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TMS: What do we know?

TMS Protocols

Single Pulse TMS

e Cortical Mapping
e Motor Threshold
e Central Conduction Time

Paired Pulse TMS

* One Region

* Two Regions

Repetitive TMS

CLINICAL APPLICATIONS 6

» Across a wide spectrum o &ob

and psychiatric disease\/

gic

Q

Outcome Measures
MEP Amplitude




This is FINE, But ...
What Is Missing?

Cortical origin? &

Non-motor regions? %O

State-Dependency? QQ

Motor Responses

Changing brain & MEPS
activity states in

disease condit@g

Q\/



Berger’s Waves

A/ ;

German psychiatrist.
recorded in 1924 and rep i

QY

An early EEG recording performed by Hans Berger. Prior
to the arrow the subject is performing a mental

arithmetic task. After the task stops, alpha returns.
(Jensen, Spaak, Zumer 2014)



EEG: What are we recording?

* Mostly captures the synaptic activity at the surface of th é&ex
e EPSP + IPSP generated by synchronous activity of tho s of neurons oriented in
parallel to each other.

* Interplay between excitatory pyramidal neuron@genhibitory interneurons

What is stimulated by TMS? §O
(b ik

Thousands of pyramidal cells, interneuro xons with maximum efficiency at the

Gyral crown B
® Possible site of activation
<=p Propagation of action
potenti ials
A

&
«— L %
N—

Current

surface of the cortex

direction

llem [eojns

1) Soma

2) Axon hillock/initial segment
3) Axon terminals

4) Axonal arborization

5) Basal dendrites

6) Apical dendrites

ANT «——>»POST

Siebner et al., 2022



EEG: What are we recording?

* Orientation is critical and dictates what we can sth the scalp

Radi Scalp EEG

EEG detects
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Jackson and Bolger, 2014, Pyschophysiology.



EEG language?

Amplitude (or Power)
Strength
(uVor uV?)

Frequency

# of Cycles/Second
(Hz)




When/How to Record EEG?

Continuous Recording (No Event) .®Q
. Ev imulus
* Anesthesia,
* Sleep l
* Resting (eyes open/closed) «TSEI/}\}\/\/\/\/\/\'\

Trial 2

|
|
|
Relative to An Event/StimuIati@ d\/\/r/\/\/\/\/"\

* Sensory, motor, cognitive proce
* Electrical stimulation

A
Time: Event Related Potential or Evoked potentials
Frequency: Event Related Spectral Perturbation :
Phase !

Trial 100




How to Analyze EEG?

Frequency Domain X (f)
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How to Analyze EEG?

inverse problem

-
-7/
-

Local Response

- Amplitude/Power
- Frequency
- Phase |

11
Spontaneous EEG: S 1

Spectral Power Q]

Cross-Frequency Phase-Amplitude Coupling
EEG + Event: %/
Event-Related Potenti or EP) KN\W\NWWW-\-\A

Event-Related Spec urbatlon
(ERSP) Direction of Information Flow

Event-Related Synchronization (ERS) Directed Transfer Function >2)—>
) ) Directed Partial Coherence
Event-Related Desyncronization (ERD




In summary what can EEG tell us?

Excitability of cortical tissue, and the baE@of

excitation and inhibition&

Brain state and the integrity i$ferent networks

Dynamics of inteigg(s within and between

diffe rain regions

Q\/
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4
Marrying TMS wi(ts’ G..
the probIeQ\
O
= Very brief (5min) Summar
= More detailed iIIust%%ﬂnd explanations during TMS-EEG
hands on session.
X
Q\/



Initial Problems?

XY

EEG Amplifiers Saturatce;éz
A

™S

am Iif'ersatu]
V& j-*-"‘p I _FL;"“"V‘""U‘\V’"'
100uV I

Ives et aI%@ical Neurophysiology 1
SeC

TMS pulse rya[ed too high a voltage (> 50mV) for most
amplifiers@andle. Amplifiers were saturated or even

dam@,



50, WHAT
SEEMS TQ BE THE
@mma

Problem 1: EEG Amplifier Saturation

Some Solutions ()

De-coupling: TMS pulse is short (.2 to .6ms), so o” he amplifier and

reduce the gain for -50us to 2.5 ms relative to se.
Virtanen et al., Med Biol Eng Comput, 1999; Nexstim (Helsinki, Finland)

Increased Sensitivity & Operati nge: Adjust the sensitivity (100

nV/bit) and operational range of EEGamplifiers so that amplifiers would not
saturate by large TMS voltage BrainProducts (Munich, Germany)

DC-Coupling/High San@g zate: A combination of DC-coupling, fast 24-bit

analog digital converter (A ution (i.e., 24 nV/bit) compared to older 16-bit ADC
resolution that was limit 1 mV/bit, and high sampling rate (20 kHz)=> capture the
full shape of artifact event amplifier clipping.  NeuroScan ( Compumedics)

Limited SI }vfe: Limiting the slew rate (the rate of change of voltage) to
avoid amplifier'saturation; Artifact removed by finding the difference between
two conditions. Thut et al., 2003; lves et al., 2006;

References: Vaniero et al, 2009; [Imoniemi et al, 2010



TMS Heated Up
Electrodes!

Mag Stim [n=40]

5 ﬁeof the subjects had a burn on the skin,
g O to test whether this had anything to do with
. e ———— rTMS, they placed electrodes on their arm

R o and stimulated the electrode with different

number of stimuli, different intensity and
different duration of stimulation.

Reference: Pascual-Leone et al., 1990, Lancet

Temperature increase [2C)

T 1
&0 10
Humber of stimuai Intensity [% max output)

Skin tempearature changes during magnetic stimulation.



50, WHAT
SEEMS TQ BE THE
@mwma

Problem 2: Electrode Heating

Some Solutions

Small Ag/AgCl Pellet Electrodes

: Virtanen et al., 1999

Temp ~ r?

Temp ~ B?

Temp ~ metal electrical
conductivity (o)

Ag wire
Ag/AgCI pellet
400 0 100 200 300 4O
time, ms




There were all kinds of other issues too ...

4

* We learned that TMS induces a secondary cuﬁ (eddy
current) in near by conductors. Well... EEG odes are

| : tea '
conductors! High frequency noise ipghe €lectrode under the coil

* Movement of electrodes by TM , muscle movement or
electromagnetic force.

Slow frequ movement & motion artifact in EEG

recordigs
e Capacitor rechar so induced artifact in the EEG.

ler amplitude TMS artifact sometime after
S pulse

References: Vaniero 2009; Ilmoniemi 2010;



TMS may cause

And some remain problematic... m:g responses in

Ip muscles

E P ]
. . . € 5
Frontalis _ Cole
. Pog, ’
f QR L e, o
N 7 L Yo o
a
waeg, "\

'

i

Te%alis

Some Solutions Occipitalis

i) R R

. . . ‘ Ma N \ﬂ'ﬁ%& ‘\ it
Cha nging the c%l e to stimulate Retrieved FRaR it syl e

ce/gray/illustrations/figure?id=378

http://education.yahbo.com/referen
muscles less

EMG artif:Q removal after recording
Independent Component Analysis




Site of stimulation is critical

Woltage [pV]

T T Do 1k
(V] [WV] (V]
B o~ : . “‘mx‘ Easy 1o measure
;/ Gl G 5, without any antifacts
II_,--.\'\._ o '\.____.-'I.-' "y “'
@ "o o @
. "r'-n:':?h' iy = . - |'§=F¢:-E.‘ i Possible 10 measure
8 o '::'T':"'. e = ¥ without any artifacts
| ea) . (€4 | | :
I ey — | Dxiffecult i measure
' . . . M without any artifacts

Mutanen 2012

t=10.3 ms

t=62 ms

t=33ms
M/F



Minimizing recorded artifact online

Coil Orientation with Respect to the EIeQ%de Wires

Cco0

CC90 deg CC45 deg Base C45 deg bO c45

5 Base
5
g
- Large positive depression after the stimulus ohset for Base, © e
C45, and CC45 directions,
- Residual artifacts were negligible at @90 positions |
% CCo0 — -
Solution: Rearrange the lead wWiges Mlative to the coil orientation. Cirauit Area g

Stimulus intensity
5% of output max

Conventional arrangement Improved arrangement ' Coil Direction

Results from: H. Sekiguchi et al., Clinical Neurophysiology



Potential solution: Real-time visualiz

600 pV
-100
600

400 ms

iEon of TEPs

100 pV
-100
100

Casarotto 2022 Brain Stim



Other difficulties

TMS may induced eye blinks

R N
|
F7 N N U eSS,

Some Solutions
OG Calibration Trial

Delete Contaminated Trials

Independent Component Analysis (ICA)



Minimizing recorded artifact Offline

Deleting, Ignoring, or ‘Zero-Padding’ Q
Remove by setting the artifact to zero @
References: Esser 2006; Van Der Werf and Paus 2006; HLC) 8; Farzan 2010;

Temporal Subtraction Method '%b
Create a temporal template of TMS artifact m

condition; TMS+Task Condition, then subtg

tract it; Example: TMS only
S Only from TMS+Task

References: Thut et al. 2003; 2005.

Removing Artifact and Interp
Interpolation: Cut the artifact and c@ e prestimulus data point to artifact free post
stimulus

Refereces: Kahkonen et al. 20 @getta et al. 2005; Reichenbach et al. 2011.
PCA and ICA

Parse out EEG recording iftesig®#€pendent (ICA) or principle (PCA) components and remove

the component that a to noise
References: Litvak gt al. 7; Korhonen 2011 Hamidi 2010; Maki & llmoniemi 2011;
Hernandez- Pav<Q3 # Braack 2013, Rogasch 2014

Filtering
Non- Imear Kalman filter to account for TMS induced artifact

References: Morbidi et al., 2007 M/F




|CA can remove artifactual componentézA

TMS Pulse Muscle

o¥e

100 i

- ‘Trials

010 0.3 -0.
Time (s)

Ozdemir et al, BZin Stim 2021




TMS Sound

TMS click is loud! 50m§ utions
~ 100 dB 5 cm of the coil
Auditory @ ng with a frequency
TMS induces auditory matched'to the spectrum of the
. TMS click
evoked potentials &
Air & Bone Conducted asking

sking I 1
/ Normal TMS m%l 7‘::5& M\.@F.Ugl 0 "“‘”"’“”(‘R?Q‘G‘QI
| |

2 cmé&plastic

; | N100 i
TMS Sham TMS

N1

5 ;LV‘ Q
100 ms

Nikouline 1999

Massimini 2005

P2



TMS sound: Auditory Evoked Potentials

(AEPSs)
Frontal stimulation site E

26 74 26 42 74
421112 190 290 400 f | {

== TMS orthogonal

TS paraliel

2 i == THMS realistic sham
(42 : 112 190 290 400

Conde 2019 Neuroimage



Auditory Noise for AEP rerrlgval

Real TMS TMS

No
Noise
masking

TMS
Noise

White
Noise

In house data



Sham informed ICA for AEP remo!el
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~ Potential (uV)
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Ross et al, Scientific Reps, 2022



Sham informed ICA for AEP removal

100ms 17Tms

Il 100ms
= AEP

Ross et al, Scientific Reps, 2022



TMS-EEG preprocessing Tools

Contents lists available at ScienceDirect

Neurolmage

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

Analysing concurrent t.ranscranlal n.jagnetlc. stlmulatl‘on and }'frontiers . _ METHODS
electroencephalographic data: A review and introduction to the open-source in Neural Circuits o

TESA software ™
Nigel C. Rogasch®*, Caley Sullivan®, Richard H. Thomson®, Nathan S. Rose®, Neil W. Bailey®, 2
Paul B. Fitzgeralclb, Faranak Farzan®, Julio C. Hernandez-Pavon®

2 Brain and Mental Health Laboratory, School of Psychological Sciences and Monash Biomedical Imaging, Monash Institute of Cognitive and Clinical

Neuroscience, Monash University, Australia

b Monash Alfred Psychiatry Research Centre, Central Clinical School, Monash University, Australia T M S E E G = A M AT LA B - B a S e d

© Department of Psychology, University of Notre Dame, USA .

4 Temerty Centre for Th tic Brain Int ition, Centre for Addicti d Mental Health, University of Tt to, Canad H

s of ol ot o s vy e of S, S P Graphical User Interface for
Processing Electrophysiological
Signals during Transcranial Magnetic

: -

Stimulation

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

Received: 14 February 2017 Revised: 29 October 2017 Accepted: 14 December 2017

DOI: 10.1002/hbm.23938

RESEARCH ARTICLE WILEY

ARTIST: A fully automated artifa jection algorithm for
single-pulse TMS-EEG

Wei Wul.23.4 | Corey J. Keller%&3 | Nigel C. Rogasch> | Parker Longwell123 |
Emmanuel Shpigell:23 | Camarin E. Rolle123 | Amit Etkin1.2:3



1 Raw EEG

¥

Epoch data &
2 Remove
Baseline

|

Reject Bad
Channels

!

4 Zero Pad TMS
pulse

Reject Bad
Epochs

A 4

6 First ICA for
TMS pulse

A 4

Interpolate
data
Filter
CAR

.

¥ Raw epoched
{:

055
.

v Rejected
'f\ Channel

3';,"‘.\; —
= "

Zero pad TMS
Pulse

as5s

TMS artifact

Our Pipeline

Second ICA for
Eye, EMG,
8 | EKG AEP&
Electrode
noise
'
VI ,
5
-Reject bad
epochs and
channels
-Zero pad Low Pass
i Filter
HJWLM 9 Interpolate
missing
6 -Remove TMS channels

Ozdemir et al, PNAS, 2020
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Take Home Nlé\s.
What do | n@o do if |
want to go@ k home and

@y this?

2%
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Step-by-Step

Guideline

What then?

; Select an Input
[Figure 2 Input]

«TMSE protocel

+TMS input location

TMS time of administration

Control for the Bram State
[Figure 2 Bram State]

* Developmental, behavioral, digease

states, brain dynamics (if geplic
@ useaTMsCO G

sparethe EEG CAP

sensor and skin

arrangement of sensors and wires

Canton: Aveoed direct contact
between the TMS coil and the
'x\‘rcf erence electrode

ﬁ Select Control Conditions

| *Placebo or no-task conditions
|+ Auditory masking
| *Coil crientation

* Calibration tnals

oy

‘ Data Collection

* Apprgpnate number of tnals per

i accounting For potentially
dal bad tnals

pedance monitenng

nline neursnavigation

er of foam between coil and

-
Data Processng \‘1

* BEemove bad sensorsftrials
*Bemowe large amplitude TMS
pulse artifact or large EMG

* Offline filters to remove
frequency-specific noise

* ICA or other approaches to remove
general and ThS-related EOG,
EMG, ECG or electrode mowvements
* Interpolate deleted sensors
(optional)

* Re-referencing (optional)

\* Source Localization (optional)

w Data Analysis
[Figure 2 Cuatpuat]

* Select EEG outcome measures
* Select cutput locations

* Select ime windows
\g

P Statistical Analyas |

Farzan 2016 Frontiers Neural Circuits



Does it worth the trouble?

MEPs

Time (ms)

Rich temporal and sp% d oscillatory information.

e Butitcomes wi gice!!!

* More timéenéxpense, and technical expertise.




What is the added value?

A TMS Pulse 4

TMS Evoked
Potentials

Descending
Volleys

Examine?\’MS effect more directly & understand brain
physiology‘in vivo

C

A

| Peak-to-Peak

1 Amplitude

i = |

i E

= -
¥ i

Y

Farzan 2016 Frontiers Neural Circuits



MO -

And understand relationship between brgtn and behavior

- X

enotypi{s}h

N100

Farzan 2016 Frontiers Neural Circuits

Behavior
B
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3 = 5 00 TMS-EEG Feature(s)

Genotype(s)
c % TMS-EEG TMS-EEG
. @- -@
= p30" 00 '
2 P180 .
5 8
re z o ®°0°
1PN P
".* @ .
wi = e._9
= a_ &

E < 8"
<]

ATMS-EEG Feature(s)




And ...

EEG-gated TMS!
Concurrently Stim Ia@

Record

Stimulation (input)

Adjust Stimulation Parameters
Based on the Recording



What is the Added Value of TMS+EEG

Advanced
Technology

Monitor cortical activation with high ten@l fesolution

A more direct measure of TMS effectc)

Neuroscience

Clinical
Application

EEG guided TMS &

Examine physiology of moto@non—motor regions at

various mental states of pyrest, cognitive processing
» Local eXC|tat|on tion & plasticity

» Functional (cau II) connectivity between regions
» Disrupt b Qm to examine causality

Improve di@ and predict prognosis.

InvestiQMe mechanism of actions of rTMS therapy

Safety monitoring during rTMS (e.g., in epilepsy)




Talk Overview QA
O

* Intro to TMS and EEG C)
* What does EEG measure and TMS generate&te in the brain!!!

* Technical issues and challenges é

* EEG compatibility

* Artifacts, artifacts and artifacts!!! Q
* Neuroscience Application S-EEG
+ Clinical Applications of TS EEG

e Diagnosis Q/

* Monitoring

* Targeting Q

M/F



Single Pulse TMS-EEG

o TMS evoked EEG potentials (TEPs)

A) TMS-EEG EEG Metrics

200
Time (ms)

300 500

Resting EEG

b

100 200

Time (ms})

TEP Peaks

Pre TBS

EEG Channels
“NBBOONR D

s 10 15 20 25 30 35 40 48
Frequency (Hz)

Time (ms)



Transcallosal Transfer Time in Motor Cortex
Giving Credit to the First Published TMS-EEG Att

In 1989, Cracco et al., examined transcallosal resp y applying TMS to
one side and recording EEG from the other Sidﬁ{ —12.2 msec)

Artifact reduce jlsting the arrangement between the coil and the electrode and
placing a steel strig ground electrode in between the coil and the recording electrodes

Before Fancy Amplifiers!! Cracco et al., 1989, Electroencephalogr Clin Neurophysiol



Temporal Evolution of early TEPs

llmomiemi et al., Neuroreport 1997 IMotor Cortex



Presenter
Presentation Notes
More channels
Source localization 
If known sources: resolution 10mm
If not (electrode), 5cm resolution 


Temporal Evolution of early and late TEPs

83ms 155 ms 220 ms

Massimini 2005


Presenter
Presentation Notes
Left: Fig. 3. Spatiotemporal dynamics of scalp voltages and cortical currents evoked by TMS during
wakefulness and sleep. (A and A¶) Averaged TMS-evoked potentials recorded at all electrodes,
superimposed in a butterfly diagram (black traces; the horizontal red line indicates the average
reference), for the same subject as in Figs. 1 and 2. The time of TMS is marked by a vertical red bar.
The red portions of the traces indicate the times at which TMS induced a significant response (see
supporting online material for calculation details). Source modeling was performed at the local maxima
of field power within periods of significant activity. (B and B¶) Three-dimensional contour voltage maps
(red, positive; blue, negative; step 0 0.6 mV for wakefulness and 1 mV for NREM sleep). (C and C¶)
Corresponding current density distributions plotted on the cortical surface. At each time point, the
results of the L2 Norm (see methods) were auto-scaled and thresholded at 80% to highlight maximum
current sources (CDR, current density reconstruction).

R: Fig. 4. Spatiotemporal cortical current maps during wakefulness and NREM sleep in all six subjects. Black traces represent the global mean field powers,
and the horizontal yellow lines indicate significance levels. For each significant time sample, maximum current sources were plotted and color-coded
according to their latency of activation (light blue, 0 ms; red, 300 ms). The yellow cross marks the TMS target on the cortical surface.




TMS Inducmes Several EEG Peaks, But....
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Komssi, Human Brain Mapping, 2004
Other Earlier or Later References: Paus 2001; Komssi, 2002; Ferreri 2010;



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

Sddl
103lgng sA puelis



 Characteristics of TEPs outside the Motor cortex !!!

L-IPL

Visit 1 Grand TEP
e VSt 2 Grand TEP

Grand TEPs

N — Subject TEPs

1
|
1
: —— Visit 1 Grand TEP
1
1

Grand vs Subject
TEPs

B Visit-1 S1
e VSit-2 S1
1
0 |
a 1
w
- 1
t,' 1 — V!S!t 182
[ 1 Visit 2 52
=
3 1
0 1

Ozdemir 2021 Brain Stimulation



Site Specificity of TEPs

o TEPs are Specific to stimulation site

DLPFC TEPs (Subject 1)

10

3
-10
M1 Topography
3
-5
-10 : : : : : :
100 O 100 200 300 400 500 600 700 -100ms

Time (ms)



Individual Consistency

o TEPs are Reproducible within the Individual!

DLPFC Visit 1 TEPs V1 Topography

DLPFC V2 Topography
/N

0 E 1
-100 O 100 200 300 400 500 600 700 -100ms

Time (ms)



Brain Fingerprinting

A
One Site Sample
(LDLPFC)

5

g 10
.g
2

215
@

20

10 15

QV Subjects (Visit 2)

Ozdemir et al, 2021 Brain Stimulation

Stimulation Sites

@ L-OLPFC

@ Lm1
@ LPL

@ R-DAN
@ R-DMN

5 10 15 20
Subjects (Visit 2)



Brain connectivity analysis is exploding

OI.I.....IIIIIIIIIIII O_ -llllllllllllll

2000 2020 200 2020

M/EEG fMRI

* Analysis of the human connectome has e a core goal of Neuroscience
* NIH Human Connectome Project 2009 Blu t Grand Challenge
* 7332 EEG/MEG “connectivity” paper @ 2000-2020
e 27090 fMRI “connectivity papers” %
* Alarge number of these studi s on “resting-state” “functional” connectivity

* Unanswered question: Doxfunetional connectivity measures actually capture causal brain
interactions? We can e@a e CAUSAL brain interactions with TMS and EEG

52



TMS-EEG to assess EEG
connectivity?

* VVink 2020 Brain Topography: Assessed
whether resting-state EEG functional
connectivity predicted propagation of - G @RS
the TMS-evoked EEG potential % 'h




Does EEG connectivity predict prgeagation?

6 broadband FC vs 15-75ms TEPs

| C)o<2 =
_ A ,.
BTN S ]

| | | | |
wPLI PLV R M Combined

 All functional connectivisg%asures were only weak predictors of

e
X}

o
by

mean Rsquared

o
ki

=

propagation of the TM potential
* True in both sensor%} ource space

* Combination of Mation from multiple connectivity measures improved
the predictive power of the model



Marked variability across subjects & sites
] R e | L l

LM1
T T T T T T T L] T T L) T
06 * B
* Q
04 04 .
g
* * 4 *
0z 1 02 * g
1 2 3 4 5 1 T 1 i 2 3 4 5 6 T a8 ] id
Parlicipanl number

/]

‘ Participant numb al

e Key takeaway: EE%:ég'ﬁectivity is not a reliable predictor of
propagation of e@ d activity

Vink 2020



What about resting-state fMRI co&nectlwty?

e Ozdemir 2020 PNAS: A o
Assessed whether TMS '
to individually defined
nodes of the default-
mode network versus
dorsal attention network
produced network-
specific brain dynamics

Networks

\?

1L

(VOL{TE

f{i
£

Confidence

vy

EEG Source Reconstructio

ane

L O Confidence

* Networks and targets
identified based on

group-level connectiva\,




Network Stimulation and Evoked Activity

DMN Stimulation

DAN Stimulation

w

o

Amplitude (V)
L o

k|
[l 11 i |

&

0.3 0.6
Ozdemir 2020 PNAS

Ozdemir 2020 PNAS
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Evoked Activity
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Network-specific activations 4

C

200

150

Zz values

100

b

50

% z values

100

Ozdemir 2020

290 -

I D AN 0.5
I DMN

network difference

DAN STIM DMN STIM B

Pre Post Pre Post

L DAMN Metwork
® DMN Metwork



Presenter
Presentation Notes
(C) Colored bars in Upper show group-averaged values with SEs in each network map before (Pre) and after (Post) TMS of DAN (green bars) and DMN (red bars). Lower shows individual Post-TMS cortical activation values expressed as the ratio of total cortical activity in the stimulated network relative to the nonstimulated network map. For instance, in the case of DAN stimulation (green dots), individual values show the ratio of z-score sums in the DAN map relative to z-score sums in the DMN map for each subject. Individual trends for the total amount of cortical activity in each network map are shown with colored dotted lines connecting each subject’s ratio scores across stimulation conditions.

Right: (B): Differences in network-level responses computed by subtracting DAN from DMN current density time series for each subject (n = 21) across stimulation conditions (DAN: orange; DMN: dark red; with shaded regions showing
variability in each stimulation condition as SE). Vertical green lines over the x axis show significant time points that survive after cluster-based permutations (P < 0.05). 
(C) Significant t maps (P < 0.05) averaged over significant time windows in B (green vertical lines) showing differences across the cortex between two stimulation conditions. Higher t values (red) show vertices with significantly higher activity following DAN stimulation, while lower t values (blue) show vertices with significantly higher activity following DMN stimulation.


What about structural connectivity?

S

* Momi 2021 Neurolmage A Ve S @
“.‘ ﬂ _."t ;; Superior Parietal Lobule 1.4 3
* Evaluated whether and how Tas ] Qo ST e
L. . $ o e Inferior Parietal Lobule [E] (vim) SRS
DTI connectivity predicts B e iz ol s

TMS-evoked EEG activity

* Evaluated whether regional,
network-level or whole brain
connectivity better predicted
TEPs

BRAIN
CONNECTMITY
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NETWORK CONNECTIVITY
(MODULARITY)
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Evoked activity correlated with network
connectivity and modularlty

A STIMULATION over DMN O STIMULATION over DMN 2
. 0.8
% R2=0.002%

R2=18% - R2'= 0.005% R2=27%"
p=0.83 p=0.04 p=073 p=0:01 |

R? =23%

* Magnitude of evoked

activity correlated with the §. . '
total connectivity within / & s w R w
the stimulated network, i oo é e e a e e e
and with the modularity of /‘ /b

the stimulated network, 1 Q | T EEEeee i [

but NOT connectivity of . Q)
the stimulated region or " o
whole brain connectivity ?\ e O

AUC (Visit 1)

AUC (Visit 2)

BRAIN

CONNECTIVITY  "CONNECTIITY CONNECTIVITY NETWORK CONNECTIVITY ~ CONNECTMITY
(MODULARITY)

Momi 2021 Structural Connectivity Hierarchical Framework
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Structural connectivity more predictive than

functional connectivity Q \—
E:

* Momi 2021 Scientific Reports: Assessed CP [
whether TMS-evoked EEG activity is & =
better predicted by MRI structural 5_ L on

0 50 10 150 200

DWI vs fMRI (AUC)

connectivity (DTI) or resting-state sO

functional connectivity (rs-fcMRI)

* Top: propagation of TMS-evoked @O
activity is better predicted by structuyal Q
rather than functional connecti @

* Bottom: The structural co vity to
different networks predic&he TMS-
evoked activity withirQ}sK network




TEPs and MEPs
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Bender et al., 2005; Bonato et al., 2006
Farzan et al., 2013




TMS generates TEPs even below motor threshold!

60% motor threshold was enough to evoke aQ

cortical response! O

Stimulation of left M1 Stimulation of right M1 < ’
11, i 11

300

Kahkonen 2005

Komissi et al, Human Brain Mapping, 2004



Breakdown of effective connectivity during sleep and with ane

-

Subj

Subj. 2

Subj. 3

Subj. 5

Wakefulness
[ — T T
4] ms 300° 0 ms 300
NS T PR e
0 ms m‘ 0 ms 3013‘
T T B e e ]
0 ms a00 ’ 0 ms 300
0 -
o ms 300 ‘ 0
S TE— N
0 ms 300
E -
3

Complexity of TEPs at Different Brain States

Sthesie

NREM Sleep

@ o6

¢ SRR
0

300

ms 300
Massimini 2005 M/F Ferrarelli 2010



Examining Causality in brain-behavior relationships
using TEPs (Cognitive Brain States)

Signal transmission frI?m PFC during visual attention task
a

Cua

17 ma 750 me
1 I ]

T 1T
CTI 134 T

180 ar 1,500 ms ms
TMS

Morishima 2009 Nature
Neuroscience: TMS
applied to FEF during
performance of a visual
discrimination task for
motion direction or
visual gender. 2
The study found th e el | [t | |
transmission of an

impulses from the

prefrontal cortex is task-
specific. M/F
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Presenter
Presentation Notes
Morishima 2009: TMS applied to frontal eye field during performance of a visual discrimination task for motion direction or visual gender. The impulse induced by the stimulation transmitted to different posterior visual areas depending on which visual features were being attended



Instantaneous Brain State and MEPs
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Instantaneous Brain State & TEP Connectivity
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TMS with intracranial EEG

* Patients with medically
refractory epilepsy
sometimes undergo
intracranial EEG recordings
with implanted electrodes

Work led by Aaron Boes at U-
lowa (a former CNBS alum)
showed that TMS in patients
with implanted intracranial
electrodes is safe and fea

Permits “ground truth/
assessment of hum
physiology at rest; ag/ng
tasks, and in response to TMS

Wang 2024 Molecular Psychiatry

QO

Effects of transcranial magnetic stimulation on the human brain
recorded with intracranial electrocorticography

Jeffrey B. Wang
Phillip E. Gander

1211 . 23411
211 Umair Hassan ,Joel E.B
719 Matthew A. Howard III°, €o

TMS Application to DLPFC
Electroi Amplifier
ac

leoyukl Oya Brandt D. Ultermarkt Nlcholas T. Trapp®”®
eller 23*'2 and Aaron D. Boe 125

Medial

Posterior

@ TMS > Sham
@ TMS = Sham

@ Stimulus Site
O TMS = Zero
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TMS-EEG used to assess
LICI in Motor and

Prefrontal Cortexcp Prefrontal Cortex
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2 : obe
4 ~=Z. 50 100 150
0 75 100 125 180 Time (ms) post TS
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Daskalakis 2008



Prefrontal LICl is correlated with WM
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LTP-like Plasticity with rTMS
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Esser 2006: Following, 5 Hz rTMS to motor cortex, a potentiation
of the EEG potentials between 15 and 55ms

Scalp voltage (uV)

Scalp woltage difference (uV)


Presenter
Presentation Notes
Left: Fig. 2. Responses to TMS before and after 5Hz conditioning in a single subject: (A) Average of 20 MEPs produced by stimulation at 130% RMT. MEPs were significantly increased in amplitude following rTMS, as indicated by the asterisk. (B) Responses in EEG channels across the scalp to stimulation at 90% RMT. The green ‘×’ indicates the location of the coil target. (C) Activity in six channels located bilaterally in front of the site of stimulation. (D) Total activation produced by TMS as measured by the GMFP. The first five peaks in the response are labeled as P1–P5. (E) Source localization of the activity occurring during each peak in the GMFP. The top 20% of current produced is shown. The green ‘×’ indicates the location of the coil target. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Right: A topographic depiction of the voltage in each channel rectified and averaged over the time range 20–80 ms, averaged for all subjects. The data in
each subject was adjusted prior to this calculation to account for differences in net location (see Section 2). The circle indicates the area the coil was targeted to in all seven subjects, following this adjustment. Top: data is depicted for responses in the pre and post rTMS test phases. Bottom: a depiction of the post rTMS–pre rTMS data, masked to show only significant clusters.


TMS-evoked oscillations
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And network connectivity

-------

Shafi 2 %S produced distributed
freq pecific changes in network
con ity, resulting in shifts in network

@ology and graph-theoretic metrics with

48 1 lications for brain information processing

8-13Hz
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TMS-EEG effects correlate with MEP effects

Gedankian 2017 MEP change (percent)






Assessing the Cortical Excitability Hypothesis of
rTMS Effects

Out of 87 studies only 3
employed Sham

4 ]
MEP fadlitation

Chung et al., 2016



Testing the cortical excitability hypothesis of rTMS
effects with sham controls and repeat tests

PreTBS

M/F



Testing the cortical excitability hypothesis of rTMS
effects with sham controls and repeat tests

Changes Relative to Baseline
T20

Theta-burst effects on MEPs are not different A Q
from sham at most time points at the group level Q

A Post Plasticity V1
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Boucher 2021 Scientific Reports



Theta-burst effects on TEPs are not reproducible

A
) Compare Active TBS With Sham at T5 2) Compare AQ TBS With Sham at T20
Visit 1 Visit 2 Visit 2
iTBS vs Sham c¢TBS vs Sham iTBS vs Sham cTBS vs Sham iTBS vs Sham TB Vs Sham iTBS vs Sham cTBS vs Sham

Ozdemir et al., 2021 Brain Stimulation



How about rsEEG oscillationi
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What about conventional rTMS? 1 Hz or 10 Hz effects
on MEPs were not different than Sham 4

A) Visit 1 Visit 2
— 27 [CBL
e

TRTE

1 Hz 10Hz  Sham E
1 Hz 10 Hz

—

MEF amplitude {mh/
=
n

]

Sham-corrected MEP ratio V1

Magnuson et al., 2023



1 Hz or 10 Hz did not change TEPs
compared Sham <\
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Take Home Message for Cortical Excitability Hypothesis of rTMS effects

X\

* Sham controls and repeat tests are critical fo§idation

 Cortical Excitability Mechanism assur@%ns may not be true
(Alternative mechanisms) %

O

* Single session rTMS is not&f/ ive.
&,
Q/?‘
Q\/






Use EEG and rTMS to Induce Natural Brain Oscillations
Observed During Cognitive Tasks <\

A Behavioral data (vertical lines indicat SE)

sk P <.01

20

KIimes&)@: Showed that rTMS at

individual alpha frequency to frontal and
pafietal sites led to significant
rovement in mental rotation. Same

w

% improvement of accuracy
compared to sham
=)

’ ietal TME frontal TMS parietal TMS frontal TMS parietal TMS Ct was nOt present at Other frequenCIeS
= Ii;i:?ﬁ'i stimulation condition See also: Sauseng 2009, Romei 2010
Thut 2011: Showed that alpha-TMS targeted t urce of EEG alpha activity can upregulate the

targeted alpha-oscillations in the attention pet . Thut 2022: Showed stimulation at IAF +1 Hz
improves task performance @
% B Objective Accuracy

A Attention-modulated B Source estimate of i on site on
a-oscillations in MEG a-generators in MR legifo [AF-1Hz IAF [AF+1Hz
B TS B SHAM
il . "
& |
Left Reigin Lt Right Laft Faght

MI/F



Theta burst using individual theta-

gamma coupling

(6)
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Effects of individualized iTBS?

(a) 30 Hz ITBS (b) 50 Hz iITBS (c) Ind iTRS
- | —BL N\

T8

s s — T30
3 2 2t ST\
] L] 1
E 33 A
3 3 P e A
< s < -] 2t \
*
4l 4 L §. I . M ol 1 DU WSS, . .
-50 0 50 100 150 200 250 300 350 400 50 0 50 100 150 200 250 3@ 3508400 -50 0 50 100 150 200 250 300 350 400
Time (ms) Time (ms) Time (ms)
N100 ] PE0 N100

A Mood (A.U)
-

Chung 2018 Human Br Map o

30 Hz 50Hz Ind Hz



EEG-gated TMS — effect of ongoing rhythms

a Excitability Session

Test at
Time 30

Test at

Baseline 1 Baseline 2
aseline saline Time 15

& ¥ )
200 triggered 100 Hz triplet pulses at 80% RMT

EEG-gated TMS administration Zrenner 2018 Brain Stimulation
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* Plasticity pr Y200 triple pulses (3 pulses at 100 Hz) and 80%
RMT administered at peak vs trough of Mu rhythm. Significant
increase in cortical excitability with trough stimulation only
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Talk Overview QA
O

* Intro to TMS and EEG C)
* What does EEG measure and TMS generate&te in the brain!!!

* Technical issues and challenges é

 EEG compatibility
* Artifacts, artifacts and artifacts!!! Q
* Neuroscience Application S-EEG

e Clinical Applications of T@-EEG

o

M/F



Diagnosis of Persistent Vegetative vs Minimally

Casall 2013 Conscious State 4
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Then assessed across large population

4
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And applied to a large new population

0.8

Perturbational Complexity Index

0

¢
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18 #countof PCl,, 0

patient #

Benchmark population
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chinical diagnosis
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MCS- Vs
Max PCI thres ol%ectly identified 36/38 minimally conscious patients
Vegetative Qe divided into 3 categories: 13 with no obtainable complex
t

response

h subthreshold PCI, and 9 with suprathreshold PClI

6 months after testing, 6/9 suprathreshold PCI VS patients became MCS, versus
only 5/21 subthreshold and 0/13 absent PCl

Casarotto 2016 Ann Neurol



Reduced TEP frequency in psychiatric Populatiins

Healthy subjects Bipolar disorder Major depression Q Schizophrenia

TMS TMS TMS

TMS
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Increased TEPs in epilepsy

Increase in delayed evoked activity in patients with active epilepsy as compared

to controls. Abnormal delayed activity is more prominent in regions with
functional connectivity to regions of abnormal cortical development

> 225 msec after TMS pulse
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Site-specificity of abnormal evok@ activity
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That may correlate with seizure focus!

Sources of abnormal delayed @
activity (A, B) spatially colo I@
with interictal discharg C%?nd
seizure onset zones (D,Rfeven

though stimulatio \Vas far away
(red dot in aboveQure)

Shafi 2015 Ann Neurol



TEP changes with rTMS in Major Depression

D G Main effect of time
g ﬁg Active rTMS Sham rTMS
Eshel 2020 Neuropsychopharm: Evaluated s
rs-fMRI and TMS-EEG measures in '
patients receiving 20 sessions of 10 Hz E} )

rTMS to LDLPFC for MDD (16 active rTMS,
12 sham rTMS, 28 total)

Significant changes in frontal and parietal
clusters for the P30 with real but not
sham rTMS

Decrease in DLPFC and increase in
parietal P30 with real stimulation,
opposite pattern with sham 6 )
Greater decrease in P30 was associated 6 :
with greater decrease (improvement) ?“ JEP (W)
HamD scale e
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What is the Added Value of TMS+EEG

Advanced
Technology

Monitor cortical activation with high ten@l fesolution

A more direct measure of TMS effectc)

EEG guided TMS &

Neuroscience

Clinical
Application

Examine physiology of moto@non—motor regions at
various mental states of pyrest, cognitive processing
» Local excitation 4 tion & plasticity
Q! l) connectivity between regions

» Functional (cau
> Investigat%@fmechanisms and effects of rTMS
ior to examine causality

> Disr%
Diagnosis a rognosis

Biomagfrs to track response to therapy

Safety monitoring during rTMS (e.g., in epilepsy)
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