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Abstract 

The term neuroplasticity refers to the ability of the nervous system to change its 

structure and function as part of the processes that underlie adaptations to 

environmental changes. These changes correlate with cognitive plasticity at 

behavioural level. The capacity of a system to acquire or improve skills and to adapt 

to new environments through a learning process has been defined ‘cognitive 

plasticity’ (Baltes and Willis 1982). Cognitive plasticity has been observed after 

brain lesions and in response to adaptation and perceptual learning (PL) (Fahle, 

2002a, Thiele, 2004). Furthermore, recent development of transcranial electrical 

stimulation (tES) techniques to induce and evaluate cortical plasticity, constitutes a 

significant important step in understanding the relationship between cognitive 

plasticity and neuroplasticity.  

The goal of this work is to investigate whether and how tES can modulate cognitive 

plasticity in healthy adult brain. Neural plasticity induced by tES protocols has the 

potential to offer important insights to understand the mechanisms that underlie 

phenomena of plasticity, and will help to focus and constrain neurocognitive theories 

of the behavior-brain relationship. We applied tES protocol during the execution of a 

PL task. PL is a form of implicit memory characterised by an improvement in 

sensory discrimination after repeated exposure to particular types of stimuli and is 

considered a manifestation of neural plasticity (Carmel and Carrasco, 2008, Gilbert 

et al., 2001, Li et al., 2004). In particular we focused on visual PL (VPL). Animal 

and human studies have demonstrated the specificity of the primary visual cortex 

(V1) for recognising basic stimulus characteristics, such as orientation and direction. 

This specificity implies the direct involvement of V1 cells in learning and 

discriminating stimulus characteristics (Carmel and Carrasco, 2008, Li et al., 2004). 

Focusing on PL and the visual system, neurophysiological evidences have 

demonstrated that V1 is highly plastic (Wandell and Smirnakis, 2009). In the first 

study, we aimed to test the interaction between PL and different tES techniques on 

V1 by applying tES while healthy participants execute an orientation discrimination 

task (ODT). In particular, we evaluated the effects of two tES, expected to induce 

facilitator effects at behavioural level, transcranial random noise stimulation (tRNS) 

and anodal transcranial direct current stimulation (a-tDCS). Although previous 
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studies have shown that tRNS and a-tDCS had similar effects on the motor system 

(Nitsche et al., 2000; Terney et al., 2008; Moliadze et al., 2011) our hypothesis was 

that these two different stimulation protocols would have different effects on visual 

system. Our results show a greater improvement in performance in the ODT when 

subjects were stimulated with tRNS than with a-tDCS. This result highlights the 

potential of the new tRNS technique and advances our knowledge on neuroplasticity 

induction approaches.  

The next step was to understand if the tRNS was effective regardless of the timing of 

application in relation to the state of cerebral activation during the task. We asked 

ourselves what would happen applying the same stimulation protocols before the task 

execution. Consequently the aim of the second experiment was to understand if there 

was a critical timing for the application tES to obtain the induction of neuroplasticity 

in the V1 cortex. In this second experiment we applied tES (i.e., tRNS, a-tDCS and 

cathodal-tDCS) before (offline) or during (online) the execution of an ODT.  

The results confirm that a critical and “ideal” timing of application exists, and it 

depends on the stimulation type. tRNS facilitation is present only if applied during 

the task execution, whereas it’s better to apply anodal tDCS before the task in order 

to induce facilitation in VPL.  

Overall, these results provide important indications for the designing of rehabilitation 

protocols, highlighting which of the two excitatory techniques is better to choose in 

relation to its timing of application. The opportunity to directly influence brain 

plasticity offered by these data opens new possibilities in cognitive neuroscience and 

neurorehabilitation. 
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This doctoral dissertation describes the research activity developed during the three 

years of PhD in “Scienze della plasticità d’organo e della rigenerazione tissutale per 

il recupero funzionale”. In this period my research activity focused on the study of 

cognitive functions by the application of transcranial electrical stimulation (tES).  

The scope of my thesis is to understand which, when and how stimulation protocols 

are the most effective to obtain the induction of neuroplasticity in the primary 

sensory cortex. The specific aim of my experiments is to study the behavioral effects 

of tES to better understand and to improve knowledge on these methods and some 

aspects in their utilization. Indeed, there are still many questions to answer on the 

tES application such as: it possible to modulate the behavioral performance of 

cognitive task by tES? How can tES induce cognitive plasticity facilitation? Which 

of the different types of tES is the best to induce and potentiate cognitive plasticity? 

What is the ideal time to apply tES, before or during the cognitive task execution? 

tES is able to modulate the synaptic transmission efficacy, this modulation results in 

excitability and activity changes in specific cortical networks that are activated by 

the cognitive task’s execution, and these changes correlate with cognitive plasticity 

at the behavioral level. To show the efficacy of tES to induce neuroplasticity and 

understand what are the best parameters of stimulation would allow us a correct 

application of the transcranial stimulation for the rehabilitation of patients with 

cognitive deficit (i.e. perception, learning, memory, language). 

In the first part of chapter 2, I describe the main studies performed on VPL, 

specifically animals and humans studies have shown the involvement and the 

importance of the V1 in processing of visual information during the execution of 

VPL tasks. In the second part, I illustrate some of the tES studies that have 

contributed to understand how the induced current affects the behavior and how 

different tES parameters and different type of tES drive to different, even opposite, 

results. Among different types of electrical stimulation, tDCS is the most used in 

different tasks and in different cerebral areas (motor, visual, somatosensory etc.). 

However, many studies on functional effects of tDCS were performed on the primary 

motor cortex (M1) and in elementary task, such as reaction time task or implicit 

learning in the motor system. Therefore, I started from the work of Nitsche et al. 

(2003c), Terney et al.(2008) and Stagg et al. (2011a) that have applied tDCS and 

Tesi di dottorato in Scienze della Plasticità d’Organo e della Rigenerazione Tissutale per il recupero Funzionale, 
di Cornelia Pirulli, discussa presso l’Università Campus Bio-Medico di Roma in data 29/05/2012. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte



11 
 

tRNS to investigate the facilitator effects in the implicit motor learning. In the 

chapter 3 my work has the aim to extend these results to a different area of brain 

(i.e., visual system), further aim of my research is to understand which stimulation 

protocols tES are the most effective to obtain the induction of neuroplasticity in V1. 

Once demonstrated the efficacy of these techniques, in the chapter 4 the scope of 

work is to understand what is the ideal timing of their application in normal cognitive 

processes, it will be possible to extend these protocols also to patients with cognitive 

deficits (e.g., learning, memory, attention). In the last chapter (chapter 5 – General 

discussion) the main findings of the entire work will be summarized and discussed. 
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2.1 Visual Perceptual Learning and Plasticity 

 

A good starting point to define the concept of perceptual learning (PL) is given by 

Gibson (1963): “Any relatively permanent and consistent change in the perception of 

a stimulus array following practice or experience with this array will be considered 

perceptual learning”. In other words, PL is considered a form of implicit memory 

characterised by an improvement in sensory discrimination after repeated exposure 

to particular types of stimuli (Carmel and Carrasco, 2008, Gilbert et al., 2001, Li et 

al., 2004). Perceptual learning differs from other forms of learning in that it can be 

highly specific to the stimulus features and involves structural and/or functional 

changes in primary sensory cortices. Moreover, in contrast to declarative forms of 

learning, PL seems to modify the neural population activation during the execution 

of the task, and not require intermediate consolidation storage. The neural 

modifications, that occur during learning of new skills, are the direct evidence of the 

presence of mechanisms of cortical plasticity in the brain. Indeed, behavioral 

expressions of learning can be associated with specific changes within a cortical 

network involved in the execution of a task. In addition, animal studies have shown 

that neuronal axonal structural plasticity and the anatomical and functional 

remodeling in the cerebral cortex can occur as consequence of learning (Watanabe, 

2002). Regard to PL, plasticity can be defined as changing of the brain leading to 

more appropriate function, and serves to adjust the functional and anatomical 

organization of the central nervous system as a result of sensory experience (Fahle, 

2002a). PL involves functional changes that affects cortical function throughout life. 

This finding overcome the old concept that the brain structure becomes immutable 

after childhood. Recently, PL has been considered a way to understanding the nature 

of experience-dependent changes in the cerebral cortex.  

Perceptual learning in adult human observers has been documented in many 

perceptual tasks in visual, auditory, and somato-sensory domains (Fahle, 2002a). I 

concentrated on PL in the visual domain. It has been studied in different visual task, 

including detection or discrimination of visual gratings (Mayer, 1983), stimulus 

orientation discrimination (Matthews and Welch, 1997, Vogels and Orban, 1985), 

motion direction discrimination (Ball and Sekuler, 1982, 1987) texture 
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discrimination (Karni and Sagi, 1991, 1993), hyperacuity and vernier tasks  (Fahle, 

1993, McKee and Westheimer, 1978), and object recognition  (Furmanski and Engel, 

2000). The visual system has the ability to adapt to experience-dependent changes, 

these changes in the functional properties of neurons and in the network underlying 

these changes is known as plasticity (Gilbert et al., 2009). Moreover, plasticity can 

be seen at multiple stages in the visual pathway, starting from the primary visual 

cortex (Furmanski et al., 2004). Specifically, V1 seems to respond and to adapt to 

specific features of the stimuli. Indeed, studies of visual plasticity have 

psychophysically demonstrated that detection or discrimination thresholds can be 

reduced and showed a high degree of specificity respect to the trained visual stimuli 

(Seitz and Watanabe, 2005). Shoups et al. (1995) showed specificity of learning to 

the retinotopic location or to simple stimulus features such as orientation or direction. 

These characteristics are thought to involve cells in early visual areas that have small 

receptive fields. Nevertheless, these results do not exclude the possibility that higher- 

level visual or decisional areas are involved in PL (Ahissar and Hochstein, 2004). 

As will be described in the next sections, low-level sensory plasticity involved in 

VPL  has been confirmed by studies of electrophysiology in animal and functional 

imaging in human. Consequently, PL is considered a manifestation of neural 

plasticity (Carmel and Carrasco, 2008). Thus the study of the neural changes 

associated with VPL can increase our understanding on neuroplasticity induction in 

adult sensory cortices. 

 

2.1.1 Animal studies  
 

In the past, plasticity of early sensory cortices was thought to be limited to a period 

of the early postnatal life know as the critical period. The neural basis of the critical 

period were discovered by Hubel and Wiesel (1959), that found that the ocular 

dominance could be altered by restricting visual experience to one eye. They 

observed that the capacity of the visual cortex to undergo these changes were limited 

to the first months of life. However, in the following years further experiments have 

clarified that the critical period is limited to specific properties of the cortex 

(Merzenich, 1984, 1988). Much evidence of the presence of plasticity effects in the 
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sensory area come from animal studies (Kaas, 1991). Cellular correlates of long term 

use-dependent changes in attentive learning have been shown in the auditory and 

somatosensory cortices of awake animals applying natural sensory stimuli 

(Recanzone et al., 1992a). Other in vitro studies have shown change in cellular 

plasticity of visual cortical cells with electrical stimulation as well as in vivo studies 

by pairing of natural stimuli with artificial depolarization (Cahusac, 1995, Fregnac, 

1988, 1992). Moreover, in animals, the pioneering studies in the sensory cortices 

investigated the effect of reorganization of the cortical topographic maps as a 

consequence of a cortical lesions (Eysel, 1980, Kaas, 1991). Gilbert and Wiesel 

(1992) demonstrated in adult monkey, through single-cell recording, that receptive 

fields in the V1 cortex can change positively after retinal lesions. Subsequent 

experiments in monkeys and cats have been developed applying PL paradigms to 

study plasticity effects in the V1 cortex. These studies showed that sensory 

experience response of specific neural receptive fields and the topographical maps of 

the cortex can be altered (Crist, 2001, Recanzone et al., 1992b). However, in the V1 

cortex, there are contradictory results regarding the changes in the cortical area after 

extensive training in VPL tasks. Shoups et al. (2001) demonstrated, through single 

unit recording studies in monkeys, the presence of different response of cells in early 

visual cortex during an orientation discrimination task. The authors found a 

correlation between improved monkey orientation discrimination and V1 neuron 

orientation tuning curves while no plasticity was found in the same receptive field 

with stimuli presented at a different location. However, Ghose et al. (2002) found no 

orientation tuning changes in either V1 and V2 neurons whit the orientation 

discrimination task. In contrast, Raiguel et al. (2006) reported more significant 

orientation tuning changes in V4 neurons. Even so, these changes in V4 cells were 

still too small to account for behavioral response. Li et al. (2004) showed that V1 

neurons responded very differently to ad identical visual stimulus under different 

visual discrimination tasks, in monkeys trained in a shape discrimination task. 

Interestingly, the corresponding neuronal changes were not seen when the trained 

task was performed by anesthetized monkeys (Li et al., 2004). New technologies 

offer promising tools for studying cortical plasticity. In the monkey, molecular tools 

are used to measure gene expression associated with cortical reorganization after 
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visual learning tasks (Chen et al., 2010). There is increasing evidence that 

experience-dependent plasticity of specific circuits in the visual cortex involves cell 

type-specific structural plasticity. 

Overall all these results suggest endless plasticity in V1 and the presence of 

continuous changes after visual experience. Indeed, animal studies have 

demonstrated that changes in visual input are sufficient to induce functional plasticity 

within the visual system. 

 

2.1.2 Human studies  
 

PL in humans has been documented in a wide range of perceptual tasks in visual, 

auditory and somatosensory domain. In addition, PL has been investigated in recent 

years in different prospective such as psychophysics, neurophysiology (Pourtois et 

al., 2008), brain imaging (Schiltz et al., 1999) and lesion studies (Fahle and Daum, 

2002b, Xu et al., 2010). Considering VPL in human, we should consider some 

aspects that can influence the performance, such as the role of attention, feedback 

and the type of task (serial vs. parallel). For example, it has been found that PL is 

only associated to the particular feature the participants pay attention (Ahissar et al., 

2001). However, Watanabe and colleagues (2001) reported that PL can occur even in 

the absence of  selective attention. In their study subjects identified a letter (target 

stimulus) in centre of a display while moving dots (irrelevant stimulus) were 

presented  peripheral field. Successively, the authors found that subjects enhanced 

their ability of discrimination or detection only for the coherent motion direction to 

which they were previously exposed (Watanabe et al., 2001). This type of studies are 

called task-irrelevant PL (TIPL). TIPL for a stimulus depends on the relationship 

between that stimulus and important task events or upon stimulus reward 

contingencies (Seitz et al., 2009, Seitz and Watanabe, 2009). Feedback can also 

influence PL even if there are contradictory opinions. Some authors argued that 

feedback improves subjects’ performance.  Herzog a and Fahle (1997) showed that 

the subjects were facilitated by trial by trial feedback and also by feedback regarding 

the percentage of correct responses in Vernier acuity task. Shibata and coworkers 

(2009) showed that block-feedback facilitated PL if it was more positive than the 
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subject’s actual performance. In contrast, Liu and colleagues (2010) demonstrated 

the same learning curves ODT with and without feedback. Finally, regarding the 

choice of the task, some studies indicated that VPL is task dependent. Indeed VPL of 

a specific feature did not transfer to another task involving the same or similar 

stimuli but using different procedure (Thiele, 2004). Psychophysical results 

distinguish an important difference between two types of task. In the first type (serial 

task), the target and its location are well defined and are known to the subjects. Most 

tasks used in studying PL are orientation discrimination of a line element, Vernier, 

bisection and contrast discrimination. In the other type (parallel task), the target is 

presented among many distracters, and subjects have to find a target placed in a 

contest composed of many distracters. An example of such a task is texture 

segmentation task or contour integration. Different studies have applied serial or 

distributed parallel tasks with the principal aim to understand the neuronal changes in 

the visual cortex. It is widely accepted that these neuronal modifications has been 

induced by training and learning of these different type of PL task (i.e., serial, 

parallel). Usually, the term “use-dependent plasticity” refers to plastic change that 

occurs whit the acquisition of perceptual skills (Fahle, 2002). Several studies have 

shown that the experience modifies low-level visual processes, attention free, in the 

V1 cortex (Fahle, 2002a). VPL of complex or simple features of the stimulus is 

associated with changes in the earliest visual area such as V1 (Karni and Sagi, 1991). 

The recent development of non invasive imaging technique has permitted to study 

the modifications in activity neuronal after VPL task. Several studies found that VPL 

is associated with increase in the BOLD signal in the region of V1 that corresponds 

to the location of the trained stimulus (Schwartz et al., 2002). However, Schiltz et al. 

(1999) found an activity decrease in positron emission tomography (PET) when they 

compared activation pattern before and after the training in orientation discrimination 

task. The V1 plasticity hypothesis is further sustained by the time course of the 

learning-dependent brain activity, measurable with electroencephalography (EEG) 

method. Both within and between session learning modulated the EEG component 

corresponding to V1 activity (Pourtois et al., 2008). Censor and Sagi (2009) 

investigated the relationship between visual performance and visual event-related 

potentials (ERPs) using a backward-masked texture segmentation task. Their results 
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showed a temporal correlation between ERP component (i.e., N1) and performance. 

It seems that practice reduces temporal interaction between successively stimuli, 

possibly by increasing the efficiency of target processing within early visual areas. 

The more recently introduced diffusion tensor imaging (DTI) method can be used to 

estimate anatomical changes associated with skill learning, corresponding to changes 

in white and gray matter density (Scholz et al., 2009). Yotzumoto et al. (2009) 

provided evidence supporting such structural changes in V1 associated with texture 

learning.  

Overall, these studies support a localized increase in processing efficiency in the V1 

as a result of practice. Such changes can be due both to inputs that directly arrives to 

V1 and to feedback input that V1 receives from other brain areas. Concluding, VPL 

may be a good tool to investigate plasticity effects in the V1 cortex. Furthermore the 

application of new non-invasive techniques of stimulation (see section 2.2 and 2.3) 

may offer important insights into the mechanisms that underlie human visual 

plasticity.   

 

2.2 Transcranial electrical stimulation (tES)  
 

The tES technique involves the application of weak electrical currents (~1-2 mA) 

directly to the head for several minutes (~5-30 minutes). The stimulation is delivered 

by a battery-driven current stimulator through a pair of electrodes (see Figure 1). 

These currents generate an electrical field that modulates neuronal activity according 

to the modality of the application. tES differs qualitatively from other brain 

stimulation techniques such as transcranial magnetic stimulation (TMS) because it 

doesn’t induce neuronal action potentials. This is due to application of static field 

that in this range do not yield the rapid depolarization required to produce action 

potentials in neuronal membranes. Therefore tES might be considered a 

neuromodulatory interventions (Nitsche et al., 2008). However, it effectively 

modifies the evoked cortical response to afferent stimulation as well as the 

postsynaptic activity level of cortical neurons, presumably by inducing a shift in 

intrinsic neuronal excitability. In addition, tES do not produce the noise and 

discomfort produced by TMS and therefore changes in performance are not 
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attributable to unspecific effects. For the application of tES  have to be considered 

several important parameters. Indeed, the efficacy of tES to induce a modifications 

of membrane polarity and consequently in behavioral performance depends on 

current density determined by induced electrical field strength and electrode size. 

Another important parameter of tES is stimulation duration. With constant current 

density, increasing stimulation duration determine the occurrence and the duration of 

after-effects both in human and animals (Bindman et al., 1964, Nitsche and Paulus, 

2000, Nitsche et al., 2003a). Another important parameter to achieve the expected 

electrical stimulation effects is the orientation of the electric field, which is defined 

by the position of electrodes and polarity. For example, some studies have 

demonstrated that the role of reference electrode (Bikson et al., 2010) is very 

important because it was shown that only specific return electrode position resulted 

in tES-dependent cortical excitability alterations (Nitsche and Paulus, 2011). Since 

an extracephalic reference electrode could permit a more focal stimulation by 

avoiding an effect of this electrode on brain function, these effects have been 

investigated recently (Moliadze, 2011). This last parameter is especially important 

most of all for direct current electrical stimulation because it is a technique polarity-

specific (see section 2.2.1). Indeed, there are different ways to distribute current 

which can be direct (transcranial direct current stimulation, tDCS), random noise 

(transcranial random noise stimulation, tRNS) or alternating (transcranial alternating 

current stimulation, tACS).  

 

 

 

Figure 1. tES device composed by a battery-driven current stimulator with a pair of 

electrodes. 
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2.2.1 Transcranial Direct Current Stimulation (tDCS)  

 

The tDCS is a non invasive technique that allows the modulation of cortical 

excitability in a polarity-specific manner. A direct current of low level intensity (see 

Figure 2) cross the cerebral cortex through two electrodes positioned on the scalp, 

one in correspondence of the cerebral area involved in task and the other positioned 

above an area not involved in task performance (cephalic or extracephalic site). This 

current is able to modulate the frequency rate of firing of the neural populations 

underneath (Nitsche and Paulus, 2000). In the anodal stimulation, the anode is 

collocated on the cerebral area of interest, whereas the cathode is collocated on a 

reference site. In the cathodal stimulation the electrodes positioning is reversed. The 

size of the electrodes is usually between 15 and 60 cm2. The positive aspect of  this 

relatively large electrode are its painfulness and the safety of the technique (Iyer et 

al., 2005; Poreisz et al.,2007), but the negative aspect is its low spatial resolution 

(Wagner et al., 2007). However, small electrodes might be less effective in terms of 

current density on the cerebral cortex compared to current strength induced through 

the stimulation electrodes (Miranda et al., 2009). Using these electrodes, current 

intensities vary between 1mA and 2 mA and are commonly applied for between 10 

and 20 minutes.  

Surely among different types of electrical stimulation, tDCS is the most used in 

many different tasks and in different cerebral areas (motor, visual, somatosensory, 

auditive etc.).  The first studies on functional effects of tDCS were performed mainly 

on the primary motor cortex (M1) and in elementary task, such as reaction time task, 

implicit learning in the motor system (Nitsche et al., 2003c), visual and 

somatosensory perceptions (Antal et al., 2004 b, 2004c, Matsunaga et al., 2004). 

With regard to the efficacy and physiological effects of tDCS on M1, many studies 

have investigated excitability modifications monitored by TMS. These studies 

demonstrated that 5 minutes of anodal tDCS increased cortical excitability 

investigated in terms of amplitude in hand motor evoked potential (MEP) whereas 

cathodal tDCS leads to inhibition as evidenced by a decrease in MEP amplitude. The 

lasting effects depended on the duration of stimulation, indeed 13 minutes of anodal 

tDCS elicited 90 minutes of after effects and 9 minutes of cathodal tDCS caused a 

decrease in cortical excitability for almost an hour (Nitsche et al., 2003b; Nitsche and 
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Paulus, 2000). Quartarone and coworkers (2004) have shown that cathodal tDCS 

decreased MEP amplitudes with and without motor imagery, while anodal tDCS 

enhanced MEP amplitude only without motor imagery. However, behavioral effects 

of tDCS in healthy subjects do not directly mirror these physiological effects. Anodal 

tDCS applied to M1 during implicit learning task improves performance in test of 

motor speed (Nitsche et al., 2003c). Nevertheless, with the same task cathodal tDCS 

has no effect on learning or on simple reaction times (Nitsche et al., 2003c). In other 

study, Kuo and colleagues (2008) used the same task but applying tDCS before that 

the subjects executed the task, the rate of learning is reported to be unchanged both 

anodal stimulation and cathodal stimulation. Recently Reis et al. (2009) applied a 

motor skill task to investigate the effects of anodal and cathodal tDCS during the 

course of implicit motor learning. Reaction times and accuracy were measured 

within one training day and between training days. The experimental training group 

received 5 sessions of 20 min of anodal or cathodal tDCS over the left M1, whereas 

control group received sham stimulation. Their results showed a greater effects of 

anodal tDCS, on the total learning function for the whole training period, compared 

to cathodal or sham stimulation. These behavioral effects difference between the two 

studies depends on the timing with which it is applied relative to the learning task. So 

far, only one study has directly compared responses a procedural learning paradigm 

performed during and after tDCS (Stagg et al., 2011a). The authors found that anodal 

tDCS applied during the task increase the rate of motor sequence learning more than 

anodal stimulation applied before task performance. In contrast, there was no 

difference for cathodal stimulation. However, it is still not clear to what extent these 

findings are transferable to other areas of the cerebral cortex, and what happens with 

other types of stimulation (e.g., tRNS).  

With regard to the impact of tDCS on visual, somatosensory and auditory functions, 

the number of studies is small and they present results that are contradictory. For the 

visual system, in section 1.4 it will be describe the main studies and more important 

results. For somatosensory perception, Bradnam et al. (2010) showed that cathodal 

tDCS of the M1 reduced cold perception threshold as well as pain perception induced 

by laser stimulation of the controlateral hand, whereas anodal reduced warm 

perception threshold. Regard to auditory system, cathodal tDCS over the superior 
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temporal and inferior frontal cortex decreased pitch matching ability (Loui et al., 

2010). However, in the last years greater interest has been directed to more complex 

cognitive functions such as language, working memory and attention. The principal 

aim of these studies was to investigate the neuronal modulations induced by tDCS 

during the execution of cognitive task.  In a recent study, Fertonani et al. (2010) 

showed that 10 minutes of anodal tDCS on the left dorsolateral prefrontal cortex 

improves naming performance, speeding up verbal reaction times after the end of the 

stimulation, whereas cathodal stimulation had no effect. tDCS applied on working 

memory (WM) task showed the involvement both of prefrontal cortices and parietal 

lobe in object WM task (Berryhill et al., 2010). Their results demonstrated a selective 

impairment of performance in recognition, but not recall, after cathodal tDCS 

whereas anodal stimulation was not effective. Finally, regarding attentional 

processes, Bolognini and coworkers (2010a) investigated the importance and 

specificity of right posterior parietal cortex for visual-auditory processing. The 

authors demonstrated that anodal tDCS applied on this area improves performance in 

a visuo-auditory attention task.  In a successive study the same authors showed that 

training success in a visual search task was larger when the right, but not when the 

left posterior parietal cortex was stimulated (Bolognini et al., 2010b). 

All these studies show that the tDCS may be applied to explore the role of different 

cortical areas with different tasks. Indeed, tDCS seems a promising tool for 

determination of the contribution of specific cortical areas to cognitive processes. 

Above all tDCS may be considered a valid tool to induce and modulate 

neuroplasticity in human. However, further studies are necessary to improve certain 

aspects of the technique such as optimizing stimulation protocols in terms of 

duration, timing to apply stimulation in relation to task performance, electrode 

positioning (especially position of reference electrode), and duration of after-effects. 

In addition, it is need clarify the physiological effects of the stimulation. This will 

improve our knowledge about the effects of tDCS, to have more consistent and to 

optimize protocols for clinical applications. 
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Figure 2. Current delivery during the direct current electrical stimulation. The total 
stimulation time include also a fade in period and fade out period.  
 
 

2.2.2 Transcranial Random Noise Stimulation (tRNS)  
 

More recently, interest has developed in a new electrical stimulation method: tRNS. 

It consists of the application of a repetitive, subthreshold, and alternating current at 

random frequencies over the cortex. Actually, tRNS can be applied at different 

frequency band ranges (low frequency from 0.1 to 100 Hz or high frequency from 

101 to 640 Hz) of the entire spectrum from 0.1 to 640 Hz. The "random noise" signal 

contains all frequencies up to half of the sampling rate, i.e., a maximum of 640 Hz. 

This random level of current is generated for every sample (sampling rate 1280 sps) 

and is normally distributed. The probability density function follows a bell-shaped 

curve (see Figure 3). Transcranial application of weak random noise may appear to 

be a promising tool for neuroplasticity research, because a painless, selective, focal, 

non-invasive and reversible excitability modulation of the cortex without an 

adaptation effect. Indeed, tRNS is characterized by an oscillatory current and 

therefore does not have the polarity constraints of tDCS or the perceptible skin 

sensation when it is applied. tRNS could be expected to interact with ongoing 

cortical rhythms (Thut and Miniussi, 2009) and to induce a random frequency that 

should interfere with or potentiate the synchrony between neurons within an area or 

between areas within a network. However, these hypothesis have not yet been tested. 
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Actually there are only five studies that have applied tRNS in experimental protocol 

and with behavioural task. The first study that has applied tRNS is Terney et al. 

(2008). They demonstrated that ten minutes of tRNS at high frequency (101-640 Hz) 

to the motor cortex induces a positive modulation of cortical excitability (i.e., an 

increase in the amplitude of MEP) that persists after the end of stimulation. 

Furthermore, behavioural improvement in a motor learning task was obtained with 

the application of the entire frequency spectrum (0-640 Hz). The authors concluded 

that tRNS induced a facilitatory effect similar to that of anodal tDCS (Ambrus et al., 

2010b, Terney et al., 2008), even if it was sustained by different mechanisms. In 

successive study, Chaieb and colleagues (2009) showed that short-duration 

application of tRNS (4 minutes at 1 mA) induced a reduction of the blood-oxygen-

level dependency (BOLD) response in the motor cortex that can be seen on the fMRI 

during finger-tapping task. The authors showed that tRNS applied with different 

duration and in combination with sensory-motor task might result in different 

outcomes. In a recent study, Mulquiney et al. (2011) compared 10 minutes of 1mA 

anodal tDCS and tRNS during a WM task. Experimental sessions were separated by 

1 week. Immediately prior and after each stimulation session the participants were 

measured on speed and accuracy of performance on a n-back task. Their results 

confirmed the efficacious of anodal stimulation in enhancing of some aspects of 

Dorsolateral Left Prefontal Cortex (DLPFC) functioning but do not support for the 

hypothesis that tRNS improves WM. Nevertheless, this study has some important 

methodological limitations that may have contributed to the lack of significant for 

tRNS (e.g., small sample size, lack of counterbalancing of the order sessions, low 

intensity of stimulation, reference electrode etc.). 

However, until now, there are still few studies that have applied tRNS and that 

explore what are the effects and mechanisms of action of tRNS. Indeed, it is need 

further research to optimize parameters and efficacy, because considered the several 

advantages of this new technique (safety, lower perception cutaneous, good for  

placebo condition) tRNS could be the most effective technique in neurorehabilitation 

field. In addition, although its mechanism of action is yet unknown, tRNS may prove 

to be a useful powerful tool in understanding how neuroplasticity phenomena occur 

within cortical networks during the execution of cognitive task. Indeed, modulation 
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of synaptic transmission efficacy can result in excitability and activity changes in 

specific cortical networks that are activated by the task’s execution, and these 

changes correlate with cognitive plasticity at the behavioral level. 

 

 

  
 
 

Figure 3. Random noise electrical stimulation. In the stimulation mode “noise”, there is a 

random level of current generated for every sample (sampling rate 1280 sample/s). The 

random numbers are normally distributed. The amplitude of 1mA that 99% of all generated 

amplitude values were between +500uA and -500uA. (Terney et al., 2008) 

 

2.3 Transcranial Electrical Stimulation and Visual Perception 

The visual system, is considered among the most complex of all sensory systems 

and, it posses the ability to undergo induced and spontaneous neuroplastic changes 

(see section 2.1). Intensive researches revealed that distinct unimodal areas are 

involved in the information visual processing both in macaque and in human brain 

(Felleman and Van Essen, 1991, Tootell et al., 1996). Each area has distinct 

anatomical and functional properties and different visual areas are connected to each 

other in a hierarchical way (Yotsumoto et al., 2008). Visual information is first 

processed in earlier stage of visual system and after transmits its visual input to the 

ventral pathway and the dorsal pathway (Goodale and Kotagama, 2006). The 

complex visual information are progressively built through hierarchically connected 

cortical areas, resulting in the progressive increase of the complexity of the visual 
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neuronal representations. However, what has been known from animal and human 

studies is that V1 cortex is undoubtedly involved in the processing of visual 

information (see section 2.1.1 and 2.1.2). In the past years, important insights on the 

human visual processing are obtained with the application of non invasive technique 

such as electrical and magnetic stimulation of the brain. Indeed, transcranial 

stimulation (i.e., TMS and tES) produce a brief excitation or inhibition in the 

cerebral cortex and in that way interfere or potentiate normal ongoing cortical 

activity (for recent review see Miniussi et al., 2011). In recent years, many studies 

have demonstrated that tES seems to be a promising methods to induce visual 

cortical excitability and activity modulations (Antal and Paulus, 2008). Furthermore, 

there are prospects for the use of tES as tool to promote changes of visual cortex 

activity paralleled by learning/behavioural improvements. The first studies explored 

the effects of tDCS on the visual cortex excitability. In a study using large Gabor 

patch stimulus, Antal and co-workers (2001) applied anodal and cathodal tDCS for 7 

minutes at 1mA intensity on the V1. They showed that only cathodal stimulation 

significantly decreased static and dynamic contrast sensitivities, whereas anodal 

stimulation did not influence contrast sensitivity (Antal et al., 2001). However, a 

recent study (Kraft et al., 2010) just demonstrated that anodal tDCS applied on the 

visual cortex can also cause a transient increase in contrast sensitivity for the central 

positions. In this study cathodal stimulation of the visual cortex did not affected 

contrast sensitivity. This might be due to different stimulation durations used in the 

two studies or to the specificities of the visual stimuli. Another possible 

demonstration of the efficacy of tDCS over visual areas is valuated through 

phosphenes threshold (PTs). TMS pulses applied to the occipital cortex can elicit 

spots of light or stars that appear with stimulation and disappear with its cessation, 

called phosphenes (Meyer et al., 1991). The mean TMS intensity required to elicit 

phosphenes is defined as the PT. Antal et al. (2003a, 2003b) demonstrated that tDCS 

over the visual cortex is able to modify the perception of phosphenes, evoked by 

single pulse or repetitive TMS of the V1. They showed that cathodal stimulation 

increased, whilst anodal stimulation decreased PT (Antal et al., 2003a, 2003b). 

Compared to PTs measurements, visual evoked potentials (VEP) are considered 

physiological measures more objective for evaluating visual excitability cortex. 
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Indeed, VEP reflect the feature of the entire visual pathway in response to visual 

activation. The amplitude and latency of the N70 and P100 VEPs were measured in 

two different studies that have obtained contradictory results. In the first study Antal 

et al., (2003b) showed that cathodal tDCS over the V1 decreased whilst anodal tDCS 

increased the amplitude of the N70 component of the VEP. However, significant 

effects can only be observed when low contrast visual stimuli were shown. High 

contrast stimuli probably activate the respective visual cortical pathways and areas 

optimally. Therefore subthreshold excitability modulation induced by tDCS could 

not produce a clear change in the size of the VEP amplitude in this case. In another 

study was observed the opposite effect than precedent study: anodal stimulation 

resulted in reduced P100 amplitude while cathodal stimulation increased it 

(Accornero et al., 2007). This discrepancy concerning the results of the two studies 

might be to the different visual paradigm and different electrode positions applied. In 

this second study had used pattern-reversal checkboard stimulation and a reference 

electrode or neck. 

Recent human studies have showed the involvement of higher visual areas in the 

modulation of visual neural excitability using tDCS goes beyond V1 and could 

influence complex, visual adaptation related processes. Indeed, in a study Antal et al. 

(2004c) found that the percentage of correct tracking movements increase 

significantly during and immediately after cathodal tDCS over medial temporal (MT) 

areas (called V5), while anodal stimulation had no effect when already learned 

manual visuo-motor task was applied. The highly specificity of the effect of the 

stimulation might be explained by the complexity of perceptual information 

processing needed for this type of task. The complexity of the task could produce a 

“noisy” activation state in the neuronal population involved in the task and cathodal 

tDCS may decrease this “noisy” activation to increase the signal-to-noise ratio useful 

to improve performance (Antal et al., 2004a). In another experiment Antal et al. 

(2004c) supported the involvement of MT/V5 in motion adaption processes. In this 

study the authors demonstrated that both anodal and cathodal tDCS affected the 

strength of perceived motion after-effect (MAE), in the specific the stimulations 

reduced the perception of the MAE. The MAE plays an important role in visual 

neuroplasticity (Anstis et al., 1998) and is the perceptual manifestations of the 
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neuronal adaption processes. One possible explanation of this effect can be that tDCS 

affects the interaction between the neural representations of different motion 

directions in MT/V5. Modulation of the neural excitability with anodal and cathodal 

tDCS might result in an attenuated expression of the adaptation-induced imbalance in 

both cases and consequently in weakened motion after-effect. In addition, the 

stimulation of the right parietal posterior cortex (PPC) induced an enhancement of 

visual orienting and visual search. Unilateral stimulation of the PPC modulated the 

performance of healthy subjects in a visual dot detection task bidirectionally, anodal 

tDCS improved the detection of contralateral stimuli, while cathodal tDCS 

ameliorated the detection of ipsilateral stimuli (Schweid et al., 2008, Sparing et al., 

2009). These findings are encouraging for future intervention in brain-damaged 

patients with sensory problems and with visuo-spatial disabilities. In recent years, 

few studies have applied a new method called transcranial alternating current 

stimulation (tACS). tACS consists of the application of sinusoidal/alternating current 

at specific frequencies over the cerebral cortex. Indeed, tACS can interact with 

ongoing rhythmic activities in the visual cortex in a frequency-specific fashion and 

induce visual experiences as phosphenes (Kanai et al., 2008). In a recent study, 

Kanai and colleagues (2008) applied an oscillatory current over V1 using different 

frequencies (5, 10, 20 and 40 Hz). The authors observed that tACS seems to induce 

phosphenes in a frequency dependent way, with a peak slightly lower in darkness 

than in brightness. In the specific, it was found that tACS at 20 Hz decreased TMS-

induced PTs, in other words increased the excitability of the visual cortex, whilst 

other frequencies did not affected PTs. Recently, Zaehle et al. (2010) have reported 

the electrophysiological evidences of tACS. In this study, tACS was applied over the 

occipital cortex of healthy subjects to entrain the neuronal oscillatory activity in their 

individual alpha frequency range and compared results with those from a separate 

group of participants receiving sham stimulation. The tACS but not the sham 

stimulation elevated the endogenous alpha power in parieto-central electrodes of the 

EEG. These preliminary findings might lead to new implementations of rhythmic 

stimulation as tools in therapy and neurorehabilitation. Indeed, several recent studies 

indicate that interacting with cortical activity by TMS can positively influence 

cognitive performance in normal subject (Thut and Miniussi, 2009) and in patients 
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with pathological alterations of cortical excitability and neuroplasticity, deficit 

cognitive or dementia. The modification of cortical activity with rhythmic electrical 

stimulation might regulate maladaptive patterns of brain oscillations, and provide a 

possibility for inducing a new balance within the affected functional network. 

However these studies have applied only DC stimulation or tACS, till now no study 

has applied tRNS stimulation on the visual cortex and in visual cognitive task.  In the 

next chapter will present the first experiment that used the tRNS stimulation to 

understand the plasticity phenomena in the visual cortex. 

 

2.4 Mechanisms of functioning of tES at the neuronal level 

The neuronal basis of electrical stimulation using DC were first described in the late 

1950’ s and 1960’s (Bindman et al., 1962; Purpura and McMurtry, 1965; Terzuolo 

and Bullock, 1956). Single cell recording studies in rats and cats have demonstrated 

that DC is able to modulate the neuronal spontaneous firing rate through a shifting of 

the resting neuronal membrane potential, but does not evoke cortical potentials. 

Cathodal stimulation can reduce neuronal firing rates, whereas anodal stimulation is 

able to reverse this effects  (Creutzfeldt et al., 1962). Studies in the human suggest 

that tDCS modulate cortical excitability during stimulation by non-synaptic changes 

of the cells, but there is increasing evidence that the aftereffects of tDCS are driven 

by synaptic modifications (Bindman et al., 1962, 1964). However, over the years, the 

vast majority of human studies have applied specific drugs for explore and 

manipulate the physiological effects induced by tES (Liebetanz et al., 2002). The 

motor cortex excitability changes in healthy human were tested with the use of 

sodium channel blooker flunarizine and drugs involving NMDA-receptor. These 

studies have shown that changes induced by anodal tDCS are dependent upon the N-

methyl D-aspartate (NMDA) receptor (Ridding and Ziemann, 2010; Ziemann and 

Siebner, 2008). Empirical evidence supports this idea, changes induced by a single 

application of tDCS are reversible, last from a few minutes to more than an hour, and 

are dependent upon NMDA. Indeed, long-term tDCS effects are not observed after 

administration of an NMDA receptor antagonist (Liebetanz et al., 2002; Nitsche et 

al., 2003a). The similarities between changes induced by tDCS and those involved in 
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the induction of long term potentation (LTP) plasticity in the motor cortex strongly 

suggest that synaptic plasticity is occurring. Both LTP and its opposite, long term 

depression (LTD), have also been postulated to explain the persistent effects of tES 

on cortical activity (Fritsch et al., 2010; Nitsche et al., 2009; Thickbroom, 2007; 

Ziemann and Siebner, 2008). Neural plasticity induced by different type of tES at the 

level of brain networks might be determined by changes that alter the property of 

synaptic plasticity.  Nevertheless, the neuronal depolarization or hyperpolarization 

induced by tES is likely to affect many of the synapse within the stimulated cortex, 

although these effects are not homogeneous across the cortex but depend on the 

orientation type, and depth of the stimulated neurons (Stagg and Nitsche, 2011b). 

Moreover additional aspects and effects should be considered in the relation to the 

differential stimulation characteristics. In addition, it is important to consider that the 

mechanism underlying cortical excitability changes induced by tES may differ 

during after stimulation. Indeed, the effect of  tES stimulation depends by several 

aspects: on the current density, stimulus duration, intensity, timing and intervals of 

time between two stimulations. In a recent study, Fricke et al. (2011) explored how 

homeostatic plasticity depend on the time interval between the application of two 

plasticity-inducing protocols. The author measured the MEP amplitude after repeated 

tDCS stimulation of the motor cortex. In addition they investigated if the duration of 

stimulation is important in the induction of phenomena homeostatic. In the specific, 

they compared the aftereffect of a single 5 min session of anodal or cathodal tDCS 

with the effect of a 5min session preceded by an identical 5 min conditioning session 

30, 3 or 0 min beforehand. The main result of their study was that the effects of 

repeated short period of motor cortex tDCS follow a time-dependent rule compatible 

with homeostatic mechanisms. Indeed, the authors showed that 5min of anodal tDCS 

increase excitability for about 5 min and they found opposite effect for cathodal 

stimulation. However, if two 5 min periods of tDCS are applied with 3 minutes of  

interval, then the second session has the opposite effect to 5min tDCS given alone. 

The reversal effect has been observed with the cathodal stimulation, where 3 minutes 

of break between two 5 min of stimulation induced a significant facilitation of MEP. 

Another recent study found that the efficacy of inhibitory cathodal tDCS was 

enhanced if a second period of stimulation was given during the aftereffects of the 
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first one. But it was reduced if the second stimulation was applied when the 

aftereffects of the first stimulation had vanished (Monte-Silva et al., 2010). This 

result is not surprising, considering the presence of numerous evidences in the 

literature on the phenomena of meta-plasticity with the application of techniques of 

brain stimulation (i.e., TMS, tDCS) (Gamboa et al., 2010; Gentner et al., 2008; Iyer 

et al., 2005; Siebner et al., 2004). In addition, this recent literature seems to confirm 

the involvement of mechanisms involving the voltage-gated Ca2+ channels (Wankerl 

et al. 2010) already demonstrated with experiments that have used specific drugs 

(Liebetanz et al., 2002; Nitsche et al., 2003a; Ridding and Ziemann, 2010). The 

studies described so far have mainly explored the motor cortex, indeed there are no 

currently available data about the underlying cellular-molecular mechanism of tES 

induced effect over the visual areas. Although it was hypothesized that tDCS acts 

similarly in the visual cortex and in the motor cortex because some of the functional 

effects are comparable, the results of the motor researches cannot be translated to the 

visual areas due to anatomical, neurochemical, and physiological difference (Antal et 

al., 2006). Indeed, the visual areas are rich of cholinergic and GABAergic 

innervations therefore it is possible that other neuromodulator take part in the effect 

of tDCS compared to the motor cortex that is influenced mainly NMDA receptors. 

Regard to random noise stimulation the neuronal/molecular mechanism are not yet 

known. Terney et al. (2008), suggest that using tRNS sodium channels activity can 

be augmented. After a depolarization, repolarization of sodium channels would 

generally take some time, but if a repeated stimulation is applied these channels can 

be reopened in a shorter time (Schoen and Fromherz, 2008). Because tRNS is a 

repetitive, random, and subthreshold stimulation, it has been hypothesized that it 

would induce temporal summation of neural activity when the time-constant of a 

neuron is sufficiently long to permit the summation of two stimuli presented in close 

sequence (Fertonani et al., 2011). These mechanisms should not be present with  

tDCS because a direct and continuous stimulation may induce an adaptation of 

stimulated neurons that rebalance the modulation of ion channel conductance.  In 

summary, a pure DC stimulus can open Na+ channel just once, whereas repeated 

pulse can induce multiple ionic influxes and obtain heightened effects. The interval 

at which the pulses are repeated must be short and related to time constant of the 
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nerve membrane (Terney et al., 2008). A further possible explanation for the effects 

induced by tRNS can be in the frame of the stochastic resonance phenomenon 

e.g.(Miniussi and Vallar, 2011) tRNS is by definition a stimulation that induce non-

finalized random activity in the system i.e., noise. In general, noise decreases 

performance, but nonlinear systems, like the brain, can use noise to enhance 

performance through stochastic resonance (see Moss et al., 2004). Indeed, the noise 

can increase but also the signal will increase consequently and since the state of the 

system (running a task) the increase of the signal will be likely more consistent. 

Therefore the effect of tRNS may to explain facilitatory results (Terney et al., 2008) 

in terms of the relationship between noise and signal in the nervous system, so 

enhanced performance could be observed with an optimum level of noise (Antal et 

al., 2004b; Ruzzoli et al., 2010). However these are only speculations which must be 

verified by both modeling studies and animal studies. In addition further studies are 

necessary for understanding which are the mechanisms of action of this new 

methodic. Indeed, once it able to elucidate how tRNS and other varying methods of 

external electrical stimulation are effective in the mammalian cortex, it will be able 

to apply these properties into useful therapeutic tools.  
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CHAPTER 3 

 
 
 
 
 
 

 “Random noise stimulation improves 
neuroplasticity in visual perceptual learning”  
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3.1 Introduction 
 

Neuroplasticity refers to the ability of the human brain to change its structure and 

function as part of the processes that underlie learning and memory to permit 

adaptation to environmental changes (Cooke and Bliss, 2006). A staple mechanism 

of neural plasticity is the strengthening or weakening of synaptic transmission 

between neurons. Changes in the efficacy of synaptic transmission result in 

excitability and activity modifications in a specific cortical area or within a more 

restricted cortical network. These changes correlate with cognitive plasticity at 

behavioural level. Cognitive plasticity has been observed after lesions and in 

response to adaptation and PL (Fahle  2002a, 2002b; Thiele, 2004) PL is a form of 

implicit memory characterised by an improvement in sensory discrimination after 

repeated exposure to particular types of stimuli and is a manifestation of neural 

plasticity (Carmel and Carrasco, 2008; Gilbert et al., 2001; Li et al., 2004). 

Animal and human studies have demonstrated the specificity of the V1 for 

recognising basic stimulus characteristics, such as orientation and direction. This 

specificity implies the direct involvement of V1 cells in learning and discriminating 

stimulus characteristics (Li et al., 2004; Yotsumoto et al., 2008). Focusing on PL and 

the visual system, neurophysiological evidence has demonstrated that V1 is highly 

plastic (Wandell and Smirnakis, 2009). Thus, the study of the neural changes 

associated with PL can be used to increase our understanding of plasticity 

mechanisms in the adult sensory cortices. 

In recent years, new techniques for the study of the plasticity mechanisms that 

underlie perceptual, motor and cognitive functions in the human brain have emerged. 

Today, several brain stimulation techniques are used to modulate cortical excitability 

in a non-invasive way. Among these techniques, the use of transcranial electrical 

stimulation (tES) is very promising for the investigation of plasticity. The effects of 

tDCS depend on the direction of the current. Usually, anodal stimulation increases 

excitability, whereas cathodal stimulation decreases neural activity (for a review see 

Nitsche et al., 2008). In particular, several studies have investigated the application 

of tDCS to the motor areas (Nitsche and Paulus, 2000; Nitsche et al., 2003c) and the 

induction of cortical plasticity (Siebner et al., 2004). These studies have shown that 

long-term action of tDCS involves the glutamatergic N-methyl D-aspartate (NMDA) 
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receptors (Liebetanz et al., 2002, Nitsche et al., 2003a). Therefore, long-term 

potentiation has been postulated as a likely mechanism underlying the effects of 

tDCS. However, these observations have been based mainly on the motor system, 

and few papers have focused on the visual system (Accornero et al., 2007; Antal and 

Paulus, 2008). Additionally, the effects on behaviour are often not univocal 

(Berryhill et al., 2010; Fertonani et al., 2010; Marshall et al., 2005). 

tRNS consists of the application of an alternating current at random frequencies over 

the cortex. The noise signal contains all of the frequencies from 0.1 Hz to 640 Hz, a 

range that includes all cortical rhythms up to 600 Hz that have been individuated at 

cortical level (Buzsaki, 2006). One of the organising principles of rhythmic activity 

in the brain is the synchronisation of oscillations across neuronal elements. Based on 

this technical characteristic, tRNS could be expected to interact with ongoing cortical 

rhythms (Thut and Miniussi, 2009) and to induce a random frequency that should 

interfere with the synchrony between neurons within an area or between areas within 

a network. However, these results are not observed. In fact, Terney et al. (2008) 

demonstrated that ten minutes of tRNS at high frequency (101-640 Hz) to the motor 

cortex induces a positive modulation of cortical excitability (i.e., an increase in the 

amplitude of MEP that persists after the end of stimulation. Furthermore, behavioural 

improvement in a learning motor task was obtained with the application of the entire 

frequency spectrum (Terney et al., 2008)  

If these results can be extended to other brain areas, then tRNS might be as effective 

as tDCS, as suggested previously by Terney et al. (2008). Furthermore, because of 

the characteristics of the signal used, tRNS might be even more effective in the 

modulation of neuronal activity. We hypothesised that tRNS might be more effective 

in inducing “facilitation” than tDCS for two reasons. First, tRNS may induce direct 

temporal summation of activity in the stimulated neural population. This mechanism 

occurs when the time constant of the activity of a neuron is sufficiently long to 

permit the summation of two stimuli presented in close sequence. In contrast to 

tDCS, tRNS utilises stimuli in a rapid temporal sequence, and therefore, it should be 

more effective than tDCS. The second and more important reason is related to the 

ability of neurons to adapt to a constant environment. In neurons, ion channels are 

subject to homeostatic phenomena, such as light adaptation (i.e., the ability of the 
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retina to adjust to various levels of darkness and light). Therefore, neurons that are 

embedded in a constant electrical field should adapt their membrane responses and 

return to an initial “resting” state. This return to a resting state should not occur when 

the electrical field that excites the neurons is constantly changing in an alternating 

random frequency mode, e.g., as used in tRNS. Given these considerations, we can 

also predict that high frequencies of the oscillating current should produce strong 

effects.  

Clearly, this type of stimulation is not sufficient to induce an action potential; 

however, it is adequate to block the adaptation of the membrane potential and force 

the membrane to stay close to the action potential threshold. These effects should not 

occur with tDCS because only a repeated stimulation of neurons (i.e., a change of 

current direction that involves continuous sub-threshold polarisations) at high 

frequency can lead to a reinforcement of the active connections stimulating the 

neurons. We expect to observe greater performance improvement with high-

frequency tRNS than with tDCS. Moreover, we predict that the improvement with 

tRNS will not induce adaptation, in contrast to the improvement with the tDCS, and 

therefore, it will last longer. However, tRNS is a new method and has never been 

compared with tDCS. Therefore, direct considerations cannot be drawn.  

To test these hypotheses, we modulated behaviour-induced neuroplasticity, which 

normally happens in the adult brain during skill learning, with different types of tES 

(e.g., tDCS and tRNS). To establish the role of the frequency range, we applied low-

frequency tRNS (lf-tRNS, 0.1-100 Hz) and high-frequency tRNS (hf-tRNS, 101-640 

Hz). Furthermore, these conditions were compared to anodal-tDCS (a-tDCS), 

cathodal-tDCS (c-tDCS) and sham conditions. The stimulations were applied while 

healthy subjects were executing an orientation discrimination task (Matthews et al., 

1999). The orientation discrimination task was particularly useful for our purposes 

because it is a widely studied visual PL task that involves V1 neurons (Ghose, 2004; 

Li et al., 2004). 

Our data support the initial hypothesis of a higher efficacy of tRNS as measured by 

an improvement of the subjects’ performance. Moreover, this effect was more 

pronounced with the application of hf-tRNS and highlights the potential of this new 

method for the induction of plasticity at the neuronal level. 
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3.2 Materials and Methods  

3.2.1 Subjects  
 

107 healthy subjects took part in the experiment. All of the participants were right-

handed with normal or corrected-to-normal vision. We did not include subjects with 

a history of seizures, implanted metal objects, heart problems or any neurological 

disease. Moreover, as a standard procedure, subjects who did not reach an 

established learning performance in the task were excluded from the study, based on 

this criteria 8 participants, were excluded. The remaining 99 subjects were divided as 

follow: 6 participants (2 males, mean age ±standard deviation 35.0 ±7.2 years; range 

29-48 years) were tested in a pilot behavioral experiment, 84 participants (42 males, 

mean age 21.7 ±2.5 years; range 19-30 years) took part in the main experiment, and 

9 participants (3 males, mean age  31.7 ±3.9 years; range 24-38 years) were tested in 

a control hf-tRNS experiment. The 84 subjects participating in the main experiment 

were divided into six groups. All groups had 14 participants (7 males and 7 females), 

and the mean ages of the groups were: 22.4 ±2.8 years for hf-tRNS group, 21.7 ±2.9 

years for lf-tRNS group, 21.8 ±2.3 years for a-tDCS group, 21.7 ±2.6 years for c-

tDCS group, 21.6 ±3.0 years for sham group and 20.9 ±1.6 years for the Cz group, 

respectively. 

The present study was approved by the Ethics Committee of the IRCCS San 

Giovanni di Dio Fatebenefratelli, Brescia, Italy. Safety procedures based on non-

invasive brain stimulation approaches were adopted (Poreisz et al., 2007; Rossi et al., 

2009), and informed consent was obtained from all participants prior to the 

beginning of the experiment. 

 

 3.2.2 Ovarian hormone influence on data variability 
 

The influence of ovarian hormones on task performance has been demonstrated in 

many transcranial magnetic stimulation (TMS) studies (Inghilleri et al., 2004; Sale et 

al., 2007;  Smith et al., 2002; Smith et al., 1999). Indeed, these studies have shown 

that the cortical excitability of male and female subjects is only similar during the 
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follicular phase of the menstrual cycle when progesterone levels are low and 

estrogen levels are high  (Inghilleri et al., 2004). Furthermore, tDCS studies (Chaieb 

et al., 2008, Kuo et al., 2006) have highlighted gender differences in both visual and 

motor domains. These differences are likely due to hormonal effects, but no studies 

have controlled for this factor. The female participants in the present study were 

tested during the follicular menstrual phase (mean day from the first day of the 

menstrual period: 14.1 ±3.0, range 9-20 days) because this is the period when 

progesterone levels are low and estrogen levels are high. Under these conditions, the 

cortical excitability of male and female subjects was similar (Inghilleri et al., 2004).  

 

3.2.3 Orientation discrimination task (ODT) 
 

We chose the ODT because it is a widely studied VPL task (Shiu and Pashler, 1992; 

Vogels and Orban, 1985) that involves V1 neurons. Many studies have demonstrated 

that V1 cells are highly specific for basic stimulus characteristics, such as orientation 

and direction (Schiltz et al., 1999;  Schoups et al., 2001; Ts'o et al., 1986; Yacoub et 

al., 2008). 

In the ODT task, participants had to decide whether the presented stimulus was tilted 

clockwise or counterclockwise relative to the previously presented stimulus. All 

stimuli were black lines, and each line stimulus was 2° long and 5 min wide (in 

visual angle). In each trial, there were two lines, one called reference (with a fix 

orientation) and the other called target stimulus (different orientations). The 

orientation of the reference stimulus was 45° in the upper right and lower left 

hemifields and 135° in the upper left and lower right hemifields. The angular 

differences between the reference and the target stimulus were 1.1, 1.21, 1.33 and 

1.46° (Matthews et al., 1999). The reference was presented first in half of the trials 

and second in the other half of the trials. All of experimental parameters just 

mentioned were balanced and randomized between blocks. The trial structure is 

described in Figure 4. The subjects were asked report the orientation of the second 

line (clockwise/counterclockwise) compared to the first. They were asked to respond 

as quickly and accurately as possible after the second stimulus was presented by 

pressing the left (counterclockwise) or right (clockwise) button of a response pad 
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with the left or right index finger, respectively. Auditory feedback (duration = 50 ms; 

frequency for the correct response = 700 Hz; frequency for the incorrect response = 

350 Hz) informed the subjects about the correctness of their responses.  

Stimuli were presented on a computer screen using Presentation software v. 12.0 

(http://www.neurobs.com) in each of the four visual hemifields: upper left, upper 

right, lower left and lower right. In each trial, the two stimuli were presented in the 

same hemifield (Figure 4). To limit the area in which the stimuli were presented, a 

black piece of cardboard covered the screen except for a circle that was 10 cm in 

diameter located at the centre of the screen. A central fixation point was maintained 

for the duration of the trial.  

In the main experiment, each block of the ODT consisted of 64 trials and lasted 

approximately 4 minutes. The ODT consisted of eight blocks plus a training block. 

The training block was similar to the trial blocks, but it had a different number of 

trials (only 8) and an increased rotation angle between the two stimuli (15° clockwise 

or counterclockwise). The last block (i.e., the eighth one) was a fictitious block that 

only consisted of 16 trials.  

 

 

 

Figure 4.  Trial structure. Example of a trial of the orientation discrimination task with the reference 

and target stimuli presented in the upper-right hemifield. 
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3.2.4 Pilot experiment 
 

The pilot experiment aimed to determine the ideal parameters of the ODT. The 

subjects were asked to complete five blocks of 128 trials each, and the results are 

presented in Table 1. All of the subjects reported a sense of fatigue at the end of each 

of the five blocks, which was more pronounced for the last two blocks. For this 

reason, 8 shorter blocks (i.e., each block contained half as many trials as the original 

block) were presented in the main experiment.  

 

 

 Block 1 Block 2 Block 3 Block 4 Block 5 

Accuracy 

d’ (±SD) 

0.07 ± 

0.35 

0.31 ± 

0.34 

0.50 ± 

0.19 

0.57 ± 

0.15 

0.61 ± 

0.16 

RTs 

ms (±SD) 
693 ± 134 608 ± 124 589 ± 120 556 ± 132 545 ± 125 

 

Table 1. Pilot experiment: Results of the orientation discrimination task for the pilot experiment. 

 

 

3.3 Main experiment 
 

3.3.1 Stimulation techniques: tRNS and tDCS  
 

The stimulations were delivered by a battery-driven stimulator (Eldith-Plus, 

NeuroConn GmbH, Ilmenau, Germany) through a pair of saline-soaked sponge 

electrodes. The tRNS consisted of an alternating current of 1.5 mA intensity with a 0 

mA offset applied at random frequencies. The frequencies ranged from 0.1 to 100 Hz 

for lf-tRNS, or from 100 to 640 Hz for hf-tRNS. The intensity of stimulation did not 

induce a phosphene perception in either of the frequency bands (Kanai et al., 2008). 

The tDCS consisted of a direct 1.5 mA current.  
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In the main experiment, the stimulations were applied for approximately four 

minutes during each of the first five experimental blocks. The total duration of the 

stimulations was approximately 22 minutes. The active electrode had an area of 16 

cm2, whereas the reference had an area of 60 cm2. The current density was 

maintained below the safety limits (varying between 25 and 60 µA/cm2) (Poreisz et 

al., 2007). The electrodes were kept in place with elastic bands, and an electro-

conductive gel was applied under the electrodes before the montage to reduce skin 

impedance. The active electrode was applied over the occipital cortex. When tDCS 

stimulation was applied, the polarity of the active electrode was anodal in the a-tDCS 

condition and cathodal in the c-tDCS condition. The individual target area was 

determined by examining the position in accordance with the 10-20 International 

EEG system. This procedure was performed starting at 10% of the nasion-inion 

distance above the inion. The mean position for V1 stimulation was determined to be 

3.5 ±0.2 cm above the inion. The reference electrode was fixed extracephalically on 

the right arm. In the sham stimulations, the current was turned off 20 seconds after 

the stimulation began (Gandiga et al., 2006). Additionally, we employed a control 

condition to test the specificity of the hf-tRNS effects by administering active 

stimulation over the vertex, which is a brain area that is not involved in our task. All 

of the stimulation parameters were identical to hf-tRNS except for the active 

electrode, which was placed on the Cz location. 

At the end of the experimental session, we asked all subjects to complete a 

questionnaire developed by our research laboratory about the sensations they 

experienced during the different stimulations (Fertonani et al., 2010).  

 

3.3.2 Procedure 
 

The participants were seated in front of a computer screen in a quiet, semi-dark 

room. A 57 cm distance from the screen was maintained through the use of a chin 

rest. The experiment was a between-subjects design with six stimulation conditions: 

hf-tRNS, lf-tRNS, a-tDCS, c-tDCS, sham stimulation and Cz. 

The subjects began the ODT 10 seconds after the onset of the stimulation. The 

procedure is depicted in Figure 5.  
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In the real stimulation conditions (hf-tRNS, lf-tRNS, a-tDCS, c-tDCS and Cz), the 

stimulation was only delivered during the first five blocks of the task. In the last 

three blocks, sham stimulation was applied for 20 seconds at the beginning of each 

block. In the sham condition, the stimulation was a placebo for all eight blocks and 

was delivered for 20 seconds at the beginning of each block. The duration of the 

entire experimental session was approximately 45 minutes. 

 

 

 

 

 

Figure 5. Procedure of the experiment. The experiment was designed to be between-subjects with 

six stimulation conditions: hf-tRNS, lf-tRNS, a-tDCS, c-tDCS, CZ and sham. Subjects were 

stimulated only in the first five blocks (label “stimulation”). In the sixth and seventh block the 

stimulation was a placebo one (label “no stimulation”). The black blocks represent the real trials, 

whereas the white block was the fictitious block. 

 

3.3.3 Data analysis 
 

The average orientation sensitivity was calculated in terms of a d’ value for each 

subject and each block, separately for each stimulation condition. Because the ODT 

is a two-alternative forced-choice task, a value of d’ = 1 corresponded to a 75% 

accuracy rate.  

As an index of learning rate, we analyzed the relationship between d’ values and the 

log transformation of block numbers using linear regression analysis. This analysis 

allowed us to associate a slope value with each subject. 

We also analyzed the mean reaction times (RTs) of the correct response trials for 

each subject and each block. 
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For all data (d’ values, slopes and RTs), the Kolmogorov-Smirnov test confirmed the 

normality of the distribution, and the data were analyzed using a repeated-measures 

analysis of variance (ANOVA). The data sphericity was tested using the Mauchly 

test where appropriate. When the test results were statistically significant, the data 

were corrected using the Huynh–Feldt correction. A p-value < 0.05 was considered 

significant for all statistical analyses. For multiple comparisons, we used Fisher’s 

Least Significant Difference (LSD) method to test our specific “a priori” hypotheses 

(i.e., to compare the different stimulation conditions). For all other comparisons, the 

p-values were corrected using a Bonferroni correction. 

Data from the sensations induced by tES were analyzed using a one-way ANOVA 

for each sensation to compare the different stimulation types. The p-values were 

corrected using Bonferroni corrections. In addition, we calculated an intensity of 

perceived sensations index for each subject (i.e., the sum of the values reported in the 

questionnaire for each sensation) and correlated it with the mean d’ values in the five 

blocks of real stimulation. 

 

3.4 Results 
 

3.4.1 Orientation sensitivity – d’ 
 

We performed a repeated-measures ANOVA with block (from 1 to 7) as a within-

subjects factor and stimulation condition (hf-tRNS, lf-tRNS, a-tDCS, c-tDCS, sham, 

and Cz) and gender (male, female) as between-subjects factors. We observed a 

significant main effect for block [F(6, 432) = 29.34; p < 0.001], stimulation condition 

[F(5, 72) = 3.49; p < 0.01] and gender [F(1, 72) = 6.82; p < 0.05]. Regarding the 

main effect of block, multiple post-hoc comparisons revealed a statistically 

significant difference between block 1 and blocks 3, 4, 5, 6 and 7; between block 2 

and blocks 4, 5, 6 and 7; between block 3 and blocks 6 and 7; and between blocks 4 

and 7.  

Regarding the main effect of stimulation condition, multiple post-hoc comparisons 

revealed that hf-tRNS (mean d’ ±SEM = 0.770 ±0.130) was significantly different 

from sham (0.375 ±0.116), a-tDCS (0.509 ±0.134), c-tDCS (0.377 ±0.125), and Cz 
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(0.376 ±0.119) conditions (Figure 6). The difference between hf-tRNS and lf-tRNS 

(0.617 ±0.124), however, was not significant (p = 0.220), and the difference between 

lf-tRNS and sham stimulation was marginally significant (p = 0.053). The gender 

factor was statistically significant. Males were more accurate than females in all 

conditions (males: 0.597 ±0.125; females: 0.411 ±0.131). The absence of any 

interaction between the gender and stimulation condition factors, however, 

discouraged us from examining the gender factor in more detail.  
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Figure 6. Main experiment results. Data are represented as the mean SEM. The lines represent the 

fit of each condition: the green line corresponds to hf-tRNS, the yellow line corresponds to lf-tRNS, 

the red line represents a-tDCS, the blue line represents c-tDCS, dark green line represents Cz 

stimulation and, the black line corresponds to sham. The asterisk near the curly bracket indicates the 

statistically significant differences between hf-tRNS and the conditions in the square bracket (p< 

0.05). 
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Repeated measures ANOVA of each stimulation condition in the five blocks with 

real stimulation highlighted the main effect of block (p < 0.01) for all stimulation 

conditions except a-tDCS. Post-hoc comparisons in the hf-tRNS condition revealed 

that block 1 was different from blocks 3, 4 (p = 0.065) and 5, and block 2 differed 

from block 5. In the lf-tRNS condition, block 1 was different from blocks 3, 4 and 5. 

In the c-tDCS condition, block 1 was different from blocks 4 and 5, and block 2 was 

different from block 5. In the sham and Cz conditions, block 1 was different from 

blocks 4 and 5. No statistically significant differences were observed in the a-tDCS 

condition, which suggested the absence of a learning effect during a-tDCS. 

To evaluate the stimulation effects at different time points of the protocol (blocks 1 

and 5: beginning and end of stimulation, respectively; blocks 6 and 7: after the 

stimulation ended), we compared the different stimulations by separately considering 

each block. In block 1, there was a significant main effect of the stimulation 

condition [F(5, 78) = 2.58; p < 0.05]. Post-hoc comparisons revealed differences 

between the hf-tRNS and the sham, c-tDCS, and Cz conditions (p < 0.05) and 

between the a-tDCS and the sham and c-tDCS conditions (p < 0.05). In block 5, there 

was a significant main effect of the stimulation condition [F(5, 78) = 2.42; p < 0.05]. 

Post-hoc comparisons revealed a difference between the hf-tRNS and a-tDCS, sham, 

c-tDCS, and Cz conditions (p < 0.05). In block 6, after the stimulation ended, there 

was a significant main effect of the stimulation condition [F(5, 78) = 2.89; p < 0.05]. 

Post-hoc comparisons revealed differences between the hf-tRNS and all other 

conditions (p < 0.05). In block 7, only a marginally significant effect of the 

stimulation condition [F(5, 78) = 1.99; p = .09] was present. Post-hoc comparisons 

revealed a difference between the hf-tRNS and the sham, c-tDCS, and Cz conditions 

(p < 0.05). 

The present data support the initial hypothesis that tRNS was more efficacious than 

a-tDCS (measured by improvement in the subjects’ performance). Among the 

excitatory stimulations, this result confirms that hf-tRNS had the most prominent 

effect 
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3.4.2 Learning rate – slopes  

 

To specifically evaluate learning rate differences for hf-tRNS and a-tDCS, the two 

main types of stimulation that increase cortical excitability, we compared learning 

performance during hf-tRNS and a-tDCS. In this analysis, the stimulation condition 

results were significant [F(1, 26) = 3.17; p = 0.05], which suggested the presence of a 

different learning rate between the two groups (i.e., a lower rate with a-tDCS). 

Moreover, to evaluate the overall effects while considering the other conditions, we 

performed a one-way ANOVA with stimulation condition as a between-subjects 

factor. The result was not statistically significant [F(5, 72) = 1.03; p = 0.32]. 

 

3.4.3 Response times (RTs) 
 

We performed a repeated measures ANOVA with block as a within-subjects factor 

and stimulation condition and gender as between-subjects factors. These analyses 

showed a significant main effect for block [Epsilon = 0.74, p < 0.001; Huynh–Feldt 

F(4.44, 319.36) = 25.94; p < 0.001] and gender [F(1, 72) = 7.31; p < 0.01]. The 

factor stimulation condition was not statistically significant [F(5, 72) = 1.03; p = 

0.40]. Significant interactions between block and stimulation condition [F(30, 432) = 

2.12; p < 0.001] and between block, stimulation condition and gender [F(30, 432) = 

1.79; p < 0.001] were present, but post-hoc comparisons (Bonferroni corrections) did 

not confirm their relevance. 

Regarding the main effect for block, multiple post-hoc comparisons revealed a 

statistically significant difference between block 1 and the other blocks; between 

block 2 and the other blocks but block 3; and between block 3 and blocks 6 and 7. As 

expected, the subjects were slower at the beginning of the task than at the end. The 

main effect for gender showed that males were faster than females in task execution 

(mean RT ±SEM: male = 682 ±27 ms, female = 773 ±28 ms).  
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3.4.4 Sensations induced by different types of tES 
 

Only one recently published paper (Ambrus et al., 2010a) has considered the skin 

perception thresholds for both tDCS and tRNS. Nevertheless, Ambrus and colleagues 

(2010a) only compared the detection rates of the tDCS and tRNS and found that 

tRNS-induced sensations were less frequently perceived than sensations induced by 

tDCS. Based on these data, they proposed using tRNS application as a possible 

alternative to tDCS. In addition to analyzing the differences between the stimulation 

types, we also analyzed all of the possible induced sensations in detail. Each 

participant completed a questionnaire at the end of the experiment (Fertonani et al., 

2010) and reported having tolerated the stimulation without discomfort. The results 

of the questionnaire are reported in Table 2. Participants were unable to distinguish 

the real stimulation from the placebo stimulation. A one-way ANOVA for each 

sensation was performed to compare the different stimulations. No difference 

between the tRNS and sham conditions was found. Interestingly, the analysis 

highlighted a statistically significant difference (p < 0.01) between both a-tDCS and 

c-tDCS and the other conditions with respect to itching. Furthermore, the a-tDCS 

was different (p < 0.01) from the other conditions with respect to irritation and 

burning. In general, the tDCS-induced sensations were perceived more strongly 

(Ambrus et al., 2010a; Poreisz et al., 2007) than the tRNS- or sham-induced 

sensations. With tDCS, pain, heat, iron taste and fatigue were comparable to the 

sham condition, but irritation, burning, and itching were perceived with real, but not 

sham, stimulation. In contrast, hf-tRNS and lf-tRNS were indistinguishable from 

sham conditions for all of the sensations examined. This characteristic makes tRNS 

an optimal tool for experimental designs in which sham stimulations should not 

differ from real stimulations.  

Furthermore, we calculated, for all the experimental conditions, the correlation 

between the intensity of perceived sensations index (calculated for each subject as 

the sum of the values reported in the questionnaire for each sensation) and the mean 

d’ values in the five blocks of real stimulation. The analysis was not statistically 

significant [r(82) = 0.04, p > 0.05]. We also tested the correlation for the a-tDCS 

group because the subjects reported slightly higher perceptions of discomfort. 

Similarly, this analysis was not statistically significant [r(12) = -0.09, p > 0.05]. This 
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result confirms the absence of a correlation between perceived discomfort and task 

performance. 

  

 

tES Irritation Pain Burning Heat Itch 
Iron 

taste 
Fatigue 

Effect on 

performance

hf-tRNS 
Intensity 0.1 0.0 0.1 0.3 0.3 0.0 0.5 0.4 

Subjects (%) 14 0 7 21 29 0 43 36 

lf-tRNS 
Intensity 0.0 0.1 0.0 0.0 0.4 0.2 0.1 0.1 

Subjects (%) 0 7 0 0 36 14 7 14 

a-tDCS 
Intensity 1.1 0.2 0.7 0.4 1.4 0.1 0.4 0.5 

Subjects (%) 79 14 50 29 86 7 29 36 

c-tDCS 
Intensity 0.6 0.1 0.3 0.1 1.4 0.1 0.2 0.1 

Subjects (%) 50 7 21 7 93 7 14 14 

Sham 
Intensity 0.2 0.0 0.1 0.1 0.2 0.0 0.4 0.5 

Subjects (%) 21 0 7 14 14 0 29 29 

Cz 
Intensity 0.3 0.0 0.1 0.1 0.4 0.1 0.1 0.3 

Subjects (%) 29 0 7 14 36 7 7 21 

  

 

Table 2. Transcranial electrical stimulation-induced sensations: Mean intensity of the sensations 

reported by subjects after tES, and the percentage of subjects who reported each sensation. Sensation 

intensity was evaluated on a 5-point scale: 0 = none, 1 = mild, 2 = moderate, 3 = considerable, and 4 = 

strong. The column “Effect on performance” indicates the participants’ subjective feelings relative to 

the tES-induced sensation’s effect on performance. 

 

3.5 Control hf-tRNS experiment  
 

In the main experiment we found that hf-tRNS applied over V1 improves the 

performance in the ODT. This effect is immediately evident (i.e., from the first 

block, see Figure 7) and persist till the end of the stimulation, differently from a-
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tDCS. To confirm that this initial effect was due to the stimulation, and not to 

baseline differences across groups, we tested an additional  group of subjects in an 

experimental design that included an initial baseline block without stimulation.  

 

3.5.1 Procedure 
 

In this experiment the participants executed six blocks of the ODT. The first block 

was without stimulation while in the following five hf-tRNS was applied over V1. In 

this way all the parameters of the task and of the stimulation were maintained as in 

the main experiment, except for the moment in which the stimulation was applied 

(first vs. second block).  

 

3.5.2 Results 
 

The performance of the control-hf-tRNS group is depicted in Figure 7. A repeated 

measures ANOVA on the six blocks of the task highlighted the main effect of block 

(p < 0.01). Post-hoc comparisons revealed that block 1 was different from blocks 2, 

3, 4, 5 and 6, and blocks 2, 3 and 4 differed from blocks 5 and 6.  

Furthermore we compared the results of this group with the sham and hf-tRNS 

groups of the main experiment. We performed a repeated-measures ANOVA with 

block (from 1 to 6) as a within-subjects factor and stimulation condition (control-hf-

tRNS, hf-tRNS and sham) as between-subjects factor. We observed a significant 

main effect for block [F(5, 170) = 24.70; p < 0.001] and stimulation condition [F(2, 

34) = 5.59; p < 0.01]. Regarding the main effect of block, post-hoc comparisons 

revealed a statistically significant difference between block 1 and blocks 2, 3, 4, 5 

and 6; between blocks 2, 3 and 4 and blocks 5 and 6; between block 5 and block 6.  

Regarding the main effect of stimulation condition, as was expected post-hoc 

comparisons revealed that control-hf-tRNS (mean d’ ±SEM = 0.614 ±0.142) was 

significantly different from sham (0.375 ±0.116). The difference between hf-tRNS 

(0.770 ±0.130) and sham was also statistically significant.  

Student’s t-test revealed that in the first block the performance of control-hf-tRNS 

group was not different from sham (t = 0.771, df = 21, p = 0.45) whereas it was 
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different from hf-tRNS (t = -2.091, df = 21, p < 0.05). In the last block vice versa the 

control-hf-tRNS performance was different from sham (t = 2.556, df = 21, p < 0.05), 

but not from hf-tRNS (t = -0.645, df = 21, p = 0.53).  

To specifically evaluate learning rate differences for control-hf-tRNS vs. hf-tRNS, a-

tDCS and sham, we performed a one-way ANOVA on the slope values with 

stimulation condition as a between-subjects factor. The result was statistically 

significant [F(3, 47) = 2.99; p < 0.05]. Post-hoc comparisons revealed a statistically 

significant difference between control-hf-tRNS and both sham and a-tDCS groups. 

The difference between hf-tRNS and a-tDCS obtained in the main experiment was 

therefore confirmed. 

These new results strengthen our main experiment data. As showed in Figure 7, the 

performance in the control-hf-tRNS group is very similar to the hf-tRNS one, except 

for the first block in which the control-hf-tRNS performance is similar the sham one.  
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Figure 7. Control-hf-tRNS experiment results compared with main experiment hf-tRNS and sham 

groups. The lines represent the fit of each condition: the dark green line corresponds to hf-tRNS, the 

light green line corresponds to control-hf-tRNS, the red line corresponds to a-tDCS, and the black line 
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corresponds to sham. The asterisk near the curly bracket indicates the statistically significant 

differences between both control-hf-tRNS and sham (p< 0.05) and hf-tRNS and sham (p<0.05). 

 

3.6 Discussion  
 

We observed an improvement in performance in the ODT when subjects were 

stimulated with hf-tRNS. With a-tDCS, we observed an initial facilitation, which was 

followed by a reduction of the learning phenomena. With c-tDCS and Cz 

stimulation, the performance was identical to the performance with sham stimulation. 

A not well defined role is that of lf-tRNS. With this stimulation we observe an 

improvement, but the performance was not statistically different nor from sham nor 

from hf-tRNS.  

Terney et al. (2008) reported a modulation of cortical excitability after 10 minutes of 

hf-tRNS to the primary motor cortex. The increase in MEP amplitude, which 

persisted after the end of the stimulation, was greater than the increase that is usually 

obtained with a-tDCS. Based on these results, Terney et al. (2008) proposed that 

tRNS induced a facilitatory effect similar to that of a-tDCS (Ambrus et al., 2010b; 

Terney et al., 2008), even if it was sustained by different mechanisms. They also 

showed behavioral improvement in a motor learning task, but only when the full 

frequency spectrum (from 0.1 to 640 Hz) was used, which does not allow for 

determination of whether a more restricted frequency range is responsible for the 

observed effect. For this reason, in our study, we applied the low and high 

frequencies separately.  

Changes induced by tES, are considered to be dependent upon the NMDA receptor 

(Ridding and Ziemann, 2010). Short- and long-term tDCS effects are not observed 

after administration of an NMDA receptor antagonist or blocking Na+ channels 

(Liebetanz et al., 2002; Nitsche et al., 2003a, 2003b). On this basis both LTP and its 

opposite, LTD, have been postulated to explain the persistent effects of brain 

stimulation on cortical activity (Fritsch et al., 2010, Nitsche et al., 2009, Thickbroom, 

2007, Ziemann and Siebner, 2008). Nevertheless additional aspects should be 

considered in the relation to the differential stimulation characteristics and effects. 

Plasticity induced by different type of tES at the level of brain networks might be 

determined by changes that alter the property of synaptic plasticity. In the present 
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study, we demonstrated that tRNS and a-tDCS have different behavioral effects, at 

least in the visual domain, which led us to conclude that the two types of stimulation 

are not fully interchangeable. In fact, the facilitation effect induced during the 

stimulation by tRNS was not present with a-tDCS. Terney et al. (2008), suggest that 

using tRNS sodium channels activity can be augmented. After a depolarization, 

repolarization of sodium channels would generally take some time, but if a repeated 

stimulation is applied these channels can be reopened in a shorter time (Schoen and 

Fromherz, 2008). Because tRNS is a repetitive, random, and subthreshold 

stimulation, we hypothesized that it would induce temporal summation of neural 

activity when the time-constant of a neuron is sufficiently long to permit the 

summation of two stimuli presented in close sequence (i.e., the high frequency range 

used in our experiment). These mechanisms should not be present with a-tDCS 

because such a polarizing stimulation may induce an initial facilitation, which could 

be followed by adaptations to rebalance the modulation of ion channel conductance. 

It might be likely that in the a-tDCS’s initial phase, the cortical excitability shifted 

because of membrane polarization, and this shift induced a strengthening of the 

neural circuitry that improved performance. The initial increase in excitability, 

however, was followed by an adaptation of the neural system through mechanisms 

likely based on rebalancing the modulation of voltage-dependent ion channel 

conductance. The tDCS effects possibly relied mainly on the self-regulatory actions 

of voltage-dependent channels to induce inactivation during sustained depolarization 

(Levitan and Kaczmarek, 2002). Interestingly, some ion-channels undergo a 

progressive decrease of activation in response to constant activation by a voltage 

change. In some cases, these voltage-dependent channels become inactive (i.e., 

closed) after an earlier activation, even if depolarization is maintained (Kurachi and 

Ishii, 2004). The inactivation of voltage-dependent channels is fundamental to 

determine whether there is a progressive decrease in the neuronal response to 

sustained exposure to a stimulus. This change in channel activity is termed the “rate 

of inactivation”, and it is primarily related to faster sodium channels. Potassium 

channels also undergo inactivation, but the rate is much slower than sodium channels 

(Levitan and Kaczmarek, 2002). Importantly, potassium channels also participate in 

determining the actual rate at which a neuron fires, which makes them important 
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contributors to the final outcome. Fast inactivation of calcium conductance during 

prolonged depolarization has also been reported in voltage-clamp studies of calcium 

currents (Eckert et al., 1977; Kostyuk and Krishtal, 1977). 

This inactivation due to adaptation of ion channels may justify the absence of 

learning differences between the first and the last block of stimulation in the a-tDCS 

condition. Similar to our results Antal et al. (2004a) found that a-tDCS over V5 only 

improved performance in the first block of a visuomotor learning task. Consistent 

with Antal and colleagues (2004a), the present results showed that a-tDCS 

immediately enhanced cortical excitability and ameliorated stimuli perceptions, but 

this effect disappeared in later blocks. We concluded that the dynamics of the 

induced effects differ between a-tDCS and tRNS because we found a difference in 

learning rates between the two types of stimulation. 

Based on the homeostasis theory, we would expect c-tDCS to induce an initial 

performance deterioration followed by realignment to the normal trend of the sham 

group in subsequent blocks. In the present study, however, it was impossible to 

observe an impairment in performance because of a “floor effect” in the first block 

(i.e., it is impossible to have a performance lower than chance level). Therefore, the 

cathodal stimulation was completely ineffective from a behavioral perspective. The 

absence of a cathodal effect has also been reported in previous studies (Antal et al., 

2004b, 2004c; Fertonani et al., 2010; Kraft et al., 2010) although several papers have 

reported either inhibitory (Antal et al., 2003a, 2003b; Antal et al., 2001) or 

facilitatory effects (Accornero et al., 2007, Antal et al., 2004b). This discrepancy is 

probably due to several factors, such as the different experimental tasks (e.g., 

pattern-reversal checkerboard vs. sinusoidal luminance gratings) and the differences 

in stimulation parameters (e.g., intensity, duration, electrode size and the location 

and direction of the current flow) (Nitsche et al., 2008). The placement of the 

reference electrode, which influences the direction and shunting of the current flow, 

seems particularly important. These aspects highlight the role of methodological 

differences in shaping the effects of tES (Antal and Paulus, 2008). 

Importantly, the results obtained within the motor system are not always equivalent 

to the results obtained in the visual system or other areas. The cytoarchitectonic and 

myeloarchitectonic differences, including differences in neuron diameters, may 
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explain the differential inductions observed in different regions. The principal feature 

of the motor cortex is the large pyramidal cells of the 5th layer of the Giant 

pyramidal cells of Betz (Brodal, 1981), which are not present in the visual areas. 

Neuronal threshold is inversely related to axon diameter; axons with a large diameter 

have a lower impedance, and large axons have a large membrane surface. This 

difference in structure means that changes in polarization may, in theory, be more 

“easily” induced over the motor cortex compared with other cortices because of the 

presence of large fibers. Nevertheless, there are some limitations related to the 

dendritic structure of pyramidal neurons (Spruston, 2008; Stuart and Spruston, 1998). 

In addition, the striate visual cortex is different from the precentral motor cortex; the 

former is granular and the latter is agranular. Indeed, the visual cortex has greater 

morphological variability (Dougherty et al., 2003), stellate cells are present instead 

of pyramidal neurons, and the striate cortex is characterized by its cortical thinness 

(Brodal, 1981). Taken together, these anatomical differences can explain the non 

overlapping data for the same stimulation parameters over different cortices (Terney 

et al., 2008). Thus, for anatomical geometrical reasons and differences in current 

characteristics, hf-tRNS may induce a more robust effect than tDCS over the visual 

cortex. 

Our most interesting finding was the broad performance enhancement that was 

obtained with tRNS. There are different mechanisms that can explain the induced 

behavioral effects and their dissimilarity to the effects induced by tDCS. In contrast 

to a-tDCS, we hypothesized that tRNS does not permit homeostasis of the system. 

Because of its particular wave shape, tRNS might induce temporal summation of 

small depolarizing currents, which could interact with the activity of the engaged 

neurons (Cash and Yuste, 1998)  and enhance performance. Therefore, tRNS of 

neurons provides the driving force for a synaptic potentiation-like phenomenon. The 

effect was more pronounced with hf-tRNS, which was likely due to the frequency 

range applied (100-640 Hz). Because the time constant of the cell body and dendrites 

is between 1 and 10 ms (Kandel et al., 2000), stimulation between 100 and 1,000 Hz 

may be optimal for affecting neuronal communication.  

In the low-frequency range, the random stimulation effect was weaker and not 

statistically different from sham or from hf-tRNS which may be due to the presence 
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of relatively high frequencies of stimulation (from 80 to 100 Hz) at the upper end of 

this low-frequency range. These higher frequencies could interact analogously to hf-

tRNS. This point should be clarified in future studies with the application of more 

specific frequency ranges (e.g., 40-60 Hz vs. 80-100 Hz). In this respect, studies have 

shown that different classes of neurons are activated at different frequencies 

(Freeman et al., 2010). Because different cortical areas contain different neuronal 

types, a specific band of frequencies might lead to the response of a subpopulation of 

neurons. 

A further possible explanation for the effects induced by tRNS can be in the frame of 

the stochastic resonance phenomenon (e.g., Miniussi et al., 2010). tRNS is by 

definition a stimulation that induce non-finalized random activity in the system i.e., 

noise. In general, noise decreases performance, but nonlinear systems, like the brain, 

can use noise to enhance performance through stochastic resonance (see Moss et al., 

2004). The presence of neuronal noise might confer to neurons more sensitivity to a 

given range of weak inputs, i.e., those neurons “randomly activate” that go in the 

same direction of the signal, thereby rendering the noise in the signal. So the noise 

can increase but also the signal will increase consequently and since the state of the 

system (running a task) the increase of the signal will be likely more consistent (the 

to be activated neurons by the task are neurons closer to threshold). Therefore the 

effect of tRNS on neuronal activity may not be just random addition of noise. In this 

framework, it is possible to explain facilitatory results in terms of the relationship 

between noise and signal in the nervous system, so enhanced performance could be 

observed with an optimum level of noise (Antal et al., 2004b; Ruzzoli et al., 2010). 

Even if the term random noise stimulation can evocate such explanation the present 

data do not let us to do draw a consideration in this framework since we cannot 

characterize the temporal coding between neural populations (i.e., neural 

synchronization or phase locking) by the present protocol. 

In conclusion the present data confirm the efficacy of hf-tRNS as a technique to 

improve performance in a VPL task and show its superiority over tDCS in inducing 

facilitatory effects. We also demonstrated the high specificity of this stimulation over 

the V1 cortex, since hf-tRNS applied over the vertex, a brain area that is not involved 
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in the ODT task, was totally ineffective, and subject performance was similar to 

performance after sham stimulation. 

We suggest that the mechanism of action of tRNS is based on the repeated 

subthreshold stimulations that prevent homeostasis of the system. This effect might 

potentiate the activity of the neural populations involved in cognitive tasks that 

facilitate brain plasticity by strengthening synaptic transmission between neurons. 

Modulation of synaptic transmission efficacy can result in excitability and activity 

changes in specific cortical networks that are activated by the task’s execution, and 

these changes correlate with cognitive plasticity at the behavioral level.  
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CHAPTER 4 
 
 
 
 
 
 
 

“Which is the best timing for neuroplasticity 
induction in a visual perceptual learning task?” 
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4.1 Introduction 
 

As reported so far there are different types of tES, differentiated by specific 

modalities of current erogation (e.g., direct vs. alternating). However all have the 

ability to induce modifications in the neuronal excitability in a non-invasive and 

painless way. In a precedent research (chapter 3) we have compared different types 

of tES: anodal and cathodal tDCS and high and low frequency tRNS. In this study 

we have shown the superiority of tRNS on tDCS to improve the behavioral 

performance in a VPL task. However, the effects of tES depend on factors both 

internal and external to the technique. Internal factors are for example current 

density, intensity, duration of the stimulation, timing of application and intervals of 

time between two stimulations. Instead when we speak about external factors we 

indicate the cortical area of interest, the choose of the task and the kind of 

experimental sample (e.g., healthy subjects vs. patients). For example several studies 

have investigated the importance of the current intensity to obtain a significant 

modulation of the MEP amplitude (Nitsche and Paulus, 2000), or have highlighted 

different effects depending on the stimulated area (Antal et al., 2011; Nitsche and 

Paulus, 2011). To understand the way in which all these parameters modulate the 

effects of tES is fundamental for its appropriate application in the therapeutic field. 

Recently it has been demonstrated that different effects can been obtained depending 

on the moment in which the stimulation is applied (Stagg et al., 2011a).  

Nitsche et al. (2003c) have demonstrated that anodal tDCS applied during the 

execution of an implicit learning task lead to an improvement in the rate of learning 

of that task. On the other hand, if the same task is performed after ten minutes from 

the end of the stimulation, there is not effect (Kuo et al., 2008). These data are 

reinforced by Stagg  (2011a). Indeed this is the only work that has directly compared 

two timing of stimulation, analyzing the responses given on a explicit motor learning 

task performed after or during tDCS. The authors found that anodal tDCS increase 

the rate of motor learning only when applied during the execution of the task. With 

the cathodal stimulation they don’t found any effect. However, it is still not clear to 

what extent these findings are transferable to other areas of the cerebral cortex. 

Indeed, to date no study has investigated the timing effects of tES in the visual 

cortex. In this study, we first compared different types of tES (i.e., tDCS vs. tRNS) 
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applying them at different timings (before vs. during the task execution). We 

hypothesized that  in the visual system the effects of tES are highly dependent on the 

state of cerebral activation. Therefore the same type of stimulation, applied in 

different moments, may have different effects. The principal objective of this work is 

to investigate if there is an “ideal" timing for the application of tES to obtain the 

induction of neuroplasticity in the V1 cortex. Therefore we applied hf-tRNS, a-tDCS 

and c-tDCS before (offline) or during (online) the execution of an orientation 

discrimination task.  

Our results confirm that exists a critical timing of application, depending on the type 

of stimulation. High frequency tRNS is efficacious only if applied during the task 

execution, whereas it’s better to apply anodal tDCS before the task. These results 

provides important indications for the designing of rehabilitation protocols, 

highlighting which among the two excitatory techniques is better to choose in 

relation to its timing of application. 

 

4.2 Materials and Methods  

3.2.1 Subjects  
 

108 healthy subjects took part in the experiment. All of the participants were right-

handed with normal or corrected-to-normal vision. We did not include subjects with 

a history of seizures, implanted metal objects, heart problems or any neurological 

disease. Moreover, as a standard procedure, subjects who did not reach an 

established learning performance in the task were excluded from the study, based on 

this criterion 10 participants, were excluded. The remaining 98 subjects (49 males, 

mean age 21.8 ±2.6 years; range 19-30 years) took part in the experiment. They were 

divided into seven groups. All groups had 14 participants (7 males and 7 females), 

and the mean ages of the groups were: 22.4 ±2.8 years for online-hf-tRNS group, 

21.8 ±2.3 years for online-a-tDCS group, 21.7 ±2.6 years for online-c-tDCS group, 

21.6 ±2.7 years for offline-hf-tRNS group, 21.7 ±3.4 years for offline-a-tDCS group, 

21.6 ±1.9 years for offline-c-tDCS group and 21.6 ±3.0 years for sham group, 

respectively. 
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The present study was approved by the Ethics Committee of the IRCCS Centro San 

Giovanni di Dio Fatebenefratelli, Brescia, Italy. Safety procedures based on non-

invasive brain stimulation approaches were adopted (Poreisz et al., 2007; Rossi et al., 

2009), and informed consent was obtained from all participants prior to the 

beginning of the experiment. 

 

4.2.2 Ovarian hormone influence on data variability 
 

Even for this second experiment we have considered the influence of ovarian 

hormones on task performance. Indeed, the importance of this influence has been 

previously demonstrated by many TMS studies (for a detailed description see chapter 

3.2.2). The female participants in the present study were tested during the follicular 

menstrual phase (mean day from the first day of the menstrual period: 12.8 ±2.9, 

range 11-20 days) because this is the period when progesterone levels are low and 

estrogen levels are high. Under these conditions, the cortical excitability of male and 

female subjects was similar (Inghilleri et al., 2004).  

 

4.2.3 Orientation discrimination task (ODT) 
 

We chose the ODT as reported before (see chapter 3.2.3), because it is a widely 

studied visual-perceptual learning task (Shiu and Pashler; 1992, Vogels and Orban, 

1985) that involves V1 neurons.  

In the ODT, participants had to decide whether the presented stimulus was tilted 

clockwise or counterclockwise relative to the previously presented stimulus. All 

stimuli were black lines, and each line stimulus was 2° long and 5 min wide (in 

visual angle). The orientation of the reference stimulus was 45° in the upper right 

and lower left hemifields and 135° in the upper left and lower right hemifields. The 

angular differences between the reference and the target stimulus were 1.1, 1.21, 1.33 

and 1.46° (Matthews et al., 1999). The reference was presented first in half of the 

trials and second in the other half of the trials. All of experimental parameters just 

mentioned were balanced and randomized between blocks. The trial structure is 

described in Figure 8. The subjects were asked to respond as quickly and accurately 

as possible after the second stimulus was presented by pressing the left 
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(counterclockwise) or right (clockwise) button of a response pad with the left or right 

index finger, respectively. Auditory feedback (duration = 50 ms; frequency for the 

correct response = 700 Hz; frequency for the incorrect response = 350 Hz) informed 

the subjects about the correctness of their responses.  

Stimuli were presented on a computer screen using Presentation software v. 12.0 

(http://www.neurobs.com) in each of the four visual hemifields: upper left, upper 

right, lower left and lower right. In each trial, the two stimuli were presented in the 

same hemifield (Figure 8). To limit the area in which the stimuli were presented, a 

black piece of cardboard covered the screen except for a circle that was 10 cm in 

diameter located at the centre of the screen. A central fixation point was maintained 

for the duration of the trial.  

In the experiment, each block of the ODT consisted of 64 trials and lasted 

approximately 4 minutes. The ODT consisted of five blocks plus a training block. 

The training block was similar to the trial blocks, but it had a different number of 

trials (only 8) and an increased rotation angle between the two stimuli (15° clockwise 

or counterclockwise).  

 

 

Figure 8.  Trial structure. Example of a trial of the orientation discrimination task with the reference 

and target stimuli presented in the upper-right hemifield 
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4.2.4 Stimulation techniques: tRNS and tDCS  

 

The stimulations were delivered by a battery-driven stimulator (Eldith-Plus, 

NeuroConn GmbH, Ilmenau, Germany) through a pair of saline-soaked sponge 

electrodes. The tRNS consisted of an alternating current of 1.5 mA intensity with a 0 

mA offset applied at random frequencies. The frequencies ranged from 101 to 640 

Hz (i.e., hf-tRNS). The intensity of stimulation did not induce a phosphene 

perception (Kanai et al., 2008). The tDCS consisted of a direct 1.5 mA current.  

In the online conditions, the stimulations were applied for approximately four 

minutes during each of the first five experimental blocks. The total duration of the 

stimulations was approximately 22 minutes. In the offline conditions, the 

stimulations were applied before the execution of the task, maintaining the same 

time-intervals used in the online condition (i.e., ~4 minutes of stimulations – 2 

minutes of pause – ~4 minutes of stimulation and so on). See Figure 9 for details of 

the procedure. 

The active electrode had an area of 16 cm2, whereas the reference had an area of 60 

cm2. The current density was maintained below the safety limits (varying between 25 

and 60 µA/cm2) (Poreisz et al., 2007). The electrodes were kept in place with elastic 

bands, and an electroconductive gel was applied under the electrodes before the 

montage to reduce skin impedance. The active electrode was applied over the 

occipital cortex. When tDCS stimulation was applied, the polarity of the active 

electrode was anodal in the a-tDCS condition and cathodal in the c-tDCS condition. 

The individual target area was determined by examining the position in accordance 

with the 10-20 International EEG system. This procedure was performed starting at 

10% of the nasion-inion distance above the inion. The mean position for V1 

stimulation was determined to be 3.5 ±0.2 cm above the inion. The reference 

electrode was fixed extracephalically on the right arm. In the sham stimulations, the 

current was turned off 20 seconds after the stimulation began (Gandiga et al., 2006).  

At the end of the experimental session, we asked all subjects to complete a 

questionnaire developed by our research laboratory about the sensations they 

experienced during the different stimulations (Fertonani et al., 2010).  
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4.2.5 Procedure 
 

The participants were seated in front of a computer screen in a quiet, semi-dark 

room. A 57 cm distance from the screen was maintained through the use of a chin 

rest. The experiment was a between-subjects design with seven stimulation 

conditions: online-hf-tRNS, online-a-tDCS, online-c-tDCS, offline-hf-tRNS, offline-

a-tDCS, offline-c-tDCS and sham stimulation. 

In the online conditions, the subjects began the ODT 10 seconds after the onset of the 

stimulation, whereas in the offline condition the stimulation was applied before the 

execution of the task. In the offline condition during the stimulation the subjects 

listened to a tale. The procedure is depicted in Figure 9.  

The duration of the entire experimental session was approximately 45 minutes on the 

online condition, whereas was about 90 minutes in the offline condition. 

 

 

~ 40 min

~ 4 min

Stimulation during VPL taskOnline : 

~ 4 min

~ 80 min

VPL taskOffline :

 

 

 

Figure 9. Procedure of the experiment. The experiment was designed to be between-

subjects with six stimulation conditions: hf-tRNS, lf-tRNS, a-tDCS, c-tDCS, CZ and sham. 

Subjects were stimulated before the execution of the task whereas they listened to a tale.  

The stimulations were applied maintaining the same time-intervals used in the online 

condition. The black blocks represent each block of the VPL task.  
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4.2.6 Data analysis 

 

The average orientation sensitivity was calculated in terms of a d’ value for each 

subject and each block, separately for each stimulation condition. Because the ODT 

is a two-alternative forced-choice task, a value of d’ = 1 corresponded to a 75% 

accuracy rate.  

For all data (d’ values and slopes), the Kolmogorov-Smirnov test confirmed the 

normality of the distribution, and the data were analyzed using a repeated-measures 

analysis of variance (ANOVA). The data sphericity was tested using the Mauchly 

test where appropriate. When the test results were statistically significant, the data 

were corrected using the Huynh–Feldt correction. A p-value < 0.05 was considered 

significant for all statistical analyses. For multiple comparisons, we used Fisher’s 

Least Significant Difference (LSD) method to test our specific “a priori” hypotheses 

(i.e., to compare the different stimulation conditions). For all other comparisons, the 

p-values were corrected using a Bonferroni correction. 

Data from the sensations induced by tES were analyzed using a one-way ANOVA 

for each sensation to compare the different stimulation types. The p-values were 

corrected using Bonferroni corrections.  

 

4.3 Results 
 

4.3.1Orientation sensitivity – d’ 
 

We performed a repeated-measures ANOVA with block (from 1 to 5) as a within-

subjects factor and stimulation condition (online-hf-tRNS, online-a-tDCS, online-c-

tDCS, offline-hf-tRNS, offline-a-tDCS, offline-c-tDCS and sham) and gender (male, 

female) as between-subjects factors. We observed a significant main effect for block 

[F(4, 336) = 27.35; p < 0.001], stimulation condition [F(6, 84) = 3.00; p = 0.01] and 

gender [F(1, 84) = 6.54; p = 0.01]. Regarding the main effect of block, multiple post-

hoc comparisons revealed a statistically significant difference between block 1 and 

blocks 3, 4, 5 and between block 2 and blocks 4, 5.  
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Regarding the main effect of stimulation condition, multiple post-hoc comparisons 

revealed that online-hf-tRNS (mean d’ ±SEM = 0.625 ±0.121) was significantly 

different from offline-hf-tRNS (0.389 ±0.102), online-c-tDCS (0.304 ±0.121) and 

sham (0.299 ±0.116) and marginally from online a-tDCS (p=0.07) (0.437 ±0.127). 

Moreover, offline-c-tDCS (0.616 ±0.122) was significantly different from online-c-

tDCS and sham and marginally from offline-hf-tDCS (p=0.06). Finally offline-a-

tDCS (0.574 ±0.112) results different from online-c-tDCS and sham. See Figure xx. 

The gender factor was statistically significant. Males were more accurate than 

females in all conditions (males: 0.587 ±0.115; females: 0.401 ±0.131). The absence 

of any interaction between the gender and stimulation condition factors, however, 

discouraged us from examining the gender factor in more detail.  

 

a-tDCS off-line

hf-tRNS off-line

c-tDCS off-line

sham

hf-tRNS online

c-tDCS online

a-tDCS online

-0,20

0,00

0,20

0,40

0,60

0,80

1,00

0 1 2 3 4 5

**

d’

BLOCKS
 

 

 

Figure 10. Experiment results. The lines represent the fit of each condition: the continue green line 

corresponds to hf-tRNS off-line, the broken green line corresponds to hf-tRNS on-line, the continue 

red line represents a-tDCS off-line, the broken red line represents a-tDCS on-line, the continue blue 

line represents c-tDCS off-line, the broken blue line represents c-tDCS on-line, the black line 

corresponds to sham. The asterisk near the curly bracket indicates the statistically significant 

differences between hf-tRNS on-line and the conditions in the square bracket (p< 0.05), and between 

c-tDCS off-line and the conditions in the square bracket (p< 0.05). 
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Repeated measures ANOVA performed separately for each stimulation condition 

highlighted the main effect of block (p < 0.01) for all stimulation conditions except 

online-a-tDCS and offline-hf-tRNS. Post-hoc comparisons in the online-hf-tRNS 

condition revealed that block 1 was different from blocks 3, 4 (p = 0.065) and 5, and 

block 2 differed from block 5. In the online-c-tDCS condition, block 1 was different 

from blocks 4 and 5, and block 2 was different from block 5. In the offline-a-tDCS 

condition blocks 1, 2, 3 and 4 were different from block 5.  In the offline-c-tDCS 

condition, block 1 was different from blocks 3, 4 and 5, and block 2 was different 

from blocks 4 and 5. In the sham condition, block 1 was different from blocks 4 and 

5. No statistically significant differences were observed in the online-a-tDCS 

condition and in the offline-hf-tRNS condition, which suggested the absence of an 

enhancement in performance with these stimulations. 

The present data support the initial hypothesis about the importance of stimulation 

timing. Indeed, online-hf-tRNS was more efficacious than offline-hf-tRNS. In 

contrast, a-tDCS was more efficacious in the  offline condition. Finally, the 

performance in online-c-tDCS condition was identical to the sham one but in the 

offline-c-tDCS we observed a surprising enhancement in the task execution. Indeed 

the levels of performance reached with offline-c-tDCS and online-hf-tRNS are 

similar. 

 

4.3.2 Sensations induced by different types of tES 
 

Each participant completed a questionnaire at the end of the experiment (Fertonani et 

al., 2010) and reported having tolerated the stimulation without discomfort. The 

results of the questionnaire are reported in Table 3 (these are the results of offline 

stimulations, the online conditions are reported in table 2 of the chapter 3). Also in 

this second experiment as for the first (see chapter 3.4.2) the participants were unable 

to distinguish the real stimulation from the placebo stimulation. A one-way ANOVA 

for each sensation was performed to compare the different stimulations. No 

difference between the offline-tRNS and sham conditions was found. Interestingly, 

the analysis highlighted a statistically significant difference (p < 0.01) between both 

offline-a-tDCS and offline-c-tDCS and the other conditions with respect to itching. 
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Furthermore, the offline-a-tDCS was different (p < 0.01) from the other conditions 

with respect to irritation and burning. In general, the tDCS-induced sensations were 

perceived more strongly (Ambrus et al., 2010a; Poreisz et al., 2007) than the offline 

tRNS- or sham-induced sensations. With tDCS, pain, heat, iron taste and fatigue 

were comparable to the sham condition, but irritation, burning, and itching were 

perceived with real, but not sham, stimulation. In contrast, hf-tRNS was 

indistinguishable from sham conditions for all of the sensations examined. This 

characteristic makes tRNS an optimal tool for experimental designs in which sham 

stimulations should not differ from real stimulations.  

 

 

tES Irritation Pain Burning Heat Itch 
Iron 

taste 
Fatigue 

hf-tRNS 
Intensity 1.0 0.5 0.5 0.8 0.7 0.1 1.7 

Subjects (%) 14 14 14 36 21 7 21 

a-tDCS 
Intensity 1.8 1.0 1.5 1.3 1.9 1.5 1.0 

Subjects (%) 86 14 79 29 100 14 14 

c-tDCS 
Intensity 1.1 2.0 1.3 1.0 1.6 1.0 1.5 

Subjects (%) 50 14 43 14 71 7 14 

Sham 
Intensity 0.2 0.0 0.1 0.1 0.2 0.0 0.4 

Subjects (%) 21 0 7 14 14 0 29 

  

 

Table 3. Transcranial electrical stimulation-induced sensations by offline stimulation: Mean 

intensity of the sensations reported by subjects after tES, and the percentage of subjects who reported 

each sensation. Sensation intensity was evaluated on a 5-point scale: 0 = none, 1 = mild, 2 = moderate, 

3 = considerable, and 4 = strong.  
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4.4 Discussion 
 

In this study we have shown that the effect of a specific tES is different in 

accordance with the timing in which it is applied. Indeed, we observed a significant 

improvement of the performance when a-tDCS is applied before the task (i.e., 

offline), but no when it is applied during the task execution (i.e., online). On the 

contrary, with offline hf-tRNS the behavioral performance is not different from sham 

condition whereas with online hf-tRNS we have a great improvement. Surprisingly a 

similar strong improvement is present with offline c-tDCS whereas online c-tDCS is 

totally super imposable to sham group.  

Therefore, at least in the visual system, the effects of tES are highly dependent on the 

stimulation timing. These results confirm our hypothesis on the importance of the 

state of cerebral activation when a stimulation is applied. Moreover, our data show 

that the direction of the effects of stimulation is extremely dependent from the 

stimulated area (i.e., visual vs. motor system). 

Indeed the relation between timing and motor learning has been yet highlighted by 

previous motor studies (Kuo et al., 2008, Nitsche et al., 2003c, Stagg et al., 2011a), 

obtaining effects different from those revealed in this work. In a first study, Nitsche 

and colleagues (2003c) have demonstrated a facilitation effect of anodal stimulation 

applied during an implicit motor learning task. A similar facilitation trend was seen 

for cathodal stimulation. Subsequently Kuo et al., (2008) have investigated tDCS 

effects on the same task applying the stimulations before the task execution. They 

found an effect of a-tDCS only when it was applied in concomitance with the 

assumption of a partial NMDA-receptor agonist. However when tDCS was applied 

without drugs they failed to show any effect of both anodal and cathodal stimulation. 

Recently Stagg et al. (2011a) has investigated the timing-dependent interactions 

between tDCS and learning in an explicit motor learning paradigm. They 

demonstrated that ten minutes 1 mA anodal tDCS increase the rate of learning if 

applied during the execution of the task but not if given before the task. Nevertheless 

the effect of c-tDCS was not timing-dependent, slowing the rate of learning in both 

conditions. These few studies suggest to apply a-tDCS during a motor task execution 

for maximum effectiveness. However, as we have shown, these data are not 
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generalizable to the visual cortex. The disagreement between motor and visual 

studies may be explained by the differences between the two neural systems. Indeed, 

the results obtained within the motor area are not always equivalent to the results 

obtained in the visual system or other areas because there are cyto- and 

myeloarchitectonic differences, including differences in neuron diameters, that may 

explain a differential current diffusion (see section 3.6 for major details). 

The main difference with motor studies regards the facilitator effect of offline c-

tDCS. This datum overcomes the simplistic view of the cathodal stimulation as 

inhibitory one and is in line with a metaplasticity hypothesis (Bienenstock et al., 

1982). Based on this theory, the effect of the task depends on the previous state of 

neural activation. In this case, a prolonged c-tDCS hyperpolarize all the neurons of 

the stimulated area, but when they are called to response to execute the task, we 

observe a rebound effect in the engaged neurons which result in a performance 

improvement. Indeed the metaplasticity mechanisms consent to maintain the neurons 

in an optimal state of activity, making them more reactive after a prolonged 

inhibitory stimulation (Lang et al., 2004). This preconditioning effect is not 

observable if the stimulation is applied during the task execution. In this case we 

speculate the involvement of homeostatic mechanisms. As we have explained in a 

previous work (Fertonani et al., 2011) in online c-tDCS we expected an initial 

decrement of performance followed by a realignment to the sham trend. However the 

“floor effect” present in the first block don’t permit to observe this initial 

impairment.  

In our study the metaplasticity hypothesis explain well the enhancement effects of a 

prolonged inhibitory stimulation delivered before the task. But when we applied a 

facilitator stimulation seem to be involved other plasticity mechanisms. Our data 

shows that a-tDCS is better if applied offline than online. We observed with online a-

tDCS an initial facilitation, which was followed by a reduction of the learning 

phenomena (see section 3.3.3 for detailed analysis), that may be due to the activation 

of homeostatic mechanisms. The initial improvement of performance could be 

caused by the strengthening of the neural circuitry provoked by the neuronal 

membrane depolarization. Both the prolonged delivery of a-tDCS and the sustained 

exposure to a stimulus (that induce LTP-like phenomena) cause a sustained 
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depolarization, with the intracellular increase of Ca2+, Na+ and K+. The excessive 

intracellular presence of these ions,  induce a saturation in the neural system and the 

activation of self-regulatory mechanisms of voltage-dependent ion channels (Levitan 

and Kaczmarek, 2002). Therefore the rebalancing in the voltage-dependent ion 

channel conductance (in particular Na2+ and K+) doesn’t permit a further 

improvement in the behavioral performance. These saturation mechanisms should 

not occur when the stimulation is given alone. Indeed the facilitation effect of offline 

a-tDCS is probably given by an optimal level of intracellular Ca+ and Na+, which 

remains also after the stimulation, during the execution of the task. Although the 

delivery of offline-a-tDCS induce a facilitation effect, this one doesn’t reach that 

obtained with the online-hf-tRNS. This effect could be explained by the hypothesis 

of temporal summation. Indeed because of its particular wave shape the tRNS 

(repetitive, random, and subthreshold stimulation) would induce temporal summation 

of neural activity if the time-constant of a neuron is sufficiently long to permit the 

summation of two stimuli presented in close sequence. Terney et al. (Terney et al., 

2008), suggest that using tRNS Na channels activity can be augmented. After a 

depolarization, repolarization of Na channels would generally take some time, but if 

a repeated stimulation is applied these channels can be reopened in a shorter time 

(Schoen and Fromherz, 2008). However, this mechanism induce a facilitation effect 

(i.e., a performance improvement) only if it can reinforce  a neural population 

activated  by the execution of a task (Cash and Yuste, 1998). This seems to be 

confirmed by the absence of effect with offline-hf-tRNS.  

In this study we have not only compared different kind of stimulation, but also 

investigated the ideal timing for the application of each different tES. Indeed, our 

data highlight for the first time that the effect of a particular type of stimulation 

depends critically from the activation state of the cortex. This result becomes even 

more important for the design of rehabilitative protocols.  

In the interpretation of our results need to be considered also the presence of 

intervals (i.e., pauses) during the stimulation. In the online condition the stimulation 

was applied only during the execution of each block of the task, and not during the 2 

min interval between the blocks. We have maintained the same pattern of stimulation 

in the offline condition. This methodological choose, in the light of recent works 
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(Fricke et al., 2011, Monte-Silva et al., 2010), may have influenced our results. 

Indeed these studies have demonstrated that the repetition of tDCS has a different 

impact on mechanisms of plasticity, depending on the break between the 

stimulations. In particular Fricke and colleagues (2011) have shown that two sessions 

of c-tDCS (5-min duration) separated by 3 minutes of break have an opposite effect 

on MEP amplitude (i.e., enhancement) in respect to continue cathodal stimulation. 

These interesting data suggest the importance of the intervals, nevertheless it would 

be important to study these effects with more breaks and also in motor learning.    

In conclusion, we overcome the simplistic view of the anodal/cathodal stimulation as 

the excitatory/inhibitory one (Jacobson et al., 2011; Miniussi et al., 2010). Indeed we 

have highlighted, in the visual domain, the impressive enhancement effect of a 

prolonged offline cathodal stimulation. Moreover this work highlights the specificity 

of the tRNS potentiality, linked to the state of activation of the engaged neuronal 

population.   

These results increase our knowledge about tES-induced plasticity mechanisms to 

make the most of the potentiality of each type of electrical stimulation, and 

consequently are the first step towards a more effective, theoretically and empirically 

motivated use of tES methods for the study of cognitive plasticity. 
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CHAPTER 5 
 
 
 
 
 
 

GENERAL CONCLUSIONS  
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tES is widely employed in order to test the brain-behaviour relationship in many 

different cognitive domains (Nietsche et al., 2011). tES is able to generate an 

electrical field in the stimulated area that modulates neuronal activity according to 

the modality of the application (Nietsche et al., 2000). The efficacy of tES to induce 

a modifications of membrane polarity and consequently in behavioral performance 

depends by different important parameters (intensity, duration, electrodes, area 

stimulated, type of task etc). Notwithstanding in recent years have seen much 

progress on the effectiveness and application of tES many question are still open. In 

this doctoral dissertation we have improved our knowledge by answering at some 

important questions still open on tES application. Indeed, understand whether and 

how cognitive plasticity can be induced and modified by means of tES in the healthy 

adult brain is the matter of debate of the present dissertation 

An objective of our experiments has been to utilize a basic learning model (i.e., VPL) 

to determine which of the available tES methods most effectively induces plasticity, 

the ideal timing of application and whether the induced effect reflects a general 

potentiating effect or a specific change in learning ability.  

In the first experiment (chapter 3) we have demonstrated that is possible potentiate 

cognitive plasticity by means tES, in the specific we have shown that different type 

of tES may to induce different effects on the behavioral performance. Indeed, 

plasticity induced by different type of tES at the level of brain networks might be 

determined by changes that alter in different way the property of synaptic plasticity. 

We demonstrated that tRNS and a-tDCS have different behavioral effects (see 

chapter 3), at least in the visual domain, this result which led us to conclude that the 

two types of stimulation are not fully interchangeable as affirmed in previous studies 

(Terney et al., 2008). We argue that this important finding is given by different ways 

in which current is delivered (direct vs. alternate). Indeed, because tRNS is a 

repetitive and random stimulation, we speculate that it would induce temporal 

summation of neural activity when the time-constant of a neuron is sufficiently long 

to permit the summation of two stimuli presented in close sequence. tRNS might 

induce temporal summation of small depolarizing currents, which could interact with 

the activity of the engaged neurons (Cash and Yuste, 1998) and enhance 

performance. However these mechanisms should not be present with a-tDCS because 
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such a polarizing stimulation may induce an initial facilitation, which could be 

followed by adaptations to rebalance the modulation of neuron conductance.  

A further important question involves the timing relationship between tES and task 

execution. In literature several studies have shown that the stimulation both before 

and during  the execution of task may facilitate the behavioral performance (Nitsche 

et al., 2011). However, the effects of facilitation tES depend by different factors that 

are current density, intensity, duration of the stimulation, timing of application and 

intervals of time between two stimulations. In addition, other external factors are 

important as the cortical area of interest, the choose of the task and the kind of 

experimental sample (e.g., healthy subjects vs. patients). Recently it has been 

demonstrated that different effects can been obtained depending on the moment in 

which the stimulation is applied (Stagg et al., 2011a). But, to date no published 

studied have compared different tES techniques to evaluate the different induced 

effects in the same experimental task and in different time. In the second experiment 

of this dissertation (see chapter 4) we first  compare different type of tES before and 

after cognitive task highlighting that same type of stimulation, applied in different 

moments, have different effects. If in the first research we have shown the superiority 

of tRNS on tDCS during of the execution of the task, in the second study we have 

shown that the same technique of stimulation may have no effect when applied 

before execution of the cognitive task. We suggest the importance of the state of 

cerebral activation when a stimulation is applied. In our study the metaplasticity 

hypothesis explain well the enhancement effects of a prolonged inhibitory 

stimulation delivered before the task. But when we applied a facilitator stimulation 

seem to be involved other plasticity mechanisms. In this last case, our data show that 

a-tDCS is better if applied offline than online. Although the delivery of offline-a-

tDCS induce a facilitation effect, this one doesn’t reach that obtained with the online-

hf-tRNS. However, our data contradict the results obtained in the motor system 

(Nietsche et al., 2003, Kuo et al., 2008), that demonstrated the efficacy of tDCS 

applied during a motor learning task. Indeed, our data show that the direction of the 

effects of stimulation is extremely dependent from the stimulated area (i.e., visual vs. 

motor system). 
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In conclusion, our work shed light to some critical points debated in the tES 

literature. First of all, we overcome the simplistic view of the anodal/cathodal 

stimulation as the excitatory/inhibitory one (Jacobson et al., 2011). Without a doubt, 

the facilitation or inhibition doesn’t depend only from the type of stimulation, but 

become decisive both the stimulated area and the timing of the application, and this 

may explain many contradictory data reported by the literature. Indeed we have 

highlighted, in the visual domain, the impressive enhancement effect of a prolonged 

offline cathodal stimulation. Moreover this work highlights the specificity of the 

tRNS potentiality, linked to the state of activation of the engaged neuronal 

population.   

These results increase our knowledge about tES-induced plasticity mechanisms to 

make the most of the potentiality of each type of electrical stimulation. The 

development of tES techniques to study the cognition constitutes a significant 

breakthrough in our understanding of the changes in brain state that may account for 

behavioral modifiability. Understanding the basis of adult cognitive plasticity is 

extremely important and will have an immediate impact on basic neuroscience and 

clinical practice. The development of new protocols aimed at improving cognitive 

performance in patients with brain damage as well as slowing the cognitive decline.  
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Appendix : 
 

Survey of sensations related to transcranial direct current stimulation (Published in 

Fertonani et al., 2010) 
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