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Abstract

Transcranial alternating current stimulation (tACS) is a non -invasive brain
stimulation method that involves the application of weak electric currents to the
scalp. tACS has the potential to be an inexpensive, easily administrable, and
well -tolerated multi -purpose tool for cognitive and clinical neuroscience as it
could be applied to establish the functional role of rhythmic brain activity, and
to treat neural disorders, in particular those where these rhythms have gone
awry. However, the mechanisms by which tACS produces both "online" and
"offline"” effects (that is, those that manifest during stimulation and those that
last beyond stimulation offset) are to date still poorly understood. If the
potential of tACS is to be harnessed effectively to alter brain activity in a
controlled manner, it is fundamental to have a good understanding of how tACS
interacts with neuronal dynamics, and of the conditions that promote its effect.
This thesis describes three experiments that were conducted to elucidate the

mechanisms by which tACS interacts with underlying neural network activity.

Experiments 1 and 2 investigated the mechanism by which tACS at alpha
frequencies (8 - 12 H z ,-tAQ$) over occipital cortex induces the lasting
aftereffect s-powerthataveré maviously deltribed in the
literature. Two mechanisms have been suggested to underlie alpha power
e n h anc e me ntACSadntrammentldf endogenous brain oscillations and/or
changes in oscillatory neural networks through spike timing -dependent plasticity
(STDP). h Experiment 1, we tested to what extent plasticity can account for
tACSaftereffects when controlling for entrainment characteristics. To this end,
we used a nov e |-tACSipmtbcel and investigated theldtrength of
the aftereffect as a functio n of phase continuity between successive tACS
episodes, as well as the match between stimulation frequency and individual
alpha frequency (IAF). Alpha aftereffects were successfully replicated with
e n h a n epevder after intermittent stimulation comparedt o sham. These
aftereffects did not exhibit any of the expected characteristics of prolonged
entrainment in that they were independent of tACS phase -continuity and did not
show stable phase alignment or synchronisation to the stimulation frequency.

These results indicate that prolonged entrainment is insufficient to explain the



aftereffects and suggest that the latter emerge through some form of network

plasticity.

To clarify the nature of these plasticity mechanisms, we then aimed to
assess whether STDP cou d e x p | apower iricrease. We developed a
conceptual STDP model that predictedbi-di r ect i onal -powaranges it
depending on the relative mismatch between the tACS frequency and IAF. After
observing in Experiment 1 that tACS at frequencies slightly lower than the IAF
p r o d u eeahdncdthent, Experiment 2 used a similar intermittent protocol
that manipulated tACS frequency to be either slightly lower or higher than IAF to
respecti vel y enh-aaiwtyeln additiors aqomrol eoaditionWit h
continuous stimulation aimed to replicate previous results from other groups.
However, we did not qbverehange inany o thesacteemat i ¢
conditions. The lack of consistency between the two experiments raises

concerns regarding the repro ducibility and effect size of tACS aftereffects.

The third experiment investigated the mechanism of online effects and
tested predictions that were based on the assumption that entrainment is the
underlying process mediating behavioural changes during tACS. We capitalised
ontwowell-descri bed phenomena: first-poywer t he a
lateralisation and visuospatial attention, and secondly, the fluctuation of
perceptual p e r fpbasemZpeciiaally,khie €xperindént tested
whether event -rel a t etACS pplied over right parieto -occipital cortex can
induce a visuospatial bias in a peripheral dot detection task that would reflect
Wpower lateralisation, and whether detection performance depends on the
phase of the tACS waveform. In control tr ials either no tACS or 40 Hz-tACS
(gamma) was applied to make use of the putative opposing roles of alpha and
gamma oscillations in visual processing. As expected from lateralised
enhancement of alpha oscillations, visual detection accuracy was weakly
impaired for targets presented in the left visual field, contralateral to tACS.
However, this effect was neither frequency -specific nor waveform phase -
dependent. Therefore, it is unlikely that the negative effect of tACS on

visuospatial performance reflects en trainment.

Overall, the results of these experiments only partially met our

hypot heses. Ex per i menhanceenpthatonduezpeated t he W



based on the literature while the follow -up experiment failed to reproduce these
results under similar condit ions. This outcome demonstrates at best that tACS
aft er ef f-actvitysare aohrobist, may vary widely across individuals, and
might be extremely sensitive to small changes in experimental parameters and
state variables. The results of the third expe riment call into question the
assumption of online entrainment as basis for the observed behavioural effect.
These findings point to the need for improved methodology, for more systematic
and exhaustive exploration of the relative effects of tACS across di fferent
parameter settings, tasks, and individuals; and for the replication of promising
but thus far often anecdotal results. They also inspire guidelines for more

informative experimental designs.
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Abbreviati ons

EEG electroencephalography

MEG magnetoencephalography

tES transcranial electrical stimulation

tACS transcranial alternating current stimulation
(0)tDCS (oscillatory) transcranial direct current stimulation
tSOS transcranial slow oscillation stimulation

tRNS transcranial random noise stimulation

(NTMS (repetitive or rhythmic) transcranial magnetic stimulation
ITBS intermittent theta -burst stimulation

NIBS non-invasive brain stimulation

IAF individual alpha frequency

ISF individual stimulation frequency

VAS visual analogue scale

LTP/LTD long term potentiation/depression
STDP spike timing -dependent plasticity
VF visual field
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Chapterl.Genemdlroducti on

Non-invasive electrical brain stimulation as a form of therapy appears to
have been employed in human patients at least as early as during the Roman
empire, from whence stems the first recorded use of electric fish as remedy
against chronic headaches (Kellaway, 1946). Since the Romans we have come a
long way, and such "electro -ichthyic" stimulation has been gradually replaced by
technologically more sophisticated methods aimed at increasingly more subtle
targets. Modern approaches involving electric currents intended to alter brain
activity are collectively known as transcranial electrical stimulation (tES ) which
include transcranial direct current stimulation (tDCS), transcranial random noise

stimulation (tRNS) and transcranial altern ating current stimulation (tACS).

During the past decade there has been a massive upsurge in the interest
in neuromodulation with tES and, as a consequence, in the biological basis of its
effects on brain activity and behaviour. Many studies have been pubished that
report concurrent or outlasting changes in neuro-electrical activity (see section
Evidence for tACS-induced entrainment of neural activity , this chapter),
cerebral blood flow (Stagg et al., 2013), neurotransmitter concentration (Stagg
et al., 2009) , and most prominently perception, cognition and memory (see
section Behavioural effects of tACS , this chapter). Thus, there seems to be little
doubt that tES is effective in inducing physiological changes that are translated
into changes in behaviour, and accordingly the optimism is high for the
deployment of tES in a number of experimental and clinical applications. These
include the development of effective therapeutic tES interventions for a wide
range of pathol ogies, for causal manipulation of brain activity in order to explain
the link between neuronal action and specific aspects of human behaviour, and

for the improvement of skills and well -being through neuro-enhancement.

There are many possible targets for t ES. Someof these targets are
behaviourally defined, such as working memory capacity or abstract reasoning.
Alternatively , the target can be neurally defined, for instance in terms of
cortical excitability or, as will be the topic of this work, neural osci llations,
which reflect synchronous activity across populations or networks of neurons.

This thesis investigates specifically how transcranial alternating current
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stimulation (tACS at physiologically relevant frequencies interacts with such

oscillations.

The concept of neural oscillations is usually credited to Hans Berger, who
was the first physiologist to describe the rhythmic waves in the human
encephalogram as "alpha" and "beta" waves(Berger, 1935). Somewhat ignored as
neural background noise during the high tide of the event -related potential
(ERP) paradigm, neural oscillations have meanwhile been found to be modulated
in a task- and state dependent fashion in a large number of cognitive,
perceptual, and motor processes, and to correlate with a variety of behavioural
measures. Oscillations have therefore now been accepted t o be an integral part
of neural information processing (Buzsaki, 2006; Thut, Miniussi, & Gross, 2012).
In accordance with the putative importance of neural rhythms for normal brain
functioning, abnormal changes in oscillatory activity have been associated with
several neuropathologies, including Alzheimer's disease, Parkinson's disease,
autism spectrum disorder, and schizophrenia (Schnitzler & Gross, 2005; Uhlhaas
& Singer, 2006).

Knowledge of the relationship between brain rhythms and behaviour is to
date predominantly derived from electroencephalography (EEG and
magnetoencephalography (MEQG, which respectively record electrical and
magnetic brain activity on the scalp surface. However, this type of research s
intrinsically correlational. Caus al intervention is required to show that these
oscillations are not only epiphenomenally related to behaviour but also
functionally relevant. If such a functional role for oscillations exists,
manipulating aberrant synchronicity towards normal levels could in theory
alleviate symptoms or even reinstate the normal healthy state. Therefore,
oscillatory activity is an attractive target for a variety of applications both in the
study of cognition and for the treatment of neural disorders, and by extension a
popular target for tES. However, much like the early Greeks and Romans were
puzzling over the mechanism and effects of electric shocks induced by their gill -
bearing narcotics, so are the mechanisms and effects of tES and their interaction
with neural tissues in healthy, functional networks under varying brain states

still poorly understood. Naturally, it is important to understand the impact of
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electrical stimulation on brain activity, in order to design rational interventions

and minimize potential risks.

The aim of this thesis is to increase our understanding of the mechanisms
leading to both "online" and "offline " neural and behavioural effects. Online
effects are defined as the direct, immediate and transient effects of tACS during
active stimulation, which should be especially useful in the causal study of
cognition and perception. Offline effects refer to those changes that last beyond
stimulation and warrant hope that tAC S could provide a versatile therapeutic
tool. Chapter 1 sets the stage by giving an overview of the most important
concepts in this work. It introduces the alpha rhythm, which constitutes the
primary neural target for tACS in the experiments described in t his thesis. It also
introduc es tACS, including a description of the basic technical aspects and a
review of our current understanding of the mechanism by which it induces
neural effects, namely entrainment of neural oscillations. Following a thoroug h
discussion of the background, Chapters 2 - 4 then present three experiments
that were designed to test some of the assumptions that are frequently evoked
to explain how tACS exerts its effects . Chapter 5 attempts with a general
discussionto link the findings f rom these experiments and to integrate them into

the bigger picture of and beyond the ex isting literature.

Tha pha rhyt hm

To recap briefly, the spectrum of neural oscillatory activity as measured
by EEGor MEGis often subdivided into different frequency bands with more or
less arbitrary and somewhat variable boundaries ( Bal ar -Er Bal ar, Kar a
Schirmann, 2000; Ernst Niedermeyer, 1999; Rosanova et al., 2009; Schirmann &
Bal ar, 200 1;. Thasefraguency liadde gre (arbitrarily) labelled with
Greek letters and include: Delta (© ,roughly up to 4 Hz), theta ( q 4 - 8 Hz),
alpha (W 8 - 12 Hz), beta (N ,13 - 30 Hz), and gamma (| ,greater than 30 Hz).
Sometimes the high frequency (ripple) range above 100 Hz is included. These
frequency bands may be subdivided (e.g., "slow delta” of oscillations of less than
1 Hz, low and high alpha, beta and gamma sub-bands) depending on their
functional relevance. This work is primarily concerned with activity in the
Whband, specifically those rhythms that are distinctly visible in the time series

recorded by sensors located over the posterior scalp (Figure 1.1).
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Figure 1.1: Typical EEG alpha activity

Red box highlights a period of high alpha amplitude. Alpha amplitude increases from Frontal
towards Posterior/Occipital leads. This example also shows the characteristic waxing and waning
pattern of alpha activity over time.

Source localisation of posterior Wactivity as measured by MEG indicates
that these rhythms originate from regional neuronal clusters localised in the
parieto -occipital cortices (Salenius, Kajola, Thompson, Kosslyn, & Hari, 1995;
Salmelin & Hari, 1994; Thut, Veniero, et al., 2011; Tuladhar et al., 2007) . In
addition, such Uigenerators can be located in different cortical layers
(Bollimunta, Mo, Schroeder, & Ding, 2011). Invasive recordings suggest that such
sources may consist of neuronal groups with dynamically changing boundaries
whose members drift in and out of synchrony, thus forming distributed cortical
epicentres (Nunez, Wingeier, & Silberstein, 2001) . If the population of neurons
oscillating coherently at any one time becomes large enough through mutual
interactions, their rhythm becomes visible as a global feature in non -invasive
recordings. Such interactions may be depending on ta sk demands. Besides intra-
cortical sources, activity in thalamo -cortical neural feedback circuits appears to

be involved in shaping Wrhythmicity (Hughes et al., 2011; Lopes da Silva, Vos,
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Mooi broek, & Van Rotterdam, 1980,; Lsrinc:
20009).

Because of alpha's high visibility and distinct pattern in the human EEG,
many researchers have tried to elucidate its functional significance since Hans
Berger's initial description (Berger, 1929). Many theories have been proposed and
tested, and many have subsequently been discarded. Alpha has been linked to
many cognitive processes including, but no t limited to, (working) memory
(Bonnefond & Jensen, 2013; Freunberger, Werkle -Bergner, Griesmayr,
Lindenberger, & Klimesch, 2011; Klimesch, Freunberger, & Sauseng, 2010),
intelligence (Doppelmayr et al., 2005; Doppelmayr, Klimesch, Stadler,

Pdllhuber, & Heine, 2002) , oculomotor control (Mulholland & Peper, 1971,
Wertheim, 1974), arousal (Makeig & Jung, 1995), attention (Sauseng et al., 2005;
Thut, Nietzel, Brandt, & Pascual -Leone, 2006; Worden, Foxe, Wang, & Simpson,
2000), creativity (Lustenberger, Boyle, Foulser, Mellin, & Frohlich, 2015) , visual
imagery, intentionality and motor preparation, personality differences, mental

time keeping, and conscious awareness (see Shaw, 2003 for a comprehensive
review over early ideas and research on UWrhythms that is beyond the scope of

this dissertation).

The pervasive findings of cognitive performance that covaries with
Wamplitude, phase, and/or topography suggest that alpha oscillations play a
global functional role in information processing , rather than being a correlate of
a limited set of specific mental processes. This is reflected by contemporary
theories that assign a more general role. The putative mechanismist hat
Woscillations implement selective information flow in the brain through what
has been dubbed "pulsed inhibition" (Mathewson, Gratton, Fabiani, & Beck,
2009) under top -down control. "Pulsed" in this context refers to the alternating
peaks and troughs of the alpha waveform, which correspond to so -called up-
states and down-states of neuronal excitability. Originally used in the context  of
bistable membrane properties of single neurons, these states are periods within
an oscillatory cycle in which the participating neurons are depolarised (that is,
excitable) or hyperpolarised (less excitable or inhibited). Regional fluctuations in
Wpower and phase (e.g., through top down attentional control) are thought to

determine the extent of local active neuronal information processing (gating by
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inhibition hypothesis ) (Jensen & Mazaheri, 2010) and to facilitate communication
within distributed neuronal networks and between functionally connected brain

areas (inhibition -timing hypothesis) (Klimesch, Sauseng, & Hanslmayr, 2007)

In the gating by inhibition framework, which rests on the finding that
alpha and gamma activity are inversely correlated (Osipova, Hermes, & Jensen,
2008; Voytek et al., 2010) , n-power dand by inference neural processing dis low
when Wpower is high, and vice versa. Accordingly, it is hypothesised that the
Wcycle, by effect ively limiting the amount of information represented by
n-oscillations "nested" in its trough, acts as a salience filter which will allow only
the processing of the more conspicuous or behaviourally relevant input (Jensen,
Bonnefond, & VanRullen, 2012). Thus, Wactivity acts as a filter by allowing only
certain sensory information to be processed and communicate d to downstream
areas while blocking irrelevant distracters. Filtering will be stricter the higher
the alpha power, that is the more neurons are engaged. The inhibition -timing
hypothesis follows similar ideas but emphasises that the precise timing of
activity between brain areas is important for efficient information processing,
and that coordinated Uioscillations ensure that the phases within and between
cooperating networks are optimally aligned. Conversely, areas with temporally
non-coherent activity are prevented to communicate to reduce crosstalk. A
related group of ideas considers oscillatory activity in terms of rhythmic
perceptual sampling. Here, perception is thought to be a series of discrete
shapshots (as compared to a continuum)(Busch & VanRullen, 2010; Schroeder &
Lakatos, 2009; VanRullen & Koch, 2003; Varela, Toro, Roy John, & Schwartz,
1981), where the exact frequency (including but not necessarily limited to the
8 - 12 Hz range) determines the sampling rate, and the phase the moment when
information is sampled. As such, this view stresses active information flow rather
than its blocking but is effectively similar in proposing a regulatory effect
through alternating time windows that either allow or re  strict information

processing.

These different hypotheses are not mutually exclusive, and empirical
observations generally support an inhibitory, "shutter” -like role of Wactivity
which modulates perceptual thresholds and imposes rhythmicity into perceptual

performance (e.g. , Bonnefond & Jensen, 2012; Dugué, Marque, & VanRullen,
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2011; Kelly, Lalor, Reilly, & Foxe, 2006; Mathewson et al., 2011, 2009; Rihs,
Michel, & Thut, 2007; Thut et al., 2006) .

In Experiment 1 and 2 (which are described in Chapters 2 and 3,
respectively) , an agnostic stance towards the functional role of alpha is
assumed. In other words, we simply describe a system response that is non -
informative with respect to behavioural consequences. In  Experiment 3
(described in Chapter 4), the hypotheses about tACS-induced behavioural
changes are based on the above presented mechanisms of sensory gating, timed
inhibition, and periodic sampling, where the local magnitude and phase of

Wpower determine whether and to what extent visual information is processed.

Now that we have defined our target, we will have a closer look at the
method by which we aim to interact with the  Wrhythm. The next section gives a
brief introduction of transcranial electrical stimulation methods in general and
of tACS in particular, includin g an overview of the technical parameters that

need to be considered during experimental design.

What is tACS?

Transcranial alternating current stimulation (tACS), transcranial direct
current stimulation (tDCS), and transcranial random noise stimulation (t RNS)
form the group of transcranial electrical stimulation (tES) methods (Bikson,
Reato, & Rahman, 2013; Paulus, 2011; Woods et al., 2016). These techniques act
on the stimulated tissue by inducing a subthreshold polarization which does not
trigger action potentials directly, but rather changes the resting membrane
potential and thus leads to a change in the firing rate or pattern of the
stimul ated neurons. These minimally invasive electrical brain stimulation
protocols use the same hardware and all involve the application of a weak
electric current of typically less than £2 mA between two or more electrodes
attached to the scalp. Their spatial specificity is in the range of  centimetres,
although some focality can be gained by using smaller electrodes or ring
montages that increase the current density below the electrode over the area of
interest. The differences betw een tDCS, tACS, and tRNS are in their respective

current waveforms, which appear to in duce different neural effects.
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t DCS

tDCSis the most established form of tES in cognitive and clinical
neuroscience research. As the name implies, the current waveform is time -
invariant, i.e. , the intensity and polarity remain constant for the duration of the
stimulation. Depending on the polarity of the current, each member of an
electrode pair acts either as anode (with current flowing inward towards the
electrode) or ca thode (current flowing outwards towards the brain). As a rule of
thumb, it is often generalised that anodal stimulation leads to enhanced
excitability of the underlying neural tissue, while cathodal stimulation has an
inhibitory effect on the targeted brai n regions (e.g., Nitsche & Paulus, 2000). In
practice, polarisation likely affects different cell compartments differently,
depends on the cell's orientation and depth, and will be a complex function of
network connectivity (Bikson et al., 2013) . Nonetheless, at least for stimulation
of the motor cortex, this simplification seems to  provide a reasonable working

hypothesis (Jacobson, Koslowsky, & Lavidor, 2012).

It should be not ed that in any tES montage, all electrodes are active in
the sense that they assert an effect on the underlying tissue. An ensuing
complication is that any effect ascribed to tDCS can be due to the anodal
stimulation at one or cathodal stimulation at anoth er electrode, or an
interaction thereof mediated by the current that passes through the tissue
between them. Extracephalic reference electrodes (e.g. , on the neck or
shoulder) can alleviate this problem somewhat, as can relatively smaller active

electrodes over targeted areas in combination with larger "return" electrodes.

t ACS

tACSand tDCS are similar in many respects in that applications typically
employ similar current strength and montages, and in that they do not elicit
action potentials directly but alter the membrane potential and therefore the
probability for such events to occur. In contrast to tDCS, tACS involves a current
waveform with periodically changing direction , that is, the polarity at each
electrode reverses between anodal and cathodal at one specific frequency.
Typically the tACS waveform is sinusoidal, but other waveforms are possible,

e.g., saw tooth, or boxcar -shaped. tRNS can be considered a special form of
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tACSin which the frequency and amplitude of the alternating current are

changing randomly within a limited but broad frequency band (although the
effects of tRNS resemble more those of DC stimulation reflecting changes in
excitability ; Chaieb, Paulus, & Antal, 2011). A tACS protocol is defined by a

number of parameters, which are listed below.

Current strength

In human research the current is typically less than 3 mA from peak to
trough (peak to peak amplitude). Modern stimulators have constant current

control, adjusting t he applied voltage with changing scalp resistance.

Montage

Montage refers to the number, location, and relative orientation of
electrodes on the scalp. Electrodes can either all be placed on the scalp, or one
can place an extracranial reference electrode, e.g., on the shoulder, in order to
minimize the number of active electrodes over brain areas. The montage also
determines the current flow between electrodes, which in turn determines
which brain structures are maximally stimulated (Neuling, Wagner, Wolters,
Zaehle, & Herrmann, 2012). In addition, the montage determines the degree of
retinal stimulation (Laakso & Hirata, 2013) and shunting of electric current
through the skin (Faria, Hallett, & Miranda, 2012; Miran da, Lomarev, & Hallett,
2006).

Electrode type/size/shape/orientation

Stimulation can be done via standard EEG electrodes or rubber electrodes
in a variety of shapes and sizes. To reduce resistance between electrode and
scalp, rubber electrodes are eithe r inserted into sponges soaked in saline
solution and attached using rubber bands, or covered with suitable electrode
paste that also acts as glue. Smaller electrodes have a greater current density at
the same current strength and are presumably more focal . Electric field models
suggest that the strongest current density is typically found along the edges of
the electrode and under the connector, and the field strength in the cortex is
greater when connectors are positioned furthest apart (Miranda et al., 2006;

Saturnino, Antunes, & Thielscher, 2015) . Recent invasive recordings of tES
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induced electric fields performed in pre -surgical epilepsy patients and cebus
monkeys confirmed that field strength is highest near the stimulat ing electrode
(Opitz et al., 2016) .

Frequency

The number of full positive -to-negative cycles per second, which is
typically set to match a physiological frequency (that is, delta, theta, alpha,
beta, or gamma; see section The alpha rhythm , this chapter) that has been
associated with some cognitive function or state previously through correlative

studies.

Phase

Simulation waveforms can be in phase or in anti -phase across electrodes
or electrode pairs. With montages of two electrodes, stimulation is always in
anti-phase, i.e., when the current is positive under one electrode, it will be
negative under the other. | n montages with more than two electrodes, the
montage can be set up in a way that the current waveforms are in phase, i.e.
simultaneously either positive or negative between any given pair of electrodes.
The relative phase between electrodes is thought to have either facilitatory or
disrupting effect on coherence between areas (Helfrich, Knepper, et al., 2014;
Polania, Nitsche, Korman, Batsikadze, & Paulus, 2012). In experiments involving
stimulus presentation, phase can also describe where in the oscillatory cyc le a
stimulus has been presented. The relative phase in both intrinsic and artificially
induced oscillations has been linked to differences in trial -by-trial perception
thresholds (e.g., Busch, Dubois, & VanRullen, 2009; Gundlach, Miller, Nierhaus,
Villringer, & Sehm, 2016; Hanslmayr, Volberg, Wimber, Dalal, & Greenlee, 2013;
Neuling, Rach, Wagner, Wolters, & Herrmann, 2012; Riecke, Fo rmisano,
Herrmann, & Sack, 2015; Romei, Gross, & Thut, 2012; VanRullen, Busch, Drewes,
& Dubois, 2011). Intracranial measurements suggest that there is only small
phase distortion between the stimulating electrode and remote electrodes, such
that the ph ase of the stimulating waveform is representative for the overall
electric field (Opitz et al., 2016) . This permits assumptions about a stable phase

relationship between the induced current and its spatially distributed effects.



Chapter 1: General Introduction 25

ot DCS/t SOS

If a direct current (DC) offset is applied to a tACS current, essentially
creating a tAC/DCS hybrid, the stimulation can be referred to as oscillatory tDCS
(otDCS. This can be hypothetically useful if one wants to combine the
excitability -changing properties ascribed to DC stimulation with the oscillatory
properties of tACS. This approach has been used most prominently to ind uce
slow oscillations (< 1 Hz; then also referred to as transcranial slow oscillatory
stimulation dtSOS see section Behavioural effects of tACS, this chapter ). During
otDCS, the intensity of the current is modulated up and down in a periodic

fashion but with constant polarity.

Put ati ve mechanism of action

The periodic polarity reversal of the tACS current presumably leads to
alternating hyper - and depolarisation of neuronal membranes, thereby shaping
the firing rate and pattern of action potential s and thus imposing a temporal
structure on neural communication (Fréhlich & McCormick, 2010). Importantly,
no net polarisation build s up over time and therefore any tACS -induced effect
cannot simply be explained by a modulation of the net level of excitability.
Instead, tACS isthought to exert its effects through entrainment, or phase
alignment, of endogenous neural activity to the phase of the electric current
(see section Entrainment : Definitions and assumptions below). The efficacy of
tACS in inducing a neural effect is thoug ht to depend on the matching of the
stimulation frequency to that of the underlying endogenous network frequency
(Ali, Sellers, & Frohlich, 2013; Schmidt, lyengar, Foulser, Boyle, & Fréhlich,
2014), which evokes the intriguing possibility that stimulation at frequencies
tuned to intrinsic spontaneous or task-related frequencies of the cortex provide
a window for interaction with ongoing brain activity ~ (Thut, Schyns, & Gross,
2011). An important prediction based on such frequency dspecific interactions is
that the neural effect is realised within a limited set of frequencies, including
the stimulation frequ ency and its harmonics and subharmonics, or frequencies
with a known functional relationship to the stimulation frequency, while having

little to no effects at frequencies outside this defined range.

O |
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The following paragraph introduces the theoretical conce pt of
entrainment in greater detail, before we look at experimental evidence from
network simulations, in vivo and in vitro animal studies, and non -invasive

research in humans that support the idea of tACS -induced entrainment.

Entrai nment : Dafsompt oassand

"Neural entrainment” is one of the buzz words in contemporary
neuroscience, and different researchers may use the term in a variety of ways.
In the context of this dissertation, entrainment is defined as  the temporal
alignment of the activity o f an autonomous self -sustained neural oscillator to
an externally applied weak periodic force (Thut, Schyns, et al., 2011) . This
strong definition requires a neural population capable of (actively) producing
rhythmic activity, and phase alignment of this intrinsic activity to the rhythm of
an external driving source. Th is source, or externally applied periodic force , can
be rhythmic sensory input (e.g. , discrete visual, auditory, or haptic events) or,
as suggested by empirical observations which are reviewed below ,
electromagnetic stimulation methods such as tACS, otDCS, or

repetitive/rhythmic transcrani al magnetic stimulation (rTMS).

The autonomous self-sustained neural oscillator in question is assumed to
be an array, or network, of neurons that is capable, or predisposed, to oscillate
at a certain intrinsic frequency (its Eigenfrequency). By "oscillate” | mean the
periodic fluctuation between two states, which can be, depending on the
specific context, a series of cycles from depolarisation to hyperpolarisation of a
neural membrane, or the fluctuation between negative and p  ositive scalp
potentials as recorded by M/EEG. In the current work, the term oscillator refers
to the neural networks supporting posterior EEG alpha rhythms (see section The
alpha rhythm above). This network is autonomous in that it can produce and
sustain rhythmic activity in the absence of external stimulation (as reflected by
"spontaneous"” bursts of alpha activity which are frequently observable in EEG
deflections). This sort of autonomy distinguishes this type of oscillation from a
(passive) resonance phenomenon that requires energy input from an external
source. In this view, oscillations can serve an active, causal role in the nervous

system.
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The concept of a neural oscillator should be considered a simplified
model. As the alpha rhythm waxes and wanes over time, it is by no means
constant (sustained) over periods longer than a few seconds. As we saw earlier,
it is also unlikely that there is only one single oscillator or group of homogenous
oscillators. For this work it will however be assumed that, as a group, these
alpha oscillators are affected by stimulation in a qualitatively similar fashion,
although not necessarily to the same degree dependent on their depth and

location and exact intrinsic frequency.

Fundamental theoretical considerations regard ing the synchronisation of
two weakly coupled oscillating systems (which are comprehensively described by
(Pikovsky, Rosenblum, & Kurths, 2001) specify the response characteristics that
should be exhibited by the neural oscillator to an external rhythmic force in
order to qualify as entrainment as defined above. Im agine a neural array which
tends to oscillate at an intrinsic natural frequency Fy, (e.g., 10 Hz for the alpha
network) and an external periodic force with stimulation frequency  Fs(e.g.,
tACS). The efficiency by which the periodic force can entrain (or ph ase-align)
the self -sustained oscillator depends on two factors: the distance between
intrinsic and external frequency, and the intensity of the external force . For a
small frequency mismatch (i.e. , a small difference between Fyand Fg), only a
low stimula tion intensity is required to phase -lock the oscillator's activity to that
of the stimulating force. When this happens, the frequency of the oscillator will
be adjusted to match that of the force. For larger frequency mismatch es, more
energy (that is, higher stimulation intensity) is required to achieve the same
degree of phase locking, and thus frequency alig nment, between the two

signals.

An equivalent way to look at this is that for a given moderate intensity
(that is, an intensity that is neither to o weak to have any influence nor too
strong to overpower intrinsic rhythms), its ability to entrain the network is high
when the frequencies are (near) equal but decreases when the difference
between frequencies increases. If the mismatch is large and the intensity low,
there may be partial entrainment, with the oscillator's frequency somewhere
between its spontaneous frequency and the frequency of the external force
(Frohlich, 2015).



Chapter 1: General Introduction 28

100
1:1 synchronisation
;@ 80 +
>
|
& 60 +
=
=
2 40+
©
=3
=
n 20F
0 1 1 1 1 1
0
FS - FN (Hz)
no partial perfect
entrainment entrainment entrainment

Figure 1.2: Entrainment exhibits an Arnold tongue

The extent to which an external periodic force can entrain, or phase-align, a weak neural oscillator
(shaded blue area) depends both on the intensity of the external force (y-axis, arbitrary unit) and
the mismatch between the intrinsic frequency of the neural oscillator, Fy, and the frequency of the
external force, Fs (x-axis). At low intensities, entrainment is confined to closely matching stimulation
frequencies, while at higher intensities a given network can be entrained by a wider range of Fg,
thereby experiencing a frequency shift.

When the strength of entrainment is plotted as a funct ion of stimulation
intensity and frequency mismatch between Fy and Fs, one observes a
characteristic triangular area called an Arnold tongue (see Figure 1.2). This
Arnold tongue delimits a parameter space within which the strength of
entrainment of any available oscillator is inversely proportional to the relative
frequency mismatch and directly proportional to the stimulation intensity. These
considerations apply also if the stimulation frequency is close to a harmonic or

subharmonic of the intrinsic frequency.

Evidence 4 odutA@Sentrai nment

Entrainment by weak AC electric fields has been studied in silico, in vitro
and in vivo. Increased coherence of spike timing with the ph ase of the applied

field depending non -linearly on stimulation frequency and intensity have been



Chapter 1: General Introduction 29

demonstrated in brain slice experiments (Deans, Powell, & Jefferys, 2007,
Reato, Rahman, Bikson, & Parra, 2010; Schmidt et al., 2014) . Notably, such
changes in spike timing can occur in the absence of a net change in spike rate
(Reato et al., 2010) .

Enhanced phase alignment for low stimulation frequencies was also found
in live, anaesthetised rats (Ozen et al., 2010) . Critically, this result did not
generalise to awake behaving rats, thereby emphasising the dependence of such
effects on endogenous network dynamics and calling into question whether
behaviour born of normal complex neural processing, or the neural activity of a
system as a whole, are in principl e responsive to weak interventions. More
recently, an Arnold tongue has been demonstrated in a physiologically plausible
neural network model, which was partly confirmed by recordings from the brains
of anaesthetised ferrets (Ali et al., 2013) . Taken together, these studies provide
direct empirical evidence that weak external alternating electric fields can
entrain the activity of neurons and neural n etworks. They also show that the
extent to which stimulation can influence network activity depends on the
interplay between the stimulation frequency and intensity, and on the
underlying intrinsic network dynamics, in line with the theory of weak coupled

oscillators.

Entrainment has also been studied non-invasively in humans using EEG and
MEG. Initial evidence for the entrainability of the human brain comes from
research on photic driving in humans (Halbleib et al., 2012; Herrmann, 2001;
Notbohm, Kurths, & Herrmann, 2016) , which indicat es that the neural response
to flicker ing light stimulation is strongest when the flicker frequency is at or
close to the Eigenfrequency of the visual cortex . In contrast to visual
stimulation, observing neural entrainment during tACSis technically much more
challenging. A major caveat for recordings with MEG and EEG during electrical
stimulation is the strong electromagnetic artefact that exceeds the amplitude of
the signal by several orders of magnitude. In case of AC stimulation targeting
intrins ic frequencies (e.g., stimulating at individual alpha frequency), this
artefact has the same frequency characteristics as the signal under study. Unless
the artefact can be removed perfectly (which is still a controversial question

see Noury, Hipp, & Siegel, 2016) there is a risk of interpreting systematic noise



Chapter 1: General Introduction 30

as neural activity. Notwithstanding, parieto -occipital EEG alpha power
enhancement has been demonstrated during 10 Hz tACS over the posterior brain
(Helfrich, Schneider, et al., 2014) . The same group also showed increased
interhemispheric EEG coherence in the n-band during 40 Hz tACS when both
hemispheres were stimulated in -phase, compared to out of phase (Helfrich,
Knepper, et al., 2014) . To avoid the analytical and interpretational pitfalls of
artefact removal, other EEG work has focused on frequency -specific
enhancement beyond the stimulation artefact (aftereffects) as evidence for
successful entrainment. This work will be reviewed in de tail in Chapter 2 as it

sets the context for Experiment 1.

MEG, especially in source space, may be less susceptible to distortion by
the artefact (Neuling et al., 2015; Witkowski et al., 2016) . It could be shown
that different tACSfrequencies interacted differentially with the steady state
evoked response induced by visual flicker, although the relationship between
tACS and the neural response was more complex than a simple, homogenous
entrainment account would suggest (Ruhnau, Keitel, Lithari, Weisz, & Neuling,
2016). A stronger case for entrainment was made by Ruhnau and colleagues by
demonstrating inc reased phase coherence between the tACS waveform and
occipital activity during tACS at individual alpha frequency (Ruhnau, Neuling, et
al., 2016) . This effect was constrained to periods where participants kept their
eyes open, compared to eyes closed, once more suggesting state-dependence of
the neural response. Finally, in a different approach using amplitude -modulated
tACS with a carrier frequency of 220 Hz modulated at individual theta frequency
to avoid the artefact in the theta range, Chander and co -workers showed both
increased interhemispheric theta phase locking and theta power in their
stimulation group compared to participants in the sham group, along with a

decrement in working memory performance (Chander et al., 2016) .

Finally, functional magnetic resonance imaging (fMRI) dat a may provide
indirect evidence that tACS can entrain alpha networks. Decreased metabolic
activity in response to visual targets has been demonstrated d u r i -PAGSIrl
brain areas for which a negative correlation between the blood oxygenation
level dependent ( BOL D) r eamnplibudeshad been showtl previously

(Voskuhl, Huster, & Herrmann, 2016) . While in a series of fMRI experiments
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Cabral-Calderin and colleagues did not observe these specific changes(under
different conditions and using a different montage) , these researchers concluded
that the BOLD modulation by tACS depends on the combination of task and tACS
frequency. As the topography of their effect s was poorly predicted by either task
or electrode position they also suggested that this might reflect different
degrees of entrainability of the stimula ted brain regions (Cabral-Calderin,
Weinrich, et al., 2016) . This group later went on to show that resting state
functional connectivity was affected in a frequency -specific manner, with 10 Hz
and 40 Hz tACS resulting in increased and deaeased connectivity, respectively
(Cabral-Calderin, Williams, Opitz, Dechent, & Wilke, 2016) . Such frequency-
specific connectivity changes could possibly explain some of the complex distal

metabolic effects induced by different tACS frequencies in their earlier study.

To sum up, there is empirical support for entrainment of neural network
activity by tACS both from fundamental and human neuroscience. The latter is
unavoidably less direct and more prone to electromagnetic distortion and, by
extension, interpretational er ror. Partly for this reason, little research in
humans has focused specifically on describing the neural mechanisms by which
tACS can change behaviour, and more research has focused on the behavioural

changes as such. This research is reviewed in the next section.

Behaviour al effects of t ACS

A range of studies employing different stimulation parameters, tasks, and
outcome variables provide evidence for frequency - and/or phase specificity of

tACSinduced effects on overt behaviour.

t ACS of the motor system

A comparatively large number of studies have dealt with stimulation of
the motor cortex, the effects of which are either probed by inducing motor
evoked potentials (MEP) using single TMS pulses to the motor area, or by having
participants perform simple mo tor tasks. Motor function is generally associated
with periodicity in the beta range (e.g. , Hari & Salmelin, 1997). Consistent with
this well -known association, some of t hese studies show that tACS in the beta

range (typically 20 Hz) is accompanied by increased MEP amplitude as an
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indication of greater cortical excitability  (Feurra et al., 2013; Feurra, Bianco, et
al., 2011; Schutter & Hortensius, 2011) , and by a slowing of voluntary movement
(Joundi, Jenkinson, Brittain, Aziz, & Brown, 2012; Pogosyan, Gaynor, Eusebio, &
Brown, 2009; Wach et al., 2013a) . This suggests an interaction between

20 Hz-tACS and intrinsic oscillations in the beta range. However, m ore complex
interactions than simple phase entrainm ent most likely play a role, as the effect
depends at least to some extent on the motor state of the participant (task or

rest; Feurra et al., 2013) , and on when the dependent measures are acquired
(e.g., Wach et al., 2013a, found no MEP danges offline after 20 Hz stimulation).
In addition, changes in motor output have also been observed after tACS at
higher (Joundi et al., 2012; Moliadze, Antal, & Paulus, 2010) and lower
frequencies (Feurra et al., 2013; Zaghi et al., 2010) . To complicate matters
further, the net effect of tACS may be non -linearly d ependent on the intensity
of stimulation (Moliadze, Atalay, Antal, & Pa ulus, 2012). Finally, MEG data
suggest that tACS at one frequency can induce cross-frequency changes (Wach et
al., 2013b).

These results show that overall tACS appears to be effective in modulating
motor -related activity, although the net effect depends on a number of factors
and may be hard to predict based on the protocol alon e. The fact that these
studies variably test motor output either during or after tACS, and apply tACS
during rest or during task performance, hinders comparability but  the repeated
findings of lasting changes in the motor response after stimulation has end ed

suggest that the latter are at least partly supported by plastic change s.

t ACS in perception

In the domain of perception, stimulation of the visual cortex has focused
mostly on the attempt to induce alpha or gamma oscillations, whose respective
roles in vision are often dichotomised as distracter suppression versus stimulus
processing, respectively (e.g. , Bonnefond & Jensen, 2013) and which have been
found to modulate one another (Jiang, Bahramisharif, van Gerven, & Jensen,
2015; Osipova et al., 2008; Voytek et al., 2010) . Frequency-specific changes in
visual task performance afte r n-tACS at 60 Hz have been reported in the form of
improved contrast discrimination (Lacz0, Antal, Niebergall, Treue, & Paulus,

2012) and reduced perceptual stability under bistable viewing conditions
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(Cabral-Calderin, Schmidt-Samoa, & Wilke, 2015). In addition, 40 Hz tAC S
delivered either in -phase or out-of-phase between hemispheres was effective at
changing apparent motion direction differentially while also modulating
interhemispheric EEG coherence, which was taken as evidence for a causal role

of 40 Hz rhythmicity in perceptual binding (Helfrich, Knepper, et al., 2014) .

Alpha stimulation has been found to modulate the sound -induced double
flash illusion in a manner consistent with alpha -frequency dependent cyclic
sampling of visual information (Cecere, Rees, & Romei, 2015; VanRullen & Koch,
2003). In addition, accuracy in a visual oddball task was found to be modulated
by tACS phase, although the specificity of this result to alpha is uncertain as no
control frequency was includ ed (Helfrich, Schneider, et al., 2014) . In a different
line of research, a somewhat mixed result was reported by Brignani and
colleagues (Brignani, Ruzzoli, Mauri, & Miniussi, 2013) . In their study, tACS was
laterally applied over visual cortex to modulate visuospatial attention. tACS -
induced changes in the performance of a visual detection task were only
moderately frequency -specific to lower (at and b elow alpha) frequencies and did
not exhibit the spatial profile that was predicted based on the common
observation of alpha lateralisation in spatial attention tasks. Experiment 3 of
this dissertation is based on this study, which will be reviewed in more detail in
Chapter 4.

In the auditory domain, the phase of both 4 Hz and 10 Hz alternating
currents was shown to affect auditory detection performance (Neuling, Rach, et
al., 2012; Riecke, Formisano, et al., 2015; Riecke, Sack, & Schroeder, 2015),
again in line with an entrainment account. Finally, tACS over somatosensory
cortex in the alpha and high n-range was found to elicit stronger tactile
sensations in the contralateral hand than stimulation at other frequencies
(Feurra, Paulus, Walsh, & Kanai, 2011). Alpha-tACS also modulated tactile
detection thresholds in a phase -specific manner (Gundlach et al., 2016) ,

mirroring the findings in the visual and a uditory domain.

t ACS and tSOS in the cognitive dome

Intriguingly, periodic stimulation also appears to be effective in

modulating oscillations implicated in higher order cognition, including logical
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reasoning (Santarnecchi et al., 2013, 2016) , decision making (Sela, Kilim, &

Lavidor, 2012), creativity (Lustenberger et al., 2015) , facial emotion perception

(Janik, Rezlescu, & Banissy, 2015), workingmemory ( Jaugovec & Jaugc
Meiron & Lavidor, 2014;andPsaditdgermnemdryaugovVvec.
(Feurra, Galli, Pavone, Rossi, & Rossi, 2016; Polania et al., 2012; Vosskuhl,

Huster, & Herrmann, 2015). While overall, most of these reports need

independent confirmation, research across different laboratories has focused on

the use of tSOS (seesection What is tACS?above) to enhance memory

performance. Studies involving frontal stimulation at slow (< 1 Hz) frequencies

were able to show an improvement of declarative memory (Antonenko,

Diekelmann, Olsen, Born, & Mélle, 2013; Kirov, Weiss, Siebner, Born, & Marshall,

2009; Marshall, Helgadottir, Mélle, & Born, 2006) , in line with the putative role

of slow wave sleep for memory consolidation (Rasch & Born, 2013)and the

notion of slow wave entrainment. Such stimulation particularly during sleep  was
sometimes accompanied by changes in EEG slow wave and spindle activity

following stimulation (Marshall et al., 2006; PalRmann et al., 2016; Sahlem et al.,

2015) in addition to long term modulatory effects on sleep homeostasis (Reato,

Gasca, et al., 2013).

Attempts to replicate this memory enhanc ement have been mixed. While
some studies failed to find evidence for improvement (Eggert et al., 2013,
Sahlem et al., 2015), others even repo rted negative effects (Garside, Arizpe,
Lau, Goh, & Walsh, 2015; Palimann et al., 2016). Possible reasons for these
different outcomes may be found in the different population characteristics (for
instance, Eggert etal., 2013, and Palimann et al., 2016, tested older
participants), on whether both hemispheres are stimulated in -phase or in anti-
phase (Garside et al., 2015, used standard anti-phase frontal tACS as compared
to the bilateral in -phase tSOS montages typically applied in the other

experiments), as well as brain state (Kirov et al., 2009; Marshall et al., 2006) .

Different approach es with frequencies other than slow oscilla tions have
been successfully employed to improve memory. After tACS at 140 Hz was
applied in -phase to bilateral frontal cortices as a proxy of hippocampal ripple
waves, participants showed less overnight forgetting of word -pairs compared to

sham (Ambrus et al., 2015) . In an interesting recent experiment, ongoing EEG
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was monitored in real -time to trigger tACS at spindle frequency (12 Hz) during
endogenous sleep spindle activity in order to amplify, rather than impose, a
specific br ain state (Lustenberger et al., 2016) . This intervention resulted in
enhanced spindle activity during the period after stimulation and this change

was correlated with better retention of a finger tapping task.

In sum, memory appears to be a cognitive construct amenable to
stimulation with tACS or tSOS at different frequencies, but a number of fac tors
are likely to determine the outcome that still need further exploration. While
tACS has also been used successfully in the modulation of other cognitive
functions, more data needs to be acquired before strong conclusions about the
interaction between the current and task -relevant intrinsic oscillations, and by

extension a causal role of the latter, can be made.

t ACiSe !l i ni cal applications

A few experiments have directly looked at the utility of tACS as a
therapeutic device. Aberrant alpha activity ha s been implicated to play a role in
tinnitus. However, neither frontal nor temporal alpha -tACS was particularly
effective in reducing tinnitus loudness or distress ratings (Vanneste, Fregni, & De
Ridder, 2013; Vanneste, Walsh, Van De Heyning, & De Ridde, 2013). In patients
with mild Parkinson's disease, frontal tACS at 77.5 Hz in a longitudinal between
subject design was unable to improve PD or psychological symptoms compared to
sham after 10 treatment sessions (Shill, Obradov, Katsnelson, & Pizinger, 2011)
and, ironically, resulted in one patient's increase in tinnitus.  On the other hand,
20 Hz tACS over motor cortex differentially affected cortico -muscular coherence
and motor performance in PD patients (compared to sham and 10 Hz tACS) but
not healthy cont rols (Krause et al., 2014) . This implicates once more that the
effect of tACS may depend on the population and possibly, the integrity of  the

neural network stimulated.

An intriguing observation in the context of PD treatm ent, and
simultaneously a strong case for direct (phase) interaction with endogenous
rhythms, comes from a set of studies on muscle tremor in Parkinson patients
(Brittain, Probert -Smith, Aziz, & Brown, 2013) and healthy participants (Mehta,
Brittain, & Brown, 2014; Mehta, Pogosyan, Brown, & Brittain, 2014) . In the
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former study, it was shown that pathological tremor was either enhanced or
reduced by stimulation of the motor cor tex at tremor frequency, depending on
the phase difference between the tACS current waveform and the time course of
the tremor. Strikingly, tremor could be significantly reduced when the tACS
phase was adjusted online to account for fluctuations in tremor  frequency,
demonstrating that tACS could essentially cancel out the endogenous oscillation
in a phase specific manner. In healthy subjects, it was confirmed that this tACS
protocol was effective in promoting phase alignment of physiological tremor
(Mehta, Brittain, et al., 2014; Mehta , Pogosyan, et al., 2014), thereby supporting
the entrainment hypothesis of tACS. Gammaband tACS wasrecently tested in
minimally conscious patients and healthy controls as a tool to increase brain
connectivity and assess neural responsivity (Naro, Bramanti, Leo, Russo, &
Calabro, 2016). While there were differential changes in p ower and coherence
measures between healthy controls and different patient subgroups, tACS did
not manage to alleviate symptoms according to the Glasgow Recovery Coma

Scale.

Although overall these results are not overwhelming, the lack of large-
scale and completed clinical trials means that it is far too early to abandon hope
for tACS as a treatment. Of note, despite the prospect of interacting directly
with pathological oscillations, at the time of writing , a keyword search for
“"transcranial alternating cu rrent stimulation” on the World Health Organisation's
website for the International Clinical Trials Registry Platform

(http://www.who.int/ictrp/en/ ) returned only five registered clinical trials,

underlining the need for more research in this area.

In sum, there is a wide range of potential applications for tACS, and the
current body of literature abounds with findings that are worth following up.
Although at this stage the evidence for specific interactions ¢ an only be
considered preliminary due to the rather anecdotal nature of individual
observations, there are good reasons to believe that tACS can modulate neural
activity and behaviour via entrainment of endogenous oscillations. However, as
will be reviewed in detail in the next chapter, observations of (particularly
neural) changes that persist long after stimulation has been switched off strongly

suggest that active phase alignment of intrinsic neural rhythms to ongoing tACS
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might be only part of the story . In order to explain these lasting aftereffects,
some mechanism must be exist that can maintain altered network dynamics in
the absence of a perpetually rhythmic supply of energy. Theoretically, phase
alignment could be maintained for a period of time by intrinsic dynamics, much
like a pendulum will continue to swing for a little while (albeit with decreasing
amplitude) when the external drive has been removed. As we will see, this
scenario is physiologically implausible. Therefore, such a mechanism likely
involves some form of structural neural plasticity, for example by changing
synaptic efficacy or by selectively strengthening or weakening neural

connectivity depending on their susceptibility to the induced electric fields.

The next three chapters descri be experimental work conducted for this
dissertation that attempts to disentangle the relative contribution of online
entrainment to concurrent behaviour and offline neural aftereffects . Each
chapter includes a review of relevant studies that have not been considered in
the introduction to avoid repetition.  Chapter 2 and 3 follow up on studies
investigating the aftereffect s of tACS(in particular, aftereffects on endogenous
alpha activity in the posterior cortex following stimulation  with tACS at alpha
frequency). Specifically, Chapter 2 compares the response characteristics of the
alpha aftereffect with those predicted by the entrainment account. Chapter 3
investigates whether the magnitude of the alpha aftereffect conforms to
predictions of a spike -timing dependent plasticity model. Moving to online
effects, Chapter 4 investigates the phase- and frequency-dependence of tACS on
visuospatial attention , operationally defined as visual detection of peri -threshold

stimuli, during stimulation.

Thesis at( Abgltlaaces)

Experi meAlnphda:power increase after t

current sti muHMateiqoung A K1)l prheaf | ect s

changes rather than entrainment
Periodic stimulation of ofrequengyi t al ar e:

(8-12Hz ) e n h a nowxillatioB IbBr@ aftér tACS -offset. Two mechanisms
have been suggested to underlie these tACSinduced changes in oscillatory EEG

activity: entrainment of brain oscillations and/or changes in oscillatory circuits
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by spike timing -dependent plasticity. We tested to what extent plasticity can

account for tACS-aftereffects when controlling for entrainment  "echoes'. To this

end, we used a novel, intermittent tACS protocol and investigated the strength

of the aftereffect as a function of pha se continuity between successive tACS

episodes, as well as the match between stimulation frequency and endogenous

W requency. Twelve healthy particrpants \
frequency (IAF) for 15 - 20 min in four sessions using intermittentt ACS or sham.
Successive tACS events were either phasecontinuous or phase-discontinuous,

andeither 30 or-c 8O &is | ophage andpbwer changes were
compared after and btAGSwmewncondifonsamdagaimst o f U
sham. Alpha aftereffe cts were successfully replicated after intermittent

stimulation using 80 -cycle but not 30 -cycle trains. These aftereffects did not

exhibit any of the characteristics of entrainment echoes in that they were

independent of tACS phase-continuity and showed ne ither prolonged phase

alignment nor frequency synchronisation to the exact stimulation frequency.

These results indicate that entrainment is insufficient and additional

mechanismssuch as plasticity are necessaryt o e x pdftereffects il response

t o -tAdS

Experi médihtereffects are not replica
ti midregppendent pl ast i cUttAGiSnydpuoctehde sail sp
power enhancement

Experiment 1 indicated that stimulation at slightly lower than the
e n d o g e Anetwask fréduency leadst o -pdwer enhancement, and that such
Waftereffects might arise through plastic changes. Based on a conceptual model
of spike timing dependent plasticity that has been proposed to explain these
changes, we tested whether it is possible to induce directiona | changes in
dependence of the relative mismatch of the tACS frequency to the IAF. We
stimulated fourteen (different) healthy participants on different days with an
eight second intermittent tACS protocol (similar to the 80 -cycle protocol of
Experiment 1) at 0.75 Hz above or below their IAF. As control conditions,
participants also underwent a session with continuous stimulation and a sham
session. We did not -pdwerehangeobdetvezlinghe edi ct e
previous experiment in any of the active condi tions. The discrepancy between

the two results under very similar conditions is discussed, and problems in the
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experimental design and analysis are scrutinised. The lack of consistency
between the two experiments raises concerns regarding the reproducibili ty and

effect size of tES effects.

Experi mdotew8idence for a role of al
vi suospati al bias i ndWwtAC&Sni whappl @
the rightpaoceceitpailt cortex (Experi men

Hemi spheri cal HACShas beenstadled megialislyUbr its
ability to induce a visuospatial attentional bias away from the stimulated
hemisphere (Brignani et al., 2013) ,accordingt o t he put atactivitginr ol e
attentional gating. The results of this study were not strongly suggestive of
Wentrainment but were limited by a number of problems in the experimental
design. In the current experiment, some of these design issues we re addressed
to increase the likelihood to observe entrainment and associated changes in
attentional bias. Twenty healthy participants performed a peripheral visual dot
detection task with target size titrated to near each individual's detection
threshold. tACS was applied in two thirds of the trials at either IAF (Alpha) or
40 Hz (Gamma) over the right parieto -occipital cortex in an event -related
design. Compared to trials without tACS, accuracy was slightly lower on average
for targets presented in the le ft visual hemifield in both Alpha and Gamma
trials. However, these results were not statistically significant. No difference
between tACS conditions was found for right -sided or bilateral targets. While
lateralised tACS might have a negative effect on dete ction accuracy in the
contralateral visual field, this effect is neither frequency -specific nor waveform

phase-dependent. Problems with this interpretation are discussed.
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Chapter2. Al pha power i ncrease a
alternating current-fsequuumeha
(W ACS) reflects plastic cha
entrai Beperi ment 1)

As reviewed in the general i ntroduction, evidence accumulates that
during (i.e. , online to) stimulation tACS exerts at least some of its effects
through entrainment or resonance of underlying neural networks. However, the
online measurement of neural responses is complicated by the m assive
stimulation artefact in electrophysiological recordings introduced by the
current, which is several orders of magnitude larger than the signal. Aside from
the technical challenge, there is great hope that tACS will prove effective in the
treatment o f disorders involving abnormal neural network activity such as
schizophrenia (Uhlhaas & Singer, 2006). Any therapeutic application will depend
crucially on the ability of tACS to stimulate network plasticity. Accordingly,
another line of research has been concerned with changes in oscillatory activity
that persists beyond the offset of periodic stimulation. Aftereffects have been
reported after a variety of stimulation protocols in a variety of frequency bands
(reviewed recently in Veniero, Vossen, Gross, & Thut, 2015) These aftereffects
include (offline) changes in spectral power or measures of connectivity, which
have been casually referred to as entrainment (e.g. , Marshall et al., 2006;
Zaehle, Rach, & Herrmann, 2010). These aftereffects are often complex, and of
significantly larger durat ion as expected based on theoretical considerations of
synchronization. The latter make strong predictions about the dynamic
relationship between the entraining force and the oscillator, and it will become
clear that other mechanistic explanations, such as synaptic plasticity, need to be

considered to explain the empirical findings.

The next paragraph provides a short overview of studies that have
reported an EEG power increase at the stimulation frequency following periodic
electrical stimulation (see also Veniero et al., 2015) . Although some of the
research included involves the use of oscillatory tDCS rather than tACS, these

studies apply similar hypotheses and are therefore relevant to this discussion.

Aftereffects were first reported and replicated after slow frequency

(0.75 Hz, also referred as slow delta) stimulation over frontal areas (also called
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transcranial slow oscillation stimulation/tSOS) (Antonenko et al., 2013; Eggert et
al., 2013; Marshall et al., 2006; Marshall, Kirov, Brade, Molle, & Born, 2011,
Reato, Gasca, et al., 2013) aiming to either enhance or disrupt slow wave sleep,
whose hallmark rhythm has been associated with memory consolidation (see
e.g., Rasch & Born, 2013) Using anodal stimulation over bilateral frontal

cortices (F3/F4) at 0.75 Hz during sleep, these studies showed that tSOS leads to
somewhat reliable and replicable EEG effects at low freq uencies (delta band,
1- 4 Hz), as well as to a subsequent improvement in memory performance.
These results have been explained by slow wave entrainment, a notion that was
supported by enhanced phase continuity of the stimulation waveform after the
current had subsided (Marshall et al., 2006; Reato, Gasca, et al., 2013) .
However, phase entrainment effects are generally expected to diffuse quickly
after stimulation subsides , and these authors also found no significant phase
coherence beyond twenty seconds after tSOS (Reato, Gasca, et al., 2013, their
Figure S2).

In addition, delta power changes were often observed alongside changes
in other, non -harmonic frequency bands, and mixed results have been reported
regarding the direction of modulation (i.e. , enhancement: Antonenko et al.,
2013; Kirov et al., 2009; Marshall et al., 2006 ; versus suppression: Eggert et al.,
2013), and secondary spectral changes (e.g., Wincrease after tSOS during sleep:
Marshall et al., 2006 ; ver sus theta increase during wakefulness: Kirov et al.,
2009). This may reflect dependence of the response on population
characteristics (Eggert et al., 2013) , as well as on brain state (Kirov et al., 2009;
Marshall et al., 2006) . Taken together, these observations suggest that, other
mechanisms than entrainment or resonance play a role in shaping the
after effect s of periodic electrical sti mulation. This is also highlighted by the
lasting impact of tSOS on subsequent sleep homeostasis(Reato, Gasca, et al.,
2013) and on declarative memory long (that is, up to hours) after stimulation has
ceased.

Another series of studies investigated the aftereffects of prolonged ( in the
range of 10 - 20 min) rhythmic electrical stimulation at  UWfrequencies on
spectral power in the UWband (Helfrich, Schneider, et al., 2014; Neuling, Rach, &
Herrmann, 2013; Neuling, Rach, et al., 2012; Zaehle et al., 2010) . This type of
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stimulation reliably resulted in enhanced posterior Wpower, suggesting a
frequency-specific interaction between tACS and the underlying cortical network
activity. Zaehle and colleagues (2010) stimulated ten healthy volunteers for ten
minutes over bilateral occipital cortex (PO9/P010) at their individual alpha
frequency (IAF) while they were performing a visual vigilance task. Resting EEGs
were obtained before (pre -test) and after stimulation (post -test). Compared to a
control group who received only sham stimulation, the tACS group showed
elevated mean Wpower during post-test EEG. This change was specific to the
frequency band including the stimulation frequency/IAF and did not extend to
neighbouring frequencies. The authors took this enhancement as support for the
entrainment of alpha oscillations by tACS but also suggest ed spike timing -
dependent plasticity (STDP) at the origin of these changes. A proof -of-principle
computational STDP model relating synaptic weight changes, network frequency,
and stimulation frequency demonstrated an increase in synaptic weights for
neural circuits communicating through feedback loops with a frequency near

that of rhythmic external stimulation and a decrease at other  frequencies.

Neuling and colleagues (2012) also demonstrated Wenhancement after
stimulation over bilateral temporal sites (T7/T 8) with a DC current whose
amplitude was modulated sinusoidally at 10 Hz. In addition, the auditory
detection thresholds of their participants were dependent on the phase of the
modulation during stimulation, suggesting online entrainment. As there was no
control group in this study, the UWpower change could not unequivocally be
attributed to tACS. However, a subsequent experiment (Neuling et al., 2013)
comparing two groups that received active versus sham stimulation found
Wpower enhancement after applyi ng 20 min of continuous tACS at IAF with a
midline Cz-Oz montage. Notably, this relative enhancement was only observed
when participants kept their eyes open during the experiment, in which case the
group effect lasted at least for an impressive thirty minutes. In contrast, when
participants kept their eyes closed (and as a consequence Uipower was generally
elevated), no enhancement occurred. Again, the duration of the effect suggests
a mechanism beyond entrainment. Finally, Wenhancement was reported in a
within subject sham -controlled design, allowing for even stronger conclusions

(Helfrich, Schneider, et al., 2014) . The magnitude of the relative UWincrease post
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tACS was positively correlated with relative enhancement during tACS,

suggesting a direct link between online entrainment and offline aftereffect.

To sum up, two main mechanisms have been suggested to explain alpha
power enhancement at the stimulation frequency after WtACS: direct
entrainment of underlying brain oscillations during stimulation that might be
sustained beyond the offset of tACS (as entrainment "e choes"YAntal & Paulus,
2013; Herrmann, Rach, Neuling, & Striber, 2013; Reato, Rahman, Bikson, &
Parra, 2013; Thut & Miniussi, 2009), and/or plastic changes, possibly via spike
timing -dependent plasticity mechanisms (Polania et al., 2012; Zaehle et al.,
2010).

The present study set out to explore the dependence of Uipower
aftereffects on sustained online entrainment. We tested to what extent
plasticity can account for tACS -aftereffects when controlling for entrainment
echoes, i.e., entrained activity that remains stable after the end of rhythmic
stimulation. To this end, we employed an intermittent tACS -protocol and applied
short parieto -o ¢ ¢ i p-tAC& thaindlihterrupted by breaks of equal duration.
TotaltACSdur ati on was compar abtA@Sprbtocols he cont
previously report e-dnhanaemdntgHeliricht Schneiderd dti ne W
al., 2014; Neuling et al., 2013; Neuling, Rach, et al., 2012; Zaehle et al., 2010)
I n order to assess the contr i b-aftereflest, of e
we manipulated phase-continuity ( continuous versus discontinuous) between
S U c c e s-CSitrainsUBased on observations online to tACS (seeHelfrich,
Schneider, et al., 2014) as well as theoretical groundwork (Pikovsky et al., 2001;
Zaehle et al., 2010) , we reasoned thatifent r ai nment echoes -come
enhancement should be 1) stAGSdrairg are applidde n i |
in phase-continuous versus phasediscontinuous regimes, 2) centered at
stimulation frequency rather than intrinsic Eigenfrequency, and 3) strong er when
the stimulation fr equenc yfrequentycwhied)EEGhe s p
phase-locking to the phase of the tACS -train should outlast tACS-offset as a
minimum requirement for stable entrainment over minutes. Our EEG results
confir med epotWwa nc a-tACHbomplted to sham stimulation in the
present sample, but did not reveal any of the hypothesised offline entrainment

characteristics. Consistent with plasticity as the predominant mechanism for
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Table 2.1: Participant demographics and stimulation parameters.

ISF = Individual stimulation frequency; mA/pp = milliampere peak to peak.

ID Sex Age ISF Intensity (mA/pp)
01 m 25 10.0 2.00
03 f 31 10.0 1.65
04 f 26 8.0 1.60
05 m 20 10.5 2.00
06 m 26 11.0 2.00
07 f 29 11.0 2.00
12 m 22 9.5 2.00
13 m 24 11.0 1.80
15 f 37 10.0 2.00
16 m 32 9.0 2.00
17 f 24 10.0 1.75
18 f 32 11.0 1.35

aft er ef-énbandement 1Udccurred irrespective of phase -continuity
between trains, 2) was observed at s p o nt a ngeakdrsquendty, and was 3)
neither stronger wifregnendy, A& &) assdciatedwithr i nsi ¢ |

prolonged phase-locking beyond tACS.

Met hods

Participants

Eighteen volunteers were invited to this experiment. All volunteers gave
written informed consent and received monetary compensation of £9/hour for
their participation. Of these, three were excluded as they showed no discernible
alpha activity, while one person failed to show up. One person terminated the
experiment after she suffered a panic attack that was unrelated to tACS. One
person discontinued after having developed a strong discomfort to even very
mild currents after two active sessions but agreed to record a tACS -free control
session. Twelve healthy volunteers (six male, age 27 + 5 years; see Table 2.1)
completed all four protocols. The experiment was approved by the local ethics
committee of the College of Science and Engineering (CSE01198), University of
Glasgow, according to the British Psychological Society code of ethics an d
conduct. No participants reported a history of neurological/ psychiatric disorders

or any other contraindication to tACS (' current use of psychoactive
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medication/drugs, metal implants, pregnancy; see Appendix A for safety

guestionnaire with screening ques tions).

Procedur e

Participants were recruited from among colleagues and the university's
subject pool. They received information about the experiment and a safety
guestionnaire to assess their suitability before they were officially invited to
take part i n the study. Each participant underwent four sessions of maximally
two hours each. Sessions were at least three days apart to avoid carry over
effects. In the first session, participants were familiarised with the equipment
and the experimental procedure. The safety questionnaire had to be filled in
before every session in order to ensure that participants were still fit to receive
stimulation. Preparation of tACS - and EEGelectrodes took approximately 45
min. Data recording including resting EEGs and a stimulation protocol lasted

approximately 40 min.

For a schematic of the setup and procedure see Figure 2.1. Data
acquisition started with two minutes of resting EEG with eyes closed, and two
minutes of resting EEG with eyes open while fixating on a white fi xation cross on
a dark-grey background (pre-test). In the first session only, the individual
stimulation frequency (ISF) and intensity were then determined (for details see
section tACSbelow). In every subsequent session each participant received a
few tr ains at their ISF to make sure they would be comfortable and see no

phosphenes during the protocol.

Participants then underwent one of the four stimulation protocols
(described in section tACSbelow) in counterbalanced order while EEG was
continuously recorded. For the duration of each protocol, participants
performed a slow visual colour change detection task to ensure they stayed alert

and to keep the cognitive state similar across participants.

After completion of the task and tACS protocol, an additiona | two minutes
of resting EEG with eyes open followed by two minutes with eyes closed were
recorded (post-test) as during the pre -test. At the end of each session,

participants filled in a questionnaire with visual analogue scales (VAS) in which
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change detection task

Pre-test rest EEG Stimulation/sham + visual task

IAF determination | tACS intensity il Post-test rest EEG

~ |~ ~|(phosphenes?)] —|/IIl}il | ||/}——— o Il oo

w | B b B T .
2 2 <3 20-30 (depending on IAF) 2 2 tmin)

Figure 2.1: Experimental setup and procedure.

For details refer to section Procedure.

they rated how strongly they had perceived itch, discomfort/pain, and unusual
visual sensations (e.g., phosphenes) during the vigilance task (see Appendix B for

VAS questions).

t ACS

tACS was administered through a battery driven constant current
stimulator (DC Stimulator Plus, NeuroConn, lImenau/Germany) controlled
through Spike2 software via a Power1401 mkll microcomputer (both Cam bridge
Electronic Design, Cambridge/UK). 5 x 7 ¢cm? rubber electrodes in saline -soaked
sponges (0.9% NaCl) with a thin layer of Sigma electrode gel were attached to
the scalp with rubber bands and additionally supported by tubular surgical
bandages to maximise the contact between electrode and scalp. tACS -electrodes
were placed bilaterally over PO7/PO9 and PO8/PO10 of the 10/10 -system
(Figure 2.1 top; cf. Zaehle et al., 2010) .

Individual stimulation frequency (ISF) and intensity were determined
once, in the first session, for all four sessions. ISF was determined from resting

EEG with eyes open. First, the Fast Fourier Transform (FFT) of the entire 2 min
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recording was calculated (frequency resolution 0.5 Hz). The resulting spectrum
at electrode POz was then used to identify the individual peak frequency in the
Wrange (8 - 12 Hz), which was chosen as the ISF. ISFanged from 8 - 11 Hz
across participants (see Table 2.1). The tACS intensity was adjusted below
individual phosphene- and discomfort threshold using a staircase procedure.
Eighty tACS cycles at ISF were administered with increasing intensity from
0.75 mA/peak-to-peak (pp) (at which all volunteers reported no or very weak
sensations) in steps of 0.25 mA up to 2 mA/pp (maximum current density
0.02857 mA/cm?for a DC current, see Nitsche et al., 2003) or until the person
reported phosphenes or perceived the stimulation as too uncomfortable. In this
case intensity was decreased by 0.1 mA/pp until no phosphenes were detected
and until the stimulation was acceptable to the participant. Intensities ranged

from 1.35 - 2 mA/pp across participants (see Table 2.1).

tACS was administered in a within -subject design with three active
conditions and one sham condition on four different days. A schematic of the
protocols is shown in Figure 2.2. Il n all act-tACeatiSlewas i t i ons
applied in an intermittent on/off pattern. Stimulation was programmed as a
virtual sin e wave of amplitude zero spanning the whole stimulation session,
where amplitude was ramped up or set to zero during appropriate time intervals
and at the appropriate phase angle (Spike2 software, Cambridge Electronic
Design, Cambridge, UK). Total stimulat ion duration (amount of on -time) in each
active condition was constant for any particular participant (7,200 Wcycles at
ISF) but varied across participants due to the variability in individual posterior
Wfrequency (i.e. , from approximately 11 min for an ISF of 11 Hz to 15 min for an
ISF of 8 Hz). Total session duration was twice the length of total stimulation
time (or equivalent for sham). Both duration and maximum current density are
in line with current best practice and safety guidelines for DC applic ations in

healthy participants.

Across conditions, we varied the length of single tACS -epochs (on-period)

as well as phase-consistency across epochs as follows:

In the short phase-continuous condition (ShortCo) (Figure 2.2, first row),
tACS was switched o for thirty cycles (i.e. , on-periods of 3 s in participants with

a 10 HzISF) followed by an off -period of the same duration. This was repeated
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Figure 2.2: tACS protocols

Across conditions, we manipulated duration (ShortCo versus LongCo and LongDis) and phase
continuity between successive tACS trains (ShortCo and LongCo versus LongDis). In this example,
there is a 180° phase shift between trains in the LongDis condition (red arrow). For details refer to
section tACS. ISF = Individual stimulation frequency.

240 times with phase continuity between successive on -states (i.e. , by adjusting
amplitude, but not phase, of a virtual sine -wave spanning the whole stimulation
session). In the long phase-continuous condition (LongCo) (Figure 2.2, second
row), tACS was switched on/off with phase continuity (as above) for eighty
cycles (i.e., on/off for 8 s -epochs in participants with a 10 Hz -ISF) in ninety
repetitions. The long phase-discontinuous condition (LongDis) (Figure 2.2, third
row) was identical to LongCo, except that phase -continuity was disrupted across
single tACSepochs by introducing a phase shift of 0°, 90°, 180°, or 270° to the
virtual sine wave during off -periods (approximately equal probability) with
respect to the previous on -period, thus initiating tACS at a different phase

angle. In all these conditions, tACS -intensity was ramped up to maximum
intensity over the first ten cycles to minimise unpleasant sensations under the
electrodes. Finally, in the sham condition (Figure 2.2, bottom row) only one

short tACS-train (ten cycles ramp -up plus ten cycles ramp-down) was
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administered at the beginning of the session to induce the skin sensations that
are often experienced at the onset of electrical stimulation . This condition was

included to control for tACS -unspecific effects (e.g. , fatigue).

EEG recording

EEG was recorded at the midline sites Fpz, Fz, Cz, CPz, Pz, and POz
(referenced to AFz with ground FCz according to the international 10/10 system)
(Figure 2.1 top; cf. Zaehle et al., 2010) using a TMS/MRI compatible BrainAmp
MRPIlus amplifier (BrainProducts, Munich, Germany) and sintered Ag/AgClI
electrodes. Vertical eye movements were recorded from two additional
electrodes above and below the right eye. Electrode positions were determined
manually, and the electrodes were attached with EC2 ele ctrode paste and
surgical tape. The signal was bandpass-filtered online between 0.1 - 1000 Hz and
digitised at a sampling rate of 1 kHz (during the first recordings) or 5 kHz (in

later sessions).

Vi suclad nget e c taisokn

The task was programmed in Presentation software (version 16.3,
Neurobehavioral Systems, Albany, US) and presented on a 200 CRT monitor
(screen size 40 x 32 cm, resolution 1280 x 1024 pixels) at a viewing distance of
approximately 1 m. Volunteers were asked to maintain fixation on a wh ite cross
centrally presented on a grey background (RGB values 131, 131, 131). A dark red
disk (RGB 171, 69, 69, diameter 30 pixels or 0.5° visual angle) roughly
isoluminant with the background was continuously presented in the lower
central visual field ( 250 pixels or 4.5° below the centre point). Participants had
to respond by mouse click as quickly as possible whenever the colour of the disk
changed from red to green (RGB 69, 171, 69; duration 150 ms). If no response
was registered within 1.1 s after tar get offset negative feedback was given by
changing the colour of the fixation cross transiently from white to red. Target
events occurred at low frequency after intervals of between 2.5 - 4.5 min
duration and had low saliency to minimise interference of vi sual processing with
induced alpha activity. Colour changes were also temporally uncorrelated with
tACS on/off-periods. The number of trials for individual participants (5 97 trials)

and their duration was calculated based on their respective ISF to maint ain
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constant visual event frequency and to match the duration of the task to that of
the tACS protocol. Two breaks of 45 s were inserted after approximately one and
two thirds of the task to allow participants to move and blink. While the
stimulation proto col was continued during this pause, these trials, and trials
containing a target event, were not included in the analysis. Due to the very low

number of trials, the behavioural results were not further analysed.

EEG@Gnal ysi s

EEG preprocessing of the resting EEGs was done in BrainVision
Analyzer 2.0 (BrainProducts, Munich, Germany). All other analyses were
performed in MATLAB (MathWorks, Natick, USA) using the Fieldtrip Toolbox
(Donders Centre for Cognitive Neuroimaging, Nijmegen, Netherlands). The
reported results refer to the signal recorded at electrode POz except for one
subject (03), where due to excessive noise in one condition Pz was chosen

instead for all conditions .

Anal ysis of a tpbveer (pré Veesustpsst-test) U

The analysis of the pre- and post-tACS EEG measurements largely followed
the method of (Neuling et al., 2013; Neuling, Rach, et al., 2012; Zaehle et al.,
2010). The "eyes open' and "eyes closed" resting EEGsvere segmented into one
second epochs. Epochs containing eye movement and muscle contraction
artefacts were discarded after visual inspection. A fast Fourier transform (FFT)
for frequencies between 1 and 20 Hz (0.5 Hz resolution) was calculated for
individ ual epochs using a Hanning window and 2 s zerc-padding. The resulting
spectra of each condition were averaged across epochs as well as across the
i ndi vi dual | y-badds ((S&x 2idz) pee tdCSiibndition. Normalised
rel ati ve c hanpgveesfrompre-rest ta post Hiest were calculated in

decibel:

Change=10*log10(posttest/pre -test)

Analysis of frequency-specificity of aftereffects

In order to assess whether tACS affected any other lasting broadband
spectral changes or whether the effects are freq uency-specific, the mean power

spectra were subdivided into four non -overlapping canonical frequency bands
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and averaged across the respective frequencies: delta/theta (1 - 3 Hz), theta

(4 - 7 Hz), alpha (8 - 12 Hz), and beta (13 - 30 Hz; see Buzsaki, 2006; Helfrich,
Schneider, et al., 2014) . In addition, entrainment effects can be observed at
subharmonics and hamonics of the tACS frequency (Ali et al., 2013) . To
evaluate this, power was averaged across frequency bands of 4 Hz width
centered on 0.5, 2, and 3 times the individual stimulation frequency (first
subharmonic, first and second harmonic, respectively). Change was calculated as
for the ISF band described above.

Anal ysis of of f lactinigy inche emtergnétsent, tACS-fdee
intervals

Pre-processing. Due to rounding error in the calculations of the tACS sine
wave, EEG triggers were offset over time, resulting in a phase shift of up to 20
milliseconds from the first to the last trial. Therefore, individual trials (epoched
from 1 s before tACS orset until twice the duration of the tACS train and
baseline corrected for the 1 s window preceding the artefact) were realigned by
first finding peaks in the tACS artefact and by shifting these peaks to a common
time line in order to assure that possible p hase locking would not be diluted.
Epochs of 2.3 s duration were extracted from the corrected EEG between
successive tACStrains, starting 100 ms after tACS-offset (due to residual tACS -
artefact in the first 100 ms of EEG). Very noisy epochs and epochs wih eye
blinks at trial -onset were removed after visual inspection of the data. Remaining
eye blink contaminations were then eliminated (1) using a principal component
denoising approach (implemented in Fieldtrip) with the bipolar EOG -derivation
as reference signal (using 1 - 8 Hz bandpassfiltered data to optimize blink
detection, and applying the respective PCA -weights to the original data), and (2)
by discarding the epoch if elimination was not successful. Because both long
conditions had significantly low er trial numbers than Sham and ShortCo, as many
trials as were available in the condition with the lowest trial number per
participant were randomly sampled (without replacement) from all trials in each
condition. All subsequent analyses were conducted on these subsamples of equal

size.

Analysis of rel ati v epoweh Wafgllewed ansimilan d u c e

pipeline as for the analysis of the pre - and post-tACS data. From the pre-
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processed data, two 1 s-epochs were cut at the beginning of each 2.3 s-interval.
These were divided into blocks of early and late epochs, respectively (that is,

first and second half of the experimental session). FFT -spectra were calculated
for each 1 s-epoch separately, and subsequently averaged per block and tACS-
condition. Average power in the individual stimulation band (ISF + 2 Hz) for each

block was again log-normalised to pre -test power.

An al y s i-phaselbckibg. To obtain phase information, pre -processed
data were bandpassf i | t er ed i mpbandn(I&k+2 Hz) and Hilbett:-
transformed. The resulting complex values were normalised to unit amplitude.

The phase locking value (PLV) was computed for each time point as the absolute
value of the mean of these normalised complex values across trials. PLVs were
averaged across the first 200 ms of the 2.3 s-epoch (i.e., from 100 8300 ms post
artefact) and then across epochs within early and late blocks in each tACS -

condition.

Anal ysis of onl iactieity duriagnACS®n intervald

Online tACS artefact removal was attempted by subtracting a scaled and
shifted sinusoid at ISF (subjects 01 - 06) or the independently recorded channel
containing the stimulation artefact (subjects 07 - 12) to obtain estimates of
alpha power changes during tACS. However, these attempts we re not successful
in removing the tACS-induced noise satisfactorily, and in some cases even added

harmonic artefacts. Therefore, these analyses are not further described here.

Statistics

All statistical comparisons were computed in IBM SPSS Statistics, version

19.0, IBM Corp, Armonk/US). Nonparametric statistical tests were used for the

following reasons. First, verifying the assumption of normality (for instance by

using Kolmogorowv+Smirnov or ShapiroWi | kds W tests for nor m:
sample is unreliable because of low power. Although the alpha power change

data seemed fairly normally distributed, there were two outliers in the LongDis

condition and one in the sham condition (criterion: greater or smaller than 1.5

times the interquartile range), two  of which remained outliers when ignoring

stimulation condition and which moreover belonged to three different
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participants (see also Figure 2.5, left). Second, the decibel scale at which
changes in alpha power were quantified is inherently non -linear, whic h violates
the assumption of equal intervals that is required in analysis of variance (ANOVA
(Lowry, 1998; Stevens, 1946). Fundamentally, there is no a priori reason to
believe in simple linear behaviour of alpha activity. To this adds a lack of
published data that might allow an educated guess about the population
distribution of tACS -induced alpha changes. We therefore used the non -
parametric Friedman test to analyse our data, which does not require that
distributions meet stringent criteria and only requires that data can be
meaningfully ranked. This test can be considered an alternative t 0 a one factor
repeated measures ANOVA on ranks, and only assumes that the measurements
are independent between participants and are at least on an ordinal scale
(Lowry, 1998). The null hypothesis is that all protocols are equally effective (or
ineffective) in producing alpha changes. The alternative hypothesis is that at
least one protocol consistently produces larger (or smaller) changes than other
protocols. To follow up significant results on the Friedman test, Wilcoxon signed
rank tests (using the normal approximation method) were employed. This non -
parametric alternative to the paired samplest -test uses ranks instead of raw
score differences but does take the magnitude of the differences into account,
and can be more powerful than the t -test if the assumptions for the latter do not
hold (Howell, 2007). It relaxes the requirement for norm ality of differences and
only assumes symmetry. The null hypothesis is that the median difference

between two protocols is zero.

For the analysis of the relationship of the mismatch between endogenous
and stimulation frequency with the magnitude of W enhancement relative to
sham, the non-parametric Spearman’s rank order correlation was used. Unlike
Pearson's productmoment correlation, this test relaxes the assumption of
linearity and only requires that the response variable is monotonously associated

with the predictor.
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Figure 2.3: Change in alpha power spectra at rest with eyes open and closed

Grand mean change in resting EEG power in the individual U-band from pre-test to post-test with
eyes open (left) and eyes closed (right) in dB. Spectra were aligned to individual stimulation
frequency (ISF) before averaging across participants. Grey shaded areas shows frequency range
over which spectral change was averaged for statistical analysis (ISF + 2 Hz). Error bars represent
standard error of the mean (N = 12).

Resul t s

UAftereffect replicdhedSwiwthle ni retyersr
open

Wpower (ISF£ 2 Hz) at rest with eyes open was enhanced after
i nt er mi-tACSe(pre verdls posttest), with participants showing on average
s t r o n-gnbancerdkent after active tACS as compared to sham (see Figure 2.3,
left panel for the grand mean change in the power spectrum, Figure 2.4A for
grand mean -bdndpowee. Speaificdlly, in both long conditions
individual responses were highly consistent across participants, with 11 out of 12
partici pant s s kheonwi anngc esn etAQS igttberloridiiphase
continuous and 10 out of 12 in the long phase -discontinuous condition as
compared to sham (Figure 2.4B, middle and right panel: LongCo versus Sham and
LongDis versus Sham)Figure 2.5 shows the distribution of the group data (left)

and individual results per participant (right).

Statistically, a main effect of condition was confirmed by a Friedman Test
(YA(3) =11.1, p =.011). Breaking down this effect using the Wilcoxon Signed
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Figure 2.4: Change in alpha band power at rest with eyes open.

Left: Grand mean change in resting EEG alpha power (in dB) as in Figure 2.3 (left panel) averaged
across frequencies within the individual U-band (individual stimulation frequency ISF + 2 Hz).
Spectra were aligned to ISF before averaging across frequencies and participants. Black horizontal
lines with asterisks indicate the conditions that are statistically different at alpha = .05. Only the
respective comparisons between Sham and LongCo (lower brace), and Sham and LongDis (upper
brace), were significant. Error bars represent standard error of the mean (N = 12). Right:
Differences in U-power change between sham and each active tACS condition per participant.
Black lines represent individual differences; red lines represent group mean difference. Most
volunteers show a greater increase after stimulation with long (80 cycles at ISF) trains compared to
Sham.

Rank Tests (2t ai | ed) i ndeed r eeankaackneedtondyifogboth f i ¢ an
long tACS conditions compared to sham (LongCo versus ShamZ =2.82, p =.005;

LongDis versus ShamZ = 2.04, p =.041; ShortCo versus Sham:Z = 1.26, p =.21),
replicat-ahgpet édfef élct previ ous!| y-tAC®pmimaols e d f
in eyes open conditions (Helfrich, Schneider, et al., 2014; Neuling et al., 2013;

Neuling, Rach, et al., 2012; Zaehle et al., 2010) . In accordance, only after

LongCo and LongDis tACS, the change from pre to post-test was significantly

greater than zero (Wilcoxon One Sample Signed Rank Test, LongCo:p < .001,

LongDis:p =.032; all other p =.075, one-sided, uncorrected). Only for LongC o

tACS, this result survived Bonferroni correction.

Al phfat ear ef fect does not-cainftfieuohest w
phagle scontinuous protocol s

Alpha enhancement after active tACS (LongCo > LongDis > ShortCo) did
not significantly differ between conditio ns (all p >.05). While long intermittent
tACS significantly enhanced W power (relative to sham), this enhancement was

observed irrespective of phase -continuity between tACS -trains. Hence,
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Figure 2.5: Alpha power change in individual participants (eyes open)

56

Circles represent the change for individual participants from pre- to post-test within each protocol at

rest with eyes open. Left: Change distribution per protocol. Boxes show 25/50/75th percentile,
whiskers enclose 1.5 * interquartile range. Right: Same data as left but now rotated and grouped

per subject. Grey dotted lines in both plots represent no change.

introducing phase jitter during tACS did not disrupt the

speaks against prolonged entrainment echoes contributing to the aftereffects.

Al phfat ear ef fects do
preferred cortical

While we stimulated at a fixed frequency (individual stimulation

nNot

peak

Waftereffect, which

at

frequency

frequency/ISF = individual Wfrequency/IAF on day 1), several participants

St

showed variable IAF across sessions. This was established by randomly sampling

(1000 repetitions with replacement) and averaging subsets of spectrafrom1l s

epochs in pre-test-EEG wthin each session to extract peak frequency in the

8 - 12 Hz-range. IAF on a given day was defined as the mode of these peaks. As a

consequence, ISF deviated from IAF between sessions for several participants

(ISF minus IAF: range from-1.5 Hz to +3.0 Hz, see also Figure 2.6A). This allowed

us to assess whether aftereffects peaked at ISF or spontaneous IAF. Note that ISF

was in most cases slightly below the IAF of a given session.

Breaki ng dbandmto hifredinsWAF - 2to IAF + 2, in 0.5 Hz steps)

(Figure 2.6B), we found that tACS -aftereffects (LongCo > LongDis > ShortCo)
peaked at IAF and IAF 4.5 Hz (rather than ISF). In other words, they did not

show the left -skew of the ISF histogram (Figure 2.6A). Separate Friedman Tests
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Figure 2.6: Dependence on frequency mismatch

A) Individual stimulation frequency (ISF) relative to IAF. The distribution shows that there was a
tendency to stimulate at a lower frequency than the "optimal” alpha frequency. B) IAF-aligned alpha
aftereffects (difference between active protocols and sham) in mean relative power increase from
pre-test to post-test (dB). Frequencies within the individual alpha band are defined by the individual
alpha frequency (IAF) measured on the day of each session. The average increase tended to be
stronger at IAF and above, i.e., slightly higher than at ISF. Error bars represent standard error of
the mean (N = 12). C) Correlations between relative alpha increase and extent of the mismatch
between ISF and IAF. Data points to the left of the origin show sessions during which stimulation
frequency was lower than the actual peak (established before each session). At least for the most
effective protocol (LongCo), greater mismatch is associated with stronger alpha increase.

on the relative Wincrease in the IAF-centred Uiband and the two flanker Uibands
(IAF82 Hz to IAF - 1 Hz/ IAF + 1 Hz to IAF + 2Hz) revealed significant

aftereffects in the IAF -centred band (Y*(3) = 8.1, p =.044) and the higher Uiband
(YA(3) = 9.0, p =.029). At the IAF-centred band, the contrasts of both LongCo-
and LongDisconditions against Sham were significant (Wilcoxon Signed Rank
Test; LongCo: Z = 2.90, p =.004; LongDis: Z = 1.96, p = .05; all other p >.05). In
the higher Wband, only the contrast of LongCo versus Sham was still significant
(Z=2.51, p =.012; LongDis versus ShamZ = 1.73, p =.08). In addition, after
LongCo there was also greater increase compared to ShortCo (Z = 2.51,

p =.012). Im portantly, repeating the same analysis but now centred on ISF
(instead of 1AF) did not reveal significant tACS -related UWaftereffects at ISF

(ISF- 0.5 Hz to ISF + 0.5 Hz, Friedman p > .05). Hence, tACS-induced

aftereffects were observed at or above the pr eferred cortical frequency but not
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at stimulation frequency, which again is inconsistent with prolonged entrainment

echoes contributing to the aftereffect.

No enhancelhmefntteroeff f ects when sti mul
frequency match

It could be argued t hat the previous result can be explained by
entrainment if the magnitude of aftereffects followed the pattern of an Arnold
Tongue, with those participants whose stimulation frequency matched the
intrinsic frequency contributing most to the aftereffects, re  lative to those
participants with mismatching frequencies. To address this argument directly,
we took advantage of the variability of IAF relative to ISF. To assess the
d e p e n d e n-enbanaerhentldn the IS~to-IAF match in any given session, we
calculatedt he cor r el at derhancement (detnednas alpha power
change in active tACS minus alpha power change in Sham) and stimulation
frequency mismatch (= ISF minus IAF). We found that no active tACS-condition
showed s tenfmmcgremt witlh better ma tch between ISF and IAF
(Figure 2.6C). Instead, we found a significant inverse relationship in the most
effective condition (LongCo), with stronger tACS -i n d u c-enlklancément for
greater deviations between ISF and IAF (Figure 2.6C, green rectangles,

Spearma n @&he =-.93, p <.001, corrected for ties). This association remained
strong even with the two most erhd=-83ne c a:
p =.003). A correlation derived from a small sample must be considered with

caution but the data show t h a-enhalicement does not depend on a perfect

match between ISF and IAF, contrary to what would be expected from

entrainment echoes, and in favour of plasticity effects.

Frequemecyi ficity: No aftereffects
or at (sub)harmoni cs

Regarding unspecific spectral aftereffects, mean changes in power from
pre-test to post -test appeared to be largest in the alpha band, particularly in the
active conditions ( Figure 2.7A). Outside the alpha band, the power changes at
other frequencies did not obviously differ across tACS conditions, with a possible
exception of a delta power decrease in the LongDis condition which, however,

failed the significance test. Separate Friedman tests with factor tACS
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Figure 2.7: Frequency-specificity of power enhancement

A) Mean power change in canonical frequency bands (N = 12). Only the alpha band (blue shaded
area) showed a significant increase in power following both long tACS conditions compared to
Sham. Grey shaded areas indicate the borders of each frequency band. B) Mean power change at

first subharmonic and first and second harmonic of individual ISF. Error bars represent standard
error of the mean.

condition were calculated for each band separately (note that only one factor
can be tested at a time). Only in the alpha band the test was significant

(X%(3) =11.1, p = .011), confirming the corresponding effect for the same data
centered at ISF. This result also survives Bonferroni correction to account fort he
multiple separate tests across frequency bands ( p = .044). The test results for

the other bands were: delta, X*(3) = 2.0, p = .57; theta, X*(3) =.9, p = .83; beta,
X%(3) =6.0, p = .11 (all uncorrected). Post hoc Wilcoxon signed rank tests
repeated the pattern seen for the ISF band, with LongCo and LongDis being
significantly different from Sham (LongCo versus Sham: Z =2.82, p =.005,

LongDis versus ShamZ = 2.12, p =.034) but not from each other (LongCo versus
LongDis:p =.35; all other p >.13).

For the first subharmonic ( X*(3) = 1.2, p = .75), and the first ( X*(3) = 4.2,
p = .24) and second harmonic (X¥(3) = 6.0, p = .11; all uncorrected), there were

no significant differenc es between protocols ( Figure 2.7B). These results suggest
that the effect of tACS is highly specific.

No effect of tACS on alpha power

Whi |-&f tWe r e f f-tACSwWere observéd in the eyes open resting
state, no aftereffects were observ ed in the eyes closed state (compare
Figure 2.3 left versus right panel). An analysis of the resting data with eyes

closed averaged across ISF (identical to the analysis of the eyes open resting
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Figure 2.8: Alpha power change in individual participants (eyes closed)

Circles represent the change for individual participants from pre- to post-test within each protocol at
rest with eyes closed. Left: Change distribution per protocol. Boxes show 25/50/75th percentile,
whiskers enclose 1.5 * interquartile range. Right: Differences in U-power change between sham
and each active tACS condition per participant. Black lines represent individual differences; red
lines represent group mean difference. There was no group effect of tACS protocol.

state data) yielded no significant effect of tACS condition (Friedman test,

X%(3) = .4, p = .94; Figure 2.8; compare to Figure 2.5 for eyes open data). In
addition, in no case was the change different f rom zero (Wilcoxon One Sample
Signed Rank Test; allp > .15).

No | asting phase | ocki-hgekeni nheewaml

The pattern of tACS-i n d u c-goder dbdanges in the intermittent intervals

during stimulation ( Figure 2.9, top row) was suggestive of a progressive build -up
of t-&ftereffacts. However the effect of tACS was not significant in either

the early or late block (early/late: Y*3) =6.0/ 4.7, p=.112/ .195). Critically,
we found no evidence of increased phase-locking (versus sham) in these intervals
(i.e., after around eight seconds of stimulation with individual tACS trains;

Figure 2.9, bottom row) (early: Y*(3) = 2.5, p = .48; late Y*(3)=.7, p = .87),
again disagreeing with entrainment echoes contribu ting to the tACS -aftereffects.
The absence of phaselocking immediately after tACS offset shows that online
entrainment (if present) does not outlast the tACS trains even between

individual trials, and rules out the survival of entrainment echoes for sever al

minutes.
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Figure 2.9: Alpha-effects in intermittent, tACS-free intervals

Top row: Relative increase (dB) in individual U-band power for early (left) and late (right) trials
during tACS-free periods between stimulation trains compared to pre-test. Grey outline shows
mean increase between pre-and post-test for each condition (as shown in Figure 4, left). Bottom
row: Phase locking value (PLV) across trials for early (left) and late (right) trials. A value of 0 means
no phase locking; a value of 1 means perfect phase locking. There is no evidence for enhanced
phase locking. Bar charts show within-group mean, error bars represent the standard error of the
mean (N = 12). Black circles are individual data points.

Peri pher al

effects

of t ACS ( VAS

The strength of sensations associated with tACS (ltch, Discomfort, and Visual)

was rated on a continuous visual analogue scale from zero to ten, where zero

means no sensation at all and ten means strong sensations. The resulting VAS

scores are summarised in Table 2.2 and shown in Figure 2.10. Generally, mean

scores were low for all three measures with right -skewed distribut ions, although

higher ratings for Discomfort or Visual sensations were typically given after

active tACS rather than sham (Figure 2.10A). The observation that only some

participants felt the stimulation at all, while others claimed to be oblivious, is

refl ected in the somewhat bimodal distributions (e.g.

, Discomfort LongCo, Visual

LongDis). Only for the Discomfort rating, this resulted in a significant group

S

C

C
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Table 2.2: VAS scores of peripheral sensation ratings

VAS scores are reported per condition as median (interquartile range), N = 12.

62

VAS score ShortCo LongCo LongDis Sham
Itch 1.15 (1.8) 0.35(2.41) 0.50 (2.09) 0.25 (1.40)
Discomfort ~ 0.35 (0.83) 0.20 (2.25) 0.13 (0.26) 0.10 (0.16)
Visual 0.10 (0.08) 0.10 (0.20) 0.10 (0.94) 0.10 (0.11)
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Figure 2.10: VAS scores for peripheral sensations

A) Histograms show similar distributions of VAS scores for ratings of itchiness (Itch),

discomfort/pain (Discomfort), and unusual visual sensations (Visual) for active tACS and sham. B)
Scatterplots show the (lack of) association of alpha power change with the intensity of peripheral

sensations.
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difference (Friedman's test, X%(3) = 10.0, p =.019, uncorrected). A follow up
Wilcoxon signed rank test for Discomfort ratings was performed on square root -
transformed data to alleviate skewness and thereby satisfy one of the test's
assumptions that the p airwise differences should be symmetrically distributed
around their median. Except for the difference  between both phase continuous
conditions (ShortCo versus LongCo:p = .68), all other contrasts were significant
or "approached" significance (ShortCo versus LongDis:p = .098; ShortCo versus
Sham: p =.053; LongCo versus LongDisp =.031; LongCo versus Shamp = .025;
LongDis versus Shamp =.094), although none of these results survived adjusted
Bonferroni correction. Qualitatively, where available, part icipants reported that
they felt sensations they attributed to tACS either only very early in the
experiment or only occasionally but not constantly. Overall, therefore, it is
difficult to judge whether peripheral sensations had a causal influence on the
observed differences in offline alpha power changes. It is highly plausible that
sensations differ between sham and active conditions and should not be
discounted from any interpretation of tACS effects. However, visual inspection

of the association between VAS scores and alpha change provides no reason to
believe this is the case in our sample ( Figure 2.10B, see in particular the second

row pertaining to Discomfort ratings).

Di scussi on

This experiment tested in a novel intermittent tACS paradigm to what
e X t e qaftereftdcts in response to UHACSI) show characteristics of neural
entrainment, and ii) depend on prolonged phase stabilisation. To this end, we
manipulated phase continuity an d train duration in three discontinuous tACS -
protocols with constant total stimulation time and compared tACS -induced

offline Wichanges against sham.

Replicati on odfs eprveavii ®mnss

In brief, we replicated the previously reported finding of offline
Wenhancement (Helfrich, Schneider, et al., 2014; Neuling et al., 2013; Neuling,
Rach, et al., 2012; Zaehle et al., 2010) after active WACS using eighty cycle on
off protocols. This enhancement was exclusive to the eyes open condition, in

line with earlier observations of sta te-dependent tACS effects that are abolished
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by ceiling levels of alpha power at baseline when eyes are closed (Neuling et al.,
2013). As in previous reports, no spectral changes in other frequency bands were
present, suggesting frequency-specificity of s timulation effects. However, the
absence of a tACSfrequency harmonic effect with a peak in the beta range may
also simply reflect the lower signal to noise ratio at higher frequencies and

needs to be interpreted with caution.

Entrainment or plasticity?
No dependence on phase continuity

The novel contribution of this experiment was the examination of
Waftereffects for characteristics of entrainment. We found that phase
discontinuity did not disrupt the build -up of an aftereffect. Given that previous
demondtrations of entrained oscillations were short -lived and subsided within a
few cycles (Hanslmayr, Matuschek, & Fellner, 2014; Marshall et al., 2006; Thut,
Veniero, et al., 2011) , it could be argued that summation of phase entrainment
over many trials might not be feasible in principle; in other words, that it is
unlikely that the effects of any single tACS train should last long enoug h to allow
the sort of interaction between successive trains that would be required for the
amplification or disruption of a phase effect such as hypothesised in this
experiment. Indeed, there was no evidence of enhanced phase -locking
(measured by PLV) acioss the duration of silent intervals relative to tACS offset
in any active condition, indicating that entrained activity after each tACS train
was either absent or too transient to be detectable. In our hypothetical
scenario, the wave patterns of phase -continuous trains (with identical starting
phase angles), if superimposed, align perfectly onto one sinusoid. If alpha
activity remained stably phase -locked to the tACS current waveform even in the
absence of stimulation, one would therefore expect to see ag ood overlap of EEG
traces between trials. This would be reflected in the clustering around certain
phase values, and therefore a high PLV, at each time point. On the contrary, the
wave patterns of phase-discontinuous trains, if superimposed, produce four
distinct sinusoids (relative to each of the four starting phase angles) which
cancel one another out if averaged. Therefore, the phase angles at each time
point would cancel out, and the PLV would be low. In our data set, the relative

PLVs between all three active conditions and sham were, however, statistically
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indiscernible. As there were substantial offset artefacts, no conclusions can be
made about the short interval immediately following tACS. Regardless, any
hypothetical phase -alignment subsided before the analysed segment, that is,

within less than 150 ms.

Along the argument of insufficient longevity, our phase manipulation
would be ineffective in principle as it would target oscillatory activity in an
inappropriate time window, long after such an inte raction might have an impact.
However, along the same argument it is implausible that single tACS events
produce entrainment that remains detectable over an average of up to two
minutes. Independent of these considerations, we found alpha enhancement
which needs to be accounted for, regardless of whether our manipulation was

ineffective by design.

Alpha enhancement irrespective of frequency mismatch

We did not observe the expected greatest enhancement after sessions in
which the stimulation frequency (ISF)and the day-to-day alpha peak frequency
(IAF) were perfectly matched . Moreover, power enhancement relative to sham
was greatest at or above the day -to-day alpha peak frequency, rather than at
stimulation frequency, which tended to be lower than the | AF. While this might
be explained by a non-linear effect with lesser enhancement for mismatching
frequencies, as might be expected in the presence of an Arnold Tongue, we also
show that the magnitude of frequency mismatch was not inversely (indeed
sometimes even directly ) associated with alpha enhancement. In other words, in
a number of sessions during which there was a relatively large mismatch
between tACS frequency and intrinsic alpha frequency we observed greater
alpha enhancement than in other sessions with a better match but only small
power changes. In the LongCo condition, this relationship was captured by a
significant linear correlation . This is surprising and contrary to the prediction
from entrainment that small er mismatch should give rise to larger e ffects. Due
to the small sample size and lack of agreement between the active conditions
this statistical result begs for replication, ideally over a larger range of

mismatching frequencies to assess the dynamics of this relationship .
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While simulations and in vitro work have shown that frequency -matched
tACS should produce the greatest response during stimulation (Ali et al., 2013)
unambiguous evidence for such a correlation in vivo (neural or behavioural) still
has to be supplied. Even less is known about the frequency -specificity of tACS
aftereffects, although our results match those of Helfrich and co -workers, who
found no relationship between IAFbe f or e st i mu-powdr inarease afterd W
10 Hz tACS (2014). Moreover, as reviewed in Veniero et al. (2015), neural
changes in power or coherence after rhythmic electrical stimulation are often

not exclusive to, or may not even be present at, the stimul ation frequency.

All taken together, the presented results conflict with the hypothesis that
the Waftereffect in our intermittent protocol are simply entrainment echoes,

and are more supportive of plasticity as the under lying cause.

Duration ofn gnaiymuledteironi ne magni t ud

Our results show in addition that only long (approx. 8 s) but not short (3 s)
intermittent tACS trains could induce statistically significant alpha enhancement
compared to sham on a group level. The cause for this difference in
effectiveness cannot be derived from the current data set. One can speculate
that effectiveness of intermittent tACS might depend either on the duration of
the trains, the duration of the silent intervals, or the specific combination
thereof. Assuming that the aftereffect is a function of online entrainment,
longer trains may lead to stronger entrainment effects (i.e. , a more stable
oscillatory state) and possibly stronger ensuing plastic changes. Alternatively,
longer intervals between successive electrical events may facilitate the
consolidation of short -term network changes. The respective contribution of
these factors could be tested by manipulating the relative tACS -to-interval
duration. Of note, a lack of alpha changes after short tACS in tervals has also
been reported after stimulation with 300 1 s on -trains and silent intervals of
4 - 7 s (Struber, Rach, Neuling, & Herrmann, 2015) . In this study the length of
the silent intervals was jittered and was on average intermediate between the
durations used in the current design. The authors suggest that such short tACS
episodes may not be sufficient to induce plasticity mechanisms, independent of
whether they arise from entrai nment or other processes. This has practical

implications for the design of future tACS experiments as it suggests that one
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may be able to manipulate oscillations online using short trains of three seconds
(as in our protocol) or less without the confound of progressively stronger
aftereffects. This is particularly relevant for event -related designs and protocols
that suffer from order effects. It needs to be established, however, that

stimulation at different intensities and frequencies produces equivalent
aftereffects. As reviewed in the introductory chapter and in Veniero et al.

(2015), it is far from obvious that this must be the case.

Two possible caveats should be pointed out in the discussion of this result.
Firstly, because there were more trains for the short compared to the long
protocols (240 and 90 trials, respectively), but equal tACS -on time, more time
was spent during ramping in ShortCo versus LongCo (that is, 1/3 versus 1/8 of
total stimulation time) and accordingly less time was spent during stimulation at
full amplitude (2/3 versus 7/8 of total stimulation time). It is therefore possible
that the results were more variable after ShortCo because overall less energy
was delivered to the brain. Secondly, the lack of a group effect for short tACS is
reflected on an individual level (Figure 2.5 right) by only 8/12 participants with
a greater alpha increase relative to Sham, compared to 11/12 and 10/12 for the
long conditions. In other words, the statistical test result hinges on the results of
only two participants. Given that in three cases, ShortCo was the most effective
protocol i 4poweretramgss, itasfunckelar whether this lack of change
reflects lack of effectiveness or a general power problem due to this small
sample size. In particu lar, to establish whether there might be a bimodal
distribution of participants who responded to a protocol and those who did not,

a much larger group needs to be examined.

Does tiMmMuced plasticity depend on

Despite growing evidence for entrainment during tACS(Feurra, Bianco, et
al., 2011; Helfrich, Schneider, et al., 2014; Neuling, Rach, et al., 2012; Pogosyan
et al., 2009; Striber, Rach, Trautmann -Lengsfeld, Engel, & Herrmann, 2014;
Voss et al., 2014), our findings indicate that online tACS -entrai nment is not
stable enough to outlast stimulation, while offline tACS plasticity effects can be
present in the absence of phase stability. A similar distinction between online
and offline effects has been made for transcranial magnetic stimulation (TMS):

Short bursts of rhythmic TMS enhance brain oscillations at TMS-frequency during
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(i.e., online to) TMS by immediate entrainment (Hanslmayr et al., 2014; Jaegle
& Ro, 2014; Romei et al., 2016; Thut, Veniero, et al., 2011) , but prolonged TMS
leads to longer-lasting effects on brain oscillations that have been attributed to
other mechanisms (i.e., long term potentiation or -depression) (Thut & Miniussi,
2009; Thut & Pascual-Leone, 2010; Veniero, Brignani, Thut, & Miniussi, 2011) . An
open question is to what extent online entrainment effects and offline plasticity
effects are independent. Below we discuss, in | ight of our and related recent
findings, two plasticity models, which assume independence versus dependence

of online entrainment and offline plasticity effects, respectively.

Entrainment-independent plasticity: Pattern-invariant long-term potentiation
or depression

Long-term plasticity and associated effects on brain oscillations have been
observed without fine -tuning the stimulation frequency to specific neuronal
circuits. For instance, prolonged transcranial direct current stimulation (tDCS),
which has no oscillatory component and whose effects have been associated
with changes in excitability and synaptic efficacy (Antal, Paulus, & Nitsche,
2011; Nitsche et al., 2008; Nitsche & Paulus, 2000; Rahman et al., 2013) , may
also lead to enhanced UWiactivity (Hsu, Tseng, Liang, Cheng, & Juan, 2014;
Puanhvuan, Nojima, Wongsawat, & Iramina, 2013; Spitoni, Cimmino, Bozzacchi,
Pizzamiglio, & Di Russo, 2013) Aftereffects of both TMS and tDCS have been
related to long term depression (LTD) and potentiation (LTP) (Antal, Paulus, et
al., 2011; Brignani et al., 2013; Dayan, Censor, Buch, Sandrini, & Cohen, 2013;
Kuo & Nitsche, 2012; Miniussi, Ambrus, Walsh, & Antal, 2012; Stagg & Nitsche,
2011; Ziemann, 2004) depending on parameters which do not show any obvious
link to intrinsic brain oscillations. These effects often manifest in cortical
excitability changes. As posterior Wactivity is taken to be an indicator of
cortical excitability (Lange, Oostenveld, & Fries, 2013; Romei, Brodbeck, et al.,
2008; Romei, Rihs, Brodbeck, & Thut, 2008), offline UWchanges could reflect
these forms of LTD and LTP (but see Veniero et al., 2011) . In addition, overall
metabolic or perfusion changes might be correlated with, and could possibly
explain, excitability/ Wchanges(Antal, Polania, Schmidt -Samoa, Dechent, &
Paulus, 2011; Laufs et al., 2003; Stagg et al., 2013) . Such periodicity -
independent LTD or LTP should occur to a similar extent for a broad range of

stimulation protocols, such as reported for instance with repetitive TMS, where
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LTD is associatedwith continuous low -frequency stimulation up to 1 Hz and LTP
with interleaved or patterned high -frequency stimulation across many
frequencies (5-20 Hz and iTBS)(Rossi, Hallett, Rossini, & Pascual-Leone, 2009).

Entrainment-dependent plasticity: The spike timing-dependent plasticity
account

As introduced earlier, one mechanism that has been proposed to explain
tACSi n d u c-aterefféldts is spike timing -dependent plasticity (STDP; Polania
et al., 2012; Zaehle et al., 2 010). In STDP, the order and timing of pre -and
postsynaptic potentials determine the magnitude, and direction, of changes in
synaptic strength (Caporale & Dan, 2008; Dan & Poo, 2006; Feldman, 2012).
Zaehle and colleagues (2010) used a neural network model incorporating STDP-
rules to show that periodic 10 Hz -stimulation can strengthen or weaken the
synaptic weights of neuronal circuits (recurrent loops) depending on their
reverberation frequency. In this mode [, online entrainment is the window into
longer lasting synaptic plasticity effects that translate into frequency -specific
changes in oscillatory activity. The model predicts synaptic strengthening in
d o mi n a)obps \Whieh the stimulation frequency falls into a narrow range of
frequencies slightly | opeakrltnudtlermphdsieeds p o n:
that the analogy between the modelled predictions and our empirical results is
based on a number of assumptions, including that 10 Hz spiking activity (as
modelled by Zaehle et al.) is driven by a 10 Hz alternating current, and that the
synaptic strengthening of the responsive recurrent loops leads to an increase in
n at u raativity. kithese assumptions hold, this model matches our data,
which show that slower stimulation (relative to IAF) enhances oscillations in the

individual alpha (here: faster) frequency.

Importantly, this model not only predicts synaptic strengthening for
stimulation with slightly slower frequencies, but also synaptic weakening in
neural circuits when stimulation is applied at slightly faster frequencies relative
to the intrinsic frequency. This parall els classical STDP models in which synapses
are strengthened when the postsynaptic potential (here: spiking of the driving
neuron at tACS frequency) follows the presynaptic potential (here: the feedback

to the driving neuron via the recurrent loop), and we akened when the order is



Chapter 2: Alpha Aftereffects dPlasticity or Entrainment? 70

reversed. This prediction can be verified experimentally, and was tested in the

following experiment (Chapter 3).

Limitations of this study

First, the current design did not entail a condition with continuous
stimulation, precludin g a direct comparison between continuous and
intermittent tACS aftereffects. It is therefore conceivable that continuous, but
not intermittent, tACS leads to lasting entrainment given that in a typical tACS -
protocol the brain oscillators are subjected to p rolonged phase alignment over
thousands of cycles. However, oscillatory phase in EEG recordings is generally
instable over time, and as our data show, does not outlive tACS offset for more
than 100 ms, thus supporting our conclusion that the aftereffect is

predominantly a consequence of plastic changes.

Second, due to the lack of an effective tACS artefact removal method, we
have no information about processes online to tACS. Nonetheless, there is
growing evidence that entrainment during tACS is likely (Helfrich, Schneider, et
al., 2014; Neuling, Rach, et al., 2012; Riecke, Formisano, et al., 2015; Riecke,
Sack, et al., 2015; Ruhnau, Neuling, et al., 2016) , and as discussed abovemay
even be a prerequisite for plasticity effects. In line with this view, Helfrich and
co-workers (Helfrich, Schneider, et al., 2014) found that participants with
greater Wpower during tACS dinterp reted as stronger entrainment - also tended
to show greater aftereffects. Additional support comes from Neuling and co -
workers, who followed up their finding of state -dependent alpha power
aftereffects after tACS with eyes open that were not observed after stimulation
with eyes closed (Neuling et al., 2013; Ruhnau, Neuling, et al., 2016) . Using
simultaneous tACSMEG, they found that tACS at IAF elicited (online) signs of
alpha entrainment in visual cortex only when participants had their eyes open
but not closed. The relationship between online and offline effects is an
important issue that requires the further development of artefact correction
methods and may benefit from concurrent tACS -MEG measurements(Neuling et
al., 2015; Ruhnau, Neuling, et al., 2016; Witkowski et al., 2016) that, at least at
the source level, appear to be less sensitive to distortion than concurrent EEG
(but see Noury et al., 2016) .
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Third, as in previous studies (Helfrich, Schneider, et al., 2014; Neuling et
al., 2013; Neuling, Rach, et al., 2012; Zaehle et al., 2010) comparisons to
control tACSfrequencies are missing. Accordingly, it is unclear how frequency -
specific the aftereffects are, alt hough some insight on frequency-specificity can
be derived from the observed variability in individual ~ Wfrequency with respect
to a constant tACS frequency, with aftereffect magnitude being relatively
unaffected by frequency mismatch. However, here the si ze of the mismatch was
overall relatively small, and future studies need to clarify whether deviations
(small or large) make a difference to outcomes. Moreover, we stimulated below,
rather than above IAF. In the light of the STDP model, it will be interest ing to
determine if the direction of a (small) mismatch has a qualitative influence on
the direction of the induced changes. This question is partly addressed in
Experiment 2.

Lastly, there is no data available whether the observed quantitative
¢ h a n g epowenhadldny functional significance. This needs to be tested
through additional behavioural manipulations pre versus post -tACS. For instance,
positive aftereffects on cognitive (specifically: memory) performance have been
reported after tSOS (Marshall et al., 2006; Veniero et al., 2015) and theta -tACS
(Jaugovec & Jaugovec, 2014; Pahor &ltisaug
unclear whether the behavioural changes found after tSOS sleep interventions
have a direct oscillatory neural correlate as the behavioural post -tests in sleep
interventions are typically taken long after stimulation and the acquisition of
neural measures, and there fore probably reflect the product of some earlier
interaction with brain activity (e.g., during memory encoding) rather than
ongoing rhythmicity. Vosskuhl and colleagues (2015) did not acquire neural
activity measures during working memory task performance , therefore not
allowing assessment of brain-behaviour correlates of their tACS effect . While the
group of J a u g mbserwed changes in the theta and alpha bands, the precise
nature of which depended on tACS montage, they did not specify whether these
changes were in any systematic relationship to working memory performance
(Jaugovec & Jaugovec, 20 1TeexiBtiageodenc&forJ au g «
lasting behavioural changes is scarce; therefore, an important step on the way
towards a viable therape utic intervention will be to show that tACS can affect

both brain activity and associated functions.
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Concl usi on

Of f | temér ald c e me ntACSardfléces shorliterm neural plasticity
rather than entrained activity, although it is likely that mechanisms  setin
motion by online entrainment are prerequisite to such effects. While the present
data cannot disambiguate between the entrainment -dependent and independent
plasticity accounts, they partially match the predictions of an STDP model. This

model makes additional predictions that can be tested.

The presence of aftereffects beyond stimulation underlines the potential
of tACS as a therapeutic tool. In addition, our findings may be informative for
study-designs. Given that Waftereffects were negligible wit h short trains (3 s)
and participants overall tolerated the discontinuous stimulation well,
intermittent event -related tACS paradigms with short trains could be viable tools
in cognitive research on online tACS effects when potential confounds from

afteref fects must be minimised.
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Chapter3. Af t er efafteche®t r egtnigcat
t hepi ke Hiemiemg entt oIl Ay odcth e
Ut AGSnduaégpgha power enhance
(Exepi m2nt

To quickly recap, the previous experiment established that intermittent
t ACS at -)adguemcpc § il i nduce | astactvity changes I
(aftereffects) as de mo n-power.dhesecchabggs da not i n c |
show the characteristics of entrained oscillations. This suggests some form of
tACSinduced plastic mechanism at the neural network le vel. A computational
model for a mechanism based on spike-timing dependent plasticity (STDP) has
been developed by Zaehle and co-workers (Zaehle et al., 2010) , which will be
reviewed in more detail in the following paragraphs (see also Figure 3.1). The
model invites certain predictions with regard to the relationship between
frequency of stimulation and the ex pected changes of network activity.
Specifically, it can be h-agiiywildesentmeced t h a
b y -tAQS at or just below the endogenous individual alpha frequency (IAF). In
c o nt r d&ACS abovilthe IAF should have no effect or even suppress

spontaneous alpha. The current study tested these predictions.

In the STDP framework, the strengthening (long -term potentiation, LTP)
or weakening (long-term depression, LTD) of a given synapse depends on the
relative timing between presynaptic and postsynaptic activity ( Figure 3.1A,
based onBi & Poo, 1998; Bi & Wang, 2002 for a review of the different types of
STDP models sed-eldman, 2012). The classic STDP model in its simplest form
(consisting of one synapse between two excitatory neurons connected in
sequence) predicts synaptic LTP when the pre-synaptic potential precedes the
post-synaptic potential within a brief time window, implying a causal chain
between a stimulus and its associated response. LTD occurs when the pre -
synaptic potential follows the post -synaptic potential, con ceptually describing a

response that is independent of the stimulus.

I n order to -akpkaehf ehbe-FACS, BieHleandi ng W
colleagues (2010) implemented a simplified two -layer model with a single

excitatory input neuron driving a hidden lay er of excitatory spiking neurons at a
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Figure 3.1: Spike timing-dependent plasticity (STDP) model of tACS.

A) Classic model of STDP. When the postsynaptic potential follows the presynaptic potential within
a brief time window, this synapse will be strengthened. When the postsynaptic potential precedes
the presynaptic potential within a brief time window, this synapse will be weakened. Without
temporal proximity, no synaptic changes occur. B) Network simulation results from Zaehle et al.'s
STDP model of tACS aftereffects (see also Zaehle et al., 2010, their Figure 2C; graph reproduced
with the authors' permission). C) Alpha power enhancement as observed in Experiment 1 (see
Figure 2.6C), re-expressed as a function of the period of individual alpha frequency relative to that
of the stimulation frequency (as T = 1/f, here for ease of comparison aligned to 100 ms).
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rate of ten spikes per second (10 Hz), i.e. , with a period of 100 ms between
successive spikes.The model was set up as follows. Each neuron in the in the
hidden layer was connected to the driving neuron in a feedback loop.
Considerations of synaptic plasticity refer to the strength of the back -projections
onto the input neuron. The delay of recurrent feedback within each loop was
randomly drawn from a uniform distribution of delays between 20 and 160 ms. In
terms of oscillatory period, this corresponds to frequencies between 6.25 and
50 Hz. Conceptually, the feedforward spiking neuron entrained a given
downstream neuron, whose activity was 100% phase-locked to the 10 Hz rhythm,
albeit with a constant phase offset depending on the specific delay in that loop.
Synaptic weights for feedforward and feedb ack connections were drawn from
(different) uniform distributions, with higher weights for feedforward

connections. No connections were modelled between neurons in the hidden

layer.

This simulation resulted in enhanced synaptic weights for feedback loops
with a total period (or delay) slightly shorter than one inter  -spike period of the
input neuron, while for much shorter as well as longer periods those weights
were reduced ( Figure 3.1B). In other words, in feedback loops resonating at a
frequency slightly higher than the feedforward input frequency of 10 Hz LTP
occurred if the feedback potential (here conceptually equivalent to a
presynaptic potential, or S1 ') preceded the feedforward spike (by extension the
postsynaptic potential, or S2) roughly between 0 and 40 ms. In contrast, for
loops in which feedback arrived outside this range LTD was observed. (Note that
due to the rhythmicity of the simulated input signal, for a loop with a cycle
length greater than the inter -spike period the feedback potential S1 w ould

arrive only in the next inter -spike period, i.e. , follow the subsequent spike S2.)

The authors suggested that their results can be translated to the observed
tACSi n d u c-poder édhancement in their EEG study with human observers,
throughthe stabili sat i on of feedbacdcltoovpdAGSyp dUr t

! | realise that it is not intuitive to think of a feedforward signal as post-synaptic and the associated
feedback signal as pre-synaptic, despite the circular nature of the feedback loop and the
specific synapse that is considered here (between the back-projection of the driven feedback
neuron and the driving feedforward neuron). As a mental crutch, one can ignore the feedforward
connection for the moment and imagine that the feedback neuron is driven by a different
external force to better visualise how STDP might act.
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this conceptual model, online entrainment is therefore posited as a window into
longer-lasting synaptic plasticity that translates into frequency -specific changes

in oscillatory activity. Its pre dictions were partly met by the results in

experiment 1 (see, Figure 3.1C, also Figure 2.6C) where, following stimulation

with an intermittent eight second on/off pattern at a frequency slightly lower

t han t he par t-powerwas,ondveragd, énRancedlelative to sham,
consistent with theideaof L T P -gifcuitdlUHowever, Zaehleandco-wor ker s 0
results also imply a potential directionality of the plastic change (LTP versus

LTD) which depends on the sign of the relative mismatch between the peri od of

the driving rhythm and the latency of the feedback response. An interesting

question is whether this hypothetical directionality also translates to mismatch -
dependent power i ncr e a sbanslandothedpbysiologiealye s i |
relevant frequ encies. The differential up - or downregulation of synchronous

brain activity could prove an exciting, non -invasive tool in intervention s for

disorders associated with abnormal neural synchrony, such as Alzheimer's

disease, Parkinson's disease, and schizophenia (Schnitzler & Gross, 2005;

Uhlhaas & Singer, 2006)

In their work, Zaehle et al (2010) modelled the initial strength of the
back-projections from a randomly drawn uniform distribution of synaptic
weights. This implies that the (initial) feedback connectivity is unbiased towards
specific resonance frequencie s. However, it seems physiologically plausible that
in the presence of a dominant frequency |
p 0 st e ffreqoency)Uselective feedback loops with certain time constants
should possess higher starting weights than "weak" frequencies, and should be
more amenable to plastic changes both in terms of LTD (because less prone to
floor effects) and LTP (because of overall higher activity in this loop). In other
words, we would expect greater effects at the resonance frequency of a
personds dominant circuit when stimul at e:i
no effects at non -dominant frequencies. For instance, in a participant with a
10 H z -pdak, aftereffects would predominantly be observed at this intrinsic
10 Hz frequency after stimulation at a nearby frequency, but no aftereffects
should be observed at non-dominant frequencies (e.g. , 7 Hz) with stimulation
near these frequencies (nor should there be 10 Hz aftereffects after 7 Hz

stimulation, which would be too great a mismatch to yield effective pre -post
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synaptic pairing.). Hence, although Zaehle et al.'s model is motivated by the

existence of intrinsic resonance frequencies, it does not explicitly take them

into account. With the new assumption of biased starting weights, the m odel
predicts synaptic st r eloogstonlye(orattegst i n d o mi n.
predominantly) when the stimulation frequency falls into a narrow range of

frequencies slightly | opegkr t han the sponi

This idea is visualised in Figure 3.2. Consider two neurons arranged in a
feedback loop ( Figure 3.2A). One is driven by tACS, i.e., this neuron is
sufficiently stimulated that its activity is entrained by the electric current. This
neuron can be considered the equivalent of the feedforward neuron in Za ehle et
al. As it is postsynaptic to the back -propagating neuron we will call events at its
synapse Sost. The other neuron may be partially driven by tACS but is not
stimulated sufficiently to fully phase align its  activity with the other neuron.
Hence, events at the back -propagating synapse (which we will call Syre, as they
occur presynaptic to the feedforward neuron) do not occur simultaneously (that
is, entirely driven by tACS and independent of the feedforward signal) but arrive

at or near its natural delay.

I f t he do)mequeracyin thigfaddback loop is slightly higher than
the stimulation frequency (and the cycle duration is shorter), postsynaptic
events (Spyost) driven by tACS are generated at a slightly slower pace than the
time required for the feedback (Spre) through the dominant recurrent loops
(resonating at IAF). As a consequence, presynaptic (feedback) events have a
higher likelihood to slightly precede the post -synaptic events in these loops (see
Figure 3.2B, bottom), leading to strengthening of their associated synapses.
Conversely, synaptic weakening in dominant UWloops is predicted when
stimulation is applied at slightly faster frequencies relative to the spontaneous
Wpeak frequency (Figure 3.2C). This parallels classical STDP models in which
synapses are strengthened when the post-synaptic potential (here: spiking of the
driving neuron at tACS-frequency) follows the pre -synaptic potential (here: the
feedback to the driving neuron via the recurrent loop), and weake ned when the

order is reversed.

It must be emphasised that this model is based on a number of

assumptions (see alsoZaehle et al., 2010) . The first assumption is that 10 Hz
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Figure 3.2: Extended conceptual STDP model of tACS aftereffects

A) Recurrent loops in a population of neurons oscillating at alpha frequencies reverberate at
different delays, leading to a net oscillatory frequency depending on which connection dominates.
Dominant frequency can slowly fluctuate over time/days. In this example, delays of 100 ms
dominate, leading to a dominant 10 Hz oscillation. B) and C). Stimulation by tACS. Some neurons
are strongly modulated by tACS (grey circles) while others are not (blue circles) (the influence of
tACS is unlikely homogeneous across neuronal tissues and locations). Consider the synapse on
the grey neurons. Events are triggered rhythmically by tACS (S5, @assuming action potential
generation shaped by stochastic resonance (McDonnell & Abbott, 2009). These events occur in
close temporal proximity with feedback events, S, resonating through recurrent loops at the delay
of the dominant cycle (here 100 ms). B) When neurons are stimulated at a frequency slightly
slower than the dominant frequency of the loop (i.e., IAF), presynaptic events tend to slightly
precede postsynaptic events of the next cycle, leading to strengthening of the synapse (LTP). C)
Conversely, when neurons are stimulated at a frequency slightly faster than the dominant
frequency, presynaptic events tend to slightly follow postsynaptic events of the next cycle, leading
to weakening of the synapse (LTD).

spike bursts result from a 10 Hz alternating current. In contrast to TMS, which
can elicit action potentials directly, electrical stimulation methods such as tACS
and tDCS are known to act on a subthreshold level by modulating the resting
membrane potential (Fertonani & Miniussi, 2016). However, a higher rate of
neural spiking activity is likely due to the process of stochastic resonance, where
the addition of electrical noise can increase the probability that a given neuron
will become sufficiently depolarised to discharge (de Berker, Bikson, &
Bestmann, 2013; McDonnell & Abbott, 2009; Miniussi, Harris, & Ruzzoli, 2013) .
Second, it assumes that the synaptic strengthening (or weakening) of recurrent
loops with th e cycle length of an UWperiod leads to an increase (or decrease) in
n at u raatvity. b my knowledge, this has not yet been established
empirically. Third, it assuACSsonlypatial. ent r

During complete entrainment, the neur al population activity would phase -align
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completely to the stimulation frequency; that is, any activity would be confined
to a small simultaneous window. For STDP based on small but systematic
differences in the timing of activity, the population of downst  ream neurons
should be at least partly independent and capable of escaping the overall drive
by tACS. If a fraction of the targeted neurons can escape entrainment at any
given instance, an overall bias towards the dominant frequency should develop
which is ddepending on the dominant frequency - either faster or slower than
the tACS frequency. This bias is what can give rise to the temporal offset
required for plasticity. Under synchronisation -theoretical considerations, partial
entrainment is expected arou nd the edges of an Arnold tongue (Frohlich, 2015).
Given that cortical neurons are massively interconnected, it is improbable that
network activity will be completely dominated by weak external stimulation,

and such partial entrainment is plausible.

If these assumptions hold, this model matches the data of Experiment 1,
which show that slower stimulation (relative to IAF) enhances oscillations in the
individual (here: faster) UWfrequency. That said, the frequency offset to IAF was
essentially accidental. Therefore, the data set provided no information about
the potential effects of tACS applied at frequencies slightly above the dominant
frequency, specifically, whether this would lead to LTD in the form  of decreased
Wactivity relative to sham. The objective of this experiment was to find
evidence for or against the STDP account by studying the relative changes in
Wpower as a function of the sign of the frequency mismatch. Specifically, our
aimswere, fir stly, to repl i ceamhamcentert i Exjparimehtilyg
stimulating with intermittent tACS at a frequency just below IAF; and secondly,
to test the STDP model predictions by also stimulating intermittently slightly
above IAF. To improve on the limitations of the previous experiment, a
continuous control condition was included to assess the efficacy of intermittent
tACS compared to continuous stimulation (as in Helfrich, Schneider, et al., 2014;
Neuling et al., 2013; Zaehle et al ., 2010). It was hypothesised that i) lower-
frequency intermittent and continuous tACS would be followed by
Wenhancement (relative to sham) , thus replicating previous observations and ii)
in line with the opposing predictions of our STDP model, higher-frequency tACS
would either be followed by a relative  Ulweakening, or show no difference from

sham.

of
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Table 3.1: Participant demographics and stimulation parameters

IAF = Individual alpha frequency (as determined from pre-test EEG on the first day of testing);
mA/pp = milliampere peak to peak.

ID Sex Age IAF Intensity (mA/pp)
02 f 24 10.50 2.00
06 m 22 10.75 2.00
08 m 23 10.00 2.00
09 f 19 10.25 2.00
12 f 19 11.75 1.70
13 m 28 9.75 1.70
14 f 25 10.75 1.65
16 m 20 10.00 2.00
17 m 25 9.50 2.00
18 m 24 9.50 1.75
19 m 24 11.25 1.80
20 f 22 9.50 1.75
21 f 18 10.50 1.55
22 f 20 10.25 1.80
Met hods

Unless stated otherwise, the apparatus and methods were the same as in

Experiment 1. Please refer to the previous chapter.

Participants

Twenty-three he althy participants were recruited from colleagues and the
department's subject pool. Acceptable data for all four conditions were recorded
for fourteen volunteers ( seven male, age range 18 - 28 years, M = 22.9,
SD= 2.7). Of the remaining nine participants , two did not return to their last
session; one had excessive noise in one condition and was unavailable for an
additional session; four dtadtvitgio theirfirét o w
session to determine the stimulation frequency; one could not tolerate the
discomfort induced by tACS; and one was invited but excluded after reporting
excessive recent recreational drug use during screening in the first session.
Incomplete data sets were not included in this analysis. The demographics and

stimulati on parameters are shown in Table 3.1.

e

n
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t ACS

The montage was identical to Experiment 1 with tACS electrodes over
PO7/9 and PO8/10, respectively . There were three active conditions and a sham
condition in counterbalanced order ( Figure 3.3). Since in the previous study the
long protocols were the most effective in inducing an aftereffect, a similar
protocol was adopted for both intermittent tACS conditions. Unlike in the former
experiment, however, tACS -frequency was not constant across sessions. To keep
overall duration per condition identical, we therefore chose a constant  eight
second on/off protocol for all participants and frequencies (as compared to an

eighty cycle on-off protocol, cf. Experiment 1).

To probe for directional STDP effec ts tACS was applied either at
IAF- 0.75 Hz (low intermittent condition /Lowint, with lower stimulation
frequency hypothetically strengthening dominant Wcircuits) or IAF + 0.75 Hz
(high intermittent condition/Highint  , with higher stimulation frequency
hypothetically weakening dominant Uicircuits). In order to assess the efficacy to
produce aftereffects of intermittent versus continuous stimulation,a  low
continuous condition / LowCont was added in which continuous tACS was
administered without stimulation -fre e intervals only during the second half of
the experimental session. We decided against counterbalancing (i.e. , continuous
stimulation in the first versus second half) because of the likely decay of the
aftereffect before the post -test recording. The "low intermittent " frequency was
used also for the continuous condition as it allows direct comparison with the
low intermittent protocol, and because lower -than-IAF stimulation proved to be
successfulin Experiment 1. The sham condition, during which only a br ief (20 s)
stimulus was applied at the beginning, controlled for stimulation -unspecific

effects such as changes in arousal.

tACS intensity was adjusted individually below phosphene - and discomfort
threshold but constant across conditions for each participa nt, ranging between
1.55 and 2.00 mA (peak-to-peak amplitude; M = 1.84, SD=.16).
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Figure 3.3: tACS protocols

Left: Across conditions, we manipulated the tACS frequency (individual U-frequency/IAF i 0.75 Hz
or IAF + 0.75 Hz) and temporal pattern (intermittent or continuous. Right: Because of the expected
offset between IAF and tACS frequency, endogenous oscillatory activity (blue line) is expected to
"run away" or escape from the external drive by tACS.

IAF-.75Hz IAF+.75Hz
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Figure 3.4: Idea of experimental design and evaluation of IAF estimation

Shown in light grey are single trial EEG spectra in the U-range for an individual with a discernible
U-peak. Green dotted line represents the mean power spectrum across trials. The estimated
individual U-frequency (= IAF in the pre-test of the first session) is marked by the green vertical line.
Note also the inter-trial variability around this peak. Red vertical lines mark the targeted frequencies
slightly below (IAF 7 0.75 Hz) and above (IAF + 0.75 Hz) the peak frequency. Blue dots represent
individual participants in each of the three active protocols (grouped along the grey horizontal lines)
and the actual difference between IAF (estimated per session) and the tACS frequency of that
session. Blue dots on the red vertical line of the corresponding condition therefore have been
estimated most accurately. The difference between low and high frequencies is by definition

1.5 Hz.
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To assesswhether the stimulation frequencies actually targeted the
lower/higher tails of the individual ~Wpower spectrum, we also determined the
dominant Wfrequency for each session individually, using a bootstrap algorithm
(see section Individual alpha frequency below) on artefact -free data recorded
from electrode POz and frequencies between 8 - 12 Hz. Day-to-day IAF was
defined as the mode of the peak frequencies of each bootstrap sample.

Figure 3.4 shows the estimated differences between the IAF on the day of a

given session and the respective stimulation frequency.

Procedur e

Each participant underwent four sessions of maximally two hours each.
Sessions were at least three days apart. Preparation of tACS and EEGelectrodes
took approximately 45 min and the record ing around one hour. Data acquisition
started with resting EEG with eyes closed (3 min) and eyes open (5 min) (pre -
test). Note that longer resting EEGs were taken to ensure a minimum of 12 0's, as
previous work indicates as the required minimum to obt ain a stable spectral
estimate (Brismar, 2007), and to be able to assess the duration of a possible
aftereffect. Participants then underwent one of the stimulation protocols in
counterbalanced order. For the duration of each protocol, participants
performed a visual vigilance task to maintain alertness and as control for
cognitive state (see Experiment 1). Finally, additional resting EEGs with eyes
open (5 min) and eyes closed (3 min) were recorded (post -test). After each
session, participants filled in a questionnaire with vi sual analogue scales (VAS) to
assess how intensely they perceived itch ("ltch"), discomfort/pain ("Discomfort"),
or visual sensations ("Visual") due to tACS. Items were rated on a scale on a scale
from O to 10 where 0 is "no sensation” and 10 is "very strong sensation” (see

Appendix B for post-test questionnaire).

EEGecording

Recordings were obtained from eight posterior -parietal scalp locations
(C3/4, Cz, P3/4, Pz, POz, Oz, ground AFz, reference d to the left mastoid,
except one recording with nasion ref erence) according to the 10/10 system using
a BrainAmp MRPIlus amplifier (BrainProducts, Munich , Germany) and sintered

Ag/AgCl electrodes. (Initially, we recorded from electrodes across the whole
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scalp mounted in an electrode cap. However, the tACS electrode sponges tended

to soak the fabric over time. This created bridges to adjacent EEG electrodes

which then in turn were contaminated by high amplitude electrical noise,
necessitating the re -recording of one data set and resulting in incompleteness of
another. Therefore, EEG electrodes were attached as previously using EC2
electrode paste. However, to keep the preparation time constant, coverage was
restricted to the above -named positions.) Vertical eye movements were

recorded from an additional electrode below the right eye. The signal was

amplified to a range of +3.2768 mV at a resolution of 0.1 OV, b a {iilttiedh s s
online between 0.1 - 1000 Hz and digitised at a sampling rate of 5 kHz.

Indi vialuppia frequency

Individual alpha frequency (IAF) and stimulation intensity were
determined once, in the first session, for all four sessions. Because of the
variability in  Upeaks in Experiment 1, it was attempted to make the estimate
more reliable by 1) removing epochs with eye blinks, 2) removing epochs with
unusual broadband spectral activity, 3) using algorithm -guided visual inspection

(see below).

The continuous EEG acquired at rest with eyes open was segregated into
1 s epochs. Epochs containing eyeblink artefacts were identified in the EOG
channel using the automatic artefact rejection algorithm as implemented in
FieldTrip (Oostenveld, Fries, Maris, & Schoffelen, 2011) . The signal was first
bandpass filtered between 1 and 15 Hz to optimise blink detection and
z-transfor med, and then epochs containing z -values of greater than |3| were
discarded from the unfiltered data set. The blink -free epochs were Fourier -
transformed (2 - 20 Hz, Hanning window, 4 s zero padding, 0.25 Hz resolution).
Spectra with unusually high mean pow er (z-transformed power > 2) were
removed. Note that the mean power calculation in this step explicitly excluded
the Wband between 6 and 14 Hz, as trials with very high Wpower easily yield a

high mean power but being the trials of interest should not be discarded.

Then the posterior channel (i.e. , of Pz, POz, and Oz) with the highest
mean power was selected for a bootstrap procedure (2, 12, and 1 participant,

respectively). Fourier spectra were randomly selected with replacement from
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the number of available spectra (N) to form bootstrap samples of the same size
Ns. For each bootstrap sample, the peak frequency of the median power
spectrum in the frequency range between 7 and 13 Hz was calculated (median
rather than mean to relieve the influence of few high power trials) and stored.
This was repeated 1000 times. The mean, mode, and median of the
bootstrapped frequency maxima were calculated and compared. If the peak
frequency estimates agreed, this frequency was chosen as IAF. If they disagreed
(e.g., because of a bimodal bootstrap distribution or high peak variability) the
IAF was estimated based on visual inspection of the single trial spectra. IAF
ranged from 9.50 - 11.75 Hz (M = 10.30, SD= .67) across participants ( see
Table 3.1).

EEG anadfyoifsl ine effects

The analysis was similar to the one described in Experiment 1. Pre- and
post-test EEGs were re-referenced offline to electrode Cz. After epoching into
1 s epochs and artefact removal, the first ten of the remaining epochs were
discarded to allow for the signal to settle. A Fast Fourier Transform (4 - 30 Hz,
Hanning window, 4 s zero padding, 0.25 Hz resolution) was calculated on the
following 120 epochs (2 min) of each set. Alpha power was calculated from the
resulting spectra as the mean power across trials and across frequencies in the
individual Wband (IAF- 2 Hz to IAF + 2 Hz) for all pre - and post-tests in each

condition. Alpha power change from pre -test to post-test was defined as
Change = 10*log(post-test/pre -test)

(in dB) within each condition. A nonparametric Friedman test for the main effect

of tACS condition was performed on the relative power change at electrode POz.

Robust regression

For exploratory analysis of the association between the effect of tACS and
different variable s, the strength of the correlation was tested statistically using
Spearman's rank correlation. If the data and test suggesteda trend towards a
monotonous relationship, we additionally calculated Shepherd's pi (Schwarzkopf,
De Haas, & Rees, 2012) The Shepherd'spi correlation involves the identification
and exclusion of influential points before the calculation of Spearman's rho. In

other words, pi corresponds to Spearman'srho with outliers removed and is
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identica | when no influential points are present. These two statistics in
combination should give a reasonable idea of the strength of the association

between two variables, and its dependence on subsets of participants.

Resul t s

Peri pheral sensations

The distribution of participant s ratings of peripheral sensations per
condition and type is shown in Figure 3.5. Notably, this group of participants
generally reported higher sensations compared to Experiment 1 (compare
Figure 2.10A in the previous chapter). This is true for both the active and sham

conditions.

To assesswhether stronger sensations were perceived during active tACS
compared to sham, the VAS scores for Itch, Discomfort, and Visual sensations
were submitted to separate Friedman tests. The tests for Discomfort
(X¥(3) =2.71, p = .44) and Visual (X*(3) = 1.17, p = .76) were not significant,
indicating that active tACS did not systematically induce painful or visual
sensations across participants relative to sham. The test for Itch was marginally
significant ( X4(3) = 7.98, p = .047) but follow -up Wilcoxon Signed rank tests
indicated that this effect was driven by the difference between the continuous
and intermittent conditions (LowCont versusLowiInt: Z=-2.48, p =.013;
LowCont versus Highint: Z=-1.88, p =.061, all other comparisons p > .29). This
makes sense intuitively as there are far more stimulation on - and offsets that
can induce itchy sensations but as none of these conditions appears to induce
greater sensation than sham overall, it is in conclusive whether the itchy
sensation is due to electrical stimulation or simple due to the contact between

the skin and the moist sponges.
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Figure 3.5: Histograms of Visual Analogue Scale scores

The histograms represent the distribution of VAS ratings of the presence and intensity of peripheral
sensations in the different conditions. Zero represents no sensation, ten represents strong
sensation.

Al pha power : No systematimgadsol ut e

Inspection of the individual responses shows that participants did not
respond uniformly to any of the active protocols relative to sham (Figure 3.6,
top right), or show systematic differences between the active tACS protocols
(Figure 3.6, bottom right). Accordingly, UWpower changes were not statistically
discernible at the group level between tACS conditions ( X*(3) = 3.34, p =.34;
Figure 3.6, top and bottom left). The strongest increase was expected for
intermittent stimulation at IAF - 0.75Hz (LowInt tACS). However, numerically
(although not statistically), UWincrease was on average stronger after
intermittent tACS at IAF + 0.75Hz (Highint) compared to all other conditions ,
opposite to the hypothesised direction (exploratory pairwise comp arisons all
p >.05; see also Figure 3.6 top and bottom left). Moreover, contrary to our
expectation of a robust increase after continuous stimulation at IAF - 0.75Hz
(LowCont), this protocol turned out to be the least effective in producing
Wincrease from pre- to post-test (Highint: 13 out of 14 participants, LowInt:
12/14, LowCont: 9/14; sham: 10/14; see Figure 3.6 bottom left).

In sum, the data do not support the suggested STDP model of
Waftereffects. Moreover, the experiment also failed to replicatet  he differential
Wpower enhancement after intermittent tACS (as opposed to sham) under very
similar conditions, with equivalent power (12 versus 14 participants) and using

the same analysis as in Experiment 1. Finally, continuous tACS, which was
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Figure 3.6: Change in alpha band power

Participant ID

Top left: Grand mean change in resting EEG power (in dB) within the individual alpha band
(individual U-frequency determined on day 1 + 2 Hz) from pre-test to post-test with eyes open. Error
bars represent standard error of the mean (N = 14). Top right: Individual U-change contrasting
sham versus active tACS conditions. Red lines represent group mean changes. Bottom left: Circles
represent individual U-change scores grouped per protocol. Boxes show 25/50/75th percentile,
whiskers enclose 1.5 * interquartile range. Bottom right: Same data but now rotated and grouped
per subject. Grey dotted lines in both plots represent no change.

successfully u-seavdrintaoumber of previows stlidies (Helfrich,
Schneider, et al., 2014; Neuling et al., 2013; Zaehle et al., 2010) , did not

produce a syst e mactvitydhatiwasdistieguishableifram skham.

Contr ol alnmafl lywseersc e

of

reference

In this study, the EEG was referenced to Cz (as opposed to AFzin the

previous experiment) . As the reference is closer to the (posterior) site where we

expect the tACS-induced changes, it is possible that these activities

contaminated the reference and were consequently subtracted from the target

electrode signal. To assess this possibility, the data from Experiment 1 were re -

e |

e
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referenced to Cz and re -analysed. The results for the main effect of tACS
protocol were statistica Ily equivalent to the EEG data referenced to AFz (please
refer back to the results section in Chapter 2): The Friedman test with factor
tACS protocol was significant (X?(3) = 8.1, p = .044), and the follow up tests
showed significant differences only betwe en either of the two long conditions
and sham (LongCoversussham: Z = 2.67, p = .008; LongDisversus sham:

Z=2.20, p =.028; all other comparisons p >.18).

The data from Experiment 2 were also analysed at Oz, which has a greater
distance from the refer ence as POz but a comparable distance from the tACS
electrodes. Still, there was no main effect of tACS protocol ( X* = 4.71, .p = .19).
Taken together, this makes it unlikely that the proximity to the reference

electrode overshadowed the effect.

Exployaaonal yses: | di osyncratic resftg
protocol ?

Inter -individual differences in the response to stimulation protocols are a
known problem in brain stimulation studies (Benwell, Learmonth, Miniussi,
Harvey, & Thut, 2015; Fertonani & Miniussi, 2016; Wiethoff, Hamada, &
Rothwell, 2014; Ziemann & Siebner, 2015) . Despite the lack of a consistent
group effect, it is possible that tACS induces idiosyncratic but potentially
opposite responses in individuals, and that only per chance the majority of
respondersin our previous (small) sample responded in a similar fashi on.
Therefore, we also looked at intra -individual variability of the response to
WHACS (independent of the specific type of protocol). An interesting observation
suggested a generic, protocol -unspecific but reproducible effect of tACS within
individuals: When comparing the relative changes in the active conditions and

sham -
tACS effect = changeacivetacs 0 changespam

- the majority of participants seemed to respond consistently either with
r e | a t-powee enttincement or suppression (Figure 3.7A). Specifi cally, five
participants showed a consistent decrease in Uipower change relative to sham

across all active conditions, whereas another five participants showed a
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consistent increase; those who were more variable in their response also tended

to have the smallest differences.

In order to quantify the likelihood of each participant responding
uniformly to tACS with either increase or decrease if tACS has no effect at all
(that is, if we observe truly random fluctuations), we conducted a permutation
analysis based on a test statistic derived from the whole data set, calculated as
the sum of the absolute values of the mean change difference between each
active protocol and sham. In more detalil: first, the change in the sham condition
was subtracted from the chan ge in each active protocol to obtain three
difference scores for each participant, one for each active condition; second,
these difference scores were averaged to obtain one mean difference score per
participant; third, the absolute values of these mean di  fference scores were
summed across participants to obtain the test statistic. This summary statistic
disregards the direction of change but is large when all values within an
individual data set are either consistently positive or consistently negative, an d
smaller otherwise (i.e. , for changes of 2, 3, and 4 dB, the absolute value of the
mean is 3 dB; for -2, -3, - 4 dB the absolute value of the mean is also 3 dB; for
2, -3, 4 dB the absolute value of the mean is only 1 dB). In addition, it is larger

when as a group more individuals show a consistent direction.

To test the likelihood of this statistic under the null hypothesis that sham
is interchangeable for any other condition, we randomly re -shuffled the
condition labels within participants. Then the newly assigned "sham" condition
was subtracted from all the other conditions. Finally, the summary statistic was
re-computed by averaging the absolute mean change difference per subject and
summed over the whole group. This procedure was repeated with 9,999
permutations (with replacement for greater ease of computa tion). The result is
shown in Figure 3.7B. In only 48 out of 10,000 permutations (incl. the original
data set) was the summary statistic equal or greater than the observed value
(sham: 26.65), which corresponds to a probability of p =.005. In contrast, th e
test statistics for the actual data when subtracting each active condition from
all other conditions (Test statistic, Highint: 12.80, LowInt: 15.92, LowCont:

18.51) fell into the 95% confidence interval of th e null hypothesis distribution.
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Figure 3.7: Idiosyncratic "alpha effects” to active tACS versus sham

A) Individual difference scores between changes in active tACS conditions and changes in the
sham condition (in dB). Data points are sorted by mean U-effect in ascending order. Note that this
order is arbitrary and has only been chosen to facilitate visualisation of the consistency in individual
responses. Grey dotted zero line represents no difference to sham. B) Permutation analysis on the
sum of absolute mean differences as a measure of consistent responses (for details see text). The
histogram represents the expected distribution under the null hypothesis that the intra-individual
U-effects are random. Coloured lines represent the test statistic calculated on the actual sample
and for each condition. Vertical black dotted lines delimit the 95% confidence interval of the null
hypothesis distribution.

This result appeared to indicate a qualitative difference for active  versus
sham protocols, despite a lack of finer nuances between active protocols. If the
Wcircuits were susceptible in general to near -dominant frequency stimulation
independent of whether the stimulation frequency offset is slightly positive or
negative, such a pattern would be plausible. However, as different participants
reacted differentially with either  UWenhancement or UWweakening, we would
expect some property in either the particular stimulation parameters or
individual characteristics to determine the di  rection of this effect. Therefore,
we explored the association between a number of variables (pre -test power,
stimulation intensity, day -to-day dominant Wfrequency, relative mismatch
between stimulation frequency and dominant frequency, peripheral sensati ons,
baseline change during sham) and the UWieffect (i.e. , UWlpower changeacive tacs

minus Wpower changeshan). The results are shown in Figures 3.8 - 3.12.

Alpha effect is weakly related to pre-test alpha power

People with generally higher levels of pre-test UWpower tended to show
Wweakening compared to sham, whereas those with relatively little power in

the Wband tended to show enhancement ( Figure 3.8). The Spearman rank



Chapter 3: Alpha Aftereffects and Spike Timing -Dependent Plasticity 92

8

Highint o LowInt ° LowCont
6 6
. o
m 4r 4
52 s, °
Sg2’ ?l o
=5 o o
ey Og ©° ] ol 0 9& fffffffff
go P S o
' o ©
<_DE-U) 2 o ® 2P 1
O ° o )
I 4 - 4 © ]
= rho = -0.48, p = 0.084 rho = -0.69, p = 0.008 tho = -0.41, p = 0.146
6 pi=-0.38,p=0405 | pi=-0.67.p=0041 | . pi =-0.41, p = 0.369
0 5 10 0 5 10 0 5 10
2
Pretest power (UV7)
Figure 3.8: Pre-test alpha power versus alpha effect
Plots show a weak association betweenpre-t e st power i n-bahd Bn-dfiedthdubl

relative to sham in each active protocol. Note that as the intra-class correlation coefficient (ICC) is

high for pre-t e s t

p o weffect, thenlatatidh of the data points representing each participant is

similar across plots. Red filled circles are data points that have been identified as influential points
(Shepherd's pi), i.e., omitting these data points from the analysis affects the strength of the

statistical association.

correlation coefficient suggests a weak negative association between pre -test

power and the tACS effect (Highint: Spearman's rho =-.48, p =.084; LowiInt:

rho =-.69, p =.008; LowCont: rho =-.41, p =.146). The intra -class correlation
coefficients (ICC; McGraw & Wong, 1998 type ICC(A,k) based on mixed effects

model) for both pre -test measurements and tACS effect measurements across

different sessions are high (ricc, pre-test = -95; rcciacs efiect = -94), indicating that

both variables were quite stable across sessions. In other words, participants

showed similar pre-test Wactivity but also a similar response to tACS compared

to sham across sessions (and independent of protocol). Accordingly, there was no

significant difference between pre -test measures across all four conditions
(Friedman test, X*(3) = 1.63, p = .65).

Alpha effect does not depend on tACS intensity

There was no evidence for a systematic relationship between current

intensity and the tACS effect in any active condition (Spearman's rho: all p > .68;

Figure 3.9A).

Alpha effect does not depend on dominant alpha frequency

There was no evidence for a systematic relati onship between the

dominant Wfrequency on the day of testing and the tACS effect in any active

condition (Spearman'srho: all p >.27; Figure 3.9B).
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Figure 3.9: tACS intensity and dominant U-frequency versus alpha effect

There is no obvious association between A) tACS intensity (in mA) and B) variable dominant
U-frequency (in Hz, estimated from the pre-test before each active session) and the U-effect relative
to sham. As there were only weak associations in general, Shepherd's pi was not calculated.

Alpha effect does not depend on mismatch between stimulation frequency
and dominant frequency

The distribution of estimated differences between the day -to-day IAF
(defined as the mode of the bootstrapped peak frequencies of the average
spectra at POz between 8 and 12 Hz, otherwise calculated as described above in
the section Individual alpha frequency ), and stimulation frequency ( Figure 3.4)
suggests a reasonable success in selecting frequencies just above or below the
respective dominant frequency. However, at least in some cases the intended
tACSfrequency may have been over dor underestimated, that is, may have
either been too close to ( data points within red boundaries) or too far removed
from (data points on far left and right) IAF to be effective. In a couple of cases,
the frequency in the low condition may have even been higher than the
dominant frequency. Figure 3.10 shows the tACS dfect as a function of the
mismatch between stimulation frequency and the estimated dominant
Wfrequency on the day of testing. While there was a tendency towards a
negative association between mismatch magnitude and Weffect in both low
conditions that re sembles the trend we found in Experiment 1 ( Figure 2.6C in
the previous chapter), we observed a similar pattern in the high condition. As a

repeated measure with high intra -class correlation measures (see above), this
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Figure 3.10: Alpha effect as a function of frequency mismatch

Mismatch refers to the differenceb et ween t he variable dominant U fr
from the pre-test before each active session) and the stimulation frequency of each active session.

Red horizontal lines mark the intended stimulation frequency (i.e., IAF + 0.75 Hz and IAF - 0.75 Hz

for high and low conditions, respectively). Vertical grey dotted line is day-to-d ay domi nant U
frequency. Rho = Spearman's rho. Pi = Shepherd's pi. Red filled circles are data points that have

been identified as influential points, i.e., omitting these data points from the analysis affects the

strength of the statistical association.

strongly suggests that the individual respons es are not dependent on the specific

frequency used, or the shift in frequency relative to the dominant  UWfrequency.

Alpha effect is only weakly associated with strength of peripheral sensations

The effect of tACS on Wpower could be peripheral rather than cortically
induced, for instance through a change in arousal. Different states of arousal
have been associated with changes in spontaneous Utactivity (e.g. , Cantero,
Atienza, & Salas, 2002; Makeig & Jung, 1995; Makeig, Jung, & Sejnowski, 2000;
Shaw, 2003), and it is possible that intrusive and/or unpleasant peripheral
sensations such as visual flicker or skin sensations may have resulted in
systematic changes in individual arousal state (e.g. , towards fatigue or
agitation). In addition, work on  transcorneal alternating current stimulation
suggests that retin al activation mediates lasting elevation in  Wpower (Fedorov
etal., 2011; Sabel et al., 2011; Schmidt et al., 2013; Sergeeva et al., 2015;
Sergeeva, Fedorov, Henrich-Noack, & Sabel, 2012). In this case, the magnitude
of the effect is likely independent of specific (similar) stimulation parameters
but positively related to the intensity of the sensation.  Figure 3.11 shows the
individual Weffect as a function of the difference between VAS ratin gs in the
active tACS protocols compared to sham. The difference in VAS scores for Itch

and Discomfort were only weakly related to Weffects (Spearman's rho: all



Chapter 3: Alpha Aftereffects and Spike Timing -Dependent Plasticity 95

Itch Discomfort Visual
. 8 8 ’ 8 :
) I ! !
=4 G : pi=-007 p=1 6 ; pi=-004,p=1 " © pi=005p=1
£ rho = 0.04, p = 0.893 rho =-0.02, p = 0.934 , o =0.09, p=0.756
z . * L4 ]
L » 4 o | 4 ‘ 4 .
[= . (S L[]
£¢02 . 2 et 2 ? :
2 = * . ’ . L
T J CIEEEEeer oIS § EE Op---mgr-wmmmmmmmmm o ® (| SNSRI B
© | : :
g2 «* s 2 Y 2r® . o®
< 4 ' 4 ; 4 :
1 | L
4 2 0 2 4 6 2 0 2 4 6 5 0 3
& 8 8 ! 8
=) [ ] . [ ] . ' . [ ]
- 6 ! pi =0.56, p=0.152 6 ! pi=0.15p=1 6 pi=0.3,p=0737
5 ! rho = 0.28, p = 0.325 K rho = 0.02, p = 0.952 ! tho=0.37,p=0.194
=y ]
= : 4 ) 4 3 4 3
= [ ) ® ! e
2 Q2 0 2 ‘ 2 :
o= . . [ ] [ L)
- B [ | ”
8 of-aooa-tl Jem . o] A e OF cccceea o i. .............
k] . [ ] L4 . e o ®
22 > 2 e 2 :
= - . . ; o
< 4 [ ] e <4 * 4l e
4 2 0 2 4 6 2 0 2 4 6 5 0 5
& 8 8 : 8 :
| ! !
= 6 [ ] pi=0.03,p=1 6 [ pi=0.34, p = 0.598 6 ' pi=@.63, p=0.073
ch i rho = 0.22, p = 0.457 K rho =0.29, p = 0.312 \ tho=0.63, p=0.015
a— ﬁ 4 i 4 ; 4 :
c L] » I .
S w \ h !
Qg °2 e 2 e = - .
g % e T L s o
— @ Of-------%__ T @ T T T T OF-------- V".""‘T """""""" OF-----cnennq L T T T
@ » 5 . (] Y ] L ! L]
o 2ie 21 ® ! 2 . !
= ! !
< 4 M 4 te 4 A )
4 2 0 2 4 6 2 0 2 4 6 5 0 5

VAS score difference tACS - Sham

Figure 3.11: Alpha effect as a function of VAS score differences

VAS scores rating the peripheral sensations for sham were subtracted from each active condition.
The vertical grey dotted line marks no difference in the respective sensation from sham. Rho =
Spearman's rho. Pi = Shepherd's pi. Red filled circles are data points that have been identified as
influential points, i.e., omitting these data points from the analysis affects the strength of the
statistical association.

p >.32). For visual sensations in the low continuous condition, there was a
positive association between difference score and Weffect (Spearman's rho:

p =.015, all other p > .19), suggesting that participants who perceived more
visual flicker/wobbling during active tACS than during sham tended to show
Wenhancement, and participants who perceived less flicker/wobbling during
active tACS tended to show Wweakening. This association becomes weaker when

controlling for influential points (Shepherd's pi = .63, p =.073).

Alpha effect is dependent on sham baseline

Asthe estimate of the tACS effect ( = changeyciivetacs 0 changeshan) is a
derived measure, it is possible that differences in the baseline measure (here:

Wpower change in the sham condition) drive the differences in individual
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Figure 3.12: Association between alpha effect and sham baseline

These plots show the association between individual e f f ect per ¢ ondi-thange
during sham). Top: Same as Figure 3.7 (left) for ease of comparison. Middle: Alpha change during
shamper parti ci pant-effect (@e, same ordenas tapganal). Nbte the difference in
the meaning of the zero line. Bottom: Al pha ef f ect as -&hardgeduringsham
Grey symbols represent individual conditions per participant; blue circles represent their mean
U-effect. Red filled circles are influential points as identified by Shepherd's pi correlation.

Weffects. On closer inspection , it was confirmed that the Weffect (that is, the
difference betwe en the power changes in each active condition and sham) was
strongly negatively correlated with the relative change in the sham condition
(Spearman'srho =-.78, p =.002). As can be seen in Figure 3.12, the apparent
order of participants according to their individual tACS response (top panel) is
already predicted to a large extent by their UWpower change in the sham
condition (middle panel) , and much of the variance can be explained by the

differences in this baseline measure ( r? = .68, based on Pearson'sr, Uichangesnam

and

of
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Figure 3.13: Alpha power differences between Experiments 1 and 2

Left: Alpha power in pre- and post-test in Experiment 1; right: Same for Experiment 2. Overall,
U-power was higher/more variable in the first sample (note the difference in scale). Grey lines
should help visualise the effect of tACS session in the pre-test within each individual, with lower
power in LongCo compared to ShortCo and sham.

versus mean Weffect per subject , bottom panel) . This strongly suggests that the
index of ideosyncratic tACS effectivity (individually consistent changes across all
tACS conditions when corrected for changes following sham stimulation) is driven
by the common correction factor (change after sham), not the three tACS

interventions.

Suppl ementary anal ysi s: Experi ment

The correlation of the change score with the baseline sham measure
raises concerns about differences in baseline activity driving the effect found in
Experiment 1. While this effect did not depend on change after sham as
normalisation factor, post -test power was normalised by pre -test power and the
dependent variable therefore potentially vulnerable to the same confound.
Therefore, an additionalanal y si s was run t o -paverbeaween
the different protocols in pre - and post-test, respectively. No differences
between protocols were found either for pre - or post-test in Experiment 2 (both
p <.65; Figure 3.13, right). In Experiment 1, whil e the Friedman test for post -

t e s-powédwas not significant ( X3(3) = .90, p = .83), there was a main effect of
tACS protocol for the pre -test data ( X4(3) = 9.8, p = .020; Figure 3.13, left). Post

abs
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lower than their IAF to probe whether the sign of the relative mismatch between

| AF and t ACS fr equenc-activiyeisesmhantedoe s whet hel
suppressed. Disappointingly, the results from this experiment show no

systemati c ef f eactivitg. The Hatatn@dt @hly faibto supfort the

STDP model , but al s o-erhancementafter ietgrhittectat e t h
tACS observed in the previous experiment. Moreover, there was no
Wenhancement af t-8ACS, cootrary to sevemiupreviolks reports

(Helfrich, Schneider, et al., 2014; Neuling et al., 2013; Zaehle et al., 2010)

While it appeared at first that par ticipants showed different but stereotypical

responses to tACS independent of the specific protocol used, the strong

correlation between these "responses” and the sham measurement they are

derived from strongly suggests that the former are spurious.

Lack @l pha enhancement after inter:H

A failure tpoowenrhaw ceh U HACE hasiieentreponted W
by Striber and colleagues (Struber et al., 2015) after stimulation with trains of
approximately one second (summing to a total of 2 x 5 min). These authors
attribute their lack of effect to the short duration of the trains, which is in line
with what we found for short (approximately 3 s) trains in Experiment 1. Apart
from duration, there were a number of differences between their pr  otocol and
the 8 s protocols in Experiment 2, including a posterior midline tACSmontage
(Cz/0Oz) and a five minute inter -stimulation break. More importantly, they
directly compared the EEG in the intermittent silent periods before and after
each tACS train. Experiment 1 has shown that within the time course of
i nter mitt ent-effee@ may badesslowlyabaen hiilding up but was
statistically discernible only after mor e than twenty minutes of prolonged
intermittent stimulation. The finding of no change in Experiment 2, despite a
train duration and overall stimulation time  that were previously found to be
effective , suggests (not unexpectedly) that train duration alone i s insufficient to

determine whether a protocol targeted at UWenhancement is effective.

Lack of alpha enhancement after cor

In contrast to previous studies (Neuling et al., 20 13; Neuling, Rach, et al.,

2012; Zaehle et al., 2010) , the continuous protocol (at a long train duration of
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15min)alsodi d not epowera Agairg ondimight suspect differences in
the specific stimulation parameters and montage (for instance, a Cz /Oz montage
proved successful in Helfrich, Schneider, et al., 2014; Neuling et al., 2013) ,
although the differences between this experiment and the pioneering paper of
Zaehle and colleagues (2010) are small (per definition, as their study was the
motivation for Experiment 1). Probably the most crucial difference is that

Zaehle et al. employed a betwee n-subject design, with one group of ten
volunteers test e dtAGSednda separaterstiamagfoupeGivenul
the highinter-s ubj ect v a rpoveeh it would bg very mfortbative to see
individual spectral estimates within each group. Unfortun ately, only group
averages were supplied, and those will likely be driven by a few subjects with

t he hi gdaksortthe bieatest changes. This makes it difficult to judge the

robustness of their effect.

There are design problems in other studies that complicate the
generalisability of their resudntrasimentNeul i |
(2012) employed an oscillatory tDCS protocol, allowing for a possible
contribution of tissue polarisation by the DC offset. However, as there was
neither a sham group, nor a within subject sham condition, it is impossible to
tell whet her temmncement was generieodsordehow (whether
through AC or DC currents) induced by electrical stimulation. While lasting
Wpower modulation was only secondary t o their research question in this
experiment, their 2013 st ud>yACS onrerdogenous t e
Woscillations and included a sham control group. They found that whe n
participants sat with their eyes open (thatis, under conditions of rel atively low
Wactivity ), Wpower was enhanced following tACS for at least an impressive
30 min. In contrast, in a parallel study where participan ts sat with their eyes
closed (that is, with relatively h i g-activitl) no such enhancement was

observed.

This study's results are also not unambiguous. Again, there are potential
EEG differences in the individuals of the four groups tested. Moreover, in the
eyes open experiment, eight (of thirty) volunteers were excluded because due to
their higher z -score (> 1.65) in post-test power it was assumed that they had

kept their eyes closed during the post -test. Based on our samples and the
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literature (Shaw,2003)i t 1 s safe t o -@evercanbe ptebeatin hi gt
some individuals even i f tpbvweelmeasargsarenohr e
necessarily normally distributed within groups, thus complicating the

interpretation of what does and does not constitute an outlier. Rejecting
participant s -poveralanhe themefore might incidase the risk to

draw false conclu sions based on selective sampling. As an example recall that
Wenhancement in Experiment 2 was somewhat more likely in participants with

lowpre-t es-poller, whereas participantmwewi t h t
s h o w ewkakéhing compared to sham. The latter is more plausibly a case of

regression to the mean, rather than some sort of trait -like responsiveness to

stimulation, especially as pre-test power was not predictive of the magnitude of
Wincrease within a session. Yet, if we had chosen to reject da ta from individuals

wi t h hi gabtivity m&mallhave concluded that tACS has a general

enhancing effect. Undeniably, there are merits to the identification of outliers

and subgroups; however, in small samples like in our and Neuling et al.'s study,

with straight -forward research questions and an unknown sampling error or

inter -subject variability, it is risky to over -interpret and to base analysis

decisions on swch differences. Nonetheless, this group has very successfully

replicated their results using largely the same methods (Kasten, Dowsett, &

Herrmann, 2016). The aftereffects in th e latter study lasted up to 70 but less

than 90 min.

What f aatlodr sexpl ain the failure to

Why was the effect of tACS-induce d -etthancement not replicated?
Despite a very similar experimental setup, there were some differences, the

potential contribution of which will be discussed in turn.

Differences in design

First, a different EEG montage was used. Rather than recording frontal
midline electrodes, additional electrodes were located over parietal cortex to
provide converging information in the determination of the individual
Wfrequency. One possible concern is that the greater number of EEG electrodes
in proximity to the tACS electrodes decreased the current density by effectively

increasing the electrodes’ surface area (assuming little resistance between the
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tACS and EEG electrodes along the scalp), or resulted in increased shunting
through the electrodes. The former does not seem likely, given the overall high
impedance of the skin. The latter is also unlikely as the high input impedance of
the EEG amplifier should not allow current flow out from the scalp (Pedro

Miranda, who is expert on modelling electric fields induced by NIBS; personal
communication). However, it is possible that the addition of Oz in particular,

which is situated directly between the tACS electrodes, could have provided a
shortcut and facilitated shunting of the current along the surface between the
tACS electrodes. It should be noted, however, that other studies combining tES
and EEG montages (e.g, Garside et al., 2015; Helfrich, Knepper, et al., 2014;
Hel frich, Schneider, et al., 2014; Neul i
Voss et al., 2014; Vosskuhl et al., 2015) , to name but a few) have reported
stimulation effects despite this hypothetical problem, and integrated sys tems for
combining EEG with electrical stimulation (e.g. , STARSTIM, Neuroelectrics,
Spain) allow explicitly for stimulating and sensing electrodes that can be

allocated flexibly in a standard 10 -10 system. Nonetheless, it should be
established empirically and computationally that the proximity of passive, non -
stimulation electrodes does not affect the current flow and/or density as to my

knowledge this question has not yet been addressed.

Second, EEG was initially referenced to left mastoid to minimise
contamination of the reference by cortical activity. Note that because this
experiment looked only at offline effects, contamination by the sinusoidal tACS
artefact is not a concern. If we assume that the topography of tACS -induced
c h a n g e-activityrwaslh irly homogenous over posterior scalp and the
corresponding electrical potential changes equally picked up by the reference
and the test electrode, these changes may have been obscured by subtraction of
the electrical activity at the reference. Note that th  is assumption has to be
constr ai ned -attty, aghte alphd percse, 88 most participants
exhi bited a morpeakorhisidaetsoag assungton thaillmay not
be likely to hold.

Third, the proximity of the test channel to the new ref  erence Cz may
have obscured the effect. The control analysis of Experiment 1, which shows

that the effect remained stable after re -referencing, suggests that this is
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implausible. However, to exclude these possibilities the protocols should be
tested again using an identical montage as the available data do not allow for

their immediate rejection.

Fourth, EEG data were recorded at a different resolution. The first
experiment was recordedat 050V resol ution to facilitat
tACS by reducing the risk of signal saturation. As no online analysis was intended
in this experiment, EEG was recorded at a resolutionof 0. 1  OV. However,
higher resolution should give a rather more specific estimate, not a different
one. In sum, although there were diff erences in the experimental setup, it
seems implausible that these differences are solely responsible for the lack of

effect.

Pre-existing group differences in baseline alpha power

Notwithstanding the design limitations, if we accept the finding that
under conditions of high alpha (that is, with eyes closed) tACS was ineffective -
coul d the f ai l|l-powerinExperiment2alepend onWl different
b a s e | -stateen thl$ group compared to that in Experiment 1? It is conceivable
t h a-activity was a Iready at a ceiling level for some participants in this
sample. However, direct comparison between the independent samples of
Experiments 1 and 2 shows that participants in the first group on average
actually exhi bit epdwehat bpselne (Figures3d3d). Ot ceursél
there Iis no a priori reason-actviycaneéd i eve t |
quantitatively meaningfully compared between individuals. Looking at the
differences between conditions within pre -tests and post-tests, however, we
observe: Firstly, that there are no post -test differences between conditions in
either group; secondly; that the second group shows no pre -test differences; and
thirdly, that in the first group there is a significant pre  -test main effect of tACS
protocol, drive n by | -power n thélongCo condition compared to both
ShortCo and Sham. Recall that LongCo was the most effective condition for
Wenhancement relative to sham. Indeed ten out of twelve participants showed
| o wepoweldlduring the pre -test of the Long Co session, compaed to that of

the sham session.
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As there was no systematic difference in post -test power between
protocols, and moreover no significant increase from pre - to post-test following
sham, one could assume that during the sham session, most participants already
began with a s atactvity keavidg nb reomebovedad allou
further increase. In contrast, during the LongCo session participants did not start
at c e tldvalsramd cdlld increase towards their saturation level (this
asuming that there i s a maactivipuThe changetinai n al
power would solely be driven by baseline state. However, in this simplified
situati on, we -pawenduriehg peextgstandithe Himount of change
from pre - to post-test to be strongly anti -correlated within a given session (with
little increase at high levels of pre -test power and large increase for low levels
of pre -test power). These expectations were not really met (Figure 3.14).
Moreover, no such pre-test difference was present between the other effective
protocol, LongDis, and Sham. Therefore, the origin of the effect remains
somewhat inconclusive, and while it is plausible that pre -test differences
contribute to the observed di f f e r e n cpewer chamge id Experiment 1 they
may not tell the whole story. However, the ambiguity of these results underlines
the difficulty of making sound statistical inferences based on small sample sizes,
and together with the lack of effect in  Experiment 2 constitute a warning that

the effects of WACS onUiactivity are weak and difficult to reproduce at best.

Ostensible individual differences

The literature on individual variability in NIBS response (reviewed in
Ziemann & Siebner, 2015) suggests the possibility that tACS was effective on an
individual level but that participant -specific responses were obscured at the
group level. To account for individual response patterns, we tried to identify
variables in Experiment 2 that predicted the specific outcome of tACS versus
sham. First, we found that the specific st imulation parameters that would be
expected to determine current strength and entrainment efficacy (intensity,
frequency relative to the endogenous oscillation) did not show any relationship
to the tACS effect. This is consistent with Experiment 1 where fr equency
mismatch did not produce an entrainment -like pattern and would support a
plastic mechanism that is relatively frequency -independent (or at least forgiving
within a yet -to-be-determined range). Secondly, of the peripheral sensations

rating s, only subjective reports of unusual visual percepts showed an
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association, and only in the continuous condition. This would not rule out a
contribution of unintentional side -effects but provides no strong evidence for
such a contribution either. Thirdly, state var iables such as the individual
Wfrequency and pre -test power would be expected to modulate the efficacy of
tACS. Only pre-test power was marginally predictive of Wpower enhancement
relative to sham , yet this association (just as all others) is called into  question
by the strong correlation between the change scores and the baseline sham
measure. The bottom line is that when analysing individual response patterns it
is easy to overlook confounding variables and draw erroneous conclusions,
especially when using aggregate measures such as that describing the tACS

effect in question.

Data analytical considerations

One could argue that because of the small sample, there was a lack of
statistical power to find a subtle effect of tACS. However, any reasonable
estimate of effect size would be based on the results of the first experiment, in
particular for the intermittent protocols; as there were fewer participants in
Experiment 1 than in Experiment 2, one would expect that in the latter it should
have been easier to detect a robust stimulation effect (i.e. , an effect that is
common to the majority of participants). This was not the case, suggesting lack
of power was not at the root of the failed replication.

Naturally, we have to ask whether the results of Experiment 2 constitute
a type Il error dfailure to reject the null hypothesis that tACS is no more
effective t han sipaver dorwhether tharesalts of gExptiment
1 rather represent a case of type | error. Generally, as the sample size
increases, the likelihood of obtaining a more extreme ratio between two
categorical outcomes by chance decreases (e.g., assuming the distribution is
uniform, for a sample size of four a ratio of 3:1 between two categories is more
likely than for a sample siz e of 400). In a smaller sample, it is more likely that a
majority of data points fall into any one category by chance (here: successes,
i.e., tACS > sham, versus failures, tACS < sham). Assuming four equal conditions,
each participant has a 25% chance of ending up with sham as the least effective
condition; the more independent participants, the less likely it becomes that a

majority will cluster in one condition by chance. The statistical test in
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Experiment 1 suggests that the observed ranking is unlikely due to chance, and
intuitively it is tempting to believe in an effect when all three active conditions
have more successes than the control condition. However, intuitions dand

statistical tests - can fail, and a type | error is possible.

One possible problem obscuring a null effect is the ambiguity of
difference scores. Problems with the reliability and validity of difference scores
have been discussed elsewhere(J. R. Edwards, 1994; Tisak & Smith, 1994). In
our specific case, the ranking procedure used in the nonparametric statistical
tests counted both actual incre a s e s -power (i.&l, a greater increase from
pre- to post-test in a condition, relative to another) as well as lesser decrease
over the course of a session as "more effective" (i.e. , successes). While based on
t he i de-8ACS dtahilises the underlyin g -citduitry this could be
i nterpreted a-disinegraiong this notog reMalbs speculative;
importantly, it lumps together what may not belong together, and skew the
conclusion of the test into an unwarranted direction. This problem is
exaggerated when the differences score between active and sham protocols are
considered: A positive difference score (or "tACS effect”) can mean either a
greater increase, an increase compared to a decrease (which would both qualify
as Wenhancement), or a smaller decrease after tACS relative to sham (less
Wdisintegration). The opposite applies to a negative tACS effect. However,
when controlling for this possibility in  Experiment 1, only one person per active
condition that was categorised as success (i.e., sh o w e @nhakhcement
compared to sham) falls into the speculative "prevented Uidisintegration”
category. These data belong to two participants who responded atypically (for
that sample) with a strong Uldecrease in most conditions including sham. This
also means that in line with the original conclusion (i.e. , in support of a real
effect), t he majority of participants in E xperiment 1 did respond with a relative

Wincrease followin g active tACS compared to sham.

The problem of difference scores is related to t hat of finding an
appropriate and reliable baseline. In light of the inter  -individual and intra -
individual variability of Wactivity, and in order to avoid interaction analysis
which is not possible with the Friedman test, we decided to normalise the data

to a person's pre-test activity on any given day. Implicit in this decision are,
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however, two assumptions: first, that the reactivity towards tACS is independent
on the baseline level of Wactivity, an assumption that is called into question by
findings of state-dependency of tES effects (Benwell et al., 2015; Feurra et al.,
2013; Feurra, Bianco, et al., 2011; Marshall et al., 2011; Neuling et al., 2013;
Ruhnau, Neuling, et al., 2016) . Essentially, we do not know whether
Wenhancement might be additive or multiplicative, follows a U -shape or any
other non-linear function, or whet her the tACS effect is bistable and can
transition into enhancement or weakening at given levels of Wactivity. Second,
that each power measurement is a reliable estimate of Wactivity. In contrast to
tES studies using motor evoked potentials (MEPs;Antal et al., 2008; Nitsche &
Paulus, 2000; Schutter & Hortensius, 2011), where the intensity of a TMS pulse
can be adjusted to produce MEPs of uniform amplitude, no method exists by
which the le vel of Wactivity can be normalised. As Ulactivity reflects an ongoing
process that unfolds and changes over time, rather than a temporally restricted
impulse response, it is by no means trivial that such a method (to produce "unity
Wpower") could be developed in principle. The lack of appropriate baseline
conditions makes any assessment across different conditions and test days a
difficult undertaking, and a lot more research into the causes and extent of

intra -individual UWvariability may be required bef ore reliable comparisons can be

made.

Finally, the dependent variable of mean power in the individual  Uband
may not be a robust indicator of Wactivity. This variable has properties that cast
doubt on its usefulness as a descriptive statistic. First, mean UWpower is not
uniformly distributed across trials. For most participants, the  distribution is
highly positively skewed, with the bulk of data points in the low power range
and only a few high power trials. This is not surprising, given the discontinuous,
burst-like nature of Wdynamics. However, it means that individual estimates of
overall Wactivity are biased towards a few trials of high activity and may not be
representative of the "average" brain state. As such, although the power
distribution of pre - and post-tests may be very similar, only a couple of outliers
can lead to the conclusion that one has higher power than the other. With
subsequent analysis steps on such unstable estimates, the error is perpetuated
and lead to inconsistent results. Indee d, if the median (rather than the mean)

across trials is used, the main effect in Experiment 1 disappears (X4(3) = 2.7,
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p =.44). While other groups (Neuling et al., 2013; Zaehle et al., 2010) found
good effects using mean Uipower, this is a potential caveat, and it should be
considered carefully whether a small number of additional UWbursts or bursts

with higher powe r qualify as genuine neural network change.

Concl usi on

The null result of this second experiment does not allow us to speculate
about the implications for the spike timing -dependent plasticity hypothesis of
tACS aftereffects. In addition, the failure to re  plicate the Waftereffectin an
independent sample using very similar protocols raises questions as to the
robustness of the original findings and the validity of the ir interpretation. While
some of the experimental parameters were different, and the consi  stent
enhancement relative to sham in Experiment 1 cannot easily be discussed away,
this result underlines the need for replication studies, large sample sizes, and
careful statistical procedures in order to identify genuine aftereffects on

Woscillations, and the appropriate con ditions under which they occur.



Chapter4. No evi dence for a
entrainment in visuospat:.
| ater at ACSdi s applied toeo
parietal Ecaper 8nent

Lasting effects on neural activity as those tested in the previous
experiments are not the only promising feature of tACS. tA CS is also increasingly
used in studies of cognition and perception as a tool to stimulate - or emulate -
oscillatory brain activity while volunteers are actively engaged in tasks that are
thought to hinge on specific brain rhythms. Traditionally, the func  tion of neural
oscillations has been deduced from task -related changes in EEG or MEG signals
and their correlation with behavioural variables. The appeal of tACS lies in the
similarity of the applied waveform to the periodic nature of these oscillations,
which promises to allow causal investigation of the functional relevance of

specific frequency bands and their interactions.

Due to the difficulties in obtaining an artefact -free signal, not many
EEG/MEG studies have looked directly at changes in neural synchrony during
(i.e., online to) tACS, but as reviewed in the introduction, evidence is slowly
accumulating that ongoing tACS can entrain network activity at stimulation
frequency at least in networks with a similar intrinsic frequency (e.g. , Alietal.,
2013; Frohlich & McCormick, 2010; Helfrich, Schneider, et al., 2014; Neuling,
Rach, et al., 2012; Ozen et al., 2010; Riecke, Formisano, et al., 2015) , with
potentially measurable behavioural consequences. For instance, oscillatory
stimulation has been shown to modulate auditory (Neuling, Rach, et al., 2012;
Riecke, Formisano, et al., 2015; Riecke, Sack, et al., 2015) and visual perception

(Helfrich, Schneider, et al., 2014) in a phase-dependent manner.

A critical design aspect for tAC S experiments aiming at behavioural
changes through modulation of oscillatory activity is a well -documented
association between the targeted behaviour and regional rhythmic activity. One
of the best -studied and frequently replicated oscillatory patternsis  the
lateralisation of Upower over occipito -parietal cortices associated with covert
visuospatial attention. When an individual covertly directs spatial attention to
the left or right visual hemifield (that is, without moving the eyes towards the

attended | o c a t ipawer)is tyfically found to increase over the visual cortex
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in the ("ignoring") hemisphere ipsilateral to the attended location (which

receives input from the contralateral irrelevant hemifield ), relative to the
contralateral ("attending”) hem isphere (Rihs et al., 2007; Sauseng et al., 2005;
Thut et al., 2006; Vossen, Ross, Jongen, Ruiter, & Smulders, 2016). This
Wincrease may be pairedwi t h an i ncr e a)acavityinntheg a mma
contralateral hemisphere (Doesburg, Roggeveen, Kitajo, & Ward, 2008; Fries,
Reynolds, Rorie, & Desimone, 2001). Recall that according to the gating by
inhibition hypothesis (Jensen & Mazaheri, 2010), r e d upoveedgivilg rise to
e n h a n epevekr allows enhanced local processing in the attending
hemisphere, while alpha serves as an inhibitor of irrelevant information in the

non-attending hemisphere (Bonnefond & Jensen, 2013).

In additio n to power, the phase of ongoing alpha is influential in
determining visual and auditory detection probability = (Mathewson et al., 2011;
VanRullenet al., 2011) . Importantly, it has been shown also that tES with 10 Hz
modulation also imposes a phase-dependent pattern on auditory perception
(Neuling, Rach, et al., 2012) , although such phase-dependence has also been
observed with 4 Hz stimulation (Riecke, Formisano, et al., 2015; Riecke, Sack, et
al., 2015).

Finally, in line with the role of posterior parietal cortex (PPC) in the
allocation of spatial attention (Corbetta & Shulman, 2002), interventional
studies that applied repetitive TMS to (especially right) PPC, in particular the
intraparietal sulcus (IPS) have observed impaired detection of pe ri-liminal
contralateral visual targets (Capotosto, Babiloni, Romani, & Corbetta, 2009,
2012; Hilgetag, Théoret, & Pascual -Leone, 2001; Romei, Gross, & Thut, 2010).
This impairment has been related to the disruption of event -related
desynchronisation and laterali sat i on of a Rattivity wipleapreparing W
for an expected stimulus (Capotosto et al., 2009, 2012) . Romei and colleagues
(Romei et al., 2010) found this impairment to be specific to stimulation at
10 Hz, compared to 5 and 20 Hz and sham, when the pulse train was applied
immediately before the onset of a dot pro be in a visual detection task ,

suggesting Wentrainment by rhythmic TMS .

Because the association of the alpha rhythm with anticipatory spatial

attention is well established, it seems an ideal target to test claims of

(n
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frequency-specific tACS modulation. Accordingly, Brignani and co -workers
(Brignani et al., 2013) have previously investigated whether tACS applied o ver
either left or right occipito -parietal cortex can mimic the suggested role of
Wateralisation in form of location - and frequency-specific effects on visual
processing of low contrast Gabor patches. Participants were asked to respond,
firstly, whether they had seen a stimulus on a display with two placeholders and,
secondly, which of two orientations that Gabor stimulus had contained. They
found that detection, but not discrimination, was impaired by tACS at both 6 and
10 Hz, but not 25 Hz, compared to baseline and sham. More specifically, this
impairment was manifest in failure to improve performance on the detection of
Gabor patches across two successive sessions, in the authors' words "a
suppression of learning”. This effect was not dependent on targe t location,

hence not confirming artificial, topographically specific attentional bias.

Brignani and co-workers listed a number of shortcomings that make the
results difficult to interpret. First, tACS was applied in a between -group design.
Moreover, contr ast was fixed across all participants, rather than individually
adjusted. Large inter -individual differences in performance such as ceiling
effects in some participants may -tAGSv e
was applied at a fixed frequency of 10 H z, rather than at individual alpha
frequency. Synchronization of an oscillatory network would be expected to occur
specifically when the stimulation frequency matches the intrinsic frequency
(Pikovsky et al., 2001) . This applies especially when the synchronising force is
weak, as is the case for the weak electrical current induced by tACS at the
cortical | evel. In addition, people with a low intrinsic  alpha peak frequency
might actually respond equally well to 6 Hz than 10 Hz stimulation, potentially
explaining the rather broadband response. Third, the montage used consisted of
either PO7 or PO8 as target electrode, and the return electrode centered over
the vertex (Cz). As in tES methods both electrodes contribute to the overall
effect, it is possible that midline stimulation prevented proper lateralisation,
explaining lack of hemifield specificity. Finally , tACS was applied in three
continuous blocks of 5 min. With prolonged stimulation, homeostatic
mechanisms may actively counteract the effects of stimulation, rendering it

ineffective (Karabanov et al., 2015).
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The current pilot experiment attempted to induce a visuospatial bias
t hrough | atA@Srbydddressnd thele shortcomings directly. If tACS can
e nt r aoscillatidlhs related to covert spatial attention, an optimised
experimental design should be able to affect visual performance in a hemifield -
specific manner. To assess frequencyspecificity, tACS was also applied at 40 Hz

(in the gamma range).

The following design features addressed directly the shortcomings in
Brignani et al. (2013): First, the study use d a within -subject design and titrated
stimulus sizes to account for inter -individual variability; second, tACS was
applied at -frequehcyvoimdximaseéth 81 ¢ h a n eeatraionfient;Ul
third, the electrode montage (including the reference) was lateralised to the
right hemisphere over posterior parietal and occipital cortices; fourth, an event -
related intermittent design was applied to avoid order effects and ho meostatic
plasticity. With these features, we aim ed to improve both the effectiveness of
tACS and the interpretability of the outcome. In addition, by recording the tACS -
phase in which the visual target was presented we could explore phase -
dependency of visual detection as additional evidence for or against

Wentrainment.

We hypothesised that if alpha-t ACS | nduc es -ozdllatienswida at e s
entrainment or network resonance) that are relevant to spatial attention by
suppressing information with topograp hic specificity, right -h e mi s p ht&CGSi ¢ W
should lead to worse detection of targets in the left hemifield (contralateral to
the "inhibited" hemisphere) and/or improved detection of targets in the right

hemifield (contralateral to "attending” hemisphere) (Figure 4.1A).

I n contrast, gi ven -oscillaionpinenipanceddatal r ol e
processing for visual i nf o4iAG&ghoulhaveandb at t
effect at all or result in the opposite effect, i.e. , improved detection in the left

hemifield ( Figure 4.1B).
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Figure 4.1: Graphical representation of the three main hypotheses

For details please refer to text.

Further, previ ou-phasehblependenca of visual grocessing U
suggeststhat detection performance should correlate with the tACS phase in
which targets are presented, i.e. , the phases of trials with correct and incorrect

responses should have different distributions ( Figure 4.10).

Met hods

Participants

Twenty healthy participa nts were recruited from students and the local
subject database (9 male, age range 19 - 28 years, M= 22.7, SD= 2.2). All
except one were right -handed. All volunteers gave written informed consent and
received monetary compensation £9/hour for their parti  cipation. The study was
approved by the local ethics committee of the College of Science and
Engineering, University of Glasgow. No participants reported a history of
neurological/psychiatric disorders or any other contraindication to tACS (current
use of psychoactive medication/drugs, metal implants, pregnancy; see
Appendix A for screening questions). For participant demographics and

stimulation parameters see Table 4.1.
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Table 4.1: Subject demographics and experimental parameters

IAF = individual alpha frequency. mA/pp = milliampere peak to peak.

D Sex  Age TNET IAF(H2) Y miatersl) (bistore)
1 f 23 L 11.50 1.50 9 9
2 m 28 R 11.50 1.00 9 9
3 f 25 R 10.25 1.10 9 ]
4 m 24 R 10.00 1.15 9 9
5 f 22 R 11.25 1.00 9 9
6 m 23 R 12.25 1.70 9 9
7 f 25 R 10.25 1.50 9 9
8 f 23 R 10.75 0.90 6 9
9 f 25 R 12.50 1.80 4 4
10 f 23 R 12.25 1.80 9 4
1" f 19 R 12.25 1.10 6 9
12 m 20 R 9.00 1.15 6 6
13 m 20 R 11.00 1.20 6 6
14 m 21 R 10.00 1.10 6 6
15 m 23 R 12.25 1.70 4 4
16 m 23 R 11.00 1.80 6 6
17 f 22 R 12.50 1.40 4 4
18 m 23 R 11.25 2.00 4 4
19 f 19 R 10.50 1.70 16 16
20 f 22 R 11.00 1.30 4 4
Tasks and vi sual stimul ati on

Participants performed a dot titration task and an experimental dot
detection task ( Figure 4.2). The tasks were similar to the task described in
Romei et al. (2010) and presented using E-Prime 2.0 (Psychology Software Tools,
Sharpsburg, PA). A fixation cross and two placeholder squares were continuously
displayed on a light grey background on a CRT monitor (display size 16 x 12 inch,
resolution 1280 x 1024 pixel, refresh rate 85 Hz) . The fixation cross (width
0.7 degree of visual angle) was presented in the upper part of the screen, and
the two placeholders (width 2.0 degree) were presented at 4.1 /3.7 degree
eccentricity (horizon tal/vertical) in the lower left and right visual fields. A trial
was initiated by an alerting cue, with the fixation cross turning from black to

grey for 600 ms.
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Figure 4.2: Experimental design

Top: Schematic of a typical trial of the dot detection task. In this example a target is presented in
the left hemifield. Bottom: Examples of the different tACS trial types. In active stimulation trials, the
electric current was initiated at either individual alpha frequency (IAF) or at 40 Hz, ramped up over
1 s, and remained at individually determined intensity until 300 ms after target onset (blue vertical
line) or maximally 2 s during catch trials. In No tACS trials, only the target was presented.

In the dot titration task , after a variable interval between 600 and
1000 ms a "dot" (i.e., small black rectangles) appeared in one of eight different
sizes(1x1,1x2,2x2,2x3,3x3,3 x4,4x4,or4x5 pixels) for around
23 ms (two refresh rates) in either of the placeholder boxes (27 trials per size
and location plus 27 catch trials without stimulus, i.e. , 459 trials in total
presented in random order). Participants had to indicate within 1300 ms by
pressing either the left or right arrow key on a ke yboard where they had
detected a dot. They were explicitly instructed to follow their gut feeling but
not to make blind guesses as catch trials would be present. The dot size with
accuracy closest to but still above chance level (47%, accounting for catch trials)
was chosen as perithreshold stimulus for the experimental task, aiming at an
overall performance level between 60 and 80% in the experimental dot detection

task to leave room both for tACS -induced improvement and deterioration.
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The experimental dot detection task (Figure 4.2, top ) only differed in the
following aspects: The alerting cue was followed by an interval of between 2400
and 2600 ms before the target presentation. Only one (peri -threshold) dot size
was presented in all trials. In contrast t o the titration task, dots could appear
either left, right, or bilaterally. On tACS trials, tACS was initiated with the offset
of the alerting cue and remained on until 300 ms after target disappearance or
for maximally 3 s in catch trials . Participants ha d to indicate the target location
by pressing the left, right, or down key (for bilateral trials) within 1100 ms.

There were sixty target trials per tACS condition (Alpha, Gamma, Sham; see
tACS) and location as well as thirty catch trials, i.e. , 570 trials in total)

presented in random order.

Procedur e

Each participant underwent two sessions. In the first session, they
received information on the study and filled in screening forms and informed
consent. Then they were seated in front of a compute r monitor with their head
resting on a chin rest at a viewing distance of around 57 cm. First they
performed the dot titration task (including ten practice trials). Then the EEG
was prepared, followed by recording of resting EEGs with eyes open (4 min,
while maintaining fixation on a white fixation cross on a dark -grey background
presented on the computer monitor) and closed (3 min). Finally, EEG was
recorded while participants performed a training session of the experimental
task with the dot size individu ally adjusted based on the titration task results

(approximately 5 min). The first session took approximately one hour.

The second session started with the preparation of the tACS electrodes
and adjustment of each participant's current intensity level belo w phosphene-
and discomfort threshold. To this end an initial train was given for eight seconds
at 0.9 mA at the person's IAF established in the previous session (see section EEG
and estimation of individual alpha frequency ). The current intensity was then
increased until either the participant reported unusual visual disturbances such
as phosphenes or wobbling of the visual field, or until the participant expressed
discomfort. Note that with this montage, participants generally had much lower
sensation thresholds compared to the one used in experiments 1 and 2. To allow

a few minutes for the electrode gel to settle and the impedance to drop,
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participants performed another brief practice of the experimental task. If their
performance had improved or deterior ated significantly from the previous day, a
smaller or greater dot size was subsequently chosen. Then the experimental task
(including tACS) was administered. Impedance was checked during regular self -
timed breaks after which ratings of visual flicker/phos phenes, skin sensations,
and discomfort (seven-point scale from "not at all" to "very strongly”) were

obtained (see Appendix C for rating questions).

EEGecordnagesti mation of individual

Recordings were obtained from six scalp locat ions (approximately at
positions 01/2, P7/8, AF3/4 according to the 10/20 system with CMS/DRL
reference over P3/4) using an Emotiv wireless headset (Emotiv, San Francisco,
USA) at a sampling rate of 128 Hz, a bandwidth of 0.2 - 45 Hz, and a resolution
of.0.51 OV. EEG was recorded at rest with
(3 min), and during practice of the experimental task ("on task"). To obtain task -
related IAF, on-task EEG was detrended, demeaned, and segmented into
consecutive 1 s epochs. Epochs conaminated with eyeblinks or other artefacts
were removed. Data were then re -referenced to the average of AF3/4 to
emphasise posterior alpha activity. Single epoch spectra were obtained by Fast
Fourier Transform (2 - 18 Hz with 0.25 Hz frequency resolution, Hanning window,
4 s zero-padding). The stimulation frequency was determined by visual
inspection of single trial and average power spectra at the remaining electrodes
by identifying the peak in the alpha range between 7 and 13 Hz (see Table 4.1).
Stimulati on frequencies ranged from 9 - 12.5 Hz (M = 11.16, SD=.98).

t ACS

tACS was administered through a battery -driven constant current
stimulator (DC Stimulator Plus, NeuroConn, limenau, Germany). Electrodes were
5 x 7 cm? rubber rectangles with a layer of Ten 20 electrode gel which were
placed above 10-10 system locations C2/4 and O2/PO8 (with left edges aligned
to midline), respectively. Electrodes were additionally fixed with rubber bands.
In this setup, the current at one electrode was in anti -phase to the current at
the other electrode. tACS intensity was adjusted individually below phosphene -

and discomfort threshold but held constant across conditions for each
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Figure 4.3: Experimental hardware setup.

participant, ranging between 0.9 and 2.0 mA (peak -to-peak amplitude /pp ;

M =1.40, SD= .34, see Table 4.1). There were three tACS conditions (Figure 4.2,
bottom): Alpha (stimulation at IAF), Gamma (stimulation at 40 Hz), and no tACS
(no stimulation). The t ACSwaveform was controlled through Spike2 software via
a Power1401 mkll microcomputer (both Cambridge Electronic Design,
Cambridge, UK), which was in turn controlled by E -prime stimulus presentation
software (Psychology Software Tools, Sharpsburg, USA; Fgure 4.3). On each
active trial, the amplitude of tACS at the appropriate frequency was ramped  up
over 1 s to alleviate associated skin sensations and then remained constant until
300 ms after target onset or for maximally 2 s in case of catch trials when no
target was shown. Stimulation was switched off for at least 1.4 s between trials.
Experiment 1 showed that entrainment effects on brain oscillations, if present,

do not outlast tACS offset even for as briefly as 200 ms, thus carryover
entrainment effect s are unlikely with this inter -tACS interval. Total stimulation
time was approximately 15 min over the course of an hour. The waveforms
including time stamps for the onset of visual targets were recorded at a sampling

rate of 5 kHz and stored for offline a nalysis of phase dependence.
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Statistical analysi s

Statistically, the group results of accuracy and reaction time for unilateral
targets were tested using a repeated measures ANOVA with factors Stimulation
with three levels (No tACS, Alpha, Gamma) and visual field of target
presentation (VF) with two levels ( Left, Right). Analyses were conducted in IBM
SPSS Statistics (version 21)When univariate test results involve more than one
degree of freedom (i.e., factors with more than two levels), Greenhouse -
Geissercorrected p-values and the corresponding corrective epsilon (o) values
are reported to account for possible violations of sphericity. Effects sizes are
i ndi cat ed dfyr pallenl htests énsl partial eta squared ( af) for
repeated measures analysis of variance (rmANOVA). Statistical analysis of phase
dependency was conducted in MATLAB using the Rayleigh test as implemented in

the circ_rtest function in the CircStat toolbox (Berens, 2009).

Resul t s

Due to errors during data acquisition, for three participants the dot sizes
for unilateral and bilateral conditions were not identical. Therefore these

analyses ae presented separately.

Titrati on

The median dot size chosen was 6 pixels for unilateral and 7.5 pixels for
bilateral trials, with a range of 4 to 16. 14 out of 20 volunteers showed a slight
to moderate right -sided advantage, with higher performance score s for dots
presented in the right hemifield. Median performance on catch trials (in percent
correct rejections) was 100%, however with a range of 9 to 27 (of 27) correct

rejections because three participants (S1/15/20) gave many false alarms.

Uni | atregatls:t aDetection accuracy

Detection performance for unilateral targets are shown in  Figure 4.4 (raw
group data), Figure 4.5 (group difference scores), and Figure 4.6 (individual
differences). Overall, participants performed more poorly in detecting left  -sided
stimuli, or alternatively, show a bias towards responding "right", reflecting the

moderate bias already observed in the titration task. Considering each hemifie Id
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Figure 4.4: Detection performance for unilateral trials
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Left: Performance (in proportion correct) grouped by tACS condition. Right: The same data
grouped by visual field (VF) in which the target was presented. Circles represent individual
participants, lines represent mean proportion correct, error bars represent standard error of the

mean (N = 20).

separately, there was a tendency for lower accuracy with alpha stimulation

compared to no tACS in 14 out of 20 participants for targets presented in the left

visual field (VF), corresponding to a reduction of roughly 4% in detection

performance for the whole group (see table Figure 3.2 for mean differences

between conditions). In contrast, only 9 out of 20 pa rticipants showed

deterioration in the right VF. Five participants showed improvement with

WACS

for left -sided targets compared to no tACS, compared to 9 participants for RVF

targets. For g-tACS, 14 out of 20 showed deterioration (with an approximate 5%

reduction in average performance). Two participants showed improvement for

targets in the LVF, compared to 11 improvements and 9 deteriorations for RVF

targets, respectively. Thus, while tACS might have a (weak) negative impact on

target detection in the expected direction for

WHACS, the similar pattern

observed for gtACS suggest that this effect is not frequency -specific.

Statistically, these results did not reach significance (Stimulation:

F(2,38) =

1.87, p=.18, af =.09, o= .81; VF: F1,19) = 4.27, p = .053, af = .18; interaction:
F(2,38) = 2.05, p =.155, af = .10, o= .79), although exploratory paired t -tests
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Figure 4.5: Detection differences in unilateral trials with and without tACS
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VF = visual field. Circles represent individual participants, lines represent mean proportion correct,
and error bars represent standard error of the mean (N = 20).

Figure 4.6: Individual detection results for unilateral trials

Top and bottom row show results for alpha- and gamma-tACS, respectively. Left and right column
show results for targets in left and right visual field (VF), respectively. Connecting lines are added

for ease of visualisation.



























































































































