2024 |EEE 10th International Conference on Communications and Electronics (ICCE)

Ultrasound-mediated

Neuromodulation
Hyunjoo Jenny Lee, Ph.D.
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Brain Machine Interface - Decoding

DECODING FOR DUMMIES

Scientists train a computer program by showing it brain-scan data associated with seeing certain images. Once it has built a database of activity patf

it can be tested with images the participant hasn't necessarily seen before.

TRAINING

Image

Voxel pattern Output

=SHOE

=CAT

=SHOE?

During testing, the ¢
must guess the obje
the basis of what it |
about similar patter

Neural processing
system

Signal acquisition

Sources: Electrophysiological signals, fMRI image data

Applications: Treatment for paralyzed patients, Reading minds, Brain-to-X communications

Smith, K. Brain decoding: Reading minds. Nature 502, 428-430 (2013).

i

https://medium.com/the-last-neural-cell/brain-computer-interface-for-decoding-speech-in-a-paralyzed-person-paper-review-a9ff5e43399b Brain/Bio Medical Microsystems Lab



https://doi.org/10.1038/502428a

Brain Machine Interface - Stimulation

Therapeutics

Brain-to-X communications

Adictions Anorexia

nervosa

Cluster

Alzheimer's Refractory
headache

disease Aggression

_ )
Essential “‘\ 7 L/ 9 & ”\‘
Tremor \ A

m ”VA“'""'”‘ ‘ :3 ’. . Tourette
Ll

Syndrome

Obsessive
compulsive disorder

9

Restless Leg Parl.(inson's
Syndrome Disease

0.1 02 03 04 05 06
Finger Joint Torque (Nm)

Asoldier wears a headset
that picks up on behavioural ||
brain signals, this connects t

Endpoint
Velocity

Treatment-Resistant

Dystonia

Drug-resistant 1‘_“' Iln ”lil‘t’erbrell slth&I
e Chronic pain Obesity fefractory enilabs et [nel er's brain signais
Depression fractory eplepsy W TR em via thel _heggn\\
R - ,.and the two soldiers have
_ I = i 7 nicated telepathically
* DOI: 10.1016/j.neurop.2022.03.001

.
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Future of BMI - Bi-directional control

* Short clip from “The Entire History of You”, Black Mirror Season 1 (Source: Youtube) @;‘
1B

L
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Brain as a “"black box”

Brain Signals

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

+ Stim Artifact

’
v

R
&

s, ‘\1 Artifact | ./
Cancellation

I’ %
’b('

A

XAl-derived
Spatio-temporal
Stimulation Patterns

DAC j«

|

DNN Multimodal Data Fusion

Neural

Active
Learning

Human
in the Loop

Behavioral

Input layer

idden layers

Output layer

Front. Neurosci., (2019)
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(O 1 Brain-Machine Interface

Neural interface for monitoring




Neural recording B

Brain-penetrating 1mV
microelectrodes <Im
LFP WA/\[/\ < 200 Hz
,1rr | b . 5-500 uV
SPIKES 0.1-7 kHz
EEG
sensor
5-300 pV
EEG MN\/\N\J]W <100 Hz
: 0.01-5mV
ECoG NWW < 200 Hz

*Science Translational Medicine 5 (210), 2013

@ =BVMM
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Neurotools

Neurotechnology

Brain/Bio Medical Microsystems Lab
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Neurotechnology - Neural probes B

1]
¥ 4 ‘

N . a NI

NI probes
NL
x
(2] @\ o <
(&) (]
= I <1 1 B
x x
c = Qf 8] ©
S € w [¢) [$)
o NY o= =

)
——

®NeuroTech

Advanced Electrophysiology Systems

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr



Neurotechnology - Neuralinks @

LINK V0.9

1024 channels per Link

23 mm x 8 mm

Flush with skull (invisible)

6-axis IMU, temperature, pressure, etc.
Megabit wireless data rate, post compression

All day battery life

A3

EBNM

Brain/Bio Medical Microsystems Lab



Doubling Time: 6.7 = 0.3 years (n=87)

\

4
SIOBIUOD PUNOID)

i
A

1000 -

Ly

500

Omm °©
—

100 -

50 -

pixels :
-‘ White matter l

Simultaneously Recorded Neurons

| | | | | | | | | | | |
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Publication Date

Designed and fabricated by IMEC

*https://stevenson.lab.uconn.edu/scaling/ and Stevenson IH and Kording KP (2011) Nature Neuroscience, 14: 139-142 ,g‘”(

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

Tested by UCL and Allen Institute of Brain Science

B in/Bio Medical Mic

Invented by Tim Harris at HHMI Janelia Research Campus
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Trends In neural recording - Density
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figure 1: Schematic Cross-section and Cross-section SEM Image of Neuropixels CMOS Probe platform and custom process modules in 130nm
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Stimulation
Pulse

Stimulation
Pulse

Stimulation
Pulse

Trends in neural recording - Multimodal

Stimulation

Stimulation
Electrode

High Voltage Compliance
Current / Voltage / Charge £ 5
Driver

Flow of lons

Reference
Electrode

[ ]
[ ]
High Voltage " - ]
Driver Microfluidics b
Chemicals
(b)

LED
Driver M

(c)

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

Kim, 2020 (IEEE SSC Magazine)

Recording

Recording
Electrode
Digitized

Flow of lons

Reference
Electrode

Digitized

Redox
Reaction

{e)
Current Digitized
//Z Data

Light

)

EBNiM
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Multi-modal sensing

Sending I Electrical Signal
Neuron

+
y / : Chemical Signal

Receiving
Neuron

RE WE, CE WE,
6.7 mm

Problem: limited probe area

Kim, 2022 (AMT)

3-electrode integration requires large area to gain high sensitivity

Large footprint results in larger neuronal damage
Different sensing electrodes

Our approach: dual-side fabrication

device size max 30 %
——————————

electrode density A

Bottom plane Bottom plane Top plane

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr




Multi-modal sensing

Fabricated dual-side neural probes

Bod
/ y

l

Bottom
plane

Electrode modification & Packaging

£

PPy: 260.2 uL

PPy: 26.02 uL

LB

PPy : 2.602 ul

Omnetics
connector

108
= Before deposition
«— After deposition
E 10° -
= ]
Q
pegt ]
810t H -
c » =
§ . . "
®e "= -
2_103. Ceesttres
10? T -
10% 10° 10* 10°
Frequency (Hz)

FPC i i 10 mm
Connector '

Device

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

Current (A)

4x10° 4

304 /\\
}

Potential (V)

-0.1 0.0 0.1

——50nM
——100 nM
——200nM
——500 nM
—+—1uM
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»—5 pM
——10uM
——20 uM

0.2 0.3

Potential (V)

2x10°-
0+
-2x10°8+
- DA
- AA
-8 « Glu
4x10 - DA+ AA+Glu
02 0.0 0.2 0.4

0.6

Kim, 2022 (AMT)

Eom, 2019 (J. Electro. Chem.)
DA detection, selectivity, in vivo experiments

1T mM 1T mM T mM
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1
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- \
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. ]
O
20x10%1 injection
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Multi-functional neural probes
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K A4

Problem: Photoelectric artefact

Interfere electrical recording
Low temporal resolution

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J.

Au etching & Signal line pattern
PR removing

http://bmm.kaist.ac.kr

Suh & Kim, 2020 (Adv. Func. Material)

Our approach: Use transparent electrodes

Gold deposition

b-CPI / Sacrificial layer / Silicon substrate

t-CPI coating &
Record electrode opening

" ECoG shape pattern
/ & Releasing
:{ﬁ ...

Brain/Bio Medical Microsystems Lab

ced Devices
rgy Conversion Lab

Brain/Bio Medical M\crosystems Lab

e SN

Au film 120 s 150 s 180s

M
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Transparent ECoG array

=
aQ 0 o
Q o

m Aufilm CNT[25] & ITO[31]
A ITO Graphene [33] w Graphene
+ Au NN (This work)

@® AuNM/PEDOT:PSS [41]

N
o

Transmittance,,, s0nm (70)
L=
o o

0.1 1 10 100 1000
Sheet resistance (Q-sq™%)

Yet, excellent electrochemical properties

Au NN ECoG array

---I--”“""

1000

AW
10— AR R

rain cortex Time [s] +++ 38ms 40ms_,

& PCB

Light source NW///////////FPC connector

<\

Amplitude [0V]

@ =BVMM
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Biodegradable devices

T Problem: Mass production is difficult Geogeiorlszéﬁgs(:m

Difficult to micropatterning biomaterials
Low yield (No wafer-level processing)

Our Approach: Use hard mask to micropattern biomaterials

Fibroin pattems

Device layer

Silicon wafer

@ Nviv
KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr
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Biodegradable devices

Silk as dielectric layer

b c
Fibroin film
: ol g 4 4
Microscale circuit Y
EE—
Fibroin fil d~ : 0
2 [ayer lorointim  qstjaqyer ] — Measurement — Measurement
interconnect interconnect 101N -+ Calculation |  _.|----- Calculation

l 100
<)

= 105
N

104

108

*epe- Jvia

102 :
10°  10* 10° 10° 107 10°

Frequency (Hz)

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

10 10° 10 107
Frequency (Hz)

108

Drug delivery application and biocompatibility

g i ( h "flbrom + Rhodamine B
& ¢ Parylene-C film
s © s
Fibroin & Rhédamine B
¢ (~ :?,’ -\:
Parylene -C film —; ; g e
i Mouse brain Patterned drug
J Delivered
|
- \, / ’éL
> “ \ -> S
x \ > %‘?
0 min oy 30 min

Geon, 2018 (ACS AMI)
Geon, 2019 (AMT)

o

DIV 6

Fibroin

/
N\

M
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‘ ain-Machine Interface

- Neural interface for stimulation



Brain as a “"black box”

Brain Signals

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

+ Stim Artifact

’
v

R
&

s, ‘\1 Artifact | ./
Cancellation

I’ %
’b('

A

XAl-derived
Spatio-temporal
Stimulation Patterns

DAC j«

|

DNN Multimodal Data Fusion

Neural

Active
Learning

Human
in the Loop

Behavioral

Input layer

idden layers

Output layer

Front. Neurosci., (2019)
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Brain Machine Interface - Stimulation ?|

Brain-to-X communications

Therapeutics

Adictions Anorexia Cluster Alzheimer's Refractory
nervosa headache disease Aggression

<°
al 0?’

Tremor

el

Asoldier wears a headset |
that picks up on behavioural |
brain signals, this connects to
acomputer devicein
theirpocket = .7

),

Obsessive
compulsive disorder

Restles; Leg ny / . Parl.(inson's
Syndrome Disease

Drug-resistant
refractory epilepsy|

Treatment-Resistant Dystonia Chronic pain Obesity
Depression

a ) i
teir cor sthe
o
via their hea
X he tw s’o‘élghrshave

inicated telepathically L

.
<“BMM
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* DOI: 10.1016/j.neurop.2022.03.001



What is neuromodulation? B

Deep brain stimulation Transcranial magnetic stimulation Electrical stimulation
Parkinson’s disease Depression Migraine relief: electroceutical

Lead wire

Electrodes

Subthalamic
nucleus

Neurostimulator

A

*templehealth.org *primepsychiatrymd.com *ybrain.com

EBNiM

Brain/Bio Medical Microsystems Lab
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Artificial input to neural circuits 1
to modulate the activities

Orchestrating feeding behavior (obesity)

Fiberoptic Control
of Locomotion in
ChR2 Mouse

- N . . .
’ " ¥ Ay 52 7 4 N S
r - 4 . .
P : v A 4 )
F/ ol A 5 250 A 2P i 4 : A
P . e . L
/N 5 Y - Ry

Science (2013) | DOI: 10.1126/science.1241812 J. Neuroscience (2007)
Wireless control of locomotion (motor) ———

@ “BMM
KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr L



Brain stimulation modalities ol

Optical stimulation based on optogenetics Deep brain stimulation (DBS) Transcranial magnetic stimulation (TMS)

| A‘ Y ;\_

Credit: MIT McGovern Institute https://www.neurosciencesclinics.com/ https://www.globalinforesearch.com

Cell-type specific Spatial resolution Broad
Invasive Clinical applicability Non-Invasive

@ =BVMM
KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr
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Non-invasive brain stimulation methods |

0.5cm3 - High spatial resolution?
° Temporal Long penetration range?
o
- Interference ES = Natural focus?
400 cm3 - Ry ¢
O s
TMS
o
H-Coil TMS
Depth of Penet-—
1cm 5cm >10 cm

@ “BMM
KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr L



Ultrasound

Sound at frequency = 20kHz

Unique characteristics

Non-invasive
Ability to focus and steer
Long penetration range

Biomedical Applications

R

“BMM
KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr s D
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Ultrasound neuromodulation 1

C. Pasquinelli, DTU

Advantages Challenges
Deep brain stimulation Unknown mechanism
High spatial resolution Skull barrier
Non-invasiveness Targeting with accuracy

@niv

Brain/Bio Medical Microsystems Lab
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Healing with sound

Health

How ultrasound therapy could treat
everything from ageing to cancer

Drug delivery HIFU

Parkins’s Disease Fitvoid

J
S
Ultrasound is most familiar to us as a non-invasive imaging technology used during i ey
pregnancy - now itis in clinical trials as a powerful new tool for treating all sorts of medical | [ RGN  SESR .00 T e
conditions e e e B CO2
= /
By Kayt Sukel T =\ ./
By 14 June 2023 [— Degassed Water A e Jramt
i Fosiboning
Systom
/ i~ f
InSightec ExAblate Neuro InSightec ExAblate Body
' Ultherapy Potential Applications

” / \ Destory body fat
e S
Ve

w
k ‘ Treat back pain
' ' : . .
- “ at Sl Tightening skin
N/\ \, g)A Improving immune system

*HIFU: High Intensity Focused Ultrasound

ssSay
\\“:\\\\\‘
«\\“‘\\\

EBNiM

Brain/Bio Medical Microsystems Lab

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr




Therapeutic US for brain B

o® Mechanical effects
o
e el Eiees ©o© - Acoustic radiation forces {‘}
Cavitation effects o©© _ Cavitati
) avitation

HIFU

Thermoablation BBB Opening

Neuromodulation /
Histotripsy

Drug Delivery Glymphatic Clearance Brain Stimulation

[/

7
( & =
Temperature (°C) ™ _
& ) )
< ‘ )
// i~ D
A N
A ) & A

Time (s)

Nature Review, 17, 2021 Journal of Controlled Release. Volume 349, 2022

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr
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Brief history =

First NHP
demonstration Human
MR Guided
 Tyler, Mouse (Neuron & » Aubry, Monkey » Tyler, Human . Yoo: MR
Nature Protocols) (Curr. Biology) (Nat. Neuroscience) Guic'Ie d
* Yoo, Rabbits, Rats, » Badal, Human » Target: Somatosensory (Sci. Rep.)
(Neuroimage & UMB) (Brain Stimulation) = ek

» Target: Motor » Target: PFC, Cognitive

Mechanisms &
Parameters

» Konofagou, .9 MHz (Med. Phys.) KAIST BMM
* Cui, Ion Channels (Sci. Rep.)
: * Wu, 5 MHz (Sci. Rep.)
+ R_ecord |_ng & « He, EEG (IEEE TBME)
Simulation
* Yoo, B-B interface (PloS One)
» Zheng, LFP measurement (IUS)
 Treeby, Simulation (JASA) . .
Freely Moving Indirect Pathways Used as neural Therapeutic
- Lee, CMUT (Brain Stimulations) « Lim, Indirect pathways (Neuron) ClFcuit verification Effects
* Yoo, Piezo » Tsao, Indirect pathways (Neuron) Aubrv: M
- AU MiEs « Kim: Stroke

(Nat. Neuroscience)

@‘lMM
KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr
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Recent works on US

Rodents
- (G 2N\ (i .
g % Motor cortex || Hippocampus
‘/1% -Shin et al., 2019:
_—— ) “Cuietal, 2019 || tMWM [79]
[56]
- Shen et al., 2020:
*Oh et al., 2019 T MWM, Y-maze,
‘ \ [20] step-down avoidance
e [39]
& A 7,
G A
a ~Hippocampus
Cerebral cortex —— Midbrain
Caudate putamen ——— /
Ventral striatum —  / \
Basal forebrain = \— Thalamus
& 5/

neuromodulation

.
Primary somato-
Motor cortex ) Sefisofy cortex

+Legon et al., 2018 [148]
+Ai et al., 2018 [149]
*Fomenko et al., 2020 [150]
*Yu et al,, 2021 [55]

+Zeng et al., 2022 [133]

*Mueller et al., 2014 [145]
+Legon et al., 2014 [144]
:Lee et al.,, 2015 [146]
:Lee et al.,, 2016 [147]

N

Thalamus
f-0.500- 0.650 MHz

*Monti et al., 2016 [139]
Legon et al., 2018 [140]
*Badran et al., 2020 [141]

> .
—_— Visual cortex
f-0.270- 0.500 MHz
\ +Lee et al., 2016 [142]
pE—— | *Braun et al., 2020
( | 4]
[
-—
. Secondary
somatosensory
cortex
Prefrontal cortex f0.210 MHz
f: 0.500 MHz Lee et al.,, 2016 [147]
&
*Sanguinetti et al., 2020 -
[151] Anterior temporal
lobe
f:0.650 MHz

-Stern et al., 2021[58]

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

Hippocampus
f:0.548 MHz

+Brinker et al., 2020

[138]

Neuron, 111, 2023

&

R
<BMM
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Mechanisms for ultrasound neuromodulation B

Neurons: Ca%/Na‘*ion Neurons: K* ion Microglia:
channels channels ion channels

TREK-1 (S
‘ )

Astrocytes

TRPAT (28880

Heat Cavitation Mechanical force

cocnorgisensen  ouciotiifoncosee oo fiﬂ i 5
SRABABATIEELEAE  ABABA8Y ngggg gg& hﬁ? »

Frontiers in Behavioral Neuroscience 15, 2022a Neuron 111, April 19, 2023

@ =BVMM
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Acoustoceutical

Research Problems for Brain Neuromodulation



Research questions

Spatial resolution

Accuracy
(Skull abberation)

Where to target? Preclinical systems

Stimulation protocols
Read-out? Therapeutic effects

Mechanism

Safety

@niv

Brain/Bio Medical Microsystems Lab
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Skull aberration problem

Geon, 2023 (M&N)

‘ , Problem: Skull Aberration

Skull are different in shape and composition
Beam aberrates as it enters
Jeopardize accurate targeting

X=+1.8 mm

SN
—_

[ed¥] esenbs
ainssaid o11sNooy

o

https://www.storzmedical.com/

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr
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Skull-compensated targeting

Geon, 2023 (M&N)
Skull-compensated Acoustic Lens Time-reversal recording

+ phase conjugation mirror

[ | Single-channel driving DV AP

A

Capacitive micromachined
ultrasound transducer array

3D printed
acoustic lens

Reconstructed
wavefront

ransducer plane

~ / Skull

Target focus
in the brain

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr
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Skull-compensated targeting

3D-printed Acoustic Lens Skull Correction
Phase map y=0.0 mm
+14 —= "
O ] -
-14 | 0 o 14
X [mm]
14 Multi-focusing

Phase map z=+1.9 mm y=0.0 mm

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

0]
©

[ed¥] @1enbs
ainssa.d o)snooy

o

[egy] erenbs &

ainssa.d o1snooy

o

Geon, 2023 (M&N)

‘© 180

o

=

q, A

5 120

[2]

[%2]

e /

o 60- 0

-‘(75 | /J/\ |

g 0O
3 -2 -1 0 1 2 3

y [mm]
Free Space perrated — Corrected
~ (no skull)

30

Acoustic pressure [kPa]
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Therapeutic effects?

Problem: Heavy and bulky __Kim, 2018

(Brain Stimulation)
Limit the range of in vivo experiments

Fixed in stereotaxic frame
Chronic/behavior studies are not possible

&
%
C57BL/6Mouse Ultrasound transducer Yoo et al., 2011 Tufail et al., 2010
20~30g ~100 g

L <=BMM
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Freely moving preclinical system

Kim, 2018
(Brain Stimulation)

% * MEMS Technology

Capacitive Micromachined Ultrasound Transducer (CMUT)

Displacement (a.u)

3 : s ,\\\\\ /// 08
(3 Single ) 08
- element = o
' (n=32) A Ultrasound reception Rx
oo

rEEeeY Gt
Single cell (n = v

/ 12) < Signal e -
) : pad 0'...0..00. LR J ..::."o Membh Al 400 -400 o '
\ < Groun o%e’ *el /
d pad = o
'. ... o® . .
..'....0.00.. ° 0utput
4 Cr/Au LOR GRS E signal
<+g;j

«2i0,

\
Substrate

https://www.innovationservices.philips.com/

M
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Freely moving preclinical system »

=
Kim, 2018
. . . Brain Stimulati
1 g7 A B ~—« Acute in vivo neuromodulation Gl ulionsy
‘ 5 "
¢ aaed S ‘ | & rlivzvavara .
_ 0.8 i |
Silicon ' . A % i 40
dioxide 1 ’ 35
Ground EO'G* a2 30
pads % 0.5 ‘ J‘ A 25
12-cell , D ‘ 20
element : - 03 | \ 15
|
02" a o
0.1 2 ;a‘ 5
[z vl V1 P . . . .
% o2 04 06 08 1 ~———— Chronic in vivo neuromodulation

y-axis [cm]

Radius: 4.05 mm
Weight: 0.035 g (0.73 g w/ PCB)
Focal length: 2.25 mm

Ultrasound Intensity (mW/cmZ)

Peak intensity: 180 mW/cm?

50 75

Input Vpipk (V)

@j

MM
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Therapeutic effects?

. . . . Jo, 2022
During wake: Increase in delta wave In vivo protocols Brain target: PFC (Advanced Science)
‘ EEG implant
2 Sham, EEG spectrograms | 7 days
Adaptation 1
2 Rodent Prefrontal cortex (PFC):
3 -- prelimbic area (PrL)
® \Wake: recording o -- infralimbic area (IL)
£ 4 -- anterior cingulate area (Cg1,2)
« Sham / Stimulation 2 °
6
Day1 @ Recording 7 ‘
Sagittal Plane ML =0 mm

» 10 am - 8 pm

Stimulation

Sonication, EEG spactrograms

Day 2 @ Sham / Stimulation Results

+ 10 am - 8 pm
» Target: PFC

« Stimulation at NREM 0.25 WAKE — REM 05 REM —» REM
. 0.2 04
Day 3 @ Recording = =
T 0.15 T 0.3
m m
« 10 am - 8 pm < 01 S g2
* oo I l . "o - I -
0 0

D2~D3 D2~D3

Day 4 Recording
T « 10am - 8 pm

M
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Sleep neuromodulation

Jo, 2022
(Advanced Science)
——— WAKE + REM ' NREM | REM NREM
. _ 100 ———————— 400
0.6 mV Stimulation ON T 80 ’— 200 ns
E
% AR AN A gy g i A '\P‘Mrf W A W”\A'\P“VM ey i St MN‘\J‘ LLAR '\P‘\",f s, g 90 500 ;
= 40
g } ! { f | Ly wbbl m 1] 1 1 | S 20 100
- N A R ‘ 0 0
L os . D1 D2~D3 D1 D2~D3
s FFT S - \ — \
~ | EEG Power _— N\ _— \,
= | EMG Power /
[ . 3 14 50
8‘ — B / =12/ . -ns-
S % ' M
=
Online Analysis Workflow S| 6
- - ‘EEG & EMG Recording '—»— y Bl 4 /;‘\\&
Re  estimulation INPUT}—{LPF at 0.1 Hz —@pochs al 2
7 HPF at 7500 Hz 0 0
: 1234567 8 910 1234567 8 910
Notch Filter at 60 Hz hH hH
2s Online EEG analysis nth Hour nth Hour
I FFT
: , Theta power 5 25 25
/ PFC A \/Ji‘v,\,,g;/f\; Delta power {EMG > threshold —» WAKE § 2 Theta Band ) 2 DeltaBand -ns-
A Trigger at NREM EMG < threshold B 1":’ A/ 1.5
= _/—_—W—/ 1 w
T {theta >delta —» REM Elos 05
defta > theta ——» NREM -{—» i 00 2|, .
Y stimufation 12345678 910 1 2345678 910
¢ * nth Hour nth Hour

R
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Jo, 2022

Sleep deprivation Y-maze behavioral studies (Advanced Science)
(REM SD model)
| DAY 1 &2 | | DAY 3 | | DAY 4 | SHAM SD STIM SD
Handling Handling Handling
Device mounting Device mounting Device mounting
Baseline (BL) EEG (all mice) tFUS tFUS
[10:00 ~20:00] STIMSD | SHAM SD STIMSD | SHAM SD
STIM SHAM STIM SHAM
[10:00 ~20:00] [10:00 ~12:00] c d e
o .
. . 80 ° o
Sleep Deprivation (SD) 70 0'. ° .0 3
STIM SD S 60| [¥ §  ase f =
 Over-water-method SHAM SD & sof [%8 i 8 E OZO
S 40 00 5 0
[12:00 ~20:00] g ° & .
[]
v < 20 § 002
Y-maze test (Behavior) Alternation behavior (%) = 10 Se
[~8 mins] . 0 0
(# of altemation) x 100 SHAM SHAM STIM STIM SHAM SHAM STIM STIM
(# of possible arm entries) -1 sSD SD SD

é‘m’
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‘Wearable

v

{"" Bi-directional Interface




Roadmap of Ultrasound Transducers Wl

| Devices for acoustoceutics

olution of ultrasound diagnosis

N

|
L
S —

W

The First Real-time Ultrasound Scanner 3D Ultrasound Imaging Systems The First Handheld Ultrasound Probe
(Siemens) (Seimens, GE, Phillips, Medison etc.) (Butterfly Networks)

1965 ~2000 K 2018 /
Piezoelectric Transducers
MEMS-based Transducers

What's next?




Towards wearable ultrasound therapeutics Bl

2D CMUT 1D PMUT POIymer CMUT PUT

|
LERE Y

H U -i:'\‘

Hl

ot i S—

I KU Jo Group, 2016 UBC Rohling, 2018

UCSD Xu, 2022

Acoustic Matching Transducer Backing Innter-

Lenz Layer Layer connect RREtits

SKIN

Flexiblep 1%

Soft
package

circuit
Stretchable T
probe 'y '
. ‘ "§ \ - '.l:. y

UCSD Xu, 2024
MIT Zhao, 2022
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Interface problem

Lee & Lee (ACS AMI, 2022)

U _— Problem: Bulky coupling collimator

k Limit the range of in vivo experiments
: . Fixed in stereotaxic frame
. Chronic/behavior studies are not possible

Our approach: “"Adhesive” ultrasound coupling thin film

Patch-Type Circuit
\ @\

Flexible Transducer

\ ; //7, ——
e \' Silk Patch
< /

* Adhesive
» Coupling Medium

]
\

r-———-——-—-——

Yoo et al., 2011
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Silk adhesive

Kim & Seo (Adv. Func. Mat., 2018)

a Silk cocoon b Solution C Film d Interface
Esheet Hydrogel
J - : L
Nt crystalline structure Substrate 1 Thread-like R 800
. ; ; £
- silk adhesive =
=
-\ » < 600t
‘» ’lo]\ B0
) cC
T @ 400
. ) [an] w0
Degummed silk fiber wegsed ol g Bare silk D
O "Cogy; o}
a 200t
Hydrodynamic radius Substrate Substrate 2 °
Skin  Hydrogel PE PET PI
Random coil structure
=
@ i) Flowability B\
. , 5 AN /\<\v " 5.5 mm
Silk solution = j LA AR ' 2 O/
3 . ii) Cohesion < » ) y
N\ ’
|E /slt\}:% ’/\%3\/ Ca 7 /’/‘\“
8 . Ca® clany ; Thread like it \ { , \
°llo I iii) Mechanical £ N |
interlocking morphology \ g \ \
AY
\ ‘\\ ’,’,)
Hydrophobic part Hydrophilic part -sheet Random coil / ]
E= Hydrop p ydropnilic p 5 b N~ Hydrogel patch VTR
/\/\ — Silk fibroin © Water molecule ———— Metal-chelate bonding Ca CaZ*ion |

M
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Petri Dish

=

ilk Patch

Beaker

Paper Cup

.,

Wafer Tray

Dust Blower

Y —Y
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Ultrasound coupling adhesive

ound
0
0N
+3dB  +6dB
- 25 Ry -~
Ny Ay C
I [ | 1 )
\, 4 \, 7 L
g p g oo’
o 30 B Hyperechoic
' A & =
40 8
1 1 1}
0
Po 0

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

0
05
+3dB +6dB
0d /"\‘ I"“\ /“\‘
1 11 [ | 1
\\i—’l \\i—,l \\-—,I
- Hyperechoic
40 =
U 1 1
0
Po 0

Lee & Lee (ACS AMI, 2022)

AT: 5.8°C AT: 6.5°C AT: 6.7°C AT: 4.1°C
i Collimator
........ ] G '/
: Tissue i v l_
........ . A hd ¥
AT: 6.4°C AT: 6.7°C AT: 7.3°C AT: 3.5°C
AT: 2.0°C AT: 2.8°C AT: 3.4°C AT: 2.7°C >
R and

M
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Ultrasound coupling adhesive

Lee & Lee (ACS AMI, 2022)

Piezoelectric transducer

Piezoelectric transducer Sl
/Lens T §
£ =
: z
] c
c [
s —
kj =
o -
s 7]
X 3
Piezoelectric < S
Lens Silk patch <
transducer
-
= 2 -1 0 1 2
v Lateral Distance [mm)]
‘ - Piezoelectric transducer + Lens

: -
—_ o
E b=
N $
Hydrophone c 3
1] -
g 2
4- (=) L2
I k7]
% 3
< Q
- <

= I

Piezoelectric transducer with lens
a -2 -1 0 1

N

Lateral Distance [mm]
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Transducer
Collimator
Silk patch

Electrodes

Success Rate [%]

EMG Amplitude [a.u.]

E —— Ultrasound gel
| ~—— Silk patch

Air

REEE
S

Stimulation Time [a.u.]

120 -

100 1

80 -

60 -

40 4

20 4

*

ns

= ]

Ultrasound Silk patch Air
gel

M
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Dilemma of flexible transducers

Problem: Flexibility vs. Acoustic Power Lee, 2024 (Submitted)

Flexibility is required to provide a conformal contact
Need to generate enough acoustic power
Need for a matching layer and a thick backing layer

Polymer CMUT PUT

o

pm' mn \,mu

| H
UBC Rohling, 2018 UCSD Xu, 2022

S

i’.&"

HH

L <BMM
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Flex-to-Rigid (F2R) CMUT

Lee, 2024 (Submitted)

F2R Fabrication

1. Wet oxidation and oxide patterning mmmmm  Low doped Si SO, PDMS
s Highly doped Si Cr/Au Pl
2. Oxide-oxide bonding 3. Handling layer removal 4. Backside Si patterning

7. Ground etching & 8. Pl patterning, Si etching
5. Box (oxide) layer etching 6. Membrane patterning electrode patterning & PDMS coating

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr
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Flex-to-Rigid (F2R) CMUT

Lee, 2024 (Submitted)

Various forms F2R 1D CMUT array

Cross section ‘ Outer bending state Inner bending state ‘
Inner ben“

Outer b enall —

T
7 |

—— Flat state
----- After outer bending
----- After inner bending

Outer bending

-
o
>
N
N

-
o
w
N
N

-
o
N
-
o

90 L L L L
60 |
30F

Resonant Frequency [MHz]
[e<]

30k
60 b
-90

Phase [Deg.] Impedance [Ohm]
~

T " z : 6 : . .
0 4 8 12 16 20 Flat state After outer After inner
Frequency [MHz] bending bending

EBNiM
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Flex-to-Rigid (F2R) CMUT

Outer bending state

ROC: 5 mm

Inner bending state

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

Lee, 2024 (Submitted)

Bending modulation using using low melting point metal alloy (LMPA)

DINSS ol POZIEUON

i
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Treatment using F2R CMUT

Cholinergic anti-inflammatory pathway Rheumatoid arthritis model

14

VAN = 31

-
N
T

Electrical stimulation Ultrasound stimulation

-
o
T

Anesthesia

L
v e A-:".“' .
- e~

Number of Mice

7

//%/%

1 2 3 4 5 6 7 8
RA Expression Start Week [weeks]

%

.

N

o N BN o)) oo
T T T T

Modulate the neural communication with

T Cells and Macrophages, blocking the
production of inflammatory cytokines
and promoting an anti-inflammatory state

‘ N ‘i\.«
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Treatment using F2R CMUT

Experimental procedure timeline
RA injection Start swelling ankles (Measurement of ankle thickness every week)
—% ¢ ¢ o e
Adaptation / Ultrasound stimulation & Gait analysis
Week -1 Week 0 Week1 Week2 Week3 Week 6 Week 7 Week 8
Stimulation protocols Clinical Score (preliminary resulits)
3 >
g 13 = ?g f [CORA (+), US (+) E 2.0} IRA (+), US (+)
o < CRA (), Us () S L IRA(), US()
Frequency: 1 MHz o o g 2y S 1.5} "
- < 61 8t T
Power: 350 kPa § 4 - £ 4 [ T 1 l T g 101
Per day: 20 min (1 son /5 s off) perday 2 1 - o == g o HJ T J J 5 0.5} [ M 1 WLT
Repetition:3 times a week for 2 weeks g 5| = s -8} 5 OO I [
S 4] . w12} §-05F
e -6 %-16 L 4
(&) c c-1.0F 1
-8 r r 8 -20 . : L L S L . . .
RA (+) RA (4) S RF LF RH LH RF LF RH LH

us(+) Us() RAM

glMM
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= rain-Machine Interface

Y

Summary



Preclinical tools for ultrasound neuromodulation _I

Wireless, freely-moving system

Ultrasound holography

-
Artifact-free closed-loop system
a
——— WAKE REM NREM
— Mouse trajectory omv  Stimuation ON -
/ 30 ,‘b«/\ o = = v/’j Single-channel driving @ \«~'MWMMM'WMM&W%WMMWA/l'\"‘t‘v'y/\j.*‘\‘\A‘*I“’"A"\‘\"Q('\_f.*“\“\’s'»,,.\,\'\,,A,'\‘ﬁ,;“l\,-",»,W»‘A-\"‘r"q‘\j."\\\'”
e 1 ; e o©
o j 3 Q L ORI
A e VX y Capacitive micromacl hined [ M
F m 41 A ./ ultrasound transducer array
8 <] N 3D printed
—_— ar | 1 R acoustic lens
S
\ S, 15
— Reconstructe d
> wefror
ul
0 - T T
L 0 15 30
10 mm

x [cm]

Functional specificity in network

Wearable system for ultrasound therapeutics

Hydrogel

Thread-like
silk adhesive ’

e »
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i

Brain/Bio Medical Microsystems Lab



Acknowledgement

KMDF 5i5i%7(0]27 17 |2t HgAtlet

SNUH® 2g9AM20%ag
o ALY
gl NATIONAL NANOFAB CENTER

1z
ENDJ

INSIGHT FROM INSIDE

O.
P2

1

]

AAI|S

0F

|
“
~

KAIST Brain/bio Medical Microsystems Lab | Pl: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

S\ XHMICH X S & e 1 AR T

KL oauepisans

S
rnisT

Q) whisvzsas

ORTA DOGU TEKNiK UNIVERSITESI
y/ MIDDLE EAST TECHNICAL UNIVERSITY

& DTU
%’% Center for Neuroscience ["\

i ) Imaging Research
v




Acknowledgement

KAISTEE

KAIST Brain/bio Medical Microsystems Lab | PI: Hyunjoo J. Lee | http://bmm.kaist.ac.kr

/
‘ \ R hi
by @ 888Ny o aR0Y
X S

YL Ny o oh>
b 1y

A .:g




GBS

" AR

QS Ranking

T
P}
3

ﬁ;;: v

/5 AT

Vs

-

23 (2023) World '
15t in Korea -

4

1+tin ISSCC
for 14 consecutive years | ‘

Electronic Circuits

11t in the number of

£ . papers published in collaboration
Machine Learning with thb Graduate Befloo) oAl I
and Al ICML¥, the highest level in Asia
in the fields of computer vision,

Al, and deep learning

Computer Vision & 1. :
Computer Architecture 4" in the CSRankings

9™ in the CSRankings







Benefits of G-EPSS

Benefit to G-EPSS scholarship students

KAIST Tuition: ~$14000 USD
Monthly Stipends: $1000USD~$1500 USD
Samsung internship

Guaranteed employment at Samsung Electronics
(*Mandatory employment with a minimum period that corresponds
to twice the total year supported by Samsung)

Global Educational Program for Samsung Semiconductor (G-EPSS)



