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Introduction

Brain stimulation wish-list:

- Non-invasive
- Focal
- Surface & deep



The conventional NIBS techniques and their limitations



Conventional non-invasive brain stimulation techniques
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Transcranial Magnetic Stimulation (TMS)

Transcranial Electric stimulation (tES)

Bifocal tES
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Conventional non-invasive brain stimulation techniques Problématique
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Karabanov, Raffin et al., 2021, Front. Neuro

Transcranial Electric stimulation (tES)

Transcranial Magnetic Stimulation (TMS)

Bifocal tES



Romero et al., 2019, Nat. Com., Karabanov, Raffin et al., 2021, Front. Neuro
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Conventional non-invasive brain stimulation techniques

Transcranial Electric stimulation (tES)

Transcranial Magnetic Stimulation (TMS)

Bifocal tES



Other opportunities to remotely transfer energy
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Other opportunities to remotely transfer energy



Sound waves

Dr Yoav Medan TEDMED 2011



Sound waves



Sound waves

Palombo et al., 2021, 

High-intensity TUS for 
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Sound waves

High-intensity TUS for 
thalamotomy



Sound waves

Opening blood-brain
barrier with high precision

Mehta et al., 2023  



Sound waves

➔ Caused by the ultrasonic negative pressure during the 
rarefaction phase of an acoustic wave propagation



Sound waves

Applications of ultrasound

Applications US parameters

Neurosurgery High-intensity

Opening Blood-Brain Barrier (BBL) Low-intensity + micro-bubbles

Drug delivery Lipid/Nano containers

Sonogenetics Viral expression of ion-channels

Functional imaging High-speed, computational, bubbles

Neuromodulation Low-intensity



US for neuromodulation

Different names for pretty much the same thing…

FUS
fUS
tFUS
LIPUS
LIFUP
LILFU
TPS
FUN
TUS
…



Historical developments of TUS



US for surgery

High intensity

Intensity

Low intensity

Surgery

Late 50’s

Fry, 1958, Science



US for neuromodulation

Late 50’s

High intensity

Intensity

Low intensity

SurgeryNeuromodulation

?



US for neuromodulation

Late 50’s

High intensity

Intensity

Low intensity

SurgeryNeuromodulation
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US for neuromodulation

1929 1950 1960-90s 2010 2014
US transiantly

suppresses
amplitude of 
VEP in cats

US can excite 
nerve fibers in 
isolated turtle

and frog muscle

Stimulation of 
inner ear

structures and 
auditory nerve 
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US for neuromodulation

1929 1950 1960-90s 2010 2014
US transiently

suppresses
amplitude of 
VEP in cats

US can excite 
nerve fibers in 
isolated turtle

and frog muscle

US excited neural 
activity of 

hippocampus and 
motor cortex in rat

US modulates
the activity in 

human S1



Mechanisms of TUS



US mechanisms
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US mechanisms

Fundamental frequency



US mechanisms

Fundamental frequencyAmplitude enveloppe



US mechanisms

Amplitude enveloppeAcoustic Radiation Force 
(ARF)

Fundamental frequency
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an acoustic wave with an 
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US mechanisms

Amplitude enveloppeAcoustic Radiation Force 
(ARF)

Fundamental frequency

Patel et al., 2015, J Ultrasound therapeutics



US mechanisms

Amplitude enveloppeAcoustic Radiation Force 
(ARF)

Fundamental frequency

Mattay et al., 2024, AJNR



US mechanisms

Amplitude enveloppeAcoustic Radiation Force 
(ARF)

Fundamental frequency

Hypothesis 1: Membrane permeability
US indirectly manipulates mechanosensitive calcium 

channels in the membrane



US mechanisms

Amplitude enveloppeAcoustic Radiation Force 
(ARF)

Fundamental frequency

Hypothesis 2: Effect on the cytoskeleton
Change of membrane conformational state

US

Assembly

Disassembly



US mechanisms

Amplitude enveloppeAcoustic Radiation Force 
(ARF)

Fundamental frequency

Hypothesis 3: Membrane capacitance
US compresses the neural membrane bilayers 

and leads to a capacitive current which 
activates neurons

Badawe, 2023, Helyon

➔ Flexoelectricity: 
curvature-induced 

membrane polarization



US mechanisms

Amplitude enveloppeAcoustic Radiation Force 
(ARF)

Fundamental frequency

The Channel-membrane interaction (CMI) hypothesis



US mechanisms

Amplitude enveloppeAcoustic Radiation Force 
(ARF)

Fundamental frequency

➔ Physical phenomenon 
resulting from the interaction of 

an acoustic wave with an 
obstacle placed along its path



US mechanisms

Yoo et al., 2022

Fiber optic thermometer

Fiber optic thermometer & Ultra-high 
speed camera



US mechanisms

Neural calcium response, recorded by 
epifluorescence imaging

Yoo et al., 2022



US mechanisms

Neural calcium response, recorded by 
epifluorescence imaging

Quantification of calcium responses as 
function of ultrasound intensityYoo et al., 2022



US mechanisms

Pharmacological inhibition of mechanosensitive receptors

➔Mechanosensitive Ca2+ channels

1

2

Yoo et al., 2022



US mechanisms

Pharmacological inhibition of mechanosensitive receptors

➔Mechanosensitive Ca2+ channels

1

2

Transmembrane voltage imaging using the 
genetically encoded voltage indicator Ace2N

Yoo et al., 2022



- Opening of specific calcium-
permeable mechanosensitive 
ion channels. 

- Calcium ions accumulate until 
they trigger the opening of 
calcium-sensitive sodium 
channels.

- This leads to depolarization of 
the cell membrane and the 
opening of voltage-gated 
calcium channels, 

- Leading to the large responses 
observable by GCaMP6f imaging

➔ Role of mechanosensitive Ca2+ channels, amplified by Voltage-dependent Ca2+ and Na2+ channels



➔ At the neuron’s level

Yu et al., 2021, Nature Communications

- RSU responses are time locked to TUS, FSU 
are delayed

- RSU spiking rates increase with increasing
PRF

➔ Excitatory

➔ Inhibitory



In vitro & Animal work

TUS for Neuromodulation





US for Neuromodulation

Tufail et al., 2010, Neurons

Online protocols

➔ Pulsed US triggers cortical action potentials to 
drive peripheral muscle contractions



US for Neuromodulation

Kamimura et al., 2016, Neurons

FUS sonications were carried out at 
1.9 MHz with 50% duty cycle, pulse 
repetition frequency of 1 kHz, and 
duration of 1 s

US MEP?
Online protocols



US for Neuromodulation

Qiu et al., 2020, Cell Reports

Online protocols



US for Neuromodulation

Kim et al., 2014, Brain Stim.

Can ultrasound EMG response be associated with a motor evoked potential?

• EMG onset is at 40-200ms
• Studies looked at EMG success rate 

or threshold rather than amplitude

• EMG success rate varies with
- Intensity
- Duty cycle
- Tone burst duration



US for Neuromodulation

Brain stimulation wish-list:

- Non-invasive
- Focal
- Surface & deep
- Long-lasting
- Robuts & effective
- Measurable
- Relevant for behaviour

√
√

√



Yoo et al., 2011, NeuroImage

Towards offline neuromodulation in animals

TUS induced motion 
recorded in the forepaw

TUS induced M1 activation

In a control region

VEP recordings

Long-lasting effects of TUS?



Dallaplazza et al., 2017, J Neurosurgery.

Towards offline neuromodulation in animals



Folloni et al., 2019, Neuron

Towards offline neuromodulation in animals

Connectional fingerprint

Baseline
ACC
Amygdala



Human work

TUS for Neuromodulation



US in humans

Legon et al., 2014, Nature Neurosc.



US in humans

Primary motor cortex Thalamus Primary visual cortex



US in humans

Lee et al., 2024, BEL



US in humans

Lee et al., 2024, BEL



Legon et al., 2018, Sci. Rep.

US in humans – Online neuromodulation

Legon et al., 2018, Scientific Reports



US in humans – Online neuromodulation

Lee et al., 2015, Scientific Reports



Nakajima et al., 
2022, Cell Reports

Towards offline neuromodulation in humans
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Nakajima et al., 
2022, Cell Reports
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Towards offline neuromodulation

Nakajima et al., 
2022, Cell Reports



Zheng et al., 2022, Annals Neurol.

Towards offline neuromodulation



Zheng et al., 2022, Annals Neurol.

Towards offline neuromodulation



Zeng et al., 2022, Annals of Neurol.

Towards offline neuromodulation



Towards offline neuromodulation

Zeng et al., 2022, Annals of Neurol.



Towards offline neuromodulation

Zeng et al., 2022, Annals of Neurol.



Clinical applications



Clinical applications of TUS

Lee et al., 2024, BEL



TUS for depression

Clinical applications of TUS



TUS for chronic pain

Clinical applications of TUS



Multimodal experiments



Multimodal TUS studies

Combining TUS with EEG



Multimodal TUS studies



Multimodal TUS studies

Combining TUS with TMS



Multimodal TUS studies



Designing experiments

- Safety
- The coupling method
- The auditory confound
- The parameters’ space
- Delivering the proposer dose

- Targeting
- Simulations
- Reporting
- The control condition
- Etc…



• Isppa (spatial peak pulse average intensity) is the pulse average 
intensity, calculated at the position of the spatial maximum

• MI (mechanical index) gives an estimation of the likelihood of 
inertial cavitation

• Ispta (spatial peak temporal average intensity) is the temporal 
average intensity, calculated at the position of the spatial 
maximum

• TI (thermal index) is the steady-state temperature increase in 
soft tissue during ultrasound sonication

• TIC (thermal index for cranial bone) is a modification of TI, 
when the skull is close to the transducer face

Risk of thermal bio-effects

Risk of cavitation

(Ispta< 3W/cm2 from IEC standard 60601-2-5 for physiotherapy US 
equipment)

Designing experiments

Safety

Aubry, et al. iTRUSST 2023



Designing experiments

The coupling method
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Designing experiments

The coupling method



Kop et al., 2023, eLlife

Designing experiments

The auditory confound

Sign. MEP 
inhibition

No effect



Designing experiments

The auditory confound➔ can be eliminated with smoothed wave



Martin et al., 2024, Brain Stim.

Designing experiments

The auditory confound



Plaskin, 2016

Designing experiments

The parameters’ space

Temporal characteristics

Intensity characteristics



Designing experiments

Delivering the proper dose

Homogeneous beam Skull aberrated beam



Designing experiments

Delivering the proper dose

➔ TUS studies in humans have delivered inadequate intensity

Riis, Webb, Kubanek, 2021, Ultrasonics



Designing experiments

Delivering the proper dose

➔ Human system that compensates for attenuation accurately



Designing experiments

Targeting



Designing experiments

Targeting



fMRI

sMRI

Talairach

10-20 EEG

Sack, 2009

Individual placement based on neuronavigation and individual functional activity peaks 
improves study power.

Designing experiments

Targeting: Anatomic/Functional planning



Designing experiments

Targeting: Optimal Sonication Path

Park et al., 2009



Designing experiments

Navigation: 3D printed Helmet-type Guide



Designing experiments

Navigation: 3D printed Helmet-type Guide



Designing experiments

US simulations: to estimate dose + target
Input signal Skull sample Output signal Methods to image the skull:

- Ultra-short echo time (UTE) MRI to image bone
- Methods to generate pseudo-CT (pCT) from MRIs:

- Multi-atlas co-registration
- Convolutional neural networks

Variation in tissue 
composition and 

thickness



Designing experiments

US simulations: to estimate dose + target



Designing experiments

US simulations: to estimate dose + target



Designing experiments

US simulations



A sham TUS should control for noise, sensations, attention, placebo effects...

Image courtesy of Gesa Hartwigsen

Designing experiments

The importance of a control condition

• Active Control site (demonstrating 
anatomical specificity)

• Time Control (demonstrating temporal 
specificity)



Designing experiments

Clear and standardised reporting in papers:
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Clear and standardised reporting in papers:



Take home points

Brain stimulation wish-list

- Non-invasive

- Focal

- Surface & Deep

- Long-lasting

- Robust & effective

- Measurable

- Relevant for behaviour

√
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- Mechanisms

- Physiology

- Species differences

- Temporal specificity

- Sham control

- Oscillatory modulation

- Targeted connectivity

?!

?!
?!

?!

?!

?!

?!



Thank you



Kim et al., 2021, Brain Stim.

Current challenges



US mechanisms



US mechanisms

Collins et al., 2021, eNeuro



Towards offline neuromodulation

Verhagen et al., 2018, Sci. Rep.



US for Neuromodulation

Vion et al., Sci Res, 2019



Verhaguen et al., 2018, eLife

Towards offline neuromodulation



Towards offline neuromodulation

Verhagen et al., 2018, Sci. Rep.


