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General introduction

Chapter 1



Vision is the ability to form an image of the environment based on light that is 
reflected from surfaces and subsequently enters the eyes. A remarkable diversity in 
the characteristics of eyes across the animal kingdom (Morris, 2012) suggests that 
eyes have independently evolved even several times during evolution, indicating 
a central role of vision for survival of antecedents. However, the eyes are not 
sufficient for visual perception. Instead, vision involves a cascade of processes that 
start in the eyes and end in the brain (see box 1 for a mechanistic explanation of 
visual perception). What we ultimately perceive is not a direct reflection of our 
surroundings but is an interpreted version of it, influenced by e.g., attention and 
previous experience. The brain processes underlying these mechanisms have 
been well researched in the past decades. Yet there are still knowledge gaps, 
some of which are addressed in this thesis. In this general introduction, we will 
first describe the current state of the art of research into attention and perceptual 
learning, the way these processes affect visual perception and the underlying 
neural mechanisms. We will then point out the knowledge gaps and the research 
that we conducted to address them.

Visual attention
The perception and recognition of stimuli in complex visual scenes is computationally 
highly demanding for the brain and can therefore not be performed for all stimuli 
with maximal resolution and efficiency simultaneously (McMains & Kastner, 2008). 
Attention is a cognitive process that helps us to deal with this bottleneck. Visual 
attention enables us to focus on relevant stimuli while ignoring irrelevant stimuli 
(Broadbent, 1957; James, 1890; McMains & Kastner, 2008; Posner, 1980; Posner et 
al., 1980). It also helps us to rapidly shift our focus towards important unexpected 
stimuli, speeding up the reaction in response to it (McMains & Kastner, 2008). Because 
of the immediate relevance of attention in our everyday life, attentional mechanisms 
have long occupied center-stage in psychology and neuroscience research. Attention 
can be focused on a particular moment in time (Coull & Nobre, 1998; Griffin, Ivan, 
2001; Hanslmayr et al., 2011), a specific object (Duncan, 1984; Egeth & Yantis, 1997; 
Shinn-Cunningham, 2008) or a specific location in space (Cave & Bichot, 1999; 
Posner, 1980; Tootell, Hadjikhani, Hall, et al., 1998). The latter process is called 
visuospatial attention. Visuospatial attention can be directed to a certain location 
in space overtly or covertly. While  overt attention refers to the shift of attention 
concordantly with the current line of gaze, covert attention is independent of eye 
movements (Itti & Koch, 2000). Another important distinction in attention research 
concerns voluntary (endogenous) versus reflexive (exogenous) attention (Connor et 
al., 2004). While endogenous attention biases our processing resources based on our 
current goals (Johnson & Proctor, 2004), exogenous attention is driven by inherent 
salient properties of the stimulus itself (Johnson & Proctor, 2004).
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Box 1. The visual system

Endogenous and exogenous attention have been associated with two anatomically 
separate but interconnected attention networks in the brain: the dorsal attention 
network (DAN) and the ventral attention network (VAN) (Fig 2). The DAN, which 
consists of the intraparietal sulcus (IPS) and the frontal eye field (FEF), is supposed 
to be involved in the maintenance and allocation of endogenous and exogenous 
attention (Corbetta & Shulman, 2002). The VAN, on the other hand, which comprises 

Vision, our sense of sight, starts in the eye when light passes through the optical lens falling on 
the photoreceptors of the retina (Casagrande, 1999; Kolb, 1995) (Fig 1A). The light is converted 
into an electrical signal, which is subsequently transmitted to the brain (Oliva, 2013). On the 
way to the brain, the visual information becomes inverted, i.e., visual information of the left 
visual field is transferred to the right side of the brain and vice versa for the right visual field. 
In the brain, the visual information first passes through the thalamus and is then transmitted 
to the primary visual area V1 (Connors et al., 1998; Oliva, 2013; Tovee, 2008) (Fig 1A,B). This 
input is ordered according to the location in space, creating a retinotopic map of the visual scene 
(Fox et al., 1987; Oliva, 2013). The information is subsequently forwarded  to higher level visual 
areas such as V2, V3, V3A and V4v (Fig 1B), which possess similar, yet less specific retinotopic 
maps (Henriksson et al., 2012; Tootell, Hadjikhani, Mendola, et al., 1998) and other cortical 
areas, which we will not discuss in detail here. Neurons in some visual areas, in particular V1, 
are also selective for specific stimulus features such as orientation and shape (Orban, 2008). 
Through feedforward and feedback information flow between the areas, feature constellations 
are ultimately grouped into a coherent object (Lamme et al., 1998; Lamme & Roelfsema, 2000).

Fig 1. Visual system and anatomy of the visual cortex. (A) Depicted is the visual system and the 
route of information flow from the left and right visual filed through the eye, optic nerve, optic chiasm, 
lateral geniculate nucleus (LGN), optic radiation to the contralateral primary visual cortex. (B) Medial 
view of the brain. The figure shows the anatomy of the visual cortex. L: left, R: right, A: anterior, P: 
posterior. The figures are based on https://commons.wikimedia.org/wiki/File:Constudeyepath1.JPG 
and https://commons.wikimedia.org/wiki/File:Cytoarchitecture_Visual_cortex.jpg.
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the ventral frontal cortex (VFC) and the temporoparietal junction (TPJ), detects 
relevant, unexpected stimuli and thereupon interrupts the current attentional 
focus maintained by the DAN to enable attention shifts (Corbetta & Shulman, 
2002). Unilateral damage to these attention networks or subcortical structures 
like the thalamus through infarct or traumatic brain injury can lead to disorders 
of visuospatial attention such as hemineglect (Corbetta, 2014; Ghika-Schmid & 
Bogousslavsky, 2000; Kerkhoff, 2001; Ringman et al., 2004b; Vallar, 1998; Watson, 
1981).

Hemineglect is a pathological visuospatial attention bias, characterized by a 
decrement in orienting towards or being conscious of stimuli on the contralesional 
side, independent of sensory deficits (Kerkhoff, 2001). Patients might act as if 
one side does not exist, i.e., they might “oversee” cars coming from one side, eat 
only food from one side of their plate and shave only half of their face. While one 
might assume that the unilateral brain damage only interferes with processing in 
the affected hemisphere, the interhemispheric competition theory (M. Kinsbourne, 
1977; Marcel Kinsbourne, 1993) proposes that activity levels in both hemispheres 
are disturbed. This theory argues that the two hemispheres mutually inhibit 
each other to maintain an interhemispheric activity balance. In case of unilateral 
damage or inhibition, this interhemispheric balance is disturbed or temporally 
disrupted. Hence, there is less activity in the affected hemisphere, which implies 
a release of inhibition and therefore greater activity in the intact hemisphere. 
Hence, the undamaged hemisphere exerts greater inhibitory forces on the 
affected hemisphere, which further suppresses neural activity. This suggests that 
therapeutic interventions focusing on either enhancing activity in the damaged 
or suppressing activity in the undamaged hemisphere might alleviate neglect 
symptoms. Interestingly, hemineglect arises more frequently and is more severe 
after right as opposed to left hemispheric damage (Ringman et al., 2004a). The 
‘hemispatial’ theory argues that this is caused by an interhemispheric asymmetry 
in attention deployment (Heilman & Abell, 1980). Accordingly, the right hemisphere 
directs attention towards the left and right hemifield whereas the left hemisphere 
mediates attention shift only to the contralateral hemifield. Right hemispheric 
damage therefore results in hemineglect whereas any spatial attention effects 
following left hemispheric damage can be compensated for by the right hemisphere. 
The effects of damage to certain cortical and subcortical brain areas on attention 
performance underlines their central role in attentional control. Yet to understand 
the neuronal mechanisms underlying attention, it is not sufficient to simply 
describe it in terms of neuroanatomy, i.e., to know where in the brain information 
is processed, but we need to also understand how the brain processes and 
communicates this information. For this purpose, we are going to zoom in on the 
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basic functional unit of the brain – the neurons.

Fig 1. Ventral and dorsal attention network. The red spots indicate the two nodes of the dorsal 
attention network, the intraparietal sulcus (IPS) and frontal eye fields (FEF). The blue spots, on the 
other hand, mark the nodes of the ventral attention network, the temporoparietal junction (TPJ) and 
ventral frontal cortex (VFC). The brain is depicted from the lateral, right side. The figure is based on 
https://commons.wikimedia.org/wiki/File:Brain_human_lateral_view.svg.

Neural oscillations 
The brain consists of 100 billion electrically excitable cells, called neurons, which are 
interconnected and communicate with each other via electrical signals, i.e. changes in 
membrane potentials and action potentials (Bean, 2007; Gerdes & Pepperkok, 2013). 
Interestingly, the electric signals fluctuate at certain rhythms varying in frequency 
and strength. These fluctuations are called neural oscillations. The origin of neural 
oscillations is still a topic of discussion but one major theoretical framework holds 
that oscillations emerge from network activity of reciprocally connected excitatory 
and inhibitory interneurons (Cardin, 2018). The cortical oscillations represent 
fluctuations in neuronal excitability. Action potentials temporally cluster in certain 
phases of the ongoing oscillation (Canolty et al., 2010; Jacobs et al., 2007; Siapas et 
al., 2005; Vinck et al., 2010) and on a behavioural level, stimuli that occur in the high 
excitability phase of slow oscillations are processed more rapidly and accurately than 
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stimuli that are presented in the low excitability phase (Busch et al., 2009; Henry 
& Obleser, 2012; Lakatos et al., 2008). According to the temporal binding model, 
synchronization of oscillatory activity is used to select, and group related neuronal 
activity for further conjoint processing (Engel et al., 1992; Engel & Singer, 2001; 
Roelfsema et al., 1996; W Singer & Gray, 1995; Wolf Singer, 1999). Furthermore, it 
has been proposed that neuronal populations communicate with each other through 
synchronization of oscillatory activity. According to the communication through 
coherence theory (Fries, 2015), communication between brain areas is aided if 
inputs arrive consistently at phases of high excitability, which means that efficient 
communication between brain areas requires coherent oscillatory activity. Neural 
oscillations can be subdivided into five frequency bands: delta (0.5-3Hz), theta (3.5-
8Hz), alpha (8-13Hz), beta (13-30Hz) and gamma (30-200Hz) and research has 
shown that different oscillatory frequencies are associated with cognitive processes 
such as attention, perception, and memory (Başar, 1998; Başar et al., 1999, 2001; 
Jensen et al., 2014). This association can be assessed with neuroimaging techniques 
such as electroencephalography (EEG) and intracranial EEG (iEEG).

EEG (Fig. 2) can be used to measure oscillations from the surface of the scalp 
whereas iEEG measures oscillations directly inside the brain (Jaeger & Jung, 2015; 
Lopes da Silva et al., 2009). For EEG measurements, usually several electrodes are 
non-invasively mounted on the participant’s head. These electrodes are connected 
to an amplifier and analog-to-digital converter, which in turn is connected to 
a computer that displays the electrical signal over time (Fig 3). EEG has a high 
temporal resolution, which means that it can detect changes in electrical activity in 
the millisecond range (W. Fisher et al., 2011; Lopes da Silva et al., 2009). However, 
EEG picks up the sum of the electrical changes in all nearby brain areas, which 
means that it has a low spatial resolution (Ferree et al., 2001; W. Fisher et al., 2011). 
iEEG electrodes, on the other hand, have a high temporal as well as a relatively high 
spatial resolution because the electrodes are invasively mounted directly in or on 
the brain, picking up the electrical signal of only nearby neural tissue (Dubey & 
Ray, 2019; Jaeger & Jung, 2015; Lachaux et al., 2003). Yet because of the invasive 
nature, depth/intracranial recordings in humans are scarce and limited to patients, 
which undergo electrode implantation for clinical purposes such as localization of 
epileptic foci. A further disadvantage of this neuroimaging technique is that the 
electrode location is determined based on clinical criteria and commonly covers 
only a small part of neural tissue (Ulbert et al., 2001).

EEG and iEEG of the human brain were pioneered by the German neurologist 
Hans Berger in 1924 (Berger, 1929; Gloor, 1969). While acquiring iEEG data in 
patients with scull defects, he discovered a prominent slow rhythmic activity, 
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which he labelled alpha oscillation. These alpha oscillations are the strongest 
electrophysiological signal in the human waking brain (Berger, 1929; Lopes da Silva 
et al., 1973), frequently discernable just by looking at the raw electrical brain signal 
over time. In the individual EEG, oscillatory activity in the alpha frequency range is 
usually dominated by one specific rhythm, called individual alpha frequency (IAF) 
(Grandy et al., 2013). This IAF is fairly constant across successive measurements 
in the same individual but can greatly vary between individuals (Köpruner et al., 
1984; Surwillo, 1964). The functional role of alpha oscillations in cognition has 
occupied research from the very beginning of (i)EEG measurements and are still 
a topic of investigation. Already Berger observed that the strength of the alpha 
oscillation varied as a function of light input and increased when the participant 
closed the eyes (Berger, 1929). Colleagues of Berger who further elaborated on 
his work therefore proposed that alpha oscillations simply reflected the state of 
a brain area that ‘has nothing to do’ (Adrian & Matthews, 1934) and still in 1996, 
alpha oscillations were regarded as an ‘idling rhythm’ (Pfurtscheller et al., 1996). 
However, in the past decades, research accumulated showing that the role of alpha 
oscillations goes beyond cortical idling.

Fig 2. Electroencephalography (EEG). Whole-cap EEG recording during rest. The laptop displays the 
ongoing electrical brain signal per electrode.
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The association between alpha oscillations and visual attention performance
Attention research support a functional role of alpha oscillations in attentional 
control. When attention is directed to anticipated visual stimuli, alpha power over 
parietooccipital areas is suppressed (Foxe et al., 1998; Fu et al., 2001). In visuospatial 
attention tasks, hemispheric alpha power changes can be observed when attention 
is directed towards a certain location in space, e.g. higher alpha power ipsilateral 
and/or lower alpha power contralateral to the attentional locus (Gould et al., 2011; 
Händel et al., 2011; Popov et al., 2019; Sauseng et al., 2005; Thut, 2006). These 
alpha power changes can be observed after presentation of a symbolic cue but 
before the visual target stimuli are shown (Foxe et al., 1998; Fu et al., 2001; Gould et 
al., 2011; Händel et al., 2011; Sauseng et al., 2005; Thut, 2006), which suggests that 
this modulation is not associated with passive stimulus processing but related to 
the level of endogenous attention deployment. Interestingly, it is, to our knowledge, 
still unclear whether a similar link also exists for exogenous attention (addressed 
in chapter 2, 3 and especially 4). Note that focused attention leads to a decrease 
of alpha power over the relevant brain areas but an increase of alpha power over 
irrelevant brain areas (Gould et al., 2011; Händel et al., 2011; Sauseng et al., 2005; 
Thut, 2006). This inverse relationship between the magnitude of oscillatory 
power and attention led to the proposal that alpha oscillations are associated with 
active suppression of distracting stimuli in the framework of attention (Jensen & 
Mazaheri, 2010a; Klimesch et al., 2007) or routing of information flow to relevant 
areas through inhibition of task-irrelevant brain areas (Jensen & Mazaheri, 2010a). 
Yet how do we know that alpha oscillations are indeed involved in attentional 
control and not only an epiphenomenon, i.e., a functionally irrelevant by-product 
of another neuronal mechanism? While EEG and iEEG research reveal associations 
between the strength of certain oscillations and a given cognitive process, they do 
not provide proof of the causal or functional relevance of the oscillation. For this, it 
is necessary to modulate the oscillations directly via neuromodulatory techniques 
such as transcranial alternating current stimulation (tACS) and measure the 
consequences of the intervention on the cognitive process of interest.

Are alpha oscillations causally or functionally relevant for attention 
performance?
tACS is a non-invasive brain stimulation technique, which uses alternating current 
to influence brain oscillations. tACS consists of two or more electrodes mounted 
onto the head which are connected to a battery (Herrmann et al., 2013; Lakatos 
et al., 2019; Thut et al., 2011) (Fig 4). The spatial resolution of tACS is very low 
as the applied current usually penetrates a large part of the brain. Yet more focal 
high-density ring electrode set-ups have recently been introduced, which allow for 
more constricted current flow and therefore targeted stimulation of a certain brain 
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area (Dmochowski et al., 2011). According to the synchronization theory, tACS 
progressively enhances the power of oscillations via synchronization of intrinsic 
oscillation to the ongoing oscillatory tACS current, preferentially if the stimulation 
is tuned to the intrinsic frequency of the bran (Pikovsky et al., 2002; Thut et al., 
2011). Research has shown that tACS can been used to increase the power of alpha 
oscillations from before to after stimulation (Neuling et al., 2013; Vossen et al., 2015; 
Zaehle et al., 2010). Presumably via an enhancement of specific neural oscillations, 
tACS has also previously induced cognitive and behavioral modulations such as 
changes in perceptual (Helfrich et al., 2014; Riecke et al., 2015) and cognitive 
processes (Chander et al., 2016; Kasten & Herrmann, 2017; Polanía et al., 2012) 
as well as motor control and learning (Antal & Paulus, 2012; Cappon et al., 2016; 
Heise et al., 2019; Joundi et al., 2012; Krause et al., 2016; Leunissen et al., 2017; 
Pogosyan et al., 2009; Pollok et al., 2015; Schilberg et al., 2018; Wach et al., 2013). 

Recent research showed that unilateral temporoparietal tACS at alpha frequency 
modulates auditory spatial attention performance (Wöstmann et al., 2018). Yet it 
remains unclear whether unilateral tACS at alpha frequency can also be used to 
modulate visuospatial attention performance (addressed in chapter 2, 3 and 4). If 
so, this would demonstrate causal or functional relevance of alpha oscillations in 
visuospatial attention control. It might also be indicative for the clinical potential of 
such a stimulation protocol, i.e., for the correction of the pathological visuospatial 
attention bias in hemineglect patients. For the fundamental understanding of 
the functional role of alpha oscillations, it is also essential to test whether alpha-
tACS differentially affects conceptually different attentional processes such as 
endogenous and exogenous attention. Furthermore, there are methodological 
questions about tACS that remain unanswered but are relevant in this framework. 
It is for example, still unclear how frequency-specific tACS effects are, e.g., does 
tACS at the IAF lead to greater stimulation effects as compared to stimulation at 
flanking frequencies as predicted by the synchronization theory? This is addressed 
in chapter 3. 

In short, tACS can be used to test the causal or functional role of alpha oscillations 
in visuospatial attention performance. However, as tACS electrodes are mounted 
on the surface of the head, a great part of the produced electrical field is shunted 
by the skull before it reaches the brain (Burger & Milaan, 2009; RUSH & DRISCOLL, 
1968; Vöröslakos et al., 2018). tACS can therefore only be used to stimulate shallow 
cortical areas. To test the functional or causal role of deep structures such as the 
thalamus, it is necessary to implant stimulating electrodes directly in the brain. 
In humans, such an implantation surgery is exclusively done for clinical purposes.
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Fig 4. Transcranial alternating current stimulation (tACS). Depicted is a ring electrode tACS set-up 
centered on the temporoparietal cortex.

The functional role of the anterior thalamus in attention
Deep brain stimulation (DBS) is an invasive electrical brain stimulation technique, 
which is used to treat psychiatric and neurological disorder such as Parkinson’s 
disease (Deuschl et al., 2006; Weaver, 2009), dystonia (Ghika et al., 2002; Vidailhet 
et al., 2007), obsessive-compulsive disorder (Abelson et al., 2005; Aouizerate et al., 
2004) and since recently also epilepsy (R. S. Fisher & Velasco, 2014; Halpern et al., 
2008; Velasco et al., 2010)). The electrodes are surgically implanted in subcortical 
structures such as the pons and the thalamus (Miocinovic et al., 2013) and the 
treatment usually consists of electrical pulses at a constant rate of 130 or 140Hz 
(Breit et al., 2004). The effect of the stimulation protocol on neuronal responses is 
still poorly understood but it has been proposed that the stimulation ‘functionally’ 
inactivates the target site similarly to a lesion (Benabid et al., 2008; Lozano et 
al., 2002; Vitek, 2002). Alternatively, it has been proposed that the stimulation 
interferes with the dynamically changing rhythmic activity at the stimulation site 
and thereby disturbs its normal function (Hamani et al., 2010). 

If the patient agrees, DBS can be used to investigate the causal or functional role of 
the target site in a certain cognitive process. Such research is not only interesting 
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from a fundamental point of view but is also important for gaining insight into 
potential adverse effects of the clinical stimulation protocol. Recently, DBS of the 
anterior thalamic nuclei (Fig 5A,B) has been introduced as treatment for refractory 
epilepsy (Awan et al., 2009; Miocinovic et al., 2013), yet the cognitive adverse effects 
of this stimulation protocol are still largely unclear. Various studies have shown that 
the anterior and surrounding thalamic nuclei (Fig 5B) are associated with attention 
control (R. S. Fisher & Velasco, 2014; Ghika-Schmid & Bogousslavsky, 2000; Halpern et 
al., 2008; Portas et al., 1998; Velasco et al., 2010; Watson, 1981) and alpha oscillations 
(Danos et al., 2001; de Munck et al., 2007; Feige et al., 2005; Goldman et al., 2002; 
Liu et al., 2012; Moosmann et al., 2003; Sadaghiani et al., 2010; Sadato et al., 1998) 
and a neuropsychological report suggests that isolated anterior thalamic infarct can 
lead to hemineglect symptoms (Ghika-Schmid & Bogousslavsky, 2000). However, it 
is still unknown how anterior thalamic high-frequency DBS affects visual attention 
performance. Furthermore, the local oscillatory responses during an attention task 
are still unclear (this is addressed in chapter 5).

Fig 5. Deep brain stimulation setup and anatomy of the thalamus. (A) The figure shows a DBS setup 
with the DBS lead implanted in the right anterior thalamus of the brain (sagittal view). The arrows 
point to the thalamus and interthalamic adhesion. (B) The figure depicts the anatomy of the thalamus. 
The anterior thalamic nuclei are marked in red. L: left, R: right, A: anterior, P: posterior. The figures are 
based on https://commons.wikimedia.org/wiki/File:Cytoarchitecture_Visual_cortex.jpg and https://
commons.wikimedia.org/wiki/File:Thalamus-schematic-ES.svg.
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So far, we have only discussed visual attention performance at a certain moment 
in time and its underlying neuronal mechanisms. Yet in our everyday life, we 
repeatedly encounter and attend to the same stimuli. How does this perceptual 
experience change the visual perception of the stimuli and how does it modify the 
corresponding neuronal responses when attention is or is not directed towards the 
stimuli? 

Perceptual learning
Learning involves changes in our perception and behavior according to our 
environment. One subtype is perceptual learning, which primarily refers to the 
improvement of a perceptual skill through practice  (De Valois, 1977; Mckee & 
Westhe, 1978). Helmholtz once said “It may often be rather hard to say how much 
of our apperceptions as derived by the sense of sight is due directly to sensation, 
and how much of them, on the other hand, is due to experience and training” 
(Peddie, 1925, p. 10). With this statement, Helmholtz beautifully conveyed how 
our perception is shaped by perceptual learning and how intertwined these two 
processes are. 

If the perceiver is trained on a single stimulus in a specific spatial location, the 
learning effects are usually stimulus-specific, which means that perceptual 
performance enhancement is greater for the trained as compared to untrained 
stimulus features (Ahissar & Hochstein, 2004; Karni & Sagi, 1991; Lange & De Weerd, 
2018). It has been argued that this stimulus-specificity of learning is especially 
noticeable in the late asymptotic phase of learning, when the performance level 
has almost reached its maximum and only slowly improves with further training 
(Karni & Bertini, 1997; Karni & Sagi, 1993; Lange et al., 2018; Lange & De Weerd, 
2018). Perceptual skill improvements, such as the neurologist’s expertise with the 
brain anatomy, can be preserved for an extended period of time (Qu et al., 2010). 
This suggests that perceptual experience induces long-lasting changes in the brain.

There are two main views about the neural mechanisms underlying perceptual 
learning. The ‘lowest-level’ theory (Karni & Bertini, 1997) argues that perceptual 
learning is characterized by an initial acquisition of rules and strategies stored in 
higher level areas, followed by neuroplastic changes in lower level visual areas, 
which code the trained stimulus features. Other theories emphasize the prominent 
role of feedback or read-out in stimulus-specific perceptual learning (Ahissar 
& Hochstein, 2004; Dosher & Lu, 1998). The reverse hierarchy theory (Ahissar 
& Hochstein, 2004), for example, posits that perceptual learning is marked by 
modifications of feedback connections in initially high and progressively lower-
level visual areas, where the trained stimulus is better represented. According to 
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Dosher and Lu (Dosher & Lu, 1998), the enhancement and selectivity of feedback 
(here called read-out) involves a form of channel reweighing to reduce noise and 
enhance relevant input. Hence, these theories propose that stimulus-specific 
perceptual performance enhancements are driven by more efficient top-down 
accessibility to information about the sensory stimulus rather than an increase of 
information in the respective neurons itself, as suggested by the ‘lowest-level’ theory. 
Despite the conceptual differences between these two lines of theories, they do not 
exclude one another and even share important assumptions about the expected 
changes in perceptual performance. For example, both, the lowest-level as well as 
the reverse hierarchy theory predict that perceptual skill learning is specific to the 
trained stimuli and that this specificity evolves at a later stage of learning (Ahissar 
& Hochstein, 2004; Karni & Bertini, 1997). Due to the similarities in expected 
performance changes, it is difficult to discern the two lines of theories based on 
psychophysical data. Measurements of the neuronal changes as a consequence of 
perceptual learning, on the other hand, might resolve this ambiguity.

Does perceptual learning shape alpha and beta oscillations?
Alpha and beta oscillations are generally regarded as oscillatory feedback 
mechanisms, which are involved in flexibly routing information in the brain. 
While alpha oscillations supposedly inhibit irrelevant stimuli or areas (Jensen 
& Mazaheri, 2010b; Klimesch et al., 2007), beta oscillations are associated with 
stimulus enhancement or anticipation/prediction (Arnal & Giraud, 2012; Cao et al., 
2017; Chen et al., 2009; Liang et al., 2002; Richter et al., 2017; Roopun, 2010; Wang, 
2010). This is underlined by fundamental research with primates, which indicate 
that alpha and beta oscillations reflect feedback input from higher level attentional 
or visual areas to lower level visual areas (Arnal et al., 2011; Bastos et al., 2015; 
Bosman et al., 2012; Buffalo et al., 2011; Buschman & Miller, 2007; Lee et al., 2013; 
Michalareas et al., 2016; Popov et al., 2017; Richter et al., 2017; von Stein et al., 
2000). These findings is highly relevant in the framework of perceptual learning 
theories that emphasize the central role of modified top-down (i.e. feedback) input 
to low-level visual areas in stimulus-specific learning (Ahissar & Hochstein, 2004; 
Dosher & Lu, 1998) or the read-out theory, which predicts increased efficiency in 
noise suppression and signal enhancement through perceptual learning (Dosher et 
al., 2013; Dosher & Lu, 1998). It could be argued that expertise in visual processing 
reflects a refined recurrency network that got increasingly tuned to reading out the 
trained stimulus features. These changes in recurrency might show as learning-
induced modifications in alpha and/or beta power, potentially specific to trained 
stimulus features such as orientation. Yet while various attention experiments 
have investigated alpha power modulations within one session (Gould et al., 2011; 
Händel et al., 2011; Sauseng et al., 2005; Thut, 2006), it is still largely unclear 
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whether and how alpha power changes over the course of multiple sessions and 
whether such changes are specific to trained stimulus features. In this framework, 
it is also relevant to test whether any alpha or beta power changes depend on 
task execution, i.e., whether the oscillatory response can only be observed when 
participants perform a task on the trained stimulus and therefore direct attention 
towards it or not. These research gaps gave rise to the experiment of chapter 6.

Outline of the thesis
The research presented here focuses on the role of oscillations during attention and 
learning. The thesis is subdivided into three parts based on the examined cognitive 
process and the method(s) of investigation:

The first part of this thesis addresses the causal or functional role of cortical alpha 
oscillation during visuospatial attention. As described earlier, attention can be 
dichotomized into voluntary (endogenous) and reflexive (exogenous) attention 
(Connor et al., 2004; Johnson & Proctor, 2004). Endogenous attention biases are 
accompanied by a lateralization in alpha power (Gould et al., 2011; Händel et al., 
2011; Popov et al., 2019; Sauseng et al., 2005; Thut, 2006), yet it is unclear whether 
a similar link also exists for exogenous attention processes. It is also still unknown 
whether alpha oscillations are causally or functionally relevant for visuospatial 
attention performance. We therefore conducted a series of tACS experiments that 
aimed to fill these research gaps. In chapter 2 we investigated whether unilateral 
tACS at the alpha frequency of 10Hz can be used to modulate visuospatial attention 
and if so, whether it would differentially affect performance in an endogenous 
attention, an exogenous attention, and a detection task. In chapter 3, we tested 
whether a tACS-induced visuospatial attention bias is accompanied by the expected 
oscillatory modulations. For this, we assessed visuospatial attention performance 
with an endogenous attention and a detection task and measured the change in 
alpha power from before to directly after stimulation using EEG. We also verified 
the frequency specificity of the electrophysiological and cognitive stimulation 
effects by comparing individually tailored tACS at the individual alpha frequency 
(IAF) to tACS at flanking frequencies. Chapter 4 dives into the functional distinction 
between a dorsal and ventral attention network in endogenous and exogenous 
attention performance. While chapter 3 and 4 focused only on the dorsal network, 
we here separately targeted both, the dorsal and the ventral attention network 
to verify potential functional specificity in endogenous and exogenous attention 
performance. To this end, we applied tACS at IAF to the dorsal parietal or ventral 
temporoparietal cortex in separate sessions and measured endogenous and 
exogenous attention performance during stimulation. By separately targeting the 
left and right hemisphere we also tested for hemispheric specificity of tACS effects.
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The second part of this thesis (chapter 5) addresses the oscillatory dynamics 
and functional role of the thalamus during attention. Anterior thalamic DBS has 
recently been introduced as a treatment for refractory epilepsy (R. S. Fisher & 
Velasco, 2014; Halpern et al., 2008; Velasco et al., 2010). Yet although neurological 
reports suggest that the anterior and surrounding nuclei of the thalamus might be 
functionally relevant for attentional control (R. S. Fisher & Velasco, 2014; Ghika-
Schmid & Bogousslavsky, 2000; Halpern et al., 2008; Portas et al., 1998; Velasco 
et al., 2010; Watson, 1981), it is still unclear how DBS of the anterior thalamus 
affects attention performance. Furthermore, the local anticipatory and stimulus-
induced oscillatory dynamics underlying attention performance are still unknown. 
We therefore measured the effects of anterior thalamic DBS at a low and a high-
frequency as well sham DBS on attention performance and assessed the local 
oscillatory responses during the attention task using iEEG.

In the third part of the thesis (chapter 6), we explored the neuronal mechanisms 
underlying perceptual learning. It has been proposed that perceptual learning 
shapes stimulus-specific top-down input (Ahissar & Hochstein, 2004) or read-
out (Dosher & Lu, 1998) from lower visual areas, thereby enabling more efficient 
accessibility to the stimulus information. In chapter 6, we tested this theory by 
measuring the effect of extensive perceptual training on alpha and beta power, two 
oscillatory mechanisms that have previously been linked to top-down processes 
(Arnal et al., 2011; Bastos et al., 2015; Bosman et al., 2012; Buffalo et al., 2011; 
Buschman & Miller, 2007; Lee et al., 2013; Michalareas et al., 2016; Popov et al., 
2017; Richter et al., 2017; von Stein et al., 2000). Participants were trained to 
discriminate slight changes in the reference orientation of a sinusoidal grating 
stimuli and oscillatory power was measured via EEG before and after learning. 
We verified the stimulus-specificity of perceptual performance enhancements and 
oscillatory responses with a control orientation discrimination on an orthogonal 
sinusoidal grating and assessed potential differential effects of stimulus contrast on 
perceptual learning outcomes by presenting stimuli of various contrast levels. We 
also tested whether the effects of learning on oscillatory power were mediated by 
attention by administering a central brightness discrimination task, which included 
the same stimulus events as the orientation discrimination task but required the 
participants to attend the fixation point instead of the sinusoidal grating.

Chapter 7 will present a summary of the data, of which the theoretical and potential 
practical relevance will be discussed in a broader context. 

23

1 1

GENERAL INTRODUCTION



References

Abelson, J. L., Curtis, G. C., Sagher, O., Albucher, 
R. C., Harrigan, M., Taylor, S. F., Martis, 
B., & Giordani, B. (2005). Deep brain 
stimulation for refractory obsessive-
compulsive disorder. Biological Psychiatry, 
57(5), 510–516. https://doi.org/10.1016/j.
biopsych.2004.11.042

Adrian, E. D., & Matthews, B. H. C. (1934). The 
berger rhythm: potential changes from the 
occipital lobes in man. Brain, 57(4), 355–385. 
https://doi.org/10.1093/brain/57.4.355

Ahissar, M., & Hochstein, S. (2004). The reverse 
hierarchy theory of visual perceptual 
learning. Trends in Cognitive Sciences, 
8(10), 457–464. https://doi.org/10.1016/j.
tics.2004.08.011

Antal, A., & Paulus, W. (2012). Investigating 
Neuroplastic Changes in the Human 
Brain Induced by Transcranial Direct 
(tDCS) and Alternating Current (tACS) 
Stimulation Methods. Clinical EEG and 
Neuroscience, 43(3), 175–175. https://doi.
org/10.1177/1550059412448030

Aouizerate, B., Cuny, E., Martin-Guehl, C., Guehl, 
D., Amieva, H., Benazzouz, A., Fabrigoule, C., 
Allard, M., Rougier, A., Bioulac, B., Tignol, J., & 
Burbaud, P. (2004). Deep brain stimulation of 
the ventral caudate nucleus in the treatment 
of obsessive—compulsive disorder and 
major depression. Journal of Neurosurgery, 
101(4), 682–686. https://doi.org/10.3171/
jns.2004.101.4.0682

Arnal, L. H., & Giraud, A.-L. (2012). Cortical 
oscillations and sensory predictions. Trends 
in Cognitive Sciences, 16(7), 390–398. 
https://doi.org/10.1016/j.tics.2012.05.003

Arnal, L. H., Wyart, V., & Giraud, A.-L. (2011). 
Transitions in neural oscillations reflect 
prediction errors generated in audiovisual 
speech. Nature Neuroscience, 14(6), 797–
801. https://doi.org/10.1038/nn.2810

Awan, N. R., Lozano, A., & Hamani, C. (2009). 
Deep brain stimulation: current and 
future perspectives. Neurosurgical 
Focus, 27(1), E2. https://doi.
org/10.3171/2009.4.FOCUS0982

Başar, E. (1998). Brain function and oscillation. 
Vol. 1: Brain oscillations, principles and 
approaches. In Volume II, Integrative brain 
function. Neurophysiology and cognitive 
processes.

Başar, E., Başar-Eroglu, C., Karakaş, S., &  

 
 
 
Schürmann, M. (2001). Gamma, alpha, 
delta, and theta oscillations govern 
cognitive processes. International Journal of 
Psychophysiology, 39(2–3), 241–248. https://
doi.org/10.1016/S0167-8760(00)00145-8

Başar, E., Başar-Eroğlu, C., Karakaş, S., & 
Schürmann, M. (1999). Are cognitive 
processes manifested in event-related 
gamma, alpha, theta and delta oscillations 
in the EEG? Neuroscience Letters, 259(3), 
165–168. https://doi.org/10.1016/S0304-
3940(98)00934-3

Bastos, A. M., Vezoli, J., Bosman, C. A., Schoffelen, 
J.-M., Oostenveld, R., Dowdall, J. R., De Weerd, 
P., Kennedy, H., & Fries, P. (2015). Visual 
Areas Exert Feedforward and Feedback 
Influences through Distinct Frequency 
Channels. Neuron, 85(2), 390–401. https://
doi.org/10.1016/j.neuron.2014.12.018

Bean, B. P. (2007). The action potential in 
mammalian central neurons. Nature Reviews 
Neuroscience, 8(6), 451–465. https://doi.
org/10.1038/nrn2148

Benabid, A. L., Benazzouz, A., Hoffmann, D., 
Limousin, P., Krack, P., & Pollak, P. (2008). 
Long-Term Electrical Inhibition of Deep Brain 
Targets in Movement Disorders. Movement 
Disorders, 13(S3), 119–125. https://doi.
org/10.1002/mds.870131321

Berger, H. (1929). Über das Elektrenkephalogramm 
des Menschen. Archiv Für Psychiatrie Und 
Nervenkrankheiten, 87(1), 527–570. https://
doi.org/10.1007/BF01797193

Bosman, C. A., Schoffelen, J. M., Brunet, N., 
Oostenveld, R., Bastos, A. M., Womelsdorf, 
T., Rubehn, B., Stieglitz, T., De Weerd, P., 
& Fries, P. (2012). Attentional Stimulus 
Selection through Selective Synchronization 
between Monkey Visual Areas. Neuron, 
75(5), 875–888. https://doi.org/10.1016/j.
neuron.2012.06.037

Breit, S., Schulz, J. B., & Benabid, A.-L. (2004). 
Deep brain stimulation. Cell and Tissue 
Research, 318(1), 275–288. https://doi.
org/10.1007/s00441-004-0936-0

Broadbent, D. E. (1957). A mechanical model for 
human attention and immediate memory. 
Psychological Review, 64(3), 205–215. 
https://doi.org/10.1037/h0047313

Buffalo, E. A., Fries, P., Landman, R., Buschman, T. 
J., & Desimone, R. (2011). Laminar differences 
in gamma and alpha coherence in the ventral 

24

1 1

CHAPTER 1



stream. Proceedings of the National Academy 
of Sciences, 108(27), 11262–11267. https://
doi.org/10.1073/pnas.1011284108

Burger, H. C., & Milaan, J. B. (2009). Measurements 
of the specific Resistance of the human 
Body to direct Current. Acta Medica 
Scandinavica, 114(6), 584–607. https://doi.
org/10.1111/j.0954-6820.1943.tb11253.x

Busch, N. A., Dubois, J., & VanRullen, R. (2009). 
The Phase of Ongoing EEG Oscillations 
Predicts Visual Perception. Journal of 
Neuroscience, 29(24), 7869–7876. https://
doi.org/10.1523/JNEUROSCI.0113-09.2009

Buschman, T. J., & Miller, E. K. (2007). Top-Down 
Versus Bottom-Up Control of Attention in the 
Prefrontal and Posterior Parietal Cortices. 
Science, 315(5820), 1860–1862. https://doi.
org/10.1126/science.1138071

Canolty, R. T., Ganguly, K., Kennerley, S. W., 
Cadieu, C. F., Koepsell, K., Wallis, J. D., & 
Carmena, J. M. (2010). Oscillatory phase 
coupling coordinates anatomically dispersed 
functional cell assemblies. Proceedings of 
the National Academy of Sciences, 107(40), 
17356–17361. https://doi.org/10.1073/
pnas.1008306107

Cao, L., Thut, G., & Gross, J. (2017). The role of 
brain oscillations in predicting self-generated 
sounds. NeuroImage, 147, 895–903. https://
doi.org/10.1016/j.neuroimage.2016.11.001

Cappon, D., Goljahani, A., Laera, G., & Bisiacchi, P. 
(2016). Interactions between non invasive 
transcranial brain stimulation (tACS) and 
brain oscillations: a quantitative EEG study. 
International Journal of Psychophysiology, 
108, 92. https://doi.org/10.1016/j.
ijpsycho.2016.07.284

Cardin, J. A. (2018). Inhibitory Interneurons 
Regulate Temporal Precision and 
Correlations in Cortical Circuits. In Trends 
in Neurosciences. https://doi.org/10.1016/j.
tins.2018.07.015

Casagrande, V. A. (1999). The First Steps in 
Seeing, by Robert W. Rodieck. Trends in 
Neurosciences, 22(7), 327–328. https://doi.
org/10.1016/S0166-2236(98)01384-8

Cave, K. R., & Bichot, N. P. (1999). Visuospatial 
attention: Beyond a spotlight model. 
Psychonomic Bulletin & Review, 6(2), 204–
223. https://doi.org/10.3758/BF03212327

Chander, B. S., Witkowski, M., Braun, C., Robinson, 
S. E., Born, J., Cohen, L. G., Birbaumer, N., & 
Soekadar, S. R. (2016). tACS Phase Locking of 
Frontal Midline Theta Oscillations Disrupts 
Working Memory Performance. Frontiers in 

Cellular Neuroscience, 10, 120. https://doi.
org/10.3389/fncel.2016.00120

Chen, C. C., Henson, R. N., Stephan, K. E., Kilner, 
J. M., & Friston, K. J. (2009). Forward and 
backward connections in the brain: A 
DCM study of functional asymmetries. 
NeuroImage, 45(2), 453–462. https://doi.
org/10.1016/j.neuroimage.2008.12.041

Connor, C. E., Egeth, H. E., & Yantis, S. (2004). 
Visual Attention: Bottom-Up Versus Top-
Down. Current Biology, 14(19), R850–R852. 
https://doi.org/10.1016/j.cub.2004.09.041

Connors, B. W., Landisman, C. E., & Reid, R. 
C. (1998). Thalamus: Organization and 
Function (Vol. 1), Experimental and Clinical 
Aspects (Vol. 2). Trends in Neurosciences, 
21(12), 539–540. https://doi.org/10.1016/
S0166-2236(98)01314-9

Corbetta, M. (2014). Hemispatial Neglect: Clinic, 
Pathogenesis, and Treatment. Seminars in 
Neurology, 34(05), 514–523. https://doi.
org/10.1055/s-0034-1396005

Corbetta, M., & Shulman, G. L. (2002). Control of 
goal-directed and stimulus-driven attention 
in the brain. Nature Reviews Neuroscience, 
3(3), 201–215. https://doi.org/10.1038/
nrn755

Coull, J. T., & Nobre, A. C. (1998). Where and When 
to Pay Attention: The Neural Systems for 
Directing Attention to Spatial Locations and 
to Time Intervals as Revealed by Both PET 
and fMRI. The Journal of Neuroscience, 18(18), 
7426–7435. https://doi.org/10.1523/
JNEUROSCI.18-18-07426.1998

Danos, P., Guich, S., Abel, L., & Buchsbaum, 
M. S. (2001). EEG Alpha Rhythm and 
Glucose Metabolic Rate in the Thalamus 
in Schizophrenia. Neuropsychobiology, 
43(4), 265–272. https://doi.
org/10.1159/000054901

de Munck, J. C., Gonçalves, S. I., Huijboom, L., 
Kuijer, J. P. A., Pouwels, P. J. W., Heethaar, 
R. M., & Lopes da Silva, F. H. (2007). The 
hemodynamic response of the alpha rhythm: 
An EEG/fMRI study. NeuroImage, 35(3), 
1142–1151. https://doi.org/10.1016/j.
neuroimage.2007.01.022

De Valois, K. K. (1977). Spatial frequency 
adaptation can enhance contrast sensitivity. 
Vision Research, 17(9), 1057–1065. https://
doi.org/10.1016/0042-6989(77)90010-4

Deuschl, G., Schade-Brittinger, C., Krack, P., 
Volkmann, J., Schäfer, H., Bötzel, K., Daniels, 
C., Deutschländer, A., Dillmann, U., Eisner, W., 
Gruber, D., Hamel, W., Herzog, J., Hilker, R., 

25

1 1

GENERAL INTRODUCTION



Klebe, S., Kloß, M., Koy, J., Krause, M., Kupsch, 
A.,   Voges, J. (2006). A Randomized Trial of 
Deep-Brain Stimulation for Parkinson�s 
Disease. New England Journal of Medicine, 
355(9), 896–908. https://doi.org/10.1056/
NEJMoa060281

Dmochowski, J. P., Datta, A., Bikson, M., Su, Y., & 
Parra, L. C. (2011). Optimized multi-electrode 
stimulation increases focality and intensity 
at target. Journal of Neural Engineering, 8(4), 
046011. https://doi.org/10.1088/1741-
2560/8/4/046011

Dosher, B. A., Jeter, P., Liu, J., & Lu, Z.-L. (2013). An 
integrated reweighting theory of perceptual 
learning. Proceedings of the National 
Academy of Sciences, 110(33), 13678–13683. 
https://doi.org/10.1073/pnas.1312552110

Dosher, B. A., & Lu, Z.-L. (1998). Perceptual 
learning reflects external noise filtering and 
internal noise reduction through channel 
reweighting. Proceedings of the National 
Academy of Sciences, 95(23), 13988–13993. 
https://doi.org/10.1073/pnas.95.23.13988

Dubey, A., & Ray, S. (2019). Cortical 
Electrocorticogram (ECoG) Is a Local 
Signal. The Journal of Neuroscience, 39(22), 
4299–4311. https://doi.org/10.1523/
JNEUROSCI.2917-18.2019

Duncan, J. (1984). Selective attention and the 
organization of visual information. Journal 
of Experimental Psychology: General, 113(4), 
501–517. https://doi.org/10.1037/0096-
3445.113.4.501

Egeth, H. E., & Yantis, S. (1997). VISUAL 
ATTENTION: Control, Representation, and 
Time Course. Annual Review of Psychology, 
48(1), 269–297. https://doi.org/10.1146/
annurev.psych.48.1.269

Engel, A. K., König, P., Kreiter, A. K., Schillen, 
T. B., & Singer, W. (1992). Temporal 
coding in the visual cortex: new vistas on 
integration in the nervous system. Trends in 
Neurosciences, 15(6), 218–226. https://doi.
org/10.1016/0166-2236(92)90039-B

Engel, A. K., & Singer, W. (2001). Temporal 
binding and the neural correlates of sensory 
awareness. Trends in Cognitive Sciences, 5(1), 
16–25. https://doi.org/10.1016/S1364-
6613(00)01568-0

Feige, B., Scheffler, K., Esposito, F., Di Salle, 
F., Hennig, J., & Seifritz, E. (2005). 
Cortical and Subcortical Correlates of 
Electroencephalographic Alpha Rhythm 
Modulation. Journal of Neurophysiology, 
93(5), 2864–2872. https://doi.org/10.1152/

jn.00721.2004
Ferree, T. ., Clay, M. ., & Tucker, D. . (2001). 

The spatial resolution of scalp EEG. 
Neurocomputing, 38–40, 1209–1216. https://
doi.org/10.1016/S0925-2312(01)00568-9

Fisher, R. S., & Velasco, A. L. (2014). Electrical 
brain stimulation for epilepsy. Nature 
Reviews Neurology, 10(5), 261–270. https://
doi.org/10.1038/nrneurol.2014.59

Fisher, W., Ceballos, N., Matthews, D., & 
Fisher, L. (2011). Event-related potentials 
in impulsively aggressive juveniles: a 
retrospective chart-review study. Psychiatry 
Research, 187(3), 409–413. https://doi.
org/10.1016/j.psychres.2011.02.020

Fox, P., Miezin, F., Allman, J., Van Essen, D., & 
Raichle, M. (1987). Retinotopic organization 
of human visual cortex mapped with 
positron- emission tomography. The Journal 
of Neuroscience, 7(3), 913–922. https://doi.
org/10.1523/JNEUROSCI.07-03-00913.1987

Foxe, J. J., Simpson, G. V., & Ahlfors, S. P. (1998). 
Parieto-occipital ∼1 0Hz activity reflects 
anticipatory state of visual attention 
mechanisms. NeuroReport, 9(17), 3929–
3933. https://doi.org/10.1097/00001756-
199812010-00030

Fries, P. (2015). Rhythms for Cognition: 
Communication through Coherence. In 
Neuron (Vol. 88, Issue 1, pp. 220–235). NIH 
Public Access. https://doi.org/10.1016/j.
neuron.2015.09.034

Fu, K.-M. G., Foxe, J. J., Murray, M. M., Higgins, 
B. A., Javitt, D. C., & Schroeder, C. E. (2001). 
Attention-dependent suppression of 
distracter visual input can be cross-modally 
cued as indexed by anticipatory parieto–
occipital alpha-band oscillations. Cognitive 
Brain Research, 12(1), 145–152. https://doi.
org/10.1016/S0926-6410(01)00034-9

Gerdes, H.-H., & Pepperkok, R. (2013). Cell-
to-cell communication: current views and 
future perspectives. Cell and Tissue Research, 
352(1), 1–3. https://doi.org/10.1007/
s00441-013-1590-1

Ghika-Schmid, F., & Bogousslavsky, J. (2000). 
The acute behavioral syndrome of anterior 
thalamic infarction: A prospective study 
of 12 cases. Annals of Neurology, 48(2), 
220–227. https://doi.org/10.1002/1531-
8 2 4 9 ( 2 0 0 0 0 8 ) 4 8 : 2 < 2 2 0 : : A I D -
ANA12>3.0.CO;2-M

Ghika, J., Villemure, J. G., Miklossy, J., Temperli, 
P., Pralong, E., Christen–Zaech, S., Pollo, C., 
Maeder, P., Bogousslavsky, J., & Vingerhoets, 

26

1 1

CHAPTER 1



F. (2002). Postanoxic generalized dystonia 
improved by bilateral Voa thalamic deep 
brain stimulation. Neurology, 58(2), 311–
313. https://doi.org/10.1212/WNL.58.2.311

Gloor, P. (1969). Hans Berger and the 
discovery of the electroencephalogram. 
Electroencephalography and Clinical 
Neurophysiology, Suppl 28:1-36. http://
www.ncbi.nlm.nih.gov/pubmed/4188910

Goldman, R. I., Stern, J. M., Engel, J., & Cohen, M. 
S. (2002). Simultaneous EEG and fMRI of the 
alpha rhythm. NeuroReport, 13(18), 2487–
2492. https://doi.org/10.1097/00001756-
200212200-00022

Gould, I. C., Rushworth, M. F., & Nobre, A. C. 
(2011). Indexing the graded allocation of 
visuospatial attention using anticipatory 
alpha oscillations. Journal of Neurophysiology, 
105(3), 1318–1326. https://doi.
org/10.1152/jn.00653.2010

Grandy, T. H., Werkle-Bergner, M., Chicherio, C., 
Schmiedek, F., Lövdén, M., & Lindenberger, 
U. (2013). Peak individual alpha frequency 
qualifies as a stable neurophysiological trait 
marker in healthy younger and older adults. 
Psychophysiology, 50(6), 570–582. https://
doi.org/10.1111/psyp.12043

Griffin, Ivan, C. (2001). Orienting attention in 
time. Frontiers in Bioscience, 6(1), d660. 
https://doi.org/10.2741/Griffin

Halpern, C. H., Samadani, U., Litt, B., Jaggi, J. L., & 
Baltuch, G. H. (2008). Deep brain stimulation 
for epilepsy. Neurotherapeutics, 5(1), 59–67. 
https://doi.org/10.1016/j.nurt.2007.10.065

Hamani, C., Dubiela, F. P., Soares, J. C. K., Shin, 
D., Bittencourt, S., Covolan, L., Carlen, P. L., 
Laxton, A. W., Hodaie, M., Stone, S. S. D., Ha, Y., 
Hutchison, W. D., Lozano, A. M., Mello, L. E., & 
Oliveira, M. G. M. (2010). Anterior thalamus 
deep brain stimulation at high current 
impairs memory in rats. Experimental 
Neurology, 225(1), 154–162. https://doi.
org/10.1016/j.expneurol.2010.06.007

Händel, B. F., Haarmeier, T., & Jensen, O. (2011). 
Alpha Oscillations Correlate with the 
Successful Inhibition of Unattended Stimuli. 
Journal of Cognitive Neuroscience, 23(9), 
2494–2502. https://doi.org/10.1162/
jocn.2010.21557

Hanslmayr, S., Gross, J., Klimesch, W., & Shapiro, 
K. L. (2011). The role of alpha oscillations 
in temporal attention. Brain Research 
Reviews, 67(1–2), 331–343. https://doi.
org/10.1016/j.brainresrev.2011.04.002

Heilman, K. M., & Abell, T. V. D. (1980). Right 

hemisphere dominance for attention: 
The mechanism underlying hemispheric 
asymmetries of inattention (neglect). 
Neurology, 30(3), 327–327. https://doi.
org/10.1212/WNL.30.3.327

Heise, K.-F., Monteiro, T. S., Leunissen, I., Mantini, 
D., & Swinnen, S. P. (2019). Distinct online and 
offline effects of alpha and beta transcranial 
alternating current stimulation (tACS) on 
continuous bimanual performance and task-
set switching. Scientific Reports, 9(1), 3144. 
https://doi.org/10.1038/s41598-019-
39900-0

Helfrich, R. F., Knepper, H., Nolte, G., Strüber, D., 
Rach, S., Herrmann, C. S., Schneider, T. R., & 
Engel, A. K. (2014). Selective Modulation of 
Interhemispheric Functional Connectivity by 
HD-tACS Shapes Perception. PLoS Biology, 
12(12), e1002031. https://doi.org/10.1371/
journal.pbio.1002031

Henriksson, L., Karvonen, J., Salminen-
Vaparanta, N., Railo, H., & Vanni, S. (2012). 
Retinotopic Maps, Spatial Tuning, and 
Locations of Human Visual Areas in Surface 
Coordinates Characterized with Multifocal 
and Blocked fMRI Designs. PLoS ONE, 7(5), 
e36859. https://doi.org/10.1371/journal.
pone.0036859

Henry, M. J., & Obleser, J. (2012). Frequency 
modulation entrains slow neural oscillations 
and optimizes human listening behavior. 
Proceedings of the National Academy of 
Sciences, 109(49), 20095–20100. https://
doi.org/10.1073/pnas.1213390109

Herrmann, C. S., Rach, S., Neuling, T., & Strüber, 
D. (2013). Transcranial alternating current 
stimulation: a review of the underlying 
mechanisms and modulation of cognitive 
processes. Frontiers in Human Neuroscience, 
7, 279. https://doi.org/10.3389/
fnhum.2013.00279

Itti, L., & Koch, C. (2000). A saliency-based search 
mechanism for overt and covert shifts of 
visual attention. Vision Research, 40(10–
12), 1489–1506. https://doi.org/10.1016/
S0042-6989(99)00163-7

Jacobs, J., Kahana, M. J., Ekstrom, A. D., & Fried, 
I. (2007). Brain Oscillations Control Timing 
of Single-Neuron Activity in Humans. Journal 
of Neuroscience, 27(14), 3839–3844. https://
doi.org/10.1523/JNEUROSCI.4636-06.2007

Jaeger, D., & Jung, R. (2015). Modeling Intracranial 
Electroencephalography (IEEG) Signals. In 
Encyclopedia of Computational Neuroscience 
(pp. 1733–1733). Springer New York. 

27

1 1

GENERAL INTRODUCTION



https://doi.org/10.1007/978-1-4614-6675-
8_100342

James, W. (1890). The Principles Of Psychology 
Volume I By William James (1890). The 
Principles of Psychology.

Jensen, O., Gips, B., Bergmann, T. O., & Bonnefond, 
M. (2014). Temporal coding organized 
by coupled alpha and gamma oscillations 
prioritize visual processing. In Trends in 
Neurosciences (Vol. 37, Issue 7, pp. 357–369). 
Elsevier Ltd. https://doi.org/10.1016/j.
tins.2014.04.001

Jensen, O., & Mazaheri, A. (2010a). Shaping 
Functional Architecture by Oscillatory Alpha 
Activity: Gating by Inhibition. Frontiers 
in Human Neuroscience, 4. https://doi.
org/10.3389/fnhum.2010.00186

Jensen, O., & Mazaheri, A. (2010b). Shaping 
Functional Architecture by Oscillatory Alpha 
Activity: Gating by Inhibition. Frontiers in 
Human Neuroscience, 4, 186. https://doi.
org/10.3389/fnhum.2010.00186

Johnson, A., & Proctor, R. (2004). Attention: 
Theory and Practice. In Attention: Theory and 
Practice. SAGE Publications, Inc. https://doi.
org/10.4135/9781483328768

Joundi, R. A., Jenkinson, N., Brittain, J.-S., Aziz, T. 
Z., & Brown, P. (2012). Driving Oscillatory 
Activity in the Human Cortex Enhances 
Motor Performance. Current Biology, 22(5), 
403–407. https://doi.org/10.1016/j.
cub.2012.01.024

Karni, A., & Bertini, G. (1997). Learning perceptual 
skills: behavioral probes into adult cortical 
plasticity. Current Opinion in Neurobiology, 
7(4), 530–535. https://doi.org/10.1016/
S0959-4388(97)80033-5

Karni, A., & Sagi, D. (1991). Where practice 
makes perfect in texture discrimination: 
evidence for primary visual cortex plasticity. 
Proceedings of the National Academy of 
Sciences, 88(11), 4966–4970. https://doi.
org/10.1073/pnas.88.11.4966

Karni, A., & Sagi, D. (1993). The time 
course of learning a visual skill. Nature, 
365(6443), 250–252. https://doi.
org/10.1038/365250a0

Kasten, F. H., & Herrmann, C. S. (2017). 
Transcranial Alternating Current Stimulation 
(tACS) Enhances Mental Rotation 
Performance during and after Stimulation. 
Frontiers in Human Neuroscience, 11, 2. 
https://doi.org/10.3389/fnhum.2017.00002

Kerkhoff, G. (2001). Spatial hemineglect in 
humans. Progress in Neurobiology, 63(1), 

1–27. https://doi.org/10.1016/S0301-
0082(00)00028-9

Kinsbourne, M. (1977). Hemi-neglect and 
hemisphere rivalry. Advances in Neurology, 
18, 41–49.

Kinsbourne, Marcel. (1993). Orientational bias 
model of unilateral neglect: Evidence from 
attentional gradients within hemispace. In 
Brain damage, behaviour & cognition series. 
Unilateral neglect: Clinical and experimental 
studies (pp. 63–86).

Klimesch, W., Sauseng, P., & Hanslmayr, S. (2007). 
EEG alpha oscillations: The inhibition-
timing hypothesis. Brain Research Reviews, 
53(1), 63–88. https://doi.org/10.1016/j.
brainresrev.2006.06.003

Kolb, H. (1995). Gross Anatomy of the Eye. In 
Webvision: The Organization of the Retina and 
Visual System. http://www.ncbi.nlm.nih.gov/
pubmed/21413392

Köpruner, V., Pfurtscheller, G., & Auer, L. M. 
(1984). Quantitative EEG in Normals and in 
Patients with Cerebral Ischemia. In Progress 
in Brain Research (pp. 29–50). https://doi.
org/10.1016/S0079-6123(08)62168-8

Krause, V., Meier, A., Dinkelbach, L., & Pollok, B. 
(2016). Beta Band Transcranial Alternating 
(tACS) and Direct Current Stimulation (tDCS) 
Applied After Initial Learning Facilitate 
Retrieval of a Motor Sequence. Frontiers in 
Behavioral Neuroscience, 10, 4. https://doi.
org/10.3389/fnbeh.2016.00004

Lachaux, J. P., Rudrauf, D., & Kahane, P. (2003). 
Intracranial EEG and human brain mapping. 
Journal of Physiology-Paris, 97(4–6), 
613–628. https://doi.org/10.1016/j.
jphysparis.2004.01.018

Lakatos, P., Gross, J., & Thut, G. (2019). A New 
Unifying Account of the Roles of Neuronal 
Entrainment. Current Biology, 29(18), 
R890–R905. https://doi.org/10.1016/j.
cub.2019.07.075

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, I., 
& Schroeder, C. E. (2008). Entrainment of 
Neuronal Oscillations as a Mechanism of 
Attentional Selection. Science, 320(5872), 
110–113. https://doi.org/10.1126/
science.1154735

Lamme, V. A. F., & Roelfsema, P. R. (2000). 
The distinct modes of vision offered by 
feedforward and recurrent processing. Trends 
in Neurosciences, 23(11), 571–579. https://
doi.org/10.1016/S0166-2236(00)01657-X

Lamme, V. A. F., Supèr, H., & Spekreijse, H. 
(1998). Feedforward, horizontal, and 

28

1 1

CHAPTER 1



feedback processing in the visual cortex. 
Current Opinion in Neurobiology, 8(4), 
529–535. https://doi.org/10.1016/S0959-
4388(98)80042-1

Lange, G., & De Weerd, P. (2018). Limited transfer 
of visual skill in orientation discrimination 
to locations treated by pre-testing and 
subliminal exposure. Vision Research, 
143, 103–116. https://doi.org/10.1016/j.
visres.2017.06.018

Lange, G., Lowet, E., Roberts, M. J., & De Weerd, 
P. (2018). Within-quadrant position and 
orientation specificity after extensive 
orientation discrimination learning is related 
to performance gains during late learning. 
PLOS ONE, 13(9), e0201520. https://doi.
org/10.1371/journal.pone.0201520

Lee, J. H., Whittington, M. A., & Kopell, N. J. (2013). 
Top-Down Beta Rhythms Support Selective 
Attention via Interlaminar Interaction: A 
Model. PLoS Computational Biology, 9(8), 
e1003164. https://doi.org/10.1371/journal.
pcbi.1003164

Leunissen, I., Coxon, J. P., & Swinnen, S. P. (2017). 
Transcranial alternating current stimulation 
in the beta frequency promotes motor 
inhibition. Brain Stimulation, 10(2), 440–441. 
https://doi.org/10.1016/j.brs.2017.01.313

Liang, H., Bressler, S. L., Ding, M., Truccolo, W. 
A., & Nakamura, R. (2002). Synchronized 
activity in prefrontal cortex during 
anticipation of visuomotor processing. 
NeuroReport, 13(16), 2011–2015. https://
doi.org/10.1097/00001756-200211150-
00004

Liu, Z., de Zwart, J. A., Yao, B., van Gelderen, P., Kuo, 
L.-W., & Duyn, J. H. (2012). Finding thalamic 
BOLD correlates to posterior alpha EEG. 
NeuroImage, 63(3), 1060–1069. https://doi.
org/10.1016/j.neuroimage.2012.08.025

Lopes da Silva, F. ., van Lierop, T. H. M. ., Schrijer, 
C. ., & Storm van Leeuwen, W. (1973). 
Organization of thalamic and cortical 
alpha rhythms: Spectra and coherences. 
Electroencephalography and Clinical 
Neurophysiology, 35(6), 627–639. https://
doi.org/10.1016/0013-4694(73)90216-2

Lopes da Silva, F. H., Gonçalves, S. I., & De Munck, 
J. C. (2009). Electroencephalography (EEG). 
In Encyclopedia of Neuroscience (pp. 849–
855). Elsevier. https://doi.org/10.1016/
B978-008045046-9.00304-1

Lozano, A. M., Dostrovsky, J., Chen, R., & 
Ashby, P. (2002). Deep brain stimulation 
for Parkinson’s disease: disrupting the 

disruption. The Lancet Neurology, 1(4), 
225–231. https://doi.org/10.1016/S1474-
4422(02)00101-1

Mckee, S. P., & Westhe, G. (1978). Improvement 
in vernier acuity with practice. Perception & 
Psychophysics, 24(3), 258–262. https://doi.
org/10.3758/BF03206097

McMains, S. A., & Kastner, S. (2008). Visual 
Attention. In Encyclopedia of Neuroscience 
(pp. 4296–4302). Springer Berlin Heidelberg. 
https://doi.org/10.1007/978-3-540-29678-
2_6344

Michalareas, G., Vezoli, J., van Pelt, S., Schoffelen, 
J. M., Kennedy, H., & Fries, P. (2016). Alpha-
Beta and Gamma Rhythms Subserve 
Feedback and Feedforward Influences 
among Human Visual Cortical Areas. Neuron, 
89(2), 384–397. https://doi.org/10.1016/j.
neuron.2015.12.018

Miocinovic, S., Somayajula, S., Chitnis, S., & 
Vitek, J. L. (2013). History, Applications, 
and Mechanisms of Deep Brain Stimulation. 
JAMA Neurology, 70(2), 163. https://doi.
org/10.1001/2013.jamaneurol.45

Moosmann, M., Ritter, P., Krastel, I., Brink, A., 
Thees, S., Blankenburg, F., Taskin, B., Obrig, 
H., & Villringer, A. (2003). Correlates of alpha 
rhythm in functional magnetic resonance 
imaging and near infrared spectroscopy. 
NeuroImage. https://doi.org/10.1016/
S1053-8119(03)00344-6

Morris, P. (2012). Animal Eyes (Oxford Animal 
Biology Series) - By Michael F. Land &amp; 
Dan-Eric Nilsson. Zoological Journal of the 
Linnean Society, 166(4), 912–912. https://
doi.org/10.1111/j.1096-3642.2012.00849.x

Neuling, Rach, S., & Herrmann, C. S. (2013). 
Orchestrating neuronal networks: sustained 
after-effects of transcranial alternating 
current stimulation depend upon brain 
states. Frontiers in Human Neuroscience, 
7, 161. https://doi.org/10.3389/
fnhum.2013.00161

Oliva, A. (2013). Visual Scene Perception. 
In Encyclopedia of Perception. 
SAGE Publications, Inc. https://doi.
org/10.4135/9781412972000.n355

Orban, G. A. (2008). Higher Order Visual 
Processing in Macaque Extrastriate Cortex. 
Physiological Reviews, 88(1), 59–89. https://
doi.org/10.1152/physrev.00008.2007

Peddie, W. (1925). Helmholtz’s Treatise on 
Physiological Optics. Nature, 116(2907), 88–
89. https://doi.org/10.1038/116088a0

Pfurtscheller, G., Stancák, A., & Neuper, C. (1996). 

29

1 1

GENERAL INTRODUCTION



Event-related synchronization (ERS) in 
the alpha band — an electrophysiological 
correlate of cortical idling: A review. 
International Journal of Psychophysiology, 
24(1–2), 39–46. https://doi.org/10.1016/
S0167-8760(96)00066-9

Pikovsky, A., Rosenblum, M., Kurths, J., & Hilborn, 
R. C. (2002). Synchronization: A Universal 
Concept in Nonlinear Science. American 
Journal of Physics, 70(6), 655–655. https://
doi.org/10.1119/1.1475332

Pogosyan, A., Gaynor, L. D., Eusebio, A., & Brown, 
P. (2009). Boosting Cortical Activity at 
Beta-Band Frequencies Slows Movement in 
Humans. Current Biology, 19(19), 1637–1641. 
https://doi.org/10.1016/j.cub.2009.07.074

Polanía, R., Nitsche, M. A., Korman, C., Batsikadze, 
G., & Paulus, W. (2012). The Importance 
of Timing in Segregated Theta Phase-
Coupling for Cognitive Performance. Current 
Biology, 22(14), 1314–1318. https://doi.
org/10.1016/j.cub.2012.05.021

Pollok, B., Boysen, A.-C., & Krause, V. (2015). 
The effect of transcranial alternating 
current stimulation (tACS) at alpha and beta 
frequency on motor learning. Behavioural 
Brain Research, 293, 234–240. https://doi.
org/10.1016/j.bbr.2015.07.049

Popov, T., Gips, B., Kastner, S., & Jensen, O. (2019). 
Spatial specificity of alpha oscillations in 
the human visual system. Human Brain 
Mapping, 40(15), 4432–4440. https://doi.
org/10.1002/hbm.24712

Popov, T., Kastner, S., & Jensen, O. (2017). 
FEF-Controlled Alpha Delay Activity 
Precedes Stimulus-Induced Gamma-Band 
Activity in Visual Cortex. The Journal of 
Neuroscience, 37(15), 4117–4127. https://
doi.org/10.1523/JNEUROSCI.3015-16.2017

Portas, C. M., Rees, G., Howseman, A. M., Josephs, 
O., Turner, R., & Frith, C. D. (1998). A Specific 
Role for the Thalamus in Mediating the 
Interaction of Attention and Arousal in 
Humans. The Journal of Neuroscience, 18(21), 
8979–8989. https://doi.org/10.1523/
JNEUROSCI.18-21-08979.1998

Posner, M. I. (1980). Orienting of attention. 
Quarterly Journal of Experimental 
Psychology, 32(1), 3–25. https://doi.
org/10.1080/00335558008248231

Posner, M. I., Snyder, C. R., & Davidson, B. J. (1980). 
Attention and the detection of signals. Journal 
of Experimental Psychology: General, 109(2), 
160–174. https://doi.org/10.1037/0096-
3445.109.2.160

Qu, Z., Song, Y., & Ding, Y. (2010). ERP evidence for 
distinct mechanisms of fast and slow visual 
perceptual learning. Neuropsychologia, 48(6), 
1869–1874. https://doi.org/10.1016/j.
neuropsychologia.2010.01.008

Richter, C. G., Thompson, W. H., Bosman, C. 
A., & Fries, P. (2017). Top-Down Beta 
Enhances Bottom-Up Gamma. The Journal of 
Neuroscience, 37(28), 6698–6711. https://
doi.org/10.1523/JNEUROSCI.3771-16.2017

Riecke, L., Formisano, E., Herrmann, C. S., & Sack, 
A. T. (2015). 4-Hz Transcranial Alternating 
Current Stimulation Phase Modulates 
Hearing. Brain Stimulation, 8(4), 777–783. 
https://doi.org/10.1016/j.brs.2015.04.004

Ringman, J. M., Saver, J. L., Woolson, R. F., Clarke, 
W. R., & Adams, H. P. (2004a). Frequency, 
risk factors, anatomy, and course of 
unilateral neglect in an acute stroke cohort. 
Neurology, 63(3), 468–474. https://doi.
org/10.1212/01.WNL.0000133011.10689.
CE

Ringman, J. M., Saver, J. L., Woolson, R. F., Clarke, 
W. R., & Adams, H. P. (2004b). Frequency, 
risk factors, anatomy, and course of 
unilateral neglect in an acute stroke cohort. 
Neurology, 63(3), 468–474. https://doi.
org/10.1212/01.WNL.0000133011.10689.
CE

Roelfsema, P. R., Engel, A. K., König, P., & 
Singer, W. (1996). The Role of Neuronal 
Synchronization in Response Selection: A 
Biologically Plausible Theory of Structured 
Representations in the Visual Cortex. Journal 
of Cognitive Neuroscience, 8(6), 603–625. 
https://doi.org/10.1162/jocn.1996.8.6.603

Roopun. (2010). Cholinergic neuromodulation 
controls directed temporal communication 
in neocortex in vitro. Frontiers in Neural 
Circuits, 4, 8. https://doi.org/10.3389/
fncir.2010.00008

RUSH, S., & DRISCOLL, D. A. (1968). 
Current Distribution in the Brain 
From Surface Electrodes. Anesthesia & 
Analgesia, 47(6), 717–723. https://doi.
org/10.1213/00000539-196811000-00016

Sadaghiani, S., Scheeringa, R., Lehongre, K., 
Morillon, B., Giraud, A.-L., & Kleinschmidt, 
A. (2010). Intrinsic Connectivity Networks, 
Alpha Oscillations, and Tonic Alertness: A 
Simultaneous Electroencephalography/
Functional Magnetic Resonance Imaging 
Study. Journal of Neuroscience, 30(30), 
10243–10250. https://doi.org/10.1523/
JNEUROSCI.1004-10.2010

30

1 1

CHAPTER 1



Sadato, N., Nakamura, S., Oohashi, T., Nishina, 
E., Fuwamoto, Y., Waki, A., & Yonekura, Y. 
(1998). Neural networks for generation 
and suppression of alpha rhythm. 
NeuroReport, 9(5), 893–897. https://doi.
org/10.1097/00001756-199803300-00024

Sauseng, P., Klimesch, W., Stadler, W., Schabus, 
M., Doppelmayr, M., Hanslmayr, S., Gruber, W. 
R., & Birbaumer, N. (2005). A shift of visual 
spatial attention is selectively associated with 
human EEG alpha activity. European Journal 
of Neuroscience, 22(11), 2917–2926. https://
doi.org/10.1111/j.1460-9568.2005.04482.x

Schilberg, L., Engelen, T., ten Oever, S., 
Schuhmann, T., de Gelder, B., de Graaf, 
T. A., & Sack, A. T. (2018). Phase of beta-
frequency tACS over primary motor cortex 
modulates corticospinal excitability. Cortex, 
103, 142–152. https://doi.org/10.1016/j.
cortex.2018.03.001

Shinn-Cunningham, B. G. (2008). Object-based 
auditory and visual attention. Trends in 
Cognitive Sciences, 12(5), 182–186. https://
doi.org/10.1016/j.tics.2008.02.003

Siapas, A. G., Lubenov, E. V., & Wilson, M. 
A. (2005). Prefrontal Phase Locking to 
Hippocampal Theta Oscillations. Neuron, 
46(1), 141–151. https://doi.org/10.1016/j.
neuron.2005.02.028

Singer, W, & Gray, C. M. (1995). Visual Feature 
Integration and the Temporal Correlation 
Hypothesis. Annual Review of Neuroscience, 
18(1), 555–586. https://doi.org/10.1146/
annurev.ne.18.030195.003011

Singer, Wolf. (1999). Neuronal Synchrony: 
A Versatile Code for the Definition of 
Relations? Neuron, 24(1), 49–65. https://doi.
org/10.1016/S0896-6273(00)80821-1

Surwillo, W. W. (1964). The relation of decision 
time to brain wave frequency and to 
age. Electroencephalography and Clinical 
Neurophysiology, 16(5), 510–514. https://
doi.org/10.1016/0013-4694(64)90092-6

Thut, G. (2006). -Band Electroencephalographic 
Activity over Occipital Cortex Indexes 
Visuospatial Attention Bias and Predicts 
Visual Target Detection. Journal of 
Neuroscience, 26(37), 9494–9502. https://
doi.org/10.1523/JNEUROSCI.0875-06.2006

Thut, G., Schyns, P. G., & Gross, J. (2011). 
Entrainment of Perceptually Relevant Brain 
Oscillations by Non-Invasive Rhythmic 
Stimulation of the Human Brain. Frontiers in 
Psychology, 2, 170. https://doi.org/10.3389/
fpsyg.2011.00170

Tootell, R. B. H., Hadjikhani, N., Hall, E. K., 
Marrett, S., Vanduffel, W., Vaughan, J. T., & 
Dale, A. M. (1998). The Retinotopy of Visual 
Spatial Attention. Neuron, 21(6), 1409–
1422. https://doi.org/10.1016/S0896-
6273(00)80659-5

Tootell, R. B. H., Hadjikhani, N. K., Mendola, J. 
D., Marrett, S., & Dale, A. M. (1998). From 
retinotopy to recognition: fMRI in human 
visual cortex. Trends in Cognitive Sciences, 
2(5), 174–183. https://doi.org/10.1016/
S1364-6613(98)01171-1

Tovee, M. J. (2008). An Introduction to the Visual 
System. In An Introduction to the Visual 
System. Cambridge University Press. https://
doi.org/10.1017/CBO9780511801556

Ulbert, I., Halgren, E., Heit, G., & Karmos, G. 
(2001). Multiple microelectrode-recording 
system for human intracortical applications. 
Journal of Neuroscience Methods, 106(1), 
69–79. https://doi.org/10.1016/S0165-
0270(01)00330-2

Vallar, G. (1998). Spatial hemineglect in 
humans. Trends in Cognitive Sciences, 2(3), 
87–97. https://doi.org/10.1016/S1364-
6613(98)01145-0

Velasco, F., Velasco, A. L., Rocha, L., Velasco, M., 
Carrillo-Ruiz, J. D., Cuellar, M., Castro, G., 
Jimenez, F., & Trejo, D. (2010). Epilepsy. 
In J. Rho, R. Sankar, & C. E. Stafstrom 
(Eds.), Epilepsy: Mechanisms, Models, and 
Translational Perspectives. CRC Press. 
https://doi.org/10.1201/9781420085594

Vidailhet, M., Vercueil, L., Houeto, J.-L., 
Krystkowiak, P., Lagrange, C., Yelnik, J., 
Bardinet, E., Benabid, A.-L., Navarro, S., 
Dormont, D., Grand, S., Blond, S., Ardouin, C., 
Pillon, B., Dujardin, K., Hahn-Barma, V., Agid, 
Y., Destée, A., & Pollak, P. (2007). Bilateral, 
pallidal, deep-brain stimulation in primary 
generalised dystonia: a prospective 3 year 
follow-up study. The Lancet Neurology, 6(3), 
223–229. https://doi.org/10.1016/S1474-
4422(07)70035-2

Vinck, M., van Wingerden, M., Womelsdorf, T., Fries, 
P., & Pennartz, C. M. A. (2010). The pairwise 
phase consistency: A bias-free measure 
of rhythmic neuronal synchronization. 
NeuroImage, 51(1), 112–122. https://doi.
org/10.1016/j.neuroimage.2010.01.073

Vitek, J. L. (2002). Mechanisms of deep brain 
stimulation: Excitation or inhibition. 
Movement Disorders, 17(S3), S69–S72. 
https://doi.org/10.1002/mds.10144

von Stein, A., Chiang, C., & Konig, P. (2000). Top-

31

1 1

GENERAL INTRODUCTION



down processing mediated by interareal 
synchronization. Proceedings of the National 
Academy of Sciences, 97(26), 14748–14753. 
https://doi.org/10.1073/pnas.97.26.14748

Vöröslakos, M., Takeuchi, Y., Brinyiczki, K., 
Zombori, T., Oliva, A., Fernández-Ruiz, A., 
Kozák, G., Kincses, Z. T., Iványi, B., Buzsáki, 
G., & Berényi, A. (2018). Direct effects 
of transcranial electric stimulation on 
brain circuits in rats and humans. Nature 
Communications, 9(1), 483. https://doi.
org/10.1038/s41467-018-02928-3

Vossen, A., Gross, J., & Thut, G. (2015). Alpha 
Power Increase After Transcranial 
Alternating Current Stimulation at Alpha 
Frequency (α-tACS) Reflects Plastic Changes 
Rather Than Entrainment. Brain Stimulation, 
8(3), 499–508. https://doi.org/10.1016/j.
brs.2014.12.004

Wach, C., Krause, V., Moliadze, V., Paulus, W., 
Schnitzler, A., & Pollok, B. (2013). Effects 
of 10Hz and 20Hz transcranial alternating 
current stimulation (tACS) on motor 
functions and motor cortical excitability. 
Behavioural Brain Research, 241, 1–6. 
https://doi.org/10.1016/j.bbr.2012.11.038

Wang, X.-J. (2010). Neurophysiological and 
Computational Principles of Cortical 
Rhythms in Cognition. Physiological Reviews, 
90(3), 1195–1268. https://doi.org/10.1152/
physrev.00035.2008

Watson, R. T. (1981). Thalamic Neglect. 
Archives of Neurology, 38(8), 
501. https://doi.org/10.1001/
archneur.1981.00510080063009

Weaver, F. M. (2009). Bilateral Deep Brain 
Stimulation vs Best Medical Therapy 
for Patients With Advanced Parkinson 
Disease<subtitle>A Randomized Controlled 
Trial</subtitle>. JAMA, 301(1), 63. https://
doi.org/10.1001/jama.2008.929

Wöstmann, M., Vosskuhl, J., Obleser, J., & 
Herrmann, C. S. (2018). Opposite effects of 
lateralised transcranial alpha versus gamma 
stimulation on auditory spatial attention. 
Brain Stimulation, 11(4), 752–758. https://
doi.org/10.1016/j.brs.2018.04.006

Zaehle, T., Rach, S., & Herrmann, C. S. (2010). 
Transcranial Alternating Current Stimulation 
Enhances Individual Alpha Activity in Human 
EEG. PLoS ONE, 5(11), e13766. https://doi.
org/10.1371/journal.pone.0013766

32

1 1

CHAPTER 1



33

1 1

GENERAL INTRODUCTION





Part I





Based on:
Schuhmann, T.*, Kemmerer, S. K.*, Duecker, F., De Graaf, T. A., Ten Oever, S., 

De Weerd, P., & Sack, A. T. (2019). Left parietal tACS at alpha frequency induces a 
shift of visuospatial attention. PLoS One, 14(11), e0217729. 

*These authors contributed equally to this work.

Left parietal tACS at alpha frequency 
induces  a shift of visuospatial attention

Chapter 2



Abstract

Background
Voluntary shifts of visuospatial attention are associated with a lateralization 
of parieto-occipital alpha power (7-13Hz), i.e. higher power in the hemisphere 
ipsilateral and lower power contralateral to the locus of attention. Recent 
noninvasive neuromodulation studies demonstrated that alpha power can be 
experimentally increased using transcranial alternating current stimulation (tACS). 

Objective/Hypothesis
We hypothesized that tACS at alpha frequency over the left parietal cortex 
induces shifts of attention to the left hemifield. However, spatial attention shifts 
not only occur voluntarily (endogenous/ top-down), but also stimulus-driven 
(exogenous/ bottom-up). To study the task-specificity of the potential effects of 
tACS on attentional processes, we administered three conceptually different spatial 
attention tasks. 

Methods
36 healthy volunteers were recruited from an academic environment. In two 
separate sessions, we applied either high-density tACS at 10Hz, or sham tACS, for 35-
40 minutes to their left parietal cortex. We systematically compared performance 
on endogenous attention, exogenous attention, and stimulus detection tasks. 

Results
In the endogenous attention task, a greater leftward bias in reaction times was 
induced during left parietal 10Hz tACS as compared to sham. There were no 
stimulation effects in either the exogenous attention or the stimulus detection task. 

Conclusion
The study demonstrates that high-density tACS at 10Hz can be used to modulate 
visuospatial attention performance. The tACS effect is task-specific, indicating that 
not all forms of attention are equally susceptible to the stimulation. 
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Introduction

Visual scenes typically include many stimuli. As our brains are not able to efficiently 
process all stimuli simultaneously, some need to be prioritized over others. Such 
prioritisation can be achieved through visuospatial attention, which enables 
preferential processing of stimuli at a location of interest (Posner, 1980). To some 
extent, we naturally display preferential processing in one hemifield compared to 
the other (H. Kim & Levine, 1991); we have a spatial attention bias. Furthermore, 
spatial attention can be shifted, either voluntarily (endogenous; top-down), or 
automatically, when captured by a salient stimulus (exogenous; bottom-up).

Various tasks can be used to assess attentional processes. Visual detection tasks 
require participants to detect low-contrast stimuli in the left, the right or both 
hemifields simultaneously and primarily assess low-level perceptual sensitivity. 
Detection tasks can reveal information about basic attentional biases, but they do 
not include an attentional manipulation. Therefore, these tasks leave higher-order 
attentional processes out of consideration. In contrast, endogenous and exogenous 
attention tasks directly capture higher-order attentional processes by manipulating 
the attentional focus with cues and measuring the subsequent target discrimination 
performance (Duecker et al., 2017). In endogenous attention tasks, centralized, 
symbolic cues predict the correct target location with high reliability and therefore 
motivate the participant to initiate endogenous (top-down) shifts of attention 
towards the cued location. Exogenous attention tasks, one the other hand, include 
salient lateralized cues that automatically attract rapid, exogenous (bottom-up) 
attention shifts, independently of the cue predictability. While exogenous attention 
shifts are stimulus-driven and therefore reflexive and fast (Cheal & Lyon, 1991; 
Shepherd & Müller, 1989), endogenous attention shifts require an interpretation of 
the symbolic cue and voluntary orienting of attention and are therefore relatively 
slow (Cheal & Lyon, 1991; Shepherd & Müller, 1989).

While it is easy for healthy participants to shift their attention, hemineglect 
patients show a pathological attention bias, marked by reduced responses to 
stimuli in the contralesional hemifield, generally caused by unilateral stroke in the 
temporoparietal lobe (Buxbaum et al., 2004; Ringman et al., 2004). Hemineglect 
is more frequent and severe after right-hemispheric damage and is therefore 
commonly associated with a pathological rightward bias (Kerkhoff, 2001b; 
Ringman et al., 2004). Patients are slower and less accurate in contralesional target 
detection (Marzi et al., 2002; Smania, 1998), and display a spatial orienting bias 
in endogenous and exogenous tasks (Bartolomeo et al., 2001; M. H. Johnson et al., 
1991; Morrow & Ratcliff, 1988). Especially in the context of multiple simultaneously 
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presented stimuli, hemineglect patients often fail to detect stimuli in the 
contralesional hemifield and only pay attention to the ipsilateral hemifield, a form 
of a bias in attentional selection (Kerkhoff, 2001a, 2001b). Electroencephalography 
(EEG) data shows that the amplitude (Finnigan & van Putten, 2013; Ros et al., 2017; 
Sainio et al., 1983) and amplitude variability (Ros et al., 2017) of alpha oscillations, 
which have been linked to attention, are reduced over their damaged hemispheres. 
In the stroke recovery period, alpha power increases again (Giaquinto et al., 1994) 
and was shown to be associated with clinical improvement (de Weerd et al., 1988; 
Sainio et al., 1983; Szelies et al., 2002).

Numerous EEG studies with healthy participants suggest that alpha oscillations 
play an important role in information processing (Başar et al., 1999; Klimesch, 
2012; Klimesch et al., 2007). In attention research, it has been shown that a shift of 
endogenous attention is associated with a parieto-occipital alpha (8-12Hz) power 
lateralization (Gould et al., 2011; Händel et al., 2011; Sauseng et al., 2005; Thut, 
2006). This alpha power lateralization is characterised by an increase in oscillatory 
alpha power on the ipsilateral relative to the contralateral side of attention (Gould 
et al., 2011; Händel et al., 2011; Sauseng et al., 2005; Thut, 2006). Thut and 
colleagues [7] report that alpha power lateralization can even be used to partially 
predict the momentary focus of spatial attention. More precisely, they found that 
the trial-by-trial variability in alpha power lateralization can be used to explain 
some variability in reaction times (RTs) to forthcoming lateralized target stimuli 
(Thut, 2006). Interestingly, while endogenous attention shifts are associated with a 
lateralization of parieto-occipital alpha power, evidence for a similar link between 
exogenous attention and alpha power lateralization is lacking. The reason for the 
absence of evidence could lie in the temporal dynamics of exogenous attention 
shifts. As reflexive and rapid attentional process, it is methodologically difficult to 
reliably estimate alpha power with EEG during exogenous attention shifts. This 
limitation could be overcome using alternative techniques such as transcranial 
alternating current stimulation (tACS). 

To empirically demonstrate the causal relevance of parietal alpha oscillations in 
attention, one should modulate alpha power experimentally. This can be achieved 
with non-invasive brain stimulation (NIBS) techniques such as tACS. tACS consists 
of low-intensity electrical current flowing rhythmically back and forth between 
two (or more) electrodes (Andrea Antal & Paulus, 2013; Neuling et al., 2013; 
Zaehle et al., 2010). Recent studies combining tACS with EEG show that tACS at 
alpha frequency leads to an elevation of alpha power (Kasten et al., 2016; Neuling 
et al., 2013; Witkowski et al., 2016; Zaehle et al., 2010). tACS has been used to 
study the functional role of oscillations in various cognitive processes in healthy 
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volunteers (Feurra et al., 2011; Kanai et al., 2008; Schwiedrzik, 2009; Veniero 
et al., 2017; C. Wach et al., 2013; Wöstmann et al., 2018). Unilateral tACS, tACS 
applied only to one hemisphere, at alpha frequency has previously been shown 
to influence spatial attention performance (Veniero et al., 2017; Wöstmann et al., 
2018). Left temporocentral alpha tACS has been shown to induce a leftward bias in 
an auditory attention/working memory task (Wöstmann et al., 2018). In the visual 
domain, right parietal alpha tACS modulated visuospatial attention performance in 
a landmark task (experiment 1, (Veniero et al., 2017), although this finding could 
not be replicated (experiment 2, (Veniero et al., 2017)).

In the current study, we aimed at investigating whether left posterior parietal tACS 
at alpha frequency results in a shift of visuospatial attention to the left hemifield in 
healthy volunteers. We were particularly interested in targeting the left posterior 
parietal cortex because of the clinical potential of this intervention. If successful, the 
same procedure could be used to alleviate the pathological attentional rightward 
bias in hemineglect patients. We used a high-density ring electrode montage over 
the left posterior parietal cortex (PPC), an area that has shown to play an important 
role in the direction of attention towards a location of interest (Corbetta et al., 
2000; Yantis et al., 2002). Considering the conceptual difference between low-level 
detection, endogenous and exogenous attention, we evaluated whether alpha tACS 
affected these processes differentially. 

To address our research aims, we stimulated the left parietal cortex at alpha 
frequency (10Hz) and sham in separate sessions and measured visuospatial 
attention performance in a visual detection, endogenous attention, and exogenous 
spatial attention task. We hypothesized that left posterior parietal 10Hz tACS 
induces an attentional leftward bias relative to sham in the endogenous attention 
and detection task. As it is still unknown whether parietal alpha oscillations are 
also associated with exogenous attention shifts, we had no a priori hypothesis 
regarding the effect of tACS on the exogenous attention task.

Methods

Participants
The study was approved by the Ethics Review Committee Psychology and 
Neuroscience, Maastricht, Netherlands. All participants gave written informed 
consent prior to participation. We tested 36 healthy, right-handed students with 
normal or corrected to normal vision (18 women, mean age = 21.56 years, age 
range = 18-29 years). At the beginning of each session, participants gave their 
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written informed consent and were screened for tACS safety. We followed the 
recommended safety procedures of Antal and colleagues (2017), screening for e.g. 
skin diseases, neurological disorders, implants, pregnancy and medication.

Procedure
Each participant took part in two sessions, an active 10Hz tACS session and a 
sham 10Hz tACS session. Experimental sessions were minimally two days apart 
and the order of sessions was randomized. Each session started with practicing 
the detection, endogenous attention and exogenous attention task. tACS was 
subsequently applied at either 10Hz or sham during which participants performed 
the visuospatial attention tasks. In every session, participants performed all three 
visuospatial attention tasks in a counterbalanced order. tACS never exceeded 40 
minutes and was switched off after completion of all tasks. An eye tracker was 
used for the endogenous and exogenous attention task during tACS to record 
eye movements. Participants were blind to the stimulation protocol and the 
experimental hypotheses. A post-questionnaire was used at the end of each session 
to assure that blinding was maintained.

tACS and electric field simulation
We stimulated the left PPC with a high-density ring electrode montage. A small 
circular (diameter: 2.1cm, thickness: 2mm) and a large (Outer diameter: 11cm; 
Inner diameter: 9cm, thickness: 2mm) rubber ring tACS electrode (NeuroConn, 
Ilmenau, Germany) were placed onto the left parietal cortex. The small electrode 
was positioned over P3, localized based on the international 10-20 EEG system 
and the large electrode was centred on it (Fig 1A). Conductive gel (Ten20 paste, 
Weaver and Company, Aurora, CO, USA) was applied between skin and electrodes 
to reduce the impedance to below 10kΩ. Stimulation frequency and intensity were 
set to 10Hz and 1mA peak to peak, phase offset was set to 0 and 100 cycles were 
used for ramping up. The sham stimulation also consisted of tACS at 10Hz but was 
ramped up and then immediately ramped down with each 100 cycles.

This ring electrode montage enables a higher spatial focality as compared to 
standard rectangular electrodes (Datta et al., 2008). We ran an electric current 
simulation to visualize which regions were stimulated using the ring electrode 
configuration centered on P3 (Fig 1A). The simulation was done using a custom-
written MATLAB script (Heise et al., 2019) interfacing with the software SimNIBS 
(Saturnino, Puonti, et al., 2019; Saturnino, Thielscher, et al., 2019). As an example 
participant we used a freely available individual head model of a healthy brain 
(Boayue et al., 2018). The electrodes were modelled with a random connector 
location and the conductivity of the ten20 paste was set to 8 S/m (estimation is 
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based on the concentration of Cl-  in the gel (Saturnino et al., 2015)).

Task description
Endogenous attention task
In the endogenous attention task, participants had to perform an orientation 
discrimination task with central symbolic cues prompting top-down covert shifts 
of attention to the cued location. At all times, a white fixation point surrounded 
by a grey or black area, delimited by a black circle was continuously presented 
at the center of the screen. The endogenous attention task started with a jittered 
interval of 800-1200ms. Afterwards, the grey area surrounding the fixation 
turned black for 500ms, alerting the participant that stimuli will soon appear. 
Subsequently, an endogenous symbolic cue appeared for 100ms. The cue consisted 
of two arrowheads pointing to the left (<<•<<), right (>>•>>) or both sides (<<•>>) 
flanking the fixation point and predicting the correct Target Location with 80% 
validity. The arrowheads pointing to the left or right hemifield are called directional 
cues as they inform the participant to allocate (endogenous) attention towards 
either hemifield. The arrowheads pointing towards both sides serve as neutral 
cue as they encourage the participant to equally distribute the attention over both 
hemifields. After presentation of the cue, only the fixation point was shown for 
500 ms. Subsequently a sinusoidal grating with a Gaussian envelope appeared 
at 7° eccentricity (angular distance from the center of the visual field) from the 
fixation point either in the left or right hemifield (Fig 1C) for 100ms. The grating 
was rotated by 45° in either counter-clockwise or clockwise direction and the task 
of the participant was to discriminate its orientation by pressing the button with 
number 1 or 2 respectively as quickly as possible. For both the endogenous as 
well as the exogenous attention task, the three Type of Cues (left, right, neutral) 
and the two Target Locations (left, right) result in six different experimental 
conditions. The cues gave rise to valid and invalid trials, depending on whether the 
Target Location matched the cued location (valid) or not (invalid). In the neutral 
condition, spatially uninformative cues are presented followed by a target stimulus 
in either hemifield. The endogenous attention task consisted of 336 trials in total, 
divided into 192 valid, 48 invalid, and 96 neutral cue trials and task duration was 
approximately 20 minutes.

Exogenous attention task
In the exogenous attention task, participants again had to perform an orientation 
discrimination task, this time with peripheral cues prompting bottom-up covert 
shifts of attention to the cued location. A white fixation point surrounded by a grey 
or black area and delimited by a black circle was presented for a jittered interval of 
800-1200ms. Subsequently, the grey area turned black for 500ms (Fig 1D). Then an 
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exogenous, salient cue was presented peripherally for 100ms, triggering a sudden 
shift of (exogenous) attention. The exogenous cues consisted of either four small 
dots surrounding a potential Target Location (directional cues with 50% validity) or 
a luminance change of the background color of the screen (neutral cues). The cues 
were presented for 50ms followed by a cue-target interval of 150ms. Afterwards, 
a sinusoidal grating with Gaussian envelope appeared at 14° eccentricity from the 
fixation point in either hemifield. As in the endogenous versions, the participant had 
to discriminate its orientation by pressing the button with number 1 for counter-
clockwise and button with number 2 for clockwise rotated targets as quickly as 
possible. The exogenous attention task consisted of 216 trials in total with 72 trials 
per Type of Cue (valid, neutral, invalid), lasting approximately 10 minutes in total.
 
Detection task
In the detection task, participants had to detect low-contrast stimuli in the left, the 
right or both sides of the fixation point. The task was preceded by a short calibration 
procedure during which bilateral stimuli were presented peripherally, on the same 
location as presented in the actual task and participants manually down-regulated 
the contrast of the stimulus to slightly above their detection threshold. This value 
was used as an initial contrast value for the detection task. The detection task then 
started with the presentation of a grey fixation point for 1000ms, which then changed 
in grey-scale for 500ms to indicate the start of the trial. Thereafter, sinusoidal 
gratings (spatial frequency = 1.5 cycles per degree, envelope standard deviation = 
0.75°) with random orientation were presented in the left, right, or both hemifields 
for 100ms at 14° eccentricity (Fig 1B). Participants were instructed to indicate the 
location of the stimulus by pressing the button with number 1, 2 and 3 for left, 
bilateral and right Target Locations respectively and to withhold their response in 
case the participants did not perceive a stimulus at all. The contrast of the stimuli 
in the left, right or both hemifields was adapted for each of the locations separately 
on a trial-by-trial basis according to the QUEST staircase algorithm aiming at 50% 
accuracy (prior standard deviation = 1, beta = 3.5, gamma = 0.01, delta = 0.01) 
(Watson & Pelli, 1983). QUEST, as implemented in the Psychophysics Toolbox 
(Brainard, 1997) for MATLAB, is a Bayesian adaptive psychometric procedure, 
which uses information about the individual psychometric curve to guide further 
testing (Watson & Pelli, 1983). The initial mean was based on the short manual 
calibration procedure and the successive contrast values were adjusted according 
to QuestQuantile, which calculates the successive contrast after each trial based on 
the maximum likelihood estimate of threshold. The final detection threshold was 
estimated using QuestMean. One iteration of the detection task comprised three 
staircases of each 40 trials resulting in three contrast thresholds per session (one 
for left, one for right and one for the bilateral targets). In total, the detection task 
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took approximately 10 minutes. Reaction times were recorded with a standard USB-
computer keyboard and participants always used the right hand for the response. 

Fig 1. Experimental setup, procedure and example trials from the three attention tasks. (A) tACS 
electrode configuration and current simulation results. tACS ring electrodes were centered on the left 
posterior parietal cortex (P3). The results of a current simulation using the software SimNIBS depict 
the norm of the electric field (V/m) on an example brain from a transverse, coronal and left sagittal 
view. (B) Procedure. Each participant went through a real and a sham tACS session, which took place 
on separate days. Every session started with a short practice version of the attention tasks. Afterwards, 
participants performed the complete version of the tasks while being stimulated at either 10Hz or sham. 
C) Example trial from the endogenous attention task. A trial started with the presentation of a fixation 
point followed by an endogenous cue (<<•<<, >>•>> or <<•>>), which informs the participant to direct 
voluntary, endogenous attention to the left, right or both sides. Thereafter, a sinusoidal grating tilted 
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45° to either side was shown in the left or right hemifield. The participants had to indicate whether the 
grating was turned to the left or right by pressing the corresponding button (valid trial in this example). 
(D) Example trial from the exogenous attention task. Similarly to the endogenous attention task, a trial 
started with the presentation of a fixation point followed by an exogenous cue. The exogenous cue 
consisted of four black dots forming a square and surrounding either the left or right potential Target 
Location (directional cue) or a luminance change of the background color of the screen (neutral cue). As 
opposed to the endogenous version, this exogenous cue triggers a sudden shift of exogenous attention. 
Afterwards, the sinusoidal grating was presented in the left or right hemifield and participants had to 
discriminate its orientation (invalid trial in this example). (E) Example trial from the detection task. A 
sinusoidal grating was presented either in the left, right or both hemifields. Participants had to indicate 
the location of the sinusoidal grating (bilateral target in this example).

All tasks were presented with 60Hz on a gamma-corrected liyama ProLite monitor at 
57-cm viewing distance. Video mode was 1920x1080 and the background luminance 
was 100cd/m². The software application presentation (NeuroBehavioural Systems, 
Albany, CA) was used for running the tasks. 

Eye tracker
Eye tracking (Eyelink1000, SR Research, Mississauga, Ontario, Canada) was used 
during the endogenous and exogenous cueing task. Initially a 9-point calibration 
and validation procedure was executed, followed by monocular eye tracking at 
1000Hz to track gaze position sample by sample point. Participants were told to 
keep their chin in the chin rest at all times to avoid movements. Post-hoc trials 
containing eye blinks and eye movements exceeding 2° of visual angle in the time 
window from 100ms before cue onset until stimulus onset were deleted (5.92% of 
all trials for the endogenous and 2.65% for the exogenous version). No eye tracking 
was used for the detection task, as it does not include a (re)orienting component.

Statistical analysis
Endogenous and exogenous attention task
For both the endogenous and exogenous attention tasks trials with extreme RTs 
based on the median +/- 1.5*interquartile range (IQR) criterion were removed. To 
assure a sufficient number of trials per cell the average amount of trials over both 
Target Locations (left, right) per Stimulation Condition (10 Hz tACS, sham) and Type 
of Cue (valid, neutral, invalid) was calculated. Only participants with more than 15 
trials per Stimulation Condition and Type of Cue were included in the analysis.

We performed repeated measures analyses of variance (repeated measures 
ANOVA) to compare the condition averages of median RTs. A repeated measures 
ANOVA on sham tACS data, with factor Type of Cue, was performed to validate the 
attention tasks. For the endogenous and exogenous attention task, median RTs 
based on only correct trials were computed per Target Location, Type of Cue and 

46

2 2

CHAPTER 2



Stimulation Condition. The reaction bias score was calculated by subtracting the 
RT to right from the RT to left targets. Resulting attention bias scores (reaction time 
bias) were compared in a repeated measures ANOVA with factors Type of Cue and 
Stimulation Condition. In a post-hoc analysis, we collapsed the median RTs across 
the three levels of cue and ran a repeated measures ANOVA with Target Location 
and Stimulation Condition as factors. The difference in RTs to targets in the left 
and right hemifield in the active 10Hz Stimulation Condition relative to the sham 
condition was tested with a t-test.

Detection task
In the detection task, we analyzed whether tACS at 10Hz induced a low-level 
detection performance bias by running a repeated measures ANOVA with 
Stimulation Condition (10 Hz tACS, sham) and Target Location (left, right, bilateral) 
as factors and contrast thresholds as dependent variable. The incorrect responses 
in bilateral trials were analyzed separately to investigate whether tACS affected 
attentional selection in the context of multiple simultaneously presented stimuli. 
We hypothesized that tACS at 10Hz induces a leftward bias in attentional selection, 
which means that participants would tend to perceive only the left instead of both 
lateralized targets. We therefore performed a repeated measures ANOVA with 
Stimulation Condition and Indicated Target Location in Bilateral Trials (left, right) 
as factors and number of trials as dependent variable. For comparability between 
tasks, we also post-hoc explored the differences in reaction time bias in the detection 
task. It should, however, be noted that participants were not explicitly instructed 
to respond as fast as possible and we therefore want to emphasize that the results 
should be interpreted with caution. For the analysis of the reaction time bias, we 
ran a paired samples t-test with Stimulation Condition (10Hz, sham) as factors 
and reaction time bias (RTleft targets - RTright targets) as dependent variable. 
All statistical tests were corrected for family-wise error rate using Bonferroni 
correction. Matlab R2016a was used for deriving the dependent variables and SPSS 
version 24 for running the statistics.

Results

In the endogenous attention task, average accuracy was 93% (range: 69%-100%). 
Two participants were not included in the analysis because of an insufficient number 
of correct trials without eye artefacts. In the exogenous attention task, average 
accuracy was 93% (range: 67%-100%) and one participant had to be excluded from 
the analysis due to an insufficient number of correct trials without eye artefacts. All 
participants were included in the analysis of the visual detection task.
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Cueing effects in the endogenous and exogenous attention task
To check whether the manipulation of attention with the endogenous cues was 
successful, we ran a repeated measures ANOVA with median RT averaged over both 
Target Locations (left target, right target) as dependent variable and Type of Cue 
(valid, neutral, invalid) as factor on the data of the sham session. Establishing the 
cueing effect we found a main effect of Type of Cue (F2,66=35.33, p<0.001, ηp²=.52), 
with significantly slower RTs in invalid cue trials (M=534.15, SEM=10.02) as 
compared to neutral (M=513.32, SEM=9.25) (t33=4.23, p<.001, r²=0.35) and valid 
cue trials (M=493.35, SEM=7.95) (t33=7.04, p<.001, r²=0.60) and significantly 
faster RTs in valid as compared to neutral cue trials (t33=-5.58, p<.001, r²=0.49) 
(Fig 2B). When repeating this analysis for the 10Hz tACS condition, we again found 
a significant cueing effect (F2,66=22.61, p<.001, ηp²=.41), with slower RTs in invalid 
(M=524.71, SEM=13.62) as compared to neutral (M=504.79, SEM=11.34) (t33=3.89, 
p<.001, r²=.31) and valid cue trials (M=491.79, SEM=11.99) (t33=5.77, p<.001, 
r²=.50) and faster RTs in valid as compared to neutral cue trials (t33=-3.46, p=.001, 
r²=.27) (Fig 2A).

We performed the same analyses for the exogenous attention task. A main effect 
of Type of Cue (F2,68=29.58, p<.001, ηp²=.47) with faster RTs in valid (M=482.75, 
SEM=9.30) as compared to neutral cue (M=504.98, SEM=10.16) trials (t34=-5.97, 
p<.001, r²=.51), faster RTs in valid as compared to invalid (M=515.70, SEM=9.42) 
cue trials (t34=-6.88, p<.001, r²=.58) and a significant difference between neutral 
and invalid cue trials (t34=-2.37, p=.024, r²=0.14) (Fig 2D) was found. In the 10Hz 
tACS data, a significant cueing effect (F2,68=37.73, p<.001, ηp²=.53) was found. 
Participants were significantly slower for invalid (M=513.06, SEM=10.01) as 
compared to valid cue trials (M=479.18, SEM=9.57) (t34=7.83, p<.001, r²=.64) and 
faster in valid as compared to neutral cue trials (t34=-6.20 p<.001, r²=.53). The 
difference between invalid and neutral cue trials (M=505.63, SEM=10.10) was only 
marginally significant (t34=2.02, p=.051, r²=.11) (Fig 2C).
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Fig 2. Cueing effect in the endogenous and exogenous attention task. RTs averaged over both Target 
Locations per Type of Cue for the endogenous attention task for the 10Hz tACS (A) and sham condition 
(B) as well as for the exogenous attention task for the 10Hz (C) and sham (D) condition. One asterisk 
visualizes a significant difference with a p-value < .05, a double asterisk stands for a p-value < .001, and 
an asterisk in brackets indicates a marginally significant effect.
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Reaction time bias in the endogenous attention task
We analyzed whether left parietal alpha tACS shifts attention to the left hemifield, 
by evaluating the effects of Stimulation Condition (tACS, sham) and Type of Cue 
(valid, neutral, invalid) on reaction time bias (RTleft target – RTright target) in a repeated 
measures ANOVA. There was a main effect of Stimulation Condition (F1,33=12.33, 
p=.001, ηp²=.27) with a greater leftward bias (M=9.29, SEM=6.30) in the 10Hz 
as compared to the sham condition (M=21.44, SEM=6.61) (Fig 3A). The main 
effect of Type of Cue (F2,66=.24, p=.790, ηp²=.01) and the interaction effect were 
not significant (F2,66=2.21, p=.118, ηp²=.06). Finding a main effect of Stimulation 
Condition confirmed our hypothesis that left parietal tACS at alpha frequency 
induces a leftward bias in visuospatial attention relative to sham. Another way 
to present the same results is to subtract the sham (baseline) session data from 
the 10Hz tACS session data (RT10Hz tACS - RTsham) and subsequently compare the 
difference in RTs between the two Target Locations (left, right) (Fig 3B; statistically, 
this is identical to the main effect of Stimulation Condition). Here it can be seen that 
participants are faster for stimuli in the left (M=-12.58, SEM=10.94) as compared 
to the right hemifield (M=-.43, SEM=11.32).

To see which Target Location drives the attentional bias effect, we analyzed the 
RTs averaged over all cues per Target Location and Stimulation Condition in a 
repeated measures ANOVA. There was no main effect of Stimulation Condition 
(F1,33=.35, p=.558, ηp²=.01), a main effect of Target Location (F1,33=8.64, p=.006, 
ηp²=.21) and an interaction effect (F1,33=12.34, p=.001, ηp²=.27). In follow-up 
t-tests we found slower RTs for the left (M=524.41, SEM=9.37) as compared to the 
right targets (M=502.88, SEM=8.88) for the sham Stimulation Condition (t33=3.81, 
p=.002, r²=0.31). In contrast, the left Target Location (M=511.82, SEM=12.50) 
did not differ from the right Target Location (M=502.56, SEM=12.17) for the 
10Hz Stimulation Condition (t33=1.72, p=.376, r²=0.08). The left Target Location 
of the 10Hz Stimulation Condition did not significantly differ from the left Target 
Location in the sham Stimulation Condition (t33=-1.15, p=1.0, r²=.04). Likewise, the 
right Target Location of the 10Hz Stimulation Condition did not differ from the 
right Target Location of the sham Stimulation Condition (t33=-.04, p=1.0, r²<.01) 
(Fig 3C). An analysis of the reaction time bias per participant revealed that 23 out 
of 34 participants show the expected behavioral effect, with a greater leftward bias 
during 10Hz tACS as compared to sham (Fig 3D and 4).

We thus found a greater leftward bias in the 10Hz as compared to sham Stimulation 
Condition in the endogenous attention task, confirming our hypothesis. Follow-up 
analyses revealed that the RTs for neither the left nor right Target Location differed 
between the Stimulation Conditions. In the sham condition, there was a significant 
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difference between the two Target Locations with faster RTs to stimuli in the right as 
compared to the left targets. In the 10Hz condition, the two Target Locations did not 
differ from each other. However, when subtracting the data of the sham from the 10Hz 
condition, we found a leftward bias with faster RTs for left as compared to right targets.

Fig 3. Results from the endogenous attention task. (A) Reaction time bias in the endogenous 
attention task during 10Hz and sham for valid, neutral and invalid cue trials. A positive value of 
reaction time bias (RTleft target – RTright target) indicates a rightward bias whereas negative values indicate a 
leftward bias of visuospatial attention. There is a significantly greater leftward bias during 10Hz tACS 
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as compared to sham. (B) Difference in reaction time per Target Location. For 10Hz tACS relative to 
sham there is a difference in RTs for stimuli in the left (RTleft target, 10Hz tACS - RTleft target, sham) as compared to 
the right hemifield (RTright target, 10Hz tACS - RTright target, sham). This means that we induced a leftward bias during 
10Hz tACS relative to sham. (C) RTs averaged over Type of Cue per Stimulation Condition and Target 
Location. For the sham Stimulation Condition, participants reacted faster in response to stimuli in the 
right as compared to the left hemifield. This effect is attenuated for the 10Hz Stimulation Condition. 
(D) Reaction time bias per participant for the 10Hz tACS and Sham Stimulation Condition. Each line 
depicts the results of one participant. Error bars visualize the standard error of the mean (SEM) across 
participants. One asterisk visualizes a significant difference with a p-value < 0.05 and a double asterisk 
indicates a significant difference with a p-value < 0.001.

Fig 4. Behavioral stimulation effect per participant. (A) Each bar depicts the stimulation effect 
(reaction time biassham - reaction time bias10Hz tACS) of one participant. A positive value means that the 
tACS intervention induced the expected behavioral effect in the endogenous attention task, i.e. a greater 
attentional leftward bias in the 10Hz tACS Stimulation Condition as compared to sham.

Reaction time bias in the exogenous attention task
The effect of 10Hz tACS on visuospatial attention relative to sham in the exogenous 
attention task was investigated with a repeated measures ANOVA with reaction 
time bias (RTleft targets - RTright targets) as dependent variable and Stimulation Condition 
(10Hz, sham) and Type of Cue (valid, neutral, invalid) as factors. There was a 
main effect of Type of Cue (F2,68=6.61, p=.002, ηp²=.16) but neither a main effect 
of Stimulation Condition (F1,34=2.25, p=.143, ηp²=.06) nor an interaction effect 
(F2,68=.50, p=.610, ηp²=.01) (Fig 5A). This means that tACS at 10Hz did not induce a 
significant leftward bias relative to sham.

A more intuitive way of presenting the results of the same analysis is to subtract the 
sham (baseline) session data from the 10Hz tACS session data and subsequently 
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compare the RTs between the left (M=-5.27, SEM=10.97) and the right (M=1.56, 
SEM=9.91) Target Location (Fig 5B; statistically identical to the main effect of 
Stimulation Condition). 

Similar to the analysis of the endogenous attention task, we analyzed the RTs averaged 
over all cues per Target Location and Stimulation Condition in a repeated measures 
ANOVA. There were no significant effects (Stimulation Condition: (F1,34=.03, p=.857, 
ηp²<.01), Target Location: (F1,34=3.34, p=.077, ηp²=.09), Stimulation Condition * 
Target Location: (F1,34=2.25, p=.143, ηp²=.06) (Fig 5C). Hence, 10Hz stimulation 
did not significantly affect visuospatial attention performance in the exogenous 
attention task.

Contrast threshold bias and error bias in the detection task
To investigate whether 10Hz tACS has an effect on contrast threshold and error bias 
in the detection task, we performed a repeated measures ANOVA with Stimulation 
Condition (10Hz, sham) and Target Location (left, right, bilateral) as factors and 
contrast thresholds as dependent variable. This analysis did not reveal a main effect 
of Stimulation Condition (F1,35=.06, p=.813, ηp²<.01), Target Location (F2,70=.94, 
p=.397, ηp²=.03) or an interaction effect (F2,70=.284, p=.754, ηp²=.01) (Fig 6A). 
We subsequently analyzed whether 10Hz tACS induced a contrast threshold bias 
in the detection task by comparing the contrast threshold bias score (targetleft - 
targetright) of the two Stimulation Conditions in a paired-samples t-test. There was 
no significant difference between the 10Hz tACS (M=.01, SEM=.01) and the sham 
Stimulation Condition (M=.01, SEM=.02) (t35=-.08, p=.94) (Fig 6B). 

To test whether tACS at 10Hz also affected attentional selection we analyzed the 
number of incorrect responses in the bilateral trials, i.e. whether participants 
only perceived the left or the right stimulus when actually a bilateral stimulus was 
shown. Stimulation Condition and Indicated Target Location in Bilateral Trials (left, 
right) was added as factors in a repeated measures ANOVA and number of correct 
trials as dependent variable. There was no main effect of Stimulation Condition 
(F1,35=.53, p=.471, ηp²=.02) or Indicated Target Location in Bilateral Trials (F1,35=.16, 
p=.695, ηp²<.01) and no interaction effect (F1,35=.64, p=.429, ηp²=.02) (Fig 6C). 
We also analyzed with a paired-samples t-test whether there is any difference in 
error bias (responseleft - responseright) between the two Stimulation Conditions. 
Also here, the 10Hz tACS condition (M=-.03, SEM=.80) did not differ from sham 
(M=-.56, SEM=.81) (t35=.80, p=.429) (Fig 6D). This suggests that performance in the 
detection task was not affected by 10Hz tACS.
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Fig 5. Results from the exogenous attention task. A) Reaction time bias in the exogenous attention 
task for the 10Hz tACS and sham Stimulation Condition for valid, neutral and invalid cue trials. (B) 
Difference in reaction time (RT10Hz tACS - RTsham) per Target Location. (C) RTs averaged over all Type of 
Cues per Stimulation Condition and Target Location. Error bars depict the standard error of the mean 
(SEM) across participants. A single asterisk visualizes a significant difference (p-value < 0.05) and a 
double asterisk indicates a highly significant difference (p-value < 0.001).
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For a better comparison between tasks, we also post-hoc explored the reaction time 
bias (RTleft targets - RTright targets) in the detection task. We used a paired samples t-test 
to analyze the differences in reaction time bias between Stimulation Conditions. 
There was no significant difference between the 10Hz (M=20.92, SEM=13.42) and 
sham (M=-.63, SEM=10.03) Stimulation Condition (t35=1.31, p=.199). To investigate 
whether 10Hz tACS induced a reaction time bias in the detection task, we also ran 
a repeated measures ANOVA with Target Location (left, right) and Stimulation 
Condition (10Hz, sham) as factors and median RTs as dependent variable. There 
was a main effect of Target Location (F2,70=5.27, p=.007), which suggests that 
participants had a baseline reaction time bias independent of the Stimulation 
Condition. However, we did not find an effect of Stimulation Condition (F1,35=.15, 
p=.702) or interaction effect (F2,70=1.30, p=.278). This seems to indicate that the 
tACS intervention did not induce a reaction time bias in the detection task. While 
these analyses could be interpreted as further support for our results not being a 
simple bias in perception, it should again be noted that during the detection task, 
participants were instructed to focus on accuracy rather than response time.

Blinding success
Throughout the experiment, participants were blinded to the experimental 
hypotheses and the stimulation protocol. At the end of each session, we 
administered a questionnaire, in which participants had to judge whether real 
or sham stimulation was applied. To assure that participants were not able to 
differentiate between the two Stimulation Conditions (10 Hz tACS, sham), we 
ran a generalized estimating equation analysis (Liu & Zhang, 2006) with actual 
Stimulation Condition as factor and Rated Stimulation Condition as dependent 
variable (Table 1). Rated Stimulation Condition was assessed on an ordinal scale 
with seven levels. The value one corresponded to ‘I definitely experienced placebo/
sham stimulation’ and the value seven to ‘I definitely experienced real stimulation’. 
According to the Wald chi square test, the actual Stimulation Condition did not 
affect the Rated Stimulation Condition (X²(1, N=64)=.205, p=.651), indicating that 
blinding was indeed maintained.
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Fig 6. Results from the detection task. (A) Contrast thresholds in the detection task during 10Hz and 
sham tACS for left (dark grey), bilateral (grey) and right (light grey) targets. (B) Contrast threshold bias 
(targetleft - targetright) for the 10Hz tACS and sham Stimulation Condition. (C) Indicated Target Location 
(number of trials) in Bilateral Trials for the 10Hz and sham Stimulation Condition per left and right 
Indicated Target Location. In some bilateral target trials, participants mistakenly indicated that there 
was only one single target stimulus in the left (left) or right hemifield (right). These errors can reveal 
biases in attentional selection in the context of multiple, simultaneously presented stimuli. (D) Bias in 
Indicated Target Location (left - right) for the 10Hz and sham condition. A positive and negative value 
stand for a right- and leftward bias respectively. The error bars visualize the standard error of the mean 
(SEM) across participants.
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Table 1. Outcomes of a post-stimulation questionnaire assessing the Rated Stimulation Condition based 
on the participant’s subjective experience.

I definitely 
experienced 
sham 
stimulation

I most 
probably 
experienced 
sham 
stimulation

I might have 
experienced 
sham 
stimulation

I do not
know

I might have 
experienced 
real 
stimulation

I most 
probably 
experienced 
real 
stimulation

I definitely 
experienced 
real 
stimulation

What 
kind of 
stimulation 
do you 
think you 
experienced 
today?

10Hz 
tACS

3.3% 23.3% 16.7% 16.7% 10% 23.3% 6.7%

Sham 2.9% 23.5% 14.7% 32.4% 5.9% 14.7% 5.9%

Discussion

Previous EEG studies have shown an association between bias in attention and 
lateralization of parieto-occipital alpha power, showing greater power in the 
ipsilateral relative to the contralateral side of attention (Gould et al., 2011; Händel et 
al., 2011; Sauseng et al., 2005; Thut, 2006). Here, we tested whether this association 
is robust enough to permit manipulations of the spatial distribution of attention 
by experimentally inducing hemispheric increases in oscillatory alpha power 
using tACS. We therefore stimulated the left parietal cortex with high-density tACS 
either at 10Hz or sham while assessing the bias in visuospatial attention with an 
endogenous and exogenous attention task, as well as a visuospatial detection task. 
The present report is (among) the first to show that visuospatial attention can be 
influenced by tACS at alpha frequency. In the endogenous attention task, a robust 
leftward bias was induced during 10Hz tACS as compared to sham. Interestingly, 
no significant stimulation effects were found in the detection task and exogenous 
attention task, indicating a task-specificity of the left parietal tACS intervention.

Task specific tACS effects
tACS induced a spatial attention bias in the endogenous but not in the exogenous 
attention task and there are various explanations for this task-specific stimulation 
effect. We applied tACS to the posterior parietal cortex (PPC), a key area for the 
direction of attention towards a location of interest (Corbetta et al., 2000; Yantis 
et al., 2002). The PPC includes the intraparietal sulcus (IPS) an important node 
of the dorsal attention network (DAN). This site is generally associated with the 
endogenous control of attention (Corbetta et al., 2000; Kincade, 2005; Ozaki, 2011), 
which might account for the robust tACS effect in the endogenous attention task. 
Moreover, various EEG studies have shown a link between a bias in endogenous 
attention and parieto-occipital alpha power lateralization (Gould et al., 2011; Händel 
et al., 2011; Sauseng et al., 2005; Thut, 2006). After presentation of an endogenous 
cue, a contralateral decrease (Thut, 2006) and an ipsilateral alpha power increase 
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(Worden et al., 2000) can be observed. This commonly reported lateralization of 
alpha power is observed after the presentation of an endogenous cue but before 
a target stimulus is shown (Gould et al., 2011; Händel et al., 2011; Sauseng et al., 
2005; Thut, 2006). The anticipatory change in hemispheric alpha power prior to 
target onset speaks in favour of an endogenous rather than an exogenous attention 
process. This might explain why we found a stimulation effect in the endogenous 
but not in the exogenous attention task. An alternative explanation for the absence 
of tACS effects in the exogenous attention tasks lies in the nature of the exogenous 
cues. It is possible that the exogenous cueing effects simply outweighed the tACS 
effect. It has previously been shown that voluntary orienting can be interrupted by 
salient lateralized cues (Müller & Rabbitt, 1989; van der Lubbe & Postma, 2005; 
Yantis & Jonides, 1990). Accordingly, the tACS induced endogenous attention 
bias/reaction time bias (RTleft target - RTright targets) in our experiment may have been 
overruled by the exogenous cues.

Analyzing the contrast threshold bias, attentional selection bias and reaction time 
bias in the detection task, there was also no evidence for a leftward bias during 10Hz 
tACS as compared to sham. Our findings confirm the results of a recent transcranial 
current stimulation (tDCS) study reporting no effect of posterior parietal tDCS 
on contrast thresholds (Duecker et al., 2017). In contrast to the endogenous and 
exogenous attention tasks, which involved an attentional manipulation with cues, 
the detection task simply measured low-level perceptual sensitivity without such 
manipulation of the attentional focus. Moreover, the detection task required the 
participants to simply detect the target and indicates its approximate location 
whereas the endogenous and exogenous attention tasks required the participant 
to discriminate the target´s orientation. It could be argued that left parietal tACS 
did not affect lower-level visual processing such as target detection performance 
but rather higher-level attentional processes. This is in line with an fMRI study 
showing that the PPC is active during the voluntary direction of attention while 
target detection is rather regulated by the temporoparietal junction (Corbetta et 
al., 2000). Alternatively, it could be argued that our detection task was simply not 
sensitive enough to measure the visuospatial attention bias induced by tACS at 
alpha frequency. In contradiction to our finding, it has previously been shown that 
within and between subject target detection performance is associated with pre-
stimulus alpha power (Ergenoglu et al., 2004; Hanslmayr et al., 2007). However, 
in those experiments, the change in alpha power was found at parieto-occipital 
electrode sites. The occipital cortex mainly processes sensory input, i.e. features of 
visual stimuli such as orientation, spatial frequency, color and movement (Bartels 
& Zeki, 2000; Brewer et al., 2005; Shipp & Zeki, 1995; Sincich, 2005). Only a small 
part of the occipital cortex shows attentional modulation (Ghose & Maunsell, 2002). 
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The fact that the association was also found at occipital sites might account for 
the link between alpha power and low-level target detection performance. In the 
current experiment we limited stimulation to the left PPC leaving out the occipital 
cortex. This might explain the absence of stimulation effects in the detection task 
in our experiment.

Hopfinger and colleagues (Hopfinger et al., 2017) employed a similar study design 
stimulating the right parietal cortex with tACS at 10Hz, 40Hz or sham while 
participants performed an endogenous and an exogenous attention task. They 
report that stimulation at gamma frequency (40Hz) decreased RTs specifically in 
invalid cue trials of the exogenous attention task. In contrast, we found that 10Hz 
tACS induces a general spatial attention bias in the endogenous attention task 
and we can only speculate why there was no differential effect on the cue types. 
One explanation might lie in the state-dependency of tACS effects. tACS at alpha 
frequency has shown to successfully increase alpha power when participants keep 
their eyes open during stimulation (Neuling et al., 2013; Ruhnau et al., 2016). In 
contrast, this effect is weakened or even absent when participants keep their eyes 
closed (Neuling et al., 2013; Ruhnau et al., 2016). As eyes open resting states are 
associated with an alpha power suppression and activation of the occipital cortex 
(Adrian & Matthews, 1934; Marx et al., 2004), these electrophysiological measures 
might indicate a high susceptibility for alpha tACS effects. Various experiments show 
that endogenous cues lead to an alpha power suppression contralateral to the cued 
hemifield (Capilla et al., 2014; Sauseng et al., 2005; Thut, 2006). Moreover, valid, 
neutral as well as invalid endogenous cues lead to an activation of the PPC (Hopf & 
Mangun, 2000; Kato et al., 2001; Y.-H. Kim et al., 1998). It is plausible that the alpha 
power suppression and the overall activation of our stimulation site in the cue target 
interval increased its susceptibility for neuromodulation. This in turn might have 
led to the general, cue-independent stimulation effect in the endogenous attention 
task. Contrary to this interpretation, other sources suggest that tACS requires 
an involvement rather than a suppression of the to-be stimulated oscillation in 
order to be effective (Kasten et al., 2018; Kasten & Herrmann, 2017). Kasten and 
colleagues (Kasten et al., 2018) argue that tACS seems to modulate elevated pre-
stimulus alpha power rather than suppressed post-stimulus alpha power. However, 
this assumption was never explicitly tested because the authors limited their 
analysis to a difference score between pre- and post-stimulus alpha power in order 
to account for tACS artefacts. Their results show a baseline difference between pre- 
and post-stimulus alpha power, with higher power before as compared to after 
presentation of the visual stimulus. Application of tACS at alpha frequency in turn 
led to an amplification of this event-related power difference. The authors inferred 
from this finding that tACS presumably enhanced the already elevated pre-stimulus 
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alpha power instead of suppressing post-stimulus alpha power. This interpretation 
is in line with a similar experiment showing the same offline stimulation effect 
(Kasten & Herrmann, 2017) but further direct evidence is needed to confirm the 
assumption about the direction of the state-dependent tACS effects.

Stimulation site and ring electrodes
Through left parietal tACS at 10Hz, we successfully shifted visuospatial attention to 
the left hemifield. In a similar attempt, Veniero and colleagues (Veniero et al., 2017) 
conducted two consecutive studies in which they targeted the right parietal cortex 
with tACS at alpha frequency in order to induce a rightward bias. In experiment 
1, they found the expected rightward bias for 10Hz tACS as compared to sham 
in a line bisection (landmark) task, but this finding could not be replicated in a 
second experiment. Likewise, Hopfinger and colleagues (Hopfinger et al., 2017) 
administered right parietal tACS at alpha frequency and report no effect of 10Hz 
stimulation on spatial attention bias.

These results are surprising considering the rather established association of 
parietal alpha power lateralization with visuospatial attention. One aspect that 
distinguishes our experiment from the above-mentioned studies is that we used 
ring instead of disc electrodes. Compared to standard, rectangular, electrode 
configurations, ring electrodes enable a higher spatial focality (Datta et al., 2008), 
making it possible to limit stimulation to the left parietal cortex. Another difference 
compared the above-mentioned studies lies in the stimulation site. We stimulated 
the left instead of the right parietal cortex. A recent fMRI experiment including an 
endogenous as well as an exogenous attention task showed that task-related activity 
is greater in the left as compared to the right frontoparietal attention network 
(Meyer et al., 2018). Here, the left hemisphere seemed to be especially involved in 
reorienting, showing greater activation for invalid as compared to valid cue trials. 
Moreover, the change in functional connectivity during an endogenous attention 
task as compared to rest was shown to be more pronounced in the left as compared 
to the right hemisphere (Meehan et al., 2017). At rest, functional connectivity in 
the frontoparietal network was tonically higher in the right as compared to the left 
hemisphere. However, the left hemisphere was more specifically recruited during 
high attentional demands thereby balancing out the right hemispheric asymmetry. 
This might explain why left parietal tACS in our experiment induced a leftward 
bias in visuospatial attention whereas right parietal tACS has previously led to 
inconsistent results. Unfortunately, we are not able to draw any strong conclusions 
about the hemisphere specificity of our stimulation effect as we did not include 
the right parietal cortex as a control stimulation site. Future research should 
directly compare left and right hemispheric stimulation to investigate whether 
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the functional control over endogenous spatial attention shifts is limited to the left 
parietal cortex.

Clinical relevance, limitations and suggestions for future research
It must be noted that we cannot make strong claims about the frequency 
specificity of our stimulation effect as we did not include a control frequency or 
EEG measurements. Our findings are in line with the role of posterior parietal 
alpha oscillations in visuospatial attention (Gould et al., 2011; Händel et al., 2011; 
Sauseng et al., 2005; Thut, 2006) and are consistent with Wöstmann and colleagues 
(Wöstmann et al., 2018) showing that unilateral tACS at alpha frequency leads to 
an ipsilateral shift of attention. Nevertheless, the question remains whether our 
behavioural tACS effect was caused by a direct modulation of alpha oscillations 
in the stimulated hemisphere or via indirect mechanisms such as phosphenes, 
broadband effects or cross-frequency coupling. 

Phosphenes refer to the perception of light flashes without any changes of the 
external visual input entering the eye. They can be induced directly via alternating 
current stimulation of the retina (Brindley, 1955) or indirectly via volume 
conduction from the visual cortex to the retina (Kar & Krekelberg, 2012; Schutter 
& Hortensius, 2010). Kanai and colleagues (Kanai et al., 2008) applied a distant-
bipolar electrode montage over the visual cortex and report that participants 
perceived phosphenes during tACS at 10Hz. The authors argue that the electrical 
stimulation directly modulated the neural activity underneath the electrodes, which 
in turn elicited the phosphenes. However, this hypothesis has been challenged (Kar 
& Krekelberg, 2012; Laakso & Hirata, 2013; Schutter & Hortensius, 2010) and strong 
evidence points towards a retinal origin of the visual percept (Kar & Krekelberg, 
2012). Opponents argue that the distant-bipolar tACS montage resulted in current 
spread from the occipital electrode to the retina, which led to voltage changes near 
the eye (Kar & Krekelberg, 2012; Laakso & Hirata, 2013; Schutter & Hortensius, 
2010). Finite element models are in line with this critique showing that distant-
bipolar electrode montages produce diffuse, un-focal electrical fields. In contrast, 
concentric ring electrode montages, as used in this present experiment, result in 
spatially focal electrical fields. The results of our current simulation (Fig 1A) indeed 
shows that the electrical field produced by our ring electrode montage centred on 
P3, was limited to the left parietal cortex. This spatially confined electrical field 
rules out any confounds that would be caused by an electrical stimulation of the 
retina.

The term broadband effect describes an oscillatory response which covers a wide 
range of frequencies. Repetitive transcranial magnetic stimulation (rTMS), a non-
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invasive brain stimulation technique which uses rhythmic electromagnetic pulses 
to modulate brain oscillations (Herrmann et al., 2016; Veniero et al., 2015), has 
shown to induce such a broadband effect (Veniero et al., 2015). Tuning rTMS to the 
alpha frequency has previously led to an increase in delta, theta, alpha beta and 
gamma power (Griškova et al., 2007; Okamura et al., 2001; Woźniak-Kwaśniewska 
et al., 2014). This is problematic from a theoretical point of view because it means 
that no strong conclusions about frequency-specificity of the effects can be drawn. 
In contrast, the sinusoidal current of tACS is bound to one frequency and therefore 
less likely to induce a broadband response (Herrmann et al., 2013). Several 
experiments have shown that tACS at 10Hz leads to a specific power increase in 
the alpha frequency spectrum (Helfrich et al., 2014; Neuling et al., 2013; Vossen et 
al., 2015; Zaehle et al., 2010). Alternating current stimulation induces a sinusoidal 
modulation of the membrane potential, which in turn influences spike timing in 
neural networks (Chan & Nicholson, 1986; Ozen et al., 2010; Reato et al., 2010). In 
vivo recordings in ferrets and non-human primates show that even small alternating 
currents on the surface of the skull can lead to a synchronization of neural firing 
to the phase of the applied sinusoidal current (M. Johnson et al., 2019; Ozen et al., 
2010). Although we cannot rule out this alternative explanation, evidence speaks 
against such a broadband effect in our experiment.

Another alternative explanation for our behavioural stimulation effect is cross-
frequency coupling. It is theoretically possible that tACS at alpha frequency 
modulated gamma power via the inverse gamma-alpha power relationship (Lorenz 
et al., 2009; Lundqvist et al., 2011; Spaak et al., 2012). Consequently, left parietal 
stimulation at alpha frequency would have led to a decrease in gamma power in 
the stimulated hemisphere. Gamma oscillations are associated with the conscious 
perception of stimuli with a power increase when attention is directed to a visual 
stimulus (Gruber et al., 1999; Mueller et al., 1996; Tallon-Baudry et al., 1997) and 
they are thus also functionally inversely related to alpha oscillations. As such, 
lower gamma power in the left as compared to the right hemisphere would have 
led to the same behavioural effect, which is a spatial attentional leftward bias. It 
has previously been shown that tACS at alpha frequency can lead to a decrease in 
gamma power (Claudia Wach et al., 2013). It is therefore theoretically possible, that 
our behavioural stimulation effect was caused by a hemispheric change in gamma 
instead of alpha power. To strengthen our conclusion of an alpha-frequency specific 
stimulation effect, future research should include a control stimulation frequency 
condition and measure pre- and post-stimulation EEG to assure that alpha power 
was indeed boosted.
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The possibility of modulating visuospatial attention through tACS at alpha 
frequency is not only relevant in the framework of fundamental research but 
might also have implications for the treatment of hemineglect patients. Common 
rehabilitation treatments for neglect patients focus on the contralesional 
enhancement of attention (Kerkhoff & Schenk, 2012) through e.g. prism adaptation 
(Rossetti et al., 1998) or vestibular stimulation (Cappa et al., 1987; Rubens, 1985). 
Recently, transcranial magnetic stimulation approaches have been introduced 
for non-invasively disrupting the unaffected hemisphere and thereby alleviating 
neglect symptoms (Fierro et al., 2006; Oliveri et al., 2001). In the present report, 
we showed that it is possible to induce a visuospatial attention bias in healthy 
participants through unilateral parietal tACS at alpha frequency. It remains to 
be seen whether tACS at alpha frequency can also be used to treat patients with 
attentional deficits. Hemineglect patients commonly suffer from a pathological 
rightward bias (Buxbaum et al., 2004; Ringman et al., 2004). This rightward bias 
could be counteracted with left parietal tACS at alpha frequency, as demonstrated 
here with healthy participants. tACS has been proposed to induce neuroplastic 
changes under the stimulation site (Andrea Antal & Paulus, 2012; Herrmann et al., 
2013; Vossen et al., 2015). This might make it a potential easy-to-apply, portable 
and affordable treatment for hemineglect patients with long-term benefits (Andrea 
Antal & Paulus, 2012).
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Abstract

Transcranial alternating current stimulation (tACS) at 10Hz has been shown to 
modulate spatial attention. However, the frequency-specificity and the oscillatory 
changes underlying this tACS effect remain poorly understood. Here, we applied 
high-definition tACS at individual alpha frequency (IAF), two control frequencies 
(IAF+/-2Hz) and sham to the left posterior parietal cortex and measured its 
effects on visuospatial attention performance and offline alpha power (using 
electroencephalography, EEG). We revealed a behavioural and electrophysiological 
stimulation effect relative to sham for IAF but not control frequency stimulation 
conditions: there was a leftward lateralization of alpha power for IAF tACS, which 
differed from sham for the first out of three minutes following tACS. At a high value 
of this EEG effect, we observed a leftward attention bias relative to sham. This 
effect was task-specific, i.e. it could be found in an endogenous attention but not 
in a detection task. Only in the IAF tACS condition, we also found a correlation 
between the magnitude of the alpha lateralization and the attentional bias effect. 
Our result support a causal or functional role of alpha oscillations in visuospatial 
attention and the potential of tACS to modulate it. The frequency-specificity of the 
effects suggests that an individualization of the stimulation frequency is necessary 
in heterogeneous target groups with a large variation in IAF.
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Introduction

As the number of visual stimuli in the visual world exceeds the processing capacity 
of our brain, we have to filter the visual input. Visuospatial attention - a form of 
visual attention - helps us to select stimuli for enhanced processing based on their 
location in space (Posner 1980a, 1980b; Downing 1988; Johnson et al. 1991). It 
thereby acts as an attentional filter enabling us to prioritize some stimuli over 
others. A visuospatial attention bias describes the tendency to pay more attention 
towards one side in space compared to the other side. 

On a neuronal level, visuospatial attention biases are associated with an 
interhemispheric asymmetry in oscillatory alpha (7-13Hz) power over posterior 
sites (Newman et al. 2013; Marshall et al. 2015; Lasaponara et al. 2019). 
Similarly, dynamical shifts of visuospatial attention to either hemifield lead to a 
lateralization of occipitoparietal alpha power with higher alpha power ipsilateral 
to the attentional locus (Sauseng et al. 2005; Thut 2006; Gould et al. 2011; Händel 
et al. 2011). In this context, it has been postulated that alpha oscillations could 
serve as an attentional inhibition mechanism, enabling the selective processing of 
relevant stimuli by suppressing distracting incoming sensory information (Kelly 
et al. 2006; Klimesch et al. 2007; Jensen and Mazaheri 2010). However, based on 
correlational electroencephalography (EEG) data it is difficult to draw definitive 
conclusions about the functional relevance of alpha oscillations. It remains possible 
that alpha oscillations are an epiphenomenon; a by-product of another attentional 
mechanism. To demonstrate a direct relationship between alpha oscillations and 
visuospatial attention, it is necessary to modulate alpha power and show that this 
leads to a change in visuospatial attention performance.

Transcranial alternating current stimulation (tACS) is a non-invasive brain 
stimulation technique, which uses alternating electrical currents to increase the 
power of brain oscillations (Thut et al. 2011; Herrmann et al. 2013; Lakatos et al. 
2019). Numerous studies have reported effects of tACS on perception (Helfrich et 
al. 2014; Riecke et al. 2015; Graaf et al. 2020), cognitive functions (Polanía et al. 
2012; Chander et al. 2016; Kasten and Herrmann 2017) as well as motor control 
and learning (Antal et al. 2008; Pogosyan et al. 2009; Joundi et al. 2012; Wach et 
al. 2013; Pollok et al. 2015; Cappon et al. 2016; Krause et al. 2016; Leunissen et 
al. 2017; Schilberg et al. 2018; Heise et al. 2019) (for a recent review see (Cabral-
Calderin and Wilke 2020)). Furthermore, experiments that combine tACS with 
EEG indicate that alpha power over both hemispheres can be enhanced through 
medial occipitoparietal tACS at alpha frequency (Zaehle et al. 2010; Neuling et al. 
2013; Vossen et al. 2015). Building upon these findings, we recently applied high-
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definition (HD) tACS at 10Hz to the left posterior parietal cortex (PPC) with the 
aim of modulating the visuospatial attention locus. In line with our hypothesis, 
we demonstrated that tACS at 10Hz induces a visuospatial attentional leftward 
bias relative to sham (Schuhmann et al. 2019). Even more recently, this effect was 
extended by Kasten and colleagues (Kasten et al. 2020) who showed that the effect 
of tACS at alpha frequency on the visuospatial attentional locus is inverse to the 
effect of tACS at gamma frequency and can only be found during left but not right 
hemispheric stimulation. Similar effects were report in the auditory domain by 
Wöstmann and colleagues (2018) as well as Deng, Reinhart and Choi (2019) who 
found an ipsilateral shift of auditory spatial attention during unilateral tACS at 
10Hz. This suggests that alpha oscillations indeed play a causal role in attentional 
control (Worden et al. 2000; Sauseng et al. 2005; Kelly et al. 2006; Thut 2006; 
Klimesch et al. 2007; de Graaf et al. 2013). 

While these tACS studies on spatial attention show a clear behavioral stimulation 
effect, they did not include neuroimaging to verify the underlying neural effects. 
Spatial attention tasks can reveal information about the behavioural tACS effect, 
but EEG or magnetoencephalography (MEG) measurements in the same paradigm 
are necessary to confirm that the power of the targeted oscillation was indeed 
modulated as intended. Without such measurements, it is impossible to conclude 
with certainty that the behavioural tACS effects were driven by the assumed 
changes in oscillatory power. A verification of the electrophysiological effects is 
particularly relevant in the case of tACS studies on spatial attention, as there is, 
to our knowledge, no study that has verified whether lateralized tACS leads to 
oscillatory power enhancements at the stimulation site, similar to central montages 
(Zaehle et al. 2010; Neuling et al. 2013; Vossen et al. 2015). Furthermore, the extent 
of the stimulation frequency-specificity of tACS has not yet been fully explored. The 
theoretical framework of synchronization (Pikovsky et al. 2002; Thut et al. 2011) 
predicts that external rhythmic stimulation (e.g. tACS) preferentially enhances 
an oscillation if applied at the intrinsic dominant frequency (e.g. individual alpha 
frequency (IAF)). In this case, tACS at IAF stimulates in phase with the intrinsic 
alpha oscillation and thereby progressively enhances alpha power (Fig 1A). With 
increasing deviation of the stimulation frequency from the IAF, the stimulation 
effect is expected to diminish and to approach zero, which means that stimulation 
at frequencies above or below IAF are expected to result in weaker or no 
stimulation effects. However, while it has been proposed that tACS operates via 
synchronization of neural oscillations to the alternating current (Thut et al. 2011), 
we are not aware of any tACS experiment that tested the frequency-specificity of 
the tACS effect by comparing the effects of stimulation at the intrinsic dominant 
frequency to stimulation at close flanking control frequencies. A verification of the 
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frequency-specificity is not only relevant from a fundamental point of view but 
also for the use of tACS in heterogeneous target groups with a large variability in 
intrinsic frequencies.

Here, we tested the effect of left posterior parietal HD-tACS at alpha frequency on 
visuospatial attention performance and oscillatory alpha power in a heterogenous 
group of healthy participants of various age groups spanning from adolescence to 
mature adulthood. We applied tACS at the individual alpha frequency (IAF), two 
control frequencies IAF+/-2Hz (1.5mA) as well as sham (placebo) stimulation 
for each approximately 40 minutes and every participant underwent all four 
stimulation conditions (IAF, IAF+2Hz, IAF-2Hz, sham) in separate sessions and 
randomized order. We used a high-definition (HD) ring electrode montage to create 
a focused electrical field and thereby minimize the risk of retinal confounds. During 
stimulation, we assessed visuospatial attention performance with a spatial cueing 
and a detection task. We measured the after-effects of tACS on alpha power with 
resting-state EEG recordings immediately before and after tACS (offline).

In the framework of the synchronization theory (Pikovsky et al. 2002; Thut et 
al. 2011), we predicted a frequency-specific effect of tACS on alpha power and 
visuospatial attention. More precisely, we hypothesized that only left posterior 
parietal tACS at IAF, but not at IAF+/-2Hz, induces a leftward lateralization of 
alpha power as compared to sham, which in turn would result in a visuospatial 
attentional leftward bias (Fig 1B). Furthermore, we anticipated an association 
between the neural and the behavioral stimulation effect across participants. 
Accordingly, participants with a strong tACS-induced lateralization of alpha power 
were expected to display a stronger visuospatial attentional leftward bias and vice 
versa.
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Fig 1. Rationale and hypotheses. (A) Hypothesized effect of tACS at IAF, IAF+2Hz and IAF-2Hz on 
the intrinsic alpha power during stimulation in the theoretical framework of the synchronization 
theory. Depicted are the alternating currents of tACS at IAF, IAF+2Hz and IAF-2Hz respectively as well 
as the expected effect of the alternating current on intrinsic alpha power over time. The dashed lines 
indicate the phase of the tACS current relative to the phase of the intrinsic alpha oscillation. The theory 
of synchronization predicts that tACS at IAF boosts intrinsic alpha power by consistently stimulating 
in phase. In contrast, tACS at IAF+/-2Hz are not synchronized to the intrinsic alpha oscillation and 
therefore do not induce the same increase in alpha power (see Thut and colleagues (2011) for a more 
detailed explanation of the synchronization theory). Note that we did not assess the alpha power increase 
during tACS (online) in this experiment but only measured the after-effects of tACS on oscillatory power 
(offline). (B) Predicted effect of tACS at IAF on offline alpha power lateralization and visuospatial 
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attention bias. We hypothesized that before tACS at IAF, alpha power is equal in both hemispheres, 
accompanied by an unbiased visuospatial attentional locus. During and potentially also after tACS at 
IAF over the left posterior parietal cortex (PPC), alpha power lateralizes to the left hemisphere, which 
results in a visuospatial attentional leftward bias.

Materials and Methods

Participants
We tested 21 healthy, right-handed volunteers (8 female, mean age (SD) = 45.38 
(17.10) years, age range = 19-72 years) with normal or correct to normal vision. 
Participants filled in an informed consent and a tACS safety screening form prior 
to each session. In the safety screening form we scanned for e.g. neurological 
disorders, skin diseases, medication and pregnancy, taking the recommended 
procedures of Antal and colleagues (Antal et al. 2017) into account. This study was 
performed in accordance with the Declaration of Helsinki and was approved by 
the Ethics Review Committee Psychology and Neuroscience (ERCPN) of Maastricht 
University (ERCPN number: 129). Participants received vouchers as compensation 
for their participation.

Procedure
Each participant received active tACS at IAF, IAF+2Hz and IAF-2Hz as well as sham 
tACS on separate days and randomized order and the same procedure was followed 
in every session. To avoid carry-over effects, we scheduled sessions at least two 
days apart. Initially, participants performed a shortened practice version of the 
spatial cueing and the detection task. Then, we mounted recording EEG electrodes 
as well as stimulating tACS electrodes on the participant’s head. Before stimulation, 
three minutes of resting state EEG data were collected while participants kept their 
eyes closed. This pre-measurement served as an estimation of alpha power before 
stimulation and was also used to determine the IAF. To account for potential day-to-
day variations in the intrinsic frequency, the tACS stimulation frequency was always 
based on the IAF that was determined in the same session. Subsequently, tACS was 
applied at either IAF, IAF+2Hz, IAF-2Hz or sham while participants performed a 
spatial cueing and a detection task. The order of the tasks was randomized order 
across participants. After completion of the tasks or after a maximum stimulation 
duration of 40 minutes, the tACS stimulator was switched off and three minutes of 
resting state EEG data were measured again (post-measurement) (Fig 2A). During 
the spatial cueing task, we recorded eye movements with an eye tracker. These data 
were used for offline analysis of the behavioural performance. Information about 
the experimental hypotheses and the applied stimulation protocol were withheld 
from the participants until completion of the experiment. To verify whether 
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blinding was maintained, we administered a questionnaire at the end of each 
session, which prompted the participants to evaluate the stimulation condition 
based on the subjective experience.

Fig 2. Electrode configuration, IAF, procedure, current simulation, and example trials of the 
attention tasks. (A, ⅰ) tACS and EEG electrode configuration. The small tACS disk electrode was placed 
on the left posterior parietal cortex (P3) and the large ring electrode was centered around it. In between 
the disk and the ring electrode, we mounted two single EEG electrodes and mirrored to those also two 
EEG electrodes in the right hemisphere. (A, ⅱ) IAF. This exemplary EEG power spectrum depicts power 
over frequency (Hz). The dashed line marks the alpha peak, also called individual alpha frequency 
(IAF). (A, ⅲ) Procedure. At the beginning of each session, participants completed a shortened practice 
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version of the attention tasks. Then, three minutes of resting state EEG data were measured while 
the participants kept their eyes closed. This was followed by tACS at (a) IAF (b) IAF+2Hz (c) IAF-2Hz 
or (d) sham, while the participants performed both attention tasks. Each participant underwent all 
four stimulation conditions in separate sessions. After completion of both tasks, the tACS device was 
switched off and three minutes of resting state EEG data were measured again. (B) Current simulation 
results. The norm electric field (V/m) is depicted on an example brain from a transverse, coronal and 
left sagittal view. (C) Example trial of the spatial cueing task. A given trial started with a fixation period 
during which only a bullseye fixation point was shown. Then, arrow heads pointing to the left, right 
or both sides, were presented. These symbolic cues flanked the central fixation point and were used 
to evoke endogenous shifts of visuospatial attention. After another brief fixation period, a sinusoidal 
grating, was presented either in the left or right hemifield and the participants had to discriminate its 
orientation (valid trial in this example). (D) Example trial of the detection task. At the beginning of each 
trial, a bullseye fixation point was shown. Then, a low-contrast sinusoidal grating was presented in the 
left, right or both hemifields. Participants were instructed to indicate the location of the stimulus and 
the contrast of the stimulus was adapted according to the participant’s performance using a staircase 
procedure. 

Eye tracker
An eye tracker (Eyelink1000, SR Research, Mississauga, Ontario, Canada) was used 
during the spatial cueing task. At the beginning of each session, we performed a 
9-point calibration and validation procedure. Then, we assessed the participants’ 
gaze position sample by sample point using monocular eye tracking at 1000Hz. 
These data were used for the offline analysis. We did not record eye tracking 
data during the detection task because this task did not include an orienting or 
reorienting component.

tACS and electric field simulation
We mounted a high-definition ring electrode tACS montage (NeuroConn, Ilmenau, 
Germany) over the left posterior parietal cortex with a small circular electrode 
(Diameter: 2.1cm; Thickness: 2mm) positioned over P3 and a large ring electrode 
(Outer diameter: 11cm; Inner diameter: 9cm; Thickness: 2mm) centered on 
it. The ring electrode montage around P3 was chosen to target the posterior 
parietal cortex, an area that has shown to be involved in the direction of attention 
towards a location of interest (Corbetta et al. 2000; Yantis et al. 2002). We used 
the international 10-20 EEG system to determine the electrode position P3 on 
the participants’ head. tACS was applied via an DC-stimulator plus (NeuroConn, 
Ilmenau, Germany) at a stimulation intensity of 1.5mA peak to peak. In the active 
tACS conditions, the stimulation frequency was tuned to IAF, IAF+2Hz or IAF-2Hz 
and the ramp up was set to 100 cycles. The tACS device was switched off as soon 
as the participant finished the task but never exceeded 40 minutes. Overall, the 
stimulation duration varied between 35-40 minutes. In the sham condition, we 
also applied tACS at IAF but ramped up and then immediately ramped down the 
stimulation with each 100 cycles. That way, we imitated the initial skin sensations 
of real tACS while minimizing neural and behavioral stimulation effects. Conductive 
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gel (Ten20 paste, Weaver and Company, Aurora, CO, USA) was used to fasten the 
tACS electrodes on the skin and to keep impedances below 10kΩ.

For this experiment, we used a high-definition ring electrode tACS montage to 
enable spatially focal stimulation (Datta et al. 2008) of the left PPC. An electric 
current simulation was performed to visualize the stimulated regions using a 
custom-written MATLAB script (Heise et al. 2019) interfacing with the software 
SimNIBS (Saturnino, Puonti, et al. 2019; Saturnino, Thielscher, et al. 2019) (Fig 2B). 
For this simulation, we used a freely available individual head model of a healthy 
brain as an example participant (Boayue et al. 2018) and modelled the electrodes 
with a random connector location. The conductivity of the ten20 paste was set to 
8 S/m, an estimation based on the concentration of CI- in the gel (Saturnino et al. 
2015).

EEG apparatus and data acquisition
First, we marked the electrode positions P5, PO3, P6 and PO4 on the participants’ 
head according to the international 10-20 system. Then, single EEG electrodes 
were mounted at the marked spots using ten20 conductance paste (Weaver and 
Company). Spectral EEG was recorded via a BrainAmp MR Plus EEG amplifier 
(BrainProducts GmbH, Munich, Germany) and Ag-AgCl electrodes (BrainProducts 
GmBh, Munich, Germany). The recordings were online referenced to the left and 
offline re-referenced to both mastoids and the ground electrode was positioned 
over the right forehead. Impedances for all electrodes were kept below 5 kΩ and 
a sampling rate of 500Hz and a bandpass filter of 0.1-200Hz was used for online 
recording.

Task description
The spatial cueing task was a classical Posner task including endogenous cues 
and was used to assess the participants’ speed and accuracy in discriminating the 
orientation of lateralized target stimuli in the left or right hemifield. Throughout 
the task, participants had to fixate on a central white fixation point, surrounded 
by a black or grey donut-shaped area, which was delimited by a black circle. A 
trial started with a jittered interval of 800-1200ms, during which only the white 
fixation point, surrounded by a grey area was presented. Subsequently, the grey 
area turned black for 500ms. Then, a central symbolic cue, which consisted of 
arrowheads pointing to the left (<<•<<), right (>>•>>) or both sides (<<•>>) 
flanking the central fixation point, was shown for 100ms. The directional cues (left 
or right arrow heads) predicted the correct target location with 80% validity. The 
cue was followed by a cue-target interval of 500ms during which only the central 
fixation point was presented. Then, the target stimulus was shown for 100ms in 
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either the left or right hemifield at 7° eccentricity from the fixation point. This 
target stimulus consisted of a sinusoidal grating with a Gaussian envelope (spatial 
frequency = 1.5 cycles per degree, envelope standard deviation = 0.75°) and was 
rotated clockwise or counterclockwise by 45°. Participants were instructed to 
differentiate the orientation of the stimulus as fast and accurately as possible, 
pressing the numerical button 1 or 2 for counterclockwise and clockwise rotated 
stimuli respectively (Fig 2C). Trials with a very slow (>1000ms) or anticipatory 
(<120ms) response were repeated. The endogenous task took approximately 20 
minutes and comprised 335 trials, of which 192 were valid, 48 invalid and 96 
neutral cue trials.

The detection task measured the participants’ ability to detect low-contrast 
target stimuli in the left, right or both hemifields. First, participants manually 
downregulated the contrast of bilaterally presented stimuli until they were 
barely visible. This contrast served as an initial value for the subsequent staircase 
procedure. A trial started with the presentation of a white fixation point, surrounded 
by a grey donut-shaped area, which was delimited by a black circle. After 1s, the 
grey area turned black for 500ms. Then, the target stimulus, a randomly oriented 
sinusoidal grating (spatial frequency = 1.5 cycles per degree, envelope standard 
deviation = 0.75°), was presented for 100ms in the left, right or both hemifields at 
14° eccentricity from the fixation point. Participants had to indicate the stimulus 
location, pressing the numerical button 1, 2 or 3 for left, bilateral and right target 
location, respectively. In case no stimulus was perceived, the participants had to 
withhold the response (Fig 2D). On a trial-by-trial basis, the contrast of the left, 
right and bilateral stimuli were independently adjusted according to the QUEST 
staircase algorithm (Watson and Pelli 1983) as implemented in the Psychophysics 
Toolbox (Brainard 1997) for MATLAB (prior standard deviation = 1, beta = 3.5, 
gamma = 0.01, delta = 0.01, aim performance = 50% detection rate). QUEST is a 
psychometric procedure which uses Bayesian statistics to predict the participant’s 
contrast threshold based on the detection performance in the preceding trials. We 
used the function QuestQuantile to compute the trial-by-trial stimulus contrast 
based on the maximum likelihood estimate of the threshold. QuestMean was used 
to calculate the final detection threshold. As the contrast threshold of left, right and 
bilateral stimuli were independently determined, the detection task consisted of 
three interleaved staircase procedures of each 40 trials resulting in a total amount 
of 120 trials. The detection task took approximately 10 minutes.

Both tasks were presented on a gamma-corrected liyama ProLite monitor at 
60Hz. The background luminance and the video mode were set to 100cd/m2 and 
1920x1080 respectively. Participants had to place their chin into a chin rest to 
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assure a viewing distance of 57cm as well as a central and stable position of the 
head. We used the software application Presentation (NeuroBehavioural Systems, 
Albany, CA) for the presentation of the stimuli and recording of the behavioural 
response. The behavioural responses were recorded via a standard USB-computer 
keyboard and the participant always pressed the response button with the right 
hand.

Preprocessing
EEG
Resting state EEG measurements were analysed offline using the FieldTrip toolbox 
(Oostenveld et al. 2011) as implemented in MATLAB (MathWorks). We segmented 
the EEG data into 5-second epochs, resulting in a frequency resolution of 0.2Hz. Trials 
with an amplitude over time variance deviating more than 2 standard deviations 
from the mean were rejected and excluded from the subsequent analyses. Then, we 
ran a Fourier analysis using Hanning tapers to calculate the power spectra between 
1 and 100 Hz per channel and participant. The IAF was computed by averaging the 
power values over time and all four occipitoparietal channels and identifying the 
peak frequency in the power spectrum between 7 and 13Hz.

The proportion increase in alpha power lateralization (PIAL) served as a measure 
of the neural stimulation effect and was determined by subtracting the proportion 
increase in alpha power (PIA) in the right hemisphere from PIA in the left 
hemisphere. PIA was defined as follows

in which alpha reflects the average of the individual alpha power in the frequency 
interval IAF-1Hz to IAF+1Hz, for the pre (PR) and the post-measurement (PO) 
respectively. For the post-measurement, we only analysed the first minute of the 
post-measurement to maximize entrainment effects. The proportion increase 
in power (PIP) and the proportion increase in power lateralization (PIPL) were 
calculated in the same way as PIA and PIAL respectively with the only difference 
that the frequency window for the analysis was not centred on the individual alpha 
frequency band but on the stimulation frequency. For the IAF and sham stimulation 
conditions, this means that we analysed the alpha power in the frequency window 
spanning from IAF-1Hz to IAF+1Hz. For the IAF+2Hz and IAF -2Hz condition, 
we derived the power for a lower (IAF-3Hz to IAF-1Hz) and higher (IAF+1Hz to 
IAF+3Hz) frequency band respectively.
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Spatial cueing task
For the spatial cueing task, we removed trials containing eye blinks and eye 
movements within a window of 100ms before cue onset until stimulus onset 
exceeding 2° of visual angle (7% of all trials). For the analysis of the reaction time 
scores (RT) we excluded trials with an incorrect or missing response (10% of all 
trials) and with deviating RT scores, falling outside the median +/-1.5*interquartile 
range (IQR) per stimulation condition and trial type (2% of all trials). Subsequently, 
we calculated accuracy and RT scores per condition. As the distribution of RT scores 
have shown to be skewed (Bono et al. 2017), we used the median as an indicator of 
the central tendency (McHugh 2003). As dependent variable for the analysis of the 
tACS effect on the spatial cueing task, we used the visuospatial attention bias score. 
For this, we subtracted the inverse efficiency score (RT/accuracy) (Townsend and 
Ashby 1978; Snodgrass et al. 1985) of right from left target location trials per 
condition. Speed and accuracy were equally emphasized in the task instructions. To 
account for the RTs-accuracy trade-off (Heitz 2014), we chose the inverse efficiency 
score over RTs scores. Taking this trade-off into account by using a summary 
measure is especially relevant in this cross-generational experiment as elderly 
participants tend to place more emphasis on accuracy than younger participants 
(SALTHOUSE 1979).

Detection task
To investigate the effects of tACS on the detection task performance, we calculated 
two different bias scores. The contrast threshold bias score was calculated by 
subtracting the threshold for left from right targets. For the computation of the 
bias in indicated target location, we analysed the bilateral target trials in which an 
incorrect response was given. Here, we subtracted the number of trials in which the 
participant mistakenly indicated that the target appeared on the right side from the 
number of trials in which (s)he indicated that it appeared on the left side.

Statistical analysis
Mixed model regression analysis, an increasingly popular statistical approach 
(Krueger and Tian 2004; Cnaan et al. 2005; McCulloch and Neuhaus 2015; 
Boisgontier and Cheval 2016), was used to analyse the EEG and behavioural data in 
SPSS. We performed a fixed effect analysis using a compound symmetry covariance 
structure. Given the chosen parameters, the mixed model analysis comes down to 
a Repeated Measures ANOVAs. However, in contrast to an ANOVA (as implemented 
in SPSS), this mixed model analysis allowed for inclusion of a continuous covariate 
with several values per participant. This can be useful to explain variability and, 
enables an analysis of the stimulation effect at different levels of the covariate 
(simple slope analysis). Another advantage of mixed model analysis is that the 
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omission of observations due to outlier removal does not lead to exclusion of 
data on a subject level. Instead, only single cells are omitted, while the rest of 
the data is still included in the calculation of the regression equation. As follow-
up analysis on significant main effects of stimulation condition, we performed 
planned comparisons between the sham and the active stimulation conditions as 
well as between the IAF and the control frequency stimulation conditions. Holm 
Bonferroni correction was used throughout to correct for multiple comparisons. 

EEG
First, we determined the IAF test-retest reliability by calculating the IAF for each 
session and running an intraclass correlation on the IAF estimates. A Pearson 
correlation analysis was used to analyse the association between age and the mean 
IAF over all sessions. Furthermore, we tested whether the IAF was shifted towards 
the stimulation frequency by fitting a mixed model on the IAF change score (IAFpost-

measurement – IAFpre-measurement) with stimulation condition as factor. For the analysis of the 
neural stimulation effect, we fit a mixed effect model with stimulation condition as 
factor and PIAL as dependent variable. As follow-up analysis on the full model, we 
conducted several pairwise comparisons. To find out which hemisphere drives the 
alpha power lateralization effect, we ran an additional analysis on the proportion 
increase in alpha power per hemifield using stimulation condition as factor.

Spatial cueing task
We first analysed the cueing effect in the spatial cueing task by fitting a mixed model 
on the median RT scores of the sham condition using Type of Cue as a factor. Then we 
analysed the tACS effect on the visuospatial attention bias score. The endogenous 
task was implemented as a 4 (stimulation condition: IAF, IAF+2Hz, IAF-2Hz, sham) 
x 3 (type of cue: valid, neutral, invalid) within-subject design. Mixed effect models 
were fitted on the visuospatial attention bias scores including stimulation condition 
and type of cue as factors and the electrophysiological entrainment effect PIAL as a 
covariate. As follow-up analysis on significant interaction effects with the covariate, 
we conducted simple slope analyses (Preacher et al. 2004, 2006). This analysis is 
comparable to a follow-up analysis on a significant interaction between categorical 
variables. However, in contrast to a categorical variable, the continuous covariate 
does not have distinct levels at which the follow-up test could be conducted. The 
simple slope analysis enables an estimation of the categorical condition effect 
(the stimulation effect) at different levels of the continuous covariate (PIAL) by 
running several regression models on transformed versions of the covariate, 
which are shifted with respect to their intercept. As a regression model including 
an interaction effect estimates the main effect of stimulation at the intercept level 
of the covariate (PIAL), the intercept transformation allows for the estimation of 
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the stimulation effect at different levels of the covariate. We first determined the 
mean and standard deviation of the original covariate variable and subsequently 
calculated three new covariate variables: alphalow, alphamean and alphahigh (with a 
low, intermediate and high intercept respectively). Alphamean is the centred version 
of the original covariate and was computed by subtracting the precalculated mean 
from each individual score. Alphalow and alphahigh were determined by adding or 
subtracting one precalculated standard deviation from each individual score of the 
centred covariate respectively (Preacher et al. 2004, 2006). Subsequently, three 
mixed effect models, one per new covariate, were fitted, using stimulation condition 
and type of cue as factor and visuospatial attention bias as dependent variable. Per 
stimulation condition, we omitted estimates (averages per condition combination) 
with a particularly low accuracy score (<55%) and excluded estimates based on 
an insufficient number of trials (<10) per condition. As a result, 1.2% and 2.8% 
of the total amount of observations were deleted respectively. Furthermore, we 
ran linear regression analyses per stimulation condition with PIAL as predictor 
and visuospatial attention bias as dependent variable. As control analysis, we 
subsequently tested whether a model including age or the IAF as additional 
predictors is superior to a model with only PIAL as predictor. To this end, we ran 
mixed model analyses on the visuospatial attention bias score with and without 
the additional predictors and compared the fit of the different models using log 
likelihood tests. One influential case with a cook’s distance above 1 was excluded.

Detection task
The detection task was implemented as a within subject design with one factor 
(stimulation condition: IAF, IAF+2Hz, IAF-2Hz, sham). We ran two mixed model 
analyses score using stimulation condition as factor and PIAL as covariate. For the first 
analysis we used the threshold bias and for the second analysis the bias in indicated 
target location as dependent variable. Estimates based on an accuracy below 40% or 
above 60% were omitted to guarantee comparable contrast thresholds.

Blinding success
At the end of each session, participants filled in a questionnaire, which prompted 
the participants to evaluate whether real or sham stimulation was applied. To 
statistically verify that blinding was maintained, we fitted generalized linear 
equations on the rated stimulation conditions using the actual stimulation condition 
(IAF, IAF+2Hz, IAF-2Hz, sham) as factor. The rated stimulation condition was 
assessed on an ordinal scale with seven levels ranging from ‘I definitely experienced 
placebo/sham stimulation’ to ‘I definitely experienced real stimulation’. A chi 
square analysis was used to test whether the actual stimulation condition affected 
the rated stimulation condition.
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Results

EEG data
IAF is a stable trait marker and negatively correlates with age
To verify the reliability of the IAF, we first examined its between-subject and 
within-subject variation. Our results show that the IAF spanned the 8 to 11.4Hz 
range across participants and negatively correlated with age (r19 = -.573, p = .007) 
(Fig S1). The test-retest reliability between the IAF estimates of the four sessions 
was very high as indicated by an average measure intraclass correlation coefficient 
(ICC) of .98 (F(20, 60) = 50.45, p < .001). This shows that the IAF is a stable trait 
marker, with minimal variation between sessions. 

tACS at IAF but not at IAF+/-2Hz induces a leftward lateralization of alpha 
power
We hypothesized that tACS induces a leftward lateralization of alpha power during 
stimulation. However, the electrical stimulation artifact in the EEG during stimulation 
hampers the assessment of the online stimulation effect (Noury et al. 2016; Kasten 
and Herrmann 2019). For this reason, we measured offline EEG immediately before 
and after tACS to test whether there are alpha power lateralization effects that 
outlasts tACS. The effect of tACS on alpha power lateralization was quantified with 
the proportion increase in alpha power lateralization (PIAL) index, which indicates 
the proportion increase in alpha power (from the EEG measurement before to 
the EEG measurement after tACS) for the left relative to the right hemisphere. 
We hypothesized that only tACS at IAF, but not IAF+/-2Hz, induces a leftward 
lateralization of alpha power, i.e., a greater PIAL score in the IAF as compared to the 
sham condition. To this end, we fitted a mixed model on the electrophysiological 
entrainment index PIAL using stimulation condition as a factor. We found a 
significant main effect of stimulation condition (F3,60 = 2.91, p = .042) and one-
sided planned comparisons revealed a higher PIAL for the IAF (M=8.16, SE=6.98) 
as compared to the sham condition (M=-11.46, SE = 6.98)(t60 = 2.29, p = .039), 
indicating a leftward lateralization of alpha power induced by left hemispheric 
tACS at IAF. In contrast, the two control frequency stimulation conditions did not 
differ from sham (IAF+2Hz vs sham: t60 = -.24, p = .406; IAF-2Hz vs sham: t60 = 1.46, 
p = .150) (Fig 3A). Furthermore, the IAF stimulation condition differed from the 
IAF+2Hz (t(60) = -2.53, p = .028) but not from the IAF-2Hz stimulation condition 
(t(60) = -0.83, p = .205). Hence, only tACS at IAF but not at IAF+/-2Hz induced 
a leftward lateralization of alpha power relative to sham, indicating a frequency 
specific stimulation effect. A visualization of the stimulation effect per participant 
can be found in Fig 3-figure supplement 1). However, the IAF condition did not differ 
from the IAF-2Hz condition, which suggests that tACS at IAF-2Hz might have a slight 

86

3 3

CHAPTER 3



effect on alpha power lateralization. Note that this analysis focused on the first 
minute of the post-measurement to maximise entrainment effects (see Fig 3-figure 
supplement 4 for a visualization of the PIAL effect in the first, second and third 
minute of the post-measurement). An analysis of the full three minutes of EEG data 
led to a similar pattern of results but no significant effects (Fig 3-figure supplement 
5A). Further analyses of hemisphere-specific alpha power changes revealed that 
the IAF condition did not differ from the sham condition for either hemisphere 
(Fig 3-figure supplement 6). It is therefore unclear whether the lateralization 
effect is driven by left- or right-hemispheric alpha power changes. The outcomes 
of additional post-hoc analyses on the tACS effect on alpha power lateralization 
can be found in the supplementary material (see Fig 3-figure supplement 2 and Fig 
3-figure supplement 3). 

To conclude, an analysis of the change in alpha power lateralization from the pre- 
to the first minute of the post-measurement revealed that only tACS at IAF but not 
at IAF+/-2Hz induced a leftward lateralization of alpha power relative to sham. 
Interestingly, tACS at IAF differed from IAF+2Hz but not IAF-2Hz, which might 
suggest that tACS at a lower frequency than the IAF might have similar, yet weaker 
effects as compared to stimulation at IAF.

Fig 3. Electrophysiological and behavioral stimulation effect (N=21). (A) Proportion increase in 
alpha power lateralization (PIAL) per stimulation condition. A positive value of PIAL indicates a greater 
%-increase in alpha power (from the pre- to the post-measurement) in the stimulated left relative to 
the non-stimulated right hemisphere. (B) Spatial cueing task: Visuospatial attention bias per stimulation 
condition for a high value of the covariate PIAL. A positive value of the visuospatial attention bias means 
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that participants were less efficient in responding to target stimuli in the left relative to stimuli in the 
right hemifield. Note that the data of a simple slope analysis are depicted, which shows the differences 
between stimulation conditions for a high value of the covariate PIAL. This comes down to an analysis 
of the visuospatial attention bias effect in a subgroup of participants that shows a high alpha power 
lateralization effect. However, instead of splitting up the sample, the simple slope analysis predicts the 
behavioral effect for this subgroup based on the regression equation, which is based on the data of all 
participants.  The lines and asterisks indicate the results of planned comparisons between sham and the 
active stimulation conditions and mark p-values ≤ .05. The error bars depict the pooled standard error 
of the mean across participants.

Effects of tACS on power at and around the stimulation frequency and intrinsic 
IAF
We also assessed the effects of tACS on the proportion increase in power 
lateralization at and around the stimulation frequency (PIPL) to find out whether 
tACS at IAF-2Hz and IAF+2Hz modulated lower and upper alpha power respectively. 
For this, we directly compared tACS at IAF+/-2Hz to tACS at IAF and sham by fitting 
a mixed model on PIPL with stimulation condition (all four conditions) as factor. 
We found a main effect of condition (F3,60 = 3.01, p = .037), driven by a significant 
higher PIPL score in the IAF (M = 8.16, SE = 6.22) as compared to the sham condition 
(M = -11.46, SE = 6.22) (t60 = 2.44, p = .034). In contrast, the IAF+2Hz (M = -11.25, 
SE = 6.22) (t60 = .03, p = .490) and the IAF-2Hz condition (M = 2.17, SE = 6.22) (t60 = 
1.70, p = .095) did not differ from sham (Fig 3-figure supplement 7). Further tests 
revealed that the IAF condition differed from the IAF+2Hz (t60 = 2.42, p = .029) but 
not from the IAF-2Hz condition (t60 = 0.75, p = .230).

In another control analysis, we tested whether tACS at the flanking control 
frequencies IAF+/-2Hz shifted the IAF towards the stimulation frequency. To this 
end, we analysed the change in IAF from the pre-to the post-measurement and fitted 
a mixed model on the IAF change score with stimulation condition as factor. There 
was no significant effect (F3,60 = .48, p = .699) (IAF: M = -.17, SE = .07; IAF+2Hz: M = 
-.11, SE = .07; IAF-2Hz: M = -.22, SE = .07; sham: M = -.19, SE = .07) indicating that 
tACS had no effect on the intrinsic IAF (Fig S2). 

To conclude, we found an effect of tACS at IAF on alpha power lateralization but no 
effect of tACS at IAF+/-2Hz on alpha power, power at and around the stimulation 
frequency or intrinsic IAF. This underlines the frequency-specificity of the 
electrophysiological stimulation effect.

Behavioural data
Spatial cues modulate task performance
The average accuracy in the spatial cueing task was 90% and ranged between 
61%-100%. First, we assessed the cueing effect by looking into the differences in 
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reaction time (RT) between the three different type of cue trials. We used the data 
of the sham condition for this analysis. We found a main effect of type of cue (F2, 38.01 
= 9.47, p < .001). Accordingly, participants responded faster in valid (M = 593.67, 
SEM = 40.39) as compared to neutral (M = 612.83, SEM = 40.41) (t38.02 = -3.13, p 
= .003) and invalid trials (M = 619.31, SEM = 40.41) (t38.02 = -4.18, p < .001). The 
difference between invalid and neutral trials turned out to be not significant (t38.00 
= 1.06, p = .297). This means that the valid but not the invalid cues modulated RTs. 
In the next sections, we investigated (for all three cue types) whether left tACS 
caused an attentional advantage for the processing of targets presented in the left 
hemifield. 

For a high value of the alpha power lateralization effect, tACS at IAF, but not 
at IAF+/-2Hz induces a visuospatial attentional leftward bias in the spatial 
cueing task
We subsequently tested whether tACS modulated the visuospatial attention bias, 
which was quantified with the inverse efficiency (RT/accuracy) for right minus left 
target trials. We hypothesized that tACS at IAF, but not at IAF+/-2Hz condition, 
induces a greater visuospatial attention leftward bias as compared to sham. To this 
end, we fitted a mixed effect model on the visuospatial attention bias score (inverse 
efficiencyleft targets – inverse efficiencyright targets) using stimulation condition and type 
of cue as factors and PIAL as covariate. There was a significant interaction effect 
between stimulation condition and PIAL (F3, 200.84 = 3.01, p = .031). All other main 
and interaction effects were not significant (stimulation condition: F3, 199.10 = 1.24, p 
= .298; type of cue: F2, 198.05 = 1.23, p = .294; PIAL: F1, 208.70 = .88, p = .349; stimulation 
condition × type of cue: F6, 198.05 = .45, p = .847; type of cue × PIAL: F2, 198.07 = .35, p = 
.705; stimulation condition × type of cue × PIAL: F6, 198.10 = .31, p = .931). This means 
that the effect of stimulation condition on the visuospatial attention bias depends 
on the electrophysiological stimulation effect PIAL. A simple slope analysis revealed 
that the stimulation condition effect was significant for a high (F3, 200.10 = 3.90, p = 
.010) but not for a low (F3, 200.05  = 2.45, p = .065) or average value (F3, 199.26 = 1.38, 
p = .250) of the covariate PIAL (ɑcorrected: .025). Accordingly, there is an effect of 
stimulation condition on the visuospatial attention bias when the model assumes 
a high value but not a low or average value of the covariate PIAL. For the high 
value of the covariate PIAL, one-sided pairwise comparisons revealed that the IAF 
stimulation condition (M = -11.83, SE = 48.77) differed from sham (M = 96.42, SE 
= 43.77) (t200.51 = -3.05, p = .005), in line with an increased visuospatial attentional 
leftward bias. In contrast, tACS at the control frequency conditions did not differ 
from sham (IAF+2Hz vs sham: t199.25 = .27, p = .394; IAF-2Hz vs sham: t199.95 = -1.45, 
p = .074). Further one-sided pairwise comparisons revealed that the IAF condition 
differed from the IAF+2Hz (t200.33 = 3.01, p = .006). However, the difference between 
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the IAF as well as the IAF-2Hz condition was only borderline significant (t200.21 = 
1.95, p = .052) (Fig 3B; see also Fig 3-figure supplement 8 for the effect per cue type, 
Fig3-figure supplement 9 for a visualization of the behavioral stimulation effect 
per participant and Fig 3-figure supplement 5B for the behavioral effect including 
PIAL with all three minutes of the EEG post-measurement as a covariate). Hence, 
at a high value of the covariate PIAL, tACS at IAF but not at IAF+/-2Hz induced a 
significant leftward bias of visuospatial attention relative to the sham condition, 
which means that participants reacted faster and/or more accurately to target 
stimuli in the left relative to the right hemifield. The fact that the IAF but not the 
IAF+/-2Hz stimulation condition differed from sham indicates a frequency specific 
stimulation effect. However, the IAF condition differed from the IAF+2Hz but not 
from the IAF-2Hz condition, which suggests that IAF-2Hz might have a slight effect 
on the visuospatial attention bias. Further analyses per target location could not 
reveal whether the visuospatial attention bias effect was caused by performance 
changes in left or right target location trials (Fig 3-figure supplement 10). 

In the IAF stimulation condition, the electrophysiological stimulation effect 
correlates with the behavioral stimulation effect
We also analyzed the association between the electrophysiological and the 
behavioural stimulation effect in the spatial cueing task to further explore the 
significant interaction between stimulation condition and the covariate PIAL on 
the visuospatial attention bias score. To this end, we ran linear regression analyses 
between PIAL and the visuospatial attention bias score per stimulation condition. In 
the IAF stimulation condition, the electrophysiological stimulation effect PIAL was 
associated with the behavioural stimulation effect (b = -.57, p = .014). There were 
no influential cases and removal of the most extreme data point does not change 
the results (data not reported here). For all the other stimulation conditions, there 
was no association between PIAL and the visuospatial attention bias (IAF+2Hz: b = 
.19, p = .458; IAF-2Hz: b = -.20, p = .434; sham: b = .25, p = .289). Note that also here, 
only the first minute of the post EEG measurement was included in the analysis. 
However, analyses of the full three minutes EEG data lead to the same pattern of 
results as well as similar statistics.

To conclude, only in the IAF but not in the IAF+/-2Hz condition did the 
electrophysiological and the behavioural effect correlate in magnitude, i.e., the 
greater tACS-induced leftward lateralization of alpha power, the greater the 
visuospatial attentional bias to the left (Fig 4). This effect could also be found for 
the whole three minutes of the post-measurement (Fig 4-figure supplement 1).
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Fig 4. Association between PIAL and visuospatial attention bias in the spatial cueing task per 
stimulation condition. A positive value of the proportion increase in alpha power lateralization (PIAL) 
indicates a greater increase in alpha power in the stimulated left relative to the non-stimulated right 
hemisphere from the pre- to the post-measurement. A positive value of the visuospatial attention bias 
score means that the participants were less efficient in responding to target stimuli in the left relative 
to stimuli in the right hemisphere. Per subplot, each point depicts the data of one participant. Linear 
regression analyses were performed to test whether the PIAL predicts the visuospatial attention bias. 
The asterisk marks effects with a p-values ≤ .05. The R-value indicates the regression coefficient.
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The stimulation effect does not depend on age or IAF
Subsequently, we tested whether age or IAF affected the behavioural stimulation 
effect by running linear regression models on the visuospatial attention bias score 
in the IAF stimulation condition. We found no effect of age (b = .30, p = .231) or 
IAF (b = .24, p = .330) on the visuospatial attention bias, which means that the 
behavioural stimulation effect is independent of those two factors. Furthermore, 
we tested whether age or the IAF had an influence on the association between PIAL 
and visuospatial attention bias in the IAF stimulation condition. According to log 
likelihood tests, adding age and IAF as predictors did not significantly improve the 
model (modelPIAL vs modelPIAL, IAF: X2(1, N = 18) = 1.70, p = .19; modelPIAL vs modelPIAL, 

age: X2(1, N = 18) = .00, p = 1.00; modelPIAL vs modelPIAL, IAF, age: X2(2, N = 18) = 4.17, p 
= .12).  This means that a model with only PIAL as predictor explains the data best. 

tACS does not affect visual detection performance
To find out whether the tACS effects also influenced the visuospatial attention 
performance, we performed a mixed model analysis on the contrast threshold 
bias score of the detection task using stimulation condition as factor and PIAL as 
covariate. There were no significant main (stimulation condition: F3, 51.41 = .41, p = 
.746; PIAL: F1,60.81 = 1.11, p = .297) or interaction effects (F3, 54.73 = .14, p = .934) (Fig 
5). Additionally, we ran the same mixed model analysis using the bias in indicated 
target location score as dependent variable. Also here, the main (stimulation 
condition: F3,50.05 = 1.77, p = .166; PIAL: F1,55.19 = .27, p = .607) and interaction effects 
(F3, 51.71 = .13, p = .944) turned out to be not significant (Fig 5-figure supplement 
1). Consequently, tACS did not significantly affect detection performance in our 
experiment.

A post-questionnaire confirms that blinding was effective
Information about the experimental hypotheses and stimulation conditions were 
withheld from the participants until completion of the experiment. At the end of 
each session, we administered a questionnaire, which prompted the participants 
to evaluate whether real or sham stimulation was applied. According to the Wald 
chi square, the actual stimulation condition did not affect the rated stimulation 
condition (X2(3, N = 80) = 2.06, p = .56), which means that participants could not 
differentiate between the active and sham stimulation conditions and blinding was 
therefore effective.

92

3 3

CHAPTER 3



Fig 5. Detection task: Contrast threshold bias per stimulation condition (N=21). A positive value means 
that participants were able to detect lower contrast stimuli in the right relative to the left hemifield 
(rightward bias). The error bars depict the pooled standard error of the mean across participants.

Discussion

In this experiment, we measured the effects of individually tailored high-density 
alpha-tACS on offline occipitoparietal alpha power and visuospatial attention 
performance. We hypothesized that tACS at the individual alpha frequency (IAF) 
but not at flanking frequencies induces a leftward lateralization of alpha power 
and a leftward bias in visuospatial attention. In separate sessions and in a within-
subject design, we applied HD-tACS at IAF, two control frequencies IAF+2Hz and 
IAF-2Hz (1.5mA) and sham for each 40 minutes to the left PPC. During stimulation, 
we measured the visuospatial attention bias with a spatial cueing and a detection 
task and immediately before and after stimulation we acquired EEG data to assess 
the after-effects on alpha power. To have a great variation in IAF and to be able to 
generalize our findings to a wider target group, we tested participants of various 
age groups spanning from adolescence to mature adulthood. Our data show a 
leftward lateralization of alpha power in the IAF stimulation condition, which 
differed from sham in the first out of three minutes EEG recording after tACS. Only 
for the IAF stimulation condition, we found a link between the electrophysiological 
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and the behavioural stimulation effect across participants: the greater the leftward 
lateralization of alpha power, the greater the leftward bias in visuospatial attention 
in the spatial cueing task. We also found a visuospatial attentional leftward bias in 
the IAF stimulation condition, which significantly differed from sham. However, in 
contrast to our previous alpha-tACS experiment (Schuhmann et al. 2019), this tACS-
induced visuospatial attention bias effect was only significant for a high value of 
the electrophysiological tACS effect. This might be caused by additional variability 
in the data due to the cross-generational sample tested in this experiment. To 
conclude, our results indicate an effect of tACS at IAF on visuospatial attention 
performance and oscillatory alpha power as well as a link between the magnitude 
of the neural and the behavioural stimulation effect. Overall, our results suggest 
that alpha oscillations play a causal functional role in the modulation of visuospatial 
attention and shows that tACS can be used to modulate it. The frequency specificity 
of the effects suggest that an individualization of the stimulation frequency might 
be necessary in heterogenous target groups with a wide variation in IAF.

Frequency specific stimulation effect and personalized stimulation protocols
The synchronization theory proposes that the tACS effects are greatest if the 
stimulation frequency is tuned to the intrinsic frequency and the effects diminish 
with increasing deviation of the from the intrinsic frequency (Pikovsky et al. 2002; 
Thut et al. 2011). However, we are not aware of any experiment that compared the 
effect of tACS at the intrinsic frequency to tACS at close flanking control frequencies 
to verify this frequency-specificity. In line with the synchronization theory, we 
found a frequency-specific effect of tACS at IAF on alpha power lateralization and 
visuospatial attention bias as well as a direct link between those two dependent 
variables. In contrast, tACS at the flanking control frequencies IAF+/-2Hz did not 
modulate alpha power lateralization or the visuospatial attention bias (as compared 
to sham). However, it should be noted that the visuospatial attention bias and alpha 
power lateralization effect in the IAF tACS condition differed from the IAF+2Hz but 
not from IAF-2Hz condition, suggesting that tACS at frequencies <IAF may result in 
similar, yet weaker, stimulation effects as compared to tACS at IAF. As the IAF has 
previously been shown to decrease during time on task (Benwell et al. 2019), the 
seemingly differential effect of tACS at IAF+2Hz versus IAF-2Hz could arise due to a 
gradual shift of the preferred stimulation frequency towards the latter. 

The frequency-specificity of the stimulation effects in the present experiment 
is not only theoretically relevant but might also have practical implications for 
the use of tACS. Our results suggest that an individualization of the stimulation 
frequency might be necessary in heterogenous samples with a wide variation in 
IAF.  As the IAF negatively correlates with age in adults (Surwillo 1963; Köpruner et 
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al. 1984) and is particularly low in patients with dementia (Moretti 2004; Cantero 
et al. 2009; Gawel et al. 2009), traumatic brain injury (Tebano et al. 1988; Nuwer et 
al. 2005) or stroke (Giaquinto et al. 1994; Juhász et al. 2009), an individualization 
of the stimulation frequency might be especially important for the application of 
alpha tACS in a sample covering a wide age range. Furthermore, tuning tACS to the 
IAF instead of stimulating at a fixed frequency of 10Hz, might reduce variability 
(Vossen et al. 2015; Stecher and Herrmann 2018; Kasten et al. 2019) and therefore 
lead to more robust tACS effects even in homogenous samples of young, healthy 
participants. 

Link between electrophysiological and behavioral stimulation effect
Our data reveal a link between the behavioral and electrophysiological stimulation 
effect in the IAF stimulation condition: participants with a high alpha power 
lateralization effect also displayed a marked visuospatial attentional leftward 
bias and vice versa. This suggest that alpha power plays a causal functional role 
in the modulation of visuospatial attention and shows that the magnitude of 
the electrophysiological tACS effect is a determinant for the magnitude of the 
behavioral tACS effect. We included the electrophysiological tACS effect as covariate 
in the analysis of the behavioral tACS effect to explain variability and to analyze 
the behavioral effect at different levels of the electrophysiological effect. As follow-
up analysis on a significant interaction effect between the dependent variable and 
the continuous covariate, we performed a simple slope analysis. This simple slope 
analysis comes down to an analysis of the behavioral tACS effect for responders 
versus non-responders for which the increase in alpha power lateralization is used 
as an index of the tACS-responsiveness. As we found a visuospatial attention bias 
effect only for a high value of the electrophysiological effect, our data suggests 
that a leftward shift in attention is only observed if tACS successfully induced an 
(offline) leftward lateralization of alpha power. Note that this regression approach 
does not require a division into small subgroups. Instead, the regression equation 
takes the data of all participants into account and predicts the stimulation effect at 
different values of the covariate based on the regression equation. 

Task specific tACS effect
Similarly to previous tACS and tDCS studies that targeted the left posterior parietal 
cortex, we found a behavioral stimulation effect in the spatial cueing but not in the 
detection task (Duecker et al. 2017; Schuhmann et al. 2019). This differential effect 
could be explained by fundamental differences between the two attention tasks. The 
spatial cueing task assesses higher-level attentional processes such as the ability 
to perform endogenous (top-down) attention shifts as well as the efficiency in 
discriminating the orientation of lateralized target stimuli. In contrast, the detection 
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task measures low-level visual processing and the ability to perform exogenous 
attention shifts towards lateralized stimuli. Previous EEG studies that employed 
spatial cueing tasks found a lateralization of alpha power after presentation of a 
central, symbolic endogenous cue, but before a lateralized target stimulus was 
shown (Sauseng et al. 2005; Thut 2006; Gould et al. 2011; Händel et al. 2011). This 
suggests that alpha power changes are associated with endogenous attention shifts 
in a spatial cueing task. Furthermore, the HD-tACS ring electrode montage over 
the posterior parietal cortex is expected to overlap with the intraparietal sulcus 
(IPS) of the dorsal attention network (DAN), which is involved in endogenous shifts 
of attention. Moreover, an fMRI study showed that the posterior parietal cortex is 
involved in voluntary attention shifts while target detection is rather regulated by 
the temporoparietal junction (Corbetta et al. 2000). All of this might account for 
the stimulation effect in the spatial cueing task and the absence of effects on the 
contrast thresholds as measured with the detection task (however, see (Ergenoglu 
et al. 2004; Hanslmayr et al. 2007)).

High-definition electrode montage and stimulation site
The effect of unilateral HD-tACS at alpha frequency on visuospatial attention is 
in line with recent alpha tACS research on visuospatial (Schuhmann et al. 2019; 
Kasten et al. 2020) and auditory spatial attention (Wöstmann et al. 2018; Deng 
et al. 2019). However, other tACS experiments found no or inconsistent effects of 
lateralized alpha tACS on the visuospatial attention bias (Hopfinger et al. 2017; 
Veniero et al. 2017). These inconsistent results are surprising considering the 
quite established association between alpha power lateralization and visuospatial 
attention bias (Sauseng et al. 2005; Kelly et al. 2006; Thut 2006; Gould et al. 2011; 
Händel et al. 2011). 

One aspect that distinguishes the experiments with an effect of tACS on the spatial 
attention bias (Wöstmann et al. 2018; Deng et al. 2019; Schuhmann et al. 2019) 
from experiments that report no or inconsistent effects (Hopfinger et al. 2017; 
Veniero et al. 2017), is the high-definition ring electrode montage (however, see 
(Kasten et al. 2020)). In contrast to traditional tACS montages, consisting of two 
rectangular or round tACS electrodes, the ring electrode montage creates a more 
focused electrical field between the large ring and the small disk electrode (Datta 
et al. 2008). This restricted current flow allows for a more precise anatomical 
targeting limited to one hemisphere, which is confirmed by a current simulation for 
the electrode montage in this experiment (Fig 2B), which shows that the electrical 
field was confined to the left posterior parietal cortex. 

An alternative explanation for the previous inconsistent and null results lies in 
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the stimulation site. While left hemispheric stimulation tACS at alpha frequency 
modulated the visuospatial attention bias (Schuhmann et al. 2019; Kasten et al. 
2020), no such effect could be found for right hemispheric stimulation (Hopfinger 
et al. 2017; Veniero et al. 2017; Kasten et al. 2020). In line with this, various EEG 
studies on auditory and visuospatial attention reported stronger alpha power 
dynamics over the left hemisphere (Sauseng et al. 2005; Okazaki et al. 2014; 
Wöstmann et al. 2016; Bagherzadeh et al. 2020). Furthermore, Meyer and colleagues 
(Meyer et al. 2018) showed that the task-related fMRI signal during a spatial 
cueing task is greater in the left as compared to the right frontoparietal attention 
network, especially after presentation of an invalid spatial cue. The left hemisphere 
also displayed a greater change in functional connectivity during a spatial cueing 
task as compared to the right hemisphere. In the right hemisphere, the functional 
connectivity was tonically higher during rest, while the left hemisphere was more 
specifically recruited during a condition of high attentional demands. This might 
explain why left but not right parietal tACS modulated visuospatial attention 
performance.

Alpha power lateralization effect and hemisphere-specific alpha power 
changes
Previous research has shown that medial tACS at alpha frequency enhances alpha 
power at the stimulation site (Zaehle et al. 2010; Neuling et al. 2013; Vossen et 
al. 2015). However, we are not aware of any prior experiment that has tested the 
effect of lateralized alpha tACS on electrophysiology. Our data show that tACS 
at IAF induces a leftward lateralization of alpha power relative to the sham, yet 
further analyses yielded ambiguous information about the hemisphere-specific 
alpha power changes. Based on the results of previous experiments employing 
medial tACS montages (Zaehle et al. 2010; Neuling et al. 2013; Vossen et al. 
2015), we expected that left tACS at alpha frequency enhances alpha power in 
the stimulated left hemisphere. However, we found no difference in alpha power 
change between the stimulation conditions for either hemisphere and the pattern 
of results suggests that the leftward lateralization of alpha power in the IAF 
condition was rather driven (although not significantly) by a reduction of alpha 
power in the unstimulated right hemisphere. This effect could be explained by 
the interhemispheric inhibition theory, which claims that the two hemispheres 
mutually inhibit each other (Kinsbourne 1977, 1993; Cohen et al. 1994; Szczepanski 
et al. 2010). Accordingly, a deactivation of one hemisphere, due to brain damage or 
inhibitory brain stimulation protocols, leads to disinhibition and thus increased 
activation in the contralateral hemisphere (Seyal et al. 1995; Vuilleumier et al. 
1996; Oliveri et al. 1999; Rushworth et al. 2001; Battelli et al. 2009; Szczepanski 
and Kastner 2013). Along these lines, a tACS-induced alpha power enhancement in 
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the left PPC may have entailed the contralateral alpha power decrease causing the 
significant leftward lateralization of alpha power.

Neuronal mechanisms underlying the tACS effects
The neural mechanisms underlying the offline EEG effects are unclear. Possible 
explanations for the electrophysiological effect are entrainment echoes, tACS-
induced plasticity or secondary electrophysiological effects related to outlasting 
modulations of visuospatial attention. It is plausible that tACS induced short-term 
plasticity, which involves changes of synaptic release of neurotransmitter, i.e., 
synaptic enhancement and synaptic depression. These short-term plasticity effects 
can range from seconds to minutes (Zucker and Regehr 2002), which matches 
the time scale of the tACS after-effect on offline alpha power. An alternative 
proposal would be long-term plasticity effects such as long-term potentiation 
(LTP) and long-term depression (LTD), which include lasting modifications in 
the synaptic efficacy (Gerrow and Triller 2010; Michmizos et al. 2011). tACS 
might have induced longer lasting changes (<1 minute) in the stimulated area, 
which are however not measurable for the whole time-scale because they do not 
represent a natural default state and might therefore be counteracted. During the 
long period of rest in the post-measurement, participants might have adjusted 
the tACS-induced visuospatial attentional leftward bias and the associated 
alpha power lateralization by directing the spatial attention locus back to the 
midpoint. Alternatively, interhemispheric dynamical interactions, as proposed 
by the interhemispheric inhibition theory (Kinsbourne 1977, 1993; Cohen et al. 
1994; Szczepanski et al. 2010), might have pulled the alpha power lateralization 
back into its original balanced state. An alternative account for the alpha power 
lateralization is secondary electrophysiological effects. tACS at IAF might have 
entrained alpha power in the left hemisphere only during stimulation. This online 
alpha power lateralization in turn induced the visuospatial attentional leftward 
bias. The attentional bias, which is naturally accompanied by a lateralization of 
alpha power, might have outlasted the stimulation causing the significant alpha 
power lateralization effect in the first minute of the post-measurement. One 
could also argue that the tACS after-effects reflect entrainment echoes, i.e., phase 
alignment to the preceding alternating current as well as synchronization to the 
exact stimulation frequency. Yet these entrainment echoes are usually observed at 
a much shorter time-scale of approximately 1.5s after tACS (Hanslmayr et al. 2014). 
Future research should systematically assess whether this stimulation protocol 
leads to entrainment echoes by interleaving multiple short stimulation blocks with 
EEG recording blocks.  
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Limitations and ideas for future research
In line with our hypothesis, we demonstrated that unilateral alpha-tACS induces 
an offline alpha power lateralization. However, this effect could only be shown 
for the first minute of the post-measurement. An analysis of the full three-minute 
post-measurement data revealed no significant differences in alpha power 
lateralization between the IAF and sham stimulation condition. It is plausible 
that the longer-lasting plasticity effects induced by lateralized alpha-tACS are 
reflected in dynamical alpha power modulations instead of resting state power 
modulations, e.g., the efficiency in upregulating alpha power in the left hemisphere 
during attentional shifts towards the left side or vice versa. Future research should 
therefore administer the endogenous attention task after tACS to assess the offline 
visuospatial attention bias as well as the offline alpha power dynamics during task 
performance. In any case it is important to note that the correlation between the 
alpha power lateralization effect and the visuospatial attention bias in the IAF 
stimulation condition was significant for all three minutes, which strengthens the 
fundamental effects on resting state alpha power as revealed for the first minute. 

An often-ignored confounder in tACS experiments are the potential indirect 
stimulation effects caused by current spread to the eye (Rohracher 1935; Kanai et 
al. 2008). It has been proposed that these phosphenes entrain neuronal assemblies 
in the visual cortex via the retino-thalamic pathway (Karabanov et al. 2019). 
However, high-definition electrode montages, as used in this experiment, minimize 
the probability of retinal confounds (Karabanov et al. 2019) as the resulting focal 
and confined electric field implicates less volume conduction to remote structures 
(Datta et al. 2008, 2009; Dmochowski et al. 2011; Bortoletto et al. 2016). Moreover, 
a potential retinal stimulation does not account for the asymmetry of our effects 
as the left lateralized stimulation is expected to result in activity changes in the left 
as well as right optic tract of the left eye and therefore similar modulations in the 
left and right hemisphere. Another potential confounder are indirect stimulation 
effects caused by stimulation of peripheral sensory afferents (Asamoah, Khatoun, 
and Laughlin 2019; Asamoah, Khatoun, and Mc Laughlin 2019; Vieira et al. 2020). 
Accordingly, tACS enhances the power of a certain oscillation in the sensory cortex 
and potentially also other cortical areas by rhythmically activating nerve fibers in 
the skin under the electrode or via attention that is drawn towards the sensation on 
the skin. Especially the latter is relevant in our experiment as the tACS montage and 
thereby also the skin sensation is lateralized to the left. It has recently been shown 
that tACS modulates single-unit activity in monkeys independently of whether the 
somatosensory input is blocked via topical anesthetic or not (Vieira et al. 2020). 
Most importantly, the stimulation effect in this experiment was frequency-specific. 
If lateralized skin sensations would have caused the visuospatial attention bias 
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and alpha power lateralization effect, similar effects would be expected in the IAF, 
IAF+2Hz and IAF-2Hz stimulation condition, assuming that they are accompanied 
by similar skin sensations. Nevertheless, future experiments should include a 
control stimulation site, such as a more lateralized or anterior montage, to directly 
control for cutaneous and retinal stimulation effects. 

As it is still methodologically challenging to measure changes in alpha power during 
tACS (online) due to the electrical stimulation artifact, we only assessed the after-
effects of the stimulation by calculating the proportion increase in alpha power 
lateralization from before to immediately after tACS. However, if possible, future 
experiments should investigate the effect of alpha-tACS during stimulation to 
directly verify entrainment echoes. The effects shown here should also be verified 
in a larger sample (Minarik et al. 2016). 

Conclusion

All in all, our results suggest that alpha oscillations play a causal functional role in 
the modulation of visuospatial attention and demonstrate that tACS can be used 
to modulate it. Future research should focus on increasing the effect size of the 
stimulation effect by e.g., repeatedly employing the same stimulation protocol in 
separate sessions, individualizing other stimulation parameters such as stimulation 
site or increasing the stimulation intensity. The frequency specificity of our findings 
might account for previous inconsistent or variable tACS effects and suggests that 
an individualization of the stimulation frequency is necessary in heterogenous 
groups of participants with a wide variation in IAF.
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Supplementary material

Fig S1. Association between IAF and age. Each point depicts the data of one participant. The r-value 
indicates the correlation coefficient ad the asterisk marks a significant Pearson correlation with a p-value 
< 0.05. 

Fig S2. Change in IAF per stimulation condition (N=21). A negative value indicates a decrease in IAF 
from the pre- to the post-measurement. Error bars depict the standard error of the mean across partici-
pants.
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Fig 3-figure supplement 1. Strength of stimulation effect in the EEG data as measured by the pro-
portion increase of alpha power lateralization (PIAL) in the IAF tACS condition minus PIAL in the 
sham condition per participant. Each bar depicts the data of one participant. A positive score means 
that tACS induced the expected effect, which is a greater leftward lateralization of alpha power in the IAF 
as compared to the sham condition.
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Fig 3-figure supplement 2. Alpha power lateralization before (light grey) and after tACS (dark grey) 
per stimulation condition. In an additional post-hoc analysis, we tested whether the normalized alpha 
power lateralization (alphaleft hemisphere – alpharight hemisphere/ alphaleft hemisphere + alpharight hemisphere) increases from 
before to after tACS. To this end, we ran a repeated measures ANOVA with measurement time point (before 
tACS, after tACS) and stimulation condition (IAF, IAF+2Hz, IAF-2Hz, Sham) as independent variable and 
normalized alpha power lateralization as dependent variable. There was a significant interaction effect 
(F(3,60) = 2.82, p = .046) but no main effect of measurement time point (F(1,20) = .21, p = .654) or sti-
mulation condition (F(3,60) = 1.37, p = .260). One-sided t-tests revealed that the interaction effect was 
driven by a greater alpha power rightward lateralization in the pre- (M = -.06, SEM = .03) as compared to 
the post-measurement (M = -.03, SEM = .03) in the IAF stimulation condition (t(20) = -2.55, p = .010) as 
well as a lower alpha power rightward lateralization in the pre- (M = -.07, SE = .03) as compared to the 
post-measurement (M = -.13, SEM = .02) in the IAF+2Hz condition (t(20) = 2.207, p = .020). There was 
no significant difference between the pre- and post-measurement in the IAF-2Hz (t(20) = -.21, p = .419) 
or sham condition (t(20) = .46, p = .324). The asterisks mark p-values ≤ .05 and the error bars depict the 
pooled standard error of the mean across participants.
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Fig 3-figure supplement 3. Proportion increase in alpha power lateralization (PIAL) from the pre-
measurement to the first, second and third minute of the post-measurement in the IAF tACS stimu-
lation condition. A repeated measures ANOVA revealed no significant differences between PIAL in the 
three time intervals (F(2,40) = .71, p = .500).

Fig 3-figure supplement 5. Electrophysiological and behavioral stimulation effect including all 
three minutes of the EEG post-measurement (N = 21). (A) Proportion increase in alpha power laterali-
zation (PIAL) per stimulation condition. A mixed model analysis showed that the main effect of stimulation 
condition (F(3,60) = 1.94, p = .132) is not significant. (B) Visuospatial attention bias in the spatial cueing 
task per stimulation condition and for a high value of the covariate PIAL. According to a mixed model ana-
lysis, the main effect of stimulation condition (F(3,198.99) = 1.00, p = .395) and the interaction effect 
between stimulation condition and PIAL (F(3,201.56) = 1.02, p = .384) was not significant. The error bars 
depict the pooled standard error of the mean across participants.
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Fig 3-figure supplement 6. Proportion increase in alpha power (PIA) from the pre- to the post-mea-
surement per hemisphere and stimulation condition (N=21). According to a mixed model analysis, 
the main effect of stimulation condition was significant for the left (F3,60 = 2.84, p = .045) but not for the 
right hemisphere (F3,60 = 1.22, p = .312). However, all one-sided planned comparisons for the left (IAF vs 
sham: t60 = .20, p = 0.421; IAF-2Hz vs sham: t60 = -1.54, p = .181; IAF+2Hz vs sham: t60 = 1.35, p = .191, IAF 
vs IAF+2Hz: t60 = 1.75, p = .172; IAF vs IAF-2Hz: t60 = -1.15, p = .127) as well as the right hemisphere (IAF 
vs sham: t60 = -1.30, p = .300; IAF+2Hz vs sham: t60 = -1.16, p = .249; IAF-2Hz vs sham: t60 = 0.22, p = .415; 
IAF vs IAF+2Hz: t60 = -.13, p = .447; IAF vs IAF-2Hz: t60 = 1.51, p = .270) were not significant. The error bars 
show the pooled standard error of the mean across participants.

Fig 3-figure supplement 7. Proportion increase in power lateralization (PIPL) per stimulation con-
dition (N=21). A positive value of PIPL means a greater increase in power at and around the stimulation 
frequency in the left relative to the right hemisphere. There was a significant difference between the sti-
mulation conditions as indicated by main effect of stimulation condition in a mixed model analysis. The 
lines and asterisks indicate the results of planned comparisons between sham and the active stimulation 
conditions and the asterisks mark p-values < .05. The error bars depict the pooled standard error of the 
mean across participants.
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Fig 3-figure supplement 8. Spatial cueing task: Visuospatial attention bias per stimulation condi-
tion and cue type for a high value of the covariate PIAL (N=21). A positive value of the visuospatial 
attention bias means that participants were less efficient (reaction time/accuracy) in responding to target 
stimuli in the left relative to stimuli in the right target location. The error bars depict the pooled standard 
error of the mean across participants.

Fig 3-figure supplement 9. Predicted behavioral stimulation effect (visuospatial attention biasIAF 

tACS – visuospatial attention biassham)  in the endogenous attention task for a high value of the co-
variate proportion increase in alpha power lateralization (PIAL). Each bar visualizes the data of one 
participant and a positive score is in line with the expected effect, i.e. a greater visuospatial attentional 
leftward bias in the IAF as compared to the sham condition.
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Fig 3-figure supplement 10. Spatial cueing task: Inverse efficiency (reaction time/accuracy) score 
per target location and stimulation condition for a high value of the covariate PIAL (N=21). The data 
of the sham, IAF, IAF+2Hz, IAF-2Hz and sham stimulation conditions are depicted in different shades of 
grey. A mixed model analysis revealed a significant stimulation condition effect for the left (F3,198.62 = 2.94, p 
= .034) as well as the right target location trials (F3, 199 = 3.25, p = .023). For the left target trials, one-sided 
pairwise comparisons revealed a lower inverse efficiency score for the IAF-2Hz condition (M = 728.70, SE 
= 86.83) and sham  (t198.58 = 2.75, p = .014) as well as a borderline significant difference between the IAF 
condition (M = 729.49, SE = 90.58) and sham (M = 814.33, SE = 87.29) (t198.73 = -2.12, p = .053) . There were 
no other significant differences for the left target location trials (IAF+2Hz vs sham: t198.38 = 1.06, p = .492, 
IAF vs IAF+2Hz: t198.68 = -1.07, p = .287, IAF vs IAF-2Hz: t(198.64) = 0.22, p = 0.145). For the right target 
location trials, the IAF+2Hz condition (M = 673.26, SE = 55.56) (t198.51 = 1.77, p = .039) and the IAF-2Hz 
condition (M = 672.83, SE = 53.13) (t198.80 = 2.07, p = .040) differed from sham (M = 720.09, SE = 53.53).  
Furthermore, there was a difference between the IAF condition (M = 744.68, SE = 56.41) and the IAF+2Hz 
(t198.95 = 2.22, p = .041) as well as the IAF-2Hz condition (t198.90 = 2.50, p = .026). Asterisks and asterisks in 
brackets marks p-values < .05 and < .10 respectively. The error bars depict the pooled standard error of 
the mean across participants.
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Fig 4-figure supplement 1. Association between PIAL (including all three minutes of the EEG post-
measurement) and visuospatial attention bias per stimulation condition. Per subplot, each point 
depicts the data of one participant. A mixed model analysis revealed that the proportion increase in alpha 
power lateralization (PIAL) predicts the visuospatial attention bias in the IAF (b = -.54, p = .017) but not 
in the IAF+2Hz (b = .16, p = .521), IAF-2Hz (b = -.17, p = .502) or sham condition (b = .20, p = .392). The 
asterisk marks a significant effect with a p-value ≤ 0.05 and the vertical dashed line visualizes the zero 
value on the x-axis. The R-value indicates the regression coefficient.
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Fig 5-figure supplement 1. Detection task: Bias in indicated target location in bilateral target trials 
per stimulation condition (N=21). In some bilateral target trials, participants mistakenly responded 
that there was a unilateral stimulus in either the left or right hemifield. A positive bias score means that 
participants indicated more often that the target was in the left than in the right hemifield (leftward bias). 
The error bars depict the pooled standard error of the mean across participants.
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Parietal but not temporoparietal alpha-tACS 
modulates endogenous visuospatial attention

Chapter 4

Based on: 
Kemmerer, S. K., de Graaf, T. A., ten Oever, S., Erkens, M., De Weerd, P. & 

Sack, A. T. (in print, Cortex). Parietal but not temporoparietal alpha-tACS 
modulates endogenous visuospatial attention .



Abstract

Visuospatial attention can either be voluntarily directed (endogenous/top-down 
attention) or automatically triggered (exogenous/bottom-up attention). Recent 
research showed that dorsal parietal transcranial alternating current stimulation 
(tACS) at alpha frequency modulates the visuospatial attentional bias in an 
endogenous but not in an exogenous visuospatial attention task. Yet, the reason for 
this task-specificity remains unexplored. Here, we tested whether this dissociation 
relates to the proposed differential role of the dorsal attention network (DAN) 
and ventral attention network (VAN) in endogenous and exogenous attention 
processes respectively. To that aim, we targeted the left and right dorsal parietal 
node of the DAN, as well as the left and right ventral temporoparietal node of the 
VAN using tACS at the individual alpha frequency. Every participant completed all 
four stimulation conditions and a sham condition in five separate sessions. During 
tACS, we assessed the behavioral visuospatial attention bias via an endogenous 
and exogenous visuospatial attention task. Additionally, we measured offline 
alpha power immediately before and after tACS using electroencephalography 
(EEG). The behavioral data revealed an effect of tACS on the endogenous but not 
exogenous attention bias, with a greater leftward bias during (sham-corrected) 
left than right hemispheric stimulation. In line with our hypothesis, this effect was 
brain area-specific, i.e. present for dorsal parietal but not ventral temporoparietal 
tACS. However, contrary to our expectations, there was no effect of ventral 
temporoparietal tACS on the exogenous visuospatial attention bias, i.e., no double 
dissociation between the two targeted attention networks. There was no effect of 
either tACS condition on offline alpha power. Our behavioral data reveal that dorsal 
parietal but not ventral temporoparietal alpha oscillations steer endogenous 
visuospatial attention. This brain-area specific tACS effect matches the previously 
proposed dissociation between the DAN and VAN and, by showing that the spatial 
attention bias effect does not generalize to any lateral posterior tACS montage, 
renders lateral cutaneous and retinal effects for the spatial attention bias in the 
dorsal parietal condition unlikely. Yet the absence of tACS effects on the exogenous 
attention task suggests that ventral temporoparietal alpha oscillations are not 
functionally relevant for exogenous visuospatial attention. We discuss the potential 
implications of this finding in the context of an emerging theory on the role of the 
ventral temporoparietal node.
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Introduction

A common visual scene consists of a large number of stimuli, which cannot all be 
recognized simultaneously. Visuospatial attention enables one to preferentially 
process relevant stimuli while ignoring irrelevant stimuli based on their location 
in space and thereby helps us to cope with this bottleneck (Posner, 1980a, 1980b; 
Posner et al., 1980). Visuospatial attention can be categorized into endogenous and 
exogenous attention (Connor et al., 2004; Corbetta & Shulman, 2002a; Itti & Koch, 
2001). Exogenous attention, also known as stimulus-driven or bottom-up attention, 
describes attentional processing that is automatic and driven by salient inherent 
properties of the stimulus itself, such as location, brightness, color or motion. 
Endogenous or top-down attention/goal-driven attention, in contrast, refers to 
the voluntary direction of attention based on prior knowledge or current goals. 
Endogenous and exogenous spatial attention can be assessed with variants of the 
Posner cueing task (Müller & Rabbitt, 1989; Posner, 1980b; Posner et al., 1980), 
which measure the participants’ ability to react to lateralized target stimuli in 
either hemifield after presentation of endogenous (central, symbolic) or exogenous 
(peripheral, salient) spatial cues indicating the potential location where the target 
may appear. 

It has been proposed that endogenous versus exogenous attention are regulated 
by two separate but interacting attention networks (Chica et al., 2013): the 
dorsal attention network (DAN), which consists of the intraparietal sulcus (IPS) 
and frontal eye field (FEF), and the ventral attention network (VAN), which 
comprises the temporoparietal junction (TPJ) and the ventral frontal cortex (VFC) 
respectively. According to Corbetta and colleagues (2008), the VAN detects salient, 
unexpected events and interrupts the ongoing attention deployment to enable 
exogenous attention shifts. The DAN, on the other hand, maintains the attentional 
locus according to the current goals and initiates endogenous as well as exogenous 
attention shifts in case of relevant events (for alternative views see Macaluso & 
Doricchi, 2013 and Vossel, Geng, & Fink, 2014). The functional role of the two 
attention networks has been extensively investigated using functional magnetic 
resonance imaging (fMRI) (Corbetta et al., 2002; Corbetta & Shulman, 2002b; 
Doricchi et al., 2010; Hahn et al., 2006; J. B. Hopfinger et al., 2000; Kastner et al., 
1999; Kincade, 2005; Mayrhofer et al., 2019). However, it remains unclear how 
alpha oscillations, which are strongly related to visuospatial attention performance, 
relate to the functioning of these two separate attention networks. 

Electroencephalography (EEG) studies have demonstrated that attentional shifts 
are associated with a modulation of alpha power over parietal and occipital areas, 
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i.e. alpha power increases in the ipsilateral relative to the contralateral hemisphere 
(Gould et al., 2011; Händel et al., 2011; Sauseng et al., 2005b). This power 
modulation can be observed after presentation of a central spatial cue but before the 
lateralized target stimulus is shown, which suggests that the occitoparietal alpha 
power changes represent an endogenous attention related response rather than a 
stimulus-driven response. While various EEG studies investigated the association 
between alpha power and endogenous attention shifts (Gould et al., 2011; Händel 
et al., 2011; Sauseng et al., 2005b), we are not aware of any experiment that looked 
into alpha power modulations related to exogenous attention shifts. This may be 
brought about by the transitory nature of exogenous attention (Müller & Rabbitt, 
1989), which hampers the analysis as well as the interpretation of the associated 
oscillatory responses due to the simultaneously occurring event-related potentials 
(ERPs) triggered by exogenous cues (Yordanova et al., 2001). Hence, neuroimaging 
techniques such as EEG do not easily allow for a proper investigation of the 
oscillatory responses during exogenous attention shifts. 

As an elegant alternative, neuromodulatory techniques may be used to address 
the functional relevance of alpha oscillations in exogenous attention. Transcranial 
alternating current stimulation (tACS) is a non-invasive neuromodulatory 
technique, which delivers alternating current via two or more electrodes attached 
to the participant’s head. TACS at alpha frequency has previously shown to enhance 
the power of alpha oscillations at or near the stimulation site (Kasten et al., 2016; 
Neuling et al., 2013; Witkowski et al., 2016; Zaehle et al., 2010) and various previous 
studies have reported an effect of tACS on visual or auditory attention performance 
(Deng et al., 2019; Joseph B. Hopfinger et al., 2017b; Kasten et al., 2020; Kemmerer 
et al., 2020; Schuhmann et al., 2019; Wöstmann et al., 2018). Interestingly, recent 
research demonstrated that alpha-tACS over the left dorsal parietal cortex induces 
a visuospatial attention bias in an endogenous but not in an exogenous attention 
task (Kasten et al., 2020; Schuhmann et al., 2019). These results suggest that 
dorsal parietal alpha oscillations are functionally relevant for endogenous but not 
for exogenous attention performance. It could be argued that these findings are in 
line with the functional dichotomy between a dorsal and ventral attention system 
as proposed by Chica and colleagues (2013). However, research into the effects 
of alpha-tACS targeting the VAN on visual exogenous attention is still lacking. At 
the same time, it is also still unclear whether the effect of tACS on endogenous 
visuospatial attention is specific to stimulation of the dorsal parietal cortex. 

To test for a potential double dissociation regarding the functional role of alpha 
oscillations in the DAN versus VAN for endogenous versus exogenous visuospatial 
attention, we here applied alpha-tACS to the dorsal parietal and temporoparietal 
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cortices, targeting the IPS and the TPJ respectively (Fig 1A) while measuring 
endogenous and exogenous attention performance. Each participant completed 
five stimulation conditions in separate sessions and randomized order: left 
parietal, right parietal, left temporoparietal and right temporoparietal alpha-tACS 
as well as sham/placebo stimulation. The behavioral visuospatial attention bias 
was measured with an endogenous and exogenous attention task, two variants 
of the Posner cueing task (Johnson et al., 1991; Posner, 1980b) (Fig 1B and C). 
Before and directly after tACS, we collected three minutes of resting state EEG data 
to assess the offline tACS effect on alpha power lateralization (Fig 1B). In general, 
we hypothesized that left and right hemispheric tACS would have opposing effects 
on the visuospatial attention bias and alpha power lateralization, i.e. induce an 
attention bias and alpha power lateralization towards the ipsilateral side. Because 
of the functional role of the IPS as part of the DAN and the functional role of 
occipitoparietal alpha power in the allocation of voluntary attention seen in EEG, 
magnetoencephalography (MEG) as well as in recent tACS research (Kasten et al., 
2020; Kemmerer et al., 2020; Schuhmann et al., 2019), we expected that dorsal 
parietal alpha-tACS would specifically modulate the endogenous but not the 
exogenous attention bias. Stimulation of the TPJ, on the other hand, might affect 
the exogenous attention bias given the proposed functional role of the TPJ in 
exogenous attention or detection of salient, unexpected events (Chica et al., 2013; 
Corbetta et al., 2008). All in all, this might result in a double dissociation, i.e. an 
effect of parietal tACS and temporoparietal tACS on endogenous versus exogenous 
attention performance respectively.
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Fig 1. Electrode setup per stimulation condition, procedure and example trial of the endogenous 
and exogenous attention tasks. (A) tACS and EEG electrode configuration. The small tACS disk 
electrode was placed on the ⅰ) left parietal ⅱ) left temporoparietal cortex ⅲ) right parietal or ⅳ) right 
temporoparietal cortex and the large ring electrode was centered on it. By mounting the tACS electrodes 
over the parietal or temporoparietal cortex, we targeted the intraparietal sulcus (IPS) of the dorsal 
attention network (DAN) or the temporoparietal junction (TPJ) of the ventral attention network 
(VAN) respectively. In between the disk and the ring electrode, we mounted one single EEG electrodes 
and mirrored to it also one single EEG electrodes in the contralateral hemisphere. (B) Procedure. At 
the beginning of each session, we measured resting state EEG data. Then, participants completed a 
shortened practice version of the attention tasks while receiving tACS of increasing intensity in order 
to adapt to the skin sensation. Subsequently, we applied alpha-tACS (or sham tACS) to one of the target 
sites while the participants performed both attention tasks in two alternating blocks. Here, the initial 
task (and thereby also the logically following task blocks) was randomized between participants. As 
soon as the participant completed all task blocks, the tACS device was switched off and resting state 
EEG data were measured again. Each participant underwent all five stimulation conditions in separate 
sessions and randomized order. (C) Example trial of the endogenous and exogenous attention task. In 
both tasks, a given trial started with a fixation period followed by an endogenous (in the endogenous 
attention task) or an exogenous cue (in the exogenous attention task). The endogenous cue consisted 
of central arrow heads pointing to the left, right or both sides whereas the exogenous cue consisted 
of four laterally placed dots, which surrounded the potential target location. This was followed by a 
fixation interval and subsequently a sinusoidal grating rotated by 45° either clock- or counterclockwise, 
was presented either in the left or right hemifield. The participants were instructed to discriminate the 
grating’s orientation as fast and accurately as possible (valid trial in this example).
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Methods 

Participants
25 healthy, right-handed participants (19 female, mean age (SD) =21.48(2.56) years, 
age range = 18-28 years) with normal or corrected to normal vision completed this 
experiment. At the beginning of each session, participants filled in an informed 
consent form and a tACS safety screening form scanning for e.g. neurological 
disorder, skin diseases and medication, following the recommended procedures 
of Antal and colleagues (Antal et al., 2017). This experiment was carried out in 
accordance with the Declaration of Helsinki and was approved by the local Ethics 
Review Committee Psychology and Neuroscience (ERCPN) (ERCPN number: 177). 
As compensation for taking part in the experiment, participants received vouchers.

Procedure
The experiment consisted of five stimulation conditions: left and right parietal 
tACS, left and right temporoparietal tACS (Fig 1A) as well as sham/placebo tACS 
to one of the four stimulation sites. Each participant underwent all five stimulation 
conditions in separate sessions and in randomized order. Only in the first session, 
we determined the individual alpha frequency (IAF) by acquiring and analyzing 
three minutes of eyes-closed resting state EEG data. This estimate served as 
stimulation frequency for all stimulation conditions. In each session, we initially 
recorded three minutes of eyes-closed resting state EEG data to determine the 
baseline lateralization of alpha power lateralization. Then, participants received 
tACS of successively increasing intensity for approximately three minutes to get 
used to the skin sensation. During this test stimulation, participants practiced 
the two attention tasks. Subsequently, alpha-tACS (or sham/placebo tACS) was 
applied for 35-40 minutes over one of the four stimulation sites while participants 
performed the endogenous and exogenous attention task. The attention tasks were 
administered in two alternating blocks and the initial as well as the corresponding 
following task blocks were randomized between participants. During the tasks, 
we acquired electrooculogram (EOG) data, which was subsequently used in the 
offline analysis to identify and subsequently delete trials confounded with eye 
artifacts. After completion of the tasks, tACS was switched off and three minutes 
of eyes-closed resting state EEG data was acquired again (Fig 1B). To verify 
whether participants were able to differentiate between real and sham tACS, we 
administered a questionnaire at the end of each session, which prompted the 
participants to guess the stimulation condition based on the subjective experience.

Task description
We administered two variants of the classical Posner task, an endogenous and 
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an exogenous attention task, to assess the efficiency, the speed and accuracy, in 
discriminating target stimuli in either hemifield after endogenous or exogenous 
cues triggered attention shifts to either hemifield (Fig 1C).  Similar to our previous 
alpha tACS study (Kemmerer et al., 2020), we used the inverse efficiency score 
(reaction time (RT)/accuracy) as dependent variable, accounting for the trade-off 
between accuracy and RTs. The visuospatial attention bias score was calculated 
by subtracting the inverse efficiency score for right target location trials from the 
inverse efficiency score for left target location trials.

In both tasks, participants were instructed to consistently fixate on a central 
fixation point. At the beginning of each trial, this fixation point consisted of a white 
circle, surrounded by a black or grey annulus, which was circumscribed by a black 
circle. After a jittered interval of 800-1200ms, the grey area turned black for 500ms. 
Subsequently, a spatial cue was presented for 100ms, which triggered spatial 
attention shift to either the left or right hemifield. In the endogenous attention 
task, this cue surrounded the central fixation point and consisted of arrowheads 
pointing to the left (<<•<<) or right (>>•>>) side. For half of the participants (twelve 
participants), the cue predicted the correct target location with 62% accuracy 
(62% valid trials, 28% invalid trials). The other half of the participants (thirteen 
participants) were presented with cues that predicted the correct target location 
with only chance accuracy (50% valid trials, 50% invalid trials). This allowed us to 
control for violations of expectations caused by infrequent invalid trials. To ensure 
a cueing effect in both conditions, we explicitly told the participants to initiate 
voluntary attention shifts according to the cue, independent of its validity. In the 
exogenous attention task, the cue consisted of four black dots surrounding either 
the left or right potential target location and predicted the correct target location 
with chance accuracy (50% valid trials, 50% invalid trials). This salient, lateralized 
cue triggers exogenous attention shifts. After a cue target interval of 500ms and 
150ms for the endogenous and exogenous attention task respectively, the target 
stimulus was presented in the left or right hemifield at 7° (endogenous attention 
task) or 14° (exogenous attention task) eccentricity from the fixation point. The 
target stimulus consisted of a sinusoidal grating (spatial frequency = 1.5 cycles per 
degree, envelope standard deviation = 0.75°) with a Gaussian envelope, which was 
rotated by 45° in either clockwise or counter-clockwise direction. Participants were 
instructed to discriminate the orientation of the target stimulus as accurately and 
quickly as possible, pressing the numerical buttons 1 or 2 for counter-clockwise 
and clockwise rotated stimuli respectively. Trials with a delayed (>1000ms) or 
hasty (<120ms) response were repeated. The endogenous and exogenous attention 
task were administered in two alternating blocks, in which the first two blocks 
consisted of 120 trials each and the last two blocks of 180 trials each. This resulted 
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in 300 trials per task and a total duration of 35-40 minutes. 

tACS and electric field simulation
To achieve focal and confined electrical fields (Datta et al., 2008b), we used a 
small high-density concentric ring electrode montage (NeuroConn, Ilmenau, 
Germany) (Fig 1A). First, we marked the electrode positions on the participant’s 
head according to the international 10-20 EEG system. Then, the small circular 
electrode (Diameter: 2.1cm; Thickness, 2mm) was positioned over either the left 
parietal cortex (between P1 and P3), right parietal cortex (between P2 and P4), left 
temporoparietal cortex (between P5, P7, CP5 and TP7) or right temporoparietal 
cortex (between P6, P8, CP6 and TP8) and the large ring electrode (Outer diameter: 
10cm; Inner diameter: 7.5cm; Thickness: 2mm) was centered on it. The location 
of the respective montage was a priori determined based on current simulations 
on ten freely available individual models of healthy brains, aiming at an electric 
field that encompasses the IPS and the TPJ for the parietal and temporoparietal 
montage respectively. tACS was applied via a DC-stimulator plus (NeuroConn, 
Ilmenau, Germany) at the IAF and a stimulation intensity of 1.5mA peak to peak. 
In all the active tACS conditions, we ramped the stimulation up for 100 cycles and 
subsequently stimulated for 35-40 minutes at the IAF. The stimulator was switched 
off after completion of all tasks but never exceeded 40 minutes. For the sham 
stimulation, we ramped the stimulation up over 100 cycles, maintained stimulation 
for 300 cycles, and then ramped back down, over 100 cycles. This stimulation 
protocol mimics the skin sensations of real tACS while minimizing neuronal 
stimulation effects. We used conductive gel (Ten20 paste, Weaver and Company, 
Aurora, CO, USA) to attach the electrodes on the skin and to keep impedances 
below 10kΩ.

To visualize the expected norm electric field, we performed an electric current 
simulation (Fig 2) using a custom-written MATLAB script (Heise et al., 2019), which 
interfaces with the software SimNIBS (Saturnino, Puonti, et al., 2019; Saturnino, 
Thielscher, et al., 2019). For this, we used a freely available head mesh of a healthy 
brain (Boayue et al., 2018). The electrode parameters were set to a random 
connector location and a conductance paste conductivity of 8 S/m (estimation is 
based on the concentration of CI- in the gel (Saturnino et al., 2015)) (Fig 2).
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Fig 2. Current simulation results for the ⅰ) left parietal ⅱ) left temporoparietal ⅲ) right parietal 
and ⅳ) right temporoparietal stimulation condition. Depicted is the norm electric field (V/m) on an 
example brain from a coronal, transverse and left or right sagittal view. The software SimNIBS was used 
to run the simulations.

EEG apparatus and data acquisition
At the beginning of the first session, we mounted a single EEG electrode at Pz, 
one reference electrode at each mastoid and a ground electrode on the forehead, 
to determine the IAF, which was subsequently used as a stimulation frequency. 
For all the subsequent EEG measurements, a single EEG electrode was mounted 
in between the small disk and concentric ring tACS electrode and another one 
mirrored to this electrode in the contralateral hemisphere. For the parietal and 
temporoparietal electrode montage, we placed the EEG electrode on the lateral 
and medial side of the small disk tACS electrode respectively, resulting in similar 
cortical EEG electrode locations within one hemisphere. Additionally, we placed 
electrooculogram (EOG) electrodes above and below the right eye and at the outer 
canthus of each eye to measure vertical and horizontal eye movements during the 
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tasks. The ground electrode was placed on the forehead and two reference electrodes 
were mounted on either mastoid. The recordings were online referenced to the 
left and offline re-referenced to both mastoids. For the EEG measurement, we used 
Ag-AgCl electrodes (BrainProducts GmBh, Munich, Germany) and a BrainAmp DC 
amplifier (BrainProducts, GmbH, Gilching, Germany) employing a sampling rate of 
500Hz and an online bandpass filter of 0.1-200Hz. The impedance of all electrodes 
was kept below 10kΩ for the cortical and EOG electrodes and below 5kΩ for the 
reference and ground electrodes.

Preprocessing
EEG data was analyzed offline using the FieldTrip toolbox (Oostenveld et al., 2011) 
for MATLAB (MathWorks). First, we segmented the data into 4-second epochs and 
excluded trials with an amplitude over time variance deviating by more than 2 
standard deviations from the mean. Then, we performed a Fourier analysis using 
Hanning tapers per electrode and participant and averaged the frequency power 
spectrum over the three minutes resting state EEG recording. The IAF was defined 
as the peak frequency in the power spectrum between 7 and 13Hz. For the analysis 
of the neuronal stimulation effect, we first determined the individual alpha power 
in the frequency interval IAF-1Hz to IAF+1Hz. Then we calculated the alpha 
lateralization index (ALI), the proportion increase in individual alpha power (PIA) 
from the pre- to the post-measurement (PIA: (alphapost-measurement – alphapre-measurement)/ 
alphapre-measurement *100) in the left relative to the right hemisphere (ALI: PIAleft 

hemisphere – PIAright hemisphere). Similarly to our previous tACS experiment (Kemmerer et 
al., 2020), we only analyzed the first minute of the post-measurement, in which the 
greatest after-effects are expected.

For the EEG data that was acquired during the spatial attention tasks, we first 
identified, and subsequently excluded trials contaminated with eye movements 
based on the trial-by-trial electrooculogram (EOG) data. For this, we analyzed 
the cue target interval and used the function ft_artifact_eog.m to detect and reject 
trials with a z-score above 6. This resulted in a similar number of rejected trials 
as in our previous comparable projects (Kemmerer et al., 2020; Schuhmann et 
al., 2019), which included eye tracker recordings (3% of all trials). For the sham 
condition, a more liberal z-score threshold of 9 was chosen to account for the 
absence of tACS artifacts and to achieve a similar number of rejected trials for all 
stimulation conditions. Subsequently, we analyzed the RT scores per attention 
task and excluded trials with an incorrect or missing response (5% of all trials). 
Furthermore, per stimulation condition and trial type (valid, invalid), we excluded 
trials with deviating RT scores, falling outside the median +/-1.5*interquartile 
range (IQR) (3% of all trials). 
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Statistical analysis
Behavioral data
First, we analyzed the cueing effect in the endogenous and exogenous attention 
task using the data of the sham condition averaged over both target location 
trials. Just like in our previous tACS attention study, we used the average inverse 
efficiency score (RT/accuracy) as measure for visuospatial attention performance. 
Then we performed a repeated measures ANOVA on this score using cue type as 
factor. For the endogenous attention task, cue validity (50%, 62%) was additionally 
included as between-subject factor to account for potential differences caused by 
the validity with which the cue predicted the correct target location.

For the analysis of the behavioral tACS effect, we followed an a priori determined 
analysis pipeline. First, we subtracted the visuospatial attention bias score of the 
sham condition from the data of the active stimulation conditions per condition 
and participant. This sham-corrected visuospatial attention bias score was used as 
dependent variable for all subsequent analyses. We ran a repeated measures ANOVA 
on this sham-corrected visuospatial attention bias score including stimulated 
area (parietal, temporoparietal), stimulated hemisphere (left, right) and type of 
cue (valid, invalid) as factors. For the endogenous attention task, we also included 
cue validity as between-subject factor. Furthermore, we tested whether there are 
significant differential tACS effects on the two tasks by performing an analysis 
on the z-score transformed bias score. For this, we first calculated the mean and 
standard deviation over all conditions per participant and subsequently used these 
estimates for the calculation of the z-score (score - mean/standard deviation) per 
stimulated area, stimulated hemisphere and type of cue.

EEG data
We first verified the test-retest reliability of the IAF estimates. For this, we 
determined the IAF per participant and session using the pre-stimulation EEG 
recording. Then we analyzed the intraclass correlation for the IAF estimates of the 
five testing sessions. 

For the analysis of the tACS effect on alpha power, we first calculated the proportion 
increase in alpha power (PIA) from the pre- to the post-measurement per 
hemisphere, stimulation condition and participant. We subsequently computed ALI 
by subtracting PIA of the right from PIA of the left hemisphere and sham-corrected 
it by subtracting the ALI score of the sham condition from the active stimulation 
conditions per condition and participant. Then, we ran a repeated measures ANOVA 
with stimulation condition (left parietal, right parietal, left temporoparietal, right 
temporoparietal) as factor and sham-corrected ALI score as dependent variable.
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Blinding success
To verify blinding success, we fitted generalized estimating equations on the 
indicated stimulation conditions (‘real tACS’, ‘sham tACS’, ‘I do not know’) including 
the actual stimulation condition with five levels (left/right dorsal parietal tACS, left/
right ventral temporoparietal tACS, sham) as factors. We statistically tested whether 
the actual stimulation condition affected the indicated stimulation condition using 
generalized estimating equations. Note that because of time constraints during 
testing, the post-questionnaire was not completed in 11 out of 131 sessions.

Results

Behavioral data
Spatial cues modulate task performance
The average accuracy in the endogenous attention task was 95% and ranged 
between 67% and 100%. In the exogenous attention task, the average accuracy 
was 94% and ranged between 54% and 100%. 

To verify whether the cues successfully modulated attention, we compared the 
inverse efficiency score between valid and invalid cue trials using the data of the 
sham condition. For the endogenous attention task, we performed a repeated 
measures ANOVA on the sham-corrected visuospatial attention bias score including 
cue type (valid, invalid) and cue validity (50%, 62%) as independent variables. 
For the exogenous attention task, we compared the sham-corrected visuospatial 
attention bias score between valid and invalid cue type trials using a paired-
samples t-test. In the endogenous attention task, there was a significant effect of 
cue type (F(1,23)=14.31, p=.001) with a lower inverse efficiency score for valid 
(M=472.70, SE=12.18) as compared to invalid cue trials (M=495.47, SE=13.48) 
(Fig 3). The interaction effect with cue validity (F(1,23)=1.34, p=.258) was not 
significant (see Fig 3-figure supplement 1 for a visualization of the cueing effect per 
cue validity condition). Also in the exogenous attention task, there was a significant 
difference between valid and invalid cue trials (t(24)=-9.49, p<.001) with a lower 
inverse efficiency score in valid (M=442.80, SE=7.93) as compared to invalid cue 
trials (498.87, SE=10.84) (Fig 3). 

This means that the endogenous as well as exogenous cues modulated task 
performance by increasing the response efficiency for targets in the cued as 
compared to the uncued hemifield. This effect was independent of the endogenous 
cue validity, i.e. not significantly different for cues that predict the correct target 
location with 50% or 62% validity. 
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Fig 3. Cueing effect in the endogenous and exogenous attention task. The bar graph depicts the 
inverse efficiency score (reaction time/accuracy) per cue type (valid, invalid) for the sham condition. 
Error bars visualize the standard error of the mean across participants and the double asterisk depicts 
significant differences with p-values ≤ .001.

Area-specific effect of tACS on the visuospatial attention bias
We first verified whether there is a differential effect of parietal and temporoparietal 
tACS on the endogenous and exogenous attention task by running the full model, 
that is a repeated measures ANOVA on the z-transformed visuospatial attention 
bias score including task (endogenous, exogenous), stimulated area (parietal, 
temporoparietal), stimulated hemisphere (left, right) and cue type (valid, invalid) 
as factors. We found a three-way interaction between stimulated area, stimulated 
hemisphere and cue type (F(1,24)=6.55, p=.017) as well as a four-way interaction 
effect between task, stimulated area, stimulated hemisphere and cue type 
(F(1,24)=5.55, p=.027). All other main and interaction effects were not significant 
(stimulated area: F(1,24)=.75, p=395; stimulated hemisphere: F(1,24)=.04, 
p=.838; cue type: F(1,24)=.99, p=.329; task x stimulated area: F(1,24)=.32, p=.577; 
task x stimulated hemisphere: F(1,24)=.59, p=.449; stimulated area x stimulated 
hemisphere: F(1,24)=.02, p=.894; stimulated area x cue type: F(1,24)=.24, 
p=.630; stimulated hemisphere x cue type: F(1,24)=1.90, p=.181; task x cue type: 
F(1,24)=1.49, p=.235; task x stimulated area x stimulated hemisphere: F(1,24)=4.10, 
p=.054; task x stimulated area x cue type: F(1,24)=1.77, p=.196; task x stimulated 
hemisphere x cue type: F(1,24)=.07, p=.799) (Fig 4).
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Following up on the four-way interaction, we subsequently tested whether parietal 
and temporoparietal tACS induced a visuospatial attention bias in the endogenous 
attention task. To that aim, we performed a repeated measures ANOVA with the 
visuospatial attention bias score as dependent variable and stimulated area 
(parietal, temporoparietal), stimulated hemisphere (left, right) and cue type (valid, 
invalid) as factors. Additionally, we added cue validity (50%, 62%) as between 
subject factor. There was a significant three-way interaction effect between 
stimulated area, simulated hemisphere and cue type (F(1,23)=17.82, p<.001) 
(Fig 4). All other main and interaction effects were not significant (stimulated 
area: F(1,23)=.06, p=.817; stimulated hemisphere: F(1,23)=.01, p=.937; cue type: 
F(1,23)=.12, p=.734; stimulated area x stimulated hemisphere: F(1,23)=.27, 
p=.607; stimulated area x cue type: F(1,23)=2.53, p=.126; stimulated hemisphere 
x cue type: F(1,23)=1.15, p=.295; stimulated area x cue validity: F(1,23)=2.07, 
p=.164; stimulated area x cue validity: F(1,23)=.04, p=.844; cue type x cue validity: 
F(1,23)=2.41, p=.134; stimulated area x stimulated hemisphere x cue validity: 
F(1,23)=.93, p=.345; stimulated area x cue type x cue validity: F(1,23)=.621, p=.439; 
stimulated hemisphere x cue type x cue validity: F(1,23)=1.16, p=293; stimulated 
area x stimulated hemisphere x cue type x cue validity: F(1,23)=.798, p=.381). We 
also tested whether ɑ-tACS modulated the exogenous visuospatial attention bias 
by running a repeated measures (ANOVA) on the visuospatial attention bias score 
as measured with the exogenous attention task including stimulated area (parietal, 
temporoparietal), stimulated hemisphere (left, right) and cue type (valid, invalid) 
as factors. There were no significant main or interaction effects (stimulated area: 
F(1,24)=.36, p=.556; stimulated hemisphere: F(1,24)=.09, p=.771; cue type: 
F(1,24)=2.62, p=.119; stimulated area x stimulated hemisphere: F(1,24)=3.99, 
p=.057; stimulated area ‘ cue type: F(1,24)=.29, p=595; stimulated hemisphere x 
cue type: F(1,24)=.82, p=.375; stimulated area x stimulated hemisphere x cue type: 
F(1,24)=.69, p=.413) (Fig 4).

To break down the significant three-way interaction between stimulated area, 
stimulated hemisphere and cue type for the endogenous attention task, we 
subsequently performed follow-up analyses per stimulated area. For the parietal 
stimulated area, there was a significant two-way interaction between stimulated 
hemisphere and cue type (F(1,23)=13.80, p=.001) (Fig 4). All other main and 
interaction effects were not significant (stimulated hemisphere: F(1,23)=.09, 
p=.769; cue type: F(1,23)=.179, p=.676; stimulated hemisphere x cue validity: 
F(1,23)=.615; p=.441; cue type x cue validity: F(1,23)=.90, p=.353; stimulated 
hemisphere x cue type x cue validity: F(1,23)=.17, p=.683). For the temporoparietal 
stimulated area, there were no significant main or interaction effects (stimulated 
hemisphere: F(1,23)=.20, p=.660; cue type: F(1,23)=1.24, p=.277; stimulated 
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hemisphere x cue type: F(1,23)=1.97, p=.174; stimulated hemisphere x cue validity: 
F(1,23)=.32, p=.576; cue type x cue validity: F(1,23)=3.39, p=.078; stimulated 
hemisphere x cue type x cue validity: F(1,23)=1.60, p=.218).

We subsequently broke down the two-way interaction by performing follow-up 
analyses per cue type. For the valid cue type, there was a significant difference 
between the left and right stimulated hemisphere (t(24)=-2.60, p=.016), with a 
lower visuospatial attention bias score for the left (M=-15.82, SE=8.61) as compared 
to the right stimulated hemisphere (M=6.98, SE=8.05) (Fig 4, also see Fig4-figure 
supplement for a visualization of the stimulation effect per stimulation condition 
and target location and Fig 4-figure supplement 2 for a table that summarizes 
the median RTs, accuracy and inverse efficiency score for all conditions). A 
descriptive analysis of the stimulation effect (visuospatial attention biasleft parietal 

tacs – visuospatial attention biasright parietal tACS) per participant in the valid trials of 
the endogenous attention task revealed that 17 out of 25 participants showed an 
effect in the hypothesized direction (Fig 5). In the invalid cue type condition, there 
was no difference between the left and right hemispheric stimulation condition 
(t(24)=1.50, p=.146).

Following up on the significant difference between sham-corrected left and right 
parietal tACS, we subsequently performed one-sample t-tests to verify in which 
of the two conditions (hemispheres), the visuospatial attention bias significantly 
differed from zero. While previous analyses directly assessed differences between 
hemispheres, this post-hoc analysis should reveal separately for the left hemisphere 
and/or the right hemisphere whether parietal tACS affected the endogenous 
attention task. We found a significant effect for the left (t(24) = -1.84; p = .039, 
one-sided) but not for the right parietal stimulation condition (t(24) = .867, p = 
.197, one-sided), in line with our previous studies showing that left parietal tACS 
affects endogenous attention but not finding the same statistical support for the 
right hemisphere.

Hence, the effect of tACS on the visuospatial attention bias is area-specific, i.e. 
present in the parietal but not in the temporoparietal stimulation condition as 
well as cue- and task-specific, i.e. evident in the valid (but not invalid) trials of the 
endogenous but not in the exogenous attention task. The visuospatial attention 
bias effect was marked by a lower visuospatial attention bias score (leftward bias) 
in the left as compared to the right parietal stimulation condition (rightward bias), 
in line with our hypothesis. Follow-up tests revealed that the visuospatial attention 
bias of the sham-corrected left but not sham-corrected right parietal tACS differed 
from zero.

132

4 4

CHAPTER 4



Fig 4. Stimulation site-, cue- and task-specific tACS effect on the visuospatial attention bias. 
Depicted is the visuospatial attention bias per task condition (endogenous versus exogenous attention 
task), stimulated area (parietal, temporoparietal), stimulated hemisphere (left, right) and cue type 
(valid, invalid). The visuospatial attention bias is the lateralization of the inverse efficiency score (RT/
accuracyleft target trials – RT/accuracyright target trials) and a positive or negative value represents a rightward 
or leftward bias respectively. To account for absolute and relative differences in the visuospatial 
attention bias score between the endogenous and exogenous attention task, the 4-way interaction effect 
(symbolized in brackets) was tested using z-scores. The dots visualize the mean and the error bars 
depict the standard error of the mean across participants. The asterisk and double asterisk symbolize 
significant differences with p-values ≤ .05 and ≤ .001 respectively. 4-way: four-way interaction effect, 
3-way: three-way interaction effect, 2-way: two-way interaction effect, pair: pair-samples t-test, single: 
one-sample t-test.

133

4 4

PARIETAL BUT NOT TEMPOROPARIETAL tACS MODULATES ATTENTION



Fig 5. Stimulation effect (visuospatial attention biasleft parietal tacs – visuospatial attention biasright 

parietal tACS) per participant for the valid trials of the endogenous attention task. A positive score 
means that tACS induced the expected behavioral stimulation effect, i.e. a greater visuospatial attentional 
leftward bias in the left relative to the right hemispheric stimulation condition.

EEG data
We first examined the within- and between-subject variability of the IAF to verify 
its reliability. The average IAF was 10.02Hz and varied between 7.25Hz and 
12.25Hz amongst participants. For the analysis of the within-subject variability we 
calculated the intraclass correlation coefficient (ICC) over the five IAF estimates of 
the pre-measurements of each session. The test-retest reliability of the IAF was very 
high as shown by an intraclass correlation coefficient (ICC) of .95 (F(24,96)=21.82, 
p<.001). This means that the IAF was a stable trait marker with little variation over 
the five sessions.

To test whether tACS induced an alpha power lateralization towards the ipsilateral 
side, we performed a repeated measures ANOVA on the sham-corrected alpha power 
lateralization index (ALI) including stimulated area (parietal, temporoparietal) and 
stimulated hemisphere (left, right) as factors. There were no significant main or 
interaction effects (stimulated area: F(1,24)=.861, p=.363, stimulated hemisphere: 
F(1,24)=.95, p=.339, stimulated area x stimulated hemisphere: F(1,24)=.05, p=.824) 
(left dorsal parietal: M = -3.35, SE = 7.88, right dorsal parietal: M = -8.23, SE = 8.72, 
left ventral temporoparietal: M = 5.31, SE = 9.10, right ventral temporoparietal: 
M = -3.73, SE = 11.04). This means that, even though the direction of effect partly 
matches our hypotheses, we found no evidence for an offline tACS effect in the EEG 
data.
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Blinding success
To verify whether participants were able to differentiate between the Stimulation 
Conditions, we performed a generalized estimating equation analysis (Liu & Zhang, 
2006). Actual Stimulation Condition with five levels (left/right dorsal parietal, 
left/right ventral temporoparietal, sham) was included as factor and Indicated 
Stimulation Condition with three levels (‘real stimulation’, ‘sham stimulation’, ‘I do 
not know’) was used as dependent variable. The Wald chi square test indicated 
that the actual Stimulation Condition did not affect the Indicated Stimulation 
Condition (X²(4, N=118)=7.19, p=.126), which means that blinding was successfully 
maintained.

Discussion

In this experiment, we tested the effect of left and right parietal versus 
temporoparietal alpha-tACS on the endogenous versus exogenous visuospatial 
attention bias. By stimulating the parietal and temporoparietal cortex we targeted 
the DAN and the VAN respectively, two networks that have previously been 
associated with endogenous and exogenous attentional control respectively (Chica 
et al., 2013). Each participant completed five stimulation conditions in separate 
sessions and randomized order: left parietal, right parietal, left temporoparietal 
and right temporoparietal alpha-tACS as well as placebo/sham stimulation. During 
stimulation, we measured the visuospatial attention bias with an endogenous and 
an exogenous attention task and immediately before and after tACS, we acquired 
three minutes of resting-state EEG data to assess the offline tACS effect on alpha 
power lateralization. We hypothesized that left and right hemispheric alpha-tACS 
induces a leftward and rightward visuospatial attention bias and alpha power 
lateralization respectively. Our data show a differential effect of sham-corrected 
left and right parietal alpha-tACS on the endogenous visuospatial attention bias. 
This effect was driven by a greater visuospatial attentional leftward bias for left 
parietal tACS as compared to sham. The effect of dorsal parietal tACS on endogenous 
attention matches previous fMRI experiments about the functional role of the IPS 
(Corbetta et al., 2002; Corbetta & Shulman, 2002b; Doricchi et al., 2010; Hahn et 
al., 2006; J. B. Hopfinger et al., 2000; Kastner et al., 1999; Kincade, 2005) as well 
as EEG experiments about the functional role of parietooccipital alpha power in 
endogenous visuospatial attention (Gallotto et al., 2020; Gould et al., 2011; Händel 
et al., 2011; Lasaponara et al., 2019; Newman et al., 2013; Sauseng et al., 2005a; 
Thut, 2006). Ventral temporoparietal tACS, on the other hand, did not modulate 
the visuospatial attention bias in either task, which suggests that temporoparietal 
alpha oscillations might not be functionally relevant for exogenous or endogenous 
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visual attentional control. We found no tACS effect on the alpha power lateralization 
score (see section limitations below for possible explanations). 

All in all, dorsal parietal but not ventral temporoparietal alpha-tACS induced an 
endogenous visuospatial attention bias towards the ipsilateral side, in line with 
our hypothesis. There was no effect of ventral temporoparietal (or dorsal parietal) 
alpha-tACS on the exogenous attention, i.e. no double dissociation, contrary to 
our original hypothesis. Although the absence of evidence in the temporoparietal 
stimulation condition is no evidence of absence, the laterality of the montage and 
the proximity to the parietal stimulation site make the ventral temporoparietal 
stimulation condition a well-suited active control for the dorsal parietal stimulation 
condition. Hence, the fact that the ventral temporoparietal stimulation did not 
modulate visuospatial attention renders alternative explanations such as lateral 
cutaneous or retinal stimulation effects for the visuospatial attention bias in the 
dorsal parietal tACS condition unlikely.

Brain area- and task-specific tACS effect
The behavioral data show no double dissociation between the dorsal parietal and 
temporoparietal cortex for endogenous versus exogeneous visuospatial attention. 
However, we found a brain-area and task-specific effect of dorsal parietal on 
endogenous attention performance, which is in line with previous alpha-tACS 
research (Kasten et al., 2020; Schuhmann et al., 2019), the functional role of the 
DAN (Corbetta & Shulman, 2002a; Doricchi et al., 2010; J. B. Hopfinger et al., 
2000) as well as with the functional role of occipitoparietal alpha oscillations in 
endogenous attention performance (Gallotto et al., 2020; Gould et al., 2011; Händel 
et al., 2011; Lasaponara et al., 2019; Newman et al., 2013; Sauseng et al., 2005a; 
Thut, 2006). For the chosen exogenous attention task and tACS setup, stimulation 
of the ventral temporoparietal cortex did not affect the spatial distribution 
of exogenous attention. This surprising finding could be interpreted in the 
framework of an emerging theory about the functional role of the TPJ. This theory 
questions the functional role of the temporoparietal node of the VAN in exogenous 
visuospatial attention performance, pointing out a confounder in previous studies 
that seemingly supported such a function (Macaluso & Doricchi, 2013). Various 
fMRI studies have demonstrated that the TPJ displays greater activation in invalid 
as compared to valid cue type trials of endogenous attention tasks (Arrington 
et al., 2000; Corbetta et al., 2000). As invalid cue type trials, in contrast to valid 
cue type trials, involve a shift of reflexive attention towards the target at the 
unexpected location, this differential activation has been attributed to exogenous 
attention. However, there is an alternative interpretation for the activation of the 
VAN in this scenario, which is related to the unequal valid/invalid trial ratio. In 
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a typical endogenous attention ask, valid cue type trials are more frequent than 
invalid cue type trials to motivate the participant to initiate voluntary attention 
shifts towards the cued direction. This unequal valid/invalid trial ratio implies that 
invalid targets are scarce and therefore violate expectations. Hence, previously 
reported differential temporoparietal activation in valid and invalid trials can be 
attributed to either exogenous attention shifts or to a violation of expectations 
in less frequent and thus deviating invalid cue type trials. Macaluso and Doricchi 
(2013) proposed the latter and suggested that the TPJ performs match/mismatch 
operation or prediction updates in case of unexpected invalid cue type trials. This 
alternative theoretical framework might account for the absence of stimulation 
effects on attention performance in the temporoparietal stimulation condition. 
Alternatively, it could be argued that not the TPJ itself but specifically local alpha 
oscillations are not functionally relevant for exogenous attention performance. 
Wöstmann and colleagues (2018) recently demonstrated that left temporoparietal 
alpha-tACS impairs the recall of contralateral targets in a dichotic listening task. It 
could therefore be argued that temporoparietal alpha oscillations are functionally 
relevant for auditory rather than visual spatial attention.

Our current findings are in accordance with our previous experiments (Kemmerer et 
al., 2020; Schuhmann et al., 2019) and those of Kasten and colleagues (Kasten et al., 
2020), which all revealed behavioral effects of left parietal tACS on the endogenous 
visuospatial attention bias. Even though right dorsal parietal tACS seemed to induce 
a behavioral effect in the expected direction, which is a visuospatial attentional 
rightward bias, this effect failed to reach significance. It could be argued that this 
might be caused by a lack of statistical power. Yet, the absence of effects in this 
condition matches previous research, which showed no or inconsistent spatial 
attention effects for right hemispheric alpha-tACS (Joseph B. Hopfinger et al., 
2017a; Kasten et al., 2020; Veniero et al., 2017). In fact, various previous EEG studies 
have found stronger alpha power dynamics for the left hemisphere (Okazaki et al., 
2014; Sauseng et al., 2005b; Wöstmann et al., 2016). Furthermore, an fMRI study 
revealed that during rest, the functional connectivity is tonically higher in the right 
hemisphere whereas the left hemisphere seems to be more specifically recruited 
during high attentional demands (Meyer et al., 2018). It could therefore be argued 
that the left parietal cortex occupies a dominant role in the dynamic modulation 
of alpha power and attentional control. However, systematic tests, which rule out 
confounding factors such as handedness, are needed to verify these hemispheric 
asymmetries.

Cue-specific effect
We found an effect of dorsal parietal alpha-tACS on the valid cue trials in the 
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endogenous attention task. As valid cue trials, in contrast to invalid cue trials, 
measure endogenous attention performance independent of a reorienting or 
exogenous attention component, this cue-specific effect is in line with the functional 
role of the DAN (Corbetta & Shulman, 2002a; Doricchi et al., 2010; J. B. Hopfinger 
et al., 2000) and parietooccipital alpha oscillations (Gould et al., 2011; Händel et 
al., 2011; Lasaponara et al., 2019; Newman et al., 2013; Sauseng et al., 2005a; Thut, 
2006) in endogenous attention. Kasten and colleagues (2020) recently reported 
a similar effect of (occipito)parietal alpha-tACS on the visuospatial attention bias 
exclusively in the invalid trials of an endogenous but not in an exogenous attention 
task. Although the task-specificity and the direction of effects match our results, 
the effect in the invalid cue type trials stands in contrast to our effect in the valid 
cue type trials. This divergent effect could be explained by the differences in the 
tACS electrode montages between our study and that of Kasten and colleagues 
(2020). Current simulations suggest that the parietal high-density (HD) ring 
electrode montage in our experiment created a focal electrical field around the 
IPS (Fig 2). Kasten and colleagues (2020), on the other hand, used two small 
circular electrodes placed on the parietal and occipital cortex of each hemisphere 
respectively. This is expected to result in a diffuse electrical field between the two 
electrodes (Datta et al., 2008b), which might extend to the angular gyrus and TPJ. 
Research suggests that the angular gyrus is involved in attentional reorienting to 
unexpected stimuli (Chen et al., 2012; Kubit & Jack, 2013), which might account for 
Kasten and colleagues’ (2020) effect in the invalid cue type trials.

Limitations
Despite the tACS-induced modulations of endogenous visuospatial attention, which 
are in line with the functional role of alpha oscillations, we found no tACS effect on 
offline alpha power lateralization. This absence of effects might partly be caused 
by the technical difficulties that we experienced during the acquisition of EEG data 
following tACS. Our data show an EEG amplifier overload and associated signal loss 
of up to 35s in some post-tACS EEG measurements. As the effect of lateralized alpha-
tACS on alpha power has previously been observed only in the first minute of the 
post-stimulation EEG measurement (Kemmerer et al., 2020), the loss of the initial 
EEG data of the post-measurement might have decreased the power to detect an 
offline alpha power lateralization effect. Problems with amplifier overload during 
tACS have previously been reported (Kasten et al., 2020). Here, we used a similar 
combined tCS-EEG set-up as in one of our previous experiments (Kemmerer et al., 
2020), which consists of single EEG electrodes mounted in between the central 
disc and the outer ring tCS electrodes. However, for this experiment, we chose 
a smaller outer tCS ring electrode as compared to our previous experiment, in 
order to achieve a more focal electrical field in the parietal and temporoparietal 
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cortex respectively. This smaller ring electrode offered less space for the single 
EEG electrode in between tCS electrodes and therefore heightened the chances 
of conductive gel leakage. Bridging of the tACS and EEG electrodes due to 
conductance gel leakage might increase the chances of an EEG amplifier overload 
during stimulation (Fehér & Morishima, 2016). It is important to note that in this 
experiment, the amplifier overload and associated signal loss was observed several 
seconds after manually switching of the tCS stimulator. Because of this delay, the 
amplifier overload cannot be directly related to the alternating current stimulation 
but was potentially caused by a capacitor discharge happening a few seconds after 
pressing the power button to switch off the device. tCS after-effects are variable 
(Guerra et al., 2020) and new implementations that allow for contamination-free 
EEG recordings during and after stimulation are still a central focus of ongoing 
tCS research (Guerra et al., 2020; Tashiro et al., 2020). To prevent that residual 
noise from the stimulator contaminates the EEG recording, previous research 
removed the cable connecting the inner tCS electrode with the stimulator (Tashiro 
et al., 2020). This method resulted in clean EEG signal and, if automated, can be 
implemented within one second after stimulation. Hence, future research should 
follow a similar procedure to prevent that residual noise from the stimulator or 
capacitor discharges causes an amplifier overload or other artefacts.

Potential confounders
A frequent concern is that tACS effects are caused by stimulation of the retina 
instead of a direct modulation of neuronal activity (Kanai et al., 2008; Rohracher, 
1935). Electrical stimulation of the retina can cause phosphenes, which are 
percepts of light in the absence of corresponding visual input. These phosphenes 
might entrain neural assemblies in the visual cortex via the retino-thalamic 
pathway (Karabanov et al., 2019) and thereby modulate behavioral outcomes. tACS 
applied via a distant bi-polar electrode montage has previously shown to induce 
phosphenes (Kar & Krekelberg, 2012; Schutter & Hortensius, 2010; Schwiedrzik, 
2009). This represents an interpretational problem because the stimulation effects 
cannot unambiguously be attributed to direct neuronal modulations. However, 
in this experiment, we used a high-density (HD) ring electrode montage, which 
produces a focal electrical field at the stimulation site (Bortoletto et al., 2016; Datta 
et al., 2008a, 2009; Dmochowski et al., 2011) and thereby minimizes the risk of 
volume conduction to the retina (Karabanov et al., 2019). Furthermore, potential 
retinal stimulation cannot explain the asymmetry of our effects on visuospatial 
attention as unilateral tACS is expected to modulate activity in the retina of the 
ipsilateral eye and should therefore equally affect the left and right optic tract, 
which in turn would modulate activity in the left as well as right hemisphere. This 
would lead to symmetric and not asymmetric visuospatial attention effects. It is 
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therefore unlikely that our effects are caused by retinal stimulation.

Similarly, it has been argued that tACS indirectly modulates neuronal activity and 
behavioral outcomes via stimulation of peripheral sensory afferents (Asamoah et 
al., 2019). Accordingly, tACS rhythmically activates nerve fibers in the skin under 
the electrode, which in turn entrains neural assemblies in the sensory cortex and 
connected areas. However, recent research in monkeys shows that tACS modulates 
single-unit activity during tACS independently of whether somatosensory input 
is blocked through topical anesthetic (Vieira et al., 2020). Furthermore, we show 
that the tACS effect on the visuospatial attention bias is area specific, i.e. it can be 
found in a parietal but not in an even more lateralized temporoparietal stimulation 
condition. This renders peripheral sensory afferent stimulation as alternative 
explanation for our behavioral tACS effects unlikely.

Conclusion

We demonstrate that lateralized dorsal parietal alpha-tACS modulates endogenous 
but not exogenous visuospatial attention performance, i.e. there was a visuospatial 
attention bias towards the ipsilateral hemifield in the valid trials of an endogenous 
attention task but not in the invalid trials or exogenous attention task. While this 
effect suggests that the functional role of local alpha oscillations matches the 
previously proposed distinction between a dorsal and ventral attention network 
for endogenous and exogenous attention respectively (Chica et al., 2013), no effect 
could be found in the ventral temporoparietal tACS condition. We therefore suggest 
that temporoparietal alpha oscillations are not functionally relevant for visual 
exogenous attention performance. However, further research should verify whether 
similar results can be found for other exogenous attention tasks. Importantly, the 
brain area-specificity of the dorsal parietal (but not ventral temporoparietal) tACS 
effect on the endogenous attention bias renders potential confounders such as 
retinal or cutaneous stimulation effects unlikely.
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Supplementary material

Fig 3 – supplement 1. Cueing effect for the 50% and 62% cue validity condition in the endogenous 
attention task. There was a main effect of cue type (F(1,23) = 14.31, p = .001) but no interaction effect 
with cue validity (F(1,23 ) =1.34, p =  .258. The error bars depict the standard error of the mean across 
participants. The double asterisk symbolizes significant differences with p-values ≤ .001.
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Fig 4-figure supplement 1. Follow-up analysis on the significant stimulation effect in the valid cue 
type trials of the endogenous attention task: Inverse efficiency score (reaction time/accuracy) 
per stimulation condition and target location. A repeated measures was performed on the inverse 
efficiency score including target location (left, right), and stimulation condition (left parietal tACS, sham 
stimulation , right parietal tACS) as factors. There was a significant interaction effect (F(2,48)=3.80, 
p=.030), which was driven by significant differences between the left and right target location trials in 
the sham  (t(24)=3.86, p=.001) as well as the right parietal stimulation condition (t(24)=3.00, p=.006). 
There was no difference between the left and right target location trials in the left parietal stimulation 
condition (t(24)=.25, p=.803) and no difference between the stimulation conditions for the left 
(F(2,48)=.78, p=.463) and right target location trials (F(2,48)=.22, p=.807) respectively. The error bars 
depict the standard error of the mean across participants. The asterisk and double asterisk symbolize 
significant pairwise comparisons with p-values ≤ .05 and ≤ .001 respectively.
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Figure 4-figure supplement 2. Median reaction times (RT), accuracy and inverse efficiency 
score per condition. The table shows the average values per stimulation condition (left parietal, right 
parietal, left temporoparietal, right temporoparietal, sham), target location (left, right) as well as cue 
type (valid, invalid). The standard error of the mean across participants is indicated in brackets.
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General discussion

Chapter 7



This thesis experimentally investigated the role of oscillations during attention 
and learning across a variety of paradigms and combining different methodologies. 
In this framework, we conducted three tACS studies to test the functional role of 
parietal alpha oscillations during spatial orienting (part 1), an iEEG and DBS study 
to investigate the causal role of the anterior thalamus and its oscillatory dynamics 
during visual attention (part 2), and an EEG study to unravel the changes in 
oscillatory feedback mechanisms as a result of perceptual learning (part 3).

Overview of the findings
Chapter 2 (part 1) tested the causal or functional role of posterior alpha oscillations in 
visuospatial orienting and spatial attention control. To that aim, we verified whether 
unilateral alpha-tACS modulates visuospatial attention and if so, whether it leads 
to differential effects on conceptually different visuospatial attention processes. 
In separate sessions, we applied tACS at 10Hz or sham tACS to the left parietal 
cortex and measured visuospatial attention performance during stimulation with 
an endogenous attention, an exogenous attention, and a detection task. Our results 
revealed a task-specific tACS effect on visuospatial attention performance. More 
specifically, 10Hz tACS induced a visuospatial attentional leftward bias relative 
to sham only in the endogenous attention but not in the exogenous attention or 
detection task. This suggests that left parietal alpha oscillations are functionally 
relevant for endogenous visuospatial attention performance and that alpha-tACS 
at a fixed frequency of 10Hz can be used to modulate it. This study also indicates 
functional specificity for the role of alpha oscillations in visuospatial attention 
performance by revealing an effect of alpha-tACS on endogenous but not exogenous 
attention performance.

While the study of chapter 2 showcased the general feasibility of modulating 
visuospatial attention through alpha-tACS, it remains unclear whether this 
behavioral effect was indeed caused by a tACS-induced modulation of alpha 
power in the left parietal cortex. Furthermore, according to the synchronization 
theory, tACS effects are expected to be most pronounced when the stimulation 
frequency matches the individual alpha frequency, which can differ considerably 
from 10Hz. Stimulation at frequencies that deviate from the individual alpha 
frequency, on the other hand, is expected to induce weaker or no effects. This 
gave rise to the experiment reported in the following chapter. In chapter 3 (part 
1) we individually tailored the tACS stimulation frequency to the dominant alpha 
frequency, the IAF, and assessed the effect of this intervention on visuospatial 
attention as well as offline alpha power. This stimulation condition was compared 
to tACS at flanking frequencies IAF+/-2Hz as well as sham stimulation. During 
tACS, we measured the visuospatial attention bias with an endogenous attention 
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and a detection task. Before and after stimulation, we acquired three minutes of 
resting state EEG data to assess the relative change in alpha power. In line with 
our hypothesis, we found an electrophysiological and behavioral tACS effect only 
in the IAF but not IAF+/-2Hz stimulation condition relative to sham. tACS at IAF 
induced an increase in alpha power leftward lateralization from before to after 
tACS, which was significantly different from sham for the first minute of the post-
EEG measurement. Across participants, the magnitude of this offline EEG effect 
correlated with the visuospatial attention bias, i.e., the greater the increase in alpha 
power leftward lateralization from before to after tACS, the greater the visuospatial 
attention leftward bias during tACS. According to a regression analysis, there was 
also a greater visuospatial attention leftward bias for IAF tACS relative to sham for 
a high value of the EEG effect. These results suggest frequency-specificity of the 
tACS effect on EEG and attention performance, thereby highlighting the relevance 
of individually tailored stimulation protocols.

In chapters 2 and 3, we found an effect of alpha-tACS on the endogenous attention 
but not the exogenous attention or detection tasks. These task-specific effects 
suggest functional specificity of parietal alpha oscillations. fMRI studies have 
previously demonstrated divergent roles of a dorsal fronto-parietal and a ventral 
fronto-temporoparietal network in endogenous and exogenous attention processes 
(Chica et al., 2013; Corbetta et al., 2008) and it therefore could be argued that the 
task-specific effects are associated with a functional distinction between these 
two attention networks. This gave rise to the experiment of chapter 4 (part 1). We 
applied IAF tACS to the dorsal parietal and ventral temporoparietal cortex of either 
hemisphere in four separate sessions and in a fifth session, we administered sham 
tACS to either of the four stimulation sites. During tACS, we measured visuospatial 
attention performance with an endogenous attention and an exogenous attention 
task. Before and after tACS, we acquired three minutes of resting state EEG data to 
measure the increase in alpha power. Our results revealed a four-way interaction 
between stimulated brain area, stimulated hemisphere, attention task and cue 
type, which was driven by a greater visuospatial attentional leftward bias in the 
left as compared to the right dorsal parietal stimulation condition (both sham-
corrected) for the valid trials of the endogenous attention task. In contrast, ventral 
temporoparietal tACS did not modulate visuospatial attention performance in 
either attention task. There was no tACS effect in the EEG data. The behavioral 
findings support a functional role of dorsal parietal alpha oscillations in endogenous 
attention control. However, the absence of effects in the ventral temporoparietal 
condition speaks against a double dissociation with regard to the function of alpha 
oscillations in the two brain areas.
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In chapter 5 (part 2), we investigated the causal or functional role of the anterior 
thalamus in attention performance. Previous neuropsychological reports suggest that 
unilateral isolated damage of the anterior and surrounding thalamic nuclei leads to 
hemineglect symptoms (Ghika-Schmid & Bogousslavsky, 2000; Watson, 1981). Yet, it 
is still unknown whether anterior thalamic DBS, as used for the treatment of epilepsy, 
impairs attention performance. Furthermore, the oscillatory dynamics in these nuclei 
during attention performance are still unclear. We tested these research questions in 
four patients who recently underwent anterior thalamic DBS implantation surgery 
for the treatment of refractory epilepsy. We recorded local field potentials at different 
sites in the anterior thalamus while patients performed the endogenous attention 
task. Furthermore, we investigated the effects of right thalamic high-frequency 
(140Hz), low-frequency (individual alpha/theta frequency) and sham DBS on 
attention performance. We found various theta, alpha and gamma power changes in 
anticipation and response to the visual target during the endogenous attention task, 
especially in the ventral anterior thalamic nucleus. Most notable were gamma and 
theta power decreases before target onset followed by a power increase after target 
presentation. The post-target theta and gamma power negatively correlated with RTs 
on a trial-by-trial basis, which underlines the link between the oscillatory responses 
and the behavioral outcomes. Measurements of visual attention performance during 
stimulation of the anterior thalamus revealed a slowing of RTs during low- and 
high-frequency DBS relative to sham. These results support a causal or functional 
role of the anterior thalamus in visual attention performance and shed light on the 
oscillatory mechanism that underlie this process. 

In all previous chapters, we focused on the role of low-frequency oscillations as a 
gating mechanism in the context of visual attention tasks. In chapter 6, we investigated 
whether these oscillations could play a role in a form of skill learning, namely, visual 
perceptual learning. This question was motivated by the tight link between attention 
and visual perceptual learning demonstrated in previous behavioral studies (for 
extensive review see Byers & Serences (2012)). This led us to the question whether 
the learning-induced enhancements in perception performance would be reflected 
in corresponding power modulations in alpha and beta range oscillations. Various 
perceptual learning theories support a role of feedback in perceptual learning (Crist 
et al., 2001; Fahle & Edelman, 1993; Roelfsema et al., 2010; Seitz et al., 2006, 2009), 
yet it remained unclear whether modified feedback input can account for stimulus-
specific perceptual performance enhancements after extensive perceptual training. 
The EEG study of chapter 6 (part 3) addressed this research question by testing 
the effect of extensive perceptual training on alpha and beta power, two oscillatory 
mechanisms that have previously been linked to feedback processes (Arnal et al., 
2011; Bastos et al., 2015; Bosman et al., 2012; Buffalo et al., 2011; Händel et al., 2011; 

280

7 7

CHAPTER 7



Lee et al., 2013; Michalareas et al., 2016; Popov et al., 2017; Richter et al., 2017; 
Sauseng et al., 2005a; G. Thut, 2006; von Stein et al., 2000; Worden et al., 2000). 
We trained twenty-one participants for eight sessions to detect slight differences in 
orientation of a sinusoidal grating and acquired EEG data before and after learning to 
assess the learning-induced alpha/beta-power changes. The stimulus-specificity of 
learning was measured after training with a rotated control stimulus. The behavioral 
results revealed that orientation discrimination performance improved with training. 
This effect was stimulus orientation-specific as shown by better performance for 
the trained stimulus as compared to the rotated control stimulus. The EEG data 
revealed changes in anticipatory alpha and beta power and late-post stimulus beta 
power specifically for the trained sinusoidal grating features but not for the rotated 
control stimulus. This suggests that feedback processes can account for at least part 
of the stimulus-specific performance enhancements as proposed by the read-out 
(Dosher et al., 2013; Dosher & Lu, 1998), reverse hierarchy (Ahissar & Hochstein, 
2004) and related theories (Eckstein et al., 2004; Goldstone, 1998). By comparing the 
oscillatory responses while attention was directed towards the relevant stimulus and 
while attention was directed away from it due to a demanding task at fixation, this 
experiment also shed light on the link between perceptual learning and attention. 
We found the learning-induced alpha and beta power changes in the pre- and early 
post-stimulus interval in both attention conditions, which might be indicative of an 
enhancement in the efficiency of read-out mechanisms independent of attention 
deployment. However, it is important to note at this point that the observed changes 
in feedback input do not contradict previous findings that indicate attention-
independent neural correlates of learning corresponding to lower-level visual areas 
modifications (Bao et al., 2010; Furmanski et al., 2004; Raiguel et al., 2006; Schoups 
et al., 2001; Vogels, 2010; Zivari Adab & Vogels, 2011). In fact, these two mechanisms 
might co-exist to enhance perceptual performance. Besides the effects of learning 
on oscillatory power, we also found an association between sinusoidal grating 
contrast and pre-stimulus, early post-stimulus and late post-stimulus alpha and beta 
power. These effects did not interact with learning stage, which indicates that in our 
experimental design, unlike attention (McAdams & Maunsell, 1999; Reynolds et al., 
2000), perceptual learning does not alter performance for various contrast levels 
differentially. This experiment showcased the role of alpha and beta oscillations in 
stimulus-specific perceptual learning and shed light on the interactions and potential 
parallels between attention and perceptual learning.

The functional role of alpha oscillations in attention
Various experiments have demonstrated that the distribution of alpha power 
over posterior areas is associated with the focus of spatial attention, i.e. alpha 
power increases ipsilaterally and decreases contralaterally to the attentional 
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focus (Banerjee et al., 2011; Foster et al., 2017; Gould et al., 2011; Händel et 
al., 2011; Sauseng et al., 2005b; Gregor Thut, 2006). In part 1 of this thesis, we 
extended this correlational evidence by showing that the role of alpha oscillations 
in visuospatial attention performance is causally or functionally relevant. Our 
results also indicate spatial as well as functional specificity of alpha oscillations by 
revealing effects of specifically dorsal parietal (but not ventral temporoparietal) 
tACS on voluntary (but not reflexive) visuospatial attention performance. The 
precise spatial specificity of alpha power changes as a function of attentional focus 
has recently been showcased by Popov and colleagues (Popov et al., 2019) who 
outlined a retinotopic map similar to the one previously shown in hemodynamic 
and electrophysiology studies (Barone et al., 2000; Sereno et al., 1995; Van Essen 
et al., 1986; Wandell & Winawer, 2011). This fine-tuned topographical distribution 
of alpha power suggests that alpha oscillations reflect inhibitory top-down input 
to specific neural representation coding the precise attended location in space. 
Hence, it should theoretically be possible to modulate attentional performance for 
stimuli in a specific retinal location by directing alternating current stimulation at 
alpha frequency to the relevant subset of neurons. Unfortunately, the current state 
of the art does not allow for such fine-grained targeting of current flow through 
tACS. In part 1 of this thesis, we used a high-definition ring electrode montage, 
which allowed for a more directed and restricted current as compared to standard 
rectangular electrodes (Datta et al., 2008). Simulations showed that current flow 
was limited to the left/right parietooccipital (or temporoparietal) cortex. This 
unilateral stimulation allowed us to assess the changes of attention performance for 
target stimuli in one as compared to the contralateral side of space. Yet, according 
to simulations, the current still covered an area of several centimeters, which 
means that a high number of neurons are stimulated. One recently introduced 
approach called temporal interference stimulation allows for a more spatially 
confined sinusoidal stimulation by employing multiple intersecting high frequency 
electrical fields, which are too high to affect neural spiking but differ by a slow 
frequency interval, which entrains this discrepant slow frequency in intersecting 
regions (Grossman et al., 2017). Future research should further develop such non-
invasive brain stimulation techniques that allow for a more fine-grained sinusoidal 
electrical stimulation not only to be able to modulate the attentional focus with 
more precision but also to generally allow for a more directed modulation of 
oscillatory power in specific brain areas.

While Popov and colleagues (Popov et al., 2019) mapped the alpha power distribution 
according to the attended location in space, it is still unclear whether alpha power 
also codes other stimulus features such as stimulus orientation and frequency. In 
chapter 6, we demonstrated changes in alpha and beta power through perceptual 
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learning for the trained stimulus orientation, which returned to baseline level for a 
rotated control stimulus. This indicates that perceptual learning leads to stimulus 
orientation-specific changes in alpha power. One could therefore speculate that 
alpha power codes not only for the spatial location but also the orientation of the 
anticipated/attended stimulus. Furthermore, as oscillations in the alpha frequency 
range are also relevant in other modalities such as auditory (Strauß et al., 2014; 
Wöstmann et al., 2016) and somatosensory  attention (Anderson & Ding, 2011; van 
Ede et al., 2014), it is plausible that alpha oscillations follow tonotopic (Saenz & 
Langers, 2014) and somatosensory maps (Harding-Forrester & Feldman, 2018) in 
the respective primary sensory cortex, similar to the retinotopic map in the visual 
cortex.

Clinical potential of tACS
We presented in this thesis three experiments (chapter 2, 3 and 4) that showcase 
the possibility of inducing a visuospatial attentional leftward bias in an endogenous 
attention task through left parietal alpha-tACS. Furthermore, the results of chapter 
3 suggest modulation of alpha power lateralization as neural mechanism underlying 
this behavioral stimulation effect. All in all, our results indicate a clinical application 
in which tACS may be used in the future to correct the pathological visuospatial 
attentional rightward bias of hemineglect patients as well as potential underlying 
hemispheric alpha asymmetries. In addition to hemineglect, there are various 
other disorders that are characterized by deviations in oscillatory power and 
frequency and that might therefore benefit from neuromodulatory interventions 
such as tACS. These disorders include ADHD (Arns, 2012; ter Huurne et al., 2013; 
Vollebregt et al., 2016), depression (Fernández-Palleiro et al., 2020; Jiang et al., 
2016; Prinz & Vitiell, 1989), Alzheimer’s disease (Güntekin, 2017; Montez et al., 
2009; Prinz & Vitiell, 1989), dementia (Cantero et al., 2009; Gawel et al., 2009; 
Moretti, 2004) and any neurological disorder following stroke (Giaquinto et al., 
1994; Juhász et al., 2009) or traumatic brain injury (Nuwer et al., 2005; Tebano et 
al., 1988). Indeed, recent research points towards a clinical application of tACS at 
gamma frequency to boost memory impairment in Alzheimer’s patients (Benussi 
et al., 2021; Chan et al., 2021). As tACS is a noiseless, easy-to-use, and portable 
technique, it could be applied simultaneously with standard behavioral therapies 
in the ambulatory care to enhance treatment effects. Furthermore, tACS has been 
proposed to induce neuroplastic effects in the brain (Kasten et al., 2016; Vossen 
et al., 2015a), which means that a single application of the intervention might 
result in long-term treatment effects. Yet contrary to this assumption, chapter 
3 showed that the effects of alpha-tACS on offline alpha power lateralization as 
measured during rest fade away shortly after termination of the stimulation. This 
suggests that also the effects on attention performance might be transitory. As 
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this would limit the clinical potential of the stimulation protocol, future research 
should assess the duration of tACS after-effects on spatial attention performance 
and also verify whether potential long-term neuroplastic effects might manifest 
as dynamical changes in alpha power lateralization during attention shifts instead 
of resting state alpha power. If the behavioral as well as dynamical EEG effects 
are indeed transitory, future research should aim at prolonging the after-effects 
through a repeated application of the stimulation protocol (Mohsen et al., 2019) 
or an increase in stimulation intensity (Nitsche & Paulus, 2000; Vöröslakos et al., 
2018) and/or duration (2000). Furthermore, clinical trials are needed to verify the 
usability of tACS for the treatment of neurological disorders.

tACS and the replication crisis
tACS seems to be a powerful research tool for demonstrating the causal or functional 
role of oscillations. As discussed in the previous paragraph, it might also have clinical 
potential. However, especially in the past few years, various reports of inconsistent 
and null findings accumulated (Bland et al., 2018; Clayton et al., 2018; Fekete et al., 
2018; Neuling et al., 2013; Popp et al., 2019; Sheldon & Mathewson, 2018; Stecher & 
Herrmann, 2018; van Schouwenburg et al., 2018; Veniero et al., 2017; Vossen et al., 
2015b; Wittenberg et al., 2019; Zaehle et al., 2010), which have raised doubts about 
the general robustness and replicability of tACS effects. A similar replication crisis 
has been pointed out for EEG (Höller et al., 2017; Pavlov et al., 2021), fMRI (Horster 
et al., 2020) and psychology and neuroscience research in general (Button et al., 
2013; Szucs & Ioannidis, 2017). In brain stimulation research, various experiments 
have demonstrated that alpha power can be enhanced through occipitoparietal tACS 
at alpha frequency (Neuling et al., 2013; Vossen et al., 2015b; Zaehle et al., 2010). 
Yet, applying similar stimulation protocols, other studies could not replicate this 
effect (Clayton et al., 2018; Fekete et al., 2018; Stecher & Herrmann, 2018). In the 
tACS study of chapter 3, we only found a significant tACS effect on alpha power for 
the first out of three minutes post-measurement and in chapter 4, we did not find 
any significant stimulation effects in the EEG data. It cannot be denied that these 
results raise some doubts about the consistency and strength of tACS after-effects 
on oscillatory power. Research on the tACS effects on online behavioural measures 
have also led to mixed results. While numerous studies report an effect of tACS on 
spatial attention (Hopfinger et al., 2017; Schuhmann et al., 2019; Wöstmann et al., 
2018), perception (Helfrich et al., 2014; Riecke et al., 2015), cognitive functions  
(Chander et al., 2016; Deng et al., 2019; Kasten & Herrmann, 2017; Polanía et al., 
2012) and motor control and learning (Antal et al., 2008; Cappon et al., 2016; Heise 
et al., 2019; Joundi et al., 2012; Krause et al., 2016; Leunissen et al., 2017; Pogosyan 
et al., 2009; Pollok et al., 2015; Schilberg et al., 2018; Wach et al., 2013), others 
failed to replicate previous findings (van Schouwenburg et al., 2018; Veniero et al., 
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2017) or did not find a behavioral effect in the first place (Bland et al., 2018; Popp 
et al., 2019; Sheldon & Mathewson, 2018; Wittenberg et al., 2019). In this thesis, we 
report the outcomes of three related studies that assessed the effects of unilateral 
alpha-tACS on attention performance and offline EEG. While the effects of alpha-
tACS on offline EEG were short-lasting in one and absent in another study, the 
effects of tACS on visuospatial attention performance were fairly consistent across 
the three experiments, i.e., left dorsal parietal tACS at alpha frequency induced 
a leftward bias in an endogenous attention task. This suggests that a reliable 
modulation of visuospatial attention performance might be possible, although it 
must be noted that, in chapter 3, tACS effects on attention were dependent on the 
magnitude of the EEG effect. Our research also points towards a cause of inter-
individual variability, which might have (amongst other factors) led to previously 
reported inconsistent stimulation effects.

In chapter 3, we showed that tACS at the IAF leads to stronger effects on EEG 
and attention as compared to stimulation at flanking frequencies. As the IAF in 
the tested sample spanned from 8Hz to 11.4Hz, the frequency specificity of the 
stimulation effects suggests that tACS at a fixed stimulation frequency of 10Hz 
might not have resulted in significant effects on attention performance (note that 
we tested a heterogenous sample of participants covering a wide age range here 
to have a high variability in IAFs). This highlights the relevance of individually 
tailored stimulation protocols and suggests that such an individualization reduces 
inter-individual variability in tACS effects (Stecher & Herrmann, 2018). Besides 
the intrinsic frequency, there are other factor that might account for variable and 
inconsistent brain stimulation effects including brain anatomy (Datta et al., 2012; 
Kim et al., 2014; Soleimani et al., 2021), cognitive function (Tseng et al., 2012), age 
(Fujiyama et al., 2014; Müller-Dahlhaus et al., 2008) and the current brain state 
(Feurra et al., 2013; Ruhnau et al., 2016). Future research should therefore not 
only tune the tACS frequency to the intrinsic frequency but also individualize other 
stimulation parameters such as stimulation location (Albizu et al., 2020; Stecher 
& Herrmann, 2018), electrode montage, stimulation intensity and stimulation 
duration. Inter-individual variability in these factors might have partly caused 
the replication crisis and identifying and reducing sources of inconsistencies and 
variability might therefore be crucial for a reliable application of tACS in future 
studies. The relevance of individualized tACS protocol might become especially 
pressing when the research involves a heterogenous group of participants or even a 
clinical population. Usually, cognitive neuroscience research includes participants 
of similar age and educational background (student population). This low variability 
in demographic background might translate into a relatively low variability in 
intrinsic frequencies (Köpruner et al., 1984; Saletu & Grünberger, 1985), brain 

285

7 7

GENERAL DISCUSSION



volume (Peters, 2006) and vasculature (Peters, 2006). It is therefore plausible that 
fixed stimulation parameters such as tACS at 10Hz may result in significant effects 
if applied in such homogeneous target groups (as shown in chapters 2 and 4), while 
the necessity of an individualized stimulation protocol increases with increasing 
interindividual variability. Besides individualizing the stimulation protocol, future 
research should aim for high sample sizes to yield more accurate and representative 
results. It is also highly relevant to put the replicability of findings on the proof by 
repeating the same experiment employing the exact same stimulation parameters 
and analysis steps. To verify the conceptual replicability of a certain finding, one 
can also perform several sequential experiments that build upon each other but 
test the same core concept such as the general ability of modulating visuospatial 
attention through tACS at alpha frequency. Furthermore, it is important to perform 
basic research to better understand the neuronal mechanisms underlying tACS 
effects and its interindividual variability. A mechanistic understanding of the 
physical and physiological underpinnings of the neuromodulation technique at 
hand is vital to further develop the technique and thereby enhance its reliability. 
Such basic research is therefore highly relevant for future applications of tACS in 
research as well potential clinical settings.

Electrical resonance as mechanism underlying tACS effects?
Fundamental research on the physical mechanisms underlying tACS effects is still 
sparse, but according to the synchronization theory (Pikovsky et al., 2002; Gregor 
Thut et al., 2011), tACS enhances oscillatory power through progressive alignment 
of the intrinsic oscillation to the sinusoidal current of tACS. The synchronization 
theory predicts preferential enhancement of oscillatory power if the stimulation 
frequency is tuned to the intrinsic frequency. In line with this prediction, the results 
of chapter 3 show that left parietal tACS at IAF but not flanking frequencies IAF+/-
2Hz induced an alpha power leftward lateralization effect (higher alpha power 
over the stimulated as compared to the unstimulated hemisphere) relative to 
sham. Further statistical comparisons between the active stimulation conditions, 
however, revealed effects that are not predicted by the synchronization theory. 
The results show that tACS at IAF differed from tACS at IAF+2Hz but not from 
tACS at IAF-2Hz and visual inspection of the results indicates that the direction 
of effects was reversed for tACS at IAF+2Hz, i.e., there was a rightward instead 
of a leftward lateralization of alpha power. Based on these findings, we propose 
that tACS effect can better be predicted by transfer functions in the framework of 
electrical resonance (Ogata, 1992) as opposed to Arnold tongues as proposed in 
the framework of the synchronization theory (Notbohm et al., 2016; Pikovsky et 
al., 2002; Gregor Thut et al., 2011). Resonance describes the reinforcement of a 
vibration or oscillation in response to an external periodic stimulus that oscillates 
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at, near or at multiples of the intrinsic frequency of the system (Ge & Liu, 2016). 
A transfer function maps a system’s output for each possible input (Warne, 2005) 
and in the framework of resonance describes the resonance response as a function 
of stimulation frequency, stimulation intensity and dampening (Ge & Liu, 2016; 
Ogata, 1992). The Arnold tongue as previously proposed in the framework of brain 
oscillation entrainment predicts the degree of synchronization as a function of 
stimulation frequency and stimulation intensity (Notbohm et al., 2016; Gregor Thut 
et al., 2011). The transfer function and the Arnold tongue share some predictions 
about the neuronal responses following periodic external stimulation such as the 
preferential enhancement of power if the stimulation frequency is tuned to the 
intrinsic frequency (or slightly below the intrinsic frequency in case of the transfer 
function) (Halliday et al., 2013; Pikovsky et al., 2002; Gregor Thut et al., 2011). 
Furthermore, both theories predict that stimulation at frequencies lower than 
the intrinsic frequency induce similar or weaker enhancements as compared to 
stimulation at the intrinsic frequency (Halliday et al., 2013; Pikovsky et al., 2002; 
Gregor Thut et al., 2011). However, in contrast to the Arnold tongue (Notbohm et 
al., 2016; Gregor Thut et al., 2011), the transfer function (Ogata, 1992) predicts that 
stimulation frequencies higher than the intrinsic frequency result in a suppression 
effect as soon as the stimulation frequency exceeds a certain threshold value. Note 
that this implies that stimulation at gamma frequency suppresses the power of alpha 
oscillations. Hence, opposing effects for tACS at alpha versus gamma frequency 
can be explained by the transfer function in the framework of resonance effects 
or intrinsic neuronal mechanisms such as cross-frequency coupling. Interestingly, 
an asymmetric response curve, with greater responses for stimulation frequencies 
lower than the IAF as compared to higher than the IAF, has previously been shown 
in a sensory entrainment experiment (Notbohm et al., 2016) and partly also in 
a steady-state visually evoked potential (SSVEPs) experiment (Gulbinaite et al., 
2019), which suggest that similar mechanisms might apply here. Previous research 
proposed that the resonance frequency describes the time that spikes need to run 
around a neuronal network circuit and that resonance effects in these circuits 
through frequency-tuned tACS induces spike-timing dependent plasticity (STDP). 
The resonance effects might therefore be detectable after termination of the 
stimulation. Future research should verify the assumptions of the transfer function 
in the framework of resonance by measuring the effects of tACS at a wide range of 
stimulation frequencies on oscillatory power enhancement.

Oscillatory power enhancement through anterior thalamic DBS?
It has been proposed that the DBS treatment effects are caused by a ‘functional’ 
inactivation of local neural populations (Benabid et al., 2008; Lozano et al., 2002; 
Vitek, 2002) or by disturbance of the naturally occurring rhythmic activity at the 
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stimulation site (Hamani et al., 2010). On top of this, DBS might also lead to an 
enhancement of oscillatory power at the stimulation frequency (Cleary et al., 2013; 
McCairn & Turner, 2009), similarly to tACS. Previous research has demonstrated 
local synchronization (or resonance) effects during high-frequency DBS of the globus 
pallidus internus in primates (McCairn & Turner, 2009) and humans (Cleary et al., 
2013). However, several questions remain unanswered. Can synchronization effects 
also be observed during anterior thalamic DBS and do the synchronization effects 
in the thalamus spread to connected widespread subcortical and cortical areas? 
Considering the functional role of oscillations in various cognitive processes (E. 
Başar et al., 2000; Erol Başar et al., 2001), what are the exact cognitive and behavioral 
consequences of potential local and/or widespread synchronization effects and does 
this show as adverse effect during the anterior thalamic DBS treatment for refractory 
epilepsy patients? If so, are there alternative DBS protocols that could counteract 
synchronization effects and thereby alleviate potential adverse effects of DBS 
treatment that might emerge through synchronization effects?

In chapter 5, we applied DBS at gamma frequency, individual alpha/theta frequency 
(IATF) and sham DBS to the anterior thalamus. As alpha oscillations are associated 
with inhibition of sensory input (Jensen & Mazaheri, 2010), local and/or widespread 
synchronization to the DBS pulses might account for the slowing of RTs during DBS 
at IATF. Furthermore, anterior thalamic DBS at gamma frequency (130Hz or 140Hz), 
as used for the treatment of refractory epilepsy (Fisher & Velasco, 2014; Halpern 
et al., 2008; Velasco et al., 2010) might also cause adverse effects via oscillatory 
synchronization effects. Gamma oscillations are associated with an alert, attentive 
wakeful state (Maloney et al., 1997; McCormick et al., 2015) and it could therefore 
be argued that DBS at gamma frequency increases alertness, which in turn might 
impair sleep quality. Indeed, one reported adverse effect of high-frequency DBS for 
the treatment of refractory epilepsy is disruption of sleep (Voges et al., 2015). This 
adverse effect is alarming as a deterioration in sleep quality can result in increased 
seizure frequency (Touchon et al., 1991), which would impair the treatment effects. 
Future research should therefore test whether the anterior thalamic DBS treatment 
indeed leads to an enhancement of gamma power and if so, develop and verify 
alternative stimulation protocols that counteract such synchronization effects. 
One alternative protocol would incorporate brief stimulation breaks of half a cycle 
after a certain number of pulses to avoid accumulative synchronization effects. 
According to the synchronization theory, rhythmic external stimulation enhances 
oscillatory power at the stimulation frequency through a progressive alignment 
of the intrinsic oscillation to the external rhythm (Fig 1A). The alternative DBS 
protocol would counteract this by regularly shifting the phase of the external 
rhythm by 180° (Fig 1B). Future research should verify whether this alternative 
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DBS protocol improves the sleep quality while alleviating epilepsy symptoms 
through a functional deactivation or disturbance of local neuronal populations 
without concurrent synchronization effects. Furthermore, future research should 
verify the spatial attention effects shown during anterior thalamic DBS at IATF in 
chapter 5 and test whether the slowing of response times is caused by local and/or 
remote synchronization effects as shown by oscillatory power enhancement in the 
theta and alpha frequency range.

Conclusion
The collective results of this thesis showcase the central role of alpha (and beta) 
oscillations in attention and learning and the ability to modulate it through tACS, 
perceptual training or DBS. Our research also shed light on the functional properties 
of the neuromodulatory interventions itself such as the relevance of spatially and 
temporally tuned tACS stimulation protocols as well as the potential neuronal 
mechanisms underlying tACS and DBS effects, i.e., synchronization or electrical 
resonance to the external rhythm. By demonstrating that tACS can be used to induce 
a visuospatial attention bias, our research indicates a potential clinical application 
in which unilateral alpha-tACS is used to correct the pathological visuospatial 
attention bias in hemineglect patients. Yet at the same time, our results also 
point at a shortcoming of such an intervention technique as the effects of tACS on 
oscillatory power were short-lasting and inconsistent. The results of the DBS and 
iEEG study underline the causal or functional role of the anterior thalamus in visual 
attention performance and suggest oscillations as neuronal mechanism underlying 
it. Furthermore, the slowing of response times to visual targets during DBS points 
towards a potential cognitive adverse of a stimulation protocol, similar to the 
one used for the treatment of refractory epilepsy. The perceptual learning study 
highlights the specificity of neuronal and behavioral perceptual training effects and 
suggests that alpha and beta oscillations might carry information about low-level 
stimulus features such as stimulus orientation. This study also shed light on the 
interaction and parallels (or absence thereof) between perceptual learning and 
attention by demonstrating oscillatory perceptual learning effects independent 
of attention deployment and no interaction between training stage and stimulus 
contrast as predicted by the contrast or response gain model in the framework 
of attention. The results presented in this thesis might influence further research 
on the functional role of alpha and beta oscillation in attention and learning and 
could function as a guiding principle for future application of tACS and DBS in 
experimental and potentially also clinical settings.
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Impact paragraph

The research presented in this doctoral thesis explored the role of neural 
oscillations during attention and learning. The obtained results have theoretical as 
well as potential clinical implications, which will be discussed hereafter.

The studies of part 1 showcased the causal or functional role of neural oscillations 
in attention performance and the ability of electrical brain stimulation to modulate 
it. Our research indicated that the electrical brain stimulation affected voluntary 
but not reflexive attention processes through modulation of neural oscillations 
and that these effects are specific to stimulation of a certain brain area. These 
findings enhanced the research field and broadened our understanding of the 
functional role of neuronal oscillations in attention. Beyond these fundamental 
theoretical advancements, the research also shed light on the functional properties 
of the electrical brain stimulation intervention itself, such as the relevance of an 
individualized stimulation protocol for the magnitude of the stimulation effects. 
In chapter 3, we demonstrated that the effects of electrical brain stimulation 
on attention performance and neural oscillations are most pronounced if the 
stimulation protocol is individually tailored to the participant’s brain. By indicating 
advancements in the choice of stimulation parameters, this research is immediately 
relevant for future applications of electrical brain stimulation.

Electrical brain stimulation does not only represent an elegant research tool to 
explore the causal or functional role of neural oscillations but might also be relevant 
for clinical applications in patients with neurological disorders. Hemineglect is a 
disorder of attention, which can arise after brain damage and is marked by a deficit 
in attending to or being conscious of one side of the surroundings. In part 1 of this 
thesis, we showcased the general capability of manipulating the focus of attention 
in space through electrical brain stimulation. The electrical brain stimulation 
might therefore serve as a potential treatment for hemineglect patients, which 
focuses on shifting the attention towards the ‘ignored’ side by directly modulating 
brain functioning. Future research should test whether the stimulation protocol, as 
applied here in healthy participants, leads to similar attention effects in hemineglect 
patients. Our research could serve as a guiding principle for these clinical trials by 
providing information about the choice of stimulation parameters such as electrode 
montage and stimulation frequency. Generally, the capability of modulating 
attention performance through electrical brain stimulation might not only be 
relevant for the treatment of hemineglect but also other attentional disorders such 
as ADHD or general attentional impairments following brain damage. Yet it must 
be noted that our research also hints at shortcomings of potential clinical electrical 
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brain stimulation interventions. We only found a stimulation effect on the neuronal 
oscillations for the first minute after termination of the stimulation. One could 
argue that this implies that also the effect on attention performance might fade 
away rapidly after turning off the stimulation device. Our findings could serve as a 
starting point for further research that aims at prolonging the after-effects through 
further individualizing the stimulation protocol and/or through a repeated or 
extended application of the brain stimulation.

Similar to the studies of part 1, the electrical deep brain stimulation and recording 
study of part 2 have theoretical as well as potential clinical implications. We 
showcased that a certain deep structure in the brain, the anterior thalamus, is 
causally or functionally relevant for visual attention performance and our data 
support neural oscillations as the underlying mechanism for this process. The 
results of this unique data set broaden the fundamental knowledge in the research 
field but are also relevant in the framework of deep brain stimulation treatments. 
Our results showed a slowing of response times during the stimulation, which 
might be indicative for potential cognitive adverse effects of a stimulation protocol, 
similar to the one used for the treatment of epilepsy (Halpern et al., 2008; Schaper 
et al., 2020). This might have implications for potential contraindications of this 
treatment and might inspire further research to further explore the cognitive 
impairments that may accompany the stimulation.

 In the study of part 3, we shed light on the oscillatory mechanisms underlying 
perceptual learning and elucidated the link and potential parallels between 
attention and perceptual learning. This study crucially enhances the research 
field and will inform future experiments on this topic. As perceptual learning is 
fundamental to the rehabilitation of perceptual skills after sensory damage, the 
theoretical advancements of the presented study might also have indirect clinical 
implications. Building upon our findings, a brain stimulation study could focus on 
enhancing the oscillatory mechanisms underlying perceptual learning to boost 
perceptual performance in patients with perceptual deficits.

To summarize, the research presented in this thesis highlights the role of neural 
oscillations during attention and learning. This advances the theoretical knowledge 
in the field and will guide future research on this topic. Additionally, our findings 
highlight practical issues of electrical brain stimulation techniques, such as the 
relevance of individually tailoring the stimulation protocol. By showcasing the 
possibility of modulating attention through electrical brain stimulation, our findings 
hint at a potential treatment for patients with attentional disorders. Furthermore, 
we revealed a slowing of response times during a deep brain stimulation protocol, 
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similar to the one used for the treatment of epilepsy, which indicates a potential 
cognitive adverse effect of the treatment. The research reported in this thesis has 
been presented at local and international conferences and workshops. The results 
of the deep brain stimulation project (part 2) were also shown to local medical 
doctors, who are involved in the surgical implantation and administration of the 
brain stimulation in epilepsy patients. To share the research findings outside of the 
scientific community, we presented the results to a broader audience during a local 
TEDx pitch and regularly communicated the research findings with colleagues, 
participants, friends, and family.
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