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Chapter 1: General Introduction 
 

Throughout human history, there has been a continuous desire to understand how the 

human mind works. It might be surprising for us nowadays but the brain was not always in 

the main focus of philosophers when contemplating the human intellect. The overwhelming 

majority of antique philosophers, for instance, associated emotions, personality and certain 

cognitive functions with various internal organs, such as the liver, the kidney or the spleen. 

Aristotle himself assumed that the mind or the ‘rational soul’ as he called it, was 

predominantly controlled by the heart, and that the brain had only trivial roles in the body, 

such as cooling the blood (Gross, 1995). Through history, important progress had to be made 

before the concept of the antique anatomists, Herophilus and Erasistratus (i.e. that the brain 

controls intellect), became gradually accepted among scientists and grew into a fact generally 

agreed upon (Bay & Bay, 2010). Among other important anatomical and medical discoveries, 

well documented brain lesions and their observed behavioral consequences drew the attention 

of scientists in the early 19
th

 century to the brain, but they were unable to investigate it 

exhaustively due to the lack of techniques. 

In the 20
th

 century, the technical progress in medicine accelerated exponentially, and a 

number of different approaches were introduced that now enable scientists to directly study 

processes in the human brain in a more refined fashion. Some of these approaches, such as 

electroencephalography (EEG; Berger, 1929), positron emission tomography (PET; Sweet, 

1951; Wrenn, Good, & Handler, 1951), and functional magnetic resonance imaging (fMRI; 

Ogawa et al., 1992; Ogawa, Lee, & Kay, 1990) provide fascinating methods to observe the 

electrophysiological or brain activation correlates of ongoing brain processes. Other 

approaches are aimed at inducing perturbations in the brain and observing their functional 

consequences. This can be achieved by means of invasive (direct electrical stimulation; 
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Penfield, 1937) or non-invasive brain stimulation (NIBS) techniques, such as by transcranial 

magnetic stimulation (TMS; Barker, Jalinous, & Freeston, 1984) or transcranial direct current 

stimulation (tDCS; Nitsche & Paulus, 2000; Priori, Berardelli, Rona, Accornero, & Manfredi, 

1998). Although the scientific relevance of invasive brain stimulation techniques both as 

clinical and research tools cannot be questioned (but see: Borchers, Himmelbach, Logothetis, 

& Karnath, 2011), they are less suitable methods for everyday research in healthy participants 

due to their invasiveness and expense.  

Fortunately, NIBS techniques offer the potential to induce perturbations in the central 

or peripheral nervous system with a minimum of possible health risks, ethical concerns and 

cost (but see: Cohen Kadosh, Levy, O’Shea, Shea, & Savulescu, 2014). Externally controlled 

perturbations can be achieved non-invasively by electromagnetic induction, such as in TMS 

(Barker et al., 1984), while other techniques, such as transcranial electric stimulation (tES) 

pass a current between two or more electrodes attached on the scalp (Antal et al., 2008; 

Nitsche & Paulus, 2000; Priori et al., 1998).  

 

1.1. Transcranial Electric Stimulation (tES) 
 

Transcranial electrical stimulation (tES) techniques are based on the external application 

of low-intensity electrical current to the brain. The external current can modulate cortical 

excitability by depolarizing or hyperpolarizing resting membrane potentials, thereby 

modulating the spontaneous firing rate, as is the case with tDCS (Nitsche & Paulus, 2000). In 

transcranial alternating current stimulation (tACS), the externally applied alternating current 

is thought to entrain endogenous neural oscillations, possibly by increasing the power of the 

oscillations or the phase-locking index between the driving and the endogenous oscillations 

(Helfrich et al., 2014; Neuling, Rach, & Herrmann, 2013). 
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Evaluating the functional consequences of external manipulations makes tES techniques 

uniquely suitable for causal inference, an interpretation process intended to separately 

identify causes and consequences (Sober, 1998). The observation of the physiological or 

behavioral consequences of tES, e.g. on cortical excitability or on brain functions, provides 

an exceptional method to gain further insight into the functional role of a given brain region 

and into how brain processes emerge in anatomically distributed but functionally connected 

brain networks. Not surprisingly, tES is often combined with imaging methods such as PET, 

fMRI, or EEG in order to exploit the complementary advantages of the different approaches 

(see: Miniussi, Brignani, & Pellicciari, 2012; Catarina Saiote, Turi, Paulus, & Antal, 2013 for 

reviews). Importantly, scientists not only gain crucial information about their area of primary 

interest (e.g. brain processes) but, in addition, about the mechanism of action of tES itself. 

These two information sources are often combined to formulate and test new hypotheses.  

 

1.2. Transcranial Direct current Stimulation (tDCS) 
 

Transcranial direct current stimulation (tDCS) is the most frequently employed research 

tool in studies that use tES as a NIBS technique (for a review see: Nitsche et al., 2008). The 

application of tDCS requires a minimum of two electrodes; one surface positive electrode 

(anode) and one surface negative electrode (cathode). The typical tDCS stimulus current is 

1.0 mA, but the generated electric field in the brain is reduced due to the shunting effect of 

the scalp. It is estimated to be approximately 1.0 mV/mm for 1.0 mA applied externally 

(Datta et al., 2009; Reato, Rahman, Bikson, & Parra, 2010).  

There is evidence at the cellular level that anodal and cathodal tDCS affects different 

cellular compartments with different polarities (Radman, Ramos, Brumberg, & Bikson, 2009; 

Rahman et al., 2013). Brain slice experiments suggest that anodal tDCS hyperpolarizes the 

membrane potential in the apical dendritic regions and depolarizes it in the somatic region, 
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while the cathodal electrode has an opposite effect (e.g., Radman et al., 2009). The 

stimulation effect on cortical excitability is usually quantified by measuring the amplitude of 

the motor-evoked-potentials (MEPs) induced by single-pulse TMS. Physiological studies 

involving the motor cortex showed that cortical excitability increased after approximately 10 

minutes of anodal stimulation and decreased after cathodal stimulation (Nitsche & Paulus, 

2001). Thus, the after-effects measured by TMS-evoked MEPs seem to reflect somatic 

depolarization and hyperpolarization, respectively, although the currently accepted 

hypothesis of the mechanism of action at the cellular level requires further confirmation 

(Radman et al., 2009; Rahman et al., 2013). 

The on-line effects, i.e. those during stimulation, and the long-lasting after-effects, i.e. 

those after stimulation, induced by tDCS are typically evaluated by pharmacological studies 

combined with TMS evoked MEP measures (for a review see: Stagg & Nitsche, 2011). 

Earlier studies have shown that the ongoing effects of tDCS are based on the activity of 

voltage-dependent calcium and sodium channels (Nitsche et al., 2003). Evidence also 

suggests that the immediate effects of tDCS may not involve synaptic plasticity processes, 

since blocking glutamatergic or gamma-aminobutyric acid (GABA) activity had no influence 

on the modulatory effect on cortical excitability induced by tDCS (Nitsche et al., 2003; 

Nitsche, Liebetanz, et al., 2004). Studies demonstrated that the long-lasting after-effects of 

tDCS primarily involve glutamatergic activity (Nitsche et al., 2003). The N-methyl-D-

aspartate (NMDA) receptor antagonist dextromethorphan blocked the long-lasting after-

effects induced by both anodal and cathodal tDCS (Nitsche et al., 2003). In addition, D-

cycloserine, an NMDA receptor agonist, prolonged the effects of tDCS on cortical 

excitability (Nitsche, Jaussi, et al., 2004). Subsequent studies confirmed that 

neuromodulators, such as dopamine or serotonin also influence the long-lasting after-effects 

of tDCS (Nitsche et al., 2006, 2009).  
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Considering the effects of tDCS at the neurotransmitter level, magnetic resonance 

spectroscopy (MRS) studies, with which one can measure local cortical GABA 

concentrations have shown that the primary physiological effect of anodal tDCS may be, at 

least partially, driven by a decrease in local cortical GABA concentrations (e.g., Stagg et al., 

2009). Anodal tDCS significantly decreases GABA concentrations, whereas the Glx signal, 

the signal that does not differentiate between glutamate and glutamine, remains unchanged. 

On the other hand, the inhibitory cathodal tDCS effect appears to be driven by a reduction in 

excitatory glutamatergic signaling, due to a decreased conversion of glutamine to glutamate. 

Hence, cathodal tDCS leads to a significant decrease in glutamate, with a corresponding 

decrease in GABA (Stagg et al., 2009).  

The above-mentioned evidence indicates that the long-lasting after-effects of tDCS 

involve changes in synaptic plasticity. Synaptic plasticity refers to the capacity of the brain to 

modify the efficacy of information transmission between synapses in an experience-

dependent manner (for a review see: Citri & Malenka, 2008). Synaptic plasticity has been 

proposed to play a crucial role in forming long-term memory traces and therefore plays a key 

role in multiple learning processes (Pastalkova et al., 2006; Whitlock, Heynen, Shuler, & 

Bear, 2006). Long-term potentiation (LTP) and long-term depression (LTD) are two forms of 

long-term synaptic plasticity (Citri & Malenka, 2008). NMDA or GABA receptors play an 

important role in long-term plasticity (for an overview see: Malenka & Bear, 2004), similar to 

the after-effects induced by tDCS (Nitsche et al., 2003). Based on the similarities between 

LTP/LTD and the neurobiological mechanisms involved in the long-lasting after-effects of 

tDCS, it was proposed that the after-effects of tDCS are mediated by LTP- and LTD-like 

plasticity. From this it follows that tDCS is a potentially interesting tool for modulating 

learning-related processes in the motor and cognitive domains. 
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The functional effects of tDCS have been demonstrated in the motor, visual and cognitive 

domains (for reviews see: Jacobson, Koslowsky, & Lavidor, 2012; Reis et al., 2008). 

Polarity-specific after-effects of tDCS were observed in the motor domain, where anodal 

tDCS led to improved motor learning and cathodal tDCS to impaired motor function (Reis et 

al., 2008). On the other hand, the polarity-specific effects of tDCS in the cognitive domain 

seem to be less consistent (Jacobson et al., 2012), although it is generally assumed that anodal 

tDCS improves and cathodal tDCS decreases cognitive abilities. The enhancing effect of 

anodal tDCS was demonstrated on various cognitive functions including working memory 

(e.g., Sandrini, Fertonani, Cohen, & Miniussi, 2012; Zaehle, Sandmann, Thorne, Jäncke, & 

Herrmann, 2011), executive functions (e.g., Dockery, Hueckel-Weng, Birbaumer, & Plewnia, 

2009), declarative memory (e.g., Javadi & Walsh, 2012) and implicit learning (e.g., de Vries 

et al., 2009). But, on the other hand, anodal tDCS has also been shown to impair 

categorization (e.g., Ambrus, Zimmer, et al., 2011). Likewise, cathodal tDCS has been shown 

to decrease performance of working memory (e.g., Berryhill, Wencil, Branch Coslett, & 

Olson, 2010; Marshall, Mölle, Siebner, & Born, 2005) and verbal fluency, (Iyer et al., 2005), 

but to enhance executive functions (Dockery et al., 2009) and complex motion perception 

(Antal et al., 2004). Some experiments have found that cathodal tDCS had no effect (e.g., 

Cerruti & Schlaug, 2008), whereas in other studies it even led to behavioral improvement 

(e.g., Antal et al., 2004). 

The reasons for the relatively large variability of the results in the cognitive domain 

compared to the motor domain are far from understood (but see: López-Alonso, Cheeran, 

Río-Rodríguez, & Fernández-Del-Olmo, 2014; Wiethoff, Hamada, & Rothwell, 2014 for 

variability on the motor domain). So far, two main hypotheses have been proposed to explain 

the inconsistent results of tDCS on the behavioral level and both of them concentrate on the 

effect of cathodal tDCS. 
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According to one hypothesis, one reason for the inconsistent results might be that the 

polarity effects of tDCS on the cognitive domain are further modulated by the neural state of 

the region being stimulated (Jacobson et al., 2012). This might be because the stimulated 

region is already activated by the cognitive task and the application of the low-intensity 

cathodal current might not generate sufficient inhibition that would lead to decreased 

cognitive performance (Jacobson et al., 2012). 

The alternative proposal focuses on the enhancing effect of cathodal tDCS (Antal et al., 

2004). It proposes that the behavioral effects could depend on the complex relationship 

between some features of the task and the induced activity pattern in the associated neural 

regions (Antal et al., 2004). In a coherent motion detection task, moving dots are presented 

with coherent motion (e.g. 40 % of the dots move in the same direction) or incoherent or 

random motion (e.g. 60 % of the dots move in random directions). It is assumed that this task 

evokes a complex activity pattern in V5 that represents the different directions with different 

degrees of activation-levels. For the random dots, this activity pattern is assumed to be 

reduced compared to the coherently moving dots. Cathodal stimulation may improve motion 

detection performance possibly by sufficiently inhibiting those activity patterns that are 

suboptimal, i.e. that encode the incoherent motion, which may in turn improve the motion 

detection of the coherent dots (Antal et al., 2004). Nevertheless, both of these explanations 

are unspecific in nature and additional investigations are needed to develop a conceptual 

framework that links cortical excitability changes caused by tDCS to the behavioral level and 

provide testable hypotheses.  

 

  



8 
 

1.3. Transcranial Alternating Current Stimulation (tACS) 
 

The existence of a link between cortical oscillations and behavior, i.e. motor or cognitive 

performance, was discovered long ago (for a review see: Engel, Fries, & Singer, 2001), but 

the idea of interfering non-invasively with the physiologically relevant, ongoing oscillation 

via repetitive TMS (rTMS; Thut et al., 2003) or tACS (Antal et al., 2008) has only recently 

been introduced into human neuroscience. Due to its ability to modulate the power of 

oscillation or the oscillation synchrony of a group of neurons in a frequency-specific manner, 

tACS has the potential to be used in the study of basic but intriguing scientific questions, 

such as whether brain oscillations are only mere epiphenomena or are causally related to 

behavior (for a review see: Herrmann, Rach, Neuling, & Strüber, 2013).  

The physiological mechanisms by which tACS acts are less well understood than those of 

tDCS, but studies so far have shown that tACS applied at a 1.0 mA peak-to-peak amplitude 

can entrain neural oscillations. This effect may be achieved by increasing the phase-locking 

values between the endogenous activity and the external stimulation (Helfrich et al., 2014). 

tACS was shown to increase the amplitude of a specific EEG frequency by applying an 

external frequency closely matched to the rhythm of the endogenous oscillation (Neuling et 

al., 2013). This is in accordance with the results of neocortical slice preparation experiments 

(Fröhlich & McCormick, 2010; Schmidt, Iyengar, Foulser, Boyle, & Fröhlich, 2014).  

The amplitude of endogenous EEG oscillations were found to be increased in a 

frequency-specific and brain state-dependent manner (Helfrich et al., 2014; Neuling et al., 

2013). Computational network simulation studies combined with in vitro experiments have 

demonstrated the possibility of entraining neural oscillations by applying external electric 

fields of relatively low amplitudes (minimum estimated cortical electric field of 0.2 mV/mm), 

if the externally applied electric field closely matched the intrinsic frequency (Fröhlich & 

McCormick, 2010; Reato et al., 2010; Schmidt et al., 2014). In accordance with these 
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findings, human EEG experiments provide further support for neural entrainment by 

demonstrating that individual alpha frequency (10 ± 2 Hz) tACS increased the EEG alpha 

amplitude after 10 minutes of stimulation (Zaehle, Rach, & Herrmann, 2010). Another study 

showed that the after-effects of tACS is brain state dependent (Neuling et al., 2013). It was 

only effective when the externally applied alpha amplitude exceeded the endogenous alpha 

oscillation amplitude. More recently, neural entrainment by tACS was demonstrated for the 

first time by simultaneously recording EEG during stimulation (Helfrich et al., 2014). This 

study showed that the ongoing oscillatory power was increased over pre-stimulation levels 

during 10 Hz tACS specifically in the alpha, but not in the theta or beta band. The increase in 

alpha power after tACS lasted longer than the stimulation. Phase-locking values between 

intrinsic and driving frequency were increased in the alpha band but not in the other bands 

(Helfrich et al., 2014).  

The examples given above consistently indicate that it is possible to entrain the 

endogenous neural oscillations with tACS, provided that the externally applied frequency 

closely matches the endogenous frequency. The induced oscillation changes were found to 

have frequency-specific effects, that is, the after-effects were restricted to the alpha frequency 

band and did not influence neighboring theta and beta bands. Hence, tACS is a potentially 

relevant tool for studies investigating the effect of neural oscillations on cognition and motor 

functions.  

 

1.4. Limitations of tES Techniques 
 

Up to this point, I have highlighted the considerable potential that tES has to offer for 

advancing research in neuroscience. However, it is important to recognize its limitations and 

their various sources. Two main sources of limitations will be described in the following 
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summary, both of which are related to the causal inference property of tES. One important 

source of limitation is conceptual in nature and general in the sense that it arises from the 

interpretative framework of the brain when functional inferences are derived from the 

perturbing effects of tES (Sober, 1998). Strictly speaking, this is not a limitation of the tES 

technique itself but a limitation arising from an inadequate application of the inference 

strategy per se. In this thesis I will put less emphasis on this limitation and describe it only in 

passing. 

A second limitation is methodological in nature and is related to the application of tES in 

an experimental context. It is essential that both investigator and participant are unaware of, 

i.e. are blinded to the experimental set-up, a precaution referred to as double-blinding. When 

applying tES, an important factor is how to ensure blinding in face of the fact that stimulation 

can cause cutaneous (e.g., Ambrus et al., 2012) and visual (i.e., phosphenes; only with tACS) 

sensations (e.g., Schutter & Hortensius, 2010). These procedural sensations present a 

challenge in designing tES studies that meet the requirements for a randomized, placebo 

controlled double-blind study design. This limitation is directly related to tES and will form 

the main focus of this chapter.  

Regarding the first limitation mentioned above, it is widely assumed that brain processes 

are non-linear, as the brain is a complex hierarchical system with multiple, temporarily nested 

anatomically and/or functionally interconnected systems and subsystems (Engel et al., 2001; 

Roux & Buzsáki, 2014). Therefore, perturbing one region of a system will most possibly also 

affect other, functionally connected areas. Accumulating evidence from neuroimaging studies 

suggests that tES and TMS alter neural activity beyond the boundaries of the directly 

stimulated areas. This is known as the network-effect of tDCS (Antal, Polania, Schmidt-

Samoa, Dechent, & Paulus, 2011). Stimulating the primary motor cortex, for example, can 

influence the activity of the supplementary motor area or of even remotely connected 
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subcortical regions (Antal et al., 2011; Polanía, Paulus, & Nitsche, 2012). The consequence is 

that inferring functionality of a given brain region in an isolated manner without considering 

its elicited network effects might be difficult or even impossible to accomplish using tES 

(similarly to TMS; O’Shea, Thut, & Bestmann, 2012).  

Related to this but as a separate argument, recent realistic finite element models (FEM) 

raise similar concerns about the possibility of ‘directly’ stimulating a given region because 

the current flow profile of tDCS at the macroscopic level seems to not be restricted to the 

area directly underneath the electrodes but rather spreads around this area and into the neural 

tissue between the electrodes (Miranda, Mekonnen, Salvador, & Ruffini, 2013; Ruffini, Fox, 

Ripolles, Miranda, & Pascual-Leone, 2014). Moreover, the phrase ‘directly stimulate’ is 

vague because the principal mechanism of action of tDCS or tACS at the cellular level is still 

elusive. It is not exactly known which morphological part of principal and interneurons, and 

which layers of these, are ‘directly stimulated’ by tES (Radman et al., 2009). Future 

experimental work may focus on improving our understanding of the stimulated 

morphological structures, as well as the effects on various brain regions.  

As mentioned above, a second source of the limitations is related to the tES techniques 

themselves and is associated with the fact that tDCS and tACS elicit cutaneous sensations. 

Cutaneous sensations, such as itching, tingling or burning mostly occur during and after the 

application of current at the electrode-skin interface (Ambrus, Paulus, & Antal, 2010; 

Poreisz, Boros, Antal, & Paulus, 2007). Cutaneous sensations have been identified as a major 

impediment for effective blinding in many tDCS and tACS studies (O’Connell et al., 2012; 

Schutter & Hortensius, 2010). In addition, tACS not only induces cutaneous sensations but 

also visual phenomena known as phosphenes (e.g., Kanai, Chaieb, Antal, Walsh, & Paulus, 

2008). Phosphenes are visual flickering experiences that are most probably due to an 

unintended stimulation of the retina by the alternating current as a result of the current-
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distribution effect of tACS (Kar & Krekelberg, 2012; Laakso & Hirata, 2013). These can be 

an additional problem for blinding tACS experiments (Raco, Bauer, Olenik, Brkic, & 

Gharabaghi, 2014; Schutter & Hortensius, 2010). 

The term "blinding" refers to the methodological endeavor to control for psychological 

mechanisms, including the effects of expectations on part of both the investigator and the 

participants (for a comprehensive review see: Price, Finniss, & Benedetti, 2008). That is, 

knowledge on the part of the participants about the delivery and the type of a treatment could 

evoke some measurable physiological response (Price et al., 2008). The standard solution for 

evaluating the efficacy of a treatment is based on study designs that effectively control for 

this expectation-effect (Price et al., 2008). This becomes clear when interpreting the 

experimental situation as a complex psychobiological event, which includes the application 

of an intervention such as tDCS in a specific psychosocial context, e.g. the interaction of the 

investigator and the participant (Finniss, Kaptchuk, Miller, & Benedetti, 2010). Strong 

evidence exists that the participants’ responses following an intervention not only reflect the 

effect of the intervention itself, but also dynamic psychological mechanisms such as 

expectations (Finniss et al., 2010).  

A double-blinded study design is used to control for this phenomenon. In the typical case, 

two or more treatment conditions are utilized with seemingly identical treatment 

characteristics but with different mechanism of actions (Price et al., 2008). Usually, one 

condition is an inert condition serving as a control or baseline (often called placebo or sham 

stimulation in NIBS literature), whereas the other condition or conditions constitute the main 

focus of the investigation (known as active or real stimulation). The essential criterion for 

such a design is that neither the participant nor the investigator knows the difference between 

the conditions (i.e. they are both blind) and importantly, neither of them is able to detect 

during the experiment which condition was applied (effective blinding). But blinding is 
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compromised when the participants can reliably perceive the difference between the 

conditions (O’Connell et al., 2012). This can lead to a situation in which the perceived 

differences in discomfort between the conditions will unintentionally influence not only the 

participants but also the behavior of the investigator. As a consequence, this can potentially 

lead to incorrect conclusions regarding the efficacy of tES, misinterpreting the effect caused 

by expectation as one evoked by the stimulation. Therefore, developing thoughtful 

sham/placebo tES protocols and formally validating their efficacy is a reasonable objective of 

all NIBS studies (Ambrus et al., 2012; O’Connell et al., 2012) because the effects of tES 

cannot be meaningfully evaluated without an appropriate study design. In the following 

chapter I will present two experimental projects focusing on this topic.  

.  
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Chapter 2: Cutaneous Sensation and Visual Phenomena 

(Phosphenes) during the Application of Transcranial Direct 

Current Stimulation and Transcranial Alternating Current 

Stimulation 
 

Studies employing tES demonstrate great variability in stimulation duration, intensity and 

other stimulation parameters. Most of the studies apply the stimulation for 10 minutes, but 

there are a number of experiments that used a stimulation duration of 30 minutes (e.g., Clark, 

Coffman, Trumbo, & Gasparovic, 2011). Likewise, the most commonly used stimulation 

intensity is 1.0 mA, but many researchers apply a stimulation current of up to 2.0 mA (e.g., 

Batsikadze, Moliadze, Paulus, Kuo, & Nitsche, 2013; Russo, Wallace, Fitzgerald, & Cooper, 

2013), especially for clinical purposes (e.g. Fregni, Boggio, et al., 2006; Fregni, Gimenes, et 

al., 2006; Khedr et al., 2014).  

Despite the great variability in the stimulation parameters, only few studies have 

investigated and formally validated the blinding potential of the various factors or their 

interaction, which is necessary when performing randomized, double-blind studies (Ambrus 

et al., 2012; Gandiga, Hummel, & Cohen, 2006; O’Connell et al., 2012). The most frequently 

applied placebo stimulation protocol is the fade-in, short stimulation, fade-out protocol 

(Siebner et al., 2004). This protocol consists of three consecutive blocks (see Figure 1). In the 

first block, the current is gradually increased over an interval of several seconds from zero to 

the maximum intended intensity (e.g. 1.0 mA). This is followed by a short stimulation at the 

maximum intensity, typically for 30 seconds, after which the stimulation current is reduced to 

zero over several seconds (Figure 1). Earlier physiological studies confirmed that such a short 

stimulation does not affect cortical excitability (Nitsche & Paulus, 2001) but does induce 

cutaneous sensations resembling those of real stimulation protocols (Gandiga et al., 2006). 

Subsequent studies also established that this placebo stimulation protocol effectively blinds 
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participants and experimenters up to 1.0 mA and 20 minutes (Ambrus et al., 2012; Gandiga et 

al., 2006) because the cutaneous sensation in the placebo stimulation condition persists for 

several minutes after the cessation of the stimulation (Ambrus et al., 2012). However, in the 

case of tDCS many studies plan to increase the stimulation current to 2.0 mA with the 

intention to further enhance the magnitude of the tDCS after-effects. There is evidence that 

this important change in the stimulation protocol impairs the efficacy of the blinding strategy 

(O’Connell et al., 2012). In addition, major concerns have been also raised about the 

applicability of placebo protocols in case of tACS studies (Raco et al., 2014; Schutter & 

Hortensius, 2010), since alternating current evokes phosphenes during the entire stimulation 

period (Raco et al., 2014). In the following, I shall present two projects that are related to the 

blinding potential of tDCS and tACS, respectively. 

 

 

 

Figure 1. The fade-in, stimulation, fade-out protocol in the real stimulation condition (A) and the fade-in, short-

stimulation, fade-out protocol in the placebo stimulation condition (B). In both stimulation protocols, 

participants report cutaneous discomfort at the beginning of the stimulation, and the cutaneous perception 



16 
 

outlasts the stimulation duration even in the placebo stimulation. For both figures, the top parts represent the 

course of the current strength, while the bottom parts show the time-course of the evoked cutaneous discomfort.  
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2.1. 1. The Role of Electrode Size in Evoking Cutaneous Sensations 

during tDCS 
 

A prior study in 100 participants showed that the cutaneous discomfort due to stimulation 

plays an important role when blinding is not effectively maintained (O’Connell et al., 2012). 

In order to reduce the stimulation-related discomfort, an electrode size of 35 cm
2
 is 

commonly used (Nitsche et al., 2008), in part because it is assumed that with a larger 

electrode the current density will still be effective but low enough that the stimulation will be 

more tolerable than when using electrodes with a smaller area.  

On the one hand, the stimulation protocol should meet the criteria for an effective double-

blind design by reducing the stimulation-related discomfort. But it is also essential to use a 

stimulation protocol that will allow researchers to control the spatial distribution of the 

stimulation as far as possible. This latter aim can be achieved by using smaller electrodes 

together with the suggestions of computational FEM or physiological studies (Datta et al., 

2009; Dmochowski, Datta, Bikson, Su, & Parra, 2011; Faria, Hallett, & Miranda, 2011; 

Ruffini et al., 2014), but it is in conflict with the general requirement to keep the current 

density at a low level.  

Since many research groups are trying to increase the focality of tDCS (Dmochowski et 

al., 2011; Faria et al., 2011; Ruffini et al., 2014), the objective of the present work was to 

investigate the effect of electrode size on the self-reported intensity and perceived spatial 

dimension of stimulation-related cutaneous discomfort. We asked whether increasing the 

electrode size would indeed lead to better tolerability as the traditional view holds. Although 

the current density is decreased by using larger electrodes, more nociceptors are stimulated at 

the same time. Therefore, we also considered the possibility that using smaller electrodes 

could reduce rather than increase discomfort. This second, and maybe counter-intuitive, 

hypothesis was taken into consideration based on previous evidence that a smaller stimulated 
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area recruits the response of fewer nociceptors (Martinsen, Grimnes, & Piltan, 2004; Price, 

Mchaffie, Larson, & Larson, 1989), and as a result, increases the perceptual threshold. Thus, 

with smaller electrodes fewer nerve endings might be affected, which would be reflected by 

the subjectively lower level of cutaneous discomfort during tDCS (Martinsen et al., 2004).  

Our data support the latter hypothesis, which stated that participants would perceive 

greater discomfort with the larger electrodes (35 cm
2
) than with the smaller ones (16 cm

2
), 

even though the current density was kept constant. According to our interpretation, this 

pattern of findings can be explained by the spatial summation effect; that is, participants are 

more likely to perceive discomfort or indicate a greater degree of discomfort when the 

stimulated region is increased because more cutaneous nerve endings are stimulated, that 

which are spatially summed. Our results suggest that it may be possible to simultaneously 

increase the spatial focus of the stimulation and to decrease cutaneous discomfort induced by 

tDCS. 
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2.1. 2. Original Publication of Data of Chapter 2: The Role of Electrode 

Size in Evoking Cutaneous Sensations during tDCS1 

 

 

                                                           
1
 “Reprinted from Brain Stimulation, Vol. 7, Turi, Z., Ambrus, G.G., Ho, K.A., Sengupta, T., Paulus, W., and Antal, 

A., When Size Matters: Large Electrodes Induce Greater Stimulation-related Cutaneous Discomfort than Smaller 
Electrodes at Equivalent Current Density, pp. 460-67. Copyright 2014, with permission from Elsevier." 
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2.2. 1. The Role of Stimulation Frequency in Evoking Cutaneous 

Sensations and Phosphenes during tACS 
 

Many motor and cognitive processes are tightly linked to specific brain oscillations 

(for reviews see: Buzsáki & Moser, 2013; Fell & Axmacher, 2011) that cannot be selectively 

entrained by applying a constant current. One of the main advantages of tACS over tDCS is 

that it has the potential to interfere with physiologically relevant brain oscillations (Helfrich 

et al., 2014). For instance in the motor domain, tACS with a frequency in the beta frequency 

range (20 Hz) slowed voluntary reaching movement (Pogosyan, Gaynor, Eusebio, & Brown, 

2009) while it improved implicit motor learning when a frequency of 10 Hz was used (Antal 

et al., 2008). In the cognitive domain, tACS with a frequency in the theta range (4-8 Hz) 

increased risk taking behavior (Sela, Kilim, & Lavidor, 2012) and improved motion 

sensitivity when the frequency was in the alpha frequency range at 10 Hz (Kar & Krekelberg, 

2014).   

However, similar to tDCS (Poreisz et al., 2007), tACS also induces cutaneous 

sensations, such as tingling or itching and in addition, it also evokes phosphenes (Ambrus, 

Antal, & Paulus, 2011; Kanai et al., 2008; Schutter & Hortensius, 2010). Phosphenes are 

visual flickering effects of retinal and, presumably, cortical origin that can be detected during 

the entire application of tACS even at lower stimulation intensities (Kanai et al., 2008; Raco 

et al., 2014; Schutter & Hortensius, 2010). Although the exact source of the phosphenes 

evoked during tACS is still debated, they are most probably induced by retinal stimulation as 

computational modeling studies of the current flow path suggest (Kar & Krekelberg, 2012; 

Laakso & Hirata, 2013). It was seen that a portion of the AC can reach the retina by passing 

through the eyes, due to the current spread effect, and that this is sufficiently strong to induce 

phosphenes (Laakso & Hirata, 2013). The phosphenes evoked during tACS may compromise 

the present placebo-controlled protocols, as participants can easily detect the difference 
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between the placebo and real tACS due to the presence or absence of evoked phosphenes 

(Figure 2).  

The objective of the present study was to investigate the effects of stimulation 

frequencies between 2 and 250 Hz on the subjectively perceived intensity of cutaneous 

sensations and phosphenes. We recruited 20 naive participants who were requested to rate the 

subjective intensity of procedural sensations using a computerized visual analog scale in a 

placebo-controlled single-blind study. We demonstrated that both cutaneous sensations and 

phosphenes were evoked by tACS in a frequency-specific manner although the former 

exhibited less frequency specificity than the latter. According to our results, tACS in the 

alpha, beta and gamma frequency range poses challenges for studies employing a single- or 

double-blind study design.  

 

 

 

Figure 2. The fade-in, short-stimulation, fade-out protocol in the placebo stimulation condition. Unlike the 

cutaneous discomfort in tDCS placebo protocols, the phosphenes are not perceived after the stimulation ceases, 

as indicated by the yellow horizontal bar.  
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2.2. 2. Original Publication of Data of Chapter 2: The Role of 

Stimulation Frequency in Evoking Cutaneous Sensations and 

Phosphenes during tACS2 

                                                           
2
 “Reprinted from Restorative Neurology and Neuroscience, Vol. 31, Turi, Z., Ambrus, G.G., Janacsek, K., 

Emmert, K., Hahn, L., Paulus, W., and Antal, A., Both the Cutaneous Sensation and Phosphene Perception are 
modulated in a frequency-specific manner during transcranial alternating current stimulation, pp. 275-85. 
Copyright 2013, with permission from IOS Press." 
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Chapter 3: The Effect of Transcranial Direct Current 

Stimulation on Instrumental Learning 
 

In order to investigate the cognitive effects of tDCS, the third project assessed the 

effect of anodal tDCS on instrumental learning. Instrumental learning describes the 

elementary capability to learn to choose actions that will lead to a greater reward and to avoid 

those actions that are less rewarding, non-rewarding or even aversive (for reviews see: Dolan 

& Dayan, 2013; Schultz, 1997, 2007). This complex behavior is achieved by learning to 

exploit the most rewarding action and to avoid the less rewarding ones by evaluating the 

outcome of each action provided by the environment (Frank, Seeberger, & O’Reilly, 2004).  

In everyday situations, the environment rewards actions stochastically, thus, the 

individual is required to generate predictions and constantly test them in a non-deterministic 

or dynamically changing environment. This procedure involves two complementary and 

conflicting decisional strategies; exploration and exploitation (Daw, O’Doherty, Dayan, 

Seymour, & Dolan, 2006; Frank, Doll, Oas-Terpstra, & Moreno, 2009). Whereas the former 

is required for discovering the value of appropriate actions, the latter is needed to make use of 

the benefit of the action that appears to be the best, thereby maximizing the total amount of 

reward (Daw et al., 2006). In other words, exploitation is based on choosing the most 

rewarding action (or the action, which is assumed to be the most rewarding one). On the other 

hand, exploration prompts the individual to shift from the most rewarding option to 

alternatives with the intention to ensure that the exploited action is indeed the right one, 

adapting to a dynamically changing environment or finding better ones (Frank, Moustafa, 

Haughey, Curran, & Hutchison, 2007). Adaptive behavior requires the precise 

synchronization of both strategies, since reward cannot be maximized by the exclusive 

practice of either exploitation and exploration strategies. When only exploitation is 

employed, i.e. when the same decision is made in all cases, the individual might exploit the 
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inappropriate option, whereas only exploring the action values, i.e. changing the decision 

from trial-to-trial, prevents the individual from exploiting the most rewarding alternative.  

There is strong evidence for the assumption that individuals create models about the 

expected values of each action (predictions) and constantly test these predictions by 

comparing the expected and the actual outcome, also known as the prediction error (Schultz, 

1997; Steinberg et al., 2013; Tobler, Fiorillo, & Schultz, 2005). Reinforcement learning 

models allow scientists to infer information about these processes by estimating key 

parameters from behavioral performance (Frank et al., 2007). The classical reinforcement 

learning model we employed in our study comprises two such parameters: The learning-rate 

parameter α describes how the prediction error is used to update the estimated expected value 

of the actions (Frank et al., 2007; Jocham, Hunt, Near, & Behrens, 2012; Jocham, Klein, & 

Ullsperger, 2011; Rutledge et al., 2009). In other words, it provides information on the extent 

to which past experience affects current decisions. It can be used to gradually modify the 

expected value of an action, that is, prior experience exerts a greater influence on action value 

estimation. Alternatively the prediction error can be used to overwrite the entire accumulated 

reinforcement history, thus, past experience plays a lesser role in estimating expected values 

(Jocham et al., 2011).  

The second estimated parameter is called the noise or temperature parameter β, which 

describes to which extent the estimated value of an action biases decisions (Beeler, Daw, 

Frazier, & Zhuang, 2010; Frank et al., 2007; Jocham et al., 2011). In a deterministic 

environment, it is unreasonable to allow that decisions are not always selected according to 

the highest expected value because this would indicate that actions that are less rewarding or 

even aversive might be intentionally selected by the individual. However, in a dynamic 

environment the individual needs to constantly test the action values and sometimes is 

required to shift the decision from the action that is assumed to be the most rewarding one to 
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an alternative. The noise parameter β describes the extent to which this strategy is employed 

by the individual (Beeler et al., 2010; Jocham et al., 2011).   

From a neural point of view, the complex capacity of instrumental learning emerges 

from the functional interaction of multiple, hierarchically organized brain systems consisting 

of striatal and prefrontal components (Badre & Frank, 2012; Balleine & O’Doherty, 2010; 

Dolan & Dayan, 2013). These components show different functional characteristics in 

agreement with the assumption that they presumably serve different computational roles 

(Gläscher, Daw, Dayan, & O’Doherty, 2010). The striatal component is characterized by 

computational rigidity but requires minimal computational effort (Dayan & Balleine, 2002). 

A large number of studies indicate that its operation is based on the prediction error (Daw, 

Niv, & Dayan, 2005; Steinberg et al., 2013). On the other hand, the prefrontal component has 

greater computational flexibility combined with high computational requirements, and is 

hence limited in capacity (Collins & Frank, 2012; Daw et al., 2005). Studies suggested 

multiple roles for the prefrontal cortex. One of the proposed roles of the prefrontal system is 

to actively maintain reinforcement history in a way that renders it utilizable for working 

memory (Collins & Frank, 2012). Keeping the reinforcement history accessible in working 

memory allows the individual to adjust its behavior in a fast and flexible manner following 

negative outcomes (Frank et al., 2007).  

According to competition by mutual inhibition theory the prefrontal system is 

involved in instrumental learning by representing the available actions. These options are 

dynamically inhibited by each other and the final decision is based on the active remaining 

one (Hunt et al., 2012; Jocham et al., 2012). The model assumes that the degree of inhibition 

relative to excitation in the network is crucial. In fact, a previous study has shown that high 

GABA and low glutamate levels were associated with a higher value of the inverse 

temperature parameter (Jocham et al., 2012). A high value in this parameter indicates that the 
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participant is capable of deciding correctly between the alternatives despite the small 

difference between the two choices; in other words, the decision process is less noisy. MRS 

(a method to non-invasively measure cortical GABA levels) studies indicate that tDCS may 

be capable of perturbing the balance between excitation and inhibition, as the primary 

neurophysiological effect of anodal tDCS is driven by local decrease of cortical GABA 

concentration (Stagg et al., 2009; Stagg, Bachtiar, & Johansen-Berg, 2011).  

In order to investigate the cognitive effects of tDCS on instrumental learning, the third 

project assessed the effect of anodal tDCS over the left dorsolateral prefrontal cortex 

(DLPFC) optimized using an FEM model derived from magnetic resonance imaging 

(Windhoff, Opitz, & Thielscher, 2013). The left DLPFC is considered to be a central region 

of a network involved in controlling both working memory (e.g. McNab & Klingberg, 2008) 

and decision making processes (Collins & Frank, 2012; Daw et al., 2005; Frank et al., 2009). 

There is evidence from previous tDCS studies that anodal tDCS improved working-memory 

performance in healthy individuals (Andrews, Hoy, Enticott, Daskalakis, & Fitzgerald, 2011; 

Zaehle et al., 2011). In accordance with these prior findings, participants in the anodal tDCS 

session were expected to demonstrate an increased amount of trial-to-trial behavioral 

adjustment after negative but not after positive outcomes compared to the placebo session, 

which might be due to the increased capacity of working-memory processes (Frank et al., 

2007). We also expected to observe an increased learning-rate parameter. As an alternative 

prediction, we anticipated that participants would show a greater amount of behavioral shifts 

and increased noise parameter in accordance with the mutual inhibition theory of decision 

making (Hunt et al., 2012; Jocham et al., 2012). 

Sixteen healthy male participants (Dreher et al., 2007) were asked to perform an 

instrumental learning paradigm while receiving anodal and placebo tDCS using a 

randomized, counter-balanced, cross-over and double-blind study design. The position of the 
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electrodes was based on a pre-computed montage calculated by MR-derived finite element 

model-based computation approach of the current flow (Windhoff et al., 2013). The increased 

amount of behavioral shifts both after positive and negative outcomes, as well as the greater 

value of the noise parameter congruently indicate that anodal tDCS increased randomness in 

choices relative to the placebo session. According to the interpretation of the present results, 

our findings do not support the hypothesis that anodal tDCS influenced instrumental learning 

by modulating working memory. Instead, our results are in agreement with the mutual 

inhibition theory of decision-making.  
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3.1. Original Publication of Data of Chapter 3: The Effect of 

Transcranial Direct Current Stimulation on Instrumental Learning3 

 

                                                           
3
 “Reprinted from Cortex, Vol. 63, Turi, Z., Mittner, M., Opitz, A., Popkes, M., Paulus, W., and Antal, A., 

Transcranial direct current stimulation over the left prefrontal cortex increases randomness of choice in 
instrumental learning, pp. 145-54. Copyright 2015, with permission from Elsevier." 
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Chapter 4: Summary 
 

The present thesis concentrated both on methodological and cognitive aspects of tES 

techniques because the cognitive effects of tES cannot be meaningfully evaluated without an 

appropriate and effective methodological study design. In the following I will first present a 

general discussion of the two methodological studies, which will be followed by the 

discussion of the cognitive effects of tDCS observed in our study.  

 

4.1. Methodological Aspects of tDCS and tACS 
 

tES techniques offer a fascinating opportunity to learn more about brain processes. 

They are interesting tools that can induce perturbations in the brain by delivering a current 

through external electrodes in a safe and non-invasive manner. However, in order to evaluate 

the efficacy of tES it is imperative to properly blind both the participants and the 

investigators to the applied stimulation protocols. 

Studies using tES typically employ two stimulation conditions, one real and one 

placebo, and it is widely assumed that the blinding is properly maintained throughout the 

entire study by using the fade-in, short-stimulation, fade-out placebo protocol (Ambrus et al., 

2012; Gandiga et al., 2006). However, ample experimental data exist showing that 

participants may indeed notice the difference between the two conditions, and that, in turn, 

may compromise the experimental work (O’Connell et al., 2012; Palm et al., 2013; Raco et 

al., 2014). This is most probably due to the perceived differences between the conditions, as 

both tES techniques induce cutaneous discomfort. In addition, tACS also evokes phosphenes 

(Kanai et al., 2008; Kar & Krekelberg, 2012; Laakso & Hirata, 2013; Raco et al., 2014; 

Schutter & Hortensius, 2010).  
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The first project concentrated on the role of electrode size in evoking cutaneous 

discomfort during tDCS. Participants received two blocks of stimulation in a counter-

balanced order. In the equivalent current density condition, the current density through the 

two electrode pairs was kept at a constant level. In the equal current intensity condition, the 

current intensity was kept at constant level resulting larger current density through the 

smaller electrodes.  

In the equal current density condition, it was found that both the occurrence rate and 

the intensity of the evoked discomfort were lower with the smaller electrodes. In the equal 

current intensity condition no significant difference was observed. Thus, the main finding of 

this study was that using smaller electrodes reduced the subjectively perceived cutaneous 

discomfort during tDCS. Our findings are in line with previous observations, namely, 

reducing the stimulated surface can reduce the stimulation-induced discomfort. This 

phenomenon is also known as the spatial summation effect, which was demonstrated for 

mechanical, thermal and electric nociceptive stimulations in earlier studies (Martinsen et al., 

2004; Nielsen & Arendt-nielsen, 1997; Price et al., 1989). Our results replicated these prior 

observations by means of tDCS, as participants reported decreased amount of discomfort 

when smaller electrodes were employed.  

Earlier works have shown that multiple factors may influence the tolerability of tDCS. 

At present, tDCS can be effectively blinded up to 20 minutes, when the stimulation is applied 

at 1.0 mA (Ambrus et al., 2012; Gandiga et al., 2006). When 2.0 mA is used, this blinding is 

compromised and both the participants and the investigator are able to reliably differentiate 

between the placebo and real stimulation sessions (O’Connell et al., 2012). So far, several 

methods of maintaining effective blinding have been tested. A previous study, for example, 

examined whether eliminating the corners by using round electrodes could reduce cutaneous 

discomfort as computational models of the current flow predicts higher current densities at 
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the corners of rectangular electrodes (Ambrus, Antal, et al., 2011; Minhas, Datta, & Bikson, 

2011). This phenomenon may decrease cutaneous discomfort under local current 

accumulation points and, hence, participants may tolerate tDCS better than with rectangular 

electrodes (Ambrus, Antal, et al., 2011). However, participants reported no differences 

between the round and the rectangular electrodes, that is, electrode shape had no measurable 

effect on the tolerance of tDCS. Another approach involves the application of topical 

anesthesia. This did indeed successfully reduce cutaneous discomfort in the participants 

(McFadden, Borckardt, George, & Beam, 2011). Nevertheless, the anesthetic cream requires 

20 minutes or longer for the analgesic to take effect. This prolongs the duration of the 

experiments, and the cream can therefore not be employed in certain studies. A more recent 

approach employed a different placebo protocol, which seemed to successfully maintain the 

blinding when higher intensity was used (Palm et al., 2013). Instead of using the fade-in, 

short-stimulation, fade-out protocol, this placebo protocol delivered short pulses of low 

intensity DC over a period of 10 minutes or longer (Palm et al., 2013). This can potentially 

continuously mimic the cutaneous discomfort perceived during the real stimulation. 

However, the physiological effect of such a placebo protocol is still not entirely established, 

and future work is required to ensure that it can be safely used as an inert placebo protocol.  

The second project focused on the role of the stimulation frequency on cutaneous 

sensations and phosphenes during tACS. Participants received short-duration tACS using 

stimulation frequencies between 2 and 250 Hz and were requested to rate the subjective 

intensities of the procedural sensations. We found that the intensity of both cutaneous 

sensations and phosphenes was induced in a frequency-dependent manner, although this was 

more pronounced for phosphenes. According to our results, the alpha, beta and gamma 

frequency ranges (i.e., between 8 and 80 Hz) were the frequencies most affected. Our results 

may play an important role in designing placebo stimulation protocols for tACS, as the 
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current placebo stimulation protocols seem to be unable to effectively blind participants. The 

fade-in, short-stimulation, fade-out placebo stimulation protocol developed for tDCS can 

effectively mimic cutaneous discomfort because the procedural discomfort persists after the 

end of the placebo stimulation (Ambrus et al., 2012). However, our study and an additional 

subsequent investigation both indicated that phosphenes are not perceived by the participants 

as soon as the AC is turned off (Raco et al., 2014). Our findings suggest that future 

experimental work should concentrate on developing and optimizing tACS placebo protocols 

specifically for stimulation frequencies between the alpha and gamma ranges. Importantly, 

our results of the second project were replicated and further extended by a recent and 

independent study, which systematically investigated the combined effects of stimulation 

frequency, electrode montage, and current intensity on phosphenes (Raco et al., 2014). 

Similar to our results, they also found that close proximity of the electrodes to the eyes and a 

stimulation frequency in the beta range produces the most vivid visual percepts (Raco et al., 

2014). 

These above-mentioned works will hopefully contribute to the development of well-

tolerated tDCS and tACS protocols with appropriate blinding characteristics that can be used 

in therapeutic applications (Palm, Ayache, Padberg, & Lefaucheur, 2014; Rothwell, 2012). 

TDCS has been used in neurorehabilitation of patients with various diseases that are 

characterized by abnormalities in neocortical activity. For example, anodal tDCS has been 

used to facilitate motor or speech recovery (e.g. naming ability) following stroke, (for a 

review see: Flöel, 2014), improve quality of life in patients with multiple sclerosis (Palm et 

al., 2014; C. Saiote et al., 2014) or enhance recognition memory in patients with Alzheimer’s 

disease (e.g. Ferrucci et al., 2008). TACS may be utilized in the future to prevent epileptic 

seizures (e.g. Berényi, Belluscio, Mao, & Buzsáki, 2012) or restore visual functions by 

improving temporal processing of visual information in patients suffering from optic 
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neuropathy (Sabel et al., 2011). Although tDCS and tACS both are promising approaches in 

neurorehabilitation, their therapeutic efficacy still needs to be evaluated in large-sample, 

randomized, placebo-controlled, double-blinded clinical trials. Unfortunately, most of the 

studies investigating the clinical potentials of tES do not yet meet these criteria (O’Connell et 

al., 2012), hence, there is a need at the moment to improve stimulation protocols for future 

trials.  

 

4.2. The Effect of tDCS on Instrumental Learning 
 

Instrumental learning involves two major anatomical structures that work in parallel 

but are organized in a hierarchical structure. In humans, a wide range of evidence from 

clinical (Frank et al., 2004; Rutledge et al., 2009; Wrobe et al., 2011), pharmacological 

(Jocham et al., 2011; Pessiglione, Seymour, Flandin, Dolan, & Frith, 2006) and genetic 

studies (Frank et al., 2007; Klein et al., 2007) consistently supports the essential role of the 

striatal system in instrumental learning through the reward prediction error. In contrast, only 

few studies have so far investigated the high-level prefrontal component (Collins & Frank, 

2012; Smittenaar, FitzGerald, Romei, Wright, & Dolan, 2013). The third project investigated 

the involvement of the prefrontal system in instrumental learning by using anodal DC 

stimulation. 

Instrumental learning tasks typically require learning to select those actions that lead 

to a maximized reward. One of the proposed roles of the prefrontal cortex is that it represents 

the value of the different actions that are accessible by the working-memory system, enabling 

trial-to-trial behavioral corrections of choices following suboptimal outcomes (Collins & 

Frank, 2012; Frank et al., 2009, 2007). The prefrontal system represents various action values 

simultaneously, and it is suggested that these representations mutually inhibit each other until 
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one action "wins" this competition (Hunt et al., 2012; Jocham et al., 2012). In fact, earlier 

work has shown that inhibitory processes may play an important role in decision making, as 

the naturally occurring difference in GABA levels in the prefrontal cortex was associated 

with decision performance (Jocham et al., 2012). Thus, if the degree of inhibition and 

excitation influenced decision making performance, anodal tDCS may perturb this process by 

exerting its decreasing effect on the local neocortical GABA level (Stagg et al., 2009).  

Indeed, our results clearly showed increased shifts in behavior after both positive and 

negative outcomes, and an increased value for the estimated noise parameter reflecting the 

degree of randomness in the decision making process. Therefore, both the behavioral and the 

estimated computational model parameters of the Q-learning algorithm congruently indicated 

increased randomness of choice during anodal compared to placebo tDCS, which is in 

accordance with the mutual inhibition hypothesis. The present study cannot rule out the role 

of working memory in instrumental learning, although participants did not show trial-to-trial 

adjustment following suboptimal decisions, which may indicate a working-memory effect. In 

summary, by applying anodal and placebo tDCS in a randomized, counterbalanced, double-

blind, crossover study design, we demonstrated that changes in the excitation-inhibition 

balance in the prefrontal cortex influence instrumental learning. The pattern of our behavioral 

results are in agreement with the predicted consequences of previous MRS results performed 

over the motor cortex using anodal tDCS (Stagg et al., 2009), as well as with prior work 

highlighting the role of GABA on decision making (Jocham et al., 2012). 

 

4.3. Future Directions in Research 
 

In the first project we demonstrated for the first time that reducing the electrode size 

during tDCS reduces cutaneous discomfort. Based on these results, future studies may use 
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smaller electrodes in order to improve the blinding potential and the tolerance of tDCS, and, 

at the same time, to increase the focality of stimulation (Faria et al., 2011; Miranda, Faria, & 

Hallett, 2009). This study is, of course, not without limitations. Future experiments may 

address the question of whether the occurrence rate or the intensity of the reported cutaneous 

discomfort can be influenced by a longer stimulation duration. The present experiment 

employed 12 short-stimulation trials that lasted for 31 seconds each, in order to 

counterbalance the order of the various stimulation intensities and the sequence of stimulated 

side. Although there is evidence that short-stimulation protocols similar to the present one 

can be extrapolated to longer stimulation protocols (Ambrus et al., 2012; Raco et al., 2014), it 

would be of interest to investigate cutaneous discomfort when stimulation is applied for tens 

of minutes instead of seconds. For instance, it could be argued that smaller electrodes may 

dry out faster during prolonged stimulation, which could negatively influence cutaneous 

ratings. In addition, future work should concentrate on the possible qualitative differences in 

cutaneous discomfort (e.g. itching, tingling, burning sensation) between the various electrode 

sizes. Therefore, more data is needed in order to decide whether our results can be 

generalized to longer-stimulation protocols. Experiments are currently being conducted in our 

laboratory that are aimed at elucidating this issue by applying 10-minute-long stimulation 

protocols with three different electrode sizes (4, 16 and 35 cm
2
).  

The second project demonstrated that phosphenes are not just a negligible “side-

effect” of tACS, as the overwhelming majority of our participants detected their presence. 

Therefore, there is a need to optimize placebo stimulation protocols for future tACS studies, 

since our data and those from an independent laboratory all suggest that participants perceive 

phosphenes when stimulation is applied (Raco et al., 2014; Turi et al., 2013). Some of the 

studies use individually determined stimulation intensities that are below the individual 

phosphene threshold (Neuling et al., 2013). This procedure not only significantly prolongs 
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the experimental time, but also raises some concerns about dosing tACS appropriately. 

Estimating the intensity of tACS may be based on more elaborate factors (e.g. bone 

thickness, skin properties or location of the target in the brain) rather than on the 

measurement of phosphene thresholds. One possible future solution for coping with 

phosphenes would be to apply additional electrodes in close proximity to the eyes (e.g. placed 

above them). This would stimulate the eyes with low intensity AC but reduce the stimulation 

of neocortical areas possibly by using current intensity based on FEM estimations (Figure 3). 

According to this idea, at least two electrode pairs would be employed; one pair would be 

placed above the neocortical target (to stimulate the region of interest) and the other pair 

directly above the eyes. The role of this second electrode pair would be to intentionally evoke 

phosphenes, even when the transcranial electrodes above the region of interest are turned off 

in the placebo condition. This placebo stimulation protocol would mimic the phosphenes 

caused by the real tACS, and participants would thus not be able to differentiate between the 

real and placebo conditions. Nevertheless, the ideal future solution would be to improve the 

control over the current flow and develop highly focal tACS montages that avoid leakage of 

the current to the retina, in order to prevent the occurrence of phosphenes.  
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Figure 3. A suggested stimulation protocol for future studies using tACS. In addition to the original electrode 

pair (rectangular), one extra electrode pair is placed over the eyes to evoke phosphenes during the placebo 

tACS. Min: minutes, s: second.  

 

Regarding my last project, future studies will be needed to replicate our behavioral 

findings, to unravel the molecular mechanism of tDCS and to identify the GABAergic 

circuits involved in its action (English et al., 2012). On the one hand, animal research will be 

needed to identify the various types of interneurons that are potentially involved in 

instrumental learning and affected by stimulation, possibly by combining optogenetic 

stimulation techniques with tDCS. On the other hand, future human research may focus on 

the combination of anodal tDCS with MRS to extrapolate prior findings of studies performed 

on the motor cortex (Stagg et al., 2009) to the prefrontal region. As a further step, 

establishing a causal link between anodal tDCS-decreased GABA levels and the associated 

behavioral consequences (e.g. shifting behavior) would further improve our understanding of 

the role of GABA in decision making, as well as of the working mechanism of tDCS itself. 

These results would provide information complementary to earlier studies that can be 

considered more correlative in nature (e.g. Jocham et al., 2012). At the present, studies are 

aimed at targeting only cortical structures due to the existing limitation of the tES technique, 

which does not allow it be focally delivered to subcortical structures. However, future work 

may consider indirectly targeting subcortical regions via targeting the cortical-subcortical 

network (Wang et al., 2014) or directly by using FEM optimized electrode montages, which 

is at present time not possible with tES techniques. New developments in tES techniques in 

combination with improved FEM estimations for current flow optimization may revolutionize 

the currently used stimulation montages and qualify tES as a suitable tool for non-invasively 

stimulating deep cortical structures.  
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Finally, I would like to mention an intense discussion about improving transparency 

and establishing new research and publication standards in future scientific works which may 

stimulate developments in our field as well. Replicating previous findings has recently 

received great interest in the neuroscience community when it was realized that some of the 

earlier findings in the field of biology or psychology could not be repeated (e.g. Begley, 

2013; but see Bissell, 2013 opinion on this topic). In fact, in 2014 the journal Nature 

dedicated an online special to reproducibility issues in the biological sciences including 

neuroscience. This is available online at http://www.nature.com/nature/focus/reproducibility/. 

One approach would be to encourage code sharing between laboratories, which can increase 

transparency about how the statistical analyses were performed (Easterbrook, 2014). Another 

approach aims at developing new study validation mechanisms, at least for influential and/or 

high-profile papers that would preferably be performed by independent laboratories (Baker, 

2012). Sharing the raw data in an anonymous way and making it accessible for scientific 

purposes (so called open-access repository) would also improve transparency (Baker, 2012). 

Our field would also benefit from implementing these above-mentioned suggestions, as there 

is a need to clarify recently discovered variability issues regarding earlier tDCS and repetitive 

TMS (rTMS) findings (Hamada, Murase, Hasan, Balaratnam, & Rothwell, 2013; Horvath, 

Carter, & Forte, 2014; López-Alonso et al., 2014; Wiethoff et al., 2014). Individual factors 

determining the size of the inter- and intra-individual variability of tDCS protocols are still 

elusive, and studies differ remarkably in this respect (for comparison see: Hamada et al., 

2013; Huang, Edwards, Rounis, Bhatia, & Rothwell, 2005). This might be partially due to 

different participant selection procedures, which are often poorly documented in NIBS 

studies. Not only the researchers themselves, but also scientific journals should encourage the 

authors to improve the quality of publication by requiring a more transparent and accurate 

documentation and by making it possible to submit supplemental materials, raw data and 

http://www.nature.com/nature/focus/reproducibility/
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code for statistical analyses (or alternatively, citable online code repositories for statistical 

analyses). My optimistic expectation is that in the next five years changes will be gradually 

implemented in our field similar to those in other fields in neuroscience.  
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