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A B S T R A C T

Non-invasive ultrasound neuromodulation has experienced exponential growth in the neuroscientific literature,
recently also including clinical studies and applications. However, clinical recommendations for the secure and
effective application of ultrasound neuromodulation in pathological brains are currently lacking. Here, clinical
experts with neuroscientific expertise in clinical brain stimulation and ultrasound neuromodulation present
initial clinical recommendations for ultrasound neuromodulation with relevance for all ultrasound neuro-
modulation techniques. The recommendations start with methodological safety issues focusing on technical is-
sues to avoid harm to the brain. This is followed by clinical safety issues focusing on important factors concerning
pathological situations.

1. Introduction

Non-invasive ultrasound neuromodulation has experienced expo-
nential growth in the neuroscientific literature, recently also including
clinical studies and applications. In contrast to ablative ultrasound with
high energy intensities (High Intensity Focused Ultrasound, HIFUS),
non-destructive ultrasound neuromodulation applies much lower en-
ergy intensities and has been referred to as TUS (Transcranial Ultrasonic
Stimulation), LIFUS (Low Intensity Focused Ultrasound), LIPUS (Low
Intensity Focused Ultrasound Pulsation), tFUS (transcranial Focused
Ultrasound), and TPS (Transcranial Pulse Stimulation). TPS differs from
other ultrasound neuromodulation techniques in application of ultra-
short ultrasound pulses composed of multiple frequencies instead of
longer lasting single sine waves. Spatial-peak-temporal-average in-
tensities (ISPTA) are typically lower and peak pressures are typically
higher with TPS [1,2]. In general, neuromodulation can be induced by
focused or unfocused ultrasound with continuous or pulsed stimulation
[3]. Cellular and animal studies demonstrate a wide range of biological
effects evoked by ultrasound neuromodulation [4–6]. Although there is
an increasing body of evidence regarding ultrasound neuromodulation

safety [7–12] and literature about the novel potential for clinical deep
brain stimulation [13,14] a discussion of safety issues from a clinical
perspective is yet missing. Despite the field’s infancy, focused ultra-
sound systems from various manufacturers have already been published
in context with clinical research (for review [7]): Brainsonix Corpora-
tion, Insightec Incorporation, Navifus Corporation, Neurosona Corpo-
ration, Neurotrek Incorporation, Shengxiang Technology, Sonic
Concepts Incorporation, Storz Medical AG. One of the systems (TPS,
Storz Medical AG) is already approved for clinical therapy (EU). Pub-
lished patient studies have investigated Alzheimer’s disease, mild neu-
rocognitive disorders, Parkinson’s disease, essential tremor, disorders of
consciousness, depression, anxiety disorders, schizophrenia, autism
spectrum disorder, substance use disorder, epilepsy, post-stroke reha-
bilitation and chronic pain syndromes [1,3,7–9,15]. Since ultrasound
neuromodulation transfers mechanical energy, it is important to be
aware of the high complexity and possible clinical risks of ultrasound
neuromodulation. Brain pathology often leads to considerable changes
of brain morphology, tissue vulnerability, and functional networks.
These aspects exhibit substantial interindividual variations, even in
patients with identical diagnoses. Accordingly, the individual clinical
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features and neuronal networks must be thoroughly clarified for every
patient involved in a TUS clinical study or therapy. However, in contrast
to electromagnetic techniques [16,17], clinical recommendations for
the secure and effective application of ultrasound neuromodulation in
pathological brains are currently lacking. Here, clinical experts with
neuroscientific expertise in clinical brain stimulation and ultrasound
neuromodulation present initial clinical recommendations for ultra-
sound neuromodulation with relevance for all ultrasound neuro-
modulation techniques.

To avoid ambiguities with novel therapies, important issues need to
be defined early and awareness raised for a broad readership. The rec-
ommendations start with section I on methodological safety issues
focusing on technical issues to avoid harm to the brain. This is followed
by section II on clinical safety issues focusing on important factors
concerning pathological situations. When methodological safety (I) is
observed, clinical safety (II) still needs to be considered for clinical ul-
trasound neuromodulation. In contrast to other non-invasive neuro-
modulation techniques (e.g. electromagnetic neuromodulation),
ultrasound applies mechanical energy with highly focal spatial restric-
tion. Therefore, recommendations focus on these specific aspects
(particularly section I) though a comprehensive clinical discussion of all
relevant issues is intended. Some of them may be relevant for all non-
invasive neuromodulation techniques.

2. Methodological safety issues

Clinically most important safety issues for ultrasound neuro-
modulation concern mechanical bioeffects, thermal bioeffects, and
target safety. Clinical safety issues extend safety considerations already
published for healthy brains [1,7–12]. Since characteristics of different
ultrasound neuromodulation systems may vary considerably (e.g., en-
ergy output, aperture size, single/multi-channel construction), for every
system safety data regarding local energy absorption as a function of
time, local temperature increase, and evaluation of the defocusing effect
of the skull should be available and regarded by the exper-
imenter/clinician. Ideally, system specific safety data should include
measurements on skull/brain specimens, animal studies, and numerical
simulations with respect to possible tissue damage.

2.1. Biophysical safety of ultrasound neuromodulation

2.1.1. Mechanical bioeffects
Critical mechanical effects concern cavitation (formation or collapse

of pressure related tissue gas bubbles) and possibly mechanical
stretching [11]. Both may result in clinically relevant bleeding and cell
damage or damage to/opening of the blood brain barrier - particularly in
areas with tissue pathologies (e.g., including areas with gaseous bub-
bles). Mechanical bioeffects depend on the amount of energy focally
transferred to brain tissue and the energy deposited as a function of time.
Both depend on the ultrasound technique used and are influenced by
various factors like ultrasound frequency, amplitude, composition of a
single ultrasound pulse (a “pulse” being a sine wave with a single fre-
quency or a mixture of various frequencies applied without pausing),
local tissue pressure generated by a single pulse, number of consecutive
ultrasound pulses applied, total pulse energy, pause length between
pulses, total sonication duration, and use of ultrasound contrast agents
(UCA). Defocusing effects of the skull may also be an influential factor.
The Mechanical Index (MI) – developed for diagnostic ultrasound and
calculated by dividing the peak negative pressure (peak rarefactional
pressure after derating (in MPa)) by the square root of the fundamental
frequency (in MHz) - is a well-established safety index. It may correlate
with cavitation probability - particularly in the presence of injected
microbubbles and is often suggested as the primary indicator for
potentially harmful effects at the ultrasound focus.

In diagnostic cephalic ultrasound an MI < 1.9 is considered a safe
limit by FDA. However, the MI only considers pressure and frequency of

the ultrasound applied. Most of the factors listed above, which may in-
fluence focal energy transfer, are not incorporated in the MI calculation
and their possible influence on mechanical safety still needs to be
comprehensively researched. For example, it is expected that applying
ultrasound in series of shorter pulses or a pulse train reduces the chance
of cavitation compared to a longer pulse (e.g. a 1 s pulse as applied in
[18]). For pathological tissue containing gaseous bubbles evidence ex-
ists that bleeding may occur below 1.9 MI [19]. The blood brain barrier
in Alzheimer patients may even open at 0.4 MI in the presence of
intravenously injected microbubbles. ([20], medRxiv https://doi.org/1
0.1101/2023.12.21.23300222). In clinical practice gaseous brain in-
clusions are a rare but well known patient problem. Since evidence ex-
ists that brain inclusions may occur spontaneously [21] and inclusions
may be in the range of microbubbles [22], clinicians cannot exclude
occurrence of such situations.

For ultrashort ultrasound pulses (e.g., 3 μs pulses of the Transcranial
Pulse Stimulation (TPS) technique) there are indications that the MI is
not applicable. This is based on the fact that inertia of the liquid, its
viscosity, and the initially large Laplace pressure delay the start-up of
bubble growth [23]. In a discussion of ultrashort ultrasound pulses from
the shockwave field - similar to the TPS pulses - authors conclude that
these pulses „lie outside the regime where the MI is expected to be
valid”. That is, the time scale of the expansion phase of a bubble forced
by a TPS pulse is much longer than the pulse length of the TPS pulse
[24]. However, there is also evidence, that at large peak pressures a
single ultrasound cycle with duration<1 μs can produce cavitation in fat
[25]. Therefore, for healthy and particularly pathological tissue (which
may include non-biological structures like brain implants, aneurysm
clips, gaseous bubbles), the MImay be helpful but clinical experts should
be aware of other factors influencing focal energy absorption and
potentially contributing to harmful effects. For every patient the various
factors influencing focal energy deposition (see listing above) require
consideration for individual prediction of bioeffects [10]. In general, the
evidence level for reliable energy limits for mechanical tissue damage
with ultrasound neuromodulation is still poor, and it is very likely that
there are several conditions where MI values > 1.9 are safe. Currently,
no single comprehensive indicator for judging mechanical tissue dam-
age exists. For real-time cavitation detection, hydrophone measure-
ments might be used. Stable or inertial cavitation is characterized by
unique acoustic responses which can be detected by hydrophones which
are regularly used in cavitation studies. Note however, that not every
cavitation will generate clinically relevant tissue damage.

2.1.2. Thermal bioeffects
Focal energy deposit by ultrasound may increase local temperature

and result in thermal tissue damage. Based on existing international
regulations for Magnetic Resonance [26] and implantable devices [27],
damaging thermal effects may occur with focal temperature increases
>2 ◦C or absolute temperature >39 ◦C. Much higher temperature rises
can be without damage if they are short. Again, the relevant factors for
mechanical bioeffects listed above may also influence thermal bio-
effects. In addition, local temperature increase depends on tissue char-
acteristics such as heat capacity, absorption coefficient, and local
perfusion, which may be abnormal in pathological tissues. For example,
pathological brain areas with reduced perfusion are prone to higher
temperature increases than normal tissue. For estimation of a possible
ultrasound mediated temperature rise, several physical parameters have
been suggested. The Thermal Index (TI) can be defined as the ratio of the
attenuated acoustic power to the acoustic power needed to raise the
temperature by 1 ◦C at a specified tissue focus [10,28]. It depends on the
tissue model and considers only acoustic output power of the transducer
and its aperture diameter. The British Medical Ultrasound Society does
not recommend cranial TI (TIC) > 3, while the American Institute of
Ultrasound does not recommend TIC>6. As with the MI, the TI may be
helpful, but clinical experts should be aware that besides the parameters
integrated in the TI calculation also other factors influence thermal
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bioeffects. A further standard parameter is Spatial-Peak Tempora-
l-Average Intensity (ISPTA in W/cm2). For diagnostic applications with
transcranial Doppler ultrasound, the FDA set a regulatory limit of ISPTA
<0.72 W/cm2. Since the ISPTA does not take into account the fre-
quency, the same ISPTA will have a lower temperature rise at low fre-
quency compared to high frequency. Animal brain applications up to
25.8 W/cm2 ISPTA [29] did not result in tissue damage. As with me-
chanical bioeffects, the various factors influencing focal energy depo-
sition (see listing above) and large variability in pathological tissue
conditions are not considered in the parameters given above. Again, the
evidence level for establishing reliable energy limits for thermal tissue
damage with ultrasound neuromodulation remains poor, and the rec-
ommendations vary considerably. Currently, no single comprehensive
indicator for judging thermal tissue damage exists. For real-time tem-
perature monitoring, MR thermometry might be used [30].

Recommendation 1: Clinical applications require awareness of
factors potentially contributing to harmful effects. Since characteristics
of different ultrasound neuromodulation systems may vary considerably
(e.g., energy output, aperture size, single/multi-channel construction),
for every system safety data regarding local energy absorption as a
function of time, local temperature increase, and evaluation of the
defocusing effect of the skull should be available. Ideally, system specific
safety data should include measurements on skull/brain specimens,
animal studies, and numerical simulations with respect to possible tissue
damage.

2.2. Targeting safety of the ultrasound system

A specific clinical safety issue concerns targeting safety of an ultra-
sound neuromodulation system. Clinical MRI can clarify intracerebral
pathologies and provide the basis for individual targeting. In contrast to
electromagnetic fields [31], ultrasound is not distorted by liquid or soft
tissue pathologies. Due to already increased risks for spontaneous
bleeding, absorption of mechanical energy in areas with vascular pa-
thologies or tissue abnormalities may further increase bleeding risks
with possibly harmful outcomes for the sonicated subject. For clinical
applications prevalence of small and possibly risky pathologies is a
standard problem (compare section IIb). Theymay well reside very close
to intended targets (e.g., in brain stem). The better the focality, the lower
the risk for transferring a relevant amount of energy outside the target.
Therefore, focusing capabilities in the mm range are important to target
the ultrasound focus outside brain areas at risk for damage. It is also
important to realize that some of these pathologies may be minor and
asymptomatic, i.e., they may exist in “healthy subjects”. Ultrasound
systems with high focality and neuronavigation which are intended for
transcranial stimulation applications provide more secure targeting.

2.2.1. Recommendation 2
State-of-the-art ultrasound neuromodulation should employ specif-

ically developed and comprehensively tested ultrasound systems
allowing focusing in the mm range. It should include neuronavigation
based on current individual MRIs to allow precise targeting and avoid
brain areas at risk for damage, particularly in pathological brains.

3. Clinical safety issues

Application of ultrasound neuromodulation in patients requires a
thorough clinical evaluation concerning clinical state as well as struc-
tural brain changes and functional brain state. This will inform ultra-
sound targeting. Since asymptomatic pathologies exist, both
morphological and functional brain states should also be considered for
ultrasound neuromodulation in asymptomatic subjects (e.g., healthy
controls).

3.1. Clinical state

Various aspects of a patient’s general clinical condition may influ-
ence the applicability and clinical indication of ultrasound neuro-
modulation. Important issues concern individual disease stage, type and
number of diagnoses, possible interaction between different clinical
manifestations (e.g., depression might have deleterious effects on
cognition), the existence of contraindications and patient collaboration.
Since complex interindividual variations are a key issue in clinical
medicine, a specific factor (e.g., local energy absorption) might well
represent a “clinical safety issue” for patient 1, but not for patient 2,
despite both having the same primary diagnosis. Consequences for in-
dividual patients require individual evaluation and awareness of factors
potentially contributing to harmful effects. For every patient, all clinical
issues need to be clarified, and a risk-benefit evaluation should be
conducted. Risk-benefit evaluations should also consider interactions
with concomitant medical and non-medical treatments (e.g., physio-
therapy or cognitive training). This also holds true for normal subjects
participating in research studies.

3.2. Structural brain changes

For reasons of safety and adequate targeting, knowledge of the cur-
rent morphological brain state is essential before application of me-
chanical energy. Typically, this requires analysis of MR images acquired
soon before ultrasound application. Important considerations concern
clinical situations with already increased risks for spontaneous bleeding
(without ultrasound application). This includes preexisting bleeding (e.
g., subdural hematomas in elderly patients), cavernomas (spontaneous
annual hemorrhage rate around 7 %), other vascular diseases or mal-
formations, dysplasias, tumors, damaged tissue resulting from stroke or
trauma, local inflammations, and local infections (compare [32–34]).
Analysis should also include displacements of functional tissue due to
mass effects, signs of increased intracranial pressure and possible con-
sequences of the location of pathological tissue (e.g., close to a primary
target area). Non-biological structures (brain implants, aneurysm clips,
gaseous bubbles) and intracerebral calcifications may also present
problems. It cannot be excluded, that the solid material produces sound
field distortions and sound scattering with a possible risk of unpredict-
able secondary energy maxima and thermal effects. Gaseous bubbles
increase the risk for cavitation related damage [10]. Human studies on
focused ultrasound safety in pathological tissues are yet scarce, and a
recent review of clinical studies did not report serious adverse events
[3]. Over all human ultrasound neuromodulation studies published, the
following mild to moderate events have been reported: localized pain at
head or neck, general headache, painless pressure sensations at the
stimulation site, muscle twitches, heating sensations, itchiness, anxiety,
uncomfortable feelings, mood deterioration, difficulty paying attention,
confusion, tenseness, disorientation, noise sensitivity, tingling, nausea,
sleepiness, tiredness, dizziness, unsteady gait, tremor worsening, and
sweating. It is important to realize that adverse events are also reported
when sham (placebo) stimulations are applied. Adverse reactions or side
effects of patients need to be recorded with evaluation tools and a
follow-up can be conducted [3,9]. Previous data from low intensity
focused ultrasound indicate that the risk of hemorrhage may be
increased in cases of coagulation disorders/anticoagulation treatment. A
study combining tissue plasminogen activator and low-frequency ul-
trasound was prematurely stopped because 13 of 14 patients showed
signs of bleeding in MRI [35]. It is also important to realize that path-
ological morphology directly relates to pathological function. Local at-
rophy needs to be evaluated, since that affects the functional state of the
brain, often in a complex manner. Local atrophy may represent a
treatment target, particularly in diseases where atrophied regions are
functionally connected to a network which is important for the symp-
tomatology of the disease (e.g., atrophied regions connect to networks
for impaired memory in Alzheimer’s disease [36]). Further, with
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atrophy the absolute amount of energy transferred to brain tissue is
reduced. Increasing evidence from both lesion and stimulation studies
indicates that the malfunctioning neural circuits generating specific
symptomatology are potential targets for ultrasound neuromodulation
[37].

3.3. Functional brain state

Depending on the underlying pathology, the functional network ar-
chitecture of a patient may be grossly changed. The functional changes
depend much on the type of pathology (for review [38]). Acute lesions
(e.g., stroke) typically result in large and transient network re-
organizations with activation shifts, recruitment of additional brain
areas, and novel hypo- and hyperactivations. This pattern may rapidly
change over time and, after several months, may stabilize into a chronic
state [39]. In contrast, chronic lesions (tumors, inflammatory disease)
show a much slower functional reorganization, which may be ongoing
over many years. Although knowledge is yet limited, an important issue
concerns maladaptive brain activities – these are brain activations which
worsen the clinical state. They are described for language disturbances
after stroke (e.g., right frontal cortex activity in post stroke aphasia
[40]), but also exist in motor disturbances (e.g., sensorimotor cortex
activation in phantom limb pain, [38]). Such maladaptive brain activity
should be recognized, and further neuromodulatory activation of asso-
ciated areas should be avoided. In contrast, clinical benefit may occur
with the inhibition of these maladaptive networks. Independent from
brain activation changes, suboptimal or incorrect stimulation may
worsen symptoms based on their specific functional and structural
network connectivity [41]. For example, stimulation of subthalamic
brain areas functionally connected to the subiculum may induce
cognitive decline in Parkinson’s disease patients [42]. Stimulation of
subthalamic brain areas structurally connected to left prefrontal areas
may worsen depressive symptoms [43]. There are also brain areas that
may improve symptoms based on their connectivity [44]. Therefore,
clinical effects based on local impact at the stimulation site need to be
differentiated from clinical effects based on network connectivity [45].
For comprehensive evaluation of possible stimulation effects, functional
and structural imaging data are important. Individual diffusion tensor
imaging (DTI) is meanwhile increasingly employed in electrical deep
brain stimulation (DBS). Another important consideration involves
determining which functional network drives which symptoms within
the same disease. For example, in depression, symptom clusters have
been defined that respond to stimulation of different functional circuits
(TMS data [46]). This further underlines the need for individual opti-
mization of clinical ultrasound neuromodulation - even for patients with
the same disease.

Though these considerations are relevant for all neuromodulation
techniques, the capability for precise targeting and non-invasive deep
brain stimulation is unique for ultrasound. For ultrasound neuro-
modulation consideration of functional brain states therefore is of
particular importance.

3.4. Clinical target definition

From the previous sections, it is obvious that defining neuro-
modulation targets in pathological brains is much more complex than in
healthy brains (compare review from the DBS field [47]). Data gener-
ated from brain lesions (including Lesion-Network-Mapping [48]),
functional and structural brain imaging, and clinical brain stimulation
have generated important evidence whether target activations result in
beneficial or detrimental effects for a specific disease. However, current
knowledge on clinical stimulation targets is still limited [41]. Given that
every brain and every patient is different, before application of ultra-
sound neuromodulation, all individual clinical, morphological and in
some cases, functional issues mentioned above need to be evaluated
(particularly asymptomatic lesions). All information should be current

(ideally acquired once within few days before neuromodulation), since
even minor changes may influence target definition and feasibility (e.g.,
asymptomatic bleeding). Transmission of focal mechanical energy to
vulnerable tissue or areas with increased risk for hemorrhage should be
avoided. Detrimental activation of brain areas associated with mal-
adaptive activity or areas with unfavorable connectivity should not be
done. In such situations, any type of neuromodulation (not only with
ultrasound) could potentially lead to deleterious effects or worsening of
symptoms, although for non-invasive neuromodulation this mostly
should be transient. Individual targeting should be informed by the
current state of the art in clinical neuroscience, which may include
lateralized approaches. Targeted ultrasound should be hypothesis
driven with clearly stated and expected functional network changes and
then also expected clinical results. It is important to be aware that
positive network changes may occur without clear clinical changes.

3.4.1. Recommendation 3
Every subject should have a thorough clinical evaluation and indi-

vidual target definition before application of ultrasound neuro-
modulation. This should include morphological and ideally functional
brain evaluations based on high resolution MR imaging. Images should
be checked for asymptomatic pathologies. Since applications may
involve sonication of pathological tissue with increased vulnerability or
base temperature, focal energy should be reduced in such situations (e.
g., a patient with fever). Targeting should be based on the state of the art
in clinical neuroscience. As far as possible, individual evaluation should
consider possible maladaptivity and brain areas with possibly unfavor-
able connectivity. Their neuromodulation could potentially lead to
deleterious effects or worsening of symptoms. Adverse reactions or side
effects of patients need to be recorded with evaluation tools and a
follow-up can be conducted.

4. Expertise issues

The sections „Methodological Safety Issues“ and „Clinical Safety Is-
sues“ inform about the inherent complexity of the secure application of
ultrasound neuromodulation in both pathological and healthy brains.
Much clinical research is still to be done; however, a considerable body
of scientific knowledge already exists and requires consideration. For
being able to judge possible risks for a patient, system specific safety
data must be known. The relevance of a safety issue for the individual
patient needs to be judged (e.g., increased risk for a patient with intra-
cerebral bleeding even when mechanical safety limits are observed).
Even if a neuromodulation system is deemed „biophysically safe“, spe-
cific expertise is necessary to judge atypical tissue vulnerability,
morphological brain distortions, and pathological functional networks.
Since every clinical situation is different, responsible clinical operators
should possess adequate expertise in diagnosis and treatment of brain
diseases and comprehensive neuroscientific knowledge. They need to
relate diagnoses and symptoms to possible brain pathologies and judge
clinical applicability. Possible effects of variations of ultrasound pa-
rameters need to be known. Clinical targeting requires expertise on
maladaptive brain activities, brain area connectivity (including benefi-
cial and detrimental ones), possible target area interactions, and ex-
pected clinical responses. Establishing indications for additional
information (e.g., fMRI, DTI data) requires brain imaging expertise.
Responsible operators should be aware that patients often present with
complex neuropathological situations. Therefore, defining an optimized
neuromodulation setting is a demanding task and requires specific
training. This is essential for the responsible physician who is also in
charge of adequate training, knowledge and supervision of assisting
technologists.

4.1. Recommendation 4

Clinical ultrasound neuromodulation requires expertise in diagnosis
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and treatment of brain diseases and comprehensive neuroscientific
knowledge. The responsible scientist or clinician should have a precise
understanding of the safety issues and clinical issues listed in section I
and II. This concerns the biophysical limits of the ultrasound system and
the clinical expertise for assessing possible brain risks.

5. Conclusion

Non-invasive ultrasound neuromodulation with highly focal and
navigable state-of-the-art systems allows unprecedented approaches for
non-invasive and deep brain stimulation in both healthy and diseased
brains. Clinical applications are rapidly spreading. The fact that me-
chanical energies are applied requires clinical and clinical neuroscien-
tific expertise and a thorough understanding of safety issues relating to
the ultrasound system and to the brain. For therapeutic applications,
qualified operators should have a background in the diagnosis and
treatment of brain diseases.
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[38] Karahasanović N, Gruber T, Dörl G, Radjenovic S, Kolarova T, Matt E, Beisteiner R.
Brain plasticity in fMRI and DTI. In: Stippich C, editor. Clinical functional MRI.
third ed. Berlin Heidelberg: Springer; 2022. p. 387–406. https://doi.org/10.1007/
978-3-030-83343-5_11.

[39] Motolese F, Lanzone J, Todisco A, Rossi M, Santoro F, Cruciani A, Capone F, Di
Lazzaro V, Pilato F. The role of neurophysiological tools in the evaluation of
ischemic stroke evolution: a narrative review. Front Neurol 2023 Apr 27;14:
1178408. https://doi.org/10.3389/fneur.2023.1178408. PMID: 37181549;
PMCID: PMC10172480.

[40] Hartwigsen G, Saur D. Neuroimaging of stroke recovery from aphasia - insights into
plasticity of the human language network. Neuroimage 2019 Apr 15;190:14–31.
https://doi.org/10.1016/j.neuroimage.2017.11.056. Epub 2017 Nov 23. PMID:
29175498.

[41] Siddiqi SH, Kording KP, Parvizi J, Fox MD. Causal mapping of human brain
function. Nat Rev Neurosci 2022 Jun;23(6):361–75. https://doi.org/10.1038/
s41583-022-00583-8. Epub 2022 Apr 20. PMID: 35444305; PMCID: PMC9387758.

[42] Reich MM, Hsu J, Ferguson M, Schaper FLWVJ, Joutsa J, Roothans J, Nickl RC,
Frankemolle-Gilbert A, Alberts J, Volkmann J, Fox MD. A brain network for deep
brain stimulation induced cognitive decline in Parkinson’s disease. Brain 2022 May
24;145(4):1410–21. https://doi.org/10.1093/brain/awac012. PMID: 35037938;
PMCID: PMC9129093.

[43] Irmen F, Horn A, Mosley P, Perry A, Petry-Schmelzer JN, Dafsari HS, Barbe M,
Visser-Vandewalle V, Schneider GH, Li N, Kübler D, Wenzel G, Kühn AA. Left
prefrontal connectivity links subthalamic stimulation with depressive symptoms.
Ann Neurol 2020 Jun;87(6):962–75. https://doi.org/10.1002/ana.25734. Epub
2020 Apr 30. PMID: 32239535.

[44] Cash RFH, Weigand A, Zalesky A, Siddiqi SH, Downar J, Fitzgerald PB, Fox MD.
Using brain imaging to improve spatial targeting of transcranial magnetic
stimulation for depression. Biol Psychiatr 2021 Nov 15;90(10):689–700. https://
doi.org/10.1016/j.biopsych.2020.05.033. Epub 2020 Jun 7. PMID: 32800379.

[45] Horn A, Fox MD. Opportunities of connectomic neuromodulation. Neuroimage
2020 Nov 1;221:117180. https://doi.org/10.1016/j.neuroimage.2020.117180.
Epub 2020 Jul 20. PMID: 32702488; PMCID: PMC7847552.

[46] Siddiqi SH, Taylor SF, Cooke D, Pascual-Leone A, George MS, Fox MD. Distinct
symptom-specific treatment targets for circuit-based neuromodulation. Am J
Psychiatr 2020 May 1;177(5):435–46. https://doi.org/10.1176/appi.
ajp.2019.19090915. Epub 2020 Mar 12. PMID: 32160765; PMCID: PMC8396109.

[47] Lozano AM, Lipsman N, Bergman H, Brown P, Chabardes S, Chang JW,
Matthews K, McIntyre CC, Schlaepfer TE, Schulder M, Temel Y, Volkmann J,
Krauss JK. Deep brain stimulation: current challenges and future directions. Nat
Rev Neurol 2019 Mar;15(3):148–60. https://doi.org/10.1038/s41582-018-0128-2.
PMID: 30683913; PMCID: PMC6397644.

[48] Boes AD, Prasad S, Liu H, Liu Q, Pascual-Leone A, Caviness Jr VS, Fox MD. Network
localization of neurological symptoms from focal brain lesions. Brain 2015 Oct;138
(Pt 10):3061–75. https://doi.org/10.1093/brain/awv228. Epub 2015 Aug 10.
PMID: 26264514; PMCID: PMC4671478.

R. Beisteiner et al.

https://doi.org/10.1101/2023.12.21.23300222
https://doi.org/10.1016/j.neurol.2021.05.007
https://doi.org/10.1371/journal.pone.0122166
https://doi.org/10.1371/journal.pone.0122166
https://doi.org/10.1109/58.19152
https://doi.org/10.1063/1.2760279
https://doi.org/10.1063/1.2760279
https://doi.org/10.1146/annurev-bioeng-073123-022334
https://doi.org/10.1055/s-0033-1335843
http://refhub.elsevier.com/S1935-861X(24)00129-3/sref24
http://refhub.elsevier.com/S1935-861X(24)00129-3/sref24
http://refhub.elsevier.com/S1935-861X(24)00129-3/sref24
http://refhub.elsevier.com/S1935-861X(24)00129-3/sref24
https://doi.org/10.1002/mrm.1910340606
https://doi.org/10.1016/j.nicl.2021.102563
https://doi.org/10.1016/j.nicl.2021.102563
https://doi.org/10.1007/s10143-022-01790-8
https://doi.org/10.1007/s10143-022-01790-8
https://doi.org/10.3171/2019.12.JNS192856
https://doi.org/10.1212/WNL.0000000000209548
https://doi.org/10.1161/01.STR.0000170707.86793.1a
https://doi.org/10.1161/01.STR.0000170707.86793.1a
https://doi.org/10.1093/brain/awaa058
https://doi.org/10.1038/s41562-021-01161-1
https://doi.org/10.1007/978-3-030-83343-5_11
https://doi.org/10.1007/978-3-030-83343-5_11
https://doi.org/10.3389/fneur.2023.1178408
https://doi.org/10.1016/j.neuroimage.2017.11.056
https://doi.org/10.1038/s41583-022-00583-8
https://doi.org/10.1038/s41583-022-00583-8
https://doi.org/10.1093/brain/awac012
https://doi.org/10.1002/ana.25734
https://doi.org/10.1016/j.biopsych.2020.05.033
https://doi.org/10.1016/j.biopsych.2020.05.033
https://doi.org/10.1016/j.neuroimage.2020.117180
https://doi.org/10.1176/appi.ajp.2019.19090915
https://doi.org/10.1176/appi.ajp.2019.19090915
https://doi.org/10.1038/s41582-018-0128-2
https://doi.org/10.1093/brain/awv228

	Clinical recommendations for non-invasive ultrasound neuromodulation
	1 Introduction
	2 Methodological safety issues
	2.1 Biophysical safety of ultrasound neuromodulation
	2.1.1 Mechanical bioeffects
	2.1.2 Thermal bioeffects

	2.2 Targeting safety of the ultrasound system
	2.2.1 Recommendation 2


	3 Clinical safety issues
	3.1 Clinical state
	3.2 Structural brain changes
	3.3 Functional brain state
	3.4 Clinical target definition
	3.4.1 Recommendation 3


	4 Expertise issues
	4.1 Recommendation 4

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


