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Introduction

Transcranial alternating current stimulation (&Cis a non-invasive brain
stimulation technique (NIBS) allowing the applioat of weak sinusoidal electric currents
through the scalp. TACS is a rather inexpensiveeasily administrable tool for cognitive
and clinical purposes. These sinusoidally shapedertis can be applied to directly
interfere with cortical rhythms, allowing to undensd the functional role of oscillations in
the brain and, consequently, to treat those kindenfral disorder dependent on alteration
of the brain rhythms functioning.

More than other brain stimulation techniques, $Arings with it the need for a
better understanding of the effective functiond i@f brain oscillations in cognition.

If the potential of tACS is to be used to inéeef with neural oscillations and to treat
neural disorders, it is crucial to understand h&€$ works and how it can be used to
reach the desired effects, as well as to undergtamdthose brain rhythms that can be
modulated with tACS have a functional role in cdigmi.

To date, such a knowledge has noh beached and although several strands of
research are exploring the role of this techniquedifferent cognitive domains, the
neuroscientific community underlines the need forogtimization of the parameters and
the combination of different tools to clarify th&feetiveness of this new technique in
entrainment of brain oscillations and, consequeintlgnodulation of their functioning. In
the same time, a growing number of researcherigying the role of brain oscillations
in cognition pulling them out of the noise they bBaveen associated with, for several
years.

Finally, the possibility to apply tACS to improvegnitive performances, like memory



processes, could make this tool reliable and salfielp people with cognitive disorders.

The present work describes two experiments coedudb elucidate the
mechanisms by which tACS interacts with underlyingural network activity and,
consequently, improves memory performance.

The aim is to explore the role of tA@Smodulating brain oscillations, reviewing
the existent literature and applying it to modulatespecific brain rhythm, i.e. alpha
rhythm, investigating, consequently, the role ois tthythm and of its modulation in
working memory. Particularly, the attention will decused on more posterior brain
regions such as the posterior parietal cortex (P&d)the occipital cortex, traditionally
associated with higher power of alpha rhythm.

The present work is structured in fomaptersChapter 1 presents an overview of
the most important concepts in the existing liter@tabout brain oscillations. Some basic
principles about encephalography are also prese@ieapter 2 presents researches and
literature about tACS and its effects in modulatiogin oscillations. Previous studies
reporting its efficacy as well as mechanisms ofoactre reported. Evidences coming
from different fields of research are discussed.

Finally, Chapter 3 and 4report two experimental works. The first one présehe data

about an intheremispheric montage of tACS admirast@t alpha frequency band in the
occipital cortex, the second one shows the effeenantraemispheric, intermittent, tACS
stimulation in a working memory task in which ba#levant items and distractors are

presented together.



CHAPTER |

BRAIN OSCILLATIONS: SAILING IN A SEA OF NOISE

A brief introduction

In the last years there have been a growing ergbmsabout brain oscillations, this
enthusiasm has lead to a huge field of studiestlaaties about electrical activity in the
brain and its role in cognition. All these studigsto account for an answer to one of the
first questions about oscillations, since when Bemjscovered the alpha rhythm in the
1929: “Do brain oscillations play a functional ratecognition?”

To date more evidences are needed to certainlg stalectric fields in the brain
have a causal role in cognitive processes. De#iigerecording of brain oscillations and
their modulation is one of the most interestinddfief research to which thousands of

scientists in the world are devoted to.

1.Brain oscillations: history and taxonomy

Interest in brain oscillations began in 1929, whdans Berger after having
performed several experiments to prove the exist@idelepathy, found, when subjects
had their eyes closed an electrical activity in dtleeipital part of the skull. This rhythm
was characterized by a large amplitude.

Berger called this rhythm “alpha” (Berger,1929). &hsubject’'s eyes were open,
electrical activity became faster and Berger nartiesl rhythm “beta” waves. In the
following years, oscillations were found in sevem@mmalian species. The speed of the

oscillations ranges from very slow to very fast,ta®00 Hz.
3



For convenience, scientists group brain rhythnfs/andifferent bands:

. Delta: 0.5 - 3 Hz;
. Theta: 4 - 7 Hz;

. Alpha: 8 - 12 Hz;
. Beta: 13 - 30 Hz;
. Gamma: > 30 Hz.

There are also oscillations in the sub-delta anégan(up to 600 Hz), but the bands
usually involved in behaviour are between 2 Hz 850 Hz (Buzsaki,2012).

Frequency, power and phase are specific and diffefer each brain rhythm.
Namely, frequency is the speed of each cycle ofrthyhm; Power is the amount of
energy for a given frequency; Phase is the posdlong the sine-wave at any given time
point (Cohen, 2014).

Neural oscillations arise from rhythmic fluctuationthe local field potential (LFP)
(Thut, 2012) and they are dependent on intrinsop@rties such as ions channels as well
as on extrinsic properties such as input strengthrmise levels (Wang 2010; Buzsaki,
2012).

For long time oscillations have been ignored anisiztered as a neural background
noise (Lopes da Silva et al., 1997; Niedermeye®,719Recently, evidences coming from
several neuropathologies such as Alzheimer's des@asl schizophrenia (Bar, 2008;
Uhlhaas, 2008have shown alterations in oscillatory activity mck a kind of diseases,
suggesting, thereby, the importance of neural rhgtFor normal brain’s functions.

Additionally, these neural oscillations have beeand to be modulated by different
cognitive tasks and motor processes also in healihjects (Bsgar, 2001).

Finally, the relation between brain rhythms andmitign has been studied, mostly,
using electroencephalography (EEG) and magnetobatmgraphy (MEG).

4



Noteworthy, it is almost impossible to link lineard given cognitive function to
activity in a given frequency band, as well as miikely that a given brain rhythm could
be related just to a single cognitive functionhe brain.

In this chapter we will briefly introduce the cormanty know brain rhythms. A
deeper discussion about alpha frequency band,odii ole in the studies presented here,

will be provided in the relative chapter.

Delta rhythm

Widely investigated during sleep, to date lessisgitiave been dedicated to the role
of delta oscillations in cognitive domain. Despités, recently, attention process related
delta oscillations have been found in frontal antyalate cortex and their appearance
seems to be related to detection of a target whexeral distractors are presented
(Harmony, 2013). Additionally, delta oscillationscreases have been recorded in frontal
cortex during different tasks such as mental catcah and working memory (Harmony,
1996). Noteworthy, it seems to be a correlationvbeh delta activity, signal detection and

decision making (Basar, 1992).

Theta rhythm

In the hippocampus of the rats, theta rhythm ardesng specific movements
(Vanderwolf, 1969) while in humans, it has beerorded during the behaviour associated
with the intake of new stimuli (Kayser, 2012). Reit some authors suggested that each
theta cycle may contain informations about the amgbehavioural condition at any given

moment (Jezek, 2011).



Additionally, it is widely accepted the involvemeant theta rhythm in memory
processes (Klimesch, 1999; Jensen, 2002; Buzs@@h)2especially, this slow rhythm is
thought to establish a phase coupling with higligthms, such as gamma frequencies
band, to allow the consolidation of new memory ésa¢Canolty, 2006). It has been
proposed that theta oscillations reflect commurecaprocesses between the neo-cortex
and the hippocampus (Lega, 2011) and that it isprent in the frontal cortex, in which

this rhythm could be involved in the executive fuimies (Huster et al., 2013).

Alpha rhythm

When a healthy subject is relaxed, with eyes clpakxha rhythm synchronizes over
the posterior scalp regions (Berger, 1929). Evealpha activity is prominent in these
posterior regions, it can be recorded in sevegibres of the awake brain and it is thought
to arise from the oscillation of postsynaptic paia in the cortex (Berger, 1929; Cooper,
1965; Nunez, 2001Hg.1).

Traditionally, alpha oscillations range from 8 t® Hz but individual variations can
be found and electrical activity in the alpha freqay bands susceptible to changes with
age and gender (Basar, 1997; Fink, 2006).

In the occipital cortex the ongoing occipital alpbscillations can be manipulated
with different tasks, such as visual imagery, mieatévity, eyes open or closed (Cooper,
2003; Doppelmayr, 2002). Indeed, coexisting with #yes closed related alpha rhythm
there are different alpha synchronizations durirepssry and cognitive processes
(Klimesch, 2012). For example, auditory and visstahuli elicit alpha responses in the
auditory and visual pathways, hippocampus and ulaticformation (Basar, 1998).

Although in the past years alpha was consideredmasidling” rhythm (Pfurtscheller,

6



1997), recently evidences for a link to cognitivegesses, such as working memory and
long term memory, have been provided (Klimesch,4)9% line with these evidences,

numerous recent studies suggest that alpha magtéfiternal mental processing (Jensen,

2010).
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Fig.1. Alpha rhythm. The red squarehighlights alpha rhythm in a 64 channels EEG reicgrdAlpha rhythm is
prominent in the posterior scalp sites.

Beta rhythm

Classically considered as related to motor funeti(ingel, 2010; Jenkinson, 2011),
the beta band rhythm has been reviewed in the/éast. Indeed, because of its occurrence
in motor cortex in the resting state, for a longdj it has been seen as an idling rhythm in
the motor system (Pfurtsheller, 1996). Recentlyns@uthors suggested that beta band
activity could signal the tendency of the sensookon system in maintaining the status-
quo (Engel, 2010).

Next to these evidences, several studies shovemlancement of the power of beta

frequency during steady contractions (Baker, 2QG3/yvell as a reduction of the power



during voluntary movements (Sanes, 1993). Moreoaesuppression of beta power is
recorded during tasks requiring motor imagery (Bftheller, 1997).

In cognitive domains, oscillation in the beta fregay range are associated with the
maintenance of the cognitive set and a beta powstukation could be associated with
top down mechanisms able to suppress the processpmientially novel external events
(Von stein, 2000; Engel, 2010). Moreover, it colld seen as the eligible rhythm in
modulating the processing of new stimuli in the atwmeensory cortex (Lalo, 2007).

Related to this, recently beta oscillations invahemt in executive functions
(Buschman, 2012) and in working memory encoding lbeen proved (Siegel, 2009) as
well as an externally driven synchronization ofébétequency range in the left infero-

frontal gyrus seems to interfere with memory enoegqHanslimayr, 2014).

Gamma rhythm

It has been suggested that this frequency banddwmailrelated to a generic neural
control operations allowing the brain to perforpedaific functions without implementing
those functions themselves (Merker, 2013). This il gamma oscillations accounts for
the typically observed co-variation between gammt&vidy and cognitive tasks (Jensen,
2007). On the other hand numerous authors haveestegy the role of gamma in
processing information (Fries, 2001) in percep{idansimayr, 2007) and in the memory

domain (Herrmann et al., 2004).



2.Electroencephalography (EEG)

Electroencephalography (EEG) and magnetoenceplagbgr(MEG) are the most
powerful techniques to study non invasively thersarhythms. Electroencephalography
refers to the measurement of brain electric fields electrodes placed on the head
(Teplan, 2002).

Most of the changes in the neuronal activity, dy@ognitive processes, occur in the
range of few milliseconds. High temporal resolutienhniques are well suited to capture
these fast cognitive events (Cohen, 2017). EEGasigmses from fluctuations in dendritic
activity of populations of neurons (Buzsaki, 200@ach single neuron generates a small
and weak electric field and electroencephalographable to record the sum of all these
electric fields passing through the skull and tteds (Buzsaki, 2006; Cohen, 2014).

In each EEG recording we can distinguish resolytiprecision and accuracy.
Resolution refers to the number of data sample ypdr time; precision refers to the
certainty of the measurement at each time pointuracy refers to the relationship
between the timing of the EEG signal and the timohtghe biophysical event that leads to
the EEG signal (Cohen, 2014). Nevertheless, EEG ahdsw spatial resolution and
accuracy, compared with other techniques suchragifunal magnetic resonance imaging
(fMRI). In the last years, better spatial resolofohave been reached improving the

number of the electrodes up to 256 (Cohen, 2014).

3.0scillations in the EEG

EEG data contain rhythmic activity reflecting brasscillations (Cohen, 2014).

Oscillations are common in nature but the mechasisahind oscillations are still poorly



understood. Several authors argue that oscilla@oise from a mechanism of interaction
between inhibitory inter-neurons and excitatorygogidal neurons (Buzsaki, 2012).

Excitation of groups of pyramidal neurons leadsitoactivation of inter-neurons.
When the activity of inhibitory inter-neurons ineses the excitatory cells are more likely
to be inhibited. After this inhibition, activity ohter-neurons decreases, and the pyramidal
neurons are activated again and their excitatioreases (Buzsaki, 2012). This interplay
between inhibitory and excitatory processes proslulegthmic activity and, consequently,
oscillations (Buzsaki, 2006). Functional procesaed different tasks demand lead to
changes in this rhythmic activity. Such kind of rges are detected by EEG.

It has been proposed that the EEG signal refléssummation of postsynaptic
current in the dendrites of groups of pyramidalroea perpendicularly oriented to the
cortical surface (Nunez, 1981).

When thousand of neurons synchronize their actitlig sum can be measured

from outside the skull by means of techniques 'l tcBEG and MEG.
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CHAPTER Il

TRANSCRANIAL ALTERNATING CURRENT STIMULATION (tACS)

Introduction and history: everything started with a fish

The first report about transcranial electrical stiaion can be found in the Greco-
Roman empire, where the organs of the fishes waad to generate electricity and to treat
pain, headaches, gout and paralyses (Kellaway, ;18#&4&er, 1994). Probably, the
efficacy of electric fishes was already known i thncient Egypt (Debu, 2006). Also
roman, arabic and medieval population mentionedhbeapeutic effect of the electric fish
in diseases such as depression, epilepsy andtiar{dago, 2016).

Reports about the eighteen century suggest thatrieley was still used to treat
mental disorders, using artificial electric enedgrived from electrostatic devices (Zago,
2016).

During the Victorian age devices able to delivexcticity were largely used and
there was a general consensus on the feeling dioeapgenerated by such a kind of
stimulation. Also improvements of mental performaneere documented (Kadosh, 2013;
Elliot, 2014).

Despite this ancient origins, only recently theas bbeen an effective introduction of
electroconvulsive therapy, applied as a meansah@timulation, in order to treat brain’s
disorders (Zago, 2016).

Nowadays, modern brain stimulation techniques amfopndly different from
electroconvulsive therapy but we cannot ignorelding tradition in the use of such a kind

of technigues by medical doctors and physiciartberpast.
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Left apart the electric fishes, electrical deviabte to deliver weak currents crossing
the scalp have been provided in the last decades.

The most used transcranial electrical stimulatiechhiques (tES) are transcranial
direct current stimulation (tDCS), transcranial dam noise stimulation (tRNS) and
transcranial alternating current stimulation (tAC®)uring tES, currents are applied with
intensities ranging between 0.4 and 2 mA throughhilman scalp (Paulus, 2016).

In this chapter we will focus on tACS, ecent technique, able to interact with

cortical oscillations in a frequency-specific manaea single given frequency.

1. Transcranial alternating current stimulation (tACS)

Among tES, tACS is the newest. Similar in its eledes’ montage to the widely used
tDCS, there are some important differences makirggtechnique the best tool to interfere
and to modulate brain rhythms. Typically, tACS wave is sinusoidal, indeed, for one
half of the cycle of an AC oscillation, the firdeetrode works as an anode and the second
electrode works as a cathode, while, during theerotme half of the cycle, the pattern
reverses (Antal, 2016). Sinusoidal AC induced electields have been proved to
modulate the trans-membrane potential and the dicdb properties of the neuronal
membrane (Chan and Nicholson, 1986). It has beggested that, during AC, neuronal
polarization is directly related to the intensifytioe stimulation (Deans, 2007). While DC
stimulations have shown to have a stronger effecthe single neurons, networks of
neurons can be more susceptible to AC stimulatt®afo, 2013). Electric fields generated
by tACS can change the rate and timing of spikiryrans, affecting thereby the
interactions between neurons in the same or difftaretworks (Fréhlich and McCormick,
2010; Reato et al., 2010). Noteworthy, when apgWACS, several aspects have to be

12



taken into account:

Electrodes

There are different shapes and sizes for the elbet: Usually stimulation is
delivered using rubber electrodes fit into spongeaked with saline solution or gel. It is
also possible to spread on the electrodes a camdysste to directly attach the electrodes
above the scalp. As for the conductive means, abymrssibilities are present for the
electrodes’ size. Previously, the most used eldesdiad a squared shape and were 7x5
cm large, recently smaller round electrodes haws hesed and it has been suggested that
smaller electrodes are more focal and have a greateent density (Neuling, 2012).

Finally, recently provided, electric field modelaggest that the strongest current
density is in the middle of the electrode and elés the connector (Miranda, 2006;

Saturnino, 2015).

Montage

Electrodes location is critical in determining t@ount of current crossing through
the scalp (Miranda et al., 2006). To date, theeedififerent possible electrodes montages,
indeed the two or more electrodes can be positianeifferent distances, and in different
brain regions or in different extra-cephalic regaiNeuling, 2012). Depending on the
selected target region, the electrodes can bdaaég in the scalp, determining a cephalic
montage or one or more electrodes can be placeégians such as the shoulder and the
neck, allowing an extra-cephalic montage (Herrma&@®i,3). A different current flow will
arise as a function of different montages and apunsetly different brain regions will be

affected by the applied electric field (Neuling]12). An open question is the effect of the

13



size and position of theeturn electrodes (Datta et al., 2009).

Frequency

tACS could be set in order to reach a given nundestimulation cycles per
second, these cycles reflect brain’s frequencied s1$ delta, theta, alpha, beta, gamma
that we have seen to be associated with differeghitive functions. Moreover, tACS
could be set in order to reach frequencies outsiddraditional range of EEG electrical
activity, such as 200 kHz stimulation, used for tumtherapy (Kirson, 2007) and 5 kHz

stimulation used for plasticity studies (Chaiebl 20

Current intensities

Conventional intensities for tACS are limited tonsaximum of 2 mA peak to
baseline. Moreover tACS effects and after-effeeens to strongly depend on the applied
intensities (Antal, 2013). Recently it has beenvaihdhat 0.2 mA intensity has no after-
effects, 0.4 mA leads to inhibition in the motortest and 0.6 and 0.8 mA do not provide a
significant online effects (Moliadze, 2012).

Taken together these results offer theodppity to reflect on how different
intensities can lead to different effects in annedjctable manner and it suggests the need
for taking into account the intensities to chooseadunction of several aspects such as

the target brain regions and the expected results.

14



Stimulation phase

Stimulation cycles can be either in phase or in-imhse (Frohlich2015). Usually
with two electrodes, stimulation is anti-phase negrthat when in one electrode the
stimulation is in the positive site of the cycletie other electrode it is in the negative one
(Paulus, 2016). To have an in-phase montage sit tleigee electrodes are needed, so that
in two of the electrodes the polarity is the saméhie same time. In phase or anti-phase
electrodes seems to facilitate or disrupt the cai¥ and communication between

different brain regions during different tasks (tHeh, 2014; Polania, 2012).

2.Modulation of the activity of human brain

Most of those studies attesting the effjcaf tACS, focus on modulation of the
alpha rhythm. For instance, it has been shown dutianscranial alternating current
stimulation, set at 10 Hz, an enhancement of th& Elpha amplitude in the posterior
regions (Helfrich, 2014). The underlying ratio isat changes in the EEG signal can
correlate with behavioural outcomes (Voss, 2014).

Noteworthy, although a growing number e$earches are being conducted using
tACS, the mechanisms underlying its effects ardl giborly understood. This
consideration implies that when tACS is appliedider to affect brain rhythms, a linear
result cannot be assumed. For instance, regardimglation intensities, linear increases
in current strength may have nonlinear effectshenstimulated brain regions and on the
physiological or behavioural consequences (Moliad4#l2). Several hypotheses have
been investigated about tACS effects, most of tipssed mechanisms will be deeply

discussed in the following paragraphs. Briefly, rodpes in neurotransmitters (Zaghi, 2010)
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as well as short term synaptic plasticity effebimve been proposed as possible
mechanisms underlying tACS effects (Antal, 2013triGind Malenka, 2008). Finally,
despite a day by day growing number of evidencescannot exclude that tACS works
simply by inducing noise that summing with the systs activity, improves or worse the

performance (Miniussi, 2013).

3.Physiological Effects of tACS

tACS probably modulates spontaneous agtiwiia sub-threshold membrane
polarization (Reato, 2010). The periodicity of tAC&rents causes an alternating hyper-
and de-polarization of the membranes, this camrin affect the firing rate and the action
potential imposing a temporal structure on neurapnaimunication (Frohlich2010).

Animal studies proved that neuronal spike acti@jychronize to the external applied
currents within different frequency bands (Frohlici2010; Ozen, 2010), this
synchronization is calledntrainmenttACS induced effects probably can be explained in
terms of entrainment (Deans, 2007) or phase alighmeendogenous neural activity to
the phase of the currents delivered by tACS (Th0L1).

Entrainment can occur only when the statiah frequency matches the endogenous
frequency in the stimulated regions (Ali, 2013; ®adit, 2014), therefore the effect will be
in a limited range of frequencies, i.e. the stimiolafrequency and its harmonics or sub-
harmonics (Ali, 2013). The entrainment can be wsided in terms of the underlying

theory, the so calledynamic system theory
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4. Dynamic system theory

Dynamic system theory focus on systems evolvingjad¢ing specific attention to
the interaction between these systems and diffexet@rnally applied forces (Fréhlich
2010).

Systems able to generate rhythmic activity, by gign internal driven energy, are
called oscillators (Glass, 2001; Pikovsky et al., 20@uzsaki, 2006) When an external
force is applied on the system, it can perturb dbkeillator and, whether the force is
periodic, the oscillator can synchronize with thgpleed force, this synchronization is
called entrainment(Thut, 2011). Both the forces are characterizedhayr own natural
frequency, phase, intensity and amplitude. All ¢hearameters substantially affect the
outcome of the rhythmic stimulation and it has beeggested that the ideal condition for
entrainment occurs when the stimulation frequencgtches the natural rhythmic
frequency of the oscillator (Glass, 2001; Pikov2¥03). When the stimulation frequency
does not match the frequency of the oscillatorab@urrence of the entrainment seems to
be dependent on the strength and the intensitheiekternally applied force (Frohlich
2010). Therefore, the bigger the mismatch betwden tivo forces the stronger the
intensities of the stimulation needed to entram @iscillator. Indeed, if the intensities are
weak, the applied force will not counteract theedgence of frequency and phase and the
system will oscillate to a certain frequency betwéee natural and the applied frequency

(Pikovsky et al., 2003).
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5. Oscillators in the brain

What we have seen about oscillators and the eXtgagaplied forces in the dynamic
system theory, can be transferred in the brain,revisengle neurons, neuronal circuits,
cortico-cortical or thalamo-cortical networks suppthe generation of physiological
rhythms using an internal force and acting as lagoils (Buzsaki, 2006). As we have seen
above, brain oscillations occur in distinct freqeyeiands. Acting as dynamic systems,
brain oscillators are highly sensitive to the exétrforces (Thuth, 2011) . Indeed, when
an external periodic force is applied, they cant $taoscillate with the same period of that
force, becoming, thereby, “synchronized” (Thuth,120 The termentrainmentis,
consequently, used to denote synchronization ahktaythms to an external rhythmic
force (Thut, 2011). We can consider tACS such laha force. In this case, the external
periodic force can act in a certain direction oa finase vector and its effect depends on
several parameters such as the amplitude of thmulsiion, the phase of the stimulation,
and its frequency (Pikovsky, 2003; Thut, 2011). we have seen above, the highest
possibility for entrainment occurrence between #pplied force and the underlying
oscillators is reached when the stimulation freqyematches the frequency of the neural
oscillations (Glass 2001, Pikovsky 2003). Entraintpnethereby, is to drive brain
oscillations by applying external forces, ratheartho disrupt oscillations. Whether it is
true that brain rhythms play a causal role foret#ght cognitive functions, we can argue
that their entrainment has a functional impact.

Stating this, by entraining brain oscillationsisifpossible to modulate the power of a
given frequency in different neuronal assemblies, inodulation of the activity of a group
of neurons, in turn, can affect the communicatietween this group and other networks

in the same neuronal population (Frohlich, 2010).
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From the dynamic system theory we have seen thasehatory input has a stronger
effect on those populations that are tuned to tipaiti frequency (Fries, 2005; Schitzler,
2005) and that when there is a mismatch betweenning frequency and the applied
frequency, entrainment occurrence depend on teadtr of the applied force (Fréhlich,
2010).

The effect of the interaction between the stimalatamplitude and frequency leads
to the so called “Arnold tongue”, a triangle thatsdribes the set of parameters leading to
synchronization (Jensen, 1983; Ali, 2013). Theseupaters set can be visualized as an
area in a plot with stimulation frequency on the@ssa and stimulation amplitude on the
ordinate (Frohlich, 2015). The larger the stimalatamplitude, the broader the range of
stimulation frequencies entrained (Frohlich, 201A). lower intensities to make the
entrainment occur lower frequencies mismatchesnaesled (Frohlich, 2015). Thus the

area takes the shape of an inverted triangle (2it]) Fig.2).

1C0 .
entrainment
20 1:1
entrainment entrainment

€0 1:2 2:1
40
0

0

Fig.2 Entrainment (1:1) and entrainment of sub-harmaic frequencies (2:1, 1:2) Entrainment depend on both the
intensity of the applied force and the distancenvben the frequency of the externally applied foacel the natural
frequency of the oscillator. The lower the intepshie more the frequencies of the oscillator andhef applied force
have to be close to make the entrainment occue. Higher the intensities the wider the frequendheg could be
entrained. Sub-harmonic entrainment occurs wherfrdggiency of the oscillator is a multiple of thheduency of the
externally applied force.
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6.Entrainment by means of brain stimulation

The advent of non invasive electrical braimstation allowed the researchers to use
electric currents to modulate brain oscillationsif@, 2001).

Recently, some studies suggested the possibilitgntoain brain oscillations with
transcranial magnetic stimulation (Fuggetta 2008igr&ani 2008) and transcranial
alternating current stimulation (Antal and PauR&13).

One of the first studies reporting a cleawdulation of cortical oscillations with
tACS was conducted stimulating the occipital cori@x individual alpha frequency
(zahele, 2010), this first attempt was followed dBveral evidences on the efficacy of
tACS in entrainment of brain oscillations. Fortarsce, with regard to the entrainment of
oscillations in the alpha frequency band, Neulitighglated subjects with tACS at the
individual alpha frequency (IAF) with eyes openabnsed finding an increase in alpha
power only for subjects who received the stimulativith eyes open, suggesting that
entrainment by means of tACS could depend on theldeof the pre-stimulation alpha
activity (Neuling, 2012). Additionally, Helfrich sluded, in the experimental procedure, a
behavioural task, choosing a 10 Hz stimulation eatthan a stimulation at IAF. The
author found a significant enhancement of alphavigctduring and after stimulation
suggesting that matching the IAF with stimulatioreguency may not be required
(Helfrich, 2014).

These results suggest that tACS set atalplea frequency bands appears to quite
robustly enhance endogenous alpha oscillationsaientent of other brain rhythms has
been proved as well. Indeed, for instance, it seras20 Hz stimulation in the motor
cortex has online effects on cortical activity (Wa2013). Some authors suggest that

tACS can affect cortical excitability and that taHect is dependent on the stimulation
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frequency and amplitude. Indeed, while 10 min tAG&r the motor cortex at 140 Hz
with an intensity of 0.63 A/fmsignificantly improves cortical excitability, theame
frequency at 0.25 A/fnseems to decrease it (Moliadze, 2010). Moreowedeaces for
tACS entrainment of given frequency bands have h@enided in different cognitive
domains (Laczo, 2012; Striber, 2014; JausSovec, ;2@adshall, 2006; see also Frohlich,
2016 for a review)

The results discussed above show that té&Bentrain brain rhythm. Noteworthy,
tACS effects in cortical excitability depend on eeal aspects such as frequency, duration,
intensity and not last, electrodes placement. Theretimulation effects cannot be

predicted as a simple function of the applied fexgny.

7. Cognitive, perceptual and motor effects of tACS

The effectiveness of tACS in humans hasnbérgely proved by revealing
frequency-dependent consequence in the behavieer Herrmann, 2013 for a review).
Specifically, tACS revealed its efficacy in motgiseem (Wach, 2013), in both visual and
auditory perception (Kanai, 2008; Neuling, 2012), memory (Hoy, 2015), in fluid

intelligence (Santarnecchi, 2013) and in decisi@kimg (Sela et al., 2012).

tACS in motor system

One of the first studies using tACS wasdiawted placing the electrodes on the
motor cortex and measuring motor evoked potenNdER), EEG power changes and
reaction times (Antal, 2008). The author found thét Hz AC stimulation improved

implicit motor learning leaving unaltered the fregaies of EEG. Zaghi applied, in the
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same brain region, 15 Hz tACS obtaining a pattdrinibition of cortical excitability
(Zaghi, 2010). Other studies replicated the eftdctACS in motor cortex by measuring
MEP with single TMS pulses to the motor area orlevBubjects performed motor tasks
(Wach, 2013). These studies confirmed the roleaté loscillations in the motor cortex,
and the overall idea coming from all these evidenesethat tACS in the beta range can
affect MEP amplitude and slow down or speed upinvalry movements (Schitzler, 2005;
Pogosyan, 2009).

Also in the motor cortex, the effect ofG8 could be dependent on a great number of
factors, such as the motor state of the subjeuls @as seen above, the effects are not

linearly dependent on the intensity of stimulat{dtoliadze, 2012; Feurra, 2013).

tACS in perception

In the last years numerous studies haea lmenducted on the visual and auditory
perception. In the visual perception domain, mosthe studies are focused on the
manipulation of contrast perception and on percdptability. In an elegant recent work,
Striberand colleagues reported that tACS applied in thlenga range can affect bistable
motion perception (Striber, 2014) as well as it taprove contrast perception (Laczo,
2012) and the perception detection threshold wipgtied at alpha frequency band with
manipulation of the oscillation phase (Neuling, 2D1

When tACS electrodes are applied in thetgr@or regions, stimulation in the alpha
frequency range modulates flash illusions dependmthe cycle of the endogenous alpha
rhythm (Cecere, 2015).

In the auditory domain, the performance seentsetaffected by the phase of both

theta and alpha rhythm and tACS at alpha frequeaitgcts the perception threshold
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depending on the phase of the alpha rhythm (Neuli8g2). Finally, in the somatosensory
cortex, stimulation in the alpha and gamma frequelnands are able to elicit tactile

sensation in the contro-lateral hand (Feurra, 2011)

tACS in cognitive domains

Several studies have shown the effectivenes#&@&6tin modulating higher order
cognitive processes as logical reasoning (Santenne2013), fluid intelligence (Pahor,
2014), working memory (Jausovec, 2014) and long<halt term memory (Feurra, 2016),
while tACS at 140 Hz reduces overnight forgettihggompared with sham (Ambrus,
2015).

Memory appears to be one of the most suitablaitieg processes for tACS. It has
been widely shown that tACS in the theta frequenayge in the prefrontal cortex
improves working memory as well as gamma stimutatimes (Vosskuhl, 201%oy,
2015). Recently a further evidence about the efficaf tACS in enhancing memory
performance has been provided by superimposing @ailounsts in the peaks of theta
oscillations (Alekseichuck, 2016).

Carefulness is needed in exploring the functioré of brain oscillations in
cognitive domains and their effective modulatiothMACS in order to reach the best

behavioural and physiological outcomes.

8.Electrophysiological effect of tACS

Unluckily, due to tACS induced EEG artefactssihot easy, at the present, to apply

tACS and EEG recording together. Nevertheless ntgcelelfrich applied 10 Hz tACS to
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the parieto-occipital cortex using simultaneous EEGording to investigate neuronal
entrainment during stimulation. The authors sula@n artefact template from every
artefact segment finding a stimulation related ntatilon of the power spectrum in the
alpha band that outlasted the stimulation cessétieifrich, 2014).

Despite this attempt, to date, the majoaf authors limited the EEG or MEG
recording immediately before and after tACS. Moéttltese studies have shown an
increase in spectral power for given frequenciesadiately after tACS (Zahele, 2010;
Neuling, 2012), but it is still matter of debatetACS after-effect depend linearly on the
stimulation online effect, i.e. entrainment, or,ncersely, it is related to different
mechanisms occurring during and after stimulatibmeuronal networks (see Veniero,
2015 for a review on tACS after-effect)

Further insights into the online effeof4ACS could be provided by, for instance,
simultaneous recording of hemodynamic responses fuitctional magnetic resonance

imaging.

9.Computed based model

Given the lack of experimental studies and fiffecdlities in recording EEG during
tACS, mathematical models provide an important téml understand the observed
dynamics during stimulation and to account forititer-individual differences. Moreover,
it can be useful to create some prototypes of iffestimulation parameters for different
brain regions and networks. Although there is nargntee that the principles found in a
simulation of neuronal frequencies can be trandl&tethe real brain, these studies could
provide a mechanistic understanding of the heter@geobserved in human studies.

One fundamental model to conceptuakges effects is based on the reduction of
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a cortical network, and its response to the stittnato a simple quasi-linear oscillator
that exhibit classical entrainment as a functiorstohulation amplitude and frequencies
mismatch (Ali, 2013; Frohlich2015). This model has been integrated taking actmunt
the connections between the cortical networks #&edirteraction between endogenous
network activity and externally applied stimulatiqiKutchko, 2013). Also in the
computational models, one of the most explorednbraythms is alpha. Merlet and
colleagues simulated EEG activity and used a setsoillators, driven by thalamus,
reproducing the typical fluctuation of rhythmic &dly in the alpha band. Applying
stimulation in different frequencies, the authoosirfd that the strongest enhancement
occurred at 10 Hz stimulation and that the effedtrobt outlast the end of the stimulation
(Merlet, 2013).

Recently, Zahele simulated, in a netwairkpiking neurons, how tACS effects can
outlast the end of the stimulation finding thatkeptiming-dependent plasticity (STDP)
selectively modulates synapses depending on thenaese frequencies of the neural
circuits to which they belong to. The main conabusiof the authors is that tACS
influences STDP that in turn results in after-effeapon neural activity (Zahele et al.,
2010).

Despite results from simulated modelscae transferred linearly to the real brain
stimulation, they can provide an useful tool toimpe tACS parameters and to set the

best electrodes montages and current intensitieslgr to affect target areas.

10.tACS after effect

The first electrophysiological evidence for entraent effects of tACS was
reported by Zahele, who stimulated participantsdividual alpha frequencies showing
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that alpha band power was enhanced after tACS butafter sham (Zahele, 2010).
Neuling, replicated these results and additionsitigwed that the after-effect outlasted for
thirty minutes the end of tACS (Neuling, 2013).

Antal observed a weak after effect from two to fimenutes after 10 Hz tACS in
the motor cortex detectable with an implicit molearning task, nevertheless any change
in the frequency bands was detected in the EEG pQeal, 2008).

Vossen found an alpha power increase, not depermfetite phase of the alpha
frequency, in the occipital cortex after eight set®trains of 10 Hz tACS . Therefore the
author suggests that probably it reflects plagtianges rather than entrainment (Vossen,
2015).

Chaieb applied tACS in the motor cortex, respettiae 1, 2 and 5 kHz and tested
with single pulse transcranial magnetic stimulatiba corticospinal excitability, finding
that all frequencies increased the amplitude ofometoked potentials up to thirty-sixty
minutes after stimulation’s end (Chaieb, 2011).

When applied with a cross hemispheractebdes montage, such as on F3- F4,
during a nap, tACS can disrupt brain oscillationd,ahereby, to cause a reduction in the
post nap recall (Garside, 2015).

Moliadze applied tACS on the motor cortex findiag increment in motor cortex
excitability lasting up to one hour after the céissaof the stimulation (Moliadze, 2010).

In light of all these results, a general hypoihés that as well as tDCS, tACS can
also induce changes in network dynamics outladtiegend of the stimulation but at the
present it is not clear if tACS after effects anectly related to the entrainment or they
arise from mechanisms not related to the interactioth brain oscillationsper se
specifically long term depression (LTD) and longmniepotentiation (LTP) processes,

already linked to tDCS after-effects (Ziemann ameb8er, 2008; Fritsch et al., 2010) have

26



been proposed as possible mechanisms also for tfi€Beffect (see Veniero, 2015 for a
review).
To understand these changes and their basic pexpsuch as durations is, at the

present, one of the most intriguing field of resbaior a growing number of researchers.

11. Clinical applications

Many studies suggest that tACS is efiecin modulating brain activity and that
this modulation results in behavioural effects mman (See Herrmann, 2013 for a
review). Given its efficacy in modulating brain thgns, tACS is probably suited to treat
disorders characterized by an alteration of brasnillations, in order to restore their
original functioning.

Evidences for tACS potential applicationParkinson disease (PD) are emerging.
Indeed, alternating currents matched to the ind&idremor frequencies, applied over the
motor cortex in patients diagnosed with tremor—dwnt PD, decreases tremor (Brittain,
2013). Additionally, 20 Hz tACS reduces the cortinascolar coherence amplitude in the
beta band upon isometric contraction during fasgdr tapping in PD patients (Krause,
2014). These results suggest that tACS could pighkaiirain cortical oscillation in PD
patients and open a promising strand in the theo&dpyovement disorders.

Moreover, epilepsy could be another blggdisorder treatable with tACS, indeed in
light of those studies suggesting that in epilegatients shortly before a seizure an
alteration of brain rhythms can be found, as welircreased synchronization of gamma
band oscillations (Herrmann, 2004), tACS could ppliad to restore normal oscillations

in epileptic patients.
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12. Safety

Several studies explored the safety mpbliad transcranial electric stimulation.
There are no reports of severe adverse effecthancurrent literature. The applied
intensities are at least two order of magnituds ldan the intensities needed to induce
seizures and thus, are considered safe. The omynom effects are limited to unpleasant
skin sensations during stimulation and rarely paider some of the electrodes (see Antal,

2017 for a review).

28



CHAPTER Il

SELECTIVE EFFECTS OF TACS IN WORKING MEMORY BUT

NOT IN PERCEPTUAL TASKS

1.Do oscillations play a causal role in working mery?

Working memory (WM) can be defined as a “limite¢paaity system for retaining
information over short interval of time in order perform mental operation on them”
(Gazzanica, 2002). The classical model for workimgmory highlights its dependency on
the interaction between an attentional controlesysénd a sensorial buffer for short-term
storage (Baddeley, 1974). These information, hagewgsorial origin or coming out from
the long term memory, have to be retained everr dffte input disappears, and the
performance is a function of the number of itenet trave to be retained as well as of the
difficulty of the manipulation to perform (Baddele}992). It is straightforward that such
a complex system requires the involvement of difierbrain regions and networks and
that in the oscillations domain, it is not possibdeselect a unique rhythm devoted to
implement such a kind of process.

Evidences coming from imaging studies investigating anatomical correlates of
working memory, have shown that involved regiores tgpically prefrontal (Courtney et
al. 1997), perisylvian cortex, medial temporal gratietal regions (Stern, 2001). On the
other hand electrophysiological correlates of mgnparformance have been investigated
in order to understand the role of different rhyshin different features of working

memory processes (Gevins, 1997).
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Several studies about working memory convergedhenctucial role plaid by theta
oscillations. Specifically, theoretical works suggdhat theta band oscillations are
involved in active maintenance and recall of wogkimemory representations and,
specifically, the power of theta oscillations ireses parametrically with the number of
items retained in memory (Jensen, 2002). StudiegjuSternberg tasks, in which a series
of stimuli are presented one at a time, followedabgrobe stimulus, proved that during
this task, theta oscillations increase at the sthaach trial and return to baseline when
subject provide a response (Raghavachari, 2001)yin@pua working memory task,
hippocampal theta activity appears to be phasestbets stimuli (Givens, 1996), probably
reflecting the sensory encoding (Hasselmo, 2002).

The role of hippocampal theta rhythm has been shadamfor long term potentiation
(LTP), probably related to the phase of this hgaopal activity (Staubli, 1987).
Synaptic plasticity is thought to be enhanced dutime peaks of theta and depressed
during the troughs (Holscher, 1997).

Another candidate for an electrophysiological stgrea of working memory load is
activity in the gamma band (30-60 Hz). It has bbegpothesized that gamma rhythm is a
marker of feature binding and of maintenance chitkd item representations over a delay
(Tallon-Baudry, 1999). These evidences indicatela for gamma in working memory as
well as in perception (Demilrap, 2007). Specifigabome authors suggest that gamma
power increases with memory load over the coursa lift presentation and it remains
constant during retention interval (Herrmann, 200&amma power, it has been
hypothesized, reflects the amount of informatiotd hie working memory. Indeed, while
the gamma power increases during memory delayr #fte information is no longer
needed the power of gamma returns to the basetust (Howard, 2003).

The preeminent role absolved by theta gawhma oscillations and the evidences
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about the occurrence of synchronization betweeieréifit brain rhythms during different
tasks, pushed some researchers to explore theofateupling between the two band
rhythms. Specifically, recently evidences have bpeovided about cross frequency
coupling (CFC) in the hippocampal circuits (Bellioes2012) and in other brain structures
(Van der Meij, 2012) occurring between theta anohiga oscillations. This coupling is

thought to represent cycles of gamma band osafiatcoordinated through an underlying
theta rhythm, codifying thereby, different and semafially ordered working memory

items (Lisman, 2013).

Working memory models assume that itérage not just to be retained but they
have also to be maintained and, consequently, giemtefrom interferences and non
relevant information (Bunge, 2001) . In this lifereasoning the role of alpha oscillations
in working memory is introduced. First of all, neta theta-gamma coupling, during
retention in a working memory task, an alpha-ganumapling has been found (Roux,
2014). It seems that when sequentially ordereddtéiave to be retained in memory a
coupling occurs between theta and gamma oscillstion the contrary, if the content of
WM is constituted of discrete visual or spatialoimhation, theta activity is replaced by
alpha rhythm (Fries, 2001). This cross-frequencyptiog occurs as a phase-amplitude
coupling (PAC) and an important issue is that wHHAC in theta-gamma occurs
preferentially in fronto-temporal regions duringnneisual tasks, alpha-gamma PAC is
observed in parietal occipital networks during aisinformation processing (Voytek,
2010). In addition, activity in 9-12 Hz has beeanrid in a modified Sternberg task, during
the retention interval (Jensen et al., 2002). Husvity have been observed in several
sensory modalities during WM maintenance (Haed20&)).

Contrarily to theta oscillations, the mmieetation of the role of alpha in WM is matter

of debate. Some authors consider alpha activitinguhe delay as a functional inhibition
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of irrelevant brain regions (Tuladhar, 2007), wiokbers have linked alpha band activity

directly to the processing of the items that havkd retained in memory (Sauseng, 2005).
In the next paragraphs the role of alphavorking memory performance will be

deeply discussed and the evidences from an expetarstudy involving the use of tACS

to modulate visual working memory performance Wwélreported and discussed.

2.Alpha in memory and working memory

Alpha rhythm arises from inhibitory and excitatqugst-synaptic potentials in the
dendrites of pyramidal neurons. These potentia¢gsiafluenced from near and distant
cortical pyramidal neurons (Nunez, 2001) as wellfraen the interactions between
excitatory cortico-thalamo-cortical relay fibersdamhibitory thalamic fibers (Lopes da
Silva, 1980). This interaction leads to a condionthat in the resting state, the higher the
number of synchronized neurons, the higher the itmdpl of the alpha rhythm and the
slower the frequency of the alpha peaks (Singe®3.1®furtscheller, 1999Moreover,
some authors suggested that thalamus originatea algscillations induce neural
synchronization in the cortex (Steriade, 1990; Bak292).

Additionally, also in long term memory alpha is tight to play a functional role.
Indeed, on one hand, alpha in the lower frequemnds, i.e. 8-10 Hz, could be related to
attentional processes and on the other hand, afpti@ higher bands, i.e. 10-12 Hz, is
particularly involved in semantic memory performasndKlimesch, 1994). Therefore, a
lack in long term memory performance is reflectgdab insufficient desynchronization of
the upper alpha band (Klimesch, 1997). Probablgagament and disengagement of
specific brain regions in both attention and memasks could be reached by means of
modulation of the power in the alpha frequencydo@ieeuwissen, 2011; Poch, 2014).
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Specifically, successful long term memory encodisgeflected by alpha power
decrease in the sensory regions related to thegsowy of the to-be-remembered stimuli
as well as an alpha power increase in the regiwaiscould be involved in the distracters
processing (Jiang, 2015).

Traditionally considered as an “idling” rhythm (Plscheller, 1996), in the last years,
alpha rhythm has been investigated in several warksits active role in cognition has

been widely proved (Palva, 2007).

3.Introduction to the experimental study

Alpha rhythm (8-14 Hz) is the prominent rhythm hmetposterior scalp regions,
where it probably reflects the spontaneous endagembythm (Hari, 1997) and it is
modulated by visual perception (Capotosto, 2009n&p 2010). Alpha rhythm seems to
play a role in top-down processes carried out @gsterior brain regions by prefrontal
cortex, as part of a general inhibitory mechanismtask irrelevant brain regions
(Klimesch, 2012). Related to this, in occipito-#al areas alpha phase influences visual
attention, such that stimuli appearing during sipeclpha phases are less likely to be
processed (Busch, 2009; Mathewson, 2009).

It has been suggested that the excitability ofviseal cortex can be influenced by
the power of alpha as confirmed by recent studessgutranscranial magnetic stimulation
(TMS) over the occipital lobe (Romei, 2008). Consatly, the alpha power seems to be
predictive of the following accuracy in the peraegttasks (Ergenoglu, 2004; Hanslmayr,
2007; van Dijk, 2008). Taken togheter these reduliblight the role of alpha rhythm in
processing the incoming perceptual information. é8alv studies have demonstrated
functional similarities between visual perceptiom aisual mental imagery so that similar
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cortical regions appear to be activated during lloéise processes (Djkstra, 2017).

Consistent with its role in visual imagery, powecreases of alpha rhythm have been
observed during the retention interval in workingmory tasks (Heinz and Johnson,
2017). It has been suggested that alpha freques@ilations are involved in the active
storage of information in visual WM (Anderson, 20Ioster, 2017). An interesting
hypothesis is that alpha oscillations modulate wayknemory through inhibition of task-
irrelevant representations, i.e. facilitating aation of task-relevant representations (de
Vries et al., 2017).

Traditionally associated with processing of viss#imuli (Malach, 1995), more
recently, occipital lobes have been proved to hengty activated by distracters
presentation under condition of high working memaeynand (de Fockert, 2001).

Moreover some authors suggest that, during itemater@nce in memory, occipital
cortex could be recruited as a storage for thestoelmembered stimuli (Jonides, 1993).

Additionally, in an elegant work about visual méntmagery and perception,
Kosslyn shown a similar pattern of activation, itwiog primarily the occipital cortex, in
both perceptual and mental imagery tasks. The aatignied that during tasks requiring to
create a mental image of a visually presented $tisnin order to manipulate it, the same
areas, involved during simple perceptual taskaatevated (Kosslyn, 1997).

In the presented work we tested the roleéhefoccipital cortex in working memory,
by driving an alpha power enhancement using tA@3ath a perceptual and a working
memory task.

The effectiveness of transcranial altengat current stimulation (tACS) in
modulating brain oscillations in different frequescbands has been largely proved (Antal
and Paulus, 2013; Engel, 2001; Feurra, 2013). Rigcervidences of a load-dependent

enhancement of the performance in a working mentasi after tACS set at gamma
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frequency have been also provided (Hoy et al., 2015
Here, we propose that tACS at alpha frequency rsaysagnificantly improve visuo-
spatial working memory. At this aim, we appli@edACS in the occipital cortex of subjects

performing a visuo-spatial working memory task artahsic visual perception task.

4. Material and methods

Participants

Sixteen adult volunteers (mean age= 24.1syeladl.14 years) were recruited for the
study after giving written informed consent. Allrpeipants were in good health and had
no previous history of neurological or psychiaiticess. The experiment was conducted

in two different sessions.

Experimental procedure

Task is derived from a task developed by Batgand Shepard (1978).We adapted
the task in order to have two different conditiomste perception condition and one
working memory condition. Before starting the exmpent, subjects performed a training
session both for the perceptual and the working amgneconditions. The order of the
sessions and the versions of the task were ran@dnaizross subject&if. 3). In all the
different tasks and conditions, all stimuli appéaie a 5x5 matrix subtending 2.6
(horizontal) by 3.4 (vertical) degrees of visuafglenfrom the subject’s viewpoint, at a

distance of 50 cm.
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Fig.3 Experimental procedure. A)subjects performed both a visual perceptual andumlvworking memory task while
underwent to a tACS stimulation in the occipitaltegrat alpha frequency. Subjects were sit at 58rom the computer
monitor and were instructed to provide an answepi@gsing a button on the button b&3.(Subjects had to press the
right key with the right hand if the Xs were botiside the letter, and the left key with the lefhélaf they were not.
After completing the first set of trials subjectere asked to reverse the answer kék.the entire experimental

procedure for each subject in all the conditions.

Perceptual task

Task was implemented using E-prime softw8ieteen uppercase letters (A, B, C, E,
F,G H J L O PR,S,T,U,Y) and four nunshét, 3, 4, 7) were used as stimuli and
were equally distributed in the trials. In eaclalifrone uppercase letter was displayed by
filling specific cells of one 5x5 matrix. Immedifteafter the letter was displayed, two Xs
appeared in two different positions of the matiike volunteers were asked to judge

whether one or both Xs occupied a spatial positmmesponding to the letter. In one-half
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of the trials (i.e. 36) both Xs occupied spatiasiions corresponding to the cell where the
letter was presented. In the other half of thdsriae. 36), one of the two Xs occupied a
spatial position where the letter was presented. e conditions were randomly
presented in each experiment.

There were two sets of trials requiring a differpattern of response. In a first set of
36 trials subjects were instructed and practicegréss the right key of a button box when
one X fell into the letter and to press the lefy loé the button box when both Xs fell into
the letter, and vice-versa in a second consecagvef 36 trials. In both the sets of trials,

probes (i.e. letters and Xs) were displayed orstineen until subjects’ responseq.4).

S me

g
;

Fig.4. Sample trial for the perceptual task.A letter was displayed in a matrix, filled with dwXs, lasting until the
subject responded. Subjects were instructed toiglgaan answer as soon as possible by pressing@nbarn the button
box. Between each trial a white screen was presdastidg 500 ms. In the first set of trials subjeatl to press the right
key with the right hand if both the Xs fell insithee letter, the left key with the left hand if néfter completing the first

set of trials, subjects were instructed and pradtio reverse the response key.
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Working memory task

Subjects viewed in the display a 5x5 matrix filladspecific cells so that a letter was
displayed for 250ms. Subjects were instructed tonta@m in memory the letter before its
disappearance. Immediately after letter disappeatahere was a white screen of 500 ms
duration. Immediately after this delay, an emptyp Swratrix was presented and two Xs
were displayed inside the empty grid cells. Subkje&eeping in mind the previously
presented letter, had to judge whether both Xsnby one X occupied a spatial position
matching with spatial positions of the previoustggented letter. Subjects were instructed
to respond as soon as possible. The Xs lastedeosctieen for 1200 ms and, if no answer
was given, they disappeared. After completion aheaial, a new white screen appeared,
lasting as long as volunteers decided to startvatnial by pressing a random key of the
button box Fig.5).

As in the perceptual condition, in a first set 6ft8als, subjects were instructed and
practiced to press the right key of the button tadven they judged that both Xs fell into
positions occupied by the previously presentecideand the left key of the button box
when they judged that only one of the Xs fell ithe letter, and vice-versa on a second
consecutive set of 36 trials.

Before starting the experiment, subjects perforraeaining session both for the
perceptual and the working memory conditions. Titkepof the sessions and the versions

of the task were randomized across subjects.
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Fig.5. Sample trial for the working memory task A white matrix was filled with the upper case sien of a letter,
displayed for 200 ms. Immediately after, the matlisappeared and an empty matrix filled with twoagpears, lasting
1200 ms. In the first set of trials subjects hagress the right key with the right hand if botke Xs fell inside the letter
and the left button with the left hand if not. leetsecond set of trials subjects had to pressethéutton with the left
hand if both the Xs fell inside the letter and tigit key if not.

tACS montage

tACS was delivered using a DC stimulatBrajnstim, EMS) through a pair of
saline-soaked sponge electrodes of 5x5 cm sizetrBtles were placed over the left and
right occipital areas (O1 and O2 sites accordinthéolnternational 10-20 EEG placement
system). Electrodes positions were chosen in dadaffect V1 bilaterally.

tACS was applied at a frequency of 10 Hezirdy both perceptual and working
memory tasks, with a current intensity of 1 mA.n8tlation was applied without DC
offset. The current was ramped up over the firss 8® stimulation. The control condition
was sham stimulation, when tACS was terminated afiesec in order to elicit the typical
tingling sensation under the electrodes at thenmégg of stimulation. This procedure it
has been shown to not impact the underlying biasué¢. Stimulation was in compliance

with established safety protocols regarding AC station. Subjects were blind to which
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session was real or sham. All subjects well todetatACS and none of them reported
phosphenes during tACS. For the real stimulatiba,dlectrodes position was established
by simulating the applied electric field. The reté, finite element model was generated
using SIMNIBS 2 (Saturnino, 2015). Visualizationtbé mesh file was ran with Gmsh.

The resulting electric field confirmed the targegion as the occipital corteki(.6).

Fig. 6. Simulation of the applied electric field.The realistic finite element head model includee £ompartments:
scalp bone, cerebrospinal fluid, gray matter and whitétenaThe maximum strength of the electric fieladddour coded
from 0 to 0.46 mV/mm.

Phosphenes threshold

To test changes in phosphenes threshold, singtepuf TMS were delivered in the
occipital cortex immediately before and after tACBhe exact position of the tACS
electrodes was previously marked in order to kempstant the position of the TMS coil
across conditions. The phosphenes thresholds weasured decreasing the stimulation
intensity when the subjects reported to see thegenes and increasing the stimulation
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intensity when the subjects reported their absehlge.session started with a single-pulse
of TMS delivered at 80% of the maximum stimulatotput. When subjects claimed to
see the phospenes, the intensity was reduced oEVé¥y time the phosphenes sight was
confirmed; once that the phosphenes were no lopgieeived the intensity was increased
of 3% until subjected perceived the phosphenesnTthe intensity was respectively
reduced and increased in steps of 2%. Finally tbhegalure was repeated in steps of 1% of
the maximum stimulator output. Threshold was defias the last stimulation intensity at

which phosphenes were clearly perceived from tlhgests.

5.Statistical analyses

In both perceptual and working memory tasks, pdéuzd@nd memory performance
were estimated as follows: sensitivity index d’=("Bit rate”) — Z (“false alarm rate”)
(Mcmillian, 2005). Higher d” indicate a better d#ien of the signal. The impact of the
stimulation on perceptual and memory performance aralyzed using the generalized
linear model. Hit rates and reaction times (RTs)jensdso measured. D’ values were then
analyzed using ANOVA for repeated measures.

In addition, ANOVA was run on hit rates for bothska. A subsequent non
parametric bootstrap t test ¢ 0.05) was used for pairwise comparisons between th
conditions of the working memory task. For thig e null hypotesis distribution of the
T scores was estimated for every comparison usiegbbotstrapping approach (2,000

iterations).
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6.Signal detection theory

Signal detection theory (STD) can beligdpin all the conditions in which two
possible stimulus types must be discriminated,yies/no tasks (Macmillan, 2002). STD
provides a framework to understand the processesich subjects carry out a choice in
the presence of uncertainty. Subjects’ choise di#gpem both objective information and
subjective bias (Stanislav, 1999).

Indeed, the choice is based on the value that igidecsariable achieves during each
trial. A “yes” answer will be provided if the value of this decisivariable is high,
otherwise ho” will be the provided answer. This value is calbeilerion (Nevin, 1969).

Based on the possibile subjects’answer we can tiffeeent rates. When the signal
IS present, “yes” response are correct and cotestthe hits, while when signal is not
present, namely in the noise trials, “yes” respoase incorrect and constitute tfedse
alarms, conversely when the signal is absent “no” respaescarrect and constitute the
“correct rejectiori while, when the signal is present, “no” resporae incorrect and
constitute the rhissed ratés(Stanislaw, 1999]Fig.7a).

The decision variable can vary across the trigdserthining a distribution of values.
These values, distribuited across the signal ptesits create thesignal distribution
whereas from the distribution under noise tridt® rioise distributionarises (Stanislaw,
1999).

The false alarm and hit rates depend on both thgsts response bias and the degree
of overlap between the signal and the noise digioh. This overlap is callesensitivity
meaning that when the signal is present, an hitgvel of hit rates will be reached from
subjects with higher level of sensitivity to theadlges. Sensititivity (d’) is measured on the
distance between the mean of the signal distribwdinzd the mean of the noise distribution

(Macmillian, 2002). The less the overlap the mdre distance. Intuitively, the more the
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distance between the means the higher the d’ &&ani 1999) Fig.7b). Indeed, a value
of d’= 0 indicate no distinction between signal amadse. Generally, d’ have not negative
values, however, when present, a negative valueatedsampling error or confusion in
providing the answer. Finally, d’ have two assumptiboth the signal and the noise are

normally distributed and have the same standaratien (Stanislaw, 1999).

A) B)
) i
Noise Correct rejection False alarm
Signal Missed Rate Hit rate .
—_— R _ ___'_-_— >

Fig.7. Signal detection theory ABased on the signal and the noise presence, sulgastsers can bgesor not Four
different possible answers arises from both theadignd the noise distributior8) Distribution of the decision variable

across noise and signal trials, showing d' and c.

7.Results

Experiment 1- Perceptual task

Sensitivity index

ANOVA on d’ values with the factors Stimulation dtevs. sham tACS), Session (baseline
vs. tACS), Trial (first set vs. second set of 8)alid not show any significant effect for the
factors Stimulation [F = (1,15) = 0.56, p = 0.46kssion [F = (1,15) = 2, p = 0.17] and

Trial [F= (1,15) = 0.01, p = 0.90]. The interactgo8timulation X Session [F =(1,15) = 3.4
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Sensitivity index

p = 0.08], Stimulation X Trial [F = (1,15) = 1.04,=0.33], Session X Trial [F = (1,15) =
4.1, p = 0.06], Stimulation X Session X Trial [{(E15) = 0.80, p = 0.38] were also not

significant Fig.8).

25 o I

15 B Baseline M Baseline
tACS tACS

0,5

Real tACS Sham tACS Real tACS ' Sham tACS

Fig. 8 Sensitivity index (d’) values in the perceptal task. D’ prime was calculated for both real and shar@$A

respectively for the firstX) and the second] set of trials.

Hit rates

ANOVA on hit rates with the factors Stimulation gfevs. sham tACS), Session
(baseline vs. tACS), Trial (first set vs. secontddddrials) as within-subjects did not show
any significant effect for the factors Stimulatigh= (1,15) = 1.75, p = 0.2Qp2 = .10],
Session [F = (1,15) = 1.64, p = 0.24p2 = .09] and Trial [F= (1,15) = 0.02, p = 0.83®2
= .001]. The interactions Stimulation X Session9#,15) = 1.73 p = 0.2(yp2 =.10],
Stimulation X Trial [F = (1,15) = 2.47, p =0.13p2 =.14], Session X Trial [F = (1,15) =
1.06, p = 0.31yp2 =.06], Stimulation X Session X Trial [F = (1,15).60, p = 0.45yp2
=.03] were also not significanFig.9). False alarms and missed rates were few andadid n

show any significant main effects or interactionsoas conditionsTable 1).
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Error rates tACS Sham

Baseline | Stimulation| Baseline stimulation
A 1 0.40 0.62 0.68
B 1.68 0.43 0.93 0.81
C 1.31 1.06 0.65 1.06
D 1.12 1 0.56 0.44

Tab.1 Mean error rates in perceptual task. A)False alarm rates for the first set of tridd3;Missed rategor the first
set of trials;C) False alarm rates for the second set of trldjsMissed rates for the second set of trials. Erates were

small and no significant differences between the tanditions were found.

W Bascline B W Basctine
40,00

40,00
" tACS tACS

it

H

30,00 30,004

Hit rates

20,00 20,00

10,00 10,00

Sham tACS

Real tACS Real tACS

Fig. 9. Mean hit rates in the perceptual taskThegraphs show the mean hit rates in the perceptsiatitZing baseline
(dark gray) and during stimulation (light gray)both real tACS and sham tACS for the fir&f) @nd the secondj set

of trials. Statistical analyses did not reveal aignificant effect or interaction between condigqp>.05)

Reaction times

ANOVA on reaction times with the factors Stimulatireal vs. sham tACS), Session
(baseline vs. tACS), Trial (first set vs. second @sktrials) as within-subjects factors
showed a significant main effect for the factorglljF = (1,15) = 13,765, p = 0.002] and
Session [F = (1,15) = 20.95, p = 0.006B82 = .58] but not for the Stimulation factor [F =

(1,15) = 0.48, p = 0.49)p2 = .03]. The interaction Stimulation X Sessiof xal was not
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significant [F = (1,15) = 0.000, p = 0.9§»2 = .00]. The interactions Session X Trial [F =
(1,15) = 0.009, p = 0.92p2 =.00] and Stimulation X Trial [F = (1,15) = 0&1p = 0.64,
np2 = .01] were also not significant. InteractionSiimulation X Session was significant
[F = (1,15) = 7.67, p = 0.0p2 = .33]. An exploratory post-hoc Bonferroni'stt@gms
conducted and it showed that real tACS reducedtimatimes for both the first (p =
0.004) and the second set of trials (p = 0.003jhénsham condition, difference between
baseline and stimulation was not significant fothbihe first (p > 0.5) and the second (p >
0.5) set of trialsKig.10a-b). No significant differences between baselineseweund (p >

0.5).

Experiment 2- Working memory task

Sensitivity index

ANOVA on d’ values with the factors Stimulation &fevs. sham tACS), Session
(baseline vs. tACS), Trial (first set vs. secont ¢detrials) as within-subjects showed a
significant effect of the factors Session [F= (371%,15 p= 0.01] and Trial [F= (1,15)=
1,22 p= 0.02] and a significant interaction of Stlation X Session X Trial
[F=(1,15)=9.92 p= 0.01] but not of Stimulation XsS®n [F= (1,15)= 2,40 p= 0.14]. Post-
hoc Bonferroni’'s test showed a significant improeetnof performance following real
tACS for the first set of trials (p< 0.01) but rfot the second set of trials (p=1.000). The
following pairwise bootstrap t-test (2,000 iteraso p < 0.01) confirmed that alpha

stimulation improved memory performandéed.11).
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Fig. 11. Sensitivity index (d’) for all the different conditions during working memory tasks The graphs show the
results respectively during the baseline (dark geey the stimulation (light grey), for both thesfi(A) and the second
(B) set of trials. Statistical analyses revealedgaiicant effect of tACS stimulation on performanefile subjects

executed the first set of trials (p = .01).

Hit rates

ANOVA on hit rates with the factors Stiratibn (sham vs. real tACS), Session
(baseline vs. stimulation), Trial (2 probes vs.rbhe), Hand (right vs. left) as within-
subjects factors showed a significant effect offdwtors Trial [F(1,15)=80.03; p < 0.001],
Hand [F(1,15)= 16.62; p < 0.001] and a significarteraction of Stimulation x Trial
[F(1,15)=9.96; p< 0.01], Stimulation x Session xalr[F(1,15)=18.82; p < 0.001],
Stimulation x Trial x Hand [F(1,15)= 13.80; p<0.0$fimulation x Session x Trial x Hand
[F(1,15)= 5.85; p<0.05]. Working memory task wasrendifficult when subjects had to
decide that one vs. two probes matched with prelyopresented stimulus (p <0.01). Real
tACS vs. sham significantly improved the performaumt trials with 1 probe (p = 0.001),
and significantly worsened the performance in griaith 2 probes (p = 0.02), when using

the left handig. 12).
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Fig 12. Hit rates in the working memory task (A) Trials with one probe matching a spatial positidrthe previously

presented letterB( Trials with both probes matching a spatial positdf the previously presented letter.

Reaction times

ANOVA showed a significant effect of the factorssSien [F = (1,15) = 7.806, p =
0.01,mp2 = .34] and Trials [F = (1,15) = 4,66, p = .02 = .23] but not of the factor
Condition [F = (1,15) = 0.297, p = .58p2 = .01]. Interactions Condition X Session [F =
(1,15) = 2,290, p = .15p2 = .13], Condition X Trials [F = (1,15) = 2,81/.11,np2 =
.15], Session X Trials [F =(1,15) = 0.137, p =.%f®2 = .00] and Condition X Session X

Trials [F = (1,15) = 2,957, p = .1§p2 = .16] were not significantF{g.10-c-d).
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Fig. 10. Mean reaction times (RTYor both the perceptualh¢{B) and the working memory task8-D) during baseline
(dark grey) and stimulation (light grey) in bottakr¢ACS and sham tACS in the fir&s-C) and the second(D) set of
trials. Statistical analyses revealed a significaatuction in RT for both the first and the secoetl & trials in the
perceptual task (p = .003 vs. p = .004) and onlyHe first set of trials in the working memoryk&gp < .05).

Phosphenes threshold

The baseline TMS-phosphene threshold was 67.6289% (range 58-85%) when
subjects were stimulated in the left occipital egraind 67.46 + 10.75% (range 55-85%)
when stimulated in the right occipital cortex. Désghe phosphenes threshold tends to

decrease after stimulation, ANOVA showed no sigatifit effect of stimulation neither in
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the right ( p > .05) nor in the left hemisphere>p05). These results show that tACS

effects in the visual cortex did not extend beytraend of the stimulatiorfrig.13).
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Fig. 13. Phosphenes thresholdMean phosphenes threshold before and after atfi@S and before and after sham-

tACS. No significant effects or interaction were riduneither in the left nor in the right hemisphge.05)

8.Discussion

The main result of this study is the immment in visual working memory
performance after 10 Hz tACS in the occipital certéd large body of recent studies
confirms an enahncement of the alpha power dumgrnal tasks, such as mental
calculation and mental imagery (Palva, 2005; Valdfi97; Cooper, 2006) as well as
during short-term memory and working memory (Jen2802; Conway, 2002). Moreover
during working memory tasks, a strong occipital halppower increase and a
synchronization between prefrontal and occipitaltices has been reported (Sauseng,
2007). In line with these results, we found thgthal enhancement using tACS in the

occipital cortex improves working memory for visgéiimuli. Interestingly, the facilitatory
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effect of tACS at alpha frequency is selectivelyp@tved in the most difficult condition,
i.e. when subjects are asked to judge whether arigepmatches with spatial positions of
the previously presented target. This finding sstgethat alpha tACS selectively
facilitates working memory performance under trialgh higher cognitive demand. Since
the right hemisphere should be preferentially eedagq the visual spatial working
memory task, especially in posterior brain areasc{i{ 2005), one could speculate that
increasing alpha power in the occipital cortex b®gserformance in trials with higher
cognitive demand where the right rather than tlfitehlemisphere is activated to respond
(i.e. when responding with the left hand; see &lsameij et al., 2014 for a discussion on
hemispheric asymmetries during spatial working mgntasks).

A possible explanation of the facilitatory effeaté alpha tACS on visuospatial
working memory performance is that enhancing thehal power allows a stronger
coupling between anterior (i.e. premotor or prefatynand posterior brain regions. In this
way, the occipital cortex could be used as a blaakd to store the previously encoded
visual images. It has been shown that during rigtendf items in memory, an alpha
synchronization from posterior to anterior regiatsurs (Sauseng, 2007; Halgren, 2002;
Bonnefond, 2012). Alpha-tACS could have modulataés tsynchronization, thereby
improving memory performance and acting as a gate derceptual information
processing. In the present experiment, alpha paveeease induced by tACS could have
facilitated inhibition of non-relevant informatian trials where subjects recognized that
one of the two probes did not occupy spatial pmsittorresponding to the previously
presented stimulus letter. Consistent with thignortetation, in the easier trials when it
was not necessary to inhibit non-relevant infororat(i.e. non matching probes) from
working memory, increasing alpha power disrupteather than facilitating, working

memory performance.
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The apparent discrepancy between the analysessetkitivity index (i.e. showing
increased performance in the first set of trialfiere subjects used the right hand to
indicate that one probe did not occupy a spatiaitjpm corresponding to the previously
presented stimulus letter) and the analyses amatas (i.e. showing increased performance
in trials where subjects used the left hand tocaidi that one probe did not occupy a
spatial position corresponding to the previouslgsented stimulus letter) could be
ascribed to the different factors taken into actdaynthe two analyses, indeed sensitivity
index is used as a measure able to take into atcamaronly the errors rates but also the
subjects’ criterion in providing the answer.

This result is in line with some studies suggestimag alpha rhythm in the occipital
cortex acts as a gate, and that, inhibiting thegssing of those visual informations that
are non-relevant for the ongoing task, it may pbieems in working memory from
possible visual interferences (Bonnefond, 2012)otimer words, alpha synchronization
could close the gate of perception in order to $oon internal images and to allow the
brain to carry out the processing of the encodedudit (Klimesch, 2007; Jensen and
Mazaheri, 2010). On the other hand, whether itrug that during alpha activity brain
regions are less excitable so that only few prasessirvive to inhibition, we would have
expected a worsening of performance by alpha tACthe perceptual task. Indeed,visual
perceptual task was not affected by alpha tACShenpresent study. A possible reason
could be a methodological one, i.e. the percepasd being to easy to be modulated by
brain stimulation. Moreover, although numerous ®&sidhighlighted the importance of 10
Hz oscillatory phase in visual perception (Buscp02 Mathewson, 2009; Busch and
VanRullen, 2010), a growing number of evidencesashthat the alpha role in perception

depends also on the phase of prestimulus alph#atsti. Moreover, perception is also
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affected by higher frequencies such as beta andangaoscillations in the occipital cortex
(Hanslmayr, 2007).

Some other methodological details could also erpldie lack of significant
modulation of the perceptual task by alpha tACS. &gplied a continuoug-tACS that
could not be the most suitable stimulation settm@ffect perception. In fact, enhancing
alpha power just before the stimulus presentationldc have improved performance
(Klimesch, 1999), while enhancing alpha power dyaduring stimulus presentation
could have worsened it (Romei, 2010). An intermitgearadigm or short-triggered tACS
trains could have been more efficacious to impéattal perception. Moreover, since alpha
oscillations reflect different states of excitalyiliand being perceptual performance
dependent on the alpha phase during stimulus gedsam the absence of synchronization
between visual stimulus onset and alpha phase d¢mutthe of the reasons for the lack of
significant results in our perceptual task. AlthbutACS did not affect perceptual
performance, we found a significant reduction & thaction times during tACS either in
the perceptual and in the working memory taskaft be hypotesized that reaction times
reduction is related to a significant correlatiogiviieen alpha activity and the speed in
information processing (Callaway, 1960; Klimesh9@8P Moreover, alpha modulation has
been linked to both changes in reaction times acdracy in visual perception (Surwillo,
1961; Dustman, 1965; Samaha, 2015; van Dijk, 20B&8ng our perceptual task probably
to easy to be modulated by tACS, we cannot claxgctly if our stimulation leaded to a
better performance togheter with a reduction irctiea times or if it affected the speed of
information processing leaving unalterated the sy In light of this, the results we
found during our working memory task state in favofi an improvement in memory

performance during alpha tACS togheter with a r&édacin reaction times, indeed, the
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reduction in reaction times is present only in thagls in which also an improvement in
memory performance is reached.

Another explanation for the results of the prestuatly is that alpha occipital tACS
has modulated allocation of attentional focus tewant stimuli, thereby improving the
subsequent memory for those stimuli. For examptgh Alpha frequency band (10-14 Hz)
reduces reaction times for stimuli presented ierated position and coordinates processes
underlying visuospatial attention (Lobier, 201D)recting attention to a location results
in an alpha power modulation (Rajagovinda and D2@j,1). In tasks requiring attention
shift to one visual hemifield, there is an alphavpp enhancement ipsilateral to the
hemifield in which the stimuli are presented and apha desynchronization in the
contralateral hemisphere (Romei, 2008). The alploavep lateralization has been
hypothesized to regulate excitability levels in @fie regions, so that it is possible to
focus on processing of information at attended tlona (Foxe, 1998; Worden 2000;
Jensen, 2010Y.herefore, allocating attention to regions involved processing the
relevant items could lead to an alpha modulatiohemwsubjects are executing working
memory task (Poch, 2014). Recent studies using amesretro-cues during working
memory tasks highlighted the role of two differedipha band activities. Alpha band
lateralization after a pre-cue is probably relatedanticipatory attention, while alpha
modulation after a retro-cue may reflect the cdldgdoaccess to recently encoded visual
information (Myers, 2014). In the present studyusing a continuous tACS, we probably
affected alpha power both during the anticipatatgrdion and during the access to the
encoded visual information, especially in light tfe evidences showing that when
attending to both a visual stimulus or to an imadiwvisual stimulus, the same areas are
activated and alpha band activity plays a role athbprocesses (Nobre, 2004; Chun,

2011).
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We found that our tACS stimulation does not aff@ttosphenes threshold, as
assessed by single-pulse TMS, immediately afteetiteof the stimulation. This negative
result is in line with previous studies showingttt®CS can modulate cortical excitability
and reduce phosphenes threshold when applied &iz26ut not at 10 Hz frequency
(Kanai, 2010). Moreover, our phosphenes threshstttssment was conducted after the
end of the stimulation and, although a growing nandf studies highlight the presence of
tACS after-effect when tACS is applied at alphayfrency in the occipital cortex (Vossen,
2015; Zahele, 2010), all these studies suggestthistafter-effect is dependent on the
brain state.

Moreover, tACS after-effect has been generally ss=d for tACS applied at
individual alpha frequency rather than at a genahaha frequencies as in the present
study (Neuling, 2013). Moreover, although severaidences state in favour of
entrainment as the mechanism of action during m&-tACS, to date, entrainment have
not been directly linked to the processes undeylyikCS after-effect, and the existence of

a tACS after-effecper seis still matter of debate (see Veniero, 2015 foe\aew).

In conclusion, we provide evidence of working meynmodulation by tACS at alpha
frequency over the occipital cortex. Further stadweill further explore the eventual
clinical significance of these findings and themterpretation in terms of neuronal

connectivity between posterior and anterior brégss
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CHAPTER IV

Alpha-tACS EFFECTS IN WORKING MEMORY PERFORMANCE
DEPEND ON BOTH THE NUMBER OF RELEVANT AND NON

RELEVANT ITEMS.

Prelude: the gate of the inhibition

One of the most common questions abdwaitorain is “how information are gated
between different regions during a cognitive pre@&sa possible answer is that
information are gated, in part, by inhibiting taskelevant regions and this inhibition
allows to transfer information towards the releveagions (Jensens, 2010). It has been
shown that this functional inhibition occurs witm alpha synchronization in the
mammalian brain (Klimesch, 2007). From a physiatagipoint of view this activity
reduces the capacity of processing in a given &B¥BAergic feedbacks from inter-
neurons has been strongly implicated in the phggioal mechanism that generate alpha
(Jensen, 2010). After being generated, the alphahmh is probably modulated by

thalamic rhythm generators (da Silva 1973; Hugés20ones 2009; Lorincz 2009).
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1.Introduction

Working memory implies the ability to miin and manipulate information over
short periods of time. It consists of the encodaighe information, maintenance and
retrieval (Baddeley, 2001). These three componeoisd not work as good as they do,
without a mechanism able to protect items in menfiay interferences.

As discussed in the previous chaptertha oscillations domain, while theta and
gamma rhythms seem to be involved in the successdiitenance of the relevant items,
alpha activity seems to be the elective rhythmrotgrting memoranda from interferences
caused by irrelevant informations (Jensen, 200nBtond, 2012; Roux, 2014). It has
been shown that alpha rhythm plays the same rol@ratecting information from
distracters also in perceptual processes (Haedis?). Moreover, next to an alpha
enhancement in the task irrelevant regions, anaafuppression has been found in task
requiring spatial attention or anticipation of tlaeget (Thut et al., 2006; Tallon-Baudrey,
2012). In the attention domain, directing attemtiexternally, as in a perceptual task,
requires an alpha suppression (Ward, 2003; Bene#@6kl), conversely, directing
attention internally, as in a working memory tagiquires an alpha enhancement (Cooper,
2003; Cooper, 2006; Benedek, 2014).

Working memory could be conceptualized as a proleased on an internal direction
of the attention that needs the sensory intakectieje (Lacey, 1963). The rejection is
related to the hypothesis that to carry out aedigitwith internally directed attention,
subjects have to inhibit incoming sensory informati therefore an alpha power
enhancement is needed (Cooper, 2003).

A recent study, presenting relevant and not relevaual items distributed in the

two visual hemifields, has found, during the enogdbhase, that the active maintenance
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of memoranda is reflected by a controlateral ak@pression, while the active inhibition
of the irrelevant items is reflected by an ipsitat@lpha enhancement (Sauseng, 2009).

Moreover, applying rTMS at alpha frequency band the parietal cortex,
controlateral to the hemifield in which the to-lmembered items are presented,
detriments the memory capacity during a visuo-gpatiorking memory task (Sauseng,
2009).

Next to an alpha enhancement duringaligtrs presentation, many authors found
an alpha enhancement with increasing memory loadardless of the presence of
distracters (Jensen, 2002; Klimesch 1999). Probdble more the demands to the
working memory system, the stronger the need &k-taelevant regions’ disengagement
and thus the stronger the alpha rhythm. Taken hege¢hese evidences suggest that alpha
plays a role in either distracter suppression (dlda, 2007) and memoranda maintenance
(Kolev, 2001; Maltseva, 2000).

Another strand of research is tryingted further light in the differences between
different alpha frequencies in the different plsagkthe memory processes. At increasing
memory load, during the retention interval, an alginhancement in the posterior regions
has been found (Klimesch,1999; Shack, 2005), wthigng the retrieval, alpha power
seems to decrease as characterized by an eveedralasynchronization (Klimesch,
1988; Shack, 2005).

In light of all these evidences, in the pr#swork we aimed to modulate alpha
activity, using tACS, in a visuo-spatial working mery task including either relevant and
irrelevant items.

In line with a previous reported study using TM&§Seng, 2009), we assume that
entrainment of posterior alpha frequency improvissial working memory performance

and that this improvement is dependent on the nurobéistracters rather than on the
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number of relevant items. Moreover, to avoid arecffof alpha modulation in memory
performance due to a continuous stimulation, ou€$Astimulation started before the
encoding phase and lasted eight seconds with aimgngown until zero of the current
immediately before the recognition phase. Indeed pwepose that, despite several
evidences have been provided about the effectigeabE$ACS in affecting behavioural
outcomes, being changes in brain oscillations fastl immediate, more flexible

stimulation paradigms need to be explored.

2.Materials and methods

Participant

Twenty-seven right-handed healthy volunteers [rmeeger 25.46 years; + 4.09 years]
with normal or corrected to normal vision were tgt&d for the study after giving written
informed consent. None of the participants repohistbry of neurological or psychiatric
syndromes, brain injury or other chronic conditioAl participants were naive about the
cognitive task.

Seventeen subjects completed the first experinemisubjects completed the control
experiment, both the experiments counted threeigessin the first experiment two
volunteers did not show up for two of the threesg®ss and their data were excluded from
further analyses.

After each session a questionnaire about stinwmatrelated effects was
administered, none of the subjects reported angodifort or effect during or after the
sessions. All the experiments were conducted irordemce with the declaration of
Helsinki and with the approval of the ethics comedtof the Georg-August-Universitat,

Gottingen, Germany.
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Experimental procedure

Two experiments were conducted successively. Abjestis were first of all
familiarized with the laboratory and the proceduBeth the experiments included three
sessions in a randomized counterbalanced ordgectgely the first group underwent to
a 10 Hz stimulation and the second group to a 23tiraulation. The three conditions
were left-tACS stimulation, right-tACS stimulatioeham-tACS stimulation. At least 48
hours were waited between each session.

Subjects were subdivided into two groups, the firsup participated only in the first
experiment; the second group took part only insteond experiment designed as control.

In both the experiment subjects performedisaio-spatial working memory task
while underwent to a tACS stimulatioRig.14).

Each session consisted of a brief tasktppe and a visuo-spatial working memory
task during tACS stimulation, followed by a postratlation questionnaire, administered

to investigate subjective feeling during stimulatemnd tACS related discomfort.
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Fig.14. Experimental procedure. During triggered tACS subjects completed the alisworking memory task.
Horizontal and vertical eye movement were registeiging two additional bipolar electrodes. Lefghtiand sham tACS

were randomized and counter-balanced across ssifgedioth the experiments.

Working memory task

A visuo-spatial working memory task as used by Va@gel Machizawa ( Vogel and
Machizawa, 2004) was performed by each volunteeffixAtion cross was presented
throughout the whole trials. Subjects were insgddb stare the centre of the screen. 1800
ms after the fixation cross appeared, an arrow timginto the left or to the right was
presented for 2000 ms. Immediately after, the mgnaoray was presented for 200 ms.
The stimulus array consisted of respectively 4 opured squares (0.660.65) and 4
or 6 distracters in each hemifield. Each square maslomly coloured of one highly
discriminable colour and each colour cannot appear® than twice in an array. Stimulus
positions were randomized in each trial with a tanisdistance between squares in each
hemifield of at least 2 All these stimuli were presented inside twox47.3 rectangular

regions, centered’3o the left and right of the central fixation crassa grey background.
62



Subjects were instructed to pay attention and me@anly the squares presented in the
hemifield previously cued by the arrow and only sigeiares in that hemisphere had to be
retained for the following retention interval of BD ms. All the other squares had to be
ignored. After the retention interval, in the 50%otivals the colour of one square in the
test array was different from the correspondinmite the memory array. In the remaining

50%, all the squares in the probe were identicdh&éosquares presented in the memory

array fig.15).

“Na® trial

Retention interval

{Adapted from Vogel and Machizawa | 2004)

Fig.15. One sample trial with memory array size fou Subjects were instructed to attend to the hemifie&iously
cued from the arrow and to ignore the items preskmt the un-cued hemifield. After a retention g subject had to
press the left key if all the squares were the sasn@ the memory array and to press the rightifkat/least one square

changed in colour.
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Transcranial alternating current stimulation

Each session was conducted in an electrically é¢iklsound attenuated laboratory.
Electrical stimulation was delivered by a batterijen constant-current stimulator
(NeuroConn GmbH, llmenau, Germany) through a seffif 2 cnf rubber-round
electrodes with Ten20 paste as conductivity me&ash the groups received 1.5 mA
peak-to-baseline triggered tACS applied for 8 simdurboth the encoding and delay
phases, with stimulation off set immediately beftime probe presentatiorig. 16-b).
Specifically, in the first experiment subjects riged a 10 Hz tACS and in the second
experiment (i.e. the second group) the stimulafrequency was 23 Hz, sets as a control
frequency. Both the groups underwent to threesgifit conditions: left tACS, right tACS
and sham tACS. Sham stimulation was randomly agpiee the left or to the right

hemisphere. Impedance was kept below 5 kOhm asumezhBom the device.

Montage

The position of the electrodes was kept constambsacall the sessions and
experiments, with the plugs and cable always tuineal medial-to-lateral direction. The
electrodes montage was a Laplacian multi-electrodestage. It consisted of a central
electrode positioned on respectively PO3 or PO4 fand surrounding return electrodes
equally placed with a minimum distance of 6 dfig(16-3).

Additionally, vertical and the horizontal electrotdogram (VEOG, hEOG) were recorded

from two bipolar channels to control for eyes moeats and blinks.
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3.Statistical and data analyses

Behavioural data analysis

Data were first corrected for eyes movements, strisbntaminated by eyes
movements were removed from further analyses

For the remaining trials, sensitivity index (d’) svaalculated for each single subject
taking into account the hits and the false alarte @nd the number of relevant and
irrelevant items in the memory array. D’ as a measii memory effectiveness in a given
condition is a dimensionless statistic (see pagfoBa detailed discussion) calculated as
follow: d’= Z (hit rates) — Z (false alarm) (Macraih, 2002). A higher d” indicates that the
signal can be more readily detected. Signal angsencan be represented under two normal
distributions (Stanislaw, 1999). Sensitivity indegpresents the distance between the
means of both the distributions, that is, respetfivsignal and signal plus noise
distribution. The mean of the noise distributionzeyo and both distributions’ standard
deviation is one (see Chapter 3 for a detailedrgegm). In cognitive science, this index

measures the sensitivity in task in which respohsee to be detected (Macmillan, 2002).

All the statistical comparisons were computed iMIBPSS Statistics, version 20, IBM
Corp, Armonk/US.

The impact of the stimulation on the perfance was analyzed using the
generalized linear mixed-effect model, with a sglosmt ANOVA, with STIMULATION
(left tACS vs. right tACS vs. Sham tACS), HEMIFIELDeft. vs. right), MEMORY
LOAD (four vs. six) and DISTRACTERS (four vs. sigs within subjects factors and
GROUP as a between-subjects factor. Post-hoc Tikey tests were applied when
needed. The normal distribution was tested usiagibimogorov-Smirnov test.
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Mauchly’s sphericity test was conducted and wheeded, effects were corrected using

Greenhouse-Geisser criteria.
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Fig.16 tACS Laplacian Montage for left and right tACS condition. A) Five rubber round electrodes were attached to
the scalp using a conductive paste. the first mldetwas placed respectively in PO3 and PO4 with égually spaced
return electrodes. Stimulation frequency was 1@l an intensity of 1.5 mA peak-to-baseline. Thene montages
were randomly used for sham stimulation.

B) Event-related tACS. Schematic representation®Bthk trains tACS driven at alpha frequency.
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4 Results

Subject-specific effects of the stimidaton d’ were modeled using the generalized
linear approach.

ANOVA did not show any significant effect of thectars Group [F = (1,23) = 0,74,
p = .39,mp2 = .03] and Stimulation [F = (2,46) = 0,07, p92,.mp2 =.00] and of the
number of Distracters [F = (1,23) = 1,36, p = 22 =.05], while the factor Hemifield [F
=(1,23) = 8,76, p = .00Hp2 =.27] and Memory load [F = (1,23) = 108,97, ©06,np2
=.82] were significant. The interaction Stimulati¥nHemifield [F = (2,46) = 4,12, p =
.02, np2 =.15] was significant while the interaction Stiation X Memory Load [F =
(2,46) = 0,65, p = .54p2 =.02], Memory Load X Distracters [F = (1,23) 8®, p = .36,
np2 = .03] and Stimulation X Distracters [F = (2,46)1,59, p = .21yp2 =.06] were not
significant. The interactions Stimulation X Herlfi X Distracters [F = (2,46) = 5,13, p =
.009,1p2 =.18] and Stimulation X Memory Load X DistragdF = (2,46) = 5,25, p =
.008, np2 =.18] were both significant as well as the iatdion Stimulation X Hemifield X
Group [F = (2,46) = 3,36, p = .0dp2 = .12].

Interaction Hemifield X Memory Load X Distracters £ (1,23) = 0,00, p = .9gp2
= .00] was not significant, while interaction Stilation X Hemifield X Memory Load [F
=(2,46) = 3,00, p = 0.059p2 = .11] tended towards significance.

Interaction Stimulation X Memory Load X Group [R(2Z,46) = 1,45, p = .24p2 =
.05], Hemifield X Memory Load X Group [F = (1,23) 6,24, p = .62np2 = .01],
Stimulation X Distracters X Group [F = (2,46) = 8, = .46p2 = .03] Hemifield X
Distracters X Group [F = (1,23) = 0,43, p = .gp2 = .01], Memory Load X Distracters
X Group [F = (1,23) = 0,21, p = .64p2 = .00] were not significant.

Although the main factor for Stimulation was najreficant, we conducted a Tukey

HSD post-hoc test as an explorative analysis ofrttezaction between the stimulation and
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the hemifield. Indeed, this interaction appearbveadifferent in the two different groups,
suggesting a different effect of the stimulatiorpeledent on the hemifield and on the
frequency of the stimulation (10 Hz vs. 23 Hz).

The Tukey HSD post-hoc test, exploratively conddctn the main significant
interactions, showed that the main effects of thedation were present when six
relevant items and six distracters were presemigether.

When items were presented in the right feldj tACS applied in the left
hemisphere disrupted memory performance if companéd right stimulation (.739 vs.
1.313, p = .003) but not if compared with sham 3.56. .701, p = 1.000), while if
compared with relevant items presented in the rigbtifield it tended toward
significance (.739 vs. 1.205, p = .05). Conversaight tACS improved memory
performance if compared with relevant items presgnh the left hemifield (1.313 vs.
.563 p =.0001) and if compared with sham (1.3134§. p = .003).

When items were presented in the left heaidfi left tACS improved memory
performance if compared with right stimulation @52vs. .563 p = .0005) and if
compared whit sham (1.205 vs. .701, p = .02).

Right tACS disrupted memory performance if compangith left stimulation (.563
vs. 1.205 p = .0005) and if compared with conditionvhich items were presented in the
right hemisphere (.563 vs. 1.313 p. = .0001), lmtincompared with sham (.563 vs. .701
p > .05) Fig. 17). Finally, no significant effects were found nethwvhen four relevant
items and four distracters were presented (p > n@5)when six relevant items or four
relevant items were presented together with fowgixodistracters (p > .05). The results of

these explorative analyses are plotte#ign 18 and Fig.19
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Fig.16. Sensitivity index (d")for condition with six relevant items and six distters during working memory task. The
graphs show the results respectively for itemsegesl in the left (dark grey bar) and in the rigamisphere (white
bar), for all the different stimulation conditiofiseft, Right, Sham) for the first (A) and the secdBd group. Statistical
analyses revealed a significant effect of 10 Hz tAG@®nemory performance Left tACS improves memoryifems
presented in the left hemifield if compared wittash(p = .02). Right tACS improves memory performafucetems
presented in the right hemisphere if compared sfihm (p= .003). Neither left tACS nor right tACS havsignificant
impact in memory disruption when applied contr@tatly, if compared with sham ( p > .05). No effectere found
when tACS was applied at a frequency of 23 Hz.
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Fig.18. Sensitivity index (d’) Respectivelyfor condition with four relevant items and four tlésters A), four relevant items and 6
distracters B), six relevant items and four distracte®.(The graphs show the results respectively fonét@resented in the left (dark
grey bar) and in the right hemisphere (white bfm),all the different stimulation conditions (LefRight, Sham) during the first

experiment. Statistical analyses revealed no sagmif effect of the stimulation in none of the citiotis (p>.05).
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Fig.19. Sensitivity index (d’)Respectivelyfor condition with four relevant items and four tdésters A), four relevant items and 6
distracters B), six relevant items and four distracte®.(The graphs show the results respectively fonst@resented in the left (dark
grey bar) and in the right hemisphere (white bfar)all the different stimulation conditions (LeRjght, Sham) for the third experiment
(23 Hz stimulation). Statistical analyses revealedignificant effect of the stimulation ( p > .05)

5.Discussion

This study tested the role of a novel intermittéACS paradigm in a working
memory task. The main result is a significant inverment of the memory performance
following a-tACS trains of the parieto-occipital cortex. Theprovement is frequency-
dependent and, contrarily to our hypothesis, isdo@ depend on the number of presented
distractors, but it depends on both the numbeeleivant and not relevant items presented
together.

Animal studies, have shown that rhythmghe brain are subjected to rapid changes
from one moment to the next (Braging, 1995; Wonaisd®007; Atallah, 2009). In light

of these evidences we applied an intermittent tAXt&ocol in order to enhance alpha
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power during both encoding and retention interagfiding tACS online effect during the
probe presentation. Our stimulation paradigm reslthereby, in several 8 seconds tACS
trains. Evidences for entrainment effects duringe®ond trains of tACS have been
recently provided (Vossen, 2015), while shorter $A@ains seem to not affect brain
oscillations (Vossen, 2015; Braun, 2017).

As we stated above, one of the main tesfl this study is that 8 seconds tACS
trains improve working memory performance when ggplipsilaterally to the to-be-
remembered items, on the same time, contrarily @0 loypothesis, when applied
controlaterally, alpha tACS did not significantlgidipt memory performance.

In other words we found that when sutgji@eere stimulated in the right hemisphere
there was a significant improvement in the memoeyfggmance when six items were
presented in the right hemifield while the disroptifor items presented in the contro-
lateral hemifield was not significant if comparedhwsham stimulation.

Conversely, when subjects were stimdlate the left hemisphere, there was a
significant improvement when relevant item werespreed in the left hemifield, while the
disruption for relevant items presented in the wmidteral hemifield was again not
significant if compared with sham stimulation.

These results are only partially comsiswith the body of existing research on the
role of occipito-parietal alpha enhancement duviogking memory tasks.

For instance, in a recent study, Sauseog/n that alpha activity in the parietal
cortex during the retention interval increases witbreasing the amount of irrelevant
information and this increase did not depend on @heunt of relevant information
(Sauseng, 2009).

Following this line of reasoning one Wbihave expected that, regardless of the

memory load, enhancing controlateral alpha poweznathe highest number of distracters
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is presented should have brought to the best meperfgrmance. Whether on one hand,
we found an improvement in memory performance wherhighest number of distracters
was displayed (i.e. six), on the other hand, whess Ithan six relevant items were
presented (i.e. four) no effect was observed.

This result states in favour of a dejscy of the effect ofi-tACS on both the
memory load and the number of presented distracterd it is in line with previously
reported works, in which a detriment of performamath increasing memory load when
distracters are presented has been found (De Rp@@01). This memory disruption
could be related to the top-down control exertednfthe prefrontal cortex to the posterior
cortices, indeed, distracters would be more pratksghen the memory load increases
(Posner, 1990; Shallice, 1991; De Fockert, 200hjs,Tin turn, could explain why, in our
study, regardless of the stimulation, subjectsueacy was only partially affected from the
number of the non relevant items or memory Ipad sebut performance was worsened
when the highest memory load and the highest nurobetistracters were presented
together. Following this line of reasoning, if tbentrol exerted from prefrontal cortex to
the posterior cortices increases with increasingnorg load in order to inhibit the
processing of not relevant items (Posner, 1990]li6&a1991; De Fockert, 2001), the
more the number of visual distracters to inhibittltee brain areas to disengage the more
the need for an inhibition in the posterior corsice

In the mammalian brain, such a kind of inhibitiators in the alpha frequency band
(Klimesch, 2007; Jensen, 2010) thereby we can atbae our stimulation at alpha
frequency enhanced working memory when an highenong load required a stronger
inhibition in visual areas to avoid the processimigcontrolaterally presented distracters.

In line with this hypothesis, a recent study foamdincrease during working memory

task in the parieto-occipital areas related tonthed of closing the dorsal information flow
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from visual areas. Specifically, the more the megmoad, the higher the posterior alpha
activity, especially when the distracters and tékevant items are perceptually similar
(Shimi, 2013).

This is the first study usingtACS in the parieto-occipital cortex to improve
working memory performance, previously, a similesult was reported by Sauseng and
colleagues, who have shown that enhancing alphaepeuwth 10 Hz rTMS, increases
memory capacity when applied ipsi-laterally to themifield with the relevant items,
while decreases memory capacity when applied cdatesally (Sauseng, 2009).

Inserting themselves in this strand of researcin, results expand this previously
reported works, highlighting that alpha enhancenmetite parieto-occipital cortex plays a
selective role in working memory depending on bibign memory load and the presented
distracters.

At higher visual memory loads a higher parieto-pital disengagement is needed,
that means that an enhancement of the alpha poawer to be provided. We can argue
that tACS was effective only when an alpha entr@ninwas really needed in order to
overcome the memory limit and to suppress the highk of processing the distracters.

From another point of view, subjects wattor memory performances could allocate
attentional resources also to irrelevant stimwi|ected, during the delay period, as an
increased memory load (Zanto, 2009). Specifically,alpha power increase suppresses
visual inputs in order to devote resources to thenbregions involved in the active
maintenance of relevant stimuli, avoiding the inaogrof non relevant items and allowing
to maintain an internally directed focus of thesation (Zanto, 2009).

A florid strand of research have beeovjgled about the role of alpha oscillations
in attentional processes and it is widely accepibed appropriate top-down allocation of

attentional resources is critical for successful iMck and Vogel, 1997; Hasher et al.,
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2006). An alpha enhancement has been found iniatiieg visual distracters during an
externally directed attention task (Fu, 2001: Rafip6) as well as during the internally
directed attention in the retention interval of arling memory task (Cowan, 1988).

These evidences found a further confirm in neuragimg studies showing a
mechanistic overlap between attention and workirgmory (LaBar, 1999; Awh and
Jonide, 2001). One can argue, therefore, thattalweir stimulation protocol, we cannot
elucidate exactly if our effects are due to an mwpment of attention processes, (i.e.
allowing a better allocation of the limited avai@bresources and a more effective
suppression of the controlateral visually preserdistracters) or due to a more direct
effect on memory phases such as the retentiorvaiteffectively, these two interval of
times are characterized by two different locusttdrdion, external the former while more
internal the latter. Unfortunately, in our paradigra cannot rule out clearly the effect of
the stimulation at alpha frequency in attentionngehe stimulation carried out since the
cue presentation until the end of the retentioerirdl, to address this issue a shorter
stimulation paradigm would be useful, unlikely wannot administer shorter tACS trains
due to its proved inefficacy (Vossen 2015; Brauh7)0

On the other hand, to address thisitpaigeneral issue needs to be discussed:
previous studies reported that during attentiorcgsees, the phase of alpha oscillations
before stimulus presentation modulates synaptikirgpi maximising stimulus detection
and subsequently memory processes (Cross, 20Kk8wise, in the memory domain, an
increased alpha synchronization during encodingdipts enhanced performance on
recognition memory tasks (Jensens, 2002). Simjlarlan elegant recent work using cue
and retrocue during memory tasks, Meyers and apliesa did not found any differences in
alpha power neither in the cue (attentional staga) in the retro-cue presentation

(memory stage), suggesting a similar pattern dialkpctivity underlying the two different
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processes in the different phases of a memory(Mskers, 2015).

Therefore, probably, with our stimulation paradigve affected either attentional-
pre-encoding processes and memory mechanismsdbptnding on alpha enhancement,
reaching thereby a memory improvement.

Moreover, as several studies have shaems that can be retained in memory at
once are about four (Luck, 1997; Alvarez, 2004; @ow2005), and a decline in
recognition memory performance can be observed intheasing the numbers of items
even at small set sizes. It is likely that limitedual memory resources must be shared
between presented items, such that, increasinguh&er of the items, these are stored
with decreased precision (Bays, 2008).

Looking at the neuronal levels, informoat is encoded by means of the
simultaneous activity of a large number of neur@aguron encodes informations about
one stimulus, thereby, when multiple items haveb#oretained, the total number of
neurons have to be shared between the differemtsitBays, 2008). Because of the
presence of a certain amount of noise, reducingntimber of neurons representing an
item will increase variability in the populationtesate, and, consequently, the precision
with which the item is represented will be redug@&ays, 2008).

Set size related neuronal activity has beendan the posterior parietal cortex and
it can predict visual short term memory capacitgdd and Marois, 2004), the proved role
of parietal cortex in maintaining attention dirette the relevant items is accompanied by
the evidences of this cortex as a limited capastibye, indeed, representations are limited
by a fixed number of objects at different spatiatdtions during both encoding and
maintenance of visual short term memories (TodtiMarois, 2004).

Following this line of reasoning, we ague that our parietal stimulation at alpha

frequency, inhibiting non relevant information pesses, could have allowed the release
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of several neuronal population that have been aiiémtin the processing of the relevant
items, expanding, thereby, memory capacity.

One of the fundamental results of this study is fileguency specificity of tACS
effects, indeed we administered two different femtgies of stimulation together with a
sham stimulation in two different groups of subged/e found a positive result, reflected
as a memory improvement only in the group that ameet to 10 Hz tACS.

Finally, next to the improvement in magnperformance for ipsilaterally presented
items, we did not found the expected impairmemtcbntrolaterally presented items. This
lack of results can be a consequence of our tatkisture. Indeed, in our task, to avoid
higher charges on the memory system (Zanto, 2G@®)uli positions were maintained
constants and subjects were instructed to paytetteto the colour of the squares, while
the position did not change.

Maintaining fixed the position and chamggthe colours, probably, charged more
the ventral stream, involved in the processindhef\iisual features of the objects, than the
dorsal pathway, devolved mostly to the spatialuezgt of the objects (James, 2002). In
line with this reasoning higher levels of alphaiatt have been found in the parieto-
occipital cortex during the retention of face idees (engaging more the ventral stream),
compared with retention of face position and oa@inhs (engaging more the dorsal
pathway) (Jensen, 2007). Specifically, the autlsoggest that the inhibition of the dorsal
stream together with the engagement of the vep@agtway is reflected by a parieto-
occipital alpha synchronization followed by a gamsyachronization in the occipital
lobe (Jensen, 2007). Thereby, probably the engageat the ventral stream can account
for the absence of a disruption in memory for cadoas well as for an improvement in
memory performance when the dorsal pathway is desged by means of an alpha power

enhancement.
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Finally, this study places itself insid stream of recent evidences suggesting a
new role for alpha oscillations, overcoming thevppasly suggested idea of alpha as an
idling rhythm (Pfurtscheller, 1996). We suggesttthipha activity serves as a gating
mechanism, modulating memory encoding within thalarmaocortical-hippocampal
network and its role in distractors suppressionwadl as in disengagement of task

irrelevant regions is one time more confirmed.
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CONCLUSION

Despite the first brain rhythm was diga@d in the second decade of the XIX century, only
in the last years, a wide consensus has beendgawain the functional role of brain oscillations in
cognitive functions. The exciting possibility ok behaviour to oscillations attracts day by day a
growing number of scientists. As a consequencdhénlast years, electroencephalography has
been rediscovered as a flexible tool to obtainraclimeasurement of the changes in the rhythms
of the brain during behavioural tasks. In the séime, several researches have been dedicated to
the modulation of the recorded brain oscillatiogsiteans of tES.

Allowing stimulation with alternating wents, tACS is the most suitable tool for this
purpose.

The present work reports the effect of tACS in mgnpeerformance in healthy subjects. We
found that when applied at alpha frequency in tlstgrior regions tACS affects memory
performance in a frequency dependent manner.

These studies insert themselves in a growing numbevidences showing tACS effects on
both behavioural performance and brain neuronaligtas recorded using EEG. Unluckily, next
to this body of researches, in the last few yesageral studies reporting negative results of tACS
have been provided.

Mixed and controversial results are rather normaiesearch, especially in a new area such
as tACS application, characterized by a wide nunabgrarameters and large degrees of freedom
in application’s choice.

To realize tACS potentiality, reliable parametend aafe protocols are needed. To date there
iS no consensus in the scientific community abdé best tACS montages to reach given

behavioural or physiological outcomes. MoreoveIC8have been often defined as a promising
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tool, indeed, offering the possibility to exteryathanipulate brain oscillations, it can be used for
therapeutic aims.

Probably, in the future, tACS will be applied tedt oscillation-related disorders, but to reachsuc

a kind of result, further investigation about medkms underlying stimulation are needed. Aware
of the distance from a complete knowledge of tAGZhanisms, the present work provides some
insights about the stimulation protocol to affecoriing memory performance, as well as it

highlights the need for converging of evidencesnfrdifferent methods. Indeed, whether on one
hand, the final aim is the behavioural change, lem dther hand, to investigate tACS effects
juxtaposing other techniques such as electroentegiaphy and transcranial magnetic

stimulation, as well as evidences coming from caotagpanal models and in vivo studies, is the

main requirement for these initial approaches éotéthnique.

Additionally, our results insert themselves in aastl of research that, overcoming the
traditional theories of alpha as an idling rhytlsmggests a new active role for alpha oscillations i
cognition and, specifically, in memory processadekd, all the reported experimental results state
in favour of those theories that, overcoming thaitional idea of alpha as an idling rhythm,
recognize alpha as an active rhythm, able to plasueial role in the interplay between different
brain regions in order to reach optimal cognitivefprmances. Despite its old story, this brain
rhythm seems to reserve still a large number obriges to the scientific community, revealing,
day by day, new different and surprising roleshia brain functioning.

Finally, going back to tACS, the pmseork, using one of the newest brain stimulation
techniques to modulate one of the oldest brairhrhgt does not move the balance needle towards
the effectiveness of tACS in impacting brain rhytbuot it is a grain of sand going towards the
research of reliable parameters in the use of atanulation, in order to shade further light ireth
shadow of tES and last, but not least, in ordgruibout from the background noise the functional

importance of the rhythms of the brain.

80



ACKNOWLEDGMENT

The present work was supported by a scholarshipeotUniversity of Palermo. | would
thank Giacomo Koch and Domenica Veniero for thdulsaiggestions and reviews they
gave me as referees; Massimiliano Oliveri for suiserg me during the entire PhD course
and Patrizia Turriziani, Renata Mangano, Danielarr@nfor collaborating at the first
study. | would also to thank tligeorge August University of GoettingemGermany, and
Walter Paulus for hosting me and giving me the opmity to carry out the second
experiment presented in this work.

Finally, I would to thank Luna, my lovely dog, fire long nights she spent with me, lying
beside me and warming my legs while | was writimig tvork and for supporting me, with

her sweet presence, all the moments | needed

81



82



REFERENCES

Alekseichuk, I., Turi, Z., Amador de Lara, G., AhntA., & Paulus, W. (2016). Spatial
Working Memory in Humans Depends on Theta and Hégimma Synchronization
in the Prefrontal Cortex. Current Biology 26(12), 1513-1521.

https://doi.org/10.1016/j.cub.2016.04.035.

Alvarez GA, Cavanagh P. (2004) The capacity of alishort-term memory is set both by

visual information load and by number of objectsydhol Sci. 15:106-111.

Ambrus, G. G., Pisoni, A., Primal3in, A., Turi, RPaulus, W., & Antal, A. (2015). Bi-
frontal transcranial alternating current stimulation the ripple range reduced

overnight forgetting. Frontiers in Cellular Neur@swe, 9, 374.

Antal, A., Boros, K., Poreisz, C., Chaieb, L., Teyn D., & Paulus, W. (2008).
Comparatively weak after-effects of transcranialeralating current stimulation

(tACS) on cortical excitability in humans. Brainr8ulation, 1(2), 97-105.

Antal, A., & Paulus, W. (2013). Transcranial al@ing current stimulation (tACS).

Frontiers in Human Neuroscience, 7, 317.

Antal, A., Alekseichuk, I., & Paulus, W. (2016). @mew modalities of transcranial
electric stimulation: tACS, tRNS, and other appresc In Transcranial Direct
Current Stimulation in Neuropsychiatric Disorder<linical Principles and

Managemen(pp. 21-28). https://doi.org/10.1007/978-3-319-BB2_ 2

83



Antal, A., Alekseichuk, I., Bikson, M., Brockmdlles., Brunoni, A. R., Chen, R., Paulus,
W. (2017). Low intensity transcranial electric dfiliation: Safety, ethical, legal
regulatory and application guidelines. Clinical Neurophysiology

https://doi.org/10.1016/j.clinph.2017.06.001.

Atallah, B. V., & Scanziani, M. (2009). InstantamsoModulation of Gamma Oscillation
Frequency by Balancing Excitation with InhibitioiNeuron 62(4), 566-577.

http://doi.org/10.1016/j.neuron.2009.04.027.

Awnh, E., & Jonides, J. (2001). Overlapping mechasi®of attention and spatial working

memory.Trends in Cognitive Sciencd#tp://doi.org/10.1016/S1364-6613(00)01593.

Baker, S. N. (2007). Oscillatory interactions betwesensorimotor cortex and the
periphery. Current Opinion in Neurobiology

https://doi.org/10.1016/j.conb.2008.01.007.

Baddeley, A. D., & Hitch, G. (1974). Working memoiijhe Psychology of Learning and
Motivation Advances in Research and Theohttps://doi.org/10.1016/S0079-

7421(08)60452-1.

Baddeley, A. (1992). Working Memory Alan Baddele&cience 2555044), 556-559.

https://doi.org/10.1126/science.1736359.

Baddeley AD. (2001). Is working memory still worlgih American Psychologist. 56:849—

864.

Basar-Eroglu C, Bgar E, Demiralp T, Schirmann M. (1992). P300-respom®ssible

psychophysiological correlates in delta and thetdguency channels. a review Int J
84



Psychophysiol. 13:161-179.

Basar, E., Yordanova, J., Kolev, V., & Bar-Eroglu, C. (1997). Is the alpha rhythm a
control parameter for brain responseBwlogical Cybernetics 76, 471-480.

https://doi.org/10.1007/s004220050360.

Basar E., Rahn E., Demiralp T., Schiurmann M. (1998pr8aneous EEG theta activity
controls frontal visual evoked potential amplitudéectroencephalogr Clin

Neurophysiol. 108:101-109.

Basar, E., Baar-Eroglu, C., Karaka S., & Schirmann, M. (2001). Gamma, alpha, delta,
and theta oscillations govern cognitive processkdernational Journal of
Psychophysiology 39(2-3), 241-248. https://doi.org/10.1016/S0167-

8760(00)001458.

Basar, E., & Guntekin, B. (2008). A review of braincdkations in cognitive disorders and
the role of neurotransmitters. Brain Research

https://doi.org/10.1016/j.brainres.2008.06.103.

Bays, P. M., & Husain, M. (2008). Dynamic Shifts bimited Working Memory
Resources in Human Vision. Science  321(5890), 851-854.

https://doi.org/10.1126/science.1158023.

Belluscio, M. A., Mizuseki, K., Schmidt, R., KemptdR., & Buzsaki, G. (2012). Cross-
frequency phase-phase coupling betw@andy oscillations in the hippocampuBhe
Journal of NeuroscienceThe Official Journal of the Society for Neurosae 32(2),

423-35.

Benedek, M., Bergner, S., Kdnen, T., Fink, A., &ulauer, A. C. (2011). EEG alpha

85



synchronization is related to top-down processingconvergent and divergent
thinking. Neuropsychologia 49(12), 3505-3511.

https://doi.org/10.1016/j.neuropsychologia.2011008.

Benedek, M., Schickel, R. J., Jauk, E., Fink, A.N&ubauer, A. C. (2014). Alpha power
increases in right parietal cortex reflects focuseadternal attention.
Neuropsychologia 56(1), 393-400.

https://doi.org/10.1016/j.neuropsychologia.2014Qp.

Berger H. (1929) .Ueber das ElektrenkephalogramsnMenschen 1l. J Psychol Neurol

1930;40:160+179.

Bonnefond, M., & Jensen, O. (2012). Alpha oscitiai serve to protect working memory
maintenance against anticipated distract@strent Biology 22(20), 1969-1974.

http://doi.org/10.1016/j.cub.2012.08.029.

Bragin, A., Jandd, G., Nadasdy, Z., van Landeghedm,& Buzsaki, G. (1995). Dentate
EEG spikes and associated interneuronal populdétiosts in the hippocampal hilar

region of the ratJournal of Neurophysiology 3(4), 1691—-705.

Braun, V., Sokoliuk, R., & Hanslmayr, S. (2017). @® effectiveness of event-related
beta tACS on episodic memory formation and motorteso excitability. Brain

Stimulation 10(5), 910-918. http://doi.org/10.1016/j.brs.2017124.

Brignani, D., Manganotti, P., Rossini, P. M., & Missi, C. (2008). Modulation of cortical
oscillatory activity during transcranial magnettorailation. Human Brain Mapping

29(5), 603-612. https://doi.org/10.1002/hbm.20423.

Bunge, S. A. (2001). Prefrontal regions involvedkeeping information in and out of

86



mind. Brain, 124(10), 2074—-2086. https://doi.org/10.1093/brain/1B4L074.

Busch, N. A., Dubois, J., & VanRullen, R. (2009)hel Phase of Ongoing EEG
Oscillations Predicts Visual Perceptidournal of Neuroscienc@9(24), 7869—-7876.

http://doi.org/10.1523/JINEUROSCI.0113-09.2009

Busch, N. A., Frind, I., & Herrmann, C. S. (2018)ectrophysiological evidence for
different types of change detection and changedbéss.Journal of Cognitive

Neuroscience22(8), 1852—69. http://doi.org/10.1162/jocn.2009.24.29

Buschman TJ, Miller EK. (2007) Top-down versus bwttup control of attention in the

prefrontal and posterior parietal cortices. ScieBd®:1860-1862.

Buschman TJ, Denovellis EL, Diogo C, Bullock D, Mil EK. (2012) Synchronous
Oscillatory Neural Ensembles for Rules in the Rneffal Cortex. Neuron. 76:838—

846.

Buzsaki, G., & Draguhn, A. (2004). Neuronal ostitlas in cortical networksScience

(New York, N.Y,B804(5679), 1926-9. http://doi.org/10.1126/science.T73ED

Buzsaki, G. (2005). Theta rhythm of navigation: Kibetween path integration and
landmark navigation, episodic and semantic memoryippocampus

https://doi.org/10.1002/hip0.20113.

Buzsaki, G. (2006 Rhythms of the BrailRhythms of the Brain

Buzsaki G., Anastassiou C.A., Koch C. (2012). Tmiggin of extracellular fields and

currents—EEG, ECoG, LFP and spikes. Nat. Rewrosci., 13: 407-420.

87



Canolty, R. T., Edwards, E., Dalal, S. S., Soltafi, Nagarajan, S. S., Kirsch, H. E.,
Knight, R. T. (2006). High Gamma Power Is Phasekeodcto Theta Oscillations in
Human Neocortex. Science 3135793), 1626-1628.

https://doi.org/10.1126/science.1128115.

Capotosto P, Babiloni C, Romani GL, Corbetta M 0@0 Frontoparietal cortex controls
spatial attention through modulation of anticipgtoralpha rhythms. J

Neurosci.29:5863-5872.

Cecere, R., Rees, G., & Romei, V. (2015). Individliferences in alpha frequency drive
crossmodal illusory  perception. Current  Biology 252), 231-235.

https://doi.org/10.1016/j.cub.2014.11.034.

Chaieb, L., Antal, A., & Paulus, W. (2011). Trareual alternating current stimulation in
the low kHz range increases motor cortex excitgbilRestorative Neurology and

Neuroscience29(3), 167-175. https://doi.org/10.3233/RNN-2011-0589

Chan, C. Y., and Nicholson, C. (1986). Modulatigndpplied electric fields of Purkinje

and stellate cell activity in the isolated turterebellumJ. Physiol.371, 89-114.

Chun, M. M., Golomb, J. D., & Turk-Browne, N. B.Q21). A Taxonomy of External and
Internal  Attention. Annual Review of Psycholagy 62(1), 73-101.

https://doi.org/10.1146/annurev.psych.093008.100427

Citri, A., & Malenka, R. C. (2008). Synaptic plasty: Multiple forms, functions, and

mechanismdaNeuropsychopharmacologhttps://doi.org/10.1038/sj.npp.1301559.

Cohen MX. (2014) Analyzing neural time series dM&r,Cambridge, MA).

88



Cohen, M. X. (2017). Where Does EEG Come From amatViDoes It Mean7rends in

Neurosciencedttps://doi.org/10.1016/j.tins.2017.02.004.

Conway, A. R. A. (2005). On the capacity of attentilts estimation and its role in
working memory and  cognitive  aptitudes. Cognitive  Psychology

https://doi.org/10.1016/j.cogpsych.2004.12.001.

Cooper, R., Winter, A. ., Crow, H. ., & Walter, \@. (1965). Comparison of subcortical,
cortical and scalp activity using chronically indiveg electrodes in man.
Electroencephalography and Clinical Neurophysiologyl8(3), 217-228.

https://doi.org/10.1016/0013-4694(65)90088-X.

Cooper N.R., Croft R.J., Dominey S.J.J, Burgks$s , Gruzelier J.H. (2003). Paradox
lost? Exploring the role of alpha oscillations dgriexternally vs. internally directed
attention and the implications for idling and inkidn hypotheses. Int. J.

Psychophysiol. 65-74.

Cooper, N.R., Burgess, A.P., Croft, R.J., GruzelieH., 2006. Investigating evoked and
induced electroencephalogram activity in task-esladlpha power increases during

an internally directed attention task. NeuroRe@rt205-208.

Courtney, S. M., Ungerleider, L. G., Keil, K., & May, J. V. (1997). Transient and
sustained activity in a distributed neural systemhiuman working memor\ature

386(6625), 608—611. https://doi.org/10.1038/386608a0.

Cowan, N. (1988). Evolving Conceptions of Memorprdge, Selective Attention, and

Their Mutual Constraints Within the Human InfornoetiProcessing System.

89



Psychological Bulletin  104(2), 163-191. https://doi.org/10.1037/0033-

2909.104.2.163.

Cowan, N., Elliott, E. M., Saults, S. J., Morey, C., Mattox, S., Hismjatullina, A., &
Conway, A. R. A. (2005). On the capacity of attentilts estimation and its role in
working memory and  cognitive  aptitudes. Cognitive  Psychology

https://doi.org/10.1016/j.cogpsych.2004.12.001.

Cross, Z.R., Santamaria A., Corcoran A.W., AldaylP Coussen S., Kohler M.J. (2017).
Alpha Oscillatory Activity Prior to Encoding Moduks Memory Consolidation

during Wake but not SleepioRxiv 202176; doi: https://doi.org/10.1101/202176

Lopes da Silva, F. H., van Lierop, T. H. M. T., 8@, C. F., & Storm van Leeuwen, W.
(1973). Organization of thalamic and cortical alphgthms: Spectra and coherences.
Electroencephalography and Clinical Neurophysiology35(6), 627-639.

http://doi.org/10.1016/0013-4694(73)90216-2.

Lopes da Silva, F. H., Vos, J. E., Mooibroek, J.y& Rotterdam, A. (1980). Relative
contributions of intracortical and thalamo-cortipabcesses in the generation of alpha
rhythms, revealed by partial coherence analy&tectroencephalography and
Clinical Neurophysiology 50(5-6), 449-456. https://doi.org/10.1016/0013-

4694(80)90011-5.

Lopes Da Silva, F. H., Pijn, J. P., Velis, D., &$¢en, P. C. G. (1997). Alpha rhythms:
Noise, dynamics and models. Iimernational Journal of Psychophysiologvol. 26,

pp. 237—-249). https://doi.org/10.1016/S0167-876J1O767-8

90



Datta, A., Bansal, V., Diaz, J., Patel, J., ReBto& Bikson, M. (2009). Gyri-precise head
model of transcranial direct current stimulatiomproved spatial focality using a ring
electrode versus conventional rectangular pdrain Stimulation 2(4).

https://doi.org/10.1016/j.brs.2009.03.005.

d’Esposito, A., Nikitichev, D., Desjardins, A., War-Samuel, S., & Lythgoe, M. F.
(2015). Quantification of light attenuation in agily cleared mouse brain¥ournal

of Biomedical Optic20(8), 80503. http://doi.org/10.1117/1.JB0O.20.8.08050

de Fockert, J. W., Rees, G., Frith, C. D., & LawWe(2001). The role of working memory
in visual selective attention. Science (New York,YN, 291(5509), 1803-6.

https://doi.org/10.1126/science.1056496.

Deans, J. K., Powell, A. D., and Jefferys, J. ®O@. Sensitivity of coherent oscillations
in rat hippocampus to AC electric fields. Physiol583, 555-565. doi:

10.1113/jphysiol.2007.137711.

Demiralp, T., Bayraktaroglu, Z., Lenz, D., Junge,Busch, N. A., Maess, B., Herrmann,
C. S. (2007). Gamma amplitudes are coupled to thleése in human EEG during
visual perception. International Journal of Psychophysiolggy64(1), 24-30.

https://doi.org/10.1016/}.ijpsycho.2006.07.005.

Doppelmayr, M., Klimesch, W., Stadler, W., PollhubB., & Heine, C. (2002). EEG
alpha power and intelligence. Intelligence 30, 289-302.

https://doi.org/10.1016/S0160-2896(01)00101-5.

91



Dustman, R. E., & Beck, E. C. (1965). Phase of alphain waves, reaction time and
visually evoked potential€Electroencephalography and Clinical Neurophysiology

18(5), 433-440. https://doi.org/10.1016/0013-469496423-9.

Engel A. K., Fries P. (2010). Beta-band oscillasi@ignalling the status quo? Curr. Opin.

Neurobiol. 20, 156-6510.1016/j.conb.2010.02.015.

Engel A. K., Fries P. (2010). Beta-band oscillasi@ignalling the status quo? Curr. Opin.

Neurobiol. 20, 156-6510.1016/j.conb.2010.02.015.

Ergenoglu, T., Demiralp, T., Bayraktaroglu, Z., &ng M., Beydagi, H., & Uresin, Y.
(2004). Alpha rhythm of the EEG modulates visudedion performance in humans.

Cognitive Brain ResearcR0(3), 376—-383.

Farah, M. J., Péronnet, F., Gonon, M. A., & Giavl, H. (1988). Electrophysiological
evidence for a shared representational mediumisoral images and visual percepts.
Journal of  Experimental Psychology: General 1173), 248-257.

http://doi.org/10.1037//0096-3445.117.3.248.

Feurra, M., Bianco, G., Santarnecchi, E., Del Tebta Rossi, A., & Rossi, S. (2011).
Frequency-dependent tuning of the human motor systeluced by transcranial

oscillatory potentials. Journal of Neuroscienceg33), 12165— 12170.

Feurra, M., Paulus, W., Walsh, V., & Kanai, R. (2R1Frequency specific modulation of
human somatosensory  cortex. Front. Psychol.  2(February), 13.

https://doi.org/10.3389/fpsyg.2011.00013.

92



Feurra, M., Pasqualetti, P., Bianco, G., Santatme&t, Rossi, A., & Rossi, S. (2013).
State-Dependent Effects of Transcranial Oscilla®@wyrents on the Motor System:
What You Think Matters.Journal of Neuroscience 33(44), 17483-17489.

https://doi.org/10.1523/JINEUROSCI.1414-13.2013.

Feurra, M., Galli, G., Pavone, E. F., Rossi, A.,R&ssi, S. (2016). Frequencyspecific
insight into short-term memory capacity. JournaN&urophysiology, 116(1), 153—

158.

Fink, A., & Neubauer, A. C. (2006). EEG alpha datibns during the performance of
verbal creativity tasks: Differential effects of xseand verbal intelligence.
International Journal of Psychophysiolggy  62(1), 46-53.

https://doi.org/10.1016/}.ijpsycho.2006.01.001.

De Fockert, J. W., Rees, G., Frith, C. D., & Lawe,(2001). The role of working memory
in visual selective attentionScience (New York, N.Y.R91(5509), 1803-6.

http://doi.org/10.1126/science.1056496.

Foxe, J. J., Simpson, G. V., & Ahlfors, S. P. (1P%arieto-occipitar1 OHz activity

reflects anticipatory state of visual attention hmeeasmsNeuroReport9(17), 3929—

3933. https://doi.org/10.1097/00001756-199812010300

Fries P., Reynolds, J., Rorie, A. Desimone, RO{2Modulation of oscillatory neuronal

synchronization by selective visual attentiScience291, 1560-1563.

93



Fries, P. (2005). A mechanism for cognitive dynanMeuronal communication through
neuronal coherence. Trends in Cognitive Sciences

https://doi.org/10.1016/}.tics.2005.08.011.

Fritsch, B., Reis, J., Martinowich, K., Schambra, M, Ji, Y., Cohen, L. G., & Lu, B.
(2010). Direct current stimulation promotes BDNRpdedent synaptic plasticity:
Potential implications for motor learning. Neuron 66(2), 198-204.

https://doi.org/10.1016/j.neuron.2010.03.035.

Frohlich, F., & McCormick, D. A. (2010). Endogenoudectric fields may guide

neocortical network activity. Neuron, 67(1), 129-43

Frohlich, F., Sellers, K. K., & Cordle, A. L. (20L4Targeting the neurophysiology of
cognitive systems with transcranial alternatingrentr stimulation Expert Review of

Neurotherapeuticshttps://doi.org/10.1586/14737175.2015.992782.

Frohlich, F. (2015). Experiments and models of icalttoscillations as a target for
noninvasive brain stimulation. lIArogress in Brain ReseardiVol. 222, pp. 41-73).

https://doi.org/10.1016/bs.pbr.2015.07.025.

Fu, K. M. G., Foxe, J. J., Murray, M. M., Higgir, A., Javitt, D. C., & Schroeder, C. E.
(2001). Attention-dependent suppression of distrastisual input can be cross-
modally cued as indexed by anticipatory parietoqmtal alpha-band oscillations.
Cognitive  Brain Research 12(1), 145-152. http://doi.org/10.1016/S0926-

6410(01)00034-9.

Fuggetta, G., Pavone, E. F., Fiaschi, A., & Mang@anB. (2008). Acute modulation of

cortical oscillatory activities during short traingf high-frequency repetitive
94



transcranial magnetic stimulation of the human mototex: A combined EEG and

TMS study.Human Brain Mapping29(1), 1-13. https://doi.org/10.1002/hbm.20371.

Garside P., Arizpe J., Lau C., Goh C., Walsh V.180Cross-hemispheric alternating
current stimulation during a Nap disrupts slow waeévity and associated memory

consolidation. Brain Stimul. 8, 520-527.

Gazzaniga, M. S., Ivry, R. M., Mangun, G. R. (2008g Biology of the Mind. Cognitive

Neuroscience: 2:311.

Gevins, A., Smith, M. E., McEvoy, L., & Yu, D. (198 High-resolution EEG mapping of
cortical activation related to working memory: Effe of task difficulty, type of
processing, and practice. Cerebral Cortex 7(4), 374-385.

https://doi.org/10.1093/cercor/7.4.374.

Givens, B. (1996). Stimulus-evoked resetting of tentate theta rhythm: relation to

working memoryNeuroreport 8(1), 159-163.

Glass, L. (2001). Synchronization and rhythmic psses in physiologyNature

https://doi.org/10.1038/35065745.

Goldenberg, G., Podreka, I., Steiner, M., WillmKs, Suess, E., & Deecke, L. (1989).
Regional cerebral blood flow patterns in visual g@gy. Neuropsychologia27, 641—

664.

Haegens S., Osipova D., Oostenveld R., Jensen @O0)2Somatosensory working
memory performance in humans depends on both engageand disengagement of

regions in a distributed network. Hum. Brain Mapp, 26—35.

95



Hanslmayr, S., Klimesch, W., Sauseng, P., Gruber,Dippelmayr, M., Freunberger, R.,
& Pecherstorfer, T. (2005). Visual discriminatioarfprmance is related to decreased
alpha amplitude but increased phase lockMguroscience Letter8751), 64-68.

https://doi.org/10.1016/j.neulet.2004.10.092.

Hanslmayr A., Aslan A., Staudigl T., Klimesch WO@). Prestimulus oscillations predict
visual perception performance between and withyjesats. Neuroimage. 34-4:1465-

1473.

Hanslmayr S., Matuschek J., Fellner MC. (2014). r&nment of prefrontal beta
oscillations induces anendogenous echo and impaésiory formation. Current

biology. 4 (8): 904-909.

Hari R, Salmelin R, Makela JP, Salenius S, Helle(¥©97). Magnetoencephalographic

cortical rhythms. Int J Psychophysiol 26:51-62.

Harmony T, Fernandez T, Silva J, Bernal J, Diaz-@ein Reyes A, Marosi E, Rodriguez
M, Rodriguez M (1996): EEG delta activity: an inglior of attention to internal

processing during performance of mental tasks] P$ychophysiol 24:161-171.

Harmony T. (2013). The functional significance oéltd oscillations in cognitive

processing. Front. Integr. Neurosci., 7: 83.

Harrison, S. A., Tong, F. (200Decoding reveals the contents of visual working

memory in early visual areablature458, 632-635.

Hasher, L., Lustig, C., & Zacks, R. (2008). Inhanit Mechanisms and the Control of
Attention. In  Variation in Working Memory (pp. 227-249).

https://doi.org/10.1093/acprof:0s0/9780195168648.0009.

96



Hasselmo, M. E., Hay, J., llyn, M., & Gorchetchniké.. (2002). Neuromodulation, theta

rhythm and rat spatial navigatiddeural Networks.

Helfrich R.F., Schneider T.R., Rach S., TraammlLengsfeld S.A., Engel A.K,
Herrmann C.S. (2014) Entrainment of brain oscilasi by transcranial alternating

current stimulation. Curr. Biol., 24 (3): 333-339.

Herrmann, C. S., Munk, M. H. J., & Engel, A. K. (). Cognitive functions of gamma-

band activity: Memory match and utilizatiofrends in Cognitive Sciences

Herrmann, C. S., Rach, S., Neuling, T., & Strild2r,(2013). Transcranial alternating
current stimulation: A review of the underlying rhaaisms and modulation of

cognitive processes. Frontiers in Human Neuroseienc279.

Holscher C, Anwyl R, Rowan MJ (1997). Stimulatiom dhe positive phase of
hippocampal theta rhythm induces long-term potéotighat can be depotentiated by

stimulation on the negative phase in area @Adivo. J Neuroscil7: 6470-6477.

Howard, M. W., Rizzuto, D. S., Caplan, J. B., Mads& R., Lisman, J., Aschenbrenner-
Scheibe, R., Kahana, M. J. (2003). Gamma OsahatiCorrelate with Working
Memory Load in Humans. Cerebral Cortex 13(12), 1369-1374.

https://doi.org/10.1093/cercor/bhg084.

Hoy, K. E., Bailey, N., Arnold, S., Windsor, K.,lim, J., Daskalakis, Z. J., & Fitzgerald, P.
B. (2015). The effect of-tACS on working memory performance in healthy colst

Brain and Cognition101, 51-56. http://doi.org/10.1016/j.bandc.2015.11.002

Huster R. J., Enriquez-Geppert S., Lavallee C.Halkenstein M., Herrmann C. S.

(2013). Electroencephalography of response inbibitasks: functional networks and

97



cognitive contributions. Int. J. Psychophysiol. 87,  217-

23310.1016/}.ijpsycho.2012.08.001.

James, T. W., Humphrey, G. K., Gati, J. S., Mer®nS., & Goodale, M. A. (2002).
Differential effects of viewpoint on object-driveactivation in dorsal and ventral

streamsNeuron https://doi.org/10.1016/S0896-6273(02)00803-6.

JauSovec, N., JauSovec, K., & Pahor, A. (2014). Tikience of theta transcranial
alternating current stimulation (tACS) on workingemory storage and processing

functions. Acta Psychologica, 146(2014), 1-6.

Jenkinson, N., & Brown, P. (2011). New insightitite relationship between dopamine,
beta  oscillations and motor  function. Trends in Neurosciences

https://doi.org/10.1016/}.tins.2011.09.003

Jensen M.H., Bak P., Bohr T. (1983) Complete dewdtaircase, fractal dimension and
universality of mode-locking structure in the c&ranap. Phys Rev Le®0:1637—

1639,d0i:10.1103/PhysRevLett.50.1637.

Jensen O, Gelfand J, Kounios J, Lisman JE. (20@2})ll&ions in the alpha band (9 — 12
Hz) increase with memory load during retention insteort term memory task.

Cerebral Cortex12 (8): 877-882.

Jensen, O., Kaiser, J., & Lachaux, J. P. (2007m#&u gamma-frequency oscillations
associated with attention and memoryTrends in  Neurosciences

https://doi.org/10.1016/}.tins.2007.05.001.

98



Jensen, O., & Mazaheri, A. (2010). Shaping Funetigrchitecture by Oscillatory Alpha
Activity: Gating by Inhibition. Frontiers in Human Neuroscience 4.

https://doi.org/10.3389/fnhum.2010.00186.

Jezek, K., Henriksen, E.J., Treves, A., Moser, &Moser, M.B. (2011).Theta-paced

flickering between place-cell maps in the hippocampature478, 246—-249.

Jiang, H., van Gerven, M. A. J., & Jensen, O. (2014odality-specific Alpha
Modulations Facilitate Long-term Memory Encodingthe Presence of Distracters.

Journal of Cognitive Neuroscienc®7(3), 583-592. https://doi.org/10.1162/jocn.

Kadosh, R. C., & Elliott, P. (2013). Neuroscien8gain stimulation has a long history.

Nature https://doi.org/10.1038/500529d.

Kanai R, Chaieb L, Antal A, Walsh V, Paulus W. (8D&requency- dependent electrical

stimulation of the visual corteurrent Biology18(23): 1839-1843.

Kanai, R., Paulus, W., & Walsh, V. (2010). Transtah alternating current stimulation
(tACS) modulates cortical excitability as assesssd TMS-induced phosphene
thresholds. Clinical Neurophysiology 121(9), 1551-1554.

https://doi.org/10.1016/j.clinph.2010.03.022.

Kayser, C., Ince, R. A. A., & Panzeri, S. (2012hadysis of Slow (Theta) Oscillations as
a Potential Temporal Reference Frame for Infornrma@mding in Sensory Cortices.

PLoS Computational Biolog$(10). https://doi.org/10.1371/journal.pcbi.1002717.

Kellaway, P. (1946). The part played by electrghfin the early history of bioelectricity

and electrotherapy. Bulletin of the History of M&de, 20, 112-137.

99



Kirson, E. D., Dbaly, V., Tovarys, F., Vymazal, $qustiel, J. F., ltzhaki, A., Palti, Y.
(2007). Alternating electric fields arrest cell joi@ration in animal tumor models and
human brain tumorsProceedings of the National Academy of Scient@g(24),

10152-10157. https://doi.org/10.1073/pnas.070294610

Klimesch, W., Pfurtscheller, G. and Mohl, W. (1988ERD mapping and long-term
memory: the temporal and topographic pattern ofcoftical activation. In: G.
Pfurtscheller and F.H. Lopes da Silva Eds. , Foneli Z . Brain Imaging, Huber,

Toronto, pp. 131]141.

Klimesch, W., Schimke, H., Ladurner, G., PfurtstdrelG., (1990). Alpha frequency and

memory performancel. Psychophysio#t, 381-390.

Klimesch, W., Schimke, H., & Schwaiger, J. (199pisodic and semantic memory: an
analysis in the EEG theta and alpha baBbkctroencephalography and Clinical

Neurophysiology91(6), 428—441.

Klimesch, W., Doppelmayr, M., Pachinger, T., & RappB. (1997). Brain oscillations and
human memory: EEG correlates in the upper alphathath bandNeuroscience

Letters 2381-2), 9-12. https://doi.org/10.1016/S0304-3940197y 1-4.

Klimesch W. (1999) EEG alpha and theta oscillatr@fiect cognitive and memory

performance: a review and analy$®sain research review29:169-195.

Klimesch W., Sauseng P., Hanslmayr S. (2007). EFBaaoscillations: the inhibition-

timing hypotesisBrain research reviewb3(1): 63-68.

Klimesch W. (2012) Alpha band oscillations, attentiand controlled access to stored

information. Trends in cognitive sciences. 16(1Q%:®&17.

100



Kolev V ., Yordanova J., Schirmann M., Basar EO©O0Increased frontal phase-locking
of event-related alpha oscillations during taskcpesing. Int J Psychophysiol, 39:

159-165.

Kosslyn, S. M., Pascual-Leone, A., Felician, O.mpasano, S., Keenan, J. P., Thompson,
W. L., Alpert, N. M. (1999). The role of area 17 wsual imagery: Convergent
evidence  from PET and [rTMS. Science 284(5411), 167-170.

https://doi.org/10.1126/science.284.5411.167.

Krause, V., Wach, C., Sudmeyer, M., Ferrea, S.nl&dbr, A., & Pollok, B. (2014).
Cortico-muscular coupling and motor performance amedulated by 20 Hz
transcranial alternating current stimulation (tAG®)Parkinson’s diseasé&rontiers

in Human Neuroscienc¢&. https://doi.org/10.3389/fnhum.2013.00928.

Kutchko, K. M., & Frohlich, F. (2013). Emergence bfetastable State Dynamics in
Interconnected Cortical Networks with Propagatioeldys. PLoS Computational

Biology, 9(10). https://doi.org/10.1371/journal.pcbi.1003304.

LaBar, K. S., Gitelman, D. R., Parrish, T. B., & 8tdgam, M. (1999). Neuroanatomic
overlap of working memory and spatial attentionwweks: a functional MRI
comparison within subjects. Neurolmage 10(6), 695—704.

https://doi.org/10.1006/nimg.1999.0503.

Lacey J.l.,Kagan J., Lacey B.C., Moss H.A. (196B&Tvisceral level: situational
determinants and behavioral correlates of autonomesponse stereotypy.
P.H. Napp (Ed.), Expressions of Emotions in Materdmational Universities

Press, New York.

Lacz6, B., Antal, A., Niebergall, R., Treue, S., Raulus, W. (2012). Transcranial
101



alternating stimulation in a high gamma frequenayge applied over V1 improves
contrast perception but does not modulate spaiti@hton. Brain Stimulation 5(4),

484-491. https://doi.org/10.1016/].brs.2011.08.008.

Lalo E. Gilbertson T., Doyle L., Di Lazzaro V., @ioB., Brown P. (2007). Phasic
increases in cortical beta activity are associatedl alterations in sensory processing

in the humanExp Brain Resl177:137-145.

Lega, B. C., Jacobs, J., & Kahana, M. (2012). Hulmgpocampal theta oscillations and
the formation of episodic memories.Hippocampus 22(4), 748-761.

https://doi.org/10.1002/hipo.20937.

Lisman, J. E., & Jensen, O. (2013). Bhe neural codeNeuron 77(6), 1002—-16.

Lobier, M., Palva, J. M., & Palva, S. (2018). Higlpha band synchronization across
frontal, parietal and visual cortex mediates betvali and neuronal effects of
visuospatial attention. Neurolmage 165, 222-237.

https://doi.org/10.1016/j.neuroimage.2017.10.044.

Lorincz, M. L., Kékesi, K. A., Juhasz, G., Crung\i., & Hughes, S. W. (2009). Temporal
Framing of Thalamic Relay-Mode Firing by Phasic ilbiion during the Alpha

Rhythm.Neuron 63(5), 683—696. http://doi.org/10.1016/j.neuron.20@%012

Luck, S. J., & Vogel, E. K. (1997). The capacityvadual working memory for features

and conjunctiondNatureg 390(6657), 279-284. https://doi.org/10.1038/36846.

Maltseva |.,Geissler H.G.,Basar E. ( 2000). Alpisailtations as an indicator of dynamic
memory operations—anticipation of omitted stimuit J Psychophysid36: 185—

197.

102



Marshall, L., Helgadottir, H., Mdlle, M., & Born,. J2006). Boosting slow oscillations
during sleep potentiates memory. Nature 4447119), 610-613.

https://doi.org/10.1038/nature05278.

Mathewson, K. E., Gratton, G., Fabiani, M., BeckND, and Ro, T. (2009). To see or not
to see: prestimulus alpha phase predicts visualemgas. J. Neurosci. 29, 2725—

2732.

MacMillan, N. A. (2002). Signal Detection Theory. $tevens’ Handbook of Experimental

Psychologyhttps://doi.org/10.1002/0471214426.pas0402.

Malach, R., Reppas, J. B., Benson, R. R., KwongKK.Jiang, H., Kennedy, W. a, ...
Tootell, R. B. (1995). Object-related activity reded by functional magnetic
resonance imaging in human occipital corteroceedings of the National Academy
of Sciences of the United States of Americ82(18), 8135-8139.

https://doi.org/10.1073/pnas.92.18.8135.

Meeuwissen, E. B., Takashima, A., Fernandez, GJe&isen, O. (2011). Increase in
posterior alpha activity during rehearsal predistgccessful long-term memory
formation of word sequencesHuman Brain Mapping 32(12), 2045-2053.

https://doi.org/10.1002/hbm.21167.

Merker, B. (2013). Cortical gamma oscillations: Ttumctional key is activation, not
cognition. Neuroscience and Biobehavioral Reviews

https://doi.org/10.1016/j.neubiorev.2013.01.013.

103



Merlet, I., Birot, G., Salvador, R., Molaee-ArdekaB., Mekonnen, A., Soria-Frish, A.,
Wendling, F. (2013). From Oscillatory Transcran@lrrent Stimulation to Scalp
EEG Changes: A Biophysical and Physiological MauaglStudy.PLoS ONE 8(2).

https://doi.org/10.1371/journal.pone.0057330.

Meyer, L., Grigutsch, M., Schmuck, N., Gaston, & Friederici, A. D. (2015). Frontal-
posterior theta oscillations reflect memory retalegluring sentence comprehension.

Cortex 71, 205-218. http://doi.org/10.1016/].cortex.2015024..

Miniussi C., Harris J.A., Ruzzoli M. (2013). Modely non-invasive brain stimulation in
cognitive neuroscienc@&leuroscience and Biobehavioral Revie@g8), 1702-1712.

https://doi.org/10.1016/j.neubiorev.2013.06.014.

Miranda P.C., Lomarev, M., & Hallett, M. (2006). Bleling the current distribution
during transcranial direct current stimulatio@linical Neurophysiology 117(7),

1623-1629. https://doi.org/10.1016/j.clinph.2006002.

Moliadze V., Antal A., Paulus W. (2010). Boostingaim excitability by transcranial high

frequency stimulation in the ripple rangke Physiol 588, 4891-4904.

Moliadze, V., Atalay, D., Antal, A., & Paulus, W2@12). Close to threshold transcranial
electrical stimulation preferentially activates ilnitory networks before switching to

excitation with higher intensities. Brain Stimutatj 5(4), 505-511.

Myers, N. E., Stokes, M. G., Walther, L., & Nob#e, C. (2014). Oscillatory Brain State
Predicts Variability in Working MemoryJournal of Neuroscien¢e84(23), 7735—

7743. http://doi.org/10.1523/JNEUROSCI.4741-13.2014

104



Nevin, J. a. (1969). Signal detection theory ancerapt behavior.Journal of the
Experimental Analysis of Behavjor 12(3), 475-480.

https://doi.org/10.1901/jeab.1969.12-475.

Niedermeyer, E. (1997). Alpha rhythms as physiaagiand abnormal phenomena. In
International  Journal of Psychophysiology (Vol. 26, pp. 31-49).

https://doi.org/10.1016/S0167-8760(97)00754-X.

Nobre, A. C., Coull, J. T., Maquet, P., Frith, C, Bandenberghe, R., & Mesulam, M. M.
(2004). Orienting Attention to Locations in Peraggt Versus Mental
Representations. Journal of Cognitive Neuroscience 16(3), 363-373.

http://doi.org/10.1162/089892904322926700.

Nunez, P. L., & Srinivasan, R. (200@lectric Fields of the BrainOxford University

Press https://doi.org/10.1093/acprof:0s0/978019505038%.0001.

Nunez, P. L., Wingeier, B. M., & Silberstein, R. 001). Spatial-temporal structures of
human alpha rhythms: Theory, microcurrent sourcadfiscale measurements, and

global binding of local network$luman Brain Mappingl3(3), 125-164.

Ozen, S., Sirota, A., Belluscio, M. A., AnastassiBGu A., Stark, E., Koch, C., & Buzséki,
G. (2010). Transcranial electric stimulation emtsacortical neuronal populations in

rats. Journal of Neuroscience, 30(34), 11476-11485.

Pahor, A., & JauSovec, N. (2014). The effects aftdahtranscranial alternating current
stimulation (tACS) on fluid intelligencénternational Journal of Psychophysiolqggy

93(3), 322-331. https://doi.org/10.1016/}.ijpsychd.2®6.015.

105



Palva, J. M., Palva, S., & Kaila, K. (2005). Phagachrony among neuronal oscillations
in the human cortexThe Journal of Neurosciencelhe Official Journal of the
Society for Neuroscience 2515), 3962-3972.

https://doi.org/10.1523/JINEUROSCI.4250-04.

Paulus, W., Nitsche, M. A. & Antal, A. (2016). Apgdtion of Transcranial Electric
Stimulation (tDCS, tACS, tRNS): From Motor-Evokedoténtials Towards
Modulation of BehaviourEuropean Psychologiskl, 4-14. doi: 10.1027/1016-

9040/a000242.

Pfurtscheller G., Stanca” KA, Neuper C (1996). fosvement beta synchronization. A
correlate of an idling motor ared&ectroencephalogr Clin Neurophysiol98:281-

293.

Pfurtscheller, G., Stancak, A., & Neuper, C. (199)ent-related synchronization (ERS)
in the alpha band - An electrophysiological coteelaf cortical idling: A review.

International Journal of Psychophysiolo@4(1-2), 39—-46.

Pfurtscheller G, Neuper C. (1997). Motor imagertivates primary sensorimotor area in

humans. Neurosci Lett. 239:65+68.

Pfurtscheller, G., & Lopes, F. H. (1999). Eventatetl EEG / MEG synchronization and

desynchronizationbasic principlesClinical Neurophysiology110, 1842—-1857.

Pikovsky, A., Rosenblum, M., & Kurths, J. (2003yn8hronization: A Universal Concept
in Nonlinear Sciences. Cambridge Nonlinear Science Series , 1232.

https://doi.org/10.1063/1.1554136.

106



Poch, C., Campo, P., & Barnes, G. R. (2014). Mad¢areof alpha and gamma oscillations
related to retrospectively orienting attention withworking memory. European

Journal of Neurosciencd((2), 2399-2405. http://doi.org/10.1111/ejn.12589.

Podgorny P, Shepard RN. (1978) Functionalrepresentaommon to visualperception

and imaginationJournal of ExperimentalPsycholaggumPerc and Perf 4(1): 21-35.

Pogosyan, A., Gaynor, L. D., Eusebio, A., & Brown,(2009). Boosting Cortical Activity
at Beta-Band Frequencies Slows Movement in Hum@&usrent Biology 19(19),

1637-1641. https://doi.org/10.1016/j.cub.2009.04.07

Polania, R., Nitsche, M. A., Korman, C., Batsikgad@, & Paulus, W. (2012). The
importance of timing in segregated theta phase{ouyfor cognitive performance.

Current Biology 22(14), 1314-1318. https://doi.org/10.1016/j.cub.205221.

Posner, M. I. (1990). Hierarchical distributed netiks in the neuropsychology of selective
attention. InCognitive Neuropsychology and Neurolinguistics: @wbes in Models of

Cognitive Function and Impairme(pp. 187-210).

Raghavachari S., Kahana M.J., Rizzuto D.Sapl&h J.B., Kirschen M.P., Bourgeois
B., Madsen J.R., Lisman J.E. (2001). Gating oiman theta oscillations by a

working memory task. J. Neurosci., 21: 3175-3183.

Rajagovindan, R., & Ding, M. (2011). From PrestiosilAlpha Oscillation to Visual-
evoked Response: An Inverted-U Function and Iteibnal ModulationJournal of

Cognitive Neuroscieng@3(6), 1379—1394. http://doi.org/10.1162/jocn.201@.24.

Reato, D., Rahman, A., Bikson, M., and Parra, L.(ZD10). Low-intensity electrical

stimulation affects network dynamics by modulatipgpulation rate and spike

107



timing. J. Neurosci30, 15067-15079. doi: 10.1523/jneurosci.2059-11020

Roland, P. E., & Gulyas, B. (1995). Visual memasigual imagery, and visual recognition
of large field patterns by the human brain: funaéilbanatomy by positron emission

tomographyCerebral Cortex5(1), 79-93.

Romei, V., Rihs, T., Brodbeck, V., & Thut, G. (2Q0BResting electroencephalogram alpha-
power over posterior sites indexes baseline visodex excitability.NeuroReport

19(2), 203-208. http://doi.org/10.1097/WNR.0b013e3282c4.

Romei V. Gross J., Thut G. (2010) . On the rolepodstimulus alpha rhythms over
occipital-parietal areas in visual regulation: etation or causation? 30(25) 8692-

8697.

Roux F, Uhlhaas PJ. (2014). Working memory and aleascillations: alpha-gamma

versus theta-gamma codes for distinct WM inform&idrends Cogn Sci. 18:16-25.

Ruff, C. C., Kristjansson, A., & Driver, J. (2007Readout from iconic memory and
selective spatial attention involve similar neupabcessesPsychological Scienge

18(10), 901-909. https://doi.org/10.1111/j.1467-92807.01998.

Samaha, J., & Postle, B. R. (2015). The Speed ph&Band Oscillations Predicts the
Temporal Resolution of Visual PerceptioGurrent Biology 25(22), 2985-2990.

https://doi.org/10.1016/j.cub.2015.10.007.

Sanes, J. N., & Donoghue, J. P. (1993). Oscillatioriocal field potentials of the primate
motor cortex during voluntary movemeitroceedings of the National Academy of
Sciences of the United States of Americad®0(10), 4470-4474.

https://doi.org/10.1073/pnas.90.10.4470.

108



Santarnecchi, E., Polizzotto, N. R., Godone, Mgov@nnelli, F., Feurra, M., Matzen, L.,
Rossi, S. (2013). Frequency-dependent enhancerhdnidintelligence induced by
transcranial oscillatory potentials.Current Biology 23(15), 1449-1453.

https://doi.org/10.1016/j.cub.2013.06.022

Saturnino, G. B., Antunes, A., & Thielscher, A. {&). On the importance of electrode
parameters for shaping electric field patterns gerd by tDCSNeurolmage 120

25-35. https://doi.org/10.1016/j.neuroimage.201065.

Sauseng, P., Klimesch, W., Stadler, W., Schabus,DMdppelmayr, M., Hanslmayr, S.,
Birbaumer, N. (2005). A shift of visual spatialeattion is selectively associated with

human EEG alpha activiteuropean Journal of Neuroscien@?(11), 2917-2926.

Sauseng, P., Klimesch, W., Schabus, M., & Doppetmdy (2005). Fronto-parietal EEG
coherence in theta and upper alpha reflect ceettatutive functions of working

memory. Ininternational Journal of Psychophysiolo@yol. 57, pp. 97-103).

Sauseng P., Klimesch W., Heise K. F., Gruber WHRIz E., Karim A. A., Glennon M.,
Gerloff C., Birbaumer N., Hummel F. C. (2009). Braiscillatory substrates of visual

short-term memory capacity. Curr. Biol.19, 1846-2B%1016/].cub.2009.08.062.

Schack B., Klimesch W., Sauseng P. (2005). Phgsehsonization between theta and

upper alpha oscillations in a working memory tdekJ Psychophysiol, 57: 105-114.

Schmidt, S. L., lyengar, A. K., Foulser, A. A., Bey M. R., & Frohlich, F. (2014).
Endogenous cortical oscillations constrain neurauedtbn by weak electric fields.

Brain Stimulation7(6), 878—889. https://doi.org/10.1016/j.brs.20140G3.

109



Schnitzler, A., & Gross, J. (2005). Normal and p&tlgical oscillatory communication in

the brainNature Reviews Neuroscientdtps://doi.org/10.1038/nrn1650.

Shimi, A., & Astle, D. E. (2013). The strength dafestional biases reduces as visual short-

term memory load increases. Journal of Neurophygigl110, 12-18.

Sela, T., Kilim, A., & Lavidor, M. (2012). Transarel alternating current stimulation
increases risk-taking behavior in the Balloon AgalRisk Task.Frontiers in

Neuroscience(FEB). https://doi.org/10.3389/fnins.2012.00022.

Serences, J. T., Ester, E. F., Vogel, E. K., & A#h,(2009). Stimulus-specific delay

activity in human primary visual corteRsychological Scien¢c20(2), 207-214.

Siegel M. , Warden M.R. , Miller E.K. (2009). Phatependent neuronal coding of objects

in short-term memory. Proc. Natl. Acad. Sci. USB6121341-21346.

Singer, W. (1993). Synchronization of cortical aityi and its putative role in information
processing and learning.Annual Review of Physiology55 349-374.

http://doi.org/10.1146/annurev.ph.55.030193.002025.

Staubli, U., & Lynch, G. (1987). Stable hippocampmig-term potentiation elicited by
“theta”  pattern  stimulation. Brain Research 4351-2), 227-234.

https://doi.org/10.1016/0006-8993(87)91605-2.

Steriade, M., Datta, S., Paré, D., Oakson, G., &&Wossi, R. C. (1990). Neuronal
activities in brain-stem cholinergic nuclei relatea tonic activation processes in
thalamocortical system3.he Journal of Neurosciencélhe Official Journal of the
Society for Neuroscienc#((8), 2541-2559.

110



Stern, C. E., Sherman, S. J., Kirchhoff, B. A., &ddelmo, M. E. (2001). Medial temporal
and prefrontal contributions to working memory tskth novel and familiar stimuli.

Hippocampusl1(4), 337—-346. https://doi.org/10.1002/hipo.1048.

Striber, D., Rach, S., Trautmann-Lengsfeld, S.HEagel, A. K., & Herrmann, C. S.
(2014). Antiphasic 40 Hz oscillatory current stiemibn affects bistable motion
perception.Brain Topography?27(1), 158-171. https://doi.org/10.1007/s10548-013-

0294-x.

Surwillo, W. W. (1961). Frequency of the “alpha’ythm, reaction time and agsature

191(4790), 823-824. https://doi.org/10.1038/191823a0.

Tallon-Baudry, & Bertrand. (1999). Oscillatory gamractivity in humans and its role in

object representatioifrends in Cognitive Science¥4), 151-162.

Tallon-Baudry, C. (2012). On the neural mechanissubserving consciousness and

attention.Frontiers in Psychologyhttps://doi.org/10.3389/fpsyg.2011.00397.

Teplan, M. (2002). Fundamentals of EEG measurendaasurement Science Revjew

2(2), 1-11. https://doi.org/10.1021/pr070350I.

Thielscher, A., Opitz, A., Will, S., & Windhoff, M(2012). Electric field calculations in
brain stimulation: The importance of geometricalpccurate head models.
Biomedizinische Technik7(SI-1 Track-M), 312. https://doi.org/10.1515/bmti29

4529.

Thut, G., Nietzel, A., Brandt, S. A. & Pascual-Leon2006). A. Alpha-band

electroencephalographic activity over occipitalterrindexes visuospatial attention
111



bias and predicts visual target detection. J. Nsair@6, 9494-9502.

Thut, G., Schyns, P. G., & Gross, J. (2011). Entreant of perceptually relevant brain
oscillations by non-invasive rhythmic stimulatiohtbe human brain. 186 Frontiers

in Psychology, 2, 170.

Thut, G., Miniussi, C., & Gross, J. (2012). Thedtianal importance of rhythmic activity

in the brainCurrent Biology https://doi.org/10.1016/j.cub.2012.06.061.

Tuladhar A. M., ter Huurne N., Schoffelen J. M., iMdaE., Oostenveld R., Jensen O.
(2007). Parieto-occipital sources account for therg@ase in alpha activity with

working memory load. Hum. Brain Mapp. 28, 785-792002/hbm.20306.

Todd, J. J., & Marois, R. (2004). Capacity limit wbual short-term memory in human
posterior parietal cortex. Nature 4286984), 751-754.

http://doi.org/10.1038/nature02466.

Uhlhaas, P. J., & Singer, W. (2010). Abnormal newscillations and synchrony in

schizophreniaNature Reviews Neurosciendgtps://doi.org/10.1038/nrn2774.

Van der Meij R., Kahan R, Maris E. (2012). Phasepldode coupling in human
electrocorticography is spatially distributed arthge diverse. J. Neurosci., 32: 111-

123.

Van Dijk, H., Schoffelen, J.-M., Oostenveld, R., &nsen, O. (2008). Prestimulus
Oscillatory Activity in the Alpha Band Predicts Vial Discrimination Ability.

Journal of Neuroscienc@8(8), 1816—1823.

Vanni S., Revonsuo A, Hari R.(1997). Modulationtloé parieto-occipital alpha rhythm

during object detection) Neuroscil7(18):7141-7147.

112



Veniero, D., Vossen, A., Gross, J., & Thut, G. @D1asting EEG/MEG Aftereffects of
Rhythmic Transcranial Brain Stimulation: Level adi@rol Over Oscillatory Network
Activity. Frontiers in Cellular Neuroscienge 0.

https://doi.org/10.3389/fncel.2015.00477.

Vogel E.K., Machizawa M.G. (2004). Neural actvijiredicts individual differences in

visual working memory capacity. Nature, 428: 748-75

Von Stein A, Chiang C, Konig, P. (2000). Top-dowmgessing mediated by interareal

synchronization. Proc Natl Acad Sci U S A. 97:1414353.

Voss, U., Holzmann, R., Hobson, A., Paulus, W., papele-Gossel, J., Klimke, A., &
Nitsche, M. a. (2014). Induction of self awarenessdreams through frontal low

current stimulation of gamma activity. Nature Neagience, 17(6), 810-812.

Vossen A., Gross A., Thut G. (2014) Alpha powearr@ase after transcranial alternating
current stimulation at alpha frequenaytACS) reflects plastic changes rather than

entrainment. Brain Stimul10.1016/j.brs.2014.12.004

Vosskuhl, J., Huster, R. J., & Herrmann, C. S. B)01ncrease in short-term memory
capacity induced by down-regulating individual thdtequency via transcranial
alternating current stimulation. Frontiers in  Human Neuroscience 9.

https://doi.org/10.3389/fnhum.2015.00257.

Voytek B., Canolty R. T., Shestyuk A., Crone N.nRa J., Knight R. T. (2010). Shifts in
gamma phase-amplitude coupling frequency from tteetdpha over posterior cortex

during visual tasks. Front. Hum. Neurosci. 4:19110.

113



Wach, C., Krause, V., Moliadze, V., Paulus, W., 18tther, A., & Pollok, B. (2013).
Effects of 10 Hz and 20 Hz transcranial alternattogrent stimulation (tACS) on
motor functions and motor cortical excitability. liBevioural Brain Research, 241, 1—

6.

Wang XJ. (2010). Physiological and computationahgples of cortical rhythms in

cognition. Physiol Rev 90:1195-1268.

Womelsdorf, T., Schoffelen, J., Oostenveld, R., &gér, W. (2007). Modulation of
Neuronal Interactions. Science (New York, N.Y.) 316 1609-1612.

http://doi.org/10.1126/science.1139597.

Worden M. S., Foxe J. J., Wang N., Simpson G. \00(@. Anticipatory biasing of
visuospatial attention indexed by retinotopically pesific  alpha-band

electroencephalography increases over occipitééxod. Neurosci. 20.

Xu, Y., & Chun, M. M. (2006). Dissociable neural chanisms supporting visual short-
term memory for objects.  Natureg 44Q(7080), 91-95.

https://doi.org/10.1038/nature04262.

Zaehle, T., Rach, S., & Herrmann, C. S. (2010).n3caanial alternating current

stimulation enhances individual alpha activity imtan EEG. PLOS One, 5, 13766.

Zaghi S, Acar M, Hultgren B, Boggio PS, Fregni 2010) Non invasive Brain
Stimulation with Low-Intensity Electrical CurrentButative Mechanisms of Action

for Direct and Alternating Current Stimulatiddeuroscientist

Zaghi, S., Rezende, L. D., de Oliveira, L. M., E#¢r, R., Menning, S., Tadini, L., &

Fregni, F. (2010). Inhibition of motor cortex exbtlity with 15 Hz transcranial

114



alternating current stimulation (tACSNeuroscience Letters4793), 211-214.

https://doi.org/10.1016/j.neulet.2010.05.060.

Zago S., Priori A., Ferrucci R., Lorusso L. (2018istorical Aspects of Transcranial
Electric Stimulation. In: Brunoni A., Nitsche M., ob C. (eds) Transcranial Direct

Current Stimulation in Neuropsychiatric Disordegpringer, Cham.

Zanto, T. P., & Gazzaley, A. (2009). Neural Supgpi@s of Irrelevant Information
Underlies Optimal Working Memory Performandeurnal of Neuroscien¢9(10),

3059-3066. https://doi.org/10.1523/JINEUROSCI.4681-0

Ziemann, U., & Siebner, H. R. (2008). Modifying raptlearning through gating and
homeostatic??metaplasticity. Brain Stimulation

https://doi.org/10.1016/j.brs.2007.08.003.

115



