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NEUROTEC OGY
Synergles wi@%r treatments.

Adaptive i@/idualized theraptes.
Moblle, onéﬁnd dlagnosts and treatment.
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FIGURE 1. Effect of Active and Sham Transcranial Direct-
Current Stimulation (tDCS) on the Severity of Auditory Ver-
bal Hallucinations?

100

=@= Sham
== Active

40
Baseline After tDCS 1 Month 3 Months

2 The graph illustrates the significant interaction between the mean
percentage change in Auditory Hallucination Rating Scale (AHRS)
score in the two groups across the four assessments (F=10.97,
df=3, 84, p<0.0001). Post hoc analyses showed significant differ-
ences between groups at each postbhaseline assessment: after tDCS,
t=—4.45, p<0.001; 1 month after treatment, t=—4.48, p ;3
months after treatment, t=—4.58, p<0.001. Error ba
standard error.

Brunelin et al. 2012
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Do not sk@%easuring
brain acfwity (EEG, MR,
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VERTICAL INTEGRATIEN

Patl.e ntS Clinical Trials

Bfain Stimulation,
MymMan Neurophysiology

/n vivo (Animal)
Electrophystology

/n vitro (Animal)
TRAGTABILITY Electrophysiology

M O d e'- SySte M S Computer Simulations
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Lesson #2 QO
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Leverage fhe tools of

(netwo Ié)neu rosclence.

#Cok%gboratton

<2



TRANSCRANIAL CURRENT STIMUDATION
STUDY DESIGN

Behavioral | Network | Target
Target Engagement
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O
Make sure )@ﬁnow your
target and have a plan how
to en Lt.

#RaibnalDesign
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TARGET ENGAGEMEINT

How do we best em§age a
network tagfget?

We need to understand what
the effect of stimulation is on
the bratn in terms of
neurophysiology.
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1. Cellular Effects &Q

2. Spatial Targeting O

3. Targeting Net%Qynamics
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ELECTRIC FIELDS

How do gldCtric fields change
electpesi®naling in neurons?




‘Anodal” “Cathodal”
Depolarized Soma Hyperpolarized $oma
Hyperpolarized Dendrite Depolarizedf/Dentmte




CABLE EQUATION

Cable Model

Field Electrode (+)

20 40 60 80 100
Field Electrode (-) Compartment

Frohlich and McCormick. 2010



NEURONAL MORPHOLOGY ANXSTATE

Change in somatic membrane voltage:

* |Increases with cable length.
e Decreases with membranle cohductance.
e |ncreases with cable diameter.

Radmann et al. 2009



Applied Field Transmembrane Voltage

, Field Artifact
2 mV/mm v

— 10mV/mm 1.0
| TmV

. 200 msec - 0.5
4 mV/mm N

Ny 0 mV/mm : -
0 mV/mm 2 mV/mm4 mV/mm

Change tn sdmatic membrane
voltage@Can be modeled as a sub-
threghgtdomatic current injection.

Frohlich and McCormick. 2010
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tDCS/tACS %small
changeSL ronal
membraige voltage. #synergy

#Er% nousBratnActivity



Evidence that transcranial direct current
stimulation (tDCS) generates little-to-no
reliable neurophysiologic effect beyond
MEP amplitude modulation in healthy
human subjects: A systematic review

Popular brain stimulation methods can’t trigger neuronal firing, a study in cadavers suggests. MIHALY

NIVERSI GED

Cadaver study casts doubts on how zapping brain may
boost mood, relieve pain

By Emily Underwood | Apr. 20,2016, 3:00 AM

Earlier this month, Gyorgy Buzsaki of New York University (NYU) in New York City showed a slide that
sent a murmur through an audience in the Grand Ballroom of New York’'s Midtown Hilton during the
annual meeting of the Cognitive Neuroscience Society. It wasn't just the grisly image of a human
cadaver with more than 200 electrodes inserted into its brain that set people whispering; it was what
those electrodes detected—or rather, what they failed to detect.




The cadaver research “should make the crowd r@s that

favors tDCS and tACS,” says David Poeppelpa n scientist
and psychologist at NYU.

Marom Bikson, a biomedical engine City College of
New York in New York City who u puter models and
slices of rat brain to study the mechagisms of tDCS and tACS,

says that many in the field a % accepted that the 1 or 2
milliamps the methods usesgQ’tdirectly trigger firing.

The tDCS field is “gg8ea o ll lishit and bad science—and |
say that as some@ has contributed some of the papers

that have put gés/ tDCS tank,” says neuroscientist

Vincent W h%iversity College London. “It really needs
to be % rutiny like this.”




TMS-tDCS-EEG study

TMS (left precentral gyrus) O 2mA tDCS (M1-SO montage)
using Neuronavigation Cathode Sham




Replication (Motor-Evoked Potential)
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Ahn et al., in preparation.



Grand-averaged TMS-evoked potential (TEP)
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Ahn et al., in preparation.
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« MR Scan O
e Tissue segmentation %

« Numerical solution (e.q. fiNge elements).
1. Develop you ow&

2. Collaborate

3. Buy tool /% ree tool
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Modeling performed by Angel Peterchev

Sellers et al 2015



Selected Slice Position: {89,94 57} Selected Field Intensity: 0.07 V/im
Selected MNI Position: {31,-18,20}

Coronal Slice: M = Sagittal Slice: (93 =
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Brain Areas

Networks

Ve

Neurons and Glial Cells

Synapses

Molecules

Mesoscopic

Spatial Scale

Microscopic




Peak-to-peak
amplitude
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Oscillation Period T




NETWORK DYNAM)ES

Raw trace.

Spectrum: Power as a
function of frequency.

Spectrogram: Spectrum as
a function of time.

Coherence: Interaction
between two sites as a
function of frequency,

Raw Trace Spectrum

Fregquency [Hz]



3. Spectrogram: Spectrum as gfBRction of time.

Raw Trace

Amplitude

Spectrogram

O
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Time [sec]



4. Coherence: Interaction between two sitesas agunction
of frequency.

Signal 1 Signal 2 Coherence

05 ] 0 0.5 | 0 10 20 30 40

Tirne [sec] Time [=zec] Freguency [Hz]
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Bratn rhyth ﬁectlvely
targeted thmic brain
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TARGETING BRAIN NETWORK DXXAMICS

< -"-‘\'\_‘._'_\-L\_\’\.. AN A ANNARA AN AN AR A AN

Abb. 4. 40jdhriger Mann. Grofe linksseitige, von der Stirn bis in die Parietalgegend

reichende Knochenlicke. Doppelspulengalvanometer. Kondensation. Nadelelekiroden

sybcutan jm Bereich der Knochenliicke, 4,5 cm voneinander entfernt. Oben Schwankungen
der epidural abgeleiteten Xurve, unten Zeit in !/,, Sekunden.

Neurocon




NATURALISTIC ELECTRICRELDS

Control (no field) In Vivo Field

I T ¥
5mV/mm 0 mV/mm /\/\/\/W/\/\/\/V\/W

Raw Traces

Mulitunit

(average)

WM
0Hz

Frohlich and McCormick. 2010



ARNOLD TONGHKKE
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Frohlich 2014
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SPATIO-TEMPORAL DYNAMICS

T=120 msec

Alt et al. 2013



DC Stimulation (tDCS) AC Stimulation (tACS)
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STIMULATION PHASE
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Onset Phase of Stimulation [rad]

Time [sec]

Ali et al. 2013



T=0msec T=30msec T =90 msec T=120 msec
4 Hotspots 3 Hotspots 1 Hotspot 2 Hotspots

T=150 msec T=180 msec T=210 msec T=310 msec
1 Hotspot 4 Hotspots 4 Hotspots 10 Hotspots

Vel




NETWORK-LEVEL MECHANISM
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Alt et al. 2013



LEVEL MECHANISM

CELLULAR
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TARGETING A
SUBPOPULATION

T=4.03 sec T=4.11sec

|} Networks 1-8

—@— Trail Average

40 60
PY Stimulated [%

Al et al. 2013
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PHASE SLIPPING
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a (PPQC) b (VQO) c (LP/Pulvinar)
n = 1539 units n= 7_01 units n= 39‘[_ u_n_its

r 0066 | m 0066 | 0.066
0.065 0.065 0.065
0.064 0.064 0.064

Spike PLV to tACS

0.063 0.063 | 0.063
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| 1.2 | .
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‘AR N : 1 M | -
n . 15
| ._ | [ 14.5 ..L
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{108
432101234 43210123 4 4-32-101234
Stimulation Frequcny distance from individual alpha frequency (Hz)

Stimulation Amplitude (uA)

Firing rate (Hz)

d (PPC, narrow-spiking) e (PPC, broad-spiking) f (VC, narrow-spiking) g (VC, broad-spiking)
n =668 units n = 871 units n =402 units n =299 units

ooes 08 F B lﬂ.ﬂss | “ 0.066 N I ‘ Io,oas
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Stimulation Amplitude (uUA)
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meE o | 99 B "
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Firing rate (Hz)

Stimulation Frequcny distance from individual alpha frequency (Hz)

Negahbant et al. (2019, BioAxiv)
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Kutchko and Frohlich 2013
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MULTISTABILIT¥:

“Rapid Fire” “Slow Propagating” “Spiral Waves”

Delay = 10 msec ; P(local) = 0.95 ; G[LRP] = 0.03 Delay = 50 msec ; P(local) = 0.97 ; G[LRP] = 0.015 Delay = 5 msec ; P(local) = 0.99; G[LRP] = 0.12

Time [sec] Time [sec] ] N\ Time [sec] _

627 sec_ 6.31sec 6.35 sec 5.70sec  5.74 sec 578sec  5.82sec

510 L)l L

Firing rate [Hz]
Firing rate [Hz]

Kutchko and Frohlich 2013
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Complexity of b@n dynamics
requires co@er simulations
to undersiand target

engag L.

@qgétablllty



TARGET: ALPHA OSCILLATIONS

O T

o "Offling/stat€, long-range
funci@rRa¥’connectivity, gating.

e Newrofeedback, rTMS (10 Hz), tACS,
qQthers...



COGNITIVE ENHANCEM&NT

“increased alpha power during creative

ldeation s among the most consistent

findings in neuroscientific research on Creativity  Time - Stimulation
T e Task [min] Conditon

creativity” (Fink and Benedek, 2010)

Figural TTCT 10-Hz tACS

Form A orB or
active sham

High Creative Ideation Low Creativeffdedfon

-
c
2
v
v
@
n

Break

active sham
Figural TTCT or

FormB or A 10-Hz tACS

Session 2

Lustenberger et al. (2015)



ENHANCING CREATNLTY
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Verum P21 P11 P07 P02 P05 P09 P20 P15 P13 P16 P18 P10 P14 P06 P12 P01 P04 P19 P17

Subject index

* Blinding wagsacl®€sful (p > 0.2).

o 10 HzfAGS significantly enhances creativity as measured by the Torrance
Test of §egftive Thinking (7.45 % + 3.11 % S.EM,; F, .5 = 5.14, p = 0.036).

* NP &glancement with 40Hz-tACS.

Lustenberger et al. (2015)



OSCILLATION ENHANCEMENT

Enhancement of Power at Endogenous Frequency Power [ 11V ¥Hz]

14000

N
T,
>
&)
c
]
|
o
()]
—_
(1N

Time [s]

During Stimulation After Stimulation




FEEDBACK tACS TO MODULATE SLEERSPINDLES

Night2: VERUM
with FB spindle tACS
=~ -~

-~
-~
-~
-~
-
-~

10.05 pm 10.45 pm 6.45 am 7.25am

EEG, EMG, EOG
application

Lustenberger et al. (2015)



Raw EEG (uV)
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IMPROVING MEMQRY
CONSOLIDATIEN
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Lustenberger et al. (2015)



TARGET ENGAGEMENT

Q

Frequency (Hz)
Frequency (Hz)

3 35
Time (s)

Responders (n=11)

Channels
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Individualize wi@@ed back

stimulation td(&nhance target

engagem r@

#OMG\@é;‘fhatASpindle
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~N

SUMMARY: TARGETING NETWORK@AMICS

» Oscillations represent fundamen%@y structure.

« tACS ideal to target cortical étlons.

e Endogenous network dyagmtes represent oscillator to
be modulated by weak 'odic perturbations.

e Arnold Tongue: ce;Lty of individualizing
stimulation fr y?

e Multista le%amics: State-dependent stimulation
effects

Q\/
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Thank you for your ata@gn.
&

flavio_frohllch@gd.unc.edu
www.networkymurosclentist.org
@FRQhlichLab
&
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