rest)

A 4 min (rest) ‘ A UPDRS

We found no statistically significant differences in baseline spectral
power across the four conditions in theta, alpha, and beta bands at
rest (Kruskal-Wallis test, 3 to 7 Hz: P=0.94; 8 to 12 Hz: P = 0.92; 13
to 30 Hz: P = 0.19) (Fig. 3B). All conditions exhibited power domi-
nance in the theta and alpha bands, with a pronounced peak in the
8- to 10-Hz range. We then analyzed changes in STN LFP power
from baseline across the four sonication conditions during rest,
pooling data from both hemispheres (n = 20 for GPi, M1, and Ocg;
n = 34 for sham) and four time points: T0, T10, T30, and T45
(Fig. 3C). Overall power in the 3- to 30-Hz range increased sig-
nificantly across all conditions [Wilcoxon signed-rank test, false
discovery rate (FDR)-adjusted P < 0.001 for all]. During M1 sonica-
tion, significant increases were observed in overall power for the
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Fig. 2. Free-field and personalized transcra- A
nial acoustic simulations. (A) Free-field acous-
tic simulations displaying lateral (x/y axes; top)

GPi

Y .
7.5

and axial (z axis; bottom) cross sections of acous- 5

tic pressure for target depths of 61 mm (GPi) and 25

34 mm (cortical targets). In the pressure profile 0

plots (below), dotted lines mark the FWHM bound- 25

aries. (B) Pressure maps from individual simula- _7-_2

tions were overlaid on axial, coronal, and sagittal

-5 0

MRIs of SO1 (left GPi and M1) and 507 (left Occ)as (™M)

examples. (C) Isppa and Ml values were reported
across all three conditions. (D) The simulated
sonication depth was compared with the unad-
justed transducer-to-target distance. Transducer
positions were adjusted along the x, y, and z axes
to correct beam deviations. (E) An example tem- z
perature profile from S01’s GPi-tbTUS session is
shown (left), with the transducer outside the
skull and ultrasound waves directed toward the
target. Estimated mean temperature increases
for the skin, skull, and brain tissue (right). Each
bar in (C) to (E) is overlaid with 20 data points,

-5 0 5
0

(mm) 20 0 20 X

02 04 06 08

M1/Occ

corresponding to the 20 hemispheres of 10 pa- i D
) . . . GPi - 61 mm focal depth
tients. A linear mixed-effects model with FDR MPa T GPi
correction was used for intensity and tempera- 11 8 0.8 Kk 3
ture analyses. Data are presented as mean values, kkk -
- Lo 0.5 7 0.7 5] 2
and error bars represent 1 SD. Statistical signifi- : : 05 z g o
i Lk Lk . 0 g : - . . o =) )
car.1ce is denoted as follows: *P < 0.05; **P < 0.01; b % e & 80 z(mm) 5| 05 .I. 2 £y s
%P < 0.001. MPa S1E . 5 € ‘
11 y 4 04 £ 2o
: g 5
B = 0
05 ; 3 0.3 g 21
0 : 2 0.2 D <
: - . : - , ] 2l m
0 75 -5 25 0 25 5 XY(mm) 1 0.1 2 -ﬁif(
0 0 3l Az
theta and alpha bands (both P,g; < 0.001), EGPi EM1 =Occ
V\./here.as beta power changes were not M1/Occ - 34 mm focal depth . Temperature (°C) ATemperature (°C)
significant (P = 0.07, Pagj = 0.07). In MPa BAh kxR a4

contrast, for the GPi, Occ, and sham
conditions, overall power in the beta band
increased significantly (GPi: Pg; < 0.001;

Occ: Pygj < 0.01; sham: Pogj < 0.001), with 0 10 20 30

@ Z (mm)

no significant changes observed in the Mpf,
theta or alpha bands (Fig. 3C; see data

file S1 for all r and P values).

tbTUS of M1 suppresses beta

activity at rest after sham

correction, whereas GPi enhances it

After computing STN LFP power changes

for each condition (postsonication, pooled across time points and
hemispheres, relative to baseline), we performed a paired subtrac-
tion of each patient’s power change in the sham condition from their
corresponding power change in the active sonication condition to
isolate the specific effects of each sonication condition and account
for sham effects and time-related changes. We found that the dif-
ference in power change during rest was 10.6 + 1.7% 95% confi-
dence interval [7.3 to 14.0%] (r = 0.46, P,q; < 0.001) between GPi
and sham (GPi-sham), —8.7 + 1.9% [—12.5 to —4.9%] (r = —0.31,
P,gj < 0.01) between M1 and sham (MI-sham), and —5.5 + 2.4%
[-10.3 to —=0.7%] (r = —0.12, P,g; = 0.27) between the occipital and
sham (Occ-sham) (Fig. 4A, top row). Percent power change from
baseline as a function of frequency is shown separately for all four
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25 5 XY (mm)

(mm) —20 20

Skin
uGPi

Skull
M1

Brain
Occ

37+0 .02 .04 .06 .08 .10 .12

postbaseline time points in Fig. 4A (middle row). We further exam-
ined power dynamics in the theta, alpha, and beta frequency bands.
When all four postbaseline time points (T0, T10, T30, an T45) were
combined, GPi-tbTUS significantly increased beta power (17.8 +
4.4% [9.2 to 26.3%], r = 0.35, P,g; < 0.01) compared with baseline
after sham correction, whereas M1-tbTUS significantly decreased
beta power (—15.6 + 4.2% [—23.9 to —7.3%], r = —0.32, P,g; < 0.01)
and increased theta power (8.6 + 3.4% [1.8 to 15.3%], r = 0.31,
P,g; < 0.01) (Fig. 4A, bottom row). In contrast, Occ-tbTUS had no
significant effects. The power changes at each specific time point are
presented in figs. S1 and S2 and were insignificant across all time
points. We also performed between-group comparison using a linear
mixed-effects model, which revealed that GPi-tbTUS significantly
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Fig. 3. DBS electrode localization and pooled
power changes from baseline for all conditions
atrest. (A) The DBS lead pairs of 17 patients were
visualized in relation to the STN using axial and cor-
onal views. (B) Baseline spectral power across the
four conditions at rest. a.u., arbitrary units. (C) The
histograms illustrate the percentage change in
spectral power (3 to 30 Hz, 3to 7 Hz, 8 to 12 Hz,
and 13 to 30 Hz from top to bottom rows) relative
to baseline for each sonication condition. Green
downward-pointing triangles indicate the mean
of the distribution, and the vertical dashed line at
0% represents the baseline reference. Data were

| lp=16.6+2.0%
pooled across all hemispheres (n = 20 for GPi, M1, | 2

30 |
and occipital; n = 34 for sham) and across four
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in the theta (3 to 7 Hz, P = 0.79), alpha

(8 to 12 Hz, P = 0.30), and beta (13 to

30 Hz, P = 0.04) bands (Kruskal-Wallis

test), with all post hoc comparisons yielding nonsignificant adjusted P
values (Fig. 5A). We assessed baseline power during movement and
at rest using within-visit paired measurements (n = 47 visits), pair-
ing each patient’s movement baseline with their corresponding rest
baseline, and found that the overall power (3 to 30 Hz) significantly
decreased during movement compared with during rest (1.55 +
0.01 — 1.49 + 0.01, P,gj < 0.001). Band-specific analysis revealed
that movement significantly increased theta band power compared
with rest (3.57 &+ 0.11 — 3.65 + 0.1, P,g; < 0.001), whereas alpha
(1.91 + 0.04 — 1.70 £ 0.03, P,g; < 0.001) and beta (0.91 + 0.03 —
0.86 =+ 0.03, P,gj < 0.001) band power significantly decreased (Fig. 5B).
When postsonication time points were pooled, all conditions showed
a significant power increase in the 3- to 30-Hz range compared with
baseline, a pattern similar to LFP changes at rest (GPi: 29.8 + 2.3%,
r=0.87; M1: 15.2 + 1.8%, r = 0.75; occipital: 21.2 + 2.8%, r = 0.77;
sham: 16.7 + 2.1%, r = 0.7; all FDR-adjusted P < 0.001). An analysis
by frequency band showed that power significantly increased across
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Power modulation (% change from baseline)

all three bands in the GPi condition (theta: r = —0.35, P,q; < 0.05;
alpha: r = 0.35, P,g; < 0.05; beta: r = 0.84, P,gj < 0.001) and the M1
condition (theta: r = 0.45, Pogj < 0.01; alpha: r = 0.61, P,g; < 0.001;
beta: 7 = 0.36, P,gj < 0.01). In contrast, the occipital condition exhib-
ited a significant change only in the beta band (theta: » = 0.12,
P,gj = 0.35; alpha: r = 0.07, Py = 0.58; beta: = 0.56, Pog; < 0.001),
whereas the sham condition showed significant changes in the theta
(r=0.26, P,gj < 0.05) and beta (r = 0.53, P,gj < 0.001) bands but not
in the alpha band (r = 0.17, P,gj = 0.12) (Fig. 5C). Paired sham-
corrected power in the GPi group during movement showed a sig-
nificant decrease in theta power (—10.4 + 4.5 [-19.2 to —1.7]%,
r = —0.41, P,gy < 0.01) and an increase in beta power (26.8 + 4.8
[17.4t0 36.1]%, r = 0.58, P,q; < 0.001), whereas the M1 group exhib-
ited a significant increase only in the alpha band (13.3 + 4.0 [5.4 to
21.2]%, r = 0.41, P,gj < 0.01). No significant changes were observed
in the occipital group across all three frequency bands (Fig. 5D). We
then compared power changes between rest and movement, finding
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Fig. 4. Sham-corrected percent power change A

from baseline across tbTUS conditions at rest. GPi-sham
(A) Top row: Histograms illustrate the differences § 50 v
in power change (3 to 30 Hz) between active i< il
tbTUS conditions and their paired sham. Green 8 20
downward-pointing triangles indicate the mean 2 30

of the distribution, and the vertical dashed line at E

0% represents the baseline reference. Middle row: .U_) 20

Percent power changes from baseline across fre- ; 10

quency are shown separately for all four post- -g

baseline time points. The mean spectral power 2 0

difference was smoothed using a moving average
filter with a window size of 5. Bottom row: Bar plots
show the sham-corrected mean percent changes
in power from baseline within the theta, alpha,
and beta frequency bands, pooled across all post-
baseline time points for each active tbTUS condi-
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tion. (B) Comparative analysis of sham-corrected
power changes across active sonication condi-
tions. Error bars and shaded regions represent SEM
[in the middle row of (A); the SEM was scaled by a

factor of 1.5 to enhance visual differentiation be-
tween tightly overlapping lines]. The Wilcoxon
signed-rank test with FDR correction was used for
within-subject sham-corrected comparisons, and
between-active-condition comparisons were de-
rived from linear mixed-effects models fitted sepa-
rately for each frequency band with FDR correction.
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GPi-sham vs M1-sham

that the increase in alpha power in the
MI1-tbTUS condition was significantly
more pronounced during movement than
at rest (r = 0.38, P,gj < 0.05), whereas all
other comparisons were nonsignificant
(Fig. 5D).

— GPI
— M1

Beta
bk

Differential beta burst duration

changes across tbTUS conditions

A representative 10-s LFP recording from

participant 1 during the sonication time point of a sham condition
visit is shown in Fig. 6A, illustrating the method used to compute
beta burst duration. The change in beta burst duration showed a
significant increase only in the occipital (6.6 + 2.6%, r = 0.38,
P,4j < 0.05) and sham (9.2 + 3.3 [2.5 t0 15.8] %, r = 0.29, P,qgj < 0.05)
groups. In the M1 group, beta burst duration decreased (—4.1 + 1.8%,
Cohen’s d = —0.36, P < 0.05), but this effect did not remain signifi-
cant after multiple comparisons correction (P, = 0.058). No sig-
nificant change from baseline was observed in the GPi group (—0.2 +
2.5%, r = —=0.07, Pg; = 0.73) (Fig. 6B). Pairwise comparisons analy-
sis revealed a significant difference between M1 and sham (r = —0.26,
P,gj < 0.05) and between M1 and occipital (r = —0.34, P,gj < 0.05)
stimulation (Fig. 6C). As an exploratory analysis, we assessed STN
coherence and found no within-hemisphere changes in any band,
whereas between hemispheres only M1-tbTUS increased beta co-
herence (no theta/alpha effects and no effects for GPi-tbTUS or
Occ-tbTUS) (see fig. S3 for details).
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Clinical effects of tbTUS

We assessed MDS-UPDRS-III scores for each patient immediately
before baseline recordings and immediately after the final record-
ings, with video assessments scored in a blinded manner. Three ses-
sions (3 of 47, 6.4%) were excluded from the MDS-UPDRS-III
analysis after sensitivity testing (see the Statistical analysis section
for details). The M1 group showed significant improvement [42.8 +
21.0 — 38.2 + 20.7, n = 9, paired £(8) = 2.4, d = —0.8, P < 0.05],
whereas no significant changes were observed in the other groups
[GPi: 39 + 14 — 39.9 + 16.3, n = 9, paired #(8) = —0.41, d = 0.14,
P =0.69; Occ: 39 + 16.5 — 39.8 + 12.9, n = 9, paired #(8) = —0.28,
d=0.09, P=0.78; sham: 42.1 & 16.6 — 43.9 + 17.8, n = 17, paired
t(16) = —1.13, d = 0.27, P = 0.28] (Fig. 7A). Using the full (non-
outlier-excluded) dataset (n = 10 paired), the M1 effect became
nonsignificant [#(9) = —0.08, P = 0.94], whereas GPi (P = 0.32) and
occipital stimulation (P = 0.56) likewise remained nonsignificant.
MDS-UPDRS-III score changes in the five sessions where patients
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Fig. 5. tbTUS-induced changes in spectral power during movement. (A) Baseline spectral power during movement (Kruskal-Wallis, post hoc Mann-Whitney U, FDR-
adjusted). (B) Band-specific analysis of baseline power during movement and at rest (pooled across 47 visits and both hemispheres) (Wilcoxon signed-rank, FDR-adjusted).
Error bars represent +SEM. (C) Bar plots show the percent change in spectral power relative to baseline across four frequency bands—broadband (3 to 30 Hz), theta (3 to
7 Hz), alpha (8 to 12 Hz), and beta (13 to 30 Hz)—for each sonication condition. Values were pooled across hemispheres (n = 20 for GPi, M1, and occipital; n = 34 for sham)
and across three postbaseline time points (n = 20 x 3 and 34 X 3 recordings, Wilcoxon signed-rank, FDR-adjusted). Error bars reflect the SEM in the positive direction only.
(D) Left column: Frequency-resolved power differences between active and paired sham conditions during movement, across postsonication time points. Right: Paired
sham-corrected mean percent power changes from baseline in theta, alpha, and beta bands, pooled across postsonication time points, during rest and movement. Sta-
tistical comparisons were performed within each state and between corresponding bands across rest and movement (n = 60 recordings per band per condition; 10 pa-

tients x 2 hemispheres x 3 time points, noting that the T0 time point lacked a movem
##%P < 0.001.

reported subjective improvement (—3.2 + 6.6, n = 5) were not statis-
tically different from those in other sessions (+0.5 & 7.0, n = 39;
Mann-Whitney U = 68.5, P = 0.29). We examined whether beta-
band power correlated with MDS-UPDRS-III scores in the M1 group.
We found a positive correlation between baseline MDS-UPDRS-III
scores and baseline beta-band LEP power (r = 0.76, P,gj < 0.05), as
well as between postvisit MDS-UPDRS-III scores and beta-band LFP
power at the T45 time point (r = 0.67, P,gj < 0.05, n = 9, paired)
(Fig. 7B, left column). Subsequently, we assessed the correlation be-
tween MDS-UPDRS-III percentage change and sham-corrected beta
power change from baseline in the M1 group at T45 but found no
significant correlation (r = 0.49, P,g; = 0.18; Fig. 7B, top right). Simi-
larly, pooling data across all postsonication time points (T0 + T10 +
T30 + T45) did not alter the results (r = 0.55, Pgj = 0.18, n =9,
paired; Fig. 7B, bottom right). Changes in accelerometer-recorded
finger-tapping velocity were not significant across all conditions [sham
n=17: Frigher(2.21,35.3) = 1.40, P = 0.26; M1 1 = 10: Frijgher(2.61,23.5) =
0.29, P = 0.8; GPi 11 = 10: Frigher(2.37,21.3) = 0.4, P=0.71; Occ n = 10:
Frisher(2.02,18.16) = 0.53, P = 0.6] (Fig. 7C).

Sarica et al., Sci. Transl. Med. 18, eady1883 (2026) 20 May 2026

ent task) using Wilcoxon signed-rank tests with FDR correction. *P < 0.05; **P < 0.01;

DISCUSSION

We investigated the effects of individualized TUS targeting both
cortical and subcortical hubs of the motor network by direct record-
ing of STN LFPs and evaluated clinical outcomes in patients with
PD. We found that the effects of tbTUS were both target specific
and frequency band specific: Compared with the sham condi-
tion, M1-tbTUS decreased beta activity and increased theta activity,
GPi-tbT'US increased beta activity, and Occ-tbTUS had no signifi-
cant effect. The modulation was also brain state dependent given
that M1-tbTUS produced different effects during movement versus
rest. Beta burst duration increased during sham and occipital stimu-
lation but remained stable during M1-tbTUS, the only condition dif-
fering significantly from both and showing a modest improvement in
MDS-UPDRS III scores.

PD exhibits diverse clinical presentations, with distinct LFP fea-
tures differentiating akinetic-rigid (AR) and tremor-dominant (TD)
subtypes (39, 40). However, our cohort was less affected by this het-
erogeneity because nearly all of our patients were late-stage AR or
equivalent type, with only one exception (Table 1). Their baseline LFP
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Fig. 6. tbTUS-induced changes in beta burst A

duration. (A) Beta bursts in the raw LFP signal
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tbTUS, a similar power increase in the
sham condition indicates that the results
were likely confounded by levodopa wear-
off. This interpretation aligns with the
study timeline, where patients received levodopa 45 to 75 min be-
fore baseline recordings, coinciding with its peak effect. The subse-
quent gradual loss of efficacy and corresponding power increase are
consistent with expected pharmacokinetic dynamics of levodopa
(43). A sub-band analysis revealed that, although 3- to 30-Hz power
increased across all conditions, the patterns differed between soni-
cation targets. M1 sonication increased the low-frequency range
(theta and alpha) without affecting beta, whereas the other condi-
tions increased beta with no impact on low-frequency activity. This

Sarica et al., Sci. Transl. Med. 18, eady1883 (2026) 20 May 2026

% Change from baseline

demonstrated region-specific and frequency-specific effects of tbTUS
in our study. The spatial sensitivity of TUS has been previously demon-
strated, showing that shifting the sonication focus by even a centimeter
can produce different effects (44). Consistent with these findings, our
study further confirms that targeting different brain regions with the
same TUS parameters results in distinct modulatory effects on differ-
ent frequency bands at the same recording site, the STN, reinforcing
our understanding of spatial specificity. This could be especially im-
portant for future studies aiming to probe brain function using TUS.
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Fig. 7. tbTUS effects on clinical scores. (A) Pre- and poststimulation mean MDS-UPDRS-IIl scores were compared separately for the GPi, M1, occipital, and sham condi-
tions (paired Student’s t test; n = 9 active and n = 17 sham). Small dots represent individuals, large dots represent means, and error bars indicate +SD. *P < 0.05. (B) Scat-
terplots show the relationship between the mean normalized beta power (13 to 30 Hz) and MDS-UPDRS-Ill scores in the M1 group. Baseline beta power is plotted against
presonication MDS-UPDRS-III scores (top left), and beta power at T45 is plotted against postsonication MDS-UPDRS-IIl scores (bottom left). Sham-corrected changes in

beta power relative to baseline are plotted against changes in MDS-UPDRS-III scor

es, using beta power change between T45 and baseline (top right) and beta power

change pooled across T0, T10, T30, and T45 relative to baseline (bottom right) (Pearson correlation, FDR-adjusted; n = 9). The solid line indicates the linear regression fit;
the shaded area represents the 95% confidence interval. (C) Box plots show accelerometer-recorded finger-tapping velocity across conditions (repeated-measures ANOVA;
n =10 active, n = 17 sham). Boxes indicate the interquartile range (IQR) with the median shown as a line; whiskers extend to 1.5 x IQR; dots indicate the mean.

To minimize the influence of confounding factors such as le-
vodopa wear-off, experimental setup, anxiety, and placebo effects,
we subtracted each patient’s sham condition from their active condi-
tions to isolate the true effect of tbTUS. The results indicated that
M1-tbTUS decreased beta power and increased theta power, where-
as GPi-tbTUS increased beta power. In contrast, Occ-tbTUS showed
no significant effect. We chose to sonicate the middle occipital gyrus
because it lacks a direct structural connection to the STN (45) and is
functionally a component of an alpha rhythm-dominant network
(46). This contrasts with the motor cortex, which exhibits beta oscil-
latory activity at rest and connects with the basal ganglia through a
dopamine-modulated whole-brain network (46).

Increased STN beta activity is associated with parkinsonian signs
such as rigidity and bradykinesia and is suppressed by levodopa or
DBS (39, 47). M1-tbTUS reduced beta activity and enhanced theta
power—an oscillatory shift associated with improved symptom con-
trol in PD. Repetitive transcranial magnetic stimulation (rTMS)
studies have shown that high-frequency stimulation of M1 is excit-
atory and leads to clinical improvements in bradykinesia and rigid-
ity (48, 49). M1-tbTUS may exert effects through a comparable

Sarica et al., Sci. Transl. Med. 18, eady1883 (2026) 20 May 2026

mechanism by modulation of cortical excitability in PD (33). This is
consistent with our previous studies showing that tbTUS targeting
M1 enhances cortical excitability, as measured by TMS, in both
healthy individuals (24, 50, 5I) and patients with PD (37, 52). Al-
though increased motor cortical excitability with intermittent tbTUS
was replicated in rodents (53), it has not been successfully reproduced
in humans by an independent group (54). Nonetheless, several other
studies have demonstrated distinct neuromodulatory effects of tb-
TUS at various targets in humans (55-58). A recent study demon-
strated that tbTUS applied to the posterior cingulate selectively
reduced y-aminobutyric acid (GABA) concentrations (57), aligning
with the excitatory effect of tbTUS observed in this study. In con-
trast, the up-regulation of beta activity by GPi-tbTUS could repre-
sent modulation in an undesired direction in PD. The opposing
effect of GPi-tbTUS compared with high-frequency GPi-DBS—
which functions as an inhibitory lesion through depolarization
block—suggests that tbTUS exerts an overall excitatory influence on
the GPi. Although the observed changes appeared excitatory, this
should not be taken as evidence that TUS directly evokes action po-
tentials. Rather, the prolonged time course of the effect—supported
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by our pooled analysis of online and offline data, with the latter ex-
tending up to 50 min postsonication—indicates a shift in neural cir-
cuit excitability. We recorded over this extended window because
TUS mechanisms involving mechanical membrane interactions,
mechanosensitive ion channels, and astrocytic signaling—processes
known to support plasticity and metaplasticity—make sustained
postsonication effects physiologically plausible and increasingly sup-
ported by recent studies (24, 25, 57, 59-61).

We demonstrated that movement (finger tapping) reduced alpha
and beta power and increased theta activity before tbTUS application,
resulting in a shift toward a low-frequency-dominant state—
consistent with previous findings (62). We observed distinct neuro-
modulatory effects of M1-tbTUS during movement compared with
the resting state. Although sham-corrected M1-tbTUS during move-
ment continued to show reduced beta and increased theta activity—
similar to its effects at rest—these changes were no longer statistically
significant during movement. This loss of effect may reflect a ceiling
effect given that both movement and tbTUS appear to shift neural
activity toward lower frequencies—specifically driving beta power
into the theta range—which may limit the additional modulatory
impact of tbTUS during movement. The increased alpha power ob-
served with M1-tbTUS during movement may indicate compensa-
tory engagement of alternative oscillatory pathways, potentially
reflecting an adaptive shift when theta modulation has reached satu-
ration because of the combined effects of movement and stimula-
tion. In contrast, the effect of GPi-tbTUS was more pronounced
during movement, with a stronger enhancement of beta activity and
areduction in theta power. This brain state-dependent effect of TUS
is consistent with several preclinical studies, and the current findings
provide additional evidence supporting this phenomenon (21, 28-32).

Beta burst duration has been associated with motor symptom
severity in PD (63). In our study, the increases in beta burst duration
observed during sham and occipital stimulation were most likely
driven by time-dependent factors such as gradual levodopa wear-
off. In contrast, M1-tbTUS may have counteracted these nonspecific
increases, resulting in a relative stabilization of beta dynamics. Al-
though GPi-tbTUS enhanced overall beta activity, it did not increase
beta burst duration, suggesting a dissociation between beta power
and burst dynamics.

We assessed motor outcomes using two complementary approaches:
(i) clinician-rated MDS-UPDRS-III scores and (ii) accelerometer-
based measurements of finger-tapping velocity. MDS-UPDRS-III
scores were assessed in a double-blind manner: One blinded neu-
rologist conducted and video recorded the examinations, whereas a
second blinded neurologist evaluated the anonymized videos. This
approach eliminates interrater variability; any unavoidable intrarater
fluctuations that remain are random in nature and evenly distribut-
ed across conditions. The MDS-UPDRS-III scores showed a positive
correlation with absolute beta power both before and after sonica-
tion, consistent with findings reported (39). M1-tbTUS was the only
condition that produced a significant improvement in MDS-UPDRS-
I1I scores, with a mean change of 4.5 points. Although smaller than
the typical effects observed with DBS, this improvement exceeds the
minimal clinically important difference of —3.25 points, indicating
clinical relevance (64). The absence of a similar improvement in par-
kinsonian signs with M1-tbTUS in our prior studies likely stems
from differences across studies in patient cohorts, medication state,
sonication characteristics and delivery approaches, as well as varia-
tions in clinical rating procedures (37, 52, 65). Nevertheless, the
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clinical improvement observed with M1-tbTUS in the present study
should be interpreted with caution because of several uncertainties:
(i) The sample size was relatively small (n = 9), raising the possibil-
ity of a false-positive finding; (ii) no statistically significant improve-
ment was observed in accelerometer-recorded movement velocities;
(iii) although MDS-UPDRS-III scores correlate with absolute beta
power, changes in beta power did not correlate with changes in
MDS-UPDRS-III scores; and (iv) GPi sonication led to an increase
in beta power without a corresponding increase in MDS-UPDRS-
III scores. Although beta power is a key biomarker of motor symp-
toms, it is not the sole factor; clinical dynamics are multifaceted, and
other metrics, such as beta burst duration, may also play important
roles. These uncertainties highlight the need for multidimensional
evaluation using a combination of outcome measures, including
clinical scores, and complementary neurophysiological tools, such
as LFPs and accelerometry, particularly in early-stage experimental
studies where the risk of false hope remains high.

Our study has limitations. During GPi sonication, neighboring
structures such as the globus pallidus externus and internal capsule
may have been partially affected, potentially contributing to the ob-
served effects. Similarly, M1 sonication likely affected not only corti-
cal gray matter but also underlying white matter fibers. Extensive
modeling in our study, incorporating skull distortion calculations,
final target and trajectory corrections, and the use of neuronaviga-
tion systems, may contribute to improved targeting accuracy. How-
ever, the actual error margin of TUS delivery and potential off-target
sonication remains uncertain given that these are only predictive
models. The field still requires robust evidence, using direct methods
such as MR-ARF], to precisely determine the spatial error margin of
TUS delivery (66). In addition, the use of dedicated head-stabilization
or transducer-holder systems such as custom stereotactic face-and-
neck fixation masks (67) or 3D-printed mechanical holders with x-y
axis positioning indicators (68, 69) may further improve targeting
accuracy in future studies. Another targeting challenge in this study
was that our commercial TUS device, NeuroFUS, has a maximum
focal depth of 82 mm, which was insufficient to reach the STN
through a vertex approach in some patients. Moreover, a perpen-
dicular trajectory through the temporal bone was often partially ob-
structed by the ears. For these reasons, we opted to target the GPi
instead given that it is larger, more tolerant to minor deviations, and
avoids direct sonication at the DBS recording site, thereby minimiz-
ing the potential risk of recording artifacts.

The participants in this study had late-stage PD. For patient com-
fort and study feasibility, they were studied in the ON-medication
state. This imposes an important limitation on interpretation of
the results because levodopa is known not only to improve motor
performance but also to reduce beta oscillations in basal ganglia
loops in patients with PD. This limitation prevented us from isolat-
ing the pure effect of TUS because dopamine fluctuations from le-
vodopa wear off over time, introducing a confounding variable. To
address this, we implemented a sham condition by setting the device
to an intensity of 0 W/cm” while maintaining continuous auditory
masking and replicating all procedural elements, which is an ac-
cepted sham technique in the field (7). In addition, we used an active
sham condition by targeting the Occ to assess whether the observed
effects were network specific. Although the area we targeted in the
Occ is not a primary motor hub in PD, it may still exert secondary
or indirect influences on the motor network through visuomotor,
associative, and other integrative cortical pathways. An alternative
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sham approach to consider in future studies would be targeting a
nonparenchymal intracranial site, such as the lateral ventricles (70).
ON-medication studies are also inherently confounded by motor
fluctuations, which may be large enough to influence clinical scores
or occur more subtly across sessions; however, any such effects
would be expected to apply uniformly across sessions and time
points and therefore introduce random variability rather than sys-
tematic bias toward any specific active condition. A similar source of
noise arises from the DBS-OFF state: The 30-min washout used here
accounts for about 75% of the clinical return toward the OFF-DBS
baseline, whereas the remaining 25% recovers gradually during the
testing period, as shown in prior DBS washout studies. Because this
residual improvement elevates the baseline clinical score and decays
over time, any true tbTUS-related clinical effect would be expected
to be modestly underestimated rather than exaggerated. In addition,
not all participants completed every stimulation condition, which
reduced full within-subject control and may introduce additional
interindividual variability. To mitigate this to some extent, linear
mixed-effects models with subject-level random effects were used
where appropriate to accommodate repeated measures and unequal
condition sampling.

Baseline analyses in our study confirmed that, in the ON-medication
state, STN beta-band power is already suppressed and UPDRS motor
scores are comparatively better than in the OFF-medication condi-
tion. This favorable physiological and clinical baseline leaves little
room for additional beta power reduction or substantial further
UPDRS improvement. Consequently, any incremental effects of TUS
in the ON-medication state are likely to be small and difficult to
detect because of a possible ceiling effect. In patients with dyskine-
sias in the ON-medication state, a narrow-band, finely tuned gamma
oscillation centered around ~70 Hz may be present and correlate with
dyskinesia severity (71). However, because of the limited number of
patients with dyskinesias in our cohort (5 of 19), group-level analysis
of tbTUS effects on finely tuned gamma was not feasible.

Our study presented a method for directly monitoring circuit ac-
tivity with high spatiotemporal resolution using LFPs to evaluate
TUS effects, offering a translationally relevant approach that could
inform future applications across DBS-treated conditions such as
depression, addiction, Alzheimer’s disease, epilepsy, and other psy-
chiatric disorders. For this TUS-LFP method to be widely adopted
across centers, it will be important to show that it can be replicated
using other ultrasound neuromodulation platforms. The NeuroFUS
system used here was a four-element, handheld device with advan-
tages of technical simplicity, portability, and fixed factory calibration.
In contrast, large phased-array systems with hundreds of elements pose
unique safety considerations because interactions between multiple
beams and implanted DBS hardware may differ from those of sim-
pler handheld systems. These effects should be verified through site-
specific phantom testing for the intended parameters, as we did for this
study (35), particularly for MR-guided systems such as Insightec, where
the combined magnetic and acoustic fields add further complexity.

Cavitation remains an important safety consideration in ultrasound-
based interventions because it can cause tissue damage if uncontrolled
(72). In patients in the postoperative period, even small air pockets
along electrode trajectories can act as cavitation nuclei; therefore, up-
dated neuroimaging should be obtained to confirm the absence of air
before sonication, and waiting at least 1 to 2 months after DBS surgery
is advisable before any TUS intervention. Currently, no formal safety
guidelines exist specifically for focused ultrasound neuromodulation.
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The ITRUSST consensus on biological safety proposed that an MI not
exceeding 1.9 is associated with nonsignificant risk (38). However, MI
values within the nonsignificant risk range do not necessarily ensure
safety in patient populations given that mechanical safety depends not
only on acoustic amplitude but also on pulse characteristics, monitor-
ing strategies, and patient-specific factors. Conversely, higher MI
values may be tolerated in well-characterized and carefully monitored
settings, underscoring that safety in patient populations is context de-
pendent (73). Beyond safety, future work should also focus on acquir-
ing higher-resolution and multimodal data to better characterize TUS
mechanisms. Electrocorticography (ECoG) recordings from patients
with DBS implants enrolled in adaptive DBS trials may provide clearer
signals than LFPs and yield more mechanistic insights (74). Similarly,
combining TUS with MR spectroscopy or functional MRI could help
link electrophysiological changes to metabolic and network-level re-
sponses (57, 58, 67, 75-77).

Future directions for PD research may involve testing inhibitory
TUS protocols in basal ganglia structures. On the other hand, excit-
atory protocols might still hold potential for targets such as the pe-
dunculopontine nucleus, although its small size and deep location
make it difficult to target without off-target effects. Another strategy
could involve adjusting the intensity and duration of M1-tbTUS to
enhance its effect size. Accelerated protocols involving multiple ses-
sions per day over several weeks—similar to those used in TMS
studies for depression and obsessive-compulsive disorder (78, 79)—
should be explored with TUS to achieve more sustained benefits.
For cortical areas such as M1, the effects of TUS should be com-
pared to other established noninvasive brain stimulation methods
such as rTMS. Beyond its application in PD, TUS may have thera-
peutic potential for pain management. A recent study demonstrated
pain reduction in healthy participants after inhibitory TUS targeting
the dorsal anterior cingulate cortex (80). Excitatory protocols such
as tbTUS could be explored as a potential treatment for neuropathic
pain, given that low-frequency DBS of the periventricular gray has
shown clinical efficacy under such conditions (81).

MATERIALS AND METHODS

Study design

The objective of this prospective randomized study was to determine
whether TUS applied to different brain regions modulates STN LFPs
in patients with PD and whether such target-dependent electro-
physiological changes are associated with clinical effects. The primary
outcome was the change in postsonication LFP power relative to base-
line, and the difference in this change between active and sham stimula-
tion conditions. The study included four distinct sonication conditions:
(i) passive sham (Ispp, set to 0 W/cm?); (ii) active sham (sonication
of a nonmotor cortical region, the Occ); (iii) active M1 (sonication
of the primary motor cortex); and (iv) active GPi (sonication of the
GP1i). All participants (n = 17) underwent a passive sham condition
in a single session, along with one active condition in a separate ses-
sion spaced at least 1 week apart. The at least 1-week washout inter-
val was chosen on the basis of our previous experiment in patients
with PD, in which motor cortex excitability measured by TMS re-
turned to baseline values within 1 hour after a single sonication ses-
sion (52). The order of the active and sham sessions was randomized.
Each active condition was designed to include 10 participants, with
a total of 30 active sessions randomized and assigned to new par-
ticipants as they joined the study. Data collection concluded once
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this predefined number of sessions was reached. After completing
one active and one sham session, participants were invited to partici-
pate in a third session involving another active condition [# = 13/17,
76% agreed; reasons for declining included long travel distance to a
hospital (two in M1 and one in the occipital group) and difficulty
tolerating symptom severity during the DBS-OFF condition (one in
M1)]. Those who agreed were assigned to a new active condition
based on the randomization chart. Participants remained blind to
the sonication conditions until they completed all visits. The inclu-
sion criteria included patients with PD of any age, sex, and severity
who were stable on dopaminergic medications and had undergone
bilateral STN-DBS with a commercial IPG capable of both stimula-
tion and recording (Percept PC, Medtronic, Dublin, Ireland), en-
compassing both newly implanted DBS systems and older systems
upgraded with a Percept PC battery replacement. Exclusion criteria
were (i) neurological conditions other than PD; (ii) major psychiatric
disorders; (iii) Montreal Cognitive Assessment (MoCA) score < 22;
(iv) cardiac and other neurological implants; (v) history of intracra-
nial lesioning and implantation of more than 2 leads in a single pa-
tient; (vi) major illness, infection, or pregnancy; and (vii) damaged
lead contacts. Seventeen patients were recruited for the study, with
informed consent obtained from each participant. The sample size
was not predetermined using any statistical method. Patient charac-
teristics are given in Table 1. The details of the DBS procedure have
been described previously (82). This study was approved by the Re-
search Ethics Board of the University Health Network, Canada (pro-
tocol no. 18-5082), adhered to the latest version of the Declaration
of Helsinki, and was preregistered on ClinicalTrials.gov under the
identifier NCT05965960.

Statistical analysis

The presentation of continuous variables involves reporting the
means =+ SD, whereas categorical variables are presented in terms of
frequency (percentage). Blinding effectiveness was assessed using
binomial tests comparing the proportion of correct guesses against
chance level (50%) for each condition. An additional binomial test
was performed on the overall distribution of “active” versus “sham”
guesses to determine whether participants showed a systematic bias
toward one response type, regardless of correctness. Normality was
assessed using the Shapiro-Wilk or the Lilliefors test to inform the
choice of statistical tests. For paired within-subject comparisons
(Figs. 5, B and D, right, and 7A), paired ¢ tests or Wilcoxon signed-
rank tests were used with FDR correction for LFP analyses. For
within-subject/time analyses (Fig. 7C), we used repeated-measures
analysis of variance (ANOVA) with Greenhouse-Geisser sphericity
correction. Between-subject comparisons (subjective improvement
analysis) were performed using the Mann-Whitney U test. For com-
parisons involving mixed paired and unpaired data, a linear mixed-
effects model was used to account for within-subject correlations
while retaining all available observations. Condition (GPi, M1, and
Occ) was modeled as a fixed effect and subject as a random inter-
cept. For the between-active-condition LFP power analyses, sham-
corrected power was averaged per participant for each frequency
band (theta, alpha, and beta), and a separate model was fitted per
band. For acoustic and thermal parameters (Isppa; MI; and tempera-
ture in the brain, skull, and skin), separate models were likewise fit-
ted per parameter. In all cases, between-condition effects were
assessed using pairwise mixed-effects comparisons (GPi-M1, Occ-
M1, and Occ-GPi); within each band or parameter, these three tests
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were treated as a single test family (m = 3) and adjusted using FDR
correction. Models were fit using restricted maximum likelihood
estimation. The number of participants contributing paired sessions
was n = 4 for GPi-M1, n = 6 for Occ-GPi, and n = 3 for M1-Occ
comparisons. A sensitivity analysis was conducted on the MDS-
UPDRS-III scores, excluding three sessions with an arbitrary >20
points change from baseline because these likely reflected unintend-
ed medication status shifts between assessments (motor fluctuations
such as wearing-off, ON-OFF phenomena, or delayed ON), which
can occur when levodopa doses optimized for the DBS-ON state
become suboptimal during DBS-OFF and further amplified by im-
paired dopamine transport and storage in advanced PD. The exclud-
ed sessions were patient 017, GPi (35 > 57); patient 01, M1 (16 > 56);
and patient 017, occipital (60 > 29). After identifying outliers in the
MDS-UPDRS-III analysis, we assessed the corresponding LFP re-
cordings for outlier behavior. All three fell within the expected vari-
ability range and were therefore retained in the main LFP analyses.
We conducted Pearson (for linear) or Spearman (for nonlinear) cor-
relation analysis to assess the relationship between LFP recordings
and clinical outcomes, reporting the correlation coeflicient (r) and
adjusted P value. We prespecified two hypothesis families: (A) abso-
lute associations (pre- and post-UPDRS versus corresponding § power)
and (B) change-change associations [AUPDRS versus Apooled f and
AT40 B (sham-corrected)]. Analyses used paired data (n = 9), and
the FDR was controlled within each family (m = 2). All tests were
two-sided and considered statistically significant at P < 0.05 (« = 0.05),
and the analyses were performed using R Studio (v2023.12.1+402).
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Transcranial ultrasound stimulation of motor networks in Parkinson’s disease
informed by local field potential dynamics
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Editor’'s summary

Transcranial ultrasound stimulation (TUS) is a noninvasive neuromodulation technique that allows targeting of
superficial as well as deep brain regions and is therefore a potential treatment avenue for Parkinson’s disease (PD).
Successful clinical application of TUS requires a better understanding of target-specific network effects in the context
of disease. In an exploratory clinical study, Sarica et al. examined the effects of TUS on subthalamic nucleus (STN)
local field potentials in 17 patients with Parkinson’s disease. TUS of the motor cortex suppressed beta activity in the
STN and resulted in a modest but significant improvement of MDS-UPDRS-III scores 50 minutes after TUS, whereas
TUS of the globus pallidus internus enhanced beta power without clinical benefit. These findings highlight the motor
cortex as a potential TUS brain target for PD. —Daniela Neuhofer

View the article online

https://lwww.science.org/doi/10.1126/scitransimed.ady1883
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of Science. 1200 New
York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a registered trademark of AAAS.

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

9202 ‘7z Re|N uo A1sleAlun o A e Blo'aousios M/ :sdny wody papeojumoq


https://www.science.org/content/page/terms-service

	Transcranial ultrasound stimulation of motor networks in Parkinson’s disease informed by local field potential dynamics
	INTRODUCTION
	RESULTS
	Neural recordings of STN activity during TUS
	Personalized transcranial acoustic simulations
	Subjective changes and adverse events associated with TUS
	tbTUS of the GPi, M1, and Occ differentially modulates STN LFPs
	tbTUS of M1 suppresses beta activity at rest after sham correction, whereas GPi enhances it
	tbTUS of M1 modulates power differently during movement and rest
	Differential beta burst duration changes across tbTUS conditions
	Clinical effects of tbTUS

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Statistical analysis

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments
	AbstractOne-sentence summary: 
	Editor’s summary


