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Introduction

Brain stimulation wish-list:

- Non-invasive
- Focal
- Surface & deep



The conventional NIBS techniqgues and their limitations




Conventional non-invasive brain stimulation techniques

Transcranial Magnetic Stimulation (TMS)

Transcranial Electric stimulation (tES)

Bifocal tES




Conventional non-invasive brain stimulation techniques

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

Transcranial Magnetic Stimulation (TMS)

Transcranial Electric stimulation (tES)

Bifocal tES




Conventional non-invasive brain stimulation techniques Problématique

Transcranial Magnetic Stimulation (TMS)
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Karabanov, Raffin et al., 2021, Front. Neuro




Conventional non-invasive brain stimulation techniques

Transcranial Magnetic Stimulation (TMS)
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Other opportunities to remotely transfer energy




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

High-intensity TUS for
thalamotomy

Palombo et al., 2021,




Sound waves

High-intensity TUS for
thalamotomy

high intensity focused ultrasound
thalamotomy

Palombo et al., 2021




Sound waves

High-intensity TUS for
thalamotomy




Sound waves

Opening blood-brain
barrier with high precision
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Sound waves

Microbubbles and
Cavitation
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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

Surgery

Low intensity High intensity

Intensity Fry, 1958, Science



US for neuromodulation

?
Neuromodulation Surgery
Low intensity High intensity

Intensity



US for neuromodulation

before  during after

w(/k . -Jw
L—*(A..

Neuromodulation

Low intensity High intensity
Intensity



US for neuromodulation
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US for neuromodulation
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US for neuromodulation
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US for neuromodulation
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TECHNICAL REPORTS

nature |
neuroscience

Transcranial focused ultrasound modulates the activity
of primary somatosensory cortex in humans

Wynn Legon!, Tomokazu F Sato!, Alexander Opitz!2, Jerel Mueller?, Aaron Barbour!, Amanda Williams! &
William J Tyler>#
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Mechanisms of TUS




US mechanisms
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Stimulus Duration | Trial Duratiunl

1/Pulse Repetition Frequency 0.2 ms 0.7 ms

IPulse Duration | 0.3/(0.3+0.7)*100 = 30%Duty Cycle]
I Ultrasonic Stimulus Duratin;l

Parameter (Abbreviation) Unit Synonym

Fundamental frequency (FF) kHz, MHz Center frequency (f;)

Pulse duration (PD) ms Tone burst duration (TBD), Pulse length (PL)
Pulse repetition interval (PRI) ms Pulse repetition period (PRP)

Pulse repetition frequency (PRF) Hz, kHz -

Duty cycle (DC) % Duty factor (DF), as aratio between 0 and 1
Sonication duration (SD) ms, s Burst duration (BD)

Inter-stimulation interval (1S1) s, min Burst interval (Bl) - Sonication duration (SD)
Peakrarefactional pressure (P;) kPa, MPa Peak negative pressure (PNP)

Spatial-peak pulse-average intensity (Isppa) W/cm? -

Spatial-peak temporal-average intensity (Ispra) mW/cm?2 -

Mechanical index (MlI) (unitless) -



Fundamental frequency
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Amplitude enveloppe Fundamental frequency




Acoustic Radiation Force <= Amplitude enveloppe Fundamental frequency
(ARF)

=» Physical phenomenon
resulting from the interaction of
an acoustic wave with an
obstacle placed along its path



Acoustic Radiation Force <= Amplitude enveloppe Fundamental frequency
(ARF)

=» Physical phenomenon
resulting from the interaction of
an acoustic wave with an

obstacle placed along its path Temperature rise Mechanic Force

L




Acoustic Radiation Force <= Amplitude enveloppe

(ARF) *

Patel et al., 2015, J Ultrasound therapeutics
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Acoustic Radiation Force <= Amplitude enveloppe Fundamental frequency
(ARF)

ExAblate Neuro Transducer
{220 kHz, 650 kHz)

Mattay et al., 2024, AJNR D- B



Acoustic Radiation Force <= Amplitude enveloppe Fundamental frequency
(ARF)

Hypothesis 1: Membrane permeability
Mechanic Force US indirectly manipulates mechanosensitive calcium
channels in the membrane
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Acoustic Radiation Force <= Amplitude enveloppe Fundamental frequency

(ARF)
Hypothesis 2: Effect on the cytoskeleton
Mechanic Force Change of membrane conformational state
Assembly *,':
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Acoustic Radiation Force <= Amplitude enveloppe Fundamental frequency

(ARF)

Hypothesis 3: Membrane capacitance
Mechanic Force US compresses the neural membrane bilayers
and leads to a capacitive current which

activates neurons
P l l l Y Ly ”

o° => Flexoelectricity:

@ @ .

®¢eccccoe® curvature-induced
membrane polarization

Badawe, 2023, Helyon



Acoustic Radiation Force <= Amplitude enveloppe Fundamental frequency
(ARF)

The Channel-membrane interaction (CMI) hypothesis

Mechanic Force
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Acoustic Radiation Force <= Amplitude enveloppe

(ARF)

=» Physical phenomenon
resulting from the interaction of
an acoustic wave with an
obstacle placed along its path

Temperature rise

Mechanic Force

Fundamental frequency

Microbubbles and
Cavitation
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Pressure

Temperature rise

[ Heat |

Mechanic Force

A

Continuous wave Inter pulse Interval
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Neural calcium response, recorded by
epifluorescence imaging
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Pharmacological inhibition of mechanosensitive receptors
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Pharmacological inhibition of mechanosensitive receptors

g 1\/ b ¢

/ Control Gd* Wash 100+

A ] J \‘ q>) 75
l Piezo1 §

TRPV1,2,4 GPCR - TRPC1 fg’ 50-
3

guart 5 254
FERE ©
j\— 9
| <

\; v [ J : 0

1 I I
Control Gd*" Wash

* Suramin #Ca?* @ Na' : |
=» Mechanosensitive Ca2+ channels
=60~ € = 60+ =
— Control = 60 ns — Control ;' e f — Control 3 40-
— RR g 45 = Suramin aé 45 . . — GsMTx4 § P
8 8 e .. 5 30 e .
2 30 o o 30- 2 o
Nl— £ gI_ T 3\—5L £ 20-
W osec 8 q5] \ 5sec 8 154 sec
g 5 2 104
& 0- 8 oA g
< Control RR < : ® o
ontro! Control Suramin b Control GsMTxd
c d
hSyn mNeon
Transmembrane voltage imaging using the -

genetically encoded voltage indicator Ace2N

Yoo et al., 2022

g
Extracellular Ca" free

-0.1%

3 sec



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

3-1. Activation of
mechanosensitive channels

Voltage-gated

1. Ultrasound Ca”and Na’ channels

-

Membrane

T-type Ca =

2. Mechanical '
deformatlon of |\ V /a

i

3-2. Endoplasmic reticulum

5. Bursting action potentials

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



=» At the neuron’s level

=>» Excitatory

=>» Inhibitory
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TUS for Neuromodulation

In vitro & Animal work



NTBS approach

quantify interfere modulate facilitate inhibit
(LTP-like plasticity) | | (LTD-like plasticity)
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US for Neuromodulation

Online protocols
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=>» Pulsed US triggers cortical action potentials to
drive peripheral muscle contractions

Tufail et al., 2010, Neurons
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US for Neuromodulation

Online protocols
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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 for Neuromodulation

Online protocols
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US for Neuromodulation

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

 EMG onsetis at 40-200ms
e Studies looked at EMG success rate
or threshold rather than amplitude

- / '
* EMG success rate varies with \ 4

Intensity
Duty cycle
Tone burst duration

Calcium influx

Mechanosensilive lon

channel (Mscl-G22s)

= o » Muscle contraction
Targeted neurad activation
-cFos 1§

Kim et al., 2014, Brain Stim.



US for Neuromodulation

Brain stimulation wish-list:

- Non-invasive v

- Focal v

- Surface & deep v
- Long-lasting

- Robuts & effective
- Measurable

- Relevant for behaviour



Towards offline neuromodulation in animals

Long-lasting effects of TUS?

D TUS induced motion
recorded in the forepaw

FUS stim: H 1 sec
' VEP recordings
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Yoo et al., 2011, Neurolmage



Towards offline neuromodulation in animals

O VPL Sonication

Dallaplazza et al., 2017, J Neurosurgery.
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Towards offline neuromodulation in animals

AMYGDALA
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Folloni et al., 2019, Neuron
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TUS for Neuromodulation

Human work



TECHNICAL REPORTS

namre .
ncuroscicncce

Transcranial focused ultrasound modulates the activity
of primary somatosensory cortex in humans

Wynn Legon!, Tomokazu F Sato!, Alexander Opitz!2, Jerel Mueller®, Aaron Barbour!, Amanda Williams' &
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Primary motor cortex Thalamus Primary visual cortex
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US in humans — Online neuromodulation

PRF = 1kHz

Ultrasound transducer 500 cycles = 500 ms

1ms
4+—>

Channel 1

o LLLT

Transducer holder 180 cycles

36% duty
Af = 500 kHz
. : TMS coil
Stereotaxic tracking =
*
* 420
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US in humans — Online neuromodulation

Transducer
a FUS transducer N tracker Types of sensations Ratio of subjects reported
o Tingling 11/11 100.0%
s> Degassed SOM 11/11 100.0%
i . =N Waler Heaviness 6/11 54.5%
ead-motion
tracker Gy MNumbness 2/11 18.2%
R Feeling of weak 3/11 27.3%
electrical current flow
ltching 2/11 18.2%
Emshing 1/11 ?1%
Cooling 1/11 ?.1%

FUS sonication (250 kHz sine wave)
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Towards offline neuromodulation in humans

Nakajima et al.,
2022, Cell Reports

Cell Reports

A causal role of anterior prefrontal-putamen circuit
for response inhibition revealed by transcranial
ultrasound stimulation in humans

Graphical abstract

\ |

basal ganglia - -

"/F _ Y Ultrasound
Stop-signal task stimulation
functional diffusion
MR MEI w m
Sfop % 5
. /
hyperdirect indirect
prafrontal
cortex

®
|
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In brief

Makajima et al. find that utrasound
stimulation to the right anterior putamen
and the right anterior infenor frontal
contex (alFC), a cortical counterpart of the
anterior putamen, elicits impaired
stopping performance. The alFCG-anterior
putamen circuit in the indirect pathsay
sanves as an essantial route for stopping.



Towards offline neuromodulation in humans

A Stage 1 Stage 2 Stage 3
TUS intervention fMRI for TUS intervention
to FDI-M1 response inhibition to basal ganglia

B Stage 4 Stage 5

TUS intervention
to a newly identified
cortical area

Diffusion MRI
tractography

Nakajima et al.,
2022, Cell Reports



Towards offline neuromodulation

A Stage 1 Stage 2 stage 3 A x 6 times
TUS intervention fMRI for TUS intervention : '
to FDI-M1 response inhibition to basal ganglia -
Left FDI  Right FDI Rest
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Nakajima et al., Time {min
2022, Cell Reports



Towards offline neuromodulation

ke RN A Go trial Stop trial
/ ’ Time Tme
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Nakajima et al.,
2022, Cell Reports
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Towards offline neuromodulation

A Stage 1 Stage 2  Stages A
TUS intervention fMRI for /’/ TUS intervention "~\
to FDI-M1 response inhibition to basal ganglia
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Towards offline neuromodulation

A Regions connected with anterior putamen
A Stage 1 Stage 2 Stage 3 pove
TUS intervention fMRI for TUS intervention @ ‘
to FDI-M1 response inhibition to basal ganglia
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R ) e —

B  Structural connectivity
with anterior putamen

i
g

Task activation

B Stage 4 \ -~ Stage 5
TUS intervention

to a newly identified
cortical area

Diffusion MRI
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Nakajima et al.,
2022, Cell Reports



Towards offline neuromodulation

A Stage 1 Stage 2 Stage 3
TUS intervention fMRI for TUS intervention A
to FDI-M1 response inhibition to basal ganglia
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Towards offline neuromodulation

> Ann Neurol. 2022 Feb;91(2):238-252. doi: 10.1002/ana.26294. Epub 2022 Jan 12.

Induction of Human Motor Cortex Plasticity by Theta
Burst Transcranial Ultrasound Stimulation

Ke Zeng 1 Ghazaleh Darmani ', Anton Fomenko 1, Xue Xia ! 2, Stephanie Tran 13

Jean-Francgois Nankoo 1 Yazan Shamli Oghli 13 Yangiu Wang T2 Andres M A ™S TUS B
Robert Chen 1 3 i Test MEP
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Towards offline neuromodulation

> Ann Neurol. 2022 Feb;91(2):238-252. doi: 10.1002/ana.26294. Epub 2022 Jan 12.

Induction of Human Motor Cortex Plasticity by Theta

Burst Transcranial Ultrasound Stimulation

Ke Zeng 1 Ghazaleh Darmani ', Anton Fomenko 1, Xue Xia ! 2, Stephanie Tran 13

Jean-Francois Nankoo 1, Yazan Shamli Oghli ' 3, Yangiu Wang ' 2, Andres M Lozano
Robert Chen 1 3

Zheng et al., 2022, Annals Neurol.

1

4

L)

Repetitive TUS protocols

Theta burst patterned TUS (tbTUS)

TBD = 20 ms TBD = 20 ms

P e———

' I/PRF = 200 ms .
thTUS: 400 bursts, TBD = 20 ms, PRF ~ 5 Hz, SD ~ 80 5

TBD: tone-burst duration PREF: pulse repetition frequency
SD: sonication duration ISI: interstimulus interval

Regularly patterned TUS (rTUS)

1/PRF =1 ms TBD = 0.32 ms

1‘ “ ‘I‘ 'I" SD = 500 ms ISI=11s
— —

r;US: 50 pulsed sonications (TBD = 032 ms, PRF = [000 Hz, SD = 500 ms), ISI = l.l's
The rTUS consisted of much shorter burst (0.32 ms) and
higher repetition frequency (1000 Hz), and had the same total
sonication duration (8 s) and protocol time (80 s) as tbTUS.



Towards offline neuromodulation

\ : Peak-to-peak E
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' MEP

Zeng et al., 2022, Annals of Neurol.

‘ Test MEP

Paired pulse i1cs

tl’ SICI
s
ISI =2 ms
) ]l ICF
i i
ISI =10 ms
0.5 mV 20 ms



Towards offline neuromodulation
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Clinical applications of TUS

Clinical studies

Primary motor cortex Anterior cingulate cortex
71 Samuel N 2023 83 Lee C-C 2022 Thalamus

76 7hai 7 2023 61 Shin DH 2023 63 Monti MM 2016
6‘;50ain JA 2021a
69 Shimokawa H 2022 Subgenual cingulate cortex

75 Riis TS 2023

74 Riis T 2024 Hippocampus

66 Nicodemus NE 2019
80 Brinker ST 2020
67 Jeong H 2021
68 Jeong H 2022
81 Bubrick EJ 2024

Frontal cortex
60 Hameroff S 2013
83 L ee C-C 2022

84 Wang Y 2022

76 Zhai Z 2023

Nucleus accumbens
79 Mahoney JJ 2023a
78 Mahoney JJ 2023b

Amygdala

Ventral striatum 77 Mahdavi KD 2023

Temporal lobe
74 Riis T 2024

73 Reznik SJ 2020

. Insula ERY
Stern JM 2021 83 | ge C-C 2022 Substantia nigra

83 =
Lee C-C 2022 66 Nicodemus NE 2019

Lee et al., 2024, BEL



Clinical applications of TUS
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Clinical applications of TUS

TUS for chronic pain -
20 °
A 60-minute ! Outside MRI Scanner , - o
MRI session 40-minute treatment 40-minute treatment % or
B Pain evaluation & Pain evaluation <
N7 for 7 days [ for 7 days © 20y
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N =23 1) e |
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Multimodal experiments




Multimodal TUS studies

Combining TUS with EEG




Multimodal TUS studies

TUS pulsing artefact on EEG

raw signal

- fitered
.

TUS pulsing at 900 Hz

Fomenko, 2021, unpublished



Multimodal TUS studies

Combining TUS with TMS

NeuroFUS + TMS position tracker

Brainbox system ivese i

™S coil transducer

holder

, TMS coil
- 3D position tracker = Legon; 2018, SciRep




Multimodal TUS studies

.~ 3D position tracker

TMS cail
Legon; 2018, -SciRep

TMS artefact on TUS pressure measurement

Pressure (MPa)

0.05 1
-
-0.05 1
0.4 -0'.2 lll Uj2 0:4 OjB 0:8
0.05 1 ‘k’
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-0.05 - —
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|
-0.05 4
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TUS only

TMS only

TMS+TUS

Legon, 2018, SciRep



Designing experiments

- Safety - Targeting

- The coupling method - Simulations

- The auditory confound - Reporting

- The parameters’ space - The control condition

- Delivering the proposer dose -  Etc...



Designing experiments

Safet %
Y Risk of cavitation 5 I®) = pic)
* | (spatial peak pulse average intensity) is the pulse average : | I
i?ftoeansﬂy, calculated at the position of the spatia?maximum “H“H' NIIHV'}"“‘{H a
« MI (mechanical index) gives an estimation of the likelihood of : ‘ | | It
inertial cavitation ”“I”“
Time
Risk of thermal bio-effects
* |, (spatial peak temporal average intensity) is the temporal Bioeffects | ITRUSST parameters and levels
average intensity, calculated at the position of the spatial Mechanical
maximum Ml or Ml = 1.9 in the brain and in the skin

* TI #thermal index) is the steady-state temperature increase in | f=mal | Anver

Maximum exposure time depending on the lewvel of TIC*:

soft tissue during ultrasound sonication 80 min 15<TIC 2.0
. 2 2 £ c 40 mi 20<TIC=25
* TIC (thermal index for cranial bone(:} is a modification of TI, o 3eeTicca0
. min 25< :
when the skull is close to the transducer face 160 cec 30<TIC<a0
Table 1 dlsec 40=<TIC=5.0
Alloweed limits for ML, TL L, and L, according to the FOA guidelines fordiagnostc 10sec 50<TIC=8.0
ultrasound. The limit for T also applies to TIC when bone is close by. Temperature rise due to ultrasound £ 27 Celsius at any time in soft tissue
lspea (MW o) lsppa (Wcm®) M Tl Thermal dose < 0.25 CEM43 in soft tissue
730 190 19 5 Table 1: Summary of the parameters and levels considered by iTRUSAT to be sate. * It is the

responsibility of the operator/manufacturer to determine which thermal index corresponds
best to the configuration: TIS, TIE, TIC (see section 2.2.4.).

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

; Aubry, et al. iTRUSST 2023
equipment)



Designing experiments

The coupling method




Designing experiments

The coupling method

g




Designing experiments

The coupling method

acoustic impedance: air interface reflects
nearly 100% of ultrasonic waves




Designing experiments

The coupling method

eliminate interface
ensure coupling
maintain acoustic properties




Designing experiments

The coupling method

Lime et al, 2017, ResBiomedEng

Ultrasound stimulation

A single element ultrasound transducer (H115-MR, diameter 64 mm, Sonic Concept, Bothell, WA,
USA) with 51.74 mm focal depth was used with a coupling cone filled with degassed water and
sealed with a latex membrane (Durex). The resonance frequency of the ultrasonic wave was set at
250 kHz with 30 ms bursts of ultrasound generated every 100 ms, controlled through a digital func-
tion generator (Handyscope HS5, TiePie engineering, Sneek, The Netherlands). The stimulation

Verhagen et al, 2019, elife



Desighing experiments

The coupling method




Desighing experiments

The coupling method




Desighing experiments

The coupling method

coupling media:
safety + efficacy

»  low absorption

» acoustic impedance similar to, or
higher than, that of treated tissue

» low cost (consumabile)
» durable

» hypo-allergenic

» disinfectable

» heat conductive




Designing experiments

The coupling method




Designing experiments
The auditory confound

» »+
Tus D e

| 100/400/500 ms ' Sign. MEP No effect
inhibition

sound
sham

na
o

o

B 4.34 Wicm?
B 8.69 Wicm?
B 10.52 W/cm?

MEP amplitude (%baseline)
8 B

|
=~
on

no mask continuous mask

Sound-Sham

Kop et al., 2023, ellife



Designing experiments

The auditory confound = can be eliminated with smoothed wave

Auditory brainstem response (ABR) recording
W

="  ABR
electrodes:
P~~~ Reference
Active
Ground
Ketamine/xylazine *
(100/10 mg/kg)
* Smoothed wave can eliminate
R . the auditory effects
us

bt g et iy e v My o S

>
(ws)

X
Voltage (;:V)
H S e A e
Voltage (;:V)
RN - O =2 N

0 50 100 0 50 100
Time (ms) Time (ms) 2

((1 RSL sapioLOGCaL Mohammadjavadi M, Ye P P, Xia A, et al. Elimination of peripheral auditory pathway activation does not affect motor responses
b N AT from ultrasound neuromodulation[J]. Brain stimulation, 2019, 12(4): 901-910.



Desighing experiments

The auditory confound

-

s '
Ll - -~

Pulse Duration (PD)

Pulse Repetition Incerval (PRI = ﬁ)

Pulse Train Duration

Martin et al., 2024, Brain Stim.



Designing experiments

The parameters’ space

Temporal characteristics

A 1.0 50— —

& «— Ultrasonic Stimulus

Y — [~ Stimulus Duration (SD)
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Interstimulus Interval (57)

80 P —— —t . .
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Intensity characteristics

Table 1
Allowed limits for M1, TL, L, and I, according to the FOA guidelines fordiagnostic
ultrasound. The limit for T1 also applies to TIC when bane is close by,
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Plaskin, 2016



Designing experiments

Delivering the proper dose

Deliver deterministic intensity (through the skull)

Skull aberrations:

Dephasing

* compensation critical for sharp focus

* compensation possible if CT scans available
Attenuation

* compensation critical for deterministic intensity at target
* existing CT-based approaches incapable to address

Y (mm)

Homogeneous beam

Skull aberrated beam




Designing experiments

Delivering the proper dose

=» TUS studies in humans have delivered inadequate intensity

187
Stimulation threshold (Younan et al., 2012)

Stimulation threshold (Lee et al., 2018)

Stimulation threshold (Kim et al., 2014)
¢
[9]

[fl [?] Published studies
] [%] °[5,6,7] N humans

Peak intensity through the human skull
o (Wiem?) =

0 10 20 30 40 50 60
Peak intensity in water (W/cm?)
Riis, Webb, Kubanek, 2021, Ultrasonics



Delivering the proper dose

=» Human system that compensates for attenuation accurately

0 Wicm?14
m
2cm

Supero-lateral branch of

the medial forebrain bundle Ventral tegmental area Ventral capsule/ventral striatum  Ventral intermediate nucleus
(sIMFB) (VTA) (vc/vs) (VIM)

Deliver deterministic ultrasound intensity into deep brain targels

& o1 Intended (when no skull+scalp)

g i Actual (due to skull+scalp)

= Compensated n = 4 specimens
= 14

-

[}

o

g 7
®

o s
o o m—— o ==mem s of



Designing experiments

Noninvasive Neuromodulation by Focused Ultrasound

3

Targeting

o 15
0.5 MHz tFUS E .

5 £
3 : g 0

= N

E 1.5

E

2

3

0.5 0.5

445 5 5 15
X-axis (mm) X-axis (mm)

Surgically Implanted SCS and DBS Electrodes

1.27 mm

— Sip s sms s ass oG i & dai s 0.50
Fomm | 4/:::' ':::\ o
. BB I . imAl B - . . '
2rx\spwy/l 0.33
&3 AR Sl | L AR
S o ObsoeBece e efloos % 0.25
Faliih AR ING N
‘ -------------- 0.17
> 2t..4d.£48 Bl A% ¢
§ .......... ‘
o MERRNY Yt S 0.08
‘ é 4t N\ - A\'S DR ¥S SIS ) 0 05 1.0
o Y. AT . _ _
= Y G . | i o 0.00 E/Emax
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X-axis (mm)




Desighing experiments

Targeting 5 i .

MRI-guided Multi-element

hemispheric array arrays Single element

Theoretical focal size and precision

d 5! f

MRI scan capture Segmentation Acoustic and thermal

simulations




Designing experiments

Targeting: Anatomic/Functional planning

0~ =
05 /./|=——‘
A0 -
sMRI S 15—
©
=
£ 20
< - MRI
25 D
Talairach N Talairach
30 - P4
35 | | | : | | | | | |
10-20 EEG 0 5 10 15 20 25 30 35 40 45 50
Number of subjects (n) —

Individual placement based on neuronavigation and individual functional activity peaks

improves study power.

Sack, 2009



Desighing experiments

Targeting: Optimal Sonication Path

(A)

Center line

ARC: 0.63 ARC: 0.73 ARC: 0.79 ARC: 0.87

(Lowest)

/\ Computational range«/\\

Focal length ss22mm

Transds

Closest point
Targ

Acoustic pressure distribution
(=}
W
a1nssaid o1)SNOdE PAZI[BUWION

0.01

(B)

Transducer

FWHM

Normalized

Incidence angle 68

Park et al., 2009



Designing experiments

Navigation: 3D printed Helmet-type Guide

>
a b Subject-specific c
halmet

Target (D:.PFC) Transducer

Transducer

{  Neuronavigaton # =" s
| with amn Py oA ==
' i . e
R paras -
1 R SUb’BdM -—")_—“_
1 ‘fg Guue 02 g o - 03
:: : < / e 1 A
} N o Mlu.‘:‘ ‘I:_l. 12 140 18 ._;:I_‘_- "_‘- -

Joe et al, 2019 Comput Methods Programs Biomed



Designing experiments

Navigation: 3D printed Helmet-type Guide

FUS transducer

Impedance

matchings
Tt
Control Function Linear
computer generators amplifiers

Lee, 2016, BMCNeurosci



Designing experiments

US simulations: to estimate dose + target

Input signal Skull sample Output signal Methods to image the skull:

i ™ - Ultra-short echo time (UTE) MRI to image bone

- Methods to generate pseudo-CT (pCT) from MRIs:
< >’ - Multi-atlas co-registration
- Convolutional neural networks
N~ o
Variation in tissue T1-w MRI

composition and
thickness




Designing experiments

US simulations: to estimate dose + target

Subject #19: distance between max pressure points = 1.4mm

MAE = 227.1 HU
Dice = 0.87

CT simulation:

Max P = 0.295 MPa
MI=0.418

lsppa = 2.91 W/cm?

pCT simulation:
Max P = 0.320 MPa
Ml = 0.452

ISPPA % 3.41 W/cm?



Designing experiments

US simulations: to estimate dose + target

Acoustic simulations in k-Wave

Skull acoustic properties linearly Transducer: Brainbox NeuroFUS CTX-500

mapped from CT HU » 500 kHz 4-element annular transducer
defined with kArray

Non-skull: treated as water . Pulse length = 20 ms

HU-HU it —
P = Pmin + (Pmax — Pmin) = min  Pulse repetition frequency = 5 Hz

Umax—HUsmin

€= Cmin + (Cnax — r:mm)ﬁ k-Wave grid:
» Grid size 256 x 256 x 256
» Grid spacing set to A/3 =1 mm

HU=HUpin )M

a= auix, + (a — Qi) (1 —
Tin max min
“ ! HUmax=HUmin

Density Sound speed Absorption

(kg/m?) (m/s) (dB/MHz¥cm)
Pmin=1000  ¢.;, =1500 Epin = 1.9
Pray = 1900  Cmg, = 3100 Qe = 18.1

X gater = 0.0022

(k-Wave MATLAB Toolbox: Treeby and Cox, 2010; Treeby et al., 2012}

rE e (CT acoustic mapping equations: Marsac et al., 2017; Mueller et al., 2017)



Designing experiments

US simulations

Subject #19: distance between max pressure points = 1.4mm

CT simulation:

Max P = 0.295 MPa
MI=0.418

lsppa = 2.91 W/cm?

MAE = 227.1 HU
Dice = 0.87

pCT simulation:
Max P = 0.320 MPa
Ml = 0.452

lsppa * 3.41 W/cm?




Designing experiments

The importance of a control condition

A sham TUS should control for noise, sensations, attention, placebo effects...
* Active Control site (demonstrating
anatomical specificity)

 Time Control (demonstrating temporal
specificity)

real TMS

Image courtesy of Gesa Hartwigsen



Designing experiments

Clear and standardised reporting in papers:

Transducer and drive system description

D¥ Transducer manufacturer and model number (Section ‘“Transducer Description’)
¥ Transducer centre frequency (Section ‘“Transducer description’)
D8 Transducer geometry (e.g., radius of curvature and aperture diameter) (Section ‘Transducer description’)

¥ Drive system components, including manufacturer and model number (e.g., signal generator and amplifier or integrated
driving system) (Section ‘Drive system description’)

Drive system settings (Section ‘Drive system settings’)

L Operating frequency

L Output level settings

D8 Focal position settings

L Description of transducer coupling method

Free field acoustic parameters (Section ‘Parameters to report’)
Ll Reference position for measurements

L Spatial-peak pressure amplitude

L position of spatial-peak pressure amplitude (relative to reference position)

L0 size of focal volume (-3 dB and -6 dB axial and lateral widths)



Designing experiments

Clear and standardised reporting in papers:

=" Position of centre of focal volume (centre of -3 dB relative to reference position)

-

L Description of how free field parameters were obtained (including details of measurement equipment)

Pulse timing parameters (Section ‘Pulse timing parameters’)

¥ puise timing table

In situ estimates of exposure parameters

LB Estimated in situ spatial-peak pressure amplitude (Section ‘Estimated in situ pressure amplitude’)

L Estimated in situ pressure amplitude at the target (Section ‘Estimated in situ pressure amplitude’)

(¥ Estimated in situ mechanical index (Section ‘Estimate of in situ mechanical index’)

LB One of the following thermal metrics: temperature rise, thermal index, or thermal dose (Section “Thermal metrics’)
| Description of how in situ estimates were obtained (Section ‘Estimated in situ pressure amplitude’)

Intensity parameters (optional)

L Spatial-peak pulse-average intensity (Section ‘Spatial-peak pulse-average intensity’)

L Spatial-peak time-average intensities (Section ‘Spatial-peak time-average intensities’)

¥ The acoustic impedance used for the conversion (Section ‘Spatial-peak pulse-average intensity’)



Designing experiments

Clear and standardised reporting in papers:
Transducer and drive system description

L® Transducer manufacturer and model number (Section ‘Transducer Description’)
DB Transducer centre frequency (Section ‘Transducer description’)
¥ Transducer geometry (e.q., radius of curvature and aperture diameter) (Section ‘Transducer description’)

L Drive system components, including manufacturer and model number (e.g., signal generator and amplifier or integrated
driving system) (Section ‘Drive system description’)

Drive system settings (Section ‘Drive system settings’)

E' Operating frequency

| Output level settings

¥ Focal position settings

E' Description of transducer coupling method

Free field acoustic parameters (Section ‘Parameters to report’)
LW Reference position for measurements

| Spatial-peak pressure amplitude

LW position of spatial-peak pressure amplitude (relative to reference position)

LW size of focal volume (-3 dB and -6 dB axial and lateral widths)



Take home points

Brain stimulation wish-list

- Non-invasive

- Focal

- Surface & Deep

- Long-lasting

- Robust & effective

- Measurable

< < < < < < <

- Relevant for behaviour



Non-invasive
Focal

Surface & Deep
Long-lasting
Robust & effective
Measurable

Relevant for behaviour

Brain stimulation wish-list

< < < < < < <

Take home points

Mechanisms
Physiology

Species differences
Temporal specificity
Sham control
Oscillatory modulation

Targeted connectivity

*J

o-u .-u o-u



Thank you
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Kim et al,, 2021, Brain Stim.
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LOW FREQUENCY

k. Wavelength e
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Towards offline neuromodulation

a. SMA fingerprint

am

FPC

9-46d

M1

8A

SPL

1im

d. ~1h after TUS

am

FPC

9-46d

M1

8A

1im

MCC

aSTG

MCC

aSTG

b. FPC fingerprint

TUS
- control SMA 1
- SMA am MCC
- FPC
PCC 9-46d PCC
IPLe 14m IPLc
midSTS 25 midsSTS
47-120 PF
bits F4
e. ~1.25h after TUS
= control M1 MCC
- SMA
PCC am PCC
IPLc FPC IPLc
midSTS 9-46d midSTS

8A asSTG
1im

self connection (Fisher's z)

c. self-connection strength
TUS

1.7 wmm control
= SMA » 1
N

16}

1.5}

1.4}

1.3
SMA FPC
connectivity seed

f. ~1.50h after TUS

SPL
M1

9m PCC
FPC IPLc
§-46d midSTS

asTG

8A
Verhagen etat., 2018, Sci. Rep.



US for Neuromodulation

FUS-induced APs in in-vivo giant axons®®

Lateral Giant Fiber

Medial Giant Fiber

FUS Parameters
 f=1.1MHz

+ Single- & Repetitive- Pulses
*  Pulse duration: 20 - 640 ys
*  PRF:25-125 Hz

« p=25-7.3MPa

Vion et al., Sci Res, 2019
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Towards offline neuromodulation

experimental design and timing

subjects anaesthesia TUS (40s) resting fMRI (26min / run)
1.45h0 t=0h t ~ 40min t~2h
control control \
MK1, MK2, MK3 %: SMATUS ——» mnl mn2 rn3

..‘,[.;;,““*a\_; FPC TUS /

MK4, MK5, MK&

seed-based connectivity analyses

fin rint
' g‘f{p stimulated area

5 , 52 (SMA after SMA TUS
FPC after FPC TUS)

- oL non-stimulated area
. (FPC after SMA TUS

" - S‘f‘a’wf.\ -_1""' ' ""(_ | Ut;]
auditory cortex
whole-brain duration of TUS effect

. exploratory analyses
Verhaguen et al., 2018, elife
impact of TUS on
non-neuronal signal




Towards offline neuromodulation

x=0.1 y=2 | (Wiem?)
d 10 20 25
SMATUS effect FPC TUS effect
MCC PF
j a e SMA o, 0460 BA_ME gL ipLc . PLc
control
state
e maximum pressure  temperature after f T . TUS effect on
amplitude (MPa) 40 s TUS (°C) positive
O 05 50 15 05 025 0 02505 40 — i i skl coupling
! = max. in brain
39 —— at focal point
€ i TUS effect on
2 negative
3 ;
g couplin
] % . piing :
: £ (Fisher's z)
I
3 02 0 02
3 i i
0 100 200 300 400

time (s)

o

10 20

Verhagen et al., 2018, Sci. Rep.



