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ABSTRACT
Transcranial�focused�ultrasound�provides�the�missing�tool�for�modulation�and�reset�of�deep�neural�circuits.�The�
noninvasiveness,�flexibility,�and�spatial�precision�of�the�tool�open�new�opportunities�for�causal�interrogation�of�brain�
function�and�for�personalized�diagnoses�and�treatments�of�mental�and�neurological�disorders.�This�article�reviews�the�
current�state�of�the�art�in�regard�to�emerging�clinical�applications�to�affective�disorders,�chronic�pain,�disorders�of�
consciousness,�and�thought-related�disorders.�The�article�provides�practical�guidelines�for�applying�this�powerful�tool�
to�patients�in�a�safe,�controlled,�and�reproducible�manner.�The�guidelines�include�the�identification�of�appropriate�
treatment�targets,�compensation�for�the�ultrasound�attenuation�by�the�skull�and�head,�targeting�and�dosing�validation,�
selection�of�effective�and�safe�stimulation�parameters,�and�considerations�for�inducing�sustained�therapeutic�effects.
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ULTRASONIC�NEUROMODULATION�

Purpose�and�Strengths

Psychiatric�and�neurological�disorders�affect�nearly�one-fourth�
of�the�world’s�population�(1,2).�On�average,�an�estimated�one-
third�of�patients�are�resistant�to�current�treatments�(3–13).�
Treatments� that�could�directly� target� the� involved�neural�
circuits�are�complicated�by� the� fact� that�psychiatric�and�
neurological�disorders�involve�neural�networks�situated�deep�
in�the�brain,�including�limbic,�basal�ganglia,�thalamic,�and�
brain�stem�networks�(14–20).�Neuromodulation�has�the�po-
tential�to�provide�a�targeted�reset�of�these�circuits�(21–23),�but�
current�approaches�either�require�surgeries�(24,25)�or�do�not�
reach�the�necessary�intensity�and�focus�at�depth�(26–28).�

Transcranial�focused�ultrasound�combines�noninvasiveness�
and�focus�at�depth�(Figure�1A).�This�is�possible�due�to�sound�
propagating�through�biological�tissues�much�more�slowly�(about
1�mile/s)�than�electromagnetic�waves�(about�186,000�miles/s).�
The�relatively�slow�propagation�speed�offers�a�favorably�small�
wavelength—on�the�order�of�2�to�5�mm—for�frequencies�that�
effectively�penetrate�the�skull�(29–31).�This�has�two�key�benefits:�
First,�due�to�diffraction,�the�ultrasound�can�be�focused�into�an�
area�of�approximately�that�order�(Figure�1).�Second,�as�a�wave,�
ultrasound�provides�high�intensity�at�the�target�(constructive�
interference)�and�low�intensity�at�the�source,�as�desired�in�most�
clinical�applications.�These�strengths�position�focused�ultra-
sound�as�the�missing�tool�to�modulate�deep�brain�circuits�in�
humans�noninvasively�and�selectively.

Effectiveness

When� applied� to� rodent�motor� cortex� under� appropriate�
anesthesia�(32),�ultrasound�evokes�overt�motor�responses

(32–36).�Low-intensity�ultrasound�can�also�trigger�changes�in�
motor�behavior�in�humans,�when�accounting�for�the�distor-
tions�of�ultrasound�by�the�human�skull�and�air�cavities�be-
tween�the�hair�and�acoustic�coupling�(see�Accounting�for�Skull�
and�Hair).�For�example,�just�seconds�of�controlled�modulation�
of�the�ventral�intermediate�nucleus�of�the�thalamus�can�sub-
stantially�suppress�essential�tremor�(Figure�1B).�These�neu-
rosuppressive�effects�have�been�observed�by�multiple�groups�
(37–40).�The�suppressive�effects�can�also�be�observed�on�
functional� magnetic� resonance� imaging� (fMRI)� scans�
(Figure�1A),�specifically�at�the�ultrasound�target�(41–45).�In�
addition,�when�aberrations�by�the�skull�are�taken�into�account,�
ultrasound�can�provide�notable�sensations,�evoking�phos-
phenes�(46)�or�activating�nerves�(47).

Applicable�Mechanisms

Ultrasonic�neuromodulation� involves�4�classes�of�primary
mechanisms,�engagement�of�which�is�parameter�dependent�
(Figure�2).�For�applications�through�the�human�skull,�which�
harness�a�favorable�transmission�window�in�the�0.2- to�0.8-
MHz�frequency�range�(29–31,48),�2�classes�are�preferentially�
at�play.�

First,�the�time-varying�pressure�wave�of�peak�pressure
amplitude�P�m�

and�the�associated�average� intensity� I�→�

P�2m
2Z

periodically�displaces�particles,�molecules,�and�membranes.
The�maximal�displacement�of�a�particle�or�molecule�occurs
over�half�of�the�period:���m →�

P�m
Z

)�T=2�
0 sin↑2�ft↓dt�→ P�m

Z�f�→
[[[[[
2IZ

↔�

Z�f�,
where�Z� is�the�acoustic� impedance�of�the�medium.�With�
typical�neuromodulation�parameters,�the�maximum�displace-
ment�of�molecules� in�water� (acoustic� impedance�Z‵1:5�
MRayl)�reaches�about�0.1�to�1��m.�Such�displacements�may�
be�sufficient�to�periodically�activate�mechanoreceptors�and
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ion�channels�(49–61).�Moreover,�it�has�been�suggested�that�
high-frequency�ultrasound�vibrations�may�trigger�membrane�
oscillations�that�are�slow�enough�to�produce�spiking�activity�
due�to�concomitant�changes�in�membrane�capacitance�(62).�In�
both�cases,�these�mechanical�effects�increase�with�the�ultra-
sound�intensity�I�and�are�inversely�proportional�to�frequency�f�
(see�the�effect�arrow�in�Figure�2).

Second,�the�displacement�may�be�enhanced�by�the�for-
mation�of�gas�nuclei�in�the�tissue,�a�phenomenon�referred�to�
as�cavitation.�Cavitation�nuclei�oscillate�at�the�fundamental�
frequency�of�the�ultrasound�and�cause�displacements�much�
greater� than� the� inherent�particle�displacement� (63)�while

stable�and�safe.�One�particular�type�of�stable�cavitation�that�
may� be� involved� in� ultrasonic� neuromodulation� is� intra-
membrane�cavitation�(64–66).�In�this�mechanism,�air�cavities�
form�and�oscillate�within�leaflets�of�membranes,�leading�to�
periodic�changes�in�membrane�capacitance.�These�oscilla-
tions,�when�rectified�by�ion�channels,�may�lead�to�integration�
of�membrane�potential�over�time�and�the�generation�of�action�
potentials�(65).�The�likelihood�of�cavitation�increases�with�ul-
trasound�intensity�I�and�decreases�with�its�frequency�f�and�is
often approximated using mechanical index (MI)–related
metrics�in�the�form�of�MI�→�

P�m�[[
f

↔ →�

[[[[[
2IZ
f

]�

(67).
At�higher�frequencies�of�the�ultrasound,�around�2�MHz,�the�

absorption� of� ultrasound� by� biological� tissues� becomes�
appreciable� (68),� leading� to� substantial�attenuation��� and�
preferential�engagement�of�the�other�2�classes�of�mechanisms.�

First,� the�attenuation�produces� intensity�gradients� that�
result� in� radiation� forces� that� can� activate� ion� channels�
(49–61).�The�radiation�forces�push�on�a�target�throughout�the�
application�of�each�burst�of�ultrasound.�Thus,�the�resulting�
effects�on�membranes�and�ion�channels�depend�on�the�pulse�
repetition�frequency�(PRF)�(69,70)�(see�color�bar�in�Figure�2).�
This�is�because�each�membrane-ion�channel�complex�forms�a�
mechanoelectrical�transduction�system�with�a�specific�reso-
nance�frequency—the�optimal�PRF�for�that�ion�channel�and�cell�
type�(51,69,70).�The�radiation�pressure�due�to�attenuation�in�a
plane�wave�can�be�approximated�as�p�r →�

2�I�
c �z,�where�c�is�the

speed�of�sound�in�the�medium�and��z�is�the�elemental�distance�
(e.g.,�the�diameter�of�a�cell)�over�which�the�radiation�pressure�
gradient�is�evaluated.�Because���is�approximately�proportional�
to�f�in�brain�tissues�(�!f),�the�effects�of�radiation�force�due�to�
attenuation�are�proportional�to�ultrasound�frequency�(Figure�2).�

Second,�high�absorption�can�also�lead�to�an�appreciable�
rise� in� temperature� that� can� also� activate� ion� channels�
(50,55–57,71).�If�the�rise�in�temperature�is�kept�within�appli-
cable�safety�levels�(72,73),�this�mechanism�could�be�har-
nessed�for�neuromodulation�(74,75).�Maximal�temperature�rise�
can�be�approximated�as��T�→�

2�I�t
�C ,�where��t�is�the�total�

exposure�time,�C�the�heat�capacity,�and���the�tissue�density.�
Because��!f,�the�effects�of�heating�increase�with�ultrasound�
frequency� (Figure�2).�Moreover,� the�equation�shows� that�
heating�only�depends�on�the�amount�of�delivered�energy�and�
is�PRF�independent�(Figure�2,�red).
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Figure�2.�Primary�mechanisms�involved�in�ultrasonic�neuromodulation.�
The�figure�shows�4�main�classes�of�mechanisms�(white�text)�as�a�function�of�
the�ultrasound�frequency�(abscissa)�and�intensity�(ordinate).�Within�each�
class,�the�black�arrow�with�the�effect� label�points� in�the�direction�of�
increasing�effect�magnitude�(see�specific�equations�in�the�main�text).�The�
purple�and�red�arrows�indicate�regions�of�high�likelihood�of�mechanical�and�
thermal�damage,�respectively.�The�colors�and�the�associated�color�bar�
indicate�dependence�on�the�ultrasound�pulse�repetition�frequency�(PRF).�
The�green�bar�on�the�bottom�shows�the�window�of�frequencies�for�favorable�
transmission�through�the�human�skull.�All�mechanisms�substantially�over-
lap,�including�radiation�force,�which�increases�in�the�region�of�heating�
(omitted�for�clarity).
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Figure� 1.�Strengths� of� ultrasonic� neuro-
modulation.�(A)�Selective�engagement�of�confined�
targets�deep�in�the�brain.�(Top)�One-minute�epochs�
of�ultrasound,�interleaved�with�1-minute�epochs�of�
no�ultrasound,�modulate�magnetic�resonance�im-
aging�(MRI)�blood�oxygen�level–dependent�(BOLD)�
signals�(1�participant)�specifically�at�the�target,�the�
subcallosal� cingulate� cortex.� The� procedure� is�
detailed�in�a�recent�study�(44).�(Bottom)�Example�
BOLD�signal�modulation.�(B)�Modulation�of�motor�
behavior� in�humans.�Example�modulation�of�the�
ventral�intermediate�nucleus�(VIM)�of�the�thalamus�
with�inhibitory�pulses�(37),�leading�to�rapid�sup-
pression�of�essential�tremor.�AC,�anterior�commis-
sure;� fMRI,� functional� MRI;� PC,� posterior�
commissure.
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Several�studies�have�suggested�that�ultrasonic�stimulation�
of�the�nervous�system�is�more�effective�at�lower�frequencies�
(33,35,76–79),�which�corroborates�the�engagement�of�either�
particle�displacement�or�a�stable�cavitation-related�mecha-
nism.�All�4�mechanisms�engage�membranes,�neurons,�astro-
cytes�(80),�synaptic�vesicles,�and�likely�also�other�excitable�
and�passive�structures�(81–87).

Safety

For�ultrasound�imaging,�which�uses�pulses�on�the�order�of�
microseconds,�the�Food�and�Drug�Administration�(FDA)�(72)�
defined�limits�on�MI�and�peak�acoustic�intensity�I�SPPA�to�pre-
vent�mechanical�damage�and�on�time-average�intensity�I�SPTA�
to�prevent� thermal�damage,�where�SPPA� is� spatial-peak�
pulse-average�and�SPTA�is�spatial-peak�temporal-average.�
ITRUSST� (International� Transcranial�Ultrasonic�Stimulation�
Safety�and�Standards�Consortium)�has� recently�provided�
recommendations�to�prevent�mechanical�and�thermal�damage�
for�neuromodulation�(73),�which�uses�pulse�durations�on�the�
order�of�dozens�of�milliseconds.�Consistent�with�the�FDA,�the�
consortium�agreed�that�operations�within�MI!1:9�are�associ-
ated�with�a�nonsignificant�risk�of�harmful�cavitation�and�me-
chanical�damage.�To�prevent�thermal�damage,�the�consortium�

recommends�that�operators�comply�with�at�least�one�of�the�
following:�1)�a�temperature�rise�!2�↗�C,�2)�a�thermal�dose�
!0.25�in�CEM43�units,�or�3)�specific�values�of�the�thermal�
index�for�a�given�exposure�time�(73).�The�consortium�also�
provided�conservative�(95th�percentile)�values�that�can�be�
used�to�derate�the�ultrasound�attenuation�by�the�human�skull�
(88).�Investigators�are�urged�to�measure�or�at�least�approxi-
mate�these�metrics�before�attempting�any�therapy�(73,88).

CLINICAL�APPLICATIONS

The� following�sections�describe�applications�of�ultrasonic�
neuromodulation� to� affective� disorders,� schizophrenia,�
chronic�pain,�and�disorders�of�consciousness�(DOC).�Multiple�
randomized�sham-controlled�trials�(RCTs)�have�demonstrated�
improvements�that�are�superior�to�sham.�All�studies�applied�
ultrasound�within�MI!1:9.�Side�effects�were�rare�and�likely�
unrelated�to�stimulation,�as�noted�below.

Major�Depression

Two�groups�targeted�the�subcallosal�cingulate�cortex�(SCC)�
based�on�recent�discoveries�in�the�deep�brain�stimulation�litera-
ture� (89).�SCC�stimulation,�but�not�unfocused�stimulation,�
significantly�improved�ratings�of�depression�and�anxiety�in�2�
participants�with�treatment-resistant�depression�(42).�In�a�follow-
up�study,�the�same�group�applied�ultrasound�to�3�distinct�sub-
regions�of�the�anterior�cingulate�cortex�(ACC)�and�found�that�
improvements�in�depression�were�strongest�when�targeting�the�
SCC�(90).�Beneficial�effects�were�observed�up�until�the�last�
evaluation�point,�44�days�following�the�stimulation.�A�subsequent�
RCT�recruited�22�patients�with�treatment-resistant�depression�
(44).�The�study�acquired�fMRI�blood�oxygen�level–dependent�
(BOLD)� signals� during� stimulation� and� found� significant�
engagement�of�the�SCC�target�in�7�of�16�participants.�There�were�
significant�improvements�in�the�Hamilton�Depression�Rating�
Scale�scores�in�the�per-protocol�sample�of�19�patients.�Another�
group�targeted�the�SCC�in�an�open-label�study�involving�5

patients�with�treatment-resistant�depression�(91).�Stimulation�
targeting�the�intersection�of�white�matter�tracts�(89)�was�delivered�
in�5�sessions/day�for�5�days,�and�harnessed�an�acoustic�meta-
lens�to�mitigate�the�defocusing�of�ultrasound�through�the�skull.�
Improvements�in�depressive�symptoms�were�observed�for�up�to�
5�weeks�following�the�stimulation.

Stimulation�has�also�been�applied�to�other�regions.�Five-
minute�stimulation�of�the�anterior�nucleus�of�the�thalamus�led�
to�significant�improvements�in�depressive�symptoms�compared�
with�stimulation�of�the�ventral�capsule�and�the�bed�nucleus�of�
the�stria�terminalis�and�unfocused�stimulation�(92).�An�open-
label�study�modulated�the�amygdala�in�15�active�sessions�
over�3�weeks� in�29�participants�with�mood,�anxiety,�and�
trauma-related�disorders�(45).�The�stimulation�reduced�the�fMRI�
BOLD�signal�in�the�target�and�improved�mood�and�anxiety�
symptoms.� A� randomized� sham-controlled� study� applied�
stimulation�to�the�left�dorsolateral�prefrontal�cortex�(DLPFC)�of�
26�patients�with�major�depression�in�6�sessions�over�2�weeks�
(93).�There�were�notable�improvements�in�depressive�symp-
toms,�which�were�observed�at�the�end�of�the�treatment�regimen�
and�were�even�stronger�2�weeks�posttreatment.�Another�study�
conducted�an�RCT�that�delivered�six�30-minute�sessions�of�
brief�high-intensity�ultrasound�pulses�to�the�DLPFC�of�30�par-
ticipants.�There�was�a�substantial�decrease� in�depressive�
symptoms�and�improvements�in�cognitive�metrics�following�the�
intervention�and�at�the�3-month�follow-up�(94).

One�study�found�worsening�of�depressive�symptoms�in�2�
participants,� although� the� worsening� was� delayed� and�
appeared�stimulation�unrelated�(44).

Anxiety

In�a�feasibility�study,�8�weekly�10-minute�stimulation�sessions�
were�delivered�targeting�the�right�amygdala�in�25�patients�with�
generalized�anxiety�disorder�(95).�Many�patients�experienced�
substantial� improvements� in� the�Hamilton�Anxiety�Rating�
Scale�scores.�In�a�subsequent�double-blind�RCT,�the�stimu-
lation�was�applied�once�per�week�over�4�weeks�(96).

Schizophrenia

A�pilot�study�tested�the�potential�of�using�ultrasound�for�
treatment�of�schizophrenia�(97).�Fifteen�sessions�of�15-minute�
stimulation�were�delivered�to�the�left�DLPFC�in�26�patients.�
The�study�found�significant�intervention-condition�interactions�
for�the�Positive�and�Negative�Syndrome�Scale�and�the�Scale�
for�the�Assessment�of�Negative�Symptoms.

Chronic�Pain

Studies�of�healthy�individuals�suggest�that�ultrasonic�stimu-
lation�may�be�able�to�modulate�pain�perception�(98,99).�In�an�
initial�RCT,�15�seconds�of�stimulation�was�applied�using�a�
high-frequency�imaging�probe�to�the�posterior�frontal�cortex�in�
31�patients�with�chronic�pain�(100).�Compared�with�placebo,�
there�were�significant�improvements�in�mood�and�global�affect�
at�10�and�40�minutes�following�stimulation�and�a�trend�toward�
a�decrease�in�pain�intensity.�In�another�RCT,�40�minutes�of�
ultrasonic�stimulation�was�applied�to�the�ACC�of�20�patients�
with�chronic�pain�(101).�There�was�a�60%�decrease�in�pain�
intensity� immediately� following� the� treatment.� Clinically�
meaningful�effects�were�observed�up�to�7�days�following�the
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stimulation.� Sham� stimulation,� which� delivered� auditory�
masking�sounds,�provided�minor�benefits.�The�ACC�was�also�
stimulated�in�an�open-label�study,�3�times�a�week�for�2�weeks�
(up�to�30�min/session)�in�11�patients�with�neuropathic�pain�
(102).�There�were�significant�improvements�in�pain�intensity�for�
up�to�4�weeks�following�the�stimulation.

Disorders�of�Consciousness

Ultrasonic�stimulation�holds�promise�for�noninvasive�modu-
lation�of�arousal�and�treatments�of�DOC�(103).�A�patient�with�
posttraumatic�DOC�received�10�epochs�of�30-second�stimu-
lation�of�the�central�thalamus�(104).�The�patient�was�respon-
sive�on�day�3�following�the�stimulation�and�attempted�to�walk�
on�day�5.�Stimulation�of�the�central�thalamus�over�2�sessions�
found�clinically�significant� increases� in�behavioral�respon-
siveness�in�2�of�3�participants�(105).�In�a�subsequent�study,�
stimulation�was�applied�to�11�patients�with�acute�DOC�(41).�
The�was�a�significant�and�rapid�effect�on�the�Coma�Recovery�
Scale.�Repeated�treatments�over�2�to�4�years�with�brief�high-
intensity�pulses�applied�nonselectively�to�the�brain�improved�
specific� coma� scores� (106).� Although� these� results� are�
encouraging,� all� studies� lacked� a� sham� condition.� Two�
adverse�events�occurred�in�patients�with�DOC;�both�were�
considered�unrelated�to�the�stimulation�(41).

Summary�of�Current�Clinical�Applications

Despite�these�promising�results,�the�current�RCTs�are�rela-
tively�small�and�have�targeted�various�conditions�using�various�
brain�regions�and�ultrasound�parameters.�Therefore,�there�is�
no�consensus�and�there�are�no�specific�guidelines�on�the�most�
suitable�application�of�this�emerging�technology.�Guidelines�
on�the�important�factors�that�should�be�considered�when�
designing�and�conducting�such�studies�are�provided�below.

GUIDELINES

Causal�Brain�Mapping�to�Identify�the�Involved�Brain�
Regions

The�review�of�current�clinical�studies�highlighted�the�potential�
of�ultrasonic�neuromodulation�for�circuit-directed�treatments.�
However,�circuit-directed�treatments�of�mental�and�neuro-
logical�disorders�are�limited�by�two�key�issues:�1)�the�brain�
circuits�associated�with�most�disorders�are�not�well�under-
stood,�and�2)�there�is�typically�appreciable�variability�from�

individual� to� individual� (107).� The� ultrasound� provides� a�
potentially�powerful�approach�for�addressing�these�issues,�
enabling�the�mapping�of�circuit�function�in�a�causal�manner�for�
the�first�time.�By�systematically�and�reversibly�perturbing�in-
dividual�candidate�regions,�it�is�possible�to�establish�their�role�
in�the�studied�behaviors�and�disease�signs.

In�this�approach,�brief�ultrasound�stimulation�is�systemati-
cally�applied�(step�1�in�Figure�3A)�to�a�set�of�targets�(Figure�3B,�C).�
The�duration�of�the�stimulation�is�titrated�to�elicit�transient�
changes� in� disease� symptoms.� Regions� that� maximize�
improvements�in�disease�symptoms�(purple�rectangles,�step�2)�
are�subsequently�selected�for�sustained�stimulation�(step�3,�
Figure� 3D,�E).� This�method� has� the�potential� to�provide�
personalized�therapies.

Parameters�That�Maximize�Neuromodulatory�
Effects

Some�studies�suggest�that�ultrasonic�stimulation�of�the�nervous�
system�is�more�effective�at�lower�frequencies�(33,35,76–79),�
while�others�suggest�the�opposite�(51,52).�This�dichotomy�is�likely�
due�to�the�distinct�classes�of�mechanisms�invoked�at�distinct�
frequencies�(Figure�2).�Nevertheless,�for�applications�to�psychi-
atric�and�neurological�disorders,�the�ultrasound�must�propagate�
through�the�human�skull,�which�confines�the�frequency�range�to�
about�0.2�to�0.8�MHz�(Figure�2,�green)�(29–31,48).

As�expected,� the�effects�of�ultrasonic�neuromodulation�
increase� monotonically� with� increasing� intensity� I�
(32–36,50–52,55–57,76,108,109).

The�effects�also� increase�monotonically�with� increasing
duration�of�the�ultrasound�pulse,�t�ON�(52,54,62,76,108,110).�This�
parameter�may�have�broad�explanatory�power.�For�example,�the�
effect�of�t�ON�can�parsimoniously�explain�the�rich�findings�of�a�
recent�study�that�investigated�the�effects�of�individual�parame-
ters�on�many�neuronal�types�(109).�The�pulse�duration�t�ON�ex-
plains�the�prominent�effect�of�the�PRF�(the�optimal�value�of�2.5-Hz�
PRF�is�associated�with�the�longest�t�ON�).�The�pulse�duration�t�ON�

also�captures�the�effect�of�the�duty�cycle�(the�optimal�value�of�
20%�duty�cycle�is�associated�with�the�longest�t�ON�).

Because� neuromodulatory� effects� commonly� follow
strength-duration�relationships�(111),�we�may�expect�a�multi-
plicative�relationship�between�I�and�t�ON�.�There�is�indeed�evi-
dence�for�a�multiplicative�interaction�(52,76,110).�Thus,�the
neuromodulatory�effects�of�ultrasound�E,�quantified�on�neu-
rons�or�behavior,�scale�as�E!It�ON� (Figure�4A,�black�arrow).�
Generalized�to�E!�

)�
I↑t↓dt,�E�constitutes�the�total�stimulation�

energy�per�unit�area.
At�the�same�time,�E�must�be�curbed�to�comply�with�safety�

guidelines.�Here,�I�SPTA� serves�as�a�useful�constraint�on�the
energy�delivered�over�time.�Defined�as�I�SPTA →�I�t�ON

t�T
,�where�t�T�is

the�time�between� individual�pulses�of�ultrasound,�I�SPTA� is
capped�at�a�certain�value�(e.g.,�the�510(k)�Track�3�imaging�
guidelines�pose�a�limit�of�I�SPTA�!720�mW/cm�

2�).�Given�this�limit,�
the�space�of�the�applicable�intensities�and�pulse�durations�is�
confined�to�an�area�below�a�hyperbolic�curve�given�by�the
relationship I�→�

I�SPTA�t�T
t�ON

(Figure� 4A).� Because� I�→�

I�SPTA�t�T
t�ON

and
E!It�ON�,�it�follows�that�E!I�SPTA�t�T�.�Thus,�the�effectiveness�of�
ultrasonic�neuromodulation�scales�with�I�SPTA�.�In�the�common�
case�of�operation�near�or�at�a�regulatory�limit�(e.g.,�I�→�I�SPTA�→�

720�mW/cm�

2�),�the�equation�suggests�that�the�effect�E�can�be�
maximized�by�using�a�relatively�long�time�t�T�between�the�in-
dividual�ultrasound�pulse�durations�(see�4�example�values�in�
Figure�4A).�This�strategy�has�been�applied�in�recent�clinical�
studies�(44,101).

From�E!I�SPTA�t�T�,�the�magnitude�of�effects�E�is�defined�and�
capped�by�I�SPTA�(dashed�red�contours�in�Figure�4A).�This�is�a�
useful�constraint�given�that�the�red�dashed�lines�also�repre-
sent�equipotential�values�of�E�(notice�that�I!�

E
t�ON

).�These�con-
siderations�condense�the�initially�2-dimensional�space�of�I�and�
t�ON� into�a�1-dimensional�space�parameterized�by�a�single�
value�along�each�curve�for�a�given�t�T�.

Finally,�within�each�pulse,�the�ultrasound�can�be�pulsed�
with�a�specific�PRF�and�at�a�specific�duty�cycle�value.�These�
two�parameters�are�especially�pertinent� in�high-frequency�
applications� (Figure�2).�Radiation� force–based�effects�are
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1. Apply ultrasonic neuromodulation sequentially to a set of targets�
     while measuring disease signs or symptoms

2. Within that set, select the targets that minimize disease signs or symptoms

3. Apply 
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Figure�3.�Circuit-directed�individualized�treatments.�(A)�In�this�example,�ultrasonic�neuromodulation�is�sequentially�applied,�one�by�one,�to�5�brain�targets.�
Disease�signs�are�measured�during�and�immediately�after�the�neuromodulation�of�each�target.�Changes�in�measured�values�are�indicated�as�arrows�with�
certain�length�(the�longer�the�upward�arrow,�the�worse�the�signs�or�symptoms;�the�longer�the�downward�arrow,�the�better�the�signs�or�symptoms).�The�dotted�
line�provides�a�baseline�state�of�the�disease�signs�(no�change)�prior�to�any�intervention.�Next�(step�2),�an�operator�or�an�algorithm�selects�the�targets�that�
minimize�the�disease�signs�or�exceed�a�predefined�threshold�of�improvement�or�a�statistical�criterion.�The�dashed�line�exemplifies�a�threshold�for�the�selection�
of�a�substantial�improvement.�In�this�example,�target�3�and�target�4�are�selected�(thick�rectangle).�Finally,�ultrasound�of�increased�exposure�is�applied�(step�3)�
to�the�selected�targets�3�and�4.�This�higher-energy�intervention�aims�to�improve�signs�even�more�(long�downward�arrows)�and�provide�relief�that�is�more�
durable.�(B)�Examples�of�target-dependent�changes�in�mood.�Three�targets�were�stimulated�repeatedly�in�a�participant�with�treatment-resistant�depression:�
the�pregenual�cingulate�(PGC),�anterior�subcallosal�cingulate�cortex�(aSCC),�and�posterior�SCC�(pSCC).�Sagittal�view�is�shown.�Ultrasound�stimuli�(90)�were�
delivered�in�a�randomized�order�under�blind�conditions,�separated�by�1-minute�rest�periods.�After�each�trial,�the�participant�rated�subjective�change�in�mood�
during�that�trial�on�a�"3�to�13�scale.�Mean�6�SEM�ratings�are�shown�(10�trials/target).�*p�!�.05,�one-sample�t�test.�(C)�Immediate�changes�in�numerical�rating�
scale�of�pain�in�response�to�consecutive�stimulation�of�8�subregions�of�the�anterior�cingulate�cortex�(ACC)�(101).�(D)�Changes�in�depressive�symptoms�
following�the�delivery�of�the�ultrasound�to�the�SCC�in�the�same�participant�(90).�(E)�Changes�in�depressive�symptoms�following�the�delivery�of�the�ultrasound�
to�the�dorsal�and�ventral�portions�of�the�ACC�in�20�participants�(101).�**p�!�.01.
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sensitive�to�the�PRF�(51,69,70).�By�definition,�heating�effects�
are�insensitive�to�PRF�but�sensitive�to�duty�cycle,�as�higher�
values�of�duty�deliver�more�energy�into�the�target.�These�two

additional�parameters�may�also�matter�during�low-frequency�
stimulations�that�could�be�delivered�through�the�human�head�
(76,79,112)�(Figure�2,�purple).

Accounting�for�Skull�and�Hair

The�attenuation�of�ultrasound�by�the�skull�(Figure�5A)�consti-
tutes�a�key�factor�in�the�ultrasound�intensity�delivered�into�the�
brain�(113).�A�meta-analysis�suggests�that�this�factor�likely�
resulted� in� inadequate� intensity� in� early� human� neuro-
modulation�studies�(Figure�5B).�Imaging�and�simulations�have�
been�relatively�unsuccessful�in�accounting�for�the�attenuation�
of�ultrasound�by�the�skull.�There�is�no�consistent�relationship�
between�computed�tomography�or�MR�image�parameters�and�
acoustic�attenuation�(114–117).�Moreover,�repeated�applica-
tions�of�neuromodulation�to�psychiatric�and�chronic�condi-
tions�introduce�an�additional�layer�of�complexity—the�hair.�The�
hair�entraps�ultrasound-reflecting�bubbles,�thus�dampening�
the�delivered�intensity�further�and�substantially�(113).

On�this�front,�MRI�acoustic�radiation�force�imaging�(ARFI)�
(118–120)�is�an�emerging�ultrasound�guidance�method�that�
also�has� the�potential� to�estimate� the�delivered� intensity�
(118,121).

In�addition,�the�attenuation�and�dephasing�can�be�directly�
measured�using�ultrasound�itself�applied�in�a�relative�through-
transmission�manner�(113,122).�In�this�method,�brief�pulses�of�
low-intensity�ultrasound�are�emitted�from�an�element�through�the�
coupling�media,�hair,�skull,�and�head.�Responses�are�gathered�on�
elements�of�the�opposite�array.�By�comparing�the�amplitude�and�
timing�of�the�received�waveforms�with�those�obtained�in�water,�a�
compensation�algorithm�can�appropriately�set�the�amplitude�and�
timing�of�ultrasound�emission�from�each�array�element,�and�thus�
deliver�the�desired�intensity�into�the�desired�target�(113).

Target�Engagement

Target�engagement�confirms�a�physiological�response�of�the�
stimulated�neural�tissue,�and�can�be�evaluated�using�fMRI�
(Figure�1A),�effects�on�behavior�(Figure�1B),�or�electrophysio-
logical� approaches� such� as� electroencephalography�
(81–87,117,123).�For�ultrasound,�which�commonly� targets�
deep�brain�structures,�MRI�offers�a�unique�tool�for�volumetric�
imaging�at�depth.�Several�studies�have�shown�modulation�of�
fMRI�BOLD�activity�(45)�by�neuromodulatory�ultrasound.�The
effects�include�both�a�decrease�(41,43–45,113)�(Figure�1A)�and�
an�increase�(124,125)�in�the�BOLD�signal�(126).�The�depth�of�
modulation�(Figure�1A,�bottom)�could�potentially�serve�as�a�
readout�of�the�target�engagement�magnitude.�Ultrasound�also�
modulates� resting-state� BOLD� connectivity� between� the�
stimulated�target�and�associated�regions�(127–131).

Induction�of�Sustained�Effects

The�clinical�studies�reviewed�in�this�article�suggest�that�the�
neuromodulatory�effects�of�ultrasound�can�provide�benefits�
that� range� from� days� to�months� following� a� stimulation�
regimen.�Mechanistically,�it�is�known�that�ultrasound�engages�
glial�cells�and�thus�modulates�synaptic�events�(80,132),�but�
the�associated�neuroplastic�effects�generally�only�last�from�

minutes�to�hours�(127,133).
A�conceptual�explanation�for�the�durable�effects�of�ultra-

sound�observed�in�clinical�studies�makes�use�of�a�dynamical
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Figure�4.�Stimulation�parameters�and�sustained�effects.�(A)�The�selec-
tion�of�effective�and�safe�parameters.�The�effects�of�ultrasonic�neuro-
modulation�scale�with�the�ultrasound�intensity�and�pulse�duration,�E!�It�ON�

(black�arrow).�At�the�same�time,�stimulation�is�subject�to�a�safety�value�that�
prevents�excessive�energy�deposition,�I�SPTA →�

It�ON
t�T
,�where�t�T is�the�interpulse

duration� interval,� i.e.,�t�T�→�t�ON�1 t�OFF.�The�red�dashed�hyperbolae�are
computed� for� I�SPTA�→�720�mW/cm�

2 (72)�used� for�510(k)�clearance�of�
ultrasound imaging systems. Text in red shows 4 specific values of tT.
Since�E!It�ON and�so�I!�

E
t�ON

,�the�hyperbolae�also�represent�equipotential
levels�of�E.�Thus,�taking�both�effectiveness�and�safety�into�account,�the�
space� of� stimulation� parameters� can� be� substantially� reduced.� For�
completeness,�the�figure�also�provides�the�value�of�I�SPPA�!190�W/cm�

2�(72)�
used�for�510(k)�clearance�of�ultrasound�imaging�systems.�(B)�Sustained�
effects:� A� dynamical� system� view.� In� this� view,� neural� network�
dysfunction� is� represented�by� extrema� in� a�multidimensional� system
representation.�The�individual�dimensions�may�represent�neural�activity�of�
individual�network�nodes,�the�strength�of�connections�between�them,�or�
both.� Stimulation� can� rapidly� tip� the� system� out� of� an� undesirable�
extremum�(red)�into�a�desirable�and�potentially�stable�state�(green).�The�
system�is�dynamic:�The�attractor�landscape�can�change�over�time�as�a�
function�of�many�factors�including�adjuvant�therapies.�For�visualization�
purposes,�only�2�principal�dimensions�of�a�system�are�shown.�FDA,�Food�
and� Drug� Administration;� SPPA,� spatial-peak� pulse-average;� SPTA,�
spatial-peak�temporal-average.
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system�view�(Figure�4B).�It�is�now�appreciated�that�neuro-
psychiatric�conditions�such�as�depression�are�associated�with�
aberrant�patterns�of�network�activity�and�connectivity,�as�
opposed�to�the�failure�of�single�regions�(14–20).�Because�a�
network�involves�multiple�nodes�and�connections,�a�multidi-
mensional�view�must�be�taken�to�fully�characterize�these�
complex�systems.� In�this�view,�a�disorder� is�seen�as�an�
extremum� or� extrema� in� this�multidimensional� dynamical�
system�representation�(red�in�Figure�4B).�An�ultrasonic�inter-
vention�of�sufficient�energy�(Figure�4A)�may�be�able�to�tip�the�
system�out�of�an�extremum�(green�in�Figure�4B).�If�the�disease-
related�extrema�are�relatively�sparse,�as�shown�in�Figure�4B,�
the�resulting�improvements�may�be�stable.

As�a�specific�example,�depression�is�believed�to�be�asso-
ciated�with�hyperactive�(Figure�4B,�dimension�1)�and�hyper-
connected�(dimension�2)�SCC�(14–16).�Directing�ultrasound�
into�that�target�(Figure�1A)�can�suppress�its�hyperactivity�(44)�
and�hyperconnectivity�(131).�The�resulting�improvements�in�
depressive�symptoms�may�be�sustained�for�a�clinically�rele-
vant�duration�(Figure�3D).

CONFOUNDS

Ultrasound�can�cause�auditory�perception�in�humans�(134)�
and�rodents�(135).�This�issue�is�particularly�notable�in�rodents�
(136),�where�the�small�cranium�conducts�ultrasound�with�little�
attenuation�into�auditory�and�vestibular�structures.�Moreover,�
the�wavelength�for�human-applicable�frequencies�(Figure�2)�is�
large�with� respect� to� the�small�cranium,�which� leads� to�
standing�waves�(136),�notable�reflections�throughout�the�brain,�
and�a�multitude�of�potential�artifacts�(135,137).

There�are�several�effective�strategies�to�minimize�these�
artifacts.�First,�the�onset�and�offset�of�each�pulse�duration�can�
be�smoothed�to�eliminate�sudden�changes�and�thus�auditory�
perception�(138).�Second,�proper�sham�stimulation�can�be�
provided�by�delivering�sounds�through�earphones,�such�that�
participants�cannot�distinguish�verum�from�sham�stimulation�
(134).�Third,�the�ultrasound�can�be�applied�in�an�unfocused�
manner�(92,113)�or�to�an�inactive�site�as�a�negative�control.�
Any�new�study�in�the�field,�whether�basic�or�translational,�
should�use�at�least�one�of�these�strategies�to�control�for�
potential�confounds.

SUMMARY�AND�OUTLOOK

This�review�highlights�the�progress�that�the�field�of�ultrasonic�
neuromodulation�has�made�over�the�past�several�years.�The�
recent�growth�has�been�fueled�by�MRI-based�approaches�for�
precision�guidance�and�methods�that�compensate�for�the�
distortions�of�ultrasound�by�the�human�skull.�The�emergence�
of�RCTs�demonstrates�that�the�field�is�moving�rapidly�toward�
clinical�applications.

This� article�provides� guidance� for� applying� ultrasonic�
neuromodulation�to�the�human�brain�effectively�and�safely.�
The�neuromodulatory�effects�are�found�to�scale�with�intensity�
and�pulse�duration�as�key�parameters:�E!It�ON�.�A�review�of�
mechanistic�findings�intersected�with�safety�indices�and�skull�
constraints�leads�to�the�conclusion�that�the�5-dimensional�
space�of�parameters�can�be�effectively�reduced�to�2�to�3�
dimensions,�thus�making�the�search�for�optimal�stimulation�
parameters�for�a�particular�disorder�tractable.

Future�research�will�reveal�submechanisms�of�the�4�major�
categories.�Researchers�and�clinicians�will�use�this�knowl-
edge�to�fine-tune�the�stimulation�parameters�for�a�specific�
neuromodulation�purpose.�Future�work�will�also�elucidate�
the�concepts�and�mechanisms�that�produce�sustained�ef-
fects,�including�effects�on�neuroplasticity�and�equilibria�of�
dynamical�neural�networks.�The�skull,�hair,�and�coupling�will�
be�adequately�compensated�for�using�increasingly�sophisti-
cated� simulations� and� through-transmission� approaches.�
MRI�ARFI�will�provide�reliable�images�of�the�ultrasound�target�
deep�in�the�brain�and�possibly�inform�on�the�delivered�in-
tensity.�fMRI�BOLD�and�associated�readouts�will�provide�
robust�maps�of�physiological�target�engagement.�The�full�
power�of�the�noninvasiveness�and�flexible�delivery�will�be�
harnessed�using�systematic�and�personalized�approaches�
(Figure�3).�Ultimately,�these�technological�and�conceptual�
advances� will� lead� to� circuit-directed� and� personalized�
therapies�for�the�many�patients�who�are�currently�out�of�
options.
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A B Figure�5.�The�human�skull�has�led�to�inadequate�
ultrasonic�stimulation.�(A)�Histogram�of�ultrasound�
intensity�attenuation�measured�across�3�#�360�seg-
ments�in�3�human�ex�vivo�skulls�(139).�The�figure�
shows�strong�attenuation�of�ultrasound�intensity�(a�
factor�of�17.9,�median)�and�high�variability�within�and�
across�individuals.�(B)�Meta-analysis�of�early�human�
neuromodulation�studies�that�measured�target�in-
tensity�in�water�(abscissa).�The�ordinate�provides
actually�delivered�intensities�through�the�respective�
parts�of�the�human�skull�using�measured�attenuation�
values�through�those�skull�parts�(139).�The�resulting�
values�are�below�the�stimulation�threshold�ranges�(in�
color)�established�in�rodent�studies�(33,73,140).�The�
inset� roman�numerals� tie� to� (47,141–148)� in� this�
order.
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