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Noninvasive Suppression of Responses to Threat Using
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The processing of threat- and fear-related responses is known to involve the amygdala and the bed nucleus of the stria terminalis.
Malignant activity in these nuclei is associated with several important disorders, including generalized anxiety disorder and post-
traumatic stress disorder. A noninvasive approach to modulate these deep brain circuits could provide novel treatment options for
these disorders, but current noninvasive approaches cannot access these targets directly. This study modulates these nuclei using
transcranial low-intensity focused ultrasound in nonhuman primates. The ultrasound was delivered into these circuits prior to
an emotional stimulus (neutral, submissive, or threatening monkey faces or snake images) while measuring the system’s autonomic
response using pupil size. We found that the neuromodulation substantially reduced the pupillary responses to threat images. The
effect was specific to threat face images and specific to focused ultrasound; it was not observed for other types of images or for unfo-
cused or no-ultrasound. Thus, focused ultrasound targeting fear circuits can suppress responses to threat images. This approach
could be developed into noninvasive treatments of disorders that affect these circuits.
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Significance Statement

Responses to threat often become maladaptive, leading to disorders that include generalized anxiety disorder and post-
traumatic stress disorder. The neural circuitry underlying fear processing is situated deep in the brain, and has thus been
difficult to access using existing neuromodulation approaches. This study shows that low-intensity focused ultrasound tar-
geting these deep brain circuits in non-human primates specifically suppresses responses to threat images. This approach
could provide a noninvasive way to modulate processing of fear.
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2000; Straube et al., 2007; Banihashemi et al., 2015; Ferri et al.,
2017; Fonzo and Etkin, 2017; Garcia, 2017; Kolla et al., 2017;
Fox and Shackman, 2019; Henigsberg et al., 2019).

The amygdala is known to be involved in detection of
threat and regulation of emotions (Hur et al, 2019).
Neuroimaging and single-unit recording studies indicate that
the amygdala selectively responds to emotionally salient and
attention-drawing stimuli, including faces and aversive images
(Hariri et al., 2002; Rutishauser et al., 2011; Alexandra Kredlow

Introduction

The amygdala and the bed nucleus of the stria terminalis (BNST)
are interconnected limbic nuclei that integrate and transmit
emotional and stress-related signals (Lebow and Chen, 2016;
Kamali et al., 2023). These deep brain nuclei play a critical role
in generalized anxiety disorder, post-traumatic stress disorder
(PTSD), specific phobias, and depression (Baron-Cohen et al.,
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et al, 2022). In particular, monkeys with lesions in the
amygdala exhibit deficits in detecting facial features that are
important for threat evaluation, and show suppressed pupillary
dilation (Dal Monte et al., 2015). Furthermore, images of snakes
have been shown to increase neuronal activity in the monkey
amygdala (Dinh et al., 2022), and lesions in the amygdala
or anterior cingulate sulcus selectively impair emotional
responses to artificial snakes (Izquierdo et al., 2005; Rudebeck
et al., 2006). These findings together suggest that the amygdala
plays a key role in modulating neural responses to
fear-related stimuli.
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The BNST has also been associated with disorders of fear pro-
cessing, including anxiety disorders, PTSD, and phobias (Straube
etal., 2007; Buff et al., 2017; Rabellino et al., 2018). Anatomically,
the BNST is considered an extension of the central nucleus of the
amygdala and is known to be involved in stress, anxiety, and
emotional processing. It has been implicated in responses to
uncertain threats and sustained fear, contributing to the mainte-
nance of prolonged states of stress and anxiety (Avery etal., 2016;
Lebow and Chen, 2016).

The amygdala and, by extension, the BNST are considered key
targets for control of the associated disorders. Indeed, deep brain
stimulation of the amygdala shows appreciable improvements in
PTSD symptoms (Langevin et al, 2016; Koek et al, 2024).
Nonetheless, to eventually provide these treatments to patients at
a large scale, the neuromodulation would ideally be noninvasive.
However, current noninvasive approaches, including transcranial
magnetic stimulation or transcranial direct or alternating current
stimulation, do not have the necessary field strength and resolution
at depth. Recently, transcranial focused ultrasound has emerged as a
technique capable of targeting deep brain regions with millimeter-
and millisecond-scale precision, which could provide precise,
circuit-directed treatments of the involved deep brain circuits
(Sarica et al., 2022; Riis et al., 2023; Matt et al., 2024; Riis et al., 2024a).

Studies in humans and non-human primates have demon-
strated that ultrasound can modulate brain function associated
with visual circuits, mood networks, and motivation pathways,
as well as brain regions implicated in neurological and mental
diseases (Hameroff et al., 2013; Legon et al, 2014, 2018;
Kubanek et al., 2020). In particular, ultrasound stimulation
targeting deep brain nuclei has been reported to suppress soma-
tosensory evoked potentials and alter post-stimulation resting-
state connectivity (Dallapiazza et al., 2018; Folloni et al., 2019).

Given the above, we hypothesize that ultrasound modulation
of the amygdala and BNST will influence affective responses to
fear-related stimuli. In a previous amygdala lesion study (Dal
Monte et al., 2015), the effects of the lesions were particularly
pronounced for threat images. We therefore predict maximal
effects of ultrasound on threatening images.

Methods

Animals. The study involved two male macaque monkeys (Macaca
mulatta), aged 8 and 9 years, and weighing 15.0 and 10.8 kg, respectively.
All procedures adhered to protocols approved by the Institutional
Animal Care and Use Committee at the University of Utah.

Targets. This stimulation used the Remus system (Webb et al., 2022),
an ultrasonic phased array designed to deliver ultrasound precisely and
reproducibly into specific deep brain regions. Remus is a 256-element,
480—800 kHz phased array that is mounted to the head of awake behav-
ing monkeys (Fig. 2A). The system features four critical properties for the
purpose of this study and nonhuman primate applications. First, the
fixed positioning of the array with respect to the head ensures repeated
and reproducible modulation of the intended deep brain targets from
session to session. The reproducible targeting is crucial for the proposed
work that delivers stimulation to deep brain regions across many ses-
sions. Second, the behaving primate is critical for the assessment of the
ultrasonic effects on responses to fear. Third, the large brain of the pri-
mate facilitates selective targeting of specific deep brain regions
(Fig. 2C). And fourth, findings obtained in primates at 480kHz are
directly translatable into clinical trials using adjacent frequency (e.g.,
650 kHz) human brain systems (Ghanouni et al., 2015; Riis et al., 2023,
2024a,b). The system has been described in prior work (Webb et al.,
2022), and a summary is provided in Table 1 and below.

In this approach, a custom head frame is affixed to the subject’s skull
using four surgically implanted titanium pins. The location of the metallic
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Table 1. Stimulation parameters

Transducer description

Transducer
manufacturer
Transducer model
Transducer center
frequency
Transducer geometry  Semicircular, 65 mm radius of curvature
Number of elements 256
Element distribution The elements are 4 X 4 mm square and the distance between
elements is 4.2 mm. The array is arranged in a 32 X 8
configuration.

Doppler Electronic Technologies

HP-500K-256-BE
650 (operated at 480) kHz

Drive system description and settings

Operating 480 kHz
frequency
OQutput 18.12V
voltage
Drive system  Verasonics Vantage 256
Coupling 6% PVA gel is compressed
method between the subject’s head

and the transducer.

Focal position Monkey B Monkey E
settings
Left amygdala: [—9 —16 62] [—9 -9 68.5]
Right amygdala: [6.5 —15 62] [9 —9 68.5]
Left BNST: [-45 —135515] [-25 -7 56.5]
Right BNST: [1—13.551.5] [1-7565]

Coordinates are in mm and represent the [Left/Right, Anterior/
Posterior, Superior/Inferior] position relative to the center of the
transducer surface.

Pulse timing parameters for each target

Pulse duration 30 ms
Duty cycle 5%
Total duration 30s
Estimated in situ pressure amplitude
o Scaled from MR thermometry data

Estimation method

Amygdala BNST Unfocused
Spatial-peak pressure (MPa) 0.34 0.68 0.01
Ispra (W/em?) 0.18 0.74 16 x107*
Isppa (W/em?) 3.69 14.84 3.2x1073
Mechanical index 0.49 0.99 0.014
Temperature rise (°C) 0.01 0.02 3.0x107*

pins was chosen such as not to interfere with the ultrasound beam
(Fig. 2A, Fig. S1). To achieve head fixation, the frame is attached to a primate
chair (Crist Instruments, Hagerstown, MA) using two steel bars. The frame
houses a 256-element ultrasound transducer array (Doppler Electronic
Technologies, Guangzhou, China; Webb et al., 2022), with acoustic coupling
provided by a cryogel (Lee et al., 2014). This configuration allows the array to
be reliably positioned in the same location during each session, enabling con-
sistent collection of behavioral and neural data under head fixation.
Ultrasound is directed to specific deep brain regions electronically using tar-
geting software, without the need to move the transducer or the subject
(Webb et al., 2022).

The targeted brain regions included the bilateral amygdala and bilat-
eral BNST (four sites in total). The ultrasound focus was targeted at the
basal nucleus of the amygdala. The half-power beamwidth of the acoustic
focus measured in a water tank is 1x3.75x3.75 mm in the left/right,
anterior/posterior, and superior/inferior dimensions, respectively
(Webb et al, 2022). The monkey amygdala is approximately 8 x5 x
8 mm in size (Saleem and Logothetis, 2012), and the stimulation coordi-
nate center was determined to allow stimulation across the amygdala
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subnuclei. The approximate dimensions of the BNST are 2 x 2 x 2 mm in
the same respective dimensions. Target coordinates were individually
adjusted for each animal based on prior MR thermometry information
(see below) and remained consistent across sessions.

The targeting of the amygdala and BNST was based on MR thermom-
etry, reported previously (Webb et al,, 2022). Briefly, MR thermometry
sonications were calibrated to induce a temperature increase of 2-3°C. The
thermometry sonications, conducted at the transducer’s center frequency
of 650 kHz. This minimal temperature increase and the substantial time
gap minimize the likelihood of thermometry influencing subsequent neu-
romodulation outcomes. Due to time constraints during these experi-
ments, we were only able to confirm targeting of three locations (the two
lateral geniculate nuclei and one additional target). Thus, MR thermometry
confirms targeting of the left BNST in subject B and the right amygdala
in subject E, while targeting of the other two regions was performed by
measuring their location relative to the lateral geniculate nucleus.

The neuromodulation sessions followed the thermometry sessions by
at least 6 months.

Behavioral task. We presented the individual images relatively infre-
quently to prevent adaptation. Specifically, we interleaved with the image
presentation a visual discrimination task (Kubanek et al., 2020) that the
monkeys were trained on previously (Webb et al., 2022).

The animals were seated in a custom-designed head-fixed monkey
chair in a dark room. Visual stimuli were presented on an LCD monitor
positioned 67 cm in front of the monkeys’ eyes. Eye position and pupil
area were monitored using an EyeLink camera system (Eyelink, SR
Research). The data were sampled at 100 Hz. To standardize acquisition
timing relative to image onset, the data were downsampled to 40 Hz.

In the visual discrimination task, the monkeys first acquired a central
fixation target. After a short delay, the first target (a 0.5°x0.5° gray
square) appeared either on the left or right side of the screen, 6° from
the fixation center. After a random delay (0-0.1s), a second target
with identical parameters appeared on the opposite side. The order of
target appearance (left-first or right-first) was randomized across trials.
Both targets remained on the screen until the monkey made a choice.
To receive a liquid reward, the monkeys were required to make a saccade
to one of the targets within 1s of the first target’s appearance. The sac-
cade had to fall within a 2° acceptance window and remain within this
window for at least 0.1 s. The next trial commenced 1.0 s after the reward
was delivered. The reward delivery valve was open for 15 + 8 ms, depend-
ing on the animal. Monkeys received 311 + 92 ml of liquid reward per
session. If this did not meet the individual minimum daily requirement,
additional water was provided following a session. To minimize the
pupillary constriction response due to luminance changes, a background
image was presented in which the subsequently displayed image (with a
visual angle of 5.1°x 5.3°) was pixel-wise shuffled. A 3°x 3° black hole
was placed at the center, ensuring that the fixation point remained visible
(see the fixation screen at the top of Fig. 1).

In the image presentation trials, the monkeys first fixated on a central
target before an image was displayed (Fig. 1). The images subtended a
visual angle of 5.1°x 5.3°. After maintaining fixation for 0.26 to 2.76s,
the pixel-wise shuffled background image disappeared, and the monkeys
were presented with an image for 1.5s. The presented face images
included three ecologically relevant facial expressions—neutral, submis-
sive, and threatening faces—as well as images of snakes. The monkey face
image datasets were obtained from Dal Monte et al. (2015), Konoike et al.
(2020), and Taubert and Japee (2024), while the snake images were
sourced and cropped from the Geneva Affective Picture Database
(Dan-Glauser and Scherer, 2011). To eliminate extraneous background
features that could be distracting, all face stimuli were embedded in a
black oval mask. During the 1.5s presentation period, the monkeys
were free to explore or ignore the presented images. After the presenta-
tion period, a 20 s inter-trial interval (ITI) was introduced. The ITI was
chosen to be 20's to provide sufficient time to evaluate potential long-
term effects of the ultrasound stimulation on the pupil diameter.
During this interval, the screen remained black. Subsequently, a shuffled
image was presented for the next image presentation trial. No rewards
were given during the image presentation tests.
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The delivery of ultrasound was initiated while the monkey was
engaged in the visual discrimination task. The ultrasound was delivered
for 30, followed by image presentation. The time of image onset was
randomized to minimize anticipation. Image presentation trials were ini-
tiated by the monkey’s spontaneous fixation. Consequently, there was a
median interval of 1.4 s (interquartile range: 1.00-2.54 s) between the end
of the ultrasound and the onset of image presentation. Sessions took
between 30 to 40 min. The interval between successive image presenta-
tions was at least 2 min. During this interval, the monkeys voluntarily
performed the visual discrimination task, and no conditioned stimuli
were presented to prevent ultrasound or image anticipation.

Animage presentation trial was considered valid if the monkey success-
fully maintained fixation on the initial fixation point. If fixation was broken
during the required fixation period, the trial was discarded. The image was
presented repeatedly until the monkey successfully achieved fixation. All
valid trials were included in the analysis. Each monkey underwent 8-11
sessions per ultrasound stimulation condition.

The total number of image presentation trials varied across sessions
(min: 5, max: 14, and mean: 9.6). To prevent anticipation, the number of
presented images was varied across sessions. We analyzed a total of 41—
51 trials per ultrasound conditions for each of the four images (Fig. S2).
Trials were excluded if a hardware or software error was detected or if the
operator manually delivered a reward during fixation or image presenta-
tion. Such rewards were occasionally given at the operator’s discretion to
maintain the subject’s attention.

Protocol. Three conditions—focused ultrasound stimulation target-
ing the BNST and amygdala of both sides, no-ultrasound condition (con-
trol), and an unfocused-ultrasound condition as an active sham—were
randomized between sessions (Fig. 2B). Within each session, the same
ultrasound stimulation condition was repeated across all image presen-
tation trials. Ultrasound stimuli had a 480 kHz carrier frequency and
an in situ amplitude of 0.34 MPa in amygdala and 0.68 MPa in BNST.

Stimulation was applied sequentially to the four targets (the left and
right amygdala and the left and right BNST) in a repeating cycle (1 — 2
—3—>4—>1-...),with each stimulation period lasting 30 ms followed
by a 120 ms interval before the next target (Fig. 2D). This resulted in a
cycle duration of 150 ms per target and a full four-target cycle of 600
ms. Each target was thus sonicated for 30 ms every 600 ms, repeated
over 30s.

The intensity of the ultrasound at target was estimated based on ther-
mometry results obtained from stimulation of the amygdala and BNST,
following the methods outlined in Webb et al. (2022). This approach has
been described previously (Webb et al., 2022, 2023), and is therefore
summarized here only briefly. In two subjects, the measured tempera-
tures in the targets were combined with Pennes’ bioheat equation
(Pennes, 1948) to estimate the delivered intensity. The average estimate
of intensity across the two subjects was used to estimate an attenuation
factor which we then apply in subsequent experiments to estimate the
in situ pressure. In these experiments, we targeted 0.34 MPa at focus
for the amygdala and 0.68 MPa for the BNST. For amygdala stimulation,
the resulting acoustic parameters during each 30 ms pulse were as fol-
lows: spatial peak temporal average intensity (Ispra)=0.18 W/cm?,
spatial peak pulse average intensity (Ispps) =3.69 W/cm?, duty cycle
(DC) = 5%, pulse repetition frequency (PRF) = 6.67 Hz, and pulse dura-
tion (PD) = 30 ms. For BNST stimulation, the corresponding values were
Ispra =0.74 W/cm?, Isppa = 14.84 W/cm?, DC = 5%, PRF = 6.67 Hz, and
PD = 30ms (Table 1).

We evaluated the effects of unfocused-ultrasound as an active sham.
The sonications used the same parameters as the verum condition, but
the ultrasound was not focused into the targets. Instead, the individual
delays for each of the 256 elements were set randomly. The same four-
step ultrasound stimulation sequence as in the focused condition was
used in the unfocused condition (with four different sets of random
phases), resulting in equivalent total pressure delivered into the brain.
The sham sonications applied random phases to each element in order
to spread the beam throughout the brain. Thus, even though the total
power delivered in each case is the same, the sham condition blurs the
beam so that each individual brain region experiences very low pressure.
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To ensure our random phases did not produce undesirable hot spots near
the target, we performed a simple simulation of the array. Our simulation
assumes that each transducer element is a point source in a homoge-
neous medium. The steady-state pressure is then simply a sum of com-
plex exponentials. Using this approach we estimated the intensity at each
target during sham stimulus compared to verum stimulus. We find that,
at the target, the sham stimulus delivers an average of 0.4% of the inten-
sity delivered during verum stimulus (Fig. S3).

In total, 30 sessions were collected from monkey E and 33 sessions
from monkey B. Three sessions of Monkey B with missing data were
excluded from the analysis.

Statistical analysis. To assess the effects of ultrasound on the pupil-
lary constriction response, we analyzed pupil size changes across four
image types: threat, snake, neutral, and submissive. The analysis focused
on the time window from 0.5 to 4 s after image onset, in which pupil con-
striction modulation was observed. The assumption of normality was
often violated, based on the Shapiro-Wilk test (W=0.994, p=0.025).
We therefore used the non-parametric Kruskal-Wallis test. The analysis
was performed by pooling all trials across subjects and sessions. All sta-
tistical tests were two-tailed, and significance was set at p<0.05.
Statistical analyses were conducted using MATLAB2023b and R version
4.5.1.

Results

To examine whether ultrasound stimulation of the amygdala
and the BNST alters pupillary responses to emotional images
in macaques, we delivered transcranial focused ultrasound to
these regions prior to the presentation of face and snake images
(Fig. 1). We targeted the bilateral amygdala and bilateral BNST
using a phased array system (Fig. 2), and evaluated three condi-
tions: (i) focused (ii) unfocused, and (iii) no-ultrasound. We
designed the experiment based on a previous finding that amyg-
dala lesions reduce pupillary responses to emotionally salient
images, particularly those conveying threat (Fig. 3).

We found that brief pulses of ultrasound targeting the bilat-
eral amygdala and BNST, delivered prior to an image presenta-
tion, modulated pupillary constriction (Dal Monte et al., 2015)
in an image type-specific manner. Figure 4 presents the changes
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in pupil size for each image type. The visual stimulus was pre-
sented for 1.5 s. The onset of image stimulation induced a pupil-
lary light reflex within the first 0.5s of each trial, followed by
sustained constriction.

In the time window between 0.5 and 4s, the average
pupillary constriction size in the focused ultrasound condition
was reduced compared to the no-ultrasound condition by
mean*s.em. values of 42.24 + 10.58% for threat faces,
8.57 + 12.39% for images of snake, 26.35 + 15.13% for neutral
faces, and 28.82 + 10.32% for submissive faces. In contrast, in
the unfocused-ultrasound condition, the average pupillary
constriction size was changed compared to the no-ultrasound con-
dition by —5.19 + 9.83% for threat faces, 11.10 + 12.40%
for images of snake, 9.31 + 14.62% for neutral faces, and
24.18 + 10.23% for submissive faces.

Prior research showed that stimulation of the amygdala pro-
duces a particularly strong suppressive effect on responses to
threatening facial expressions (Dal Monte et al., 2015). We there-
fore hypothesized that the effect of the ultrasound condition
would be most pronounced for the threat image type. We applied
the Kruskal-Wallis analysis to examine the effect of ultrasound
on the reaction to threat images. A significant effect was indeed
observed [Xz (2)=9.38, p=0.009]. We also evaluated the effects
of ultrasound on the other image conditions. We found no
effect in those cases [images of snake: XZ(Z) =0.21, p=0.899; neu-
tral faces: XZ(Z) =2.07, p=0.356; submissive faces: XZ(Z) =495,
p=0.084]. The strong effect observed for threat images survived
the Holm correction for multiple comparisons.

Post hoc analysis using Dunn’s test for the threat condition
revealed that the pupil size effect for focused ultrasound condi-
tion was significantly different from the no-ultrasound
(p=0.013) and unfocused-ultrasound (p =0.007) conditions.

This modulation of the pupillary constriction response by
ultrasound showed a similar trend in both animals (Fig. S4).
For Subject E, the modulation of the pupillary response by
focused ultrasound, compared to the no-ultrasound condition,
was 45.72 + 19.71% for threat faces, 13.36 + 18.21%
for images of snake, 38.36 + 26.54% for neutral faces, and

Fixation
0.26-2.76s

Neutral

Stimuli types
Submissive
¥ %

&

Interval
20s

Visual stimulus
15s

Teat Snake

Figure 1.

Behavioral task. The animal was head-fixed and faced a computer monitor with an ultrasound-conductive gel and an ultrasound transducer positioned on its head. Prior to an image

presentation, ultrasound was applied to the the amygdala and BNST for 30 s. Following the ultrasound offset, the monkey initiated the trial by fixating on a central fixation point for 0.26 t0 2.76 s
(median: 0.48 s, interquartile range: 0.39-0.77 s). Following the fixation period, an image of either a monkey face or a snake was displayed for 1.5s. The image was centered on the fixation
point. During the presentation, the monkey was free to explore the image while a gaze-tracking camera recorded pupil size. The 1.5s image presentation was followed by a 20's inter-trial
interval. No rewards were given during the image presentation task. The bottom of the figure exemplifies the four different images presented: a neutral, submissive, or threatening face, and a

snake.
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Ultrasound stimulation conditions and targeting. 4, The monkey's head was fixed using head pins implanted into the skull, and an ultrasound transducer was placed between them.

The pins or their base did not interfere with the ultrasound pathway. The transducer consisted of 256 elements. B, An ultrasound transducer was placed on the monkey’s head, with an
ultrasound-conductive gel applied between the transducer and the head. Three conditions were used: (1) Focused ultrasound: Ultrasound was focused on both the left and right amygdala
and the left and right BNST. (2) Unfocused-ultrasound: An active sham control where ultrasound parameters matched the focused condition, but delays for the 256 elements were randomized.
(3) No-ultrasound: No-ultrasound stimulation was delivered. €, Selective targeting of the BNST and amygdala, with an MRI thermometry overlay. Images represent data from two monkeys. D,
The sequence of the four targets: each stimulus consisted of a 30 ms stimulation period followed by a 120 ms interval. The left and right amygdala and BNST were stimulated in sequence. The

targets were stimulated in order over a 30-s period.

23.50 + 16.95% for submissive faces. For Subject B, the
corresponding values were 34.06 + 10.34% for threat images,
2.23 + 14.81% for snake images, 21.89 + 17.02% for neutral
images, and 34.10 + 11.90% for submissive images.

To verify that the threat-specific pupillary modulation effect
was not due to the animals averting their gaze away from the
images, we compared the total duration of gaze within the image
area during stimulus presentation across conditions. No signifi-
cant differences were found among the conditions for all image
types [threat faces: y°(2)=0.50, p>0.99; images of snake:

1(2) =2.45, p>0.99; neutral faces: y*(2) = 1.04, p > 0.99; submis-
sive faces: X2(2) =2.07, p>0.99, Kruskal-Wallis test].

It has been reported that the extended amygdala is involved in
satiety and reinforcer devaluation in goal-directed behavior
(Izquierdo et al., 2013; Rhodes and Murray, 2013). To examine
whether ultrasonic stimulation influenced motivation, we inves-
tigated whether the total amount of reward consumed per
session and the number of trials varied across the ultrasound
conditions. We found no significant differences in the total trials
and amount of reward across the ultrasound conditions [Trial:
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F(2,57)=0.232, p=0.794, One-way ANOVA; reward consump-
tion: y*(2) =2.94, p=0.231, Kruskal-Wallis test].

No adverse effects were observed during or after the stimula-
tion. The animals exhibited normal behavior after the stimula-
tion and participated in the experiments the next day.
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Discussion

This study demonstrated that bilateral stimulation of the amygdala
and BNST in monkeys using transcranial low-intensity focused
ultrasound selectively suppressed the pupillary response to threat-
ening facial expressions. The effect was specifically observed during
focused ultrasound stimulation; there was no effect during
unfocused-ultrasound, and no effect for other kinds of stimuli.
These findings suggest that ultrasound can modulate deep brain
circuits involved in fear processing and consequently modulate
specific emotional responses.

Relationship between pupil dilation and the amygdala-BNST
circuit

Changes in pupil size serve as a key indicator of vigilance, arousal,
and attentional engagement (Steinhauer et al., 2004). A prior study
using amygdala-lesioned monkeys has reported attenuated pupil-
lary constriction in response to viewing various monkey face
images (Dal Monte et al., 2015). The effect was strongest for images
that represent threat, which is consistent with our findings (Fig. 4).
The modulation effect in this study is in the inhibitory direction
because it points in the same direction as that observed following
amygdala lesions (Dal Monte et al., 2015). We used a relatively
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Figure 4.  Modulation of the amygdala and BNST with focused ultrasound suppresses responses to threat. Time course of the pupil diameter, aligned to image onset. The diameter is quantified
with respect to baseline, defined as the 1's period immediately preceding stimulus presentation. The horizontal black bar indicates the image presentation period. The visual stimulus appeared at
time 0 and remained on the screen for 1.5s. The shaded plots represent the mean + standard error of pupil size at each time point.
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low DC (5%) and stimulus duration (30 ms), which are predicted to
elicit neuronal inhibition (Plaksin et al., 2016). Indeed, we found
low DC stimuli inhibitory also in our previous non-human primate
study (Webb et al., 2023).

The amygdala consists of multiple nuclei with distinct func-
tions. For example, fMRI studies in monkeys have shown that
the basolateral amygdala exhibits stronger responses to threatening
affiliative facial expressions, and BNST has also been implicated in
facial image processing (Hoffman et al., 2007). Ultrasound used in
this study may have selectively targeted specific subnuclei, such as
the basolateral amygdala. Both the amygdala and BNST are ana-
tomically positioned to regulate core aspects of fear and anxiety,
including arousal, behavioral inhibition, and neuroendocrine
activity, via dense mono- and polysynaptic projections to the
brainstem and subcortical effector regions (Fox et al., 2015;
Fudge etal., 2017). The selective suppression of pupillary responses
to threatening facial expressions observed in this study may thus
reflect modulation of these subnuclei.

Moreover, lateralized functional differences in the amygdala
have been reported (Gliascher and Adolphs, 2003; Robinson
et al., 2010; Murphy et al., 2020). Future studies should investi-
gate whether the observed suppression of threat-related
responses is primarily driven by lateralized differences in specific
amygdalar subnuclei or whether the amygdala, BNST, and the
broader extended amygdala network collectively contribute to
the modulation of emotional responses.

Snake images have been reported to elicit rapid and robust
neuronal activity in the amygdala (Dinh et al., 2022). In monkeys,
amygdala lesions are known to suppress acute escape responses
to snakes (Kalin et al., 2001). Our finding of no modulation by
ultrasound is therefore surprising. The absence of ultrasound-
induced modulation in pupillary responses to snakes suggests
that, unlike socially relevant threatening expressions, the neural
substrates underlying autonomic responses in predator-related
processing may involve additional brain regions beyond the
amygdala and the BNST. Another possibility is that ultrasound
stimulation specifically modulated a subregion of the amygdala
responsible for fear responses to aggressive conspecifics. In
rodents, predator attack threats primarily engage the lateral
amygdala and basomedial amygdala, while threats from aggres-
sive conspecifics are processed by a distinct circuit involving
the medial amygdala (Gross and Canteras, 2012). However, no
studies in primates have explicitly demonstrated that threats
from aggressive conspecifics and predators, such as snakes,
engage distinct circuits within the amygdala. Given that
snakes have been evolutionary predators of primates (Isbell,
2006, 2009) and that conspecific facial threats serve as critical
social signals (Burrows, 2008; Dobson, 2009; Dobson and
Sherwood, 2011), it is plausible that these threat types are
processed in different amygdala subregions. Future research
is needed to elucidate the neural mechanisms underlying
this distinction.

Technological advances

Traditional noninvasive brain stimulation techniques, such as
TMS, lack the capability to selectively and instantaneously target
deep brain regions (Kubanek et al., 2018). By comparison, this
study leveraged focused ultrasound to stimulate fear-related cir-
cuits situated deep in the brain.

Implications
This study demonstrated that fear- and anxiety-related nodes
could be selectively and rapidly stimulated across both
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hemispheres, inducing physiological modulation. This finding
underscores the potential of ultrasound-based interventions and
this ultrasound system (Remus; Webb et al., 2022), for future psy-
chiatric research and cognitive neuroscience, particularly in estab-
lishing the contributions of deep networks to emotional
processing.

A potential reason for the significant impact on pupillary dia-
meter, a physiological indicator, is that the protocol of continu-
ously stimulating four targets for 30s may have led to a
cumulative effect. To our knowledge, no prior research stimulating
the amygdala with ultrasound has reported the modulation of
physiological responses to fear stimuli (Folloni et al, 2019;
Mahdavi et al., 2023; Chou et al., 2024; Hoang-Dang et al., 2024;
Barksdale et al., 2025). It is possible that the cumulative effect
from this continuous stimulation of four targets was sufficient to
elicit the modulatory effect on the physiological indicator.

Our finding that focused ultrasound suppresses the auto-
nomic response to threat images corroborates recent findings
in humans. A study by Rascu et al. (2025), for instance, reported
that ultrasound stimulation of the amygdala led to a reduced sen-
sitivity to negative information (Rascu et al., 2025). The pupillary
response serves as a direct physiological measure of arousal and
engagement with emotionally salient stimuli. Therefore, our
observation of a blunted pupillary reaction specifically to threat
faces is evidence of a physiological manifestation of this reduced
sensitivity. This convergence of findings across species strongly
supports that focused ultrasound is a tool to selectively modulate
the processing of negative affect within the amygdala and BNST
circuits. This provides a potential mechanism for the therapeutic
effects observed in humans and suggests the possibility for clin-
ical translation.

Limitations and future directions

The effects of ultrasound in this study were transient and did not
persist across the experimental sessions. While previous research
in primates has demonstrated that 40 s of ultrasound can alter
functional connectivity between the amygdala and other regions
for more than an hour (Folloni et al., 2019), the conditions nec-
essary to induce long-term and sustained changes in the neural
activity of the amygdala and BNST at a multi-day level have
not yet been identified. To explore the therapeutic potential of
ultrasound for psychiatric disorders, such as anxiety disorders
and PTSD, future studies should identify stimulation parameters
capable of eliciting long-term changes in amygdala and BNST
activity. Specifically, expanding the stimulation beyond the 30-s
period could produce more sustained effects on the stimulated
networks (Riis et al., 2024a).

The targeting of the amygdala and BNST was validated using
representative measurements, but spatial discrepancies in the
effective stimulation area may occur due to factors such as
beam width, tissue absorption, scattering, and phase shifts
(Chang et al., 2016; Riis et al., 2022). Additionally, while the esti-
mated parameters provide a reference, the actual power delivered
to each target remains uncertain due to potential variations in tis-
sue properties and acoustic transmission. To consistently inves-
tigate the modulation effects of ultrasound and the intensity
and spatial characteristics of its modulatory effects on nuclei in
the future, precise estimation of individual parameters will
be required.

We used thermometry data in two subjects (measured in the
amygdala of subject E and the BNST of subject B) to estimate the
delivered pressure. The actual pressure delivered to each target
will vary. Our method partially accounts for this using a simple
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simulation to estimate changes in intensity due to the array
geometry but the simulation does not account for the effect of
the skull. In addition, intensity estimates based on MR thermom-
etry depend on assumed tissue thermal properties and are
blurred by the spatial and temporal averaging of the sequence.
For these reasons, the stated 0.34 MPa (amygdala) and 0.68
MPa (BNST) pressures should be regarded as informed estimates
rather than absolute measurements.

The extended amygdala is known to play a role in satiety and
reinforcer devaluation during goal-directed actions (Izquierdo
etal,, 2013; Rhodes and Murray, 2013). We therefore investigated
whether our ultrasound stimulation affected these behaviors by
analyzing task performance and reward consumption across
conditions. Our analysis showed no significant effect of focused
ultrasound on either the number of trials completed or the total
amount of reward consumed. This null finding suggests that our
focal stimulation was insufficient to alter these complex behav-
iors. Given reports that such motivated behaviors also rely on
broader networks including the orbitofrontal cortex (Baxter
et al., 2000), future research aiming to modulate satiety and rein-
force devaluation with ultrasound may need to target these
larger-scale networks.

One challenge in targeting deep brain nuclei with ultrasound
in humans is the precision of stimulation and individual anatom-
ical variability. Despite the high spatial resolution of ultrasound,
inter-individual differences in skull thickness and shape may
introduce acoustic aberrations that distort focal positioning
and intensity (Ammi et al., 2008; Riis et al., 2022). These chal-
lenges are particularly critical when targeting small subnuclei
within the BNST and amygdala, where millimeter-scale errors
could lead to unintended stimulation of adjacent regions. The
observed effects of ultrasound on pupillary responses suggest
that pupillometry could serve as an objective biomarker to assess
whether ultrasound accurately engages its intended target.

Conclusion

This study demonstrated that transcranial low-intensity focused
ultrasound can selectively modulate deep brain circuits involved
in fear processing. The findings could lead to developments of
noninvasive modulation strategies to ameliorate the symptoms
of the associated disorders.

Data and Materials Availability
Behavioral data have been deposited in Figshare (DOI: 10.6084/
m9.figshare.28711166.v1).
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