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Noninvasive targeted modulation of pain circuits
with focused ultrasonic waves
Thomas S. Riisa, Daniel A. Feldmana,b, Adam J. Lossera, Akiko Okifujic, Jan Kubaneka,*

Abstract
Direct interventions into deep brain circuits constitute promising treatment modalities for chronic pain. Cingulotomy and deep brain
stimulation targeting the anterior cingulate cortex have shown notable improvements in the unpleasantness of pain, but these
interventions require brain surgeries. In this study, we have developed an approach that can modulate this deep brain affective hub
entirely noninvasively, using low-intensity transcranial-focused ultrasound. Twenty patients with chronic pain received two 40-
minute active or sham stimulation protocols and were monitored for one week in a randomized crossover trial. Sixty percent of
subjects experienced a clinically meaningful reduction of pain on day 1 and on day 7 following the active stimulation, while sham
stimulation provided such benefits only to 15% and 20% of subjects, respectively. On average, active stimulation reduced pain by
60.0% immediately following the intervention and by 43.0% and 33.0% on days 1 and 7 following the intervention. The
corresponding sham levels were 14.4%, 12.3%, and 6.6%. The stimulation was well tolerated, and no adverse events were
detected. Side effects were generally mild and resolved within 24 hours. Together, the direct, ultrasonic stimulation of the anterior
cingulate cortex offers rapid, clinically meaningful, and durable improvements in pain severity.
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1. Introduction

An estimated 20% to 30% of people suffer from chronic pain,
a type of pain that does not resolve following healing of the initial
injury.13,61,68 Chronic pain is often recalcitrant, greatly diminishes
the quality of life, and frequently results in psychiatric disorders3,66

and, in some cases, suicide.48 Imaging12,22,29,44 and interven-
tional5,32,56 studies provide compelling evidence for the in-
volvement of a deep brain neural hub in the limbic system, the
anterior cingulate cortex (ACC), in the unpleasant, aversive
component of pain.

The ACC is heterogeneous in structure and function. Three
ACC subregions—anterior midcingulate cortex (aMCC), prege-
nual ACC (pACC), and subgenual ACC—have been implicated in
emotional regulation associated with chronic pain.43

Anatomically, the pACC is tightly linked to the prefrontal cortex,
whereas sACC is connected with the amygdala.57 These regions
show a functional dissociation with respect to emotional valence:
The sACC and pACC are modulated by negative and positive
emotions, respectively.64 The aMCC has been shown to play
a role in the cognitive/evaluative aspect of chronic pain.38 The
aMCC is activated by actual pain experience, as well as by pain-
related contextual cues.42 Furthermore, activity in this area is
modulated by attention toward or away from painful stimuli.29,44

Thus, the ACC serves a distinctive function of integrating the
affective-cognitive parameters of pain perception. Indeed, pre-
clinical models of neuropathic pain show a significant role of ACC
in linking pain and depressive behaviors.4,7 Moreover, ACC
hyperactivity accentuates the aversive component of chronic
pain.55 The ACC also appears to integrate situational affective
valence into the subjective experience of pain. For example,
individuals who receive noxious stimulation while exposed to sad
faces exhibit significantly greater activation of the ACC compared
with individuals presented with happy faces.70 Reduced ACC
activity following lesions can cause deficits in response selection
to noxious stimuli, kinetic mutism, motor neglect and impaired
motor ignition, and aberrant social behavior.15

Surgical interventions into the ACC using cingulotomy are
known to improve pain symptoms, which supports a causal role of
this brain region in the processing of pain. Specifically, a systematic
review that evaluated 244 patients across 11 studies showed that
this well-tolerated procedure provides pain relief in over 60% of
cases.56 Deep brain stimulation (DBS) implants targeting the ACC
provide an average of 35% to 48% reduction in pain intensity.5,32

Despite the effectiveness of these treatment options, both
cingulotomy and DBS require surgeries, which limit their scalability
to benefit larger patient populations.

To address this issue, we have developed an approach and
a device that can modulate the ACC and associated circuits
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entirely noninvasively. The approach focuses ultrasonic waves
into deep brain targets through the intact skull and scalp.50,52,53

Critically, the device measures and compensates for the severe
aberrations of ultrasound by the human head, thus delivering into
each target controlled, deterministic ultrasound intensity.51

In this study, we have applied the approach and device to
modulate the ACC in 23 patients with chronic pain. The primary
aim of this study was to assess the effects on pain using
a randomized crossover sham-controlled study design. In
addition to the clinical outcomes, in a subset of patients, we
validated target engagement using functional MRI (fMRI).

2. Methods

2.1. Trial design

This study was a pilot double-blind, randomized, controlled
crossover trial assessing the efficacy and safety of focused
ultrasound (FUS) stimulation of the ACC for patients with
generalized chronic pain (ClinicalTrials.gov NCT05674903).

Subjects who met the study criteria (see below) completed
baseline measures of chronic pain including the Brief Pain
Inventory,59 Patient-Reported Outcomes Measurement Informa-
tion System (PROMIS) pain intensity,25 PROMIS depression, and
PROMIS anxiety metrics.45 Following baseline, subjects were
randomly assigned to active or shamgroups. Both groups started
with an MRI session (approximately 1 hour) which was primarily
used to register the device to the patient’s brain anatomy.
Secondarily, that session also measured fMRI activation in
response to ultrasound stimulation. Next, subjects participated
in a treatment session outside of the MRI (40 minutes of
stimulation; approximately 1 hour in total) using either completely
active or sham stimulation. Subjects were monitored after
treatment for 7 days and then crossed over to the opposite
group if they continued to meet inclusion criteria. Subjects were
required to have at least an average 24-hour numerical rating
scale (NRS) pain score of 3 to crossover to the second treatment
and delayed treatment after active or sham until this threshold
was met. At the crossover, the subjects repeated the treatment
procedure in the opposite group and were again monitored for
7 days postintervention.

2.2. Participants

This study was approved by the Institutional Review Board of the
University of Utah. All subjects provided informed consent. This
study recruited subjects with a primary diagnosis of chronic pain
between the ages of 18 and 65. Pain had to be present for at least
3 months with moderate-to-severe levels of pain.

Exclusion criteria included any patient with a lifetime history of
a serious suicide attempt; history of serious brain injury or other
neurological disorder; brain stimulation in the past month (eg,
electroconvulsive therapy, transcranial magnetic stimulation
[TMS], vagal nerve stimulation); MRI intolerance or contraindica-
tion; or implanted device in the head or neck.

Table 1 summarizes the participant sample characteristics. The
study population was 60% women and, on average, 46.6 years of
age. The Brief Pain Inventory (BPI) 24-Hour Average Pain score
ranged from 3 to 8 with an average of 5.35 for active and 5.21 for
sham. Patient-Reported Outcomes Measurement Information
System pain intensity score ranged from 54.2 to 74.4 with an
average of 65.0 for active and 63.6 for sham. The study cohort
corresponded to subjects with moderate-to-severe pain. Subjects
had single or multiple sources of chronic pain that ranged broadly

including fibromyalgia (10), myofascial pain syndrome (4), gener-
alized pain syndrome (4), migraines (3), back pain (3), neuropathy
(3), arthritis (3), chronic fatigue syndrome (2), complex pain
syndrome, piriformis syndrome, atypical trigeminal neuralgia,
cervical myelopathy, shoulder pain, foot pain, joint pain, endome-
triosis, scleroderma, dysautonomia, common variable immunode-
ficiency, temporomandibular joint dysfunction, Guillain–Barré
syndrome, Crohn disease, and postcancer pain. Individual chronic
pain etiologies, demographics, and pain scores are shown in Table
S1 (available at http://links.lww.com/PAIN/C85).

2.3. Interventions

This study evaluated FUS stimulation of the ACC over a single 1-
hour session containing 40 minutes of active sonication.
Ultrasound was focused on a target using 2 phased array
transducers placed over the left and right parietal bones.50 All
treatments took place outside the MRI (Fig. 1A).

2.3.1. Registration

Before treatment, subjects underwent a standard anatomical (T1-
weighted) MRI for treatment guidance. These scans enable the
coregistration of the device’s position to subject-specific brain
anatomy, as described previously.50 Treatments were performed
outside the scanner. The head was locked in the same
radiological mask and position as during the MRI scans, thus
ensuring targeting reproducibility50 (Fig. 1B).

2.3.2. Targeting

Following registration, 8 targets within the ACC were selected: 2
targets within the subgenual ACC (Brodmann Area 2565) and 6
targets from within the pACC to aMCC (Brodmann Areas s24,
p24, a24, 3365). The arrays produce a 26 dB intensity field with
lateral 3 elevational 3 axial dimensions of 2.4 3 3.6 3 20.4 mm
(y, z, and x dimensions of theMontreal Neurological Institute [MNI]
coordinate system) (Fig. 1C).50 Each of the 8 targets was
centered on the subject’s midline in the x-dimension and white
matter tracks from both hemispheres in the y-z dimension.35

Each target was separated from the adjacent target by 4 mm in
the sagittal plane (y-z dimension) to provide a continuum but
avoid an overlap of the stimulated subregions (Fig. 1). In this
plane, the target was also placed at least 4 mm from the outer
edge of the corpus callosum to minimize direct stimulation of this
highly connected area. The shape of the focus allowed for
bilateral stimulation of the ACC. Average target location and
distribution are shown in Figure 1.

Table 1

Demographic information.

Real Sham

Female (male) subjects 12 (8) 11 (9)

Age (SD) 46.5 (10.36) 46.7 (10.37)

Average NRS (SD) 5.35 (1.39) 5.21 (1.47)

PROMIS pain intensity 3a 65.02 (4.75) 63.60 (4.97)

PROMIS depression 8b 59.19 (6.97) 58.64 (8.48)

PROMIS anxiety 7a 57.8 (9.86) 58.39 (8.61)

Individual rows provide, separately for real (left) and sham (right) stimulation groups, the number of female

(male) subjects, mean 6 SD age, mean 6 SD baseline numerical rating score of pain, and mean 6 SD

baseline scores of PROMIS pain intensity, depression, and anxiety.

PROMIS, Patient-Reported Outcomes Measurement Information System; NRS, numerical rating scale.

2 T.S. Riis et al.·00 (2024) 1–11 PAIN®

D
ow

nloaded from
 http://journals.lw

w
.com

/pain by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 07/29/2024

http://ClinicalTrials.gov
http://links.lww.com/PAIN/C85


2.3.3. Treatment

The treatment session, performed outside the scanner, consisted
of 2 stimulation blocks. Block A contained sixteen 30-second
stimulations to test for immediate symptom reduction. Symptoms
were assessed verbally after each sonication with subjects
reporting any positive or negative changes to their pain. The
targets were ordered randomly without replacement such that
each target was stimulated twice. Verbal reports typically took 15
to 60 seconds between each sonication. We selected the 4
targets that yielded the strongest reduction in the pain symptoms.
Block B delivered to these 4 targets twelve 3-minute sonications,
randomly interleaved. The individual stimulations were again
spaced by 15 to 60 seconds as the operator selected the next
target and the subject reported any positive or negative changes
from the previous stimulation. Sham stimulation used the same
protocol but only provided auditory masking to the subjects; zero
voltage to the transducers.

2.3.4. Stimulation parameters

Ultrasound was delivered to each target with amplitude of 1 MPa
(estimated using the relative through-transmit skull correction,51

spatial peak pulse average intensity (ISPPA) 31.0 W/cm2,
mechanical index (MI) 5 1.2, thermal index (TI) 5 0.64), 30
milliseconds burst duration containing pulses of 5milliseconds on
and 5 milliseconds off (duty cycle 5 50%), separated by 0.7-
second burst interval (pulse repetition frequency (PRF)5 1.42Hz,
spatial peak temporal average intensity (ISPTA) 0.66 W/cm2).
Thermal index at target was calculated using W/Wdeg, with W 5
310,000W/m2 andWdeg5 ΔT rC/(2a f)5 480,000W/m2, where
ΔT is 1 degree of temperature change, r is density of brain tissue,
1030 kg/m3, C is specific heat of brain tissue, 3630 J/(kg K), a is
the absorption of brain tissue, 6 MHz21 m21, and f is frequency,
0.65 MHz. Potential skull heating was assessed with both
simulations and measurements inside ex vivo human skulls in
previous work,51 finding a maximum 0.047˚C temperature
increase for 30-millisecond pulses.

2.3.5. Relative through-transmit skull correction

The hardware provides the ability to directly measure and
compensate for the attenuation of ultrasound by the head and hair.
This functionality and the associated details have been described
previously.50,51 In brief, in this method, the transducers sequentially
emitted a 10-cycle, low-intensity, 650 kHzpulse fromeach individual
element while recording responses from all the other, nontransmit-
ting elements. This through-transmit procedure enables a direct
measurement of the ultrasound attenuation and phase shift by the
skull and other obstacles in the transmission path, including the hair
and the acoustic coupling. The through-transmit method is
relativistic, performed in comparison to reference measurements
taken in water for the same fixed geometry of the transducers. The
relative differences in the received ultrasound waveforms between
the 2 conditions enable the computation of the attenuation and
phase shift the ultrasound experiences from each element to the
target. The values are thenused to scale the amplitudeof eachbeam
by the inverse of the estimated attenuation and to delay the emission
time by the estimated phase shift. This approach restores the
amplitude and field at the target.50,51

2.3.6. Sham stimulation

Sham stimulation used auditory masking as in previous studies.6,71

Both the sham and active groups of subjects wore headphones
during the intervention. The headphones delivered white noise
combined with the sound of prerecorded ultrasound transmission
pulses. These auditory stimuli were time-locked to the ultrasound
stimuli during active stimulation to mask any sound associated with
the ultrasound delivery. No ultrasound was delivered with the
auditory masking during the sham stimulation.

2.4. MRI acquisition

MRI acquisition was conducted at the University of Utah Imaging
and Neuroscience Center with a Siemens VIDA 3T system. Data
collected included fMRI BOLD, high-resolution anatomical

Figure 1. Experimental setup for noninvasive deep brain modulation of chronic pain. (A) The trial design showing randomization to MRI T1 and 10-minute fMRI
measure of either active or sham stimulation followed by the first 40-minute ultrasound treatment session outside the MRI scanner, 7-day monitoring, washout,
second treatment session outside the MRI scanner, and 7-day monitoring. There were 20 (20) data points available for the active (sham) conditions. See the
CONSORT diagram in Supplemental Figure 1 (available at http://links.lww.com/PAIN/C85) for details. (B) Transcranial low-intensity focused ultrasound was
delivered into the ACC target using a device described previously.50–53 (C) The ACC targeting was validated using MRI.50,52,53 Since the ACC is a large structure
with respect to the ultrasound focus (2.4 mm 3 3.6 mm 3 20.4 mm50), we targeted 8 ACC subregions, indicated by the white crosses. The green crosshair
exemplifies the targeting of one of the subregions. The pink regions outline the corresponding.50%peak intensity focal volume of the ultrasound.50 ACC, anterior
cingulate cortex; fMRI, functional MRI.
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magnetization-prepared rapid gradient-echo (MPRAGE), and 2
opposite phase-encoded spin-echo field maps. Data acquisition
included the following sequences: fMRI BOLD (T2*-weighted):
interleaved series, posterior-anterior (P-A) phase encoding, repe-
tition time (TR) 2.0 seconds, time to echo (TE) 33 milliseconds, flip
angle (FA) 80˚, field of view (FOV) 207mm, 52 slices, slice thickness
2.4 mm, bandwidth 2004 Hz/pixel, echo spacing 0.62 milli-
seconds, and 300 volumes per 10 minutes; MPRAGE anatomical:
ascending series, A-P phase encoding, TR 2.4 seconds, TE 2.26
milliseconds, FA 8˚, 192 slices, slice thickness 1.3 mm, bandwidth
200 Hz/pixel, and echo spacing 6.84 milliseconds; spin-echo field
maps: interleaved series, A-P and P-A phase encoding, TR 9.5
seconds, TE 66 milliseconds, FOV 207 mm, 52 slices, slice
thickness 2.4 mm, bandwidth 1162 Hz/pixel, echo spacing 0.96,
and echo-planar imaging (EPI) factor 86.

The MRI visit served primarily to acquire an anatomical MRI of
the subject for device-to-subject registration. The secondary
objective of the session was to explore fMRI BOLD activity during
simultaneous ultrasound stimulation of the ACC.

2.5. MRI processing

We implemented a minimal fMRI processing pipeline to enable
individualized analyses in patient-specific, native MRI space.
Functional MRI processing was performed using analysis of
functional neuroimages (AFNI 24.0.04), ANIMA (3.0), and
statistical parametric mapping 12 (SPM12 r7219) software
packages. Processing was completed in 5 steps: reduction in
BOLD outlier voxel signals (despiking) (AFNI), EPI BOLD
distortion correction utilizing opposing phase-encoded spin-
echo field maps (ANIMA), BOLD time-series spatial realignment
to 10th volume (SPM12), BOLD time-series slice-time correc-
tion (SPM12), and spatial smoothing of time-series BOLD with
8-mm Gaussian Kernel (SPM12).

Special preprocessing consideration was given due to potential
artifacts andMRI distortions that may be caused by the presence of
ultrasonic transducers and water-based hydrogel coupling (PVA
Hydrogel, UltrasoundCoupling.com) inside the MRI. These consid-
erations led to the construction of our multipackage, study-specific
processing pipeline. In particular, AFNI despiking was found tomost
accurately and consistently identify and remove gel coupling outlier
signals from the EPI BOLD images. After despiking, all data were
visually quality checked for removal of gel coupling signal before
further preprocessing (Supplemental Fig. 5, available at http://links.
lww.com/PAIN/C85).

2.6. Functional MRI analysis

Functional MRI BOLD activation individual analyses were con-
ducted in SPM12 using a whole-brain general linear model (GLM).
The design contrasted 5 interleaved 1-minute epochs of stimula-
tion with five 1-minute epochs of rest throughout a 10-minute
BOLD scan time. Stimulation blocks followed parameters used in
the treatment session outside the scanner but used a 1-minute
total sonication block duration. The data, for both active and sham
stimulation, were analyzed using 2 directional t tests contrasting
stimulation and nonstimulation blocks. BOLD significance was
determined with the inclusion of uncorrected signal values of P ,
0.001 and subsequent cluster analysis of P , 0.05. Head
movement was minimized by the device itself, which uses
a stereotactic radiotherapy thermoplastic mask (Aquaplast RT
Open Eye andMouth Slimline U-Frame; QFix50). This mask is used
during gamma knife procedures requiring robust head fixation. We
have also taken steps to maximize sensitivity in the fMRI data

processing. First, we analyzed individuals in their native-subject
space to decrease spatial distortions due to normalization to
standard MNI space. Second, movement parameters were not
included in first-level subject-space GLMs. This is because, in
block-design fMRI experiments, the inclusion of movement
parameters in subject-level GLManalyses decreases the sensitivity
of the GLM to detect BOLD modulation.24

2.7. Functional MRI whole-brain group analysis

We performed a whole-brain, voxel-wise analysis to define brain
activity changes associated with ultrasonic neuromodulation. To
enable group-level activation analysis, in addition to the steps for
first-level individual analyses, we performed the following fMRI
processing steps following the slice-time correction: coregistra-
tion of high-resolution T1 to mean of realigned time series
(SPM12), normalization of coregistered T1 to MNI space (using
Advanced Normalization Tools ANTS), normalization of time-
series BOLD by application of T1 normalization deformation fields
(ANTS), and spatial smoothing of time-series BOLD with 8-mm
Gaussian Kernel (SPM12). We performed 2 whole-brain di-
rectional t tests comparing rest blocks to sonication blocks (Off.
On and On . Off t tests) to reveal decreases and increases in
brain activation corresponding to active sonication.

2.8. Clinical assessments

The primary treatment efficacy outcomewas the difference between
active and sham FUS using the BPI average 24-hour pain intensity
scores pre- and post-intervention. Brief Pain Inventory scores were
completed daily for 7 days following the intervention. Secondary
outcome measures were the PROMIS pain intensity, PROMIS
depression, and PROMIS anxiety. Verbally reported average NRS
pain score was also recorded throughout the treatment session to
assess the immediate effects of stimulation.

The safety of FUS was assessed using a collection of
spontaneously reported adverse events and General Assess-
ment of Side Effects49 that were recorded at baseline and
24 hours after both the active and sham treatment sessions.

2.9. Statistical analysis

The primary outcome of BPI average 24-hour pain intensity over
the 7-day monitoring period between the sham and active group
was compared using a repeated measures analysis of variance,
with Greenhouse–Geisser-adjusted P value for multiple compar-
isons. Individual posttreatment days were compared between
groups using a 2-sample t test with Bonferroni–Holm correction
for multiple comparisons. Secondary outcomes of difference
between groups in immediate pain reduction, PROMIS pain
intensity, PROMIS depression, and PROMIS anxiety are all
compared using the Wilcoxon signed-rank test to account for
a nonnormal distribution of scores.

2.10. Randomization

Randomization was conducted by a volunteer not involved with the
data collection who prepared envelopes before the trial with notes
designating “active” or “sham” sealed inside. Before the start of each
treatment, an envelope containing the random designation was
given to the person operating the stimulation device and sharedwith
no one else who interacted with the patient. Participants were not
informedof their groupallocation.Clinicians, studycoordinators, and
researchers applying the device to the subject during the MRI and
treatment sessions were all blinded.
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2.11. Ethical statement

Participants provided informed consent before participation. The
University of Utah Institutional Review Board approved this study,
which was developed in accordance with the ethical standards of
Good Clinical Practice and the Declaration of Helsinki. This study
was preregistered on ClinicalTrials.gov (NCT05674903).

3. Results

3.1. Study design

This study involved a randomized sham-controlled crossover
design, in which patients were randomly assigned into active or
sham treatment and crossed into the opposite arm 1 week later
(Fig. 1A). Twenty-three patients with chronic pain were recruited
for this study (Table 1). Two patients who started in the sham arm
both completed the sham arm, then declined efforts to be
contacted and did not cross over to the second arm. Neither
subject experienced side effects related to the sham treatment.
Their results and safety data are included in the analyses.

There was no dropout for patients who started in the active arm,
although 1 patient who went into pain remission did not complete
the crossover into sham (Supplemental Fig. 1, available at http://
links.lww.com/PAIN/C85). Overall, 20 active and 20 sham data
points were available for analysis of clinical effects (Table S1,
Supplemental Fig. 4, available at http://links.lww.com/PAIN/C85).

3.2. Targeting

The ultrasound targeting was performed outside the MRI using
the registered T1MRI scan of the patient’s brain and transducers,
as in our previous studies50–53 (see Methods).

3.3. Modulation of pain

The ultrasound was delivered into the individual ACC subregions
over a period of 40 minutes. Standard NRS scores and PROMIS
scores were measured for up to 7 days following the single
intervention. Immediately following active stimulation, patients
reported reduced NRS pain scores by 60.0 6 33.1% (mean 6
SD; Fig. 2). This corresponds to an absolute NRS change
of 22.7 6 1.4. By contrast, the sham stimulation, which only
delivered auditory masking sounds (Methods) and no ultrasound,
resulted in a 14.39 6 32.15% reduction. The difference was highly
significant (P 5 0.00013, z 5 3.83, Wilcoxon signed-rank test).
Following the active treatment, 75% (15 of 20) of subjects reported
a clinically meaningful (33%41) reduction in pain, with 60% (12 of 20)
of subjects reporting a reduction greater than 50%. By contrast,
following the sham treatment, 15% of subjects experienced
a clinically meaningful reduction in pain and 10% (2 of 20)
experienced a reduction greater than 50%. Together, these data
suggest that the ultrasonic ACC treatments resulted in a substantial
reduction of pain levels following a single-session intervention.

We further evaluated the durability of pain relief following the
single-session treatments (Fig. 3). Pain reduction following active
stimulation, but not sham stimulation, was particularly pro-
nounced in the days following the intervention and remained
statistically and clinically significant through the 7-day follow-up
period (Fig. 3). A repeated measures analysis of variance
confirmed a significant effect of the active treatment arm over
the sham treatment arm (group effect—active or sham; F7 5
3.21, P 5 0.0086, Greenhouse–Geisser adjusted). The NRS
levels associated with these effects are provided in Supplemental
Figure 2 (available at http://links.lww.com/PAIN/C85). Following

active treatment, 60% (12 of 20) of subjects reported a clinically
meaningful reduction in pain at 24 hours and 7 days post, with
55% and 30% of subjects reporting a reduction greater than 50%

Figure 2. Rapid changes in pain intensity following ultrasonic modulation of the
ACC.Mean6SEMchange inNRSscores in response to sham (orange) andactive
(blue) stimulation of the ACC, relative to the NRS scores before intervention. The
individual data points are provided as colored circles. ***P 5 0.00013, Wilcoxon
signed-rank test. ACC, anterior cingulate cortex; NRS, numerical rating scale.

Figure 3.Durable changes inpain intensity following ultrasonicmodulation of the
ACC.Mean6SEMchange inNRS scores relative to baseline NRS scores taken
before each intervention. The effects were measured for up to 7 days (abscissa).
Data are provided separately for the active (blue) and sham (orange) stimulation.
The dashed line represents a pain reduction level that is considered clinically
meaningful.41 The stars denote significant differences between the active and
sham effects (*P , 0.05, **P , 0.01; Bonferroni–Holm-corrected for multiple
comparisons). ACC, anterior cingulate cortex; NRS, numerical rating scale.
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at these timepoints, respectively. By contrast, following the sham
treatment, 15% (3 of 20) and 20% experienced a clinically
meaningful reduction in pain and 10% experienced a reduction
greater than 50% at 24 hours and 7 days post (Fig. 4).

The beneficial effects of ACC neuromodulation were also
observed in the PROMIS pain intensity scores (Fig. 5). Active
stimulation resulted in a mean 6 SD decrease of 5.68 6 7.2
points in the PROMIS pain intensity scores, and this effect was
significant relative to the sham stimulation (P5 0.0014, z5 3.20,
Wilcoxon signed-rank test). In the active FUS group, 55% (11 of
20) of subjects’ pain scores improved by at least the clinically
significant change of 2.5,8 compared with 17% (3 of 19) for sham.
The PROMIS depression score decreased by 2.27 6 3.75 for
active and 0.23 6 6.16 for sham (P 5 0.14, z 5 1.48, Wilcoxon
signed-rank test). The PROMIS anxiety score decreased by
2.876 6.21 for active, and 0.656 5.36 for sham stimulation (P5
0.20, z 5 1.29, Wilcoxon signed-rank test).

3.4. Safety

The stimulation was well tolerated with no adverse events
detected. There were no significant differences between active
and sham stimulation for any of the measured symptoms
(Table 2). All side effects related to treatment were resolved by
the end of this study. There was no significant difference in the
dropout rates between the active and sham conditions (P5 0.49,
Fisher exact test). No significant worsening of pain, measured
with the Brief Pain Inventory, was observed in either the sham or
active treatment groups.

3.5. Functional MRI target engagement

Before the treatment session outside the MRI, sham and real
stimulation were delivered inside the MRI to validate the
ultrasound focus, using a target engagement procedure used
and described previously.51 We have specifically validated that
the device can target both the ventral (subgenual) and dorsal
parts of the ACC.

Significant effects were observed at target in 3 of 4 subjects in
whomwe tested the engagement of the subgenual ACC and 3 of
5 subjects in whomwe tested the engagement of the dorsal ACC
(Fig. 6). Within the subjects who showed significant effects, all
subgenual ACC subjects showed deactivation at target, while 2
aMCC subjects showed target activation and 1 aMCC subject
showed target deactivation. Second-level group analyses

showed no significant clusters for the 4 subjects who received
subgenual ACC, the 5 subjects who received aMCC, or the 10
subjects who received sham (Supplemental Fig. 3, available at
http://links.lww.com/PAIN/C85).

4. Discussion

This study provides preliminary support for an exciting new
treatment approach for chronic pain, using noninvasive FUS to
modulate the deep brain targets known to reflect pain experience.

Figure 4. Response rates. Same format as in Figure 3, now showing the proportion of subjects who attained greater than 33% (A) and greater than 50% (B)
reduction in pain intensity.

Figure 5.Change in PROMIS pain intensity scores at day 7 following ultrasonic
modulation of the ACC. Mean6 SEM changes in the PROMIS scores at day 7
following the stimulation, relative to PROMIS scores before the stimulation. The
dashed line provides the level of clinically meaningful reduction in pain.8 **P5
0.0014, Wilcoxon signed-rank test. ACC, anterior cingulate cortex; PROMIS,
Patient-Reported Outcomes Measurement Information System.
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The results demonstrate that it is possible to modulate deep brain
structures in humans precisely, noninvasively, and in a controlled
manner. In this approach, a phased array device delivers
ultrasound into specified deep brain targets, while measuring

and compensating for the aberrations of ultrasound by the
head.51 Using this approach, we administered low-intensity
ultrasound to the ACC of patients with chronic pain. A
randomized crossover sham-controlled evaluation revealed that

Table 2

The stimulation was well tolerated by patients.

Real (N 5 20) Sham (N 5 20)

No. of adverse events 0 0

Study dropouts 0 2

GASE rating Not
present

Mild Moderate Severe Related to treatment
(%)

Not
present

Mild Moderate Severe Related to treatment
(%)

Headache 5 10 3 2 4 (20) 6 7 5 2 5 (25)

Hair loss 19 0 1 0 0 (0) 18 2 0 0 1 (5)

Dry mouth 6 11 1 2 1 (5) 5 10 2 3 0 (0)

Dizziness 13 6 1 0 1 (5) 12 3 4 1 0 (0)

Chest pain 20 0 0 0 0 (0) 18 1 1 0 0 (0)

Palpitations 18 2 0 0 0 (0) 17 3 0 0 0 (0)

Breathing problems 17 3 0 0 0 (0) 19 0 1 0 0 (0)

Subjective blood circulation-associated

problems

19 1 0 0 0 (0) 17 2 1 0 0 (0)

Abdominal pain 16 2 2 0 0 (0) 13 6 1 0 0 (0)

Nausea 15 5 0 0 0 (0) 11 9 0 0 0 (0)

Vomiting 20 0 0 0 0 (0) 19 1 0 0 0 (0)

Constipation 15 4 1 0 0 (0) 15 3 2 0 0 (0)

Diarrhea 17 1 2 0 0 (0) 14 3 2 1 0 (0)

Reduced appetite 15 3 2 0 1 (5) 15 4 1 0 0 (0)

Increased appetite 16 2 2 0 0 (0) 15 4 0 1 0 (0)

Difficulty urinating 17 3 0 0 0 (0) 18 2 0 0 0 (0)

Problems with sexual performance or

sex organs

16 4 0 0 0 (0) 14 4 1 1 0 (0)

Painful or irregular menstruation 18 0 2 0 0 (0) 18 1 1 0 0 (0)

Skin rash or itching 19 1 0 0 0 (0) 15 2 3 0 0 (0)

Tendency to develop bruises 17 2 1 0 0 (0) 14 4 2 0 0 (0)

Fever, increased temperature 19 1 0 0 0 (0) 19 0 1 0 0 (0)

Abnormal sweating 17 2 1 0 0 (0) 13 5 1 1 1 (5)

Hot flashes 17 2 1 0 0 (0) 10 6 2 2 0 (0)

Convulsions or seizures 20 0 0 0 0 (0) 19 1 0 0 0 (0)

Fatigue, loss of energy 8 7 5 0 0 (0) 5 5 8 2 0 (0)

Tremor 18 2 0 0 0 (0) 18 1 1 0 0 (0)

Insomnia, sleeping problems 7 7 5 1 0 (0) 9 3 4 4 1 (5)

Nightmares or abnormal dreams 18 0 2 0 0 (0) 16 2 1 1 1 (5)

Back pain 7 7 5 1 1 (5) 5 4 8 3 1 (5)

Muscle pain 8 3 6 3 0 (0) 3 4 10 3 2 (10)

Joint pain 7 5 6 2 1 (5) 2 6 10 2 2 (10)

Agitation 12 8 0 0 0 (0) 10 8 2 0 0 (0)

Irritability, nervousness 11 6 3 0 0 (0) 11 6 3 0 1 (5)

Depressed mood 13 6 1 0 0 (0) 10 6 4 0 1 (5)

Thoughts about suicide 18 2 0 0 0 (0) 18 1 1 0 1 (5)

Anxiety, fearfulness 13 3 4 0 0 (0) 10 6 4 0 2 (10)

Following the stimulation, the patients were asked to complete a standard clinical questionnaire49 that assessed potential side effects. The data are shown separately for the active (left column) and sham (right column)

stimulation.
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the intervention could provide a rapid, clinically meaningful, and
durable reduction in chronic pain.

Rapid improvements in chronic pain can be obtained using
medication treatments23 or surgical interventions, including
cingulotomy56 and DBS.5,32 Nonetheless, medication treatments
require frequent readministration, often carry significant side
effects,34 and can be addictive.21,36 On the other hand, the
surgical options carry significant risks, including brain hemor-
rhage and infection.16 The ultrasound waves used here provide
an alternative, drug-free and incisionless treatment option for
chronic pain.

Targeted noninvasive modulation of deep brain circuits has
long been a dream of neural sciences. Ultrasonic energy has
been a prime candidate for attaining this goal. Ultrasonic waves
combine a unique triad of properties—noninvasiveness, depth
penetration, and sharp focus. Since sound waves have a much
lower speed of propagation than electromagnetic waves, sound
waves have a relatively small wavelength. Thanks to diffraction,11

the short wavelength enables relatively sharp focus at depth.
Nonetheless, the technology has been impeded by formidable
barriers—the skull and hair, which attenuate and distort
ultrasonic waves severely and unpredictably.51,54 The approach
presented in this study directly measures and compensates for

these barriers in each individual, thus delivering into specified
targets a controlled, deterministic amount of ultrasound in-
tensity.51 This way, low-intensity ultrasound can provide targeted
noninvasive neuromodulation in an effective and safe
manner.50–53

Three previous studies2,31,58 applied low-intensity ultrasound
to various brain regions of healthy individuals who rated the
intensity levels of thermal stimuli. It was found that the stimulation
could change thresholds of thermal perception or decrease the
perception of thermal pain. The ultrasonic study performed here
differs in 3 fundamental ways. First, we applied the intervention to
patients—as opposed to healthy individuals, and measured
changes in clinical metrics of pain inherent to the patients, not
induced externally. Second, we havemeasured and corrected for
the ultrasound aberrations by the head.51 Third, we have focused
the ultrasound on the target using phased arrays, which provide
focal, precise, and flexible ultrasound delivery.50,52,53

At the mechanistic level, we and others have found that
ultrasound mechanically activates ion channels27,28,40,47,69 and
directly elicits action potentials.37,60 When ultrasound is delivered
into neural tissues for dozens of seconds or longer, it also induces
neuroplastic effects.14,17,26,40,62,63,67 These effects are, at least in
part, due to activation of glial cells.39,40 In addition, these effects

Figure 6. Target engagement. Data for all subjects that received active stimulation subgenual ACC (left panel): subject 17 (cluster-level P, 0.0001; false discovery
rate corrected, kE 5 369 voxels), subject 2 (cluster-level P, 0001; false discover rate corrected, kE 5 414), subject 21 (cluster-level P, 0.0001; false discovery
rate corrected, kE 5 5791 voxels), subject 5 (signal inclusion P , 0.005; cluster-level P 5 0.016; false discovery rate corrected, kE 5 183 voxels). aMCC (right
panel): subject 19 (cluster-level P, 0.0001; false discovery rate corrected, kE 5 1344 voxels), subject 4 (cluster-level P, 0.0001; false discovery rate corrected,
kE5 1992 voxels), subject 8 (cluster-level P5 0.034; uncorrected, kE5 47 voxels). Subjects 7 and 9 did not show significant activation at the target region. Group
analysis was nonsignificant for both targets. ACC, anterior cingulate cortex; aMCC, anterior midcingulate cortex.
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are a function of the ultrasound parameters used in these studies.
Careful modeling work has suggested46 that low-energy insona-
tions produce aggregate neuroinhibitory effects, whereas higher-
energy insonations tend to produce neuroexcitatory effects.
Ultrasound-induced neuroplastic effects provide a unique op-
portunity for noninvasive reset of the malfunctioning circuits. A
durable reset based on induced neuroplastic effects is the
primary hypothesized mechanism underlying the sustained
effects reported in this study.

As a validation of target engagement, this study replicated the
results of our previous studies,51,53 which used the same device
and showed modulation of fMRI BOLD signals at the ultrasound
focus. Our previous studies targeted the subgenual ACC with
low-energy insonation parameters and found a decrease of
BOLD signals at the ultrasound target. Focused ultrasound
modulation of BOLD signal has been demonstrated by other
groups in previous human studies1,10,30 and in nonhuman
primates.33 The validation of target engagement using this or
other devices is critical for next-generation ultrasound-based
neuromodulation.

In this study, we observe bi-directional polarity of modulated
fMRI BOLD signals. This bi-directionality between activation
and deactivation at the target may be due to biological
differences between the subgenual ACC and the aMCC. For
the statistically significant subjects, ultrasound applied to the
subgenual ACC resulted in deactivation at the target, as
reported in our previous studies. Similarly, this deactivation
was largely restricted to the ultrasound target region. By
contrast, 2 of 3 subjects with significant modulation at the
aMCC showed an activation in the target region. Moreover,
this aMCCmodulation was consistently paired with changes in
activity superior to the target in the dorsal medial prefrontal
cortex, regardless of activation or deactivation at the target.
Taken together, our data suggest that neuromodulatory
effects of ultrasound may be not only parameter- but also
brain-region-dependent. Indeed, the subgenual ACC and
aMCC have unique cellular architectures, with the aMCC
containing both larger cell bodies and higher glia-to-neuron
ratios.20 As noted, ultrasonic-induced neuroplastic effects are,
in part, due to activation of glial cells.39,40 As such, the
neurobiological composition of the stimulated circuit may
constitute a key factor to control for in future studies.

Three lines of evidence support the notion that the ACC
modulation effects were due to the stimulation and not due to
a generic artifact. First, there was a substantial and significant
contrast in the reduction of the pain intensity levels between
active and sham stimulation. This is even though the sham
stimulation was controlled for a placebo using an active auditory
protocol applied in previous studies.6,71 Second, the active
stimulation elicited localized effects and did not elicit a consis-
tent activation of the auditory or somatosensory cortex (Fig. 6).
Finally, the lack of MRI BOLD activation at target in some of the
subjects provides negative control data, implying the observed
modulation in other subjects was not due to a pervasive generic
artifact.

This study has certain caveats. One is the limited number of
participants. Nonetheless, these initial effectiveness and safety
data encourage a large-scale, pivotal study to determine the
effectiveness and safety of ultrasonic treatments for chronic pain.
A second, important caveat is the relatively heterogeneous
population of patients. The goal of this study was to provide initial
proof of the concept of modulation of the aversive component of
pain, potentially applicable to diverse etiologies and subgroups of
pain. This diversity may nonetheless limit the treatment

effectiveness. Future studies should either gather data from
a large number of patients with the goal of determining which
etiologies and groups are most responsive or focus on a defined
subgroup. Third, we used MRI to ensure the precise targeting of
the ultrasound in the ACC. Although this may be a strength with
respect to scientific rigor, the use of MRI poses practical
limitations. Future work should develop registration approaches
that are both accurate and do not requireMRI.9 Fourth, we did not
quantify subjects’ ability to distinguish active from sham or
expectations of pain relief. Subjects were informed during
recruitment and at consent that this was an exploratory trial and
would not lead to a long-term replacement for treatment.
Nonetheless, 3 points of evidence suggest that the sham
procedure could not be reliably identified from the active
procedure; (1) The sham successfully elicited a temporary
placebo response (Fig. 3); (2) The time dynamics of the pain
reduction effects were comparable across the active and sham
conditions regardless of randomization (Supplemental Fig. 4,
available at http://links.lww.com/PAIN/C85); (3) There was no
significant difference in the dropout rates between active and
sham stimulation. The final limitation is that the crossover study
design has limited the evaluation of each subject to 7 days, before
crossing into the opposite arm. Future studies should evaluate
the effect duration over several weeks or longer. The effects of
repeated treatments should also be evaluated.

The ultrasonic intervention is conceptually related to TMS
applied to the motor cortex, which can provide improvements in
chronic pain in certain groups of patients.18,19 The key difference
is that ultrasonic waves can directly modulate the deep brain
regions involved in chronic pain, including the ACC. Transcranial
magnetic stimulation is believed to modulate deep brain regions
only indirectly, which may contribute to its variable response and
the need for frequent re-administrations. Nonetheless, the effects
of both modalities may be complementary, and their combined
application may provide stronger effects than either approach
alone.

In summary, this article reports a noninvasive targeted
approach to modulate the deep brain circuits involved in chronic
pain. The approach provides proof-of-concept data of effective,
rapid, and durable reduction in chronic pain. The procedure is
incisionless, medication-free, and can be applied to patients
within minutes. This approach could therefore be administered to
a large spectrum of patients, potentially contributing to the effort
of reducing21 the administration of opioid medications or drugs
that cause systemic side effects.

Conflict of interest statement

J. Kubanek is an inventor on a patent related to the device
function. The other authors have no conflict of interest to declare.

Acknowledgments

This clinical study was preregistered on ClinicalTrials.gov
(NCT05674903). All clinical data and code used in this article
are available upon request. This work was supported by the NIH
grants R00NS100986, RF1NS128569, and S10OD026788, the
University of Utah College of Engineering seed grant, and the
University of Utah Ascender grant.

Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PAIN/C85.

Month 2024·Volume 00·Number 00 www.painjournalonline.com 9

D
ow

nloaded from
 http://journals.lw

w
.com

/pain by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 07/29/2024

http://links.lww.com/PAIN/C85
http://ClinicalTrials.gov
http://links.lww.com/PAIN/C85
www.painjournalonline.com


Article history:
Received 8 February 2024
Received in revised form 9 May 2024
Accepted 10 May 2024
Available online 30 July 2024

References

[1] Ai L, Mueller JK, Grant A, Eryaman Y, Legon W. Transcranial focused
ultrasound for BOLD fMRI signal modulation in humans. Annu Int Conf
IEEE Eng Med Biol Soc 2016;2016:1758–1761.

[2] Badran BW, Caulfield KA, Stomberg-Firestein S, Summers PM, Dowdle
LT, Savoca M, Li X, Austelle CW, Short EB, Borckardt JJ, Spivak N,
Bystritsky A, George MS. Sonication of the anterior thalamus with MRI-
guided transcranial focused ultrasound (TFUS) alters pain thresholds in
healthy adults: a double-blind, sham-controlled study. Brain Stimul 2020;
13:1805–1812.

[3] Bair MJ, Robinson RL, Katon W, Kroenke K. Depression and pain
comorbidity: a literature review. Arch Intern Med 2003;163:2433–2445.

[4] Barthas F, Sellmeijer J, Hugel S, Waltisperger E, Barrot M, Yalcin I. The
anterior cingulate cortex is a critical hub for pain-induced depression. Biol
Psychiatry 2015;77:236–245.

[5] Boccard SG, Prangnell SJ, Pycroft L, Cheeran B, Moir L, Pereira EA,
Fitzgerald JJ, Green AL, Aziz TZ. Long-term results of deep brain
stimulation of the anterior cingulate cortex for neuropathic pain. World
Neurosurg 2017;106:625–637.

[6] Braun V, Blackmore J, Cleveland RO, Butler CR. Transcranial ultrasound
stimulation in humans is associatedwith an auditory confound that can be
effectively masked. Brain Stimul 2020;13:1527–1534.

[7] Bushnell MC, Ceko M, Low LA. Cognitive and emotional control of
pain and its disruption in chronic pain. Nat Rev Neurosci 2013;14:
502–511.

[8] Chen CX, Kroenke K, Stump TE, Kean J, Carpenter JS, Krebs EE, Bair
MJ, Damush TM, Monahan PO. Estimating minimally important
differences for the PROMIS pain interference scales: results from 3
randomized clinical trials. PAIN 2018;159:775–782.

[9] Chiurillo I, Sha RM, Robertson FC, Liu J, Li J, Le Mau H, Amich JM,
Gormley WB, Stolyarov R. High-accuracy neuro-navigation with
computer vision for frameless registration and real-time tracking.
Bioengineering 2023;10:1401.

[10] Chou T, Deckersbach T, Guerin B, Sretavan Wong K, Borron BM,
Kanabar A, Hayden AN, Long MP, Daneshzand M, Pace-Schott EF,
Dougherty DD. Transcranial focused ultrasound of the amygdala
modulates fear network activation and connectivity. Brain Stimul 2024;
17:312–320.

[11] Cobbold RS. Foundations of Biomedical Ultrasound. Oxford: Oxford
University Press, 2006.

[12] Corradi-Dell’Acqua C, Tusche A, Vuilleumier P, Singer T. Cross-modal
representations of first-hand and vicarious pain, disgust and fairness in
insular and cingulate cortex. Nat Commun 2016;7:10904.

[13] Dahlhamer J, Lucas J, Zelaya C, Nahin R, Mackey S, DeBar L, Kerns R,
Von Korff M, Porter L, Helmick C. Prevalence of chronic pain and high-
impact chronic pain among adults—United States, 2016. MMWR Morb
Mortal Wkly Rep 2018;67:1001–1006.

[14] Dallapiazza RF, Timbie KF, Holmberg S, Gatesman J, Lopes MB, Price
RJ, Miller GW, Elias WJ. Noninvasive neuro-modulation and thalamic
mapping with low-intensity focused ultrasound. J Neurosurg 2017:1–10.

[15] Devinsky O, Morrell MJ, Vogt BA. Contributions of anterior cingulate
cortex to behaviour. Brain 1995;118:279–306.

[16] Fenoy AJ, Simpson RK. Risks of common complications in deep brain
stimulation surgery: management and avoidance. J Neurosurg 2014;
120:132–139.

[17] Folloni D, Verhagen L, Mars RB, Fouragnan E, Constans C, Aubry JF,
Rushworth MF, Sallet J. Manipulation of subcortical and deep cortical
activity in the primate brain using transcranial focused ultrasound
stimulation. Neuron 2019;101:1109–1116.e5.

[18] Galhardoni R, Correia GS, Araujo H, Yeng LT, Fernandes DT, Kaziyama
HH, Marcolin MA, Bouhassira D, Teixeira MJ, de Andrade DC. Repetitive
transcranial magnetic stimulation in chronic pain: a review of the literature.
Arch Phys Med Rehabil 2015;96:S156–S172.

[19] Gatzinsky K, Bergh C, Liljegren A, Silander H, Samuelsson J, Svanberg T,
Samuelsson O. Repetitive transcranial magnetic stimulation of the
primary motor cortex in management of chronic neuropathic pain:
a systematic review. Scand J Pain 2021;21:8–21.

[20] Gittins R, Harrison PJ. A quantitative morphometric study of the human
anterior cingulate cortex. Brain Res 2004;1013:212–222.

[21] Hsu ES. Medication overuse in chronic pain. Curr Pain Headache Rep
2017;21:2–7.

[22] Hutchison WD, Davis KD, Lozano AM, Tasker RR, Dostrovsky JO. Pain-
related neurons in the human cingulate cortex. Nat Neurosci 1999;2:
403–405.

[23] Hylands-White N, Duarte RV, Raphael JH. An overview of treatment
approaches for chronic pain management. Rheumatol Int 2017;37:
29–42.

[24] Johnstone T, Ores Walsh KS, Greischar LL, Alexander AL, Fox AS,
Davidson RJ, Oakes TR. Motion correction and the use of motion
covariates in multiple-subject fMRI analysis. Hum Brain Mapp 2006;27:
779–788.

[25] Kendall R, Wagner B, Brodke D, Bounsanga J, Voss M, Gu Y, Spiker R,
Lawrence B, Hung M. The relationship of PROMIS pain interference and
physical function scales. Pain Med 2018;19:1720–1724.

[26] Khalighinejad N, Bongioanni A, Verhagen L, Folloni D, Attali D, Aubry JF,
Sallet J, Rushworth MF. A basal forebrain-cingulate circuit in macaques
decides it is time to act. Neuron 2020;105:370–384.e8.

[27] Kubanek J, Shi J, Marsh J, Chen D, Deng C, Cui J. Ultrasoundmodulates
ion channel currents. Sci Rep 2016;6:24170.

[28] Kubanek J, Shukla P, Das A, Baccus SA, Goodman MB. Ultrasound
elicits behavioral responses through mechanical effects on neurons and
ion channels in a simple nervous system. J Neurosci 2018:1458–17.

[29] Kwan CL, Crawley AP, Mikulis DJ, Davis KD. An fMRI study of the anterior
cingulate cortex and surrounding medial wall activations evoked by
noxious cutaneous heat and cold stimuli. PAIN 2000;85:359–374.

[30] Lee W, Kim HC, Jung Y, Chung YA, Song IU, Lee JH, Yoo SS.
Transcranial focused ultrasound stimulation of human primary visual
cortex. Sci Rep 2016;6:34026.

[31] Legon W, Strohman A, In A, Payne B. Noninvasive neuromodulation of
subregions of the human insula differentially affect pain processing and
heart-rate variability: a within-subjects pseudo-randomized trial. PAIN
2024:10–1097.

[32] Levi V, Cordella R, D’Ammando A, Tringali G, Dones I, Messina G,
Franzini A. Dorsal anterior cingulate cortex (ACC) deep brain stimulation
(DBS): a promising surgical option for the treatment of refractory thalamic
pain syndrome (TPS). Acta Neurochir 2019;161:1579–1588.

[33] Li Y, Lee J, Long X, Qiao Y, Ma T, He Q, Cao P, Zhang X, Zheng H. A
magnetic resonance-guided focused ultrasound neuromodulation
system with a whole brain coil array for nonhuman primates at 3 T.
IEEE Trans Med Imaging 2020;39:4401–4412.

[34] LynchME,Watson CPN. The pharmacotherapy of chronic pain: a review.
Pain Res Manag 2006;11:11–38.

[35] Mayberg HS, Lozano AM, Voon V, McNeely HE, Seminowicz D, Hamani
C, Schwalb JM, Kennedy SH. Deep brain stimulation for treatment-
resistant depression. Neuron 2005;45:651–660.

[36] McCracken LM, Hoskins J, Eccleston C. Concerns aboutmedication and
medication use in chronic pain. J Pain 2006;7:726–734.

[37] Menz MD, Oralkan O, Khuri-Yakub PT, Baccus SA. Precise neural
stimulation in the retina using focused ultrasound. J Neurosci 2013;33:
4550–4560.

[38] Mosch B, Hagena V, Herpertz S, Ruttorf M, Diers M. Neural correlates of
control over pain in fibromyalgia patients. Neuroimage Clin 2023;37:
103355.

[39] Nanou E, Catterall WA. Calcium channels, synaptic plasticity, and
neuropsychiatric disease. Neuron 2018;98:466–481.

[40] Oh SJ, Lee JM, KimHB, Lee J, Han S, Bae JY, HongGS, KohW, Kwon J,
Hwang ES, Woo DH, Youn I, Cho IJ, Bae YC, Lee S, Shim JW, Park JH,
Lee CJ. Ultrasonic neuromodulation via astrocytic TRPA1. Curr Biol
2019;29:3386–3401.e8.

[41] Olsen MF, Bjerre E, Hansen MD, Tendal B, Hilden J, Hróbjartsson A.
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