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Overview

• Intro	to	tCS	(Part	1)	
• Mechanisms:	the	electric	field	
• Modeling	the	electric	fields	in	the	brain	
• Limitations	of	classic	montages	

• MtCS	technology:	modeling	and	optimizing	(Part	2)	
• MtCS:	More	focal	stimulation	
• MtCS:	extended	targets.	Networks	

• Combining	EEG	and	tCS;	MtACS	and	beyond	
• Future
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I work for Starlab and Neuroelectrics. 

Neuroelectrics is a Starlab Spin-off (2011), child 
also of FET Open project HIVE (hive-eu.org)  

Barcelona born and rapidly expanding Cambridge 
(MA) activity 

Creating a new paradigm to monitor and 
stimulate the brain through innovative medical 
devices and expert knowledge in EEG processing 
and e-field simulation models 

Committed to deliver high quality science 
based technologies and transforming them into 
novel therapies and diagnostic tools

Disclosure - Neuroelectrics



Back in 2008 … we set to develop this:

Stimulate: 
• Controlled - safe - multi-site stimulation (frequencies, intensities, phase relationships 

control) 
• Independent current control at each electrode 
• Use EEG like electrodes (more precise) 

Measure: 
• Dual-use electrodes (stimulation + EEG) 
• Measure while stimulating 

Visualize and adapt: 
• Simulate E-fields generated 
• Provide EEG features online, visualization and feedback 
• Provide data services 
• Eventually close the loop
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HIVE - EU FET OPEN Project (2008-2012)



In 2010 we did it and created a company
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Mul=-channel,	wireless	and	programmable	tCS	
• SCmulate	using	up	to	8	electrodes	(now	32)	
• Current-controlled	tDCS,	tACS,	tRNS,	Sham	
• Allows	flexible	electrode	placement	based	on	the	EEG	10-10	system	
• Independent	current	control	at	each	electrode	
Dual-use	electrodes	for	s=mula=on	and	EEG	monitoring	
• SCmulate	and	record	at	the	same	site	using	the	same	electrodes	
• Monitor	EEG	during	tDCS	–	sCmulator	circuit	is	very	quiet	
A	wireless	wearable	concept	for	fast	and	easy	setup	
• Mobile	sCmulaCon	and	recording	away	from	the	clinic	or	lab	
• Quick	setup	
• 3D	accelerometer		+	SD	card	
• USB	rechargeable	Li-Ion	baUery	
Intui=ve	user	applica=on	
• User	friendly	protocol	programming	and	sequencing	
• Provide	on-line	visualizaCon	of	EEG	features	
• Simulate	generated	electric	fields	associated	with	tCS	
• Cloud	connected	/	home	use	
• ProgrammaCc	control	with	Matlab	API

CE	Medical

EEG 10-10 cap for precise 
positioning of electrodes
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Our vision: from hospital to the home for effective 
treatment

tCS Stimulation+EEG

EEG Monitoring

NIC Home 

NUBE EEG

8, 20 & 32 channel versions

tCS research, clinic and 
home research versions 
8 Channels tCS/EEG

stimweaver



What	is	tCS?
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tCS is… tDCS, tACS, tRNS

tCS is a form of neurostimulation which uses controlled, low intensity currents delivered non-invasively to the 
brain via 2 or more scalp electrodes. tACS and tRNS are similar to tDCS, but with time-varying currents. tCS 
includes all of these.  
The current induces intracranial electric fields which can either increase or decrease the neuronal excitability, 
alter brain function and, ultimately, connectivity.  
I use the term tCS (transcranial current stimulation) to emphasize that current is what is controlled …
other used terms include tES. “MtCS” sometimes used to highlight the use of more than 2 
(small)electrodes.



transcranial Current Stimulation (tCS)
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• Non-invasive neuromodulatory technique: sub-threshold – i.e., not initiating action potentials. Weak 
electric fields and low frequencies (quasi-static regime). 

• Small controlled currents (~1mA but < 4 mA) are passed directly through the scalp to 
modulate activity. Firing rates of the neurons increase when the current is applied in the direction 
of the axons and decreases if the current is reversed. Plastic effects result. 

• Power dissipated by tDCS devices in head is of the order of 0.05 Watt.  [For ref, the FCC sets a GSM 
SAR limit of 1.6 W/kg, averaged over a volume of 1 gram of tissue, for the head.] 

• The current is normally applied in repeated 20-40 minute sessions.  Some of the applications are: 
neuropathic chronic pain, major depression, stroke rehabilitation, addictive disorders and epilepsy 
- many others being explored. 

• tDCS is most common form. Can also be Alternating Current - tACS -  random - tRNS - , others. 
• Known for centuries, but in the last decade with increased interest, mostly due to improved 

technologies for stimulation and measurements of effects (e.g., using TMS, but also via imaging, 
etc), new improved protocols. 

• Cheaper, simpler, safer than TMS 

don’t try this at home!
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M Targeting the Sup MC: 8  “Pi” electrodes

Multielectrode tDCS using small electrodes
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Multielectrode indepedent configuration



Stimulation with amplitude modulation



E-field’s	
mag	(V/m)

E-field	mag	
(V/m)E-field	distribution	-	tDCS E-field	distribution	-	TMS

	 	

Ricardo Salvador & Pedro Miranda 2015, in prep

• On the other hand, long application: session of rTMS using 3000 TMS pulses of say 0.2 ms pulse 
width sum to ~1 second of effective stimulation (compare to 1800 s in a 30 minute tDCS session). 



E-field’s	
mag	(V/m)

E-field	mag	
(V/m)

E-field	distribution	-	MtDCS E-field	distribution	-	TMS

R. Salvador & P. Miranda, G. Ruffini 2015, in prep



The use of only two large electrodes is a limitation … Smaller more 
numerous electrodes (MtCS) provide for more freedom and precision as 
we will see. 

The use of large sponges is troublesome for various reasons: 

1. Large impact area of electric fields / shotgun approach probably 
results in very complex, variable results: most of the cortex affected! 

2. Use of square/rectangular sponges requires careful specification of 
orientation to reproduce set up (normally not done) 

3. Sponges are noisy, contaminate concurrent EEG due to sub-optimal 
electrochemistry which requires more energy
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Limitations of bipolar montages with sponges
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Safety



Liebetanz 2009

Short term safety of tDCS - in vivo studies

The results of this systematic animal safety study 
demonstrate that cathodal tDCS is able to cause 
severe neuronal damage when it is applied above a 
certain charge density. For cathodal current densities 
between 142.9 and 287 A/m2, no pathological brain 
lesions were observed below a charge density 
threshold of 52400 C/m2. This threshold is at least 2 
orders of magnitude higher than those charge 
densities currently being applied in clinical studies 
(171– 480C/m2). 
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Short term safety of tDCS

• After thousands of hours of stimulation, short term ill effects associated to tCS in controlled settings 
remain scarce and minor

• Devices need to implement safety measures

• Starstim designed for safety: 

–Current at electrode <  4 mA

–Max injected current < 8 mA

–Programmed durations < 1 h

–Impedance check before stim

–Impedance check during stim

–For use with our electrodes only

–Our safety record is excellent!



How to achieve more, safely

• Transition to tele-monitored home use of 
tCS and EEG to better understand impact 
of repeated use in natural settings (several 
NE clients already doing this) 

• Use repeatable montages; protocols 
aiming for specificity of stimulation effects 
(e.g., targeted rather than “shotgun”). 

• [Protocol =  specification of electrode type, 
positions, current type and intensity, 
duration, session sequencing. ] 

• Model electric fields, refine targeting  

• Co-registration to study physiological effects 
such as EEG, fMRI, etc. 

• Safety documentation process to continue 
checking for short term effects, then long 
term
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• Short term tDCS safety is very well established using good practices both 
with sponges 

• Use of small Ag/AgCl electrodes +gel catching up: Side effects limited to 
skin irritation or small burns in rare cases (probably due to wrong placement 
of sponges, with rubber directly contacting skin)

• But note that in any case, 
• Safety verified in adults with intact skulls, no implants, etc. Other groups 

much less studied.
• Research studies carefully specify and limit duration, intensity, repetition 

of sessions. Very controlled scenario.
• Other forms of tCS (such as tACS, tRNS) less studied, but no bad news so 

far either.
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But are small electrodes safe?



Numerical calculation using spherical shell model. Introduces notion of I-A curve (non-linear!)
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What does the ratio of injected current to electrode area tell us about 
current density in the brain during tDCS? Miranda et al, 2009



• [Murray2014 et al, Intensity dependent effects of tDCS on corticospinal excitability in chronic Spinal Cord Injury., Arch 
Phys Med Rehabil. 2014 Nov 22] : 9 subjects with chronic SCI and motor disfunction underwent 3 twenty minute 
sessions of tics with 1-2 mA using 3 cm2 Pi electrodes (Starstim, Neuroelectrics). No adverse effects were reported 
with any of the experimental conditions.  

• [Ruffini2015a et al  Neuromodec 2015 Conference, NY Jan 2015], 20 healthy subjects underwent 2 mA 20 minutes of 
stimulation twice with Pi electrodes (3 cm2) with no adverse effects (Starstim, Neuroelectrics). 

• [Cortes2015 et al, Anodal tDCS decreases total EEG power at rest and alters brain signaling during fatigue in high 
performance athletes, Neuromodec 2015, NY], 4 athletes received 20 minutes of tDCS with Pi Electrodes (3 cm2) 
with no ill effects (Starstim, Neuroelectrics). 

• [Boratyn et al. Focal tDCS in Chronic Stroke patients: A pilot study of physiological effects using TMS and concurrent 
EEG. Clinical Neurophysiology, Volume 124, Issue 10 , pp: 146-147 (October 2013)], . Fifteen chronic stroke patients 
with hemiparesis following a first single unilateral lesion received 20 min of bilateral 1 mA anodal tDCS over the 
motor cortex with Pi electrodes (3 cm2) of the lesioned hemisphere. Bilateral M1 stimulation using small Ag/AgCl (Pi) 
electrodes is well tolerated and can augment corticospinal excitability in the affected hemisphere (Starstim, 
Neuroelectrics).   

• [Borkardt2012 et al  A pilot study of the tolerability and effects of high-definition transcranial direct current stimulation 
(HD-tDCS) on pain perception. The Journal of Pain. 2012;13(2):112-120.], twenty-four healthy adult volunteers 
underwent quantitative sensory testing before and after 20 minutes of real (n = 13) or sham (n = 11) 2 mA HD-tDCS 
over the motor cortex (1 cm2 electrodes). No adverse events occurred and no side effects were reported. 

• [Faria2012 et al, Feasibility of focal transcranial DC polarization with simultaneous EEG recording: preliminary 
assessment in healthy subjects and human epilepsy, Epilepsy Behav. 2012 Nov;25(3):417-25. ] report good tolerability 
in 15 healthy subjects and preliminary effects of its use, testing repeated  1 mA tDCS sessions using small EEG 
electrodes, and in two patients with drug-refractory Continuous Spike-Wave Discharges During Slow Sleep (CSWS). 
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Recent studies using small Ag/AgCl electrodes



Mechanisms	matter



Work now available for many years in vitro 
and in vivo shows: 

• Weak E fields from tCS alter / modulate 
neuronal firing rates (concurrent effects) 
up or down 

• The effects last longer than the 
stimulation (aftereffects) 

• Brain connectivity is altered (plasticity)
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The concurrent and aftereffects of tCS

wiki.neuroelectrics.com

http://wiki.neuroelectrics.com


wiki.neuroelectrics.com



Concurrent effects
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Effects on firing rates. Linear dependence of firing rates on fields ~ 1 V/m 
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In vitro, crayfish and lobster 

Weak Electric fields (1 V/m) seen to modulate ongoing activity,  
but cannot start it 

Orientation-dependence observed 

cat encephale isole
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Orientation of Electric field is important
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The E-field and the transmembrane potential (linearity)
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Rat hippocampal slices
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Simple neuron model: a sealed (ok, somewhat leaky) box with 
a membrane

 Na+  … Ca2+… K+ … Cl- …

A simple (very simple) model!

membrane



Simple neuron model: a sealed box with a membrane  ||E||
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A bit more realistic neuron model (||E||)
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Going beyond…is hard. But needed.

http://www.brains-minds-media.org/archive/222



tCS physiology and mechanism of action

The suggested primary mechanism is alteration of transmembrane potentials and neuronal excitability 
in pyramidal neurons.  Secondary effects include after-effects (plasticity) and effects in brain regions 
distal to the site of stimulation. Roles of other neurons yet unclear. 

• In particular, it appears that tDCS is able to alter spontaneous neuronal firing rates without 
producing action potentials during stimulation (too weak!).

• In vitro and animal studies have shown that weak electric fields induced by tCS can 
respectively increase and decrease spontaneous neuronal firing. 
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A linear, orientation dependent model

•λ points from tree to axon 
termination 

•First order effect from dot 
product of E and λ 

•Units of δΦ=E⋅λ are Volts

δΦ=λ⋅E

λ
E+++

- - -
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Spatio-temporal coherence enhances everything

En

phase array - radio telescope

EEG generation

En





Modeling concurrent effects in ERP (rabbit)

Molaee-Ardekani 2013
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tDCS and ERP’s



Body Level One 
• Body Level Two 

• Body Level Three 
• Body Level Four 

• Body Level Five
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tCS+EEG modeling of concurrent effects

Connecting stimulation and 
EEG response: modeling can 

help to guide and interpret 
tCS experiments.



After-effects 
(plasticity)

42
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After-effects: tDCS effects outlast application



Recent history: TMS used to study tDCS after-effects in humans
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Keeser	2012

• Long-term effects due to Hebbian 
learning: neurons that fire together, wire 
together. 

• This is the basis for brain plasticity and 
memory  

• With tDCS modulation of firing rates we 
can thus alter the connections of neurons



Modulation of firing 
rates means Hebbian 
processes such as 
LTD/LTP are 
affected. 
tCS polarization 
changes will no 
doubt increase 
“coincidence” of 
connected neurons. 
Glutamate receptors 
such as NMDA 
involved.
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Current understanding of after effects
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20 min stim leads to 1 week increase in hippocampal 
LTD





(2016)

Neurovascular effects of tCS also seen … more work to follow



Focus on the electric field, not the current density (although 
they are related). Orientation matters. 

When you keep control over the current density, you control 
also the electric field.  

Electric fields move charges around. These accumulate at 
“bottlenecks” and create local secondary electric fields. E.g., at 
cell membranes. 

To control the transmembrane potentials of neurons, use 
electric fields. To generate them with transcranial currents, use 
current-controlled systems (not voltage controlled). 

Our neuron model is very simple! Will apply better to long 
neuronal populations such cortical pyramidal cells. 

tCS is mostly cortical. Focus on normal component of electric 
field (orthogonal to cortical surface), aligned with cortical 
pyramidal neurons.
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Some things to remember



Small 
Currents

weak 
E-fields

modulation of firing rates 
by membrane potential 

alteration (interaction) in 
population networks

Plastic changes 
(aftereffects)

concurrent effects

Summary of logic. Applies to tDCS and tACS (weak, low f fields)

Tasks ∑

EEG 
fMRI 
NIRS 
Behavior…



tACS	and	beyond

Studying the interaction of 
oscillatory systems



Are we in the realm of the ephaptic? Yes, we are.



There are several recent interesting results already in the literature on the topic of 
neural activity entrainment by weak oscillating electric fields.  
These include: 

• Marshall 2006: slow tACS increases power in EEG during sleep slow frequencies 
and also in the alpha band 

• Kanai 2008: showed frequency sensitivity with tACS phosphene perception in 
humans (central montage) 

• Deans 2007: demonstrated entrainment in vitro in rat hippocampus with weak AC 
fields 

• Frohlich 2010: demonstrated entrainment in vitro in ferret cortical slices; followed by 
Schmidt 2014 and Ali 2013 with models and in vivo 

• Merlet 2013: modeling of EEG as influenced by tCS 

Remarkably, the used electric fields are similar in magnitude and frequency to 
endogenously generated ones (ephaptic interaction hypothesis). 
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Weak E-field Entrainment



Are we in the realm of the ephaptic? Yes, we are.





Endogenous Electric Fields May Guide 
Neocortical Network Activity, Neuron 67, 
2010

External applied fields similar in 
magnitude to endogenous ones (i.e., 
weak) can entrain in-vitro oscillations in 
cortical slices in the ferret brain. 

Resonance effects also seen.

Endogenous field “virtual replicas” also 
active
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Frohlich and McCormick 2010 (in vitro)



Endogenously generated fields affect neural function in vitro



Weak endogenous fields can guide spike waves in vitro
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Schmidt 2014 (in vitro)
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Ali 2013 
(in vivo)



PRE + POST Eyes Closed 
DURing: Eyes Open

Zaehle 2010 (humans + EEG)



PAF Power up  
with PAF (IAF) tACS in EO 

Coherence up in EC





Commercial in confidence 66

Helfrich 2014 
(humans+EEG)

Eyes open

PAF Power up  
with 10 Hz 
tACS in EO



PAF Power up  
with PAF tACS in 
EO (long stim 
sequences)

2015







NEUROELECTRICS

Closed loop stimulation is here (MatNIC)

• It is now possible to stimulate and record EEG concurrently with tDCS, and w. limitations, tACS
• Explore sequential stim/record protocols using the MatNIC Matlab API to control Starstim remotely 

and programatically
• Adjust stimulation parameters based on collected EEG data: now possible
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Alpha frequency and distribution is quite subject-dependent.  
May need to adjust not only frequency but also montage (use Reciprocity!).  
Here is an example of alpha dipole activity.
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Challenges

S8T1T1C1000F9-8_Pre (first IC and full alpha band)





tACS … how?

Using EEG Cortical mapping to define targets for tCS (very consistent 
approach in terms of assumptions) 
E.g., for tACS: alpha band Eyes Closed EEG data: use EEG cortical activity to 
guide tACS locations +frequencies+ relative phases. Relative phases 
important!
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FEM based cortical map of eyes closed 
spontaneous EEG data (alpha).

Red: inward, blue: outward oriented dipoles



tRNS



Clinical	translation



tCS Clinical Publications so far  
(as gathered by PubMed Jan 2015) 

• Pain: 127  
• Depression: 137 
• Stroke rehabilitation: 194 
• Cognitive Enhancement: 200 
• Addictive disorders: 18 
• Epilepsy: 20 
• Parkinson's: 28 
• Alzheimer’s: 16 

Main issues – in addition to small N in proper randomized crossover studies – are probably protocol un-
specificity and heterogeneity and patient selection, which weaken results and make meta-analysis very 
challenging. 
Nevertheless, there are “signals” in several of these cases worth studying in depth
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Opportunities: tCS Clinical Research









Current Evidence in stroke rehab

A number of studies by now strongly suggest the 
efficacy of tDCS in stroke.  

The studies in our search show in general positive 
results. We have analyzed 47 papers meeting our 
criteria, from 2005 to 2015.  

The total number of subjects in these studies was 
873, with 65% of subjects in studies with positive 
outcomes.  

If we restrict the analysis to papers dealing with 
chronic stroke the percent of subjects in studies with 
a positive outcome increases to 82% (231 out of 281 
subjects). 

If we further restrict the analysis to those studies 
with chronic patients in which tDCS was 
administered concurrently with therapy, the 
positive rate increases further to 84% (156 out of 
186 subjects were in studies with positive results). 
The analogous rate for non-chronic stroke patients is 
low, of 44%. 

wiki.neuroelectrics.com

http://wiki.neuroelectrics.com


• tCS is physiologically meaninful: it has an impact: concurrent and 
after application 

• Multielectrode systems are here, tCS means tDCS, tACS, tRNS are 
beyond (but weak currents with bandwidth  <1000 Hz) 

• Safe in current research environment? Yes. NOT for consumer 
market though. 

• We have some basic understanding of mechanisms — need to 
continue research! 

• Biophysically models are powerful and will get better. Initial validation 
is here, need more. 

• Clinical translation needs work, which is underway.
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Conclusions



Thank	you!		
And	thanks	to	all	the	NE	team	and	Advisors



Modeling and 
optimizing tCS 

Giulio Ruffini (PhD) 
CEO, Starlab   
President, Neuroelectrics Corporation 

Asilomar, June 2nd 2016



Modeling	the	electric	field		



Current and Electric field are proportional to each other (Ohm’s law). If we include EEG generated 
currents(JI), we can relate current density J and electric field E vectors by 

                ☞  Controlling the current means we control the electric field. 

Currents and electric fields obey Poisson’s equation. If you know tissue parameters and geometry 
of brain structures, it is possible to model quite precisely currents and fields:  

The same equation governs tCS and EEG generated electric fields. 

Two bits of physics



Quasistatic approximation < 10-100 KHz

What about tACS, tRNS … ?



History - pre FEM  - The spherical brain 



Modeling comes of age: realistic FEM models



FEM and Poisson’s equation: electric fields
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E-field’s	
mag	(V/m)

E-field	mag	
(V/m)E-field	distribution	-	tDCS E-field	distribution	-	TMS

	 	

Ricardo Salvador & Pedro Miranda 2015, in prep



Visualizing the E field



Intracranial electric fields from measurements in humans and primates





Using head models for EEG forward and inverse modeling



Going	Multichannel	(MtCS)



1- Achieving more focality, precision  

2- Targeting the brain as network
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Motivation
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Targeting the DLPFC: 5 Ch 2mA max solutionTargeting the Sup MC: 8  “Pi” electrodes
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Lustenberger et al 2015: MtACS
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MtCS protocol configuration: phase control



How do you configure up to, say, 32 Channels for stimulation?



Optimizing	MtCS	(I):		

Targeting	discrete	targets



The laplacian electrode in EEG (1975)



Laplacian electrode montages (rings, 4x1)



HD - originally a 4x1 concept as in EEG Laplacian electrodes (¼ return currents). 
Datta 2009. 

The term HD is now - I believe -  more loosely used in a way 100% analogous 
to MtDCS (general multichannel DC stimulation using small electrodes)

HD-tDCS and MtCS – the lingo
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Based on our realistic head 
fast electric field generator, 

1. Define target and weight 
map 

2. Search in the space of 
electrode configurations for 
the best match to desired 
target

General Optimization / StimWeaver



• Working with extended, weighted targets from 
neuroimaging, or discrete targets (e.g., BA or 
AAL) 

• Optimizing using normal and tangential 
components of E fields on cortical surface 

• Use of genetic algorithms to work with 
electrode subsets 

• Developed for Starstim, with up to ~70 
electrode positions in the 10-10 system using 
Pi electrodes (3 cm2)
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Specific aspects in Stimweaver algorithm



Example: Targeting the DLPFC



Targeting the DLPFC: 2 sponges vs 8 channels



Optimizing	MtCS	(II):		

Targeting	networks



• Use a DBS target in depression therapy as a seed in rs-fcMRI 
• Use the resulting correlation map on the cortex as target 
• Optimize using weighted least squares with normal component of electric 

field 
• For excitation of deep target, seek to excite positive correlated regions and 

inhibit negatively correlated ones (or viceversa) 
• Statistical significance of correlation used for weighting 
• This approach can be used with other imaging techniques. 
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Example: targeting a network: example with DBS 
Depression seed using rs-fMRI data



NEUROELECTRICS

Fox et al 2012
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1.Select seed 
2.Compute rs-fcMRI from 

healthy subjects 
3.Use resulting t-map as target
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Classical:

Modern:

Distributed target map (depression SG seed /8Ch)

Ruffini et al 2014

TARGET:



NEUROELECTRICS

Fox et al 2014
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Optimized solution: Stimweaver
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Basics on EEG & tCS 

Ramon y Cajal (1899)

• Pyramidal neurons in the cortex act 
coherently to generate cortical currents & 
electric fields which can be measured by 
on the scalp by EEG. 

• EEG thus provides information on brain 
function dynamics. 

• EEG is intensely used to research brain 
function, and clinically for sleep and 
epilepsy, for example. 

• In a related manner, electric currents 
forced from the outside via scalp 
electrodes generate cortical electrical 
fields that modulate the activity of cortical 
neurons.  

• The used currents and associated fields in 
tCS are weak. Coherence in reception is 
again key.



Why measure EEG in tCS research?

• Compare before, during, after tCS changes in EEG 
• Explore the impact of tDCS, tACS at different frequencies / 

entrainment / the interaction with natural oscillations.  
• Work at the level of spontaneous EEG or ERPs 

• Explore the impact of TMS after or during tCS using EEG 

• Develop dosing strategies 

• Develop targeting strategies 

• Develop Closed-Loop strategies
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Marshall et al 2006

Marshall et al, 2006: 
An oscillating current 
applied at 0.75 Hz 
during sleep entrains 
cortical oscillations, 
boosts slow-wave 
sleep and frontal 
spindles, and improves 
memory



tCS	and	B2B	



hUp://hive-eu.org

http://hive-eu.org








b (ref)

a

Va

E(x)

Ia

J(x)x

1) EEG: Dipole generates scalp potential: J(x)  → Va

2) tCS: Current generates E field: Ia  → E(x) 

Reciprocity theorem (Hemholtz 1853)

(applies to anisotropic media also)

head or potato … conductive medium

☞



Generalization to multiple sources and electrodes
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Using the reciprocity theorem it is possible to show (Ruffini 2015) that given 
multiple scalp entry/measurement points {a} and EEG sources J(x), 

Here E(x) are the electric fields generated by Ia currents, and Va the scalp 
potentials generated by the EEG sources J(x).

Ruffini 2015



1. Online optimization of MtCS from EEG 
2. Closed-loop applications from EEG: Listen to EEG, create 

stimulation waveform (e.g., I=c V) to amplify or reduce EEG 
3. “Playing back” EEG using MtCS currents (I ∼ V) may actually 

make sense! Now possible with Starstim 2 (2016) 
4. Theoretical analysis (e.g., number of electrodes?)
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Applications of generalized reciprocity



The	future



• Models represent the state of the art in our understanding what tCS 
produces physically. They will be improved over time using the scientific 
method. Validation ongoing! 

• Targeted multi-electrode montages using small electrodes offer the 
opportunity for more precise, meaningful stimulation research. 

• Brain function is mediated by networks: let’s go after them! Target maps can 
be defined in various ways: Brodmann Areas or AAL; simple or multiple; rs-
fcMRI; rs-fcEEG / ERPs / MEG; PET. 

• Technologies now offer the possibility of modeling/optimizing and – crucially 
– implementing advanced methods. 

• The combination of EEG and tCS technologies is natural and powerful.  

• Approach is applicable to tACS and tRNS. There are many meaningful 
questions yet to explore.
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The Future
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Thank	you!		

giulio.ruffini@neuroelectrics.com

mailto:giulio.ruffini@neuroelectrics.com

