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TMS: What do we know?

TMS Protocols

ASingle Pulse TMS

A Cortical Mapping
A Motor Threshold
A Central Conduction Time

APaired Pulse TMS

A One Region N

A Two Regions v
ARGDEtitiVG TMS Outcome Measures
ACLINICAL APPLICATIONS MEP Amplitude

A Across a wide spectrum of neurologic
and psychiatric diseases
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What Is Missing?

Cortical origin?

Non-motor regions?

State-Dependency?

Motor Response

Changing brain MEPS
activity states In
disease conditions?




EEG to the rescug?
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German psychiatrist. First EEG An early EEG recording performed by Hans Berger. Prior
recorded in 1924 ana reported in to the arrow the subject is performing a mental
1929 arithmetic task. After the task stops, alpha returns.

(Jensen, SpaakKumer2014)



EEG: What are we recording?

A Mostly captures the synaptic activity at tlserface of the cortex

A EPSP + IPSP generatedyychronousctivity ofthousandsof neurons orientedn
parallelto each other.

A Interplay betweerexcitatory pyramidal neuronand inhibitoryinterneurons

What is stimulated by TMS?

Thousand®f pyramidal cells, interneurons and axons with maximum efficiency at the
surface of the cortex[a

Gyral crown

Q

precentral postcentral
gyrus gyrus <— =

Current

direction

ANT «——>»POST

Siebneret al., 2022



EEG: What are we recording?

A Orientation is critical and dictates what we can see at the scalp

Radial Dipole Scalp EEG

4 EEG detects
+ only A

Jackson and Bolger, 201Ryschophysiology



EEG language?

Amplitude (or Power

Strength
(LV orpve)

Frequency

# of Cycles/Second 2
(Hz)

Phase
(Radians)




When/How to Record EEG?

Continuous Recording (No Event) |
. Event/Stimulus
AAnesthesia,

ASleep
AResting (eyes open/closed)

Trk\,\a/l.h\/\/\/\/\/v\

Trial 2

%

Relative to An Event/Stimulation

ASensory, motor, cognitive processing
AElectrical stimulation

Trial 10

Time:Event Related Potential or Evoked potentials
FrequencyEvent Related Spectral Perturbation
Phase :
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How to Analyze EEG?

Time vs. Frequency Domain
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inverse problem

forward problem

- Amplitude/Power Functional Connectivity
- Frequency

- Phase

Correlation (time) I
Coherence (frequency) |
Synchrony (phaséocking) 11

! &

¢

Spontaneous EEG:
Spectral Power

CrossFrequency Phas@émplitude Coupling

il orcns

Direction of Information Flow
Directed Transfer Function >‘ >
Directed Partial Coherence

EEG + Event:

EventRelated Potential §RP or EP
EventRelated Spectral Perturbatio
(ERSP

EventRelated SynchronizatioER$

EventRelated DesyncronizatiokRD




In summary what can EEG tell us?

Excitability of cortical tissue, and the balance of
excitation and inhibition

Brain state and the integrity of different networks

Dynamics of interactions within and between
different brain regions
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A Very brief (5min) Summary here.

A More detailed illustrations and explanations during FEIEG
hands on session.
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Initial Problems?

EEG Amplifiers Saturated!

A
™S

<«amplifier|saturation —»
| —1T fﬁw‘v

lves et al., 2006, Clinical Neurophysiology
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100uV I

1 secC

TMS pulse generated too high a voltage (> 50mV) for most
amplifiers to handle. Amplifiers were saturated or even

damaged!



50, WhHAT
(seeMms Ta BE THE
PROBLEM?

Problem ¥ EEG Amplifier Saturati

Some Solutions

A De-coupling:TMS pulse is short (.2 to .6ms), so block the amplifier and

reduce the gain for50us to 2.5msrelative to TMS pulse.
Virtanen et al., Med Biol Eng Comput, 1999; Nexstim (Helsinki, Finland)

Increased Sensitivity & Operational Rangetjust the sensitivity (10(
nV/bit) and operational range of EEG amplifiers so that amplifiers would ng
saturate by large TMS voltage BrainProducts (Munich, Germang)

A DGCoupling/High Sampling Rata:combination of D@oupling, fast 24it

analog digital converter (ADC) resolution (i.e.n2bit) compared to older 1éit ADC
resolution that was limited to 6.1 mV/bit, and high sampling rate (20 kHz)=> capturq the
full shape of artifact and prevent amplifier clipping.NeuroScan ( Compumedics )

Limited Slew RateLimiting the slew rate (the rate of change of voltage) fo
avoid amplifier saturation; Artifact removed by finding the difference betwegn

two conditions. Thut et al., 2003; Ives et al., 2006:

ReferencesVaniero et al, 2009; lImoniemi et al, 2010



TMS Heated Up
Electrodes!

Mag Stim [n=40]

Oneof the subjectshad a burn on the skin,
to test whetherthis hadanythingto do with

Sl— — rTMS they placedelectrodeson their arm
o e and stimulatedthe electrodewith different
iy number of stimuli, different intensity and
| different duration of stimulation

Temperature change [RC]

ReferencePascualeone et al., 1990, Lancet

Temperature increase [2C]

Temperature Increase [0C]

Or T 1 4] T
0 40 1640 [#1¥] j=]4]

Humber of stimul Intensity [% man output)

1
104

Skin temperature changes during magnetic stimulation.



Problem 2 Electrode Heating

50, WHAT
SEEMS TQ BE THE
PROBLEM?
‘ £
] [

Some Solutions

Small AgAgClPellet Electrodes

- Virtanen et al., 1999 _}{_
T
Temp ~ %
Temp ~ B
Temp ~ metal electrical
conductivity (1)

] Ag ring, 3 mm slit
Ag/AgC peliet

400 0 100 200 300 400 500
time, ms
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AWe learned that TMS induces a secondary current (eddy |
OdZNNBY a0 AY YSIFENIoeé O2yRdzZOUZ2NA D 2 ¢

I
conductors! [ igh frequency noise in the electrode under the cpil

A Movement of electrodes by TMS coil, muscle movement or
electromagnetic force.

Slow frequency movement & motion artifact in EEG
recording

A Capacitor recharge also induced artifact in the EEG.

Smaller amplitude TMS artifact sometime after
TMS pulse

ReferencesVaniero 2009; lImoniemi 2010;
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scalp muscles

FrontaliS=—

Temporalis

Some Solutions Occipitalis

. . - e rievé ‘Eron \5&* " ‘
Changlng the COII angle to StImUIate Ettpt)://edScatioT.yéhoo.com/referen
mUSCIGS IeSS ce/gray/illustrations/figure?id=378

EMG artifact removal after recording
Independent Component Analysis




Site of stimulation iIs critical

100 pv L 100pV L
<20...150 ms /A 20...

10100 1000 10
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N Easy to measure
(ard) without any artifacts
~— Bandpass filtered ~ Fcﬁl

g , Possible to measure
~~  (Fcs) . :
(fe2) = B without any artifacts
=== Not filtered <

| - -~— p—
‘ cs ‘ . ', : | I

100

Voltage [LV]

| ‘ Difficult 1o measure
. without any artifacts

t=35ms

M/E Mutanen2012



Minimizing recorded artifact online

Coil Orientation with Respect to the Electrode Wires

C90

CC90 deg CC45 deg Base C45 deg C90 deg C45

- Large positive depression after the stimulus onset for Base,
C45, and CC45 directions,

Base

Coil direction

CC45

- Residual artifacts were negligible at both 90 positions |
CC90 -

Solution: Rearrange the lead wires relative to the coil orientation.  gircutfrea L2

Stimulus intensity
5% of output max

Resultdrom: H.Sekiguchet al.,ClinicalNeurophysiology



Potential solution: Rediime visualization of TEPs

~30°
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Casarotta2022 Brain Stim



TMS may induced eye blinks

| |
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EOG Calibration Trial

Delete Contaminated Trials
Independent Component Analysis (|



Minimizing recorded artifact Offline

5SSt SGAYIZT L IVRRMWEAD 2 NI WHLS NP
Remove by setting the artifact to zero
ReferenceskEsser 2006; Van Der Werf and Paus 2006; Huber 2008; Farzan 2010;

Temporal Subtraction Method

Create a temporal template of TMS artifact and subtract it; Example: TMS anly

condition; TMS+Task Condition, then subtract TMS Only from TMS+Task
ReferencesThut et al. 2003; 2005.

Removing Artifact and Interpolate
Interpolation: Cut the artifact and connect the prestimulus data point to artifact free post
stimulus

ReferecesKahkonen et al. 2001; Fuggetta et20005;Reichenbaclet al. 2011.

PCAand ICA o

Parse out EEG recording into independent (ICA) or principle (PCA) components ang remove
the component that are due to noise;

ReferencestLitvaket al. 2007 Korhonen2011Hamidi2010; Maki &lmoniemi2011;
HernandezZPavon2012;Braack?2013,Rogasci2014

Filtering

Nonlinear Kalman filter to account for TMS induced artifact
ReferencesMorbidi et al., 2007 M/F



|CAcan remove artifactual components

TMS Pulse Muscle
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TMS Sound

TMS click is loud! Some Solutions

~ 100 dB 5 cm of the caoll _ _ _
Auditory masking with a frequency

TMS induces auditory matched to the spectrum of the
evoked potentials TMS click

no masking
masking

/////annm1mds 4°m¢~vrfﬁgx JQQ,A?Ty&x; ’“*”“?v@kﬁ

2 cm&plastic

Air & Bone Conducted

N1

' p200

M&MWMW

Sham TMS IN‘DO

MWM%MW

| o IE
100ms "

2 cm above the scalp

TMS

Sp_\v’{

Nikouline1999

Massimini2005

P2



TMS soundAuditory Evoked Potentials
(AEPS)

Frontal stimulation site

2674 26 42 74 112 190 290 400
42112 100 290 400 s : s i : , :

il | OPOOOOD

00 o 600

== TMS orthogonal
Interval affected by the pulse artefact
TMS parallel
- Entire interval: 20-410 ms

26 74 == TMS realistic sham
(42 ; 112 190 290 400

Conde 2019 Neuroimage



Auditory Noise for AEP removal

Real TMS o

NO o
masking |

-0.1 0 0.4 - o )

-0.1 0 0.4 = : )

In house data



Sham informed ICA for AEP removal
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Ross et al, Scientific Reps, 2022



Sham informed ICA for AEP removal

100ms 177ms 100ms 177ms

C Il 100ms D B 177ms

Ross et al, Scientific Reps, 2022



TMSEEG preprocessing Tools

Contents lists available at ScienceDirect

Neurolmage

journal homepage: www.elsevier.com/locate/neuroimage

Analysing concurrent transcranial magnetic stimulation and :'frontiers METHODS

electroencephalographic data: A review and introduction to the open-source in Neural Circuits
TESA software

Nigel C. Rogasch®*, Caley Sullivan®, Richard H. Thomson®, Nathan S. Rose®, Neil W. Bailey®, Ghogkfor
Paul B. Fitzgeraldh, Faranak Farzan®, Julio C. Hernandez-Pavon®

2 Brain and Mental Health Laboratory, School of Psychological Sciences and Monash Biomedical maging, Monash Institute of Cognitive and Clinical
Neuroscience, Monash University, Australia

 Monash Alfred Psychiatry Research Centre, Central Clinical School, Monash University, Australia TM S E E G : A M AT LAB - B a s ed

© Department of Psychology. University of Notre Dame, USA

< Temerty Centre for Th tic Brain Int tion, Centre for Addicti d Mental Health, University of T to, Canadc H

< et vt et i s sy et of S, oo o % Graphical User Interface for
Processing Electrophysiological
Signals during Transcranial Magnetic

Stimulation

Sravya Atluri?2t, Matthew Frehlich 3%, Ye Mei’, Luis Garcla Dominguez’,
Nigel C. Rogasch?, Willy Wong?, Zafiris J. Daskalakis ** and Faranak Farzan'5*

MAPPING

Received: 14 February 2017 | Revised: 29 October 2017 Accepted: 14 December 2017
DOL 10.1002/hbm.23938

RESEARCH ARTICLE WILEY

ARTIST: A fully automated artifact rejection algorithm for
single-pulse TMS-EEG data

Wei Wul234 | Corey J. Kellert.2.3 | Nigel C. Rogasch® | Parker Longwelll-23 |
Emmanuel Shpigel123 | Camarin E. Rolle123 | Amit Etkin123



Raw EEG

v

Epoch data &
Remove
Baseline

|

Reject Bad
Channels

}

4 Zero Pad TMS
pulse

Reject Bad
Epochs

First ICA for
TMS pulse

A

Interpolate
data
Filter
CAR
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Ozdemir et al, PNAS, 2020
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Is it worth the trouble?

MEPs
A

J

R

«

0.25 0.5
Time (ms)

A Rich temporal and spatial and oscillatory information.

A But it comes with a price!!!

A More time, expense, and technical expertise.



What Is the added value?

TMS Pulse |

p30 P60

TMS Evoked
Potentials

Descending
Volleys

@ L, Motor Evoked *
RN Potentials  |----- >

Latency

o Peak-to-Peak

Amplitude g
-
£
-t L

!
1
1
1
1
1
]
]
i

Examine the TMS effect more directly & understand brain
physiologyin vivo

Farzar?016 Frontiers Neural Circuits



And understand relationship between brain and behavior

Human
Behavior
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Farzar?016 Frontiers Neural Circuits



l VR X
EECGgated TMS!

Concurrently Stimulate &
Record

Recording (output)  |sleseaie Stimulation (input) I

/ g('

Adjust Stimulation Parameter:
Based on the Recording




Talk Overview

Alntro to TMS and EEG

AWhat does EEG measure and TMS generate/activate in the brain!!!

ATechnical issues and challenges

A EEG compatibility
A Artifacts, artifacts and artifacts!!!

ANeuroscience Applications of TNEEG

AClinical Applications of TMEEG
ADiagnosis
AMonitoring
ATargeting




Single Pulse TMBEG

o0 TMS evoked EEG potentials (TEPS)

A) TMS-EEG B) EEG Metrics

m TMS Evoked Potentials (TEPs)

| 0 18 39
°

0 100 200 300
Time (ms)

TEP Peaks

Pre TBS

0 50 160
Time (ms)

0 100 200 300 400 500
Time (ms)

Resting EEG

EEG Channels
aNnvanONmOZ

8.0

15
-

-25

5 10 15 20 25 30 35 40 a5
Frequency (Hz)



Transcallosallransfer Time in Motor Cortex
Giving Credit to the First Published TIMS5 Attempt

In 1989, Craccoet al., examinedranscallosatesponses by applying TMS to
one side and recording EEG from the other side¢@®8mseq

————— -
]

%

Artifact reduced by adjusting the arrangement between the coil and the electrode and
placing a steel strip ground electrode in between the coil and the recording electrodes

Before Fancy Amplifiers!! Cracceet al., 1989ElectroencephalogElinNeurophysiol



Temporal Evolution of early TEPs

limomiemiet al.,Neuroreport1997 Motor Cortex




Temporal Evolution of early and late TEPs

10 ms 23 ms 51 ms 63 ms 83 ms 120 ms 155 ms 220 ms 280 ms

Massimini2005
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Grand vs Subject

A Be careful with TEP peaks outside the Motor cortex !!!




A Characteristics of TEPs outside the Motor cortex !

L-DLPFC DMN L-IPL
| Visit 1 Grand TEP
1 e ViSit 2 Grand TEP
|

|
I
|
| — Visit 1 Grand TEP
|
|
|

Grand TEPs

Subject TEPs

Grand vs Subject
TEPs

B Visit-1 S1
Visit-2 S1
1
" 1
o 1
w
= 1
T | Visit 1 52
k3 | Visit 2 $2
2
S 1
n 1

Ozdemir2021 Brain Stimulation



Site Specificity of TEPs

0 TEPs are Specific to stimulation site

LDLPFC Topography

DLPFC TEPs (Subject 1)

10

M1 Topography

10 S
100 0 100 200 300 400 500 600 700 -100ms

Time (ms)



Individual Consistency

o0 TEPs are Reproducible within the Individual!

DLPFC Visit 1 TEPs DLPFC V1 Topography

10

DLPFC V2 Topography
N\

_10 ; 1
-100 0 100 200 300 400 500 600 700 -100ms

Time (ms)



Brain Fingerprinting

Stimulation Sites

@ L-oLPFC
@ L-m
@) L-PL
@ R-DAN
® R-OMN
A -
One Site Sample All Five Sites
(LDLPFC)
5
@
$ 10
p .
2
215
: -
w0
20
5 10 15 20 5 0 15 20 '
Subjects (Visit 2) Subjects (Visit 2)

Ozdemir et al, 2021 Brain Stimulation



Brain connectivity analysis is exploding

5‘...... IIIII IIIIIII:! ,O.__--III.IIIIIIIIIII!

2000 2020 2000 2020

M/EEG fMRI

A Analysis of the human connectome has become a core goal of Neuroscience
A NIH Human Connectome Project 2009 Blueprint Grand Challenge
ATooH 99DkKka9D GO2yySOURMWAGEE LI LISNBE FNRBY HAann
AuTtTndn FawlL aO02yySOUGAODAGE LI LISNEE
Al £ I NBS ydzYoSNI 2T (K&EIS$ BEdzZRFSA OAQded f 2y O NE
AUnanswered question: Do functional connectivity measures actually capture causal brz
Interactions? We can evaluate CAUSAL brain interactions with TMS and EEG

49



SOURCE LEVEL

TMSEEG to assess EEG * - "7
connectivity? 3

AVink2020Brain TopographyAssessed
whether restingstate EEG functional
connectivity predicted propagation of
the TMSevoked EEG potential

rsFC



Does EEG connectivity predict propagation?

broadband FC vs 15-75ms TEPs

A L O I T

| | | |
wPLI PLV ICC R Ml Combined

04r

B scnsor
[ Jsource

—

o
w

b—

o
N

mean Rsquared
R

o
-

o

AAIl functional connectivity measures were only weak predictors of
propagation of the TM&EG potential

ATrue in both sensor and source space

A Combination of information from multiple connectivity measures improved
the predictive power of the model




Marked varlablllty across subjects & sites
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AKey takeaway: EEG connectivity is not a reliable predictor of
propagation of evoked activity

Vink2020



What about restingtate fMRI connectivity?

AOzdemir2020PNAS
Assessed whether TMS
to individually defined

Subject 1 Subject 2 Subject 3

TMS-EEG
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nodes of the defauit =
mode network versus
dorsal attention network
produced network

specific brain dynamics

ANetworks and targets
identified based on
group-level connectivity

TMS Evoked Potentials

O Confidence
m

o0d000
O
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Network Stimulation and Evoked Activity

DMN Stimulation

DAN Stimulation
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Ozdemir2020PNAS
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Network
Evoked Activity

DAN
« DMN




