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The simplicity of the method leads us 

to think that it is easy to use (and 

obtain results), and therefore we give 

many things for granted

transcranial Electric Stimulation (tES)



The problem is the way we use it:

giving too many things for granted

transcranial Electric Stimulation (tES)



“The effect of electrical stimulation 

on the brain has fascinated scientists 

for centuries, and ...”            

transcranial Electric Stimulation is an old idea

see: first century Scribonius Largus, torpedo fish to relieve headache; 1802, Giovanni Aldini to treat melancholia… 



Invasive & non-invasive electrical stimulation of

the optic nerve or the visual cortex

Apparatus constructed by Charles Le Roy 1755.

The patient remained blind, but experienced phosphenes.

See Erb W. Handbuch der Elektrotherapie. Leipzig: Verlag V.C.W. Vogel; 1882 Reporting that electric stimulation can improve visual functions in patients with optic nerve atrophy.



“The effect of electrical stimulation 

on the brain has fascinated scientists 

for centuries, and yet it remains so 

little understood”

transcranial Electric Stimulation tES



Fertonani & Miniussi, Neuroscientist 2017

PC Program upload
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from the stimulator

Current (I)

Changes in the 

voltage output
Voltage Regulator

Impedance tester

Direction of current flow

Anode + Cathode  -

resistor

Schematization of tES stimulating device



transcranial Electric Stimulation tES

Direction of

current flow



Subthreshold transcranial Electric Stimulation tES

tES/tCS - transcranial Electric/Current Stimulation

comprises:

tDCS: transcranial Direct Current Stimulation

tACS: transcranial Alternating Current Stimulation

tRNS: transcranial Random Noise Stimulation

… others

Current that does NOT induces neurons to fire and not painful
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Subthreshold transcranial Electric Stimulation tES



Weak tACS (1÷2mA) manipulate brain excitability via brain

polarization - frequency entrainment – resonance (?).

tACS: transcranial Alternating Current Stimulation

tACS at “X”
Hz

+

_

0

One cycle

0 πPhase values:

π/2

time

(minutes)

Intensity (mA)



Recent studies have shown that tACS may boost brain activity related to different functions, presumably

by entraining the ongoing oscillatory activity in a frequency-dependent manner.

tACS and cortical rhythms

Cortical oscillations are an intrinsic characteristic of neurons and result from transient and rhythmic activity

variations.
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tACS and visual system



tACS and phosphenes



Laakso & Hirata 2013

tACS and phosphenes

See also transorbital ACS

The eyes have a greater current 

exposure than the brain.

“As the eye is highly conductive 

due to the water-like vitreous, the 

current is guided to the retina -

where the neurons are excited –

and travels even into the brain 

through the optic nerve foramen.” 



tACS and visual system

Treatment with alternating current stimulation (e.g., 30-40 minutes, daily for 

10 days using transorbital electrodes and ~10 (30) Hz) activates the entire 

retina and parts of the brain. 

EEG and fMRI studies revealed local activation of the visual cortex, global reorganization of 

functional brain networks, and enhanced blood flow, which together activate neurons and their 

networks.



tES and visual system

B.A. Sabel et al. / Clinical Neurophysiology 131 (2020) 887–911

forehead electrode montage



Weak tRNS (1÷2mA) manipulate brain excitability via 

membrane polarization “without or with reduced” homeostatic effects 

“temporal summation”(?)  Stochastic resonance (?).

tRNS: transcranial Random Noise Stimulation

tRNS at 
“range”Hz

Alternating Current

at random 
frequencies:
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tRNS: transcranial Random Noise Stimulation



tRNS: transcranial Random Noise Stimulation
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Pirulli, Fertonani & Miniussi BS 2016

In principle with tRNS there are no differences

caused by the position of the so called

reference electrode relative to the active

electrode, as both electrodes can be

considered to exert the same effect.
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Fertonani & Miniussi Neuroscientist 2017 Modify from Creutzfeld, Fromm & Kapp 1962. From cat visual cortex

See also L. J. Bindman, O. C. Lippold, A. R. Milne, J Physiol 286, 457 1979. L. J. Bindman, O. C. Lippold, J. W. 

Redfearn, Nature 196, 584  1962. D. P. Purpura, J. G. McMurtry, J Neurophysiol 28, 166  1965. 

3
 m

V

1 sec

10 min

Cathodal (surface negative –

outward)

Anodal (surface positive –

inward)

Baseline neuronal activity

3
 m

V

1 sec

Neuromodulation

Anodal  (+)   stimulation  increased firing rates

Cathodal (-) stimulation       decreased firing rates

transcranial Electric Stimulation tES



Increased responses to sensory input (i.e., evoked) 

potential)

Direct Current Stimulation

Lynn J. Bindman, O. C. J. Lippold and J. W. T. Redfearn 1964;172;369-382 J. Physiol. From rat cortex

anodal 

DCS

baseline after 

effects

Effects outlasted the DC stimulation: After-effects could 

build up over 30 min or so when stimulation terminated



tDCS: the beginning of the present day 

Neurophysiological measures by means of 

transcranial magnetic stimulation

but see also Priori et al. 1998



FDI

MEP

ms
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Electromyography

Motor evoked potential - MEP

See Rossi et al.,  2009

Markers of the “cerebral” 

neurophysiological state

tDCS: Stimulation of the motor system
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Nitsche and Paulus 2000 J. Physiol; Nitsche and Paulus 2001 Neurology

ANODAL or CATHODAL (1mA) modify MEPs amplitude

MEP

after tDCS

tDCS 5 min 

conditioning

Time after tDCS -

minutes

Electromyography

Instrument

tDCS: transcranial Direct Current Stimulation

NOTE THAT: tDCS of V1 induce aftereffects which are much shorter than those observed in M1 e.g., 10 vs. 60 min



tDCS duration at 5, 7, 9, 11, 13  minutes at 1mA

MEPs anodal tDCS effects

5 7 9 11 13

Nitsche  & Paulus 2001

1.0

NOTE THAT: tDCS of V1 induce aftereffects which are much shorter than those observed in M1 e.g., 10 vs. 60 min



Direct Current Stimulation

NEUROPHYSIOLOGICAL DATA RECORDED (indirectly) 

FROM THE Motor CORTEX via motor evoked potentials



tDCS neurophysiological short-lasting & after effects

Short lasting effects most probably depend on membrane 

polarization   

After effects are synaptically driven, and thus affected by 

NMDA and GABAergic modulation
E.g., Anodal tDCS decreases GABAergic transmission (GABA concentrations) while cathodal tDCS shows similar effects on 

glutamate concentrations (Stagg et al., 2009).

This will impact on the Excitation/Inhibition (E/I) balance

Ardolino et al., 2005; Liebetanz et al., 2002; Nitsche et al., 2003; 2004

Note that there might be  different E/I ratios in different cortical areas



• Anodal (+)  tDCS causes depolarization of the resting 

membrane potential and “increase” neuronal excitability  

• Cathodal (-) tDCS causes hyperpolarization of the 

resting membrane potential and “decrease” neuronal excitability 

This model directly associates the effects at the neuronal level 

to the effects at the behavioural level

-inducing facilitation

-inducing inhibition

Stimulation-dependent

tDCS: transcranial Direct Current Stimulation

Fertonani & Miniussi 2017



Direct Current Stimulation of a Network

Sliding scale reasoning (from excitation to inhibition or vice

versa) does not always lead to the desired results at either the

neurophysiological or the behavioral level.



• Application of either anodal on the ipsilesional hemisphere or cathodal tDCS on

the unaffected hemisphere (contralateral).

tDCS neurophysiological short-lasting & after effects

Kapur N, 1996; Hummel & Cohen 2006; Fregni & Pascual-Leone 2007

Up-Regulation

atDCS “Increase cortical activity ctDCS“Decrease cortical activity”

Down-Regulation



tES and visual system

With regard to the therapeutic possibilities, ACS was demonstrated to be effective in

patients affected by glaucoma and optic neuropathy, while DCS and tRNS are most

promising for the treatment of amblyopia, hemianopia and myopia.





tES and visual system

Treating pre-chiasmatic pathologies (age-related macular degeneration, macular dystrophy, retinal artery occlusion, 

retinitis pigmentosa, glaucoma, optic nerve damage, and optic neuropathy) using pre-chiasmatic stimulation: 

repetitive transorbital alternating current stimulation (rtACS) reached level A (definite efficacy), and transcorneal

electrical stimulation (tcES) reached level B (probable efficacy). 

Treating both pre-chiasmatic pathologies (amblyopia, myopia) and post-chiasmatic pathologies or brain conditions 

(hemianopsia, brain trauma) by means of post-chiasmatic stimulation.  both high-frequency random noise stimulation 

(hf-RNS) and transcranial direct current stimulation (tDCS) reached level C (possible efficacy).



tES and visual system



Is there a linear relationship between type and dose of 

stimulation and the strength of the effect?

Is it possible, by increasing duration and intensity (current density) of 

stimulation to increase the duration and intensity of the effects?

tDCS effects



Cathodal tDCS & intensity on MEP amplitude

Batsikadze et al 2013_J Physiology

2mA cathodal stimulation

1mA cathodal stimulation

M1 excitability



Online vs Offline cathodal tDCS & intensity
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Metaplasticity & homeostatic plasticity
Homeostatic metaplasticity

Functional range

NormalAbnormal Low Values Abnormal High Values

Changing the E/I ratio by a given stimulation



There is a dependency of tES-induced neuroplasticity from 

stimulation parameters

that will interact with 

the (active) state of the system

Duration and direction of these effects are determined by stimulation

parameters such as geometrical montage of electrodes, current density,

polarity, stimulation duration …

tES: transcranial Electrical Stimulation & parameters

Woods et al.,2016 



tDCS: Stimulation-Dependent Model

and thus improves a given function… 
= might be false

A similar reasoning should be applied to 
cathodal stimulation

Anodal stimulation “increases excitability”

= might be true 



“Up to now, ACS seems to be effective in patients affected by optic

neuropathy, using ~ 10 Hz stimulation frequency, while its efficacy in

retinal pathologies requires further controlled clinical trials and larger

sample sizes.

Regarding tDCS and tRNS, the clinical efficacy requires parallel

behavioral training, and it is currently promising for the treatment of

amblyopia, hemianopia and myopia”

Sabel et al. Clinical Neurophysiology 131 (2020) 887–911

Therapeutic potential of tES



Anodal tDCS + rehabilitation  

= 

improvement!



Anodal tDCS + modelling [problem X 

(+skills a,b,c; skills d,e,f)+ learning style P 

+ psychological and physiological state R 

/timing of stimulation , (intensity*task 

duration – lesion) and rehabilitation time 

*interaction  metaplasticity*Z] = 

improvement!

Tanks to Lyndsey Nickels



Applying a weak electric field to a dynamic electrochemical system, such as the 
brain, seems likely to have so many non-trivial effects that preclude a simple 

extrapolation on behavior

tES: network activity–dependent model



Grazie per l’attenzione

Per avere questa presentazione scrivere a carlo.miniussi@unitn.it

“Transparent and impartial reporting of clinical trial results will
ultimately identify the treatments most likely to maximize benefit and
reduce harm.” Kaplan & Irvin 2015


