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1. Introduction 

The ability of the brain to rearrange its circuitry and adapt its functioning is termed 

neuroplasticity and underlies early brain development and complex brain functions, such as 

learning and memory formation. Furthermore, mechanisms responsible for neuroplasticity 

are of fundamental importance for recovery from brain injury and malfunctioning of such 

mechanisms plays a relevant role in the development of several neuropsychiatric diseases.  

The cellular mechanisms associated with neuroplasticity have been a subject of extensive 

research and multiple methods have been developed to induce neuroplasticity in cell cultures 

and brain slices. Manipulation of human neuroplasticity in vivo can be achieved by invasive 

electric stimulation of the brain or with pharmacological interventions, which are often 

developed in an attempt to prevent, cure or delay the progression of diseases related to 

neuroplasticity alterations. However, pharmacological interventions affect the whole brain 

and are often accompanied by undesirable side-effects, consequently having limited 

application. 

Non-invasive brain stimulation (NIBS) techniques have received increased attention in the 

last decades as methods for the research of plasticity in the intact human brain. Transcranial 

magnetic stimulation (TMS) is a well established technique while transcranial electric current 

stimulation (tES) methods have more recently gained popularity and demonstrated growing 

potential in basic neuroscience research as well as in numerous clinical applications. 

This thesis addresses the effects of tES techniques on aspects of human healthy and 

pathologic cognitive functioning, using behavioural measurements and functional imaging 

methods. The first section presents the basic concepts concerning neuroplasticity and 

techniques of non-invasive brain stimulation, which are necessary for the understanding of 

the studies presented in the thesis. The second and the third sections describe the research 

projects that were performed, presenting and discussing the obtained results. Finally, the last 

section summarizes and discusses the overall findings and offers a perspective on future 

research directions. 
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1.1 Neuroplasticity 

The brain undergoes transformations throughout the lifespan in response to internal and 

external stimuli. This property is termed neuroplasticity. The changes in neural circuitry will 

ultimately result in an adjustment or modification of the exhibited behaviour (Ganguly and 

Poo, 2013; Lledo et al., 2006). One particular type of neuroplasticity is synaptic plasticity, 

which refers to the changes taking place at the synaptic level by an increase or decrease in 

strength or efficacy of the synapses. Such changes occur within a time span ranging from 

milliseconds to several minutes (short-term synaptic plasticity), or even lasting for hours, 

days and possibly longer (long-term synaptic plasticity) (Citri and Malenka, 2008). Several 

operating mechanisms have been described for each type of synaptic plasticity, two of which 

are long-term potentiation (LTP) and long-term depression (LTD) (Bliss and Cooke, 2011; 

Collingridge et al., 2010; Cooke and Bliss, 2006). Neuroplasticity is of outstanding relevance 

in several neural processes, and synaptic plasticity in particular is thought to be one of the 

mechanisms by which activity modulates the strength of existing synapses, playing an 

important role in establishing long lasting memory, knowledge and learning (Cooke and 

Bliss, 2006; Ganguly and Poo, 2013). Both LTP and LTD have mostly been studied in 

hippocampal slices, a structure known for its role in memory formation (Whitlock et al., 

2006). Moreover, several studies have been able to manipulate performance of memory and 

learning tasks by inducing defective synaptic plasticity in pharmacological and animal studies 

(Lynch, 2004; Martin et al., 2000).  

Macroscopic correlates of the neuroplasticity cellular mechanisms are evident as functional 

and structural brain reorganization, which can be observed using imaging methods such as 

magnetic resonance imaging (MRI) and positron emission tomography (PET) (May and 

Gaser, 2006; Pascual-Leone et al., 2011; Zatorre et al., 2012). For instance, functional 

reorganization has been observed in Braille readers, as an expansion of the cortical 

representation of the finger used for reading (Pascual-Leone and Torres, 1993). Examples of 

structural plasticity induced by experience can be found associated to the development of 

expertise by training (Ganguly and Poo, 2013). One widely studied example is that of changes 

in the brain of musicians (Fauvel et al., 2014; Herholz and Zatorre, 2012): musical training 

has been shown to produce structural changes in the auditory cortex (Bermudez and Zatorre, 

2005) and motor systems (Hyde et al., 2009). A similar example in other field of expertise is 

that of mathematicians, who were found to have increased gray matter density in the parietal 
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cortex (Aydin et al., 2007). However, even the simple action of studying for exams has been 

shown to increase gray matter thickness in the parietal cortex and the hippocampus 

(Draganski et al., 2006). 

Another important role of neuroplasticity is rehabilitation after brain injury (Murphy and 

Corbett, 2009). One example is that of functional reorganization observed in recovery after 

stroke, such as an increase in the cortical representation of a muscle of an affected motor area 

after training. The extent of recovery is also related to plasticity between the injured and 

contralateral hemisphere (Ganguly and Poo, 2013).  

In scenarios of neurodegeneration, such as Alzheimer’s disease, Parkinson’s disease and 

multiple sclerosis (MS), neuroplasticity often contributes to the delay on the manifestation of 

certain symptoms even when brain tissue degeneration is already occurring (Cramer et al., 

2011). For instance, increased brain activation and functional connectivity alterations have 

been described in MS patients without cognitive deficits, which are thought to reflect 

compensatory mechanisms (Hulst et al., 2012; Mainero et al., 2004; Schoonheim et al., 

2013). 

However, several neuropsychiatric diseases are associated with diverse manifestations of 

maladaptive plasticity. Impaired plasticity caused by disruption of mechanisms similar to 

LTP and LTD during early development has been considered as one of the possible causes of 

autism (Ebert and Greenberg, 2013) and also impaired hippocampal synaptic plasticity has 

been related to schizophrenia symptoms such as hallucinations and cognitive impairment 

(Stephan et al., 2006). Other cases of maladaptive neuroplasticity are characterized by 

excessive plasticity, such as chronic pain (Saab, 2012) and focal dystonia (Lin and Hallett, 

2009). Therefore, great effort is made not only to understand the underlying mechanisms, 

but also on the development of therapeutic strategies targeting modulation of neuroplasticity, 

by training and rehabilitation, pharmacological approaches, cell-based therapies or electrical 

stimulation techniques (Cramer et al., 2011; Ganguly and Poo, 2013). 
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1.2 Non-invasive brain stimulation 

Given the utmost relevance of neuroplasticity in both physiological and pathological aspects, 

the possibility of inducing and studying such processes in vivo in the human brain in a non-

invasive manner, resorting to non-expensive tools presents enormous potential in basic 

research and therapeutics. Externally applied electric fields have been tested in animal and 

human studies, and it was observed that in brain slices both weak direct current (DC) fields 

and slow and fast oscillating fields are able to modulate neuronal excitability (Bikson et al., 

2004). In humans, this can be achieved with NIBS techniques in a variety of ways.  

One since long established technique is TMS, which consists on the application of magnetic 

pulses through the scalp. Such pulses induce a secondary electric field in the brain by 

electromagnetic induction. If strong enough, the magnetic pulse can even elicit neuronal 

action potentials without causing pain. Simple TMS applications include the monitoring of 

cortical excitability, for instance by evoking motor evoked potentials (MEPs) when it is 

applied over the motor cortex (Rothwell, 1993) or by eliciting phosphenes when applied over 

the visual cortex (Amassian et al., 1998). In addition, several TMS protocols, such as 

repetitive TMS at different frequencies, have been developed to modify neuroplasticity and 

for diverse therapeutic applications (Wassermann and Zimmermann, 2012).  

Another type of NIBS technique is tES, which consists on application of weak electric 

currents through electrodes positioned on the scalp (Ruffini et al., 2013). In transcranial 

direct current stimulation (tDCS) the intensity of the applied current is constant through 

time, whereas in other methods such as transcranial alternating current stimulation (tACS) 

and transcranial random noise stimulation (tRNS), the current oscillates with a certain 

frequency (or range of frequencies), usually with a sinusoidal shape. These techniques are 

also able to induce changes in neuroplasticity in a non-invasive and painless manner and 

several studies have addressed the impact of tES on cognitive functions (for a review see Kuo 

and Nitsche, 2012), namely motor learning (Reis and Fritsch, 2011), working memory 

(Mulquiney et al., 2011; Teo et al., 2011), semantic and episodic memory (de Vries et al., 

2009; Jacobson et al., 2012a; Manenti et al., 2013), categorization ability (Ambrus et al., 

2011) and numeric skills (Kadosh et al., 2010; Snowball et al., 2013) among others, as well as 

its therapeutic applications in neuropsychiatric (Kuo et al., 2013) and neurologic diseases 

(Flöel, 2013). 
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1.2.1 Transcranial direct current stimulation 

The most widely used tES technique is tDCS, in which a weak current is applied through the 

scalp at a constant intensity, typically between 1 – 2 mA. The earliest studies investigated the 

effect of tDCS on motor cortex excitability using TMS. This is convenient as the motor cortex 

is an output cortex: a TMS pulse is able to elicit action potentials on the targeted neurons or 

neuronal groups, which propagate along the corticospinal tract, eliciting movement. 

Typically, the cortical representation of small hand muscles in the primary motor cortex (M1) 

is targeted to elicit MEPs. The MEP amplitudes can therefore be compared before and after 

stimulation as a measure of change in corticospinal excitability of the motor system induced 

by tDCS. Using this method, the application of 4s of anodal and cathodal tDCS was tested 

using several montages, and positioning one electrode over the M1 (often named “active” 

electrode) and the other (often named “reference” or “return” electrode) on the contralateral 

forehead (M1-ClF) proved the most effective. The stimulation induced an increase in 

excitability with the anode over the M1 and a decrease in excitability with the inverse polarity 

(Nitsche and Paulus, 2000), as reflected in the increase or decrease of MEP amplitudes, 

respectively. Subsequently, it was found that longer stimulation duration, particularly 13 min 

of anodal and 9 min of cathodal tDCS, was able to induce excitability changes for up to 30 

minutes or even longer (Nitsche and Paulus, 2001; Nitsche et al., 2003a). These findings 

established the M1-ClF montage as the standard for M1 stimulation at the time, and 

prompted the exploration of a wider range of applications of tDCS as a tool for modulating 

neuroplasticity. 

The effects elicited by tDCS depend on — but are not completely determined by — the 

following stimulation parameters: the current intensity, the duration of stimulation, the 

electrode size and the electrode positioning (referred to as the stimulation montage). It was 

initially observed that the strength and/or duration of the effects of tDCS on motor cortex 

excitability increased with higher current intensities, and that an increase in stimulation 

duration led to longer lasting effects (Nitsche and Paulus, 2001; Nitsche et al., 2003a). 

However, the relationship proved to be far more complex (Batsikadze et al., 2013; Monte-

Silva et al., 2013). For instance, doubling the intensity led to inverse effects after cathodal 
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tDCS (Batsikadze et al., 2013) and increasing of the duration of anodal tDCS up to 26 min led 

to excitability decreases (Monte-Silva et al., 2013). 

Both the electrode size and relative position are highly relevant factors. Typical electrode 

sizes range between 16cm2 to 35cm2. The stimulation montage was generally determined by 

placing the electrodes on top of the region of interest (see, for a compilation of montages 

used on tDCS studies Nitsche and Paulus, 2011; Nitsche et al., 2008). For example, in case of 

the M1, the location is often determined by identifying the cortical representation of the 

target muscle using TMS. Alternatively and for other brain areas, the positioning of 

electrodes can be made using the 10-20 EEG electrode system as a reference frame. However, 

even though the traditional montage (M1-ClF) and electrode sizes were found to be optimal 

for immediate effects on modulation of M1 excitability (Nitsche and Paulus, 2000), it 

presents some limitations. First, even though approximately 90% of tDCS studies focus on 

the motor or visual cortex, it is important to note, specially for other applications, that the 

second electrode, usually placed over the contralateral forehead, is not functionally inert, as 

confirmed with, for instance neuroimaging studies (Polanía et al., 2011). Therefore, whatever 

the effect of this electrode on the prefrontal cortex, it should not be ignored. One proposed 

strategy to overcome the possibly undesired effect of the return electrode when aiming at an 

effect of stimulation under only one of the electrodes, consists on increasing the area of the 

return electrode while keeping the current constant, thus decreasing current density (current 

intensity/electrode area) and the effects under this electrode (Nitsche et al., 2007). 

Alternatively, researchers have placed the return electrode in an extracephalic position, such 

as the shoulder or the forearm (Cogiamanian et al., 2007; Moliadze et al., 2010).  

A second limitation derives from the widespread electric field induced in the brain by such 

large electrodes and their relative positioning. The consequence is a relatively poor focusing 

which can make the interpretation of the results difficult when it is not possible to precisely 

pinpoint the structures affected by stimulation. In addition, it can prevent a more localized 

stimulation. However, it has been suggested that by reducing the electrode size it is possible 

to target a brain region with considerable precision (Nitsche et al., 2007). An alternative 

workaround for the focusing problem has been achieved by ingenious combinations of 

electrode size and montage, such as the one recently presented as high-definition tDCS (HD-

tDCS) (Minhas et al., 2010). This electrode montage consists on one small electrode 

(diameter < 12mm) positioned over the location of interest, surrounded by 4 equally small 
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return electrodes in a ring-like configuration, and has been shown to modulate 

neuroplasticity of the M1 with greater spatial precision (Edwards et al., 2013; H.-I. Kuo et al., 

2013).  

A valuable contribution to the understanding of the problem of stimulation montage and 

electrode size has been given by computational studies modelling the electric field 

distribution induced by tDCS (for a review see Miranda et al., 2013). Although the earliest 

simulations used simplified spherical head models, these have evolved to highly detailed 

models based on individual structural MRI data, providing estimates of the electric field in 

the brain, which could not otherwise be easily obtained either in vitro or in vivo. Indeed, 

besides verifying the broad effect induced by typical stimulation electrodes, modelling studies 

observed that in a usual montage (two electrodes on the skull) the maximum of the electric 

field is not necessarily directly underneath the anode and cathode, but also lies between the 

two electrodes, thus questioning the established rationale for electrode positioning (Salvador 

et al., 2010). 

In addition, the theoretical predictions suggest that factors, which cannot be determined by 

the experimenter, such as individual anatomical characteristics like skull morphology, play 

an important role with regard to the electric field induced in the brain (Datta et al., 2010). 

The manner in which the electric field is spatially distributed across the brain is of relevance, 

since studies in rat cortical neurons in vitro suggest that, besides cell type and morphology, 

the extent to which neurons are affected by tDCS depends as well on the orientation of the 

cells with regard to the induced electric field (Radman et al., 2009). Besides intrinsic 

stimulation parameters and anatomical features, the effect of stimulation is also strongly 

dependent on the functional state of the brain, before or during the application of the 

current, that is, whether the stimulation is given during rest or simultaneously with some 

motor or cognitive task (Antal et al., 2007). 

To understand the relationship between all the relevant factors and the effects induced by 

tDCS, it is necessary to investigate the underlying mechanisms. It is thought that during 

tDCS, a shift occurs in the resting membrane potential of the neurons, in opposite directions 

according to polarity: anodal stimulation will shift the membrane potential towards 

depolarization whereas cathodal will more strongly hyperpolarize the neuronal membrane 

(Liebetanz et al., 2002; Nitsche and Paulus, 2000). Pharmacological studies carried out to 

further elucidate the mechanisms underlying the after-effects of tDCS suggest that these 
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closely resemble LTP and LTD, as the induced long-lasting excitability changes were 

abolished by the administration of an NMDA receptor antagonist (Liebetanz et al., 2002; 

Nitsche et al., 2003a). In addition, it has also been suggested that in the development of the 

after-effects, both glial cells (Ruohonen and Karhu, 2012) and other non-synaptic 

mechanisms may play a role (Ardolino et al., 2005). In spite of the achieved progress, the 

mechanisms by which tDCS leads to long-lasting changes in the brain are still a matter of 

investigation.  

1.2.2 Transcranial random noise stimulation 

Another variant of transcranial electrical stimulation is tRNS. In this modality, the frequency 

of the applied alternating current is randomly sampled between 0.1 and 640 Hz and this 

frequency range is often divided into low-frequency (0.1-100 Hz, lf-tRNS) and high-

frequency (101-640 Hz, hf-tRNS). The observed physiological effects following 10 min of 

tRNS at 1 mA peak-to-peak amplitude over the M1 were, similarly to anodal tDCS, an 

increase in cortical excitability lasting for 1 hour. When investigating separately the effects of 

high and low frequency ranges, it was found that the observed increase in M1 excitability was 

caused by hf-tRNS. Lf-tRNS had no effect on MEP amplitudes, as well as hf-tRNS applied 

over the premotor cortex (Terney et al., 2008). As previously described for tDCS (Antal et al., 

2008b), the changes in excitability after tRNS are affected by the state of the brain during 

stimulation: contraction of the target muscle or attending to a cognitive task during 

stimulation leads to a decrease in M1 excitability. Offered explanations for the underlying 

mechanisms so far suggest that tRNS may reduce the time that sodium channels require to be 

able to repolarise after undergoing depolarization, thus enhancing their activity (Terney et 

al., 2008). To explain the differential effects of low and hf-tRNS and anodal tDCS, is was 

suggested that a summation of sub-threshold stimuli could be taking place, when the 

frequency would be high-enough to present two stimuli within the period of the time 

constant of a neuron (Fertonani et al., 2011). Experimentally, tRNS has the advantage of 

allowing better blinding of the participants than tDCS, as it causes reduced cutaneous 

perception (Ambrus et al., 2010). However, when considering the possibility of replacing 

excitatory tDCS with this technique, one needs to take into account the differences in 

mechanisms of action.  
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1.2.3 TES and motor learning 

With the effects of tDCS having initially been studied most extensively in the motor cortex, a 

bulk of the research on tDCS has been dedicated to several aspects of motor function and 

learning. One early study showed that implicit motor learning could be improved by applying 

anodal tDCS over M1, during a serial reaction time task (SRTT) (Nitsche et al., 2003b). This 

was interpreted as a beneficial effect of plasticity increase during learning and boosted 

research of tDCS as an enhancer of motor function, motor learning or cognitive functioning 

in general.  

The timing of stimulation with regard to the task or training (stimulation before learning or 

during learning), seems to be critical for the obtained results. Indeed, a later study using 

again the SRTT and the same stimulation parameters reported no changes in performance 

when anodal tDCS was applied before the task, instead of simultaneously (Kuo et al., 2008). 

The differential effect of stimulation according to polarity is unclear, as several studies use 

only anodal tDCS, a few observe no effects after cathodal stimulation, whereas in others 

polarity interacts with the timing of stimulation (Jacobson et al., 2012b; Reis and Fritsch, 

2011). For instance, on tasks involving motor and visual integration, learning was improved 

by anodal tDCS over M1 or visual area V5-Cz whereas cathodal tDCS had no effect (Antal et 

al., 2004a); however, once learning had been stabilized, cathodal tDCS further improved 

performance, while anodal tDCS had no effect (Antal et al., 2004b). It was suggested that 

increasing plasticity with anodal tDCS was beneficial during learning whereas in later stage, 

cathodal stimulation had the advantage of reducing signal to noise ratio in the brain, 

contributing to improved performance. Further interactions between the timing of 

stimulation and polarity were found in the study by Stagg and colleagues (2011) where the 

rate of learning of an explicit motor sequence task was faster during anodal tDCS and slower 

during cathodal tDCS over the M1, but learning was slowed regardless of polarity, when the 

task was performed after stimulation. In addition, carefully choosing the timing of 

stimulation in combination with training can possibly lead to longer-lasting effects: the 

improvement achieved with anodal tDCS over the M1 during the performance of a sequential 

visual isometric pinch task (offline effect) for 5 consecutive days was still present 3 months 

later, in comparison with sham stimulation (Reis et al., 2009). 

Another important factor is the intensity of the current applied during tDCS. The complex 

relationship between the effects induced by tDCS and the intensity with which it is applied 
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has not often been addressed in cognitive studies. Cuypers and colleagues (2013) compared 

the effect of anodal tDCS (20 min) over the M1 with 1 mA or 1.5 mA intensity in an explicit 

motor sequence learning task. They observed that both intensities improved performance, 

but only higher intensity resulted in significant effect. 

Although the focusing of most tDCS methods is poor, montage and region of stimulation are 

relevant, and by comparing results of different stimulation locations one can infer the 

differential role of specific brain areas. Contribution to the clarification of the specific roles of 

the M1 and the cerebellum to the adaptation of visuomotor transformations came from a 

study where using anodal tDCS (15 min, 2 mA) on either of the regions it was found that the 

cerebellum was involved in the adaptation to the transformation whereas the M1 influenced 

retention of the adaptation (Galea et al., 2011). Also lateralization aspects of motor skill 

learning have been addressed using tDCS, by testing hemispheric specialization. It was found 

that anodal tDCS of the left M1 (shoulder cathode, 1 mA, 20 min) led to greater skill learning 

with either hand, which was not found when stimulating the right M1 (Schambra et al., 2011). 

The authors interpreted this result as evidence of specialization of the left M1 for motor skill 

learning, which had already been found for representation of learned actions. This further 

suggests that effects of tDCS on general motor function can also depend on whether the 

stimulated hemisphere is dominant or non-dominant. Results of this study also support the 

idea that bihemispheric stimulation of the motor cortex is more effective on motor skill 

improvement that unihemispheric. Also, Boggio and colleagues (2006) compared motor 

function in a small set of healthy subjects after anodal tDCS (M1-ClF, 20 min, 1 mA) and 

found improvements only when the non-dominant hemisphere was stimulated. Results from 

a subsequent study suggest that this effect can be enhanced, when simultaneous cathodal 

stimulation of the dominant M1 is applied (Vines et al., 2008) showing that tDCS can be used 

to modulate inter-hemispheric functional relations.  

Another aspect of motor learning is the ability to generalize and transfer previously learned 

movements (Krakauer and Mazzoni, 2011). To study the relationship between this process 

and motor cortex plasticity, tDCS (1 mA, 20 min) was applied during a force field adaptation 

task (Orban de Xivry et al., 2011). In this study, it was reported that the application of tDCS 

over the M1 increased generalization in intrinsic coordinates, regardless of the polarity, 

contributing to the evidence that this phenomena depends on plasticity in the sensorimotor 

cortex.  
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Further efforts to understand how tDCS affects different learning stages were made by 

Saucedo Marquez and colleagues (2013). They compared online, offline and retention effects 

of anodal tDCS (1 mA intensity, 20 min duration, cathode over the shoulder) of the right 

motor cortex for an explicit sequence tapping task and for a sequential visual isometric pinch 

task performed with the left hand. Although anodal tDCS improved learning for both tasks, 

this happened in different stages for each task. The sequential task benefited from 

stimulation during online learning, whereas for the force task the stimulation acted mainly 

on retention, which can be explained in part by the contributions of the M1 for a different 

stage on each task.  

There is considerably less research combining tRNS with cognitive paradigms. As an 

excitability-enhancing method, the effect of tRNS on implicit motor learning was comparable 

to that of anodal tDCS, causing significant improvement when applied over the M1 during a 

SRTT (Terney et al., 2008). Similarly, when applied over the right dorsolateral prefrontal 

cortex (DLPFC) (return electrode over Cz), tRNS (full range) impaired categorization 

learning in a comparable way to anodal tDCS (Ambrus et al., 2011). However, contrarily to 

anodal tDCS, 10 min of hf-tRNS over the left DLPFC failed to induce detectable changes on 

the performance of a 2-back task (Mulquiney et al., 2011). Another differential effect of these 

two types of stimulation was described by Fertonani and colleagues (2011), who found that 

only hf-tRNS (at 1.5 mA) over the visual cortex improved orientation discrimination when 

applied during a perceptual learning task. However, in a subsequent study, anodal tDCS led 

to significantly improved performance, when applied before the same task, instead of 

simultaneously, thus suggesting that the difference in the underlying mechanisms of the two 

types of stimulation is likely to dictate differences in the stimulation protocols, namely the 

timing (Pirulli et al., 2013). As described for tDCS, timing is a relevant factor and coupling of 

hf-tRNS with a deeply encoding cognitive training paradigm can lead to a long-lasting effect 

of the stimulation (Cappelletti et al., 2013; Snowball et al., 2013). In a recent study, hf-tRNS 

was applied for 5 consecutive days over the DLPFC bilaterally while subjects practised 

arithmetic exercises for 22 minutes, causing an improvement that was still detectable after 6 

months (Snowball et al., 2013) whereas bilateral parietal stimulation increased numerosity 

discrimination ability (Cappelletti et al., 2013). There are no systematic studies testing the 

influence of different stimulation intensities. However, the skin perception, when using 
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alternating currents is reduced, offering the possibility of applying higher intensities of 

stimulation without loosing the ability to sham. 

Therefore, in spite of the many unanswered questions regarding the underlying mechanisms 

and ideal choice of parameters for the best stimulation protocols for enhancement of 

performance, tDCS studies have contributed to understanding certain aspects of motor 

learning. 

1.2.4 Clinical applications of tDCS 

Transcranial stimulation techniques have been widely tested as therapeutic agents in several 

neurological (Flöel, 2013) and psychiatric disorders (M.-F. Kuo et al., 2013). One major field 

of application of tDCS is in motor rehabilitation after stroke . It is generally accepted that the 

rehabilitation potential after stroke is associated to the degree of imbalance between the 

lesioned and contralateral hemispheres: the spared hemisphere shows increased activation, 

which is higher in patients who are less able to recover (Stagg and Johansen-Berg, 2013). 

Thus, tDCS has been used with the aim to reduce this imbalance, either by applying anodal 

tDCS over the M1 of the lesioned hemisphere or by applying cathodal tDCS over the 

contralesional M1, in both cases with an M1-ClF montage, or even, by using bilateral 

stimulation with the anode over the lesioned M1 and the cathode over the contralateral M1 

simultaneously (Lindenberg et al., 2010). All in all, the use of tDCS after stroke, which is also 

possible in combination with other rehabilitation strategies, has shown promising results 

(Nair et al., 2011). 

In the treatment of depression, tDCS approaches (Nitsche et al., 2009) aim at targeting the 

abnormal activity and plasticity of the prefrontal cortex, particularly the decreased activity of 

the left hemisphere. Typical protocols apply anodal tDCS over the left DLPFC at with an 

intensity of 2 mA with a diversity of montages, with the return electrode over the 

contralateral forehead (Boggio et al., 2008a), in an extra-cephalic position (Martin et al., 

2011), or even bilateral stimulation (Brunoni et al., 2011), usually for several consecutive 

days. The results are promising with the effects of tDCS being able to reach those of 

pharmacological interventions, and the two approaches combined can be even more effective 

(Brunoni et al., 2013). 

TDCS has also been helpful in the management of pain of diversified origin, applied either 

over the M1 or DLPFC to target regions belonging to the pain processing network or involved 
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in pain-related affections, respectively. When applied over the M1, anodal tDCS has, for 

instance, reduced pain after spinal cord injury (Felipe Fregni et al., 2006a) or in fibromyalgia 

(Felipe Fregni et al., 2006c; Riberto et al., 2011; Valle et al., 2009), and 5 consecutive days of 

stimulation improved chronic neuropathic pain in patients with MS. Anodal tDCS over C3 or 

C4 (ref contralateral) was applied for 5 consecutive days at 2mA (parallel groups). The effect 

was significant and 60% of patients reported reduced pain by 50% or more after 4 weeks 

(Mori et al., 2010). The same protocol improved tactile perception also in MS patients (Mori 

et al., 2013) and reduced pain of diverse origins for several weeks in chronic pain patients 

(Antal et al., 2010). Also concerning migraine has tDCS shown therapeutic potential. The 

most successful approach so far, consists on applying cathodal stimulation over the occipital 

cortex with the goal of reducing the hyperexcitability of the visual cortex that is characteristic 

of migraine patients (Antal et al., 2005; Chadaide et al., 2007, Antal et al., 2011). 

Other explored applications include tinnitus, in which anodal tDCS of the left 

temporoparietal area is able to reduce the intensity (Fregni et al., 2006; Shekhawat et al., 

2013) whereas over the prefrontal cortex can be used to reduce its perception (Faber et al., 

2012); bilateral DLPFC stimulation against alcohol or cigarette addiction (Boggio et al., 

2008b; Fregni et al., 2008); cathodal tDCS of the left temporoparietal cortex (TPC) for 

reduction of auditory hallucinations in schizophrenia (Brunelin et al., 2012), cathodal tDCS 

for excitability reduction in epilepsy (Nitsche and Paulus, 2009), as well as several 

stimulation protocols for improving cognitive performance in, for instance, mild cognitive 

impairment and Alzheimer's disease dementia (Boggio et al., 2012, 2009; Ferrucci et al., 

2008). In spite of the promising results, the progress in therapeutic applications of tDCS has 

been slowed by the incomplete understanding of the mechanisms by which tES techniques, 

and tDCS in particular, act in the brain. 

1.2.5 Combining tES with fMRI 

TMS derived measures provide a relatively direct assessment of tDCS-induced changes in 

excitability, but their use is inherently limited to measures of the stimulation effect on the 

motor cortex, whether it is caused by direct stimulation or indirectly by acting on other areas 

to which it is connected. Once established the neuromodulating potential of tDCS, a wide 

range of possible applications presents itself, together with the need to better understand the 

effects in other brain regions. One of the techniques that can be used to gather whole-brain 
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data is functional MRI (fMRI). Although measuring brain activity indirectly, it allows for a 

simultaneous investigation of events in any brain region with high spatial resolution. What is 

more, the diversity of analytical approaches makes this technique a versatile manner to 

explore numerous aspects related to the stimulation (Saiote et al., 2013b). 

When combining fMRI with tES, certain technical challenges have to be taken into account. 

Regarding the safety of the procedure, the main concern is that the radio-frequency pulses of 

the scanner can cause heating under the electrodes (Lemieux et al., 1997). The solution to this 

problem consists on installing resistors on the electrodes’ wires close to the electrodes. Other 

technical difficulties concern the quality of the acquired data. Even when stimulation and 

image acquisition do not occur simultaneously, it is important to verify if the stimulation 

equipment causes a detrimental effect on image quality. In previous studies, it has been 

shown that only a small reduction (between 3 and 8%) in signal-to-noise ratio (SNR) (Antal 

et al., 2011) and no distortion were found in the structural or functional images, as long as the 

electrode cables were unplugged from the stimulator (Polanía et al., 2011), and even when the 

images are acquired while the stimulation is applied, the changes in SNR remain minimal 

(Antal et al., 2011). However, the stimulation can cause, for instance, mild susceptibility 

artifacts under the electrodes (Antal et al., 2011) as well as B0 field distortions (Holland et al., 

2011), which have been limited to the scalp and did not reach the brain tissue in the cases 

reported so far. Accordingly, in a recent study using 2 post-mortem subjects, the highest 

artifacts induced by tDCS on functional images were found in the scalp and in the 

cerebrospinal fluid (CSF) at the surface and in the ventricles (Antal et al., 2014). 

Nevertheless, the effect induced by tDCS was found to be of comparable magnitude 

(approximately half) to that of the response elicited during a finger-tapping task, using the 

same imaging sequence. Therefore, studies with joint application of tDCS and fMRI, specially 

when applied concurrently, should include a control for artifacts and take it into 

consideration in the interpretation of results. 

In the simplest adaptation of basic TMS studies, fMRI activation elicited by simple motor 

tasks confirmed that a variety of tDCS protocols over the M1 is able to modulate diverse 

motor areas differentially (Antal et al., 2011; Baudewig et al., 2001; Kim et al., 2012). In 

agreement, after 10 min of anodal stimulation over the M1, whole brain analysis of activation 

during an implicit motor learning task showed increased activity in the left M1, left dorsal 

premotor cortex (PMd), and bilateral supplementary motor area (SMA) (Stagg et al., 2009). 
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As found in several studies of motor learning discussed above, the inverse effect of cathodal 

tDCS on cortical excitability did not translate to motor related activation, as bilateral M1, 

PMd, and posterior parietal cortex (PPC) showed increased activity compared to sham. Also, 

a region of interest (ROI) analysis in the same study, found that anodal tDCS was related to 

an increase in activation in the left M1 comparing to sham, whereas cathodal tDCS was 

associated with increased activation in the contralateral M1 and PMd. Another important 

result of this study provides further support for task specificity of the effects of tDCS: 

regardless of the polarity, neither a ROI on the frontopolar cortex under the reference 

electrode, nor a ROI at the primary visual cortex (V1) chosen as control, showed a stimulation 

effect. 

Besides observing how tDCS affects activity of brain regions in an isolated manner, it is of 

added interest to investigate how it modulates the functional interaction of brain regions with 

one another, that is, their functional connectivity. Such analysis techniques also make it 

possible to study spontaneous brain activity in the absence of a task or external stimuli. 

Several resting-state fMRI studies have shown spontaneous coherent brain activity 

happening at low-frequencies (0.01 — 0.1 Hz), defining sets of distinct brain regions 

(networks) which are functionally relevant, and comply with the underlying anatomy (Biswal 

et al., 1995; De Luca et al., 2006). Currently there are several methodological approaches to 

such data. The simplest is to calculate the correlation between signal from different areas 

(either at voxel resolution or by grouping areas of interest). To further interpret the results, 

one possible approach to characterize local and global properties of functional (or structural) 

networks is derived from graph theory (Bullmore and Sporns, 2009; Stam and Reijneveld, 

2007). In this framework, a network is formally defined as a graph (a set of nodes and edges 

that connect them). The most basic measure is the connectivity degree (K), which quantifies 

the number of connections of a node. The characteristic path length (L) can provide 

information about the global character of connections, as it quantifies the minimum number 

of connections between two nodes, thus measuring whether they are directly or indirectly 

connected. Several studies using graph theory have been able to detect abnormalities in 

structural and functional networks in the context of a variety of neurological and psychiatric 

disorders (e.g. Schoonheim et al., 2013; Stam et al., 2007). Independent component analysis 

(ICA) is another approach, where the data is decomposed into spatially independent maps 
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and the associated timecourses, commonly used to identify resting-state networks, such as 

the default mode network (DMN) (Beckmann et al., 2005; Calhoun et al., 2001). 

In the first study of the effects of tDCS on resting-state brain activity, Polanía et al. (2011) 

found that 10 min of anodal tDCS at 1 mA (left M1-CSR) reduced the direct connections of the 

left primary somatosensory cortex (SM1) to distant brain regions, increasing its connectivity 

with the left premotor and M1 as well as with the left SM1 and superior parietal cortex. 

Furthermore, the stimulation induced changes in the connections within the DMN and 

executive control network, both usually identified in resting state studies.  

Besides cortical effects, tDCS was found to alter cortico-subcortical resting-state functional 

connectivity (Polanía et al., 2012a). Taking the nucleus accumbens, caudate, putamen, and 

thalamus as seeds in a multiple regression analysis, it was found that after 10 min of anodal 

tDCS over the M1, functional connectivity increased between the left thalamus and M1 as well 

as between the left caudate and superior parietal lobule, and decreased between the left 

caudate and the posterior cingulate cortex (PCC). Reversal of polarity induced a connectivity 

decrease between the right putamen and left M1 and between the right thalamus and left 

superior frontal gyrus. Recently, cathodal tDCS (10min, 1mA, M1-ClF) was found to induce 

increased functional connectivity within the motor network and the DMN using ICA, whereas 

anodal stimulation had no effect. Furthermore, using a ROI approach, increased connectivity 

between left and right M1 and between left and right SMA were found (Amadi et al., 2013) 

In further support of functional specificity of the effects induced by tDCS, changes within the 

DMN were found in two other resting state studies stimulating the DLPFC (Keeser et al., 

2011; Peña-Gómez et al., 2012) with 2 mA for 20 min. The first study reported changes in 

frontal areas of the DMN and the second a loss of synchronization between the frontal and 

posterior regions of the DMN. Connectivity was also altered in the left and right attention 

networks (Keeser et al., 2011), which could reflect a modulation of the level of alertness, as 

well as the anti-correlated network (Peña-Gómez et al., 2012). Interestingly, the second study 

found no changes the motor or visual networks. 

The number of studies combining fMRI with tRNS is very limited. A ROI analysis of the left 

sensorimotor cortex showed that after 4 min of stimulation (C3-ClF) at 1mA the extent of 

activation elicited by a finger-tapping task was decreased (Chaieb et al., 2009) but there are 

no studies about the effects of tRNS on distant brain regions or on functional connectivity. 
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1.3. Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 

(CNS) mainly characterized by the destruction of the neuronal myelin sheath. The estimated 

prevalence of MS in Europe is 83 per 100000, with rates being approximately twice as high 

for women as for men, and lower in the southern than in the northern European countries 

(Pugliatti et al., 2006).  

1.3.1 Symptoms and disease progression 

The lesions caused by demyelination can occur anywhere in the brain as well as in the spinal 

cord, resulting in a wide range of symptoms that can be experienced by the patients. 

Disturbances in the motor system are among the most common, followed by the visual, 

urinary and sensory domains. Other common symptoms include cognitive impairment, and 

neuropsychiatric disturbances. In addition to demyelination, axonal damage and loss is 

known to occur and greatly contribute to disability.  

The progression of the disease can follow 4 distinct courses: relapsing-remitting (RRMS), 

primary progressive (PPMS), secondary progressive (SPMS) and progressive relapsing MS 

(PRMS). RRMS is the most common (80%) initial disease course and is characterized by 

isolated events of acute neurological symptoms (known as relapses), which are followed by 

complete remission and separated by periods with no disease progression. In PPMS there is a 

constant gradual worsening of symptoms without acute attacks. After some years, 65% of 

patients with RRMS often shift to such a gradual progression of the disease, a course which is 

then designated as SPMS. When the disease manifests with a gradual worsening of symptoms 

in addition to acute relapses, it is named PRMS, occurring less frequently. 

The origin of MS is not fully explained, likely resulting from a combination of genetic and 

environmental factors. Current treatment strategies aim at slowing the progression of the 

disease using immunosuppressive therapy to reduce the frequency of relapses, and also 

involve corticosteroids to treat relapses and eventually adjuvant therapy for managing 

specific symptoms.  
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1.3.2 Contribution of MRI 

Conventional MR imaging is used to assist in diagnosis of definite MS (Polman et al., 2011), 

by allowing identification of lesions disseminated in space and time, as well as other aspects 

of brain injury (Filippi et al., 2012). Lesions can be visible as hyperintensities in T2-weighted 

images. In addition, new inflammatory lesions are characterized by a breakdown of the 

blood-brain barrier and can be made visible by injecting the contrast agent gadolinium, 

during T1-weighted MRI. Often (40%), new lesions become chronic lesions visible in T1-

weighted images as hypo-intensities (“black holes”), corresponding to more severe tissue 

damage including both demyelination and axonal loss. However, conventional MR imaging 

of MS lesions presents as limitation the lack of specificity regarding the underlying 

pathological events, not allowing a distinction between inflammation, de- and remyelination, 

edema, gliosis and axonal loss (Filippi and Rocca, 2011). As a result, lesion load does not 

necessarily strongly correlate with clinical presentation and disability, which if of referred to 

as the clinico-radiological paradox (Barkhof, 2002), thus limiting the usefulness of 

conventional MRI in prognosis of the disease after diagnosis. 

Other MR methods and imaging techniques are used to overcome this paradox. Gray matter 

(GM) damage seems to better correlate with progression of disability and cognitive 

impairment (Filippi et al., 2010). Lesions in GM are very hard to identify by using 

conventional MRI methods due to their small size and poor contrast to normal GM. However, 

cortical lesions can more easily be identified by using double-inversion-recovery MRI 

sequences instead of fluid-attenuated inversion-recovery (FLAIR) or T2-weighted imaging, or 

by imaging at higher field strengths (Filippi et al., 2014; Wattjes et al., 2007).  

MRI can also be used to measure cortical atrophy, which progresses at a rate of 0.7-1% 

decrease in brain volume per year, in MS patients with diversified courses (Miller et al., 

2002). As observed with GM lesions, GM atrophy in particular is associated with increased 

disability and cognitive impairment, and starts occurring early in the course of the disease, 

although different structures seem to be affected at different stages of the disease, as revealed 

by studies of voxel-based morphometry. Measurement of GM atrophy of specific structures 

can be helpful to assess specific domains of disability and symptoms, such as memory or 

fatigue (Riccitelli et al., 2011b; Yaldizli et al., 2013, 2011).  

Changes in diffusivity found with Diffusion-Tensor imaging (DTI) can be used to track tissue 

damage, as they reflect axonal loss and demyelination (Roosendaal et al., 2009). For 
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instance, in T2 lesions there is an increase in mean diffusivity (even before lesion formation) 

and a decrease in fractional anisotropy (FA) (Filippi and Rocca, 2011). Also, changes in FA 

have been associated with cognitive impairment in MS (Bester et al., 2013; Genova et al., 

2013). Also magnetization transfer MRI can serve as measure of tissue structure destruction 

even before the formation of a contrast enhancing lesion, and can increase when 

remyelination occurs. Magnetization transfer of GM and normal appearing white matter 

(WM) has been shown to correlate with disability and cognitive impairment better that T2 

lesion load alone (Filippi and Rocca, 2011). Other MR based techniques that contribute to MS 

research are MR spectroscopy, which can provide valuable information about alterations in 

cell metabolism, and also perfusion weighted MRI and imaging of iron deposition (Filippi 

and Rocca, 2011).  

1.3.3. Fatigue in Multiple Sclerosis 

Among the most common symptoms affecting MS patients is fatigue, with a reported 

prevalence of up to 75% (Lerdal et al., 2007). Fatigue is many times considered by the 

patients as their most disabling symptom and has a profoundly negative impact on quality of 

life (Janardhan and Bakshi, 2002). Fatigue in MS has been described in a variety of ways 

such as lack of energy (Comi et al., 2001; Giovannoni, 2006), pathological exhaustion, an 

overwhelming sense of tiredness distinguishable from sadness or weakness, difficulty 

initiating or sustaining voluntary effort (Chaudhuri and Behan, 2004; Comi et al., 2001; 

Giovannoni, 2006; Krupp et al., 1988), or, in an attempt to combine physical and mental 

symptoms, as a “subjective lack of physical and/or mental energy that is perceived by the 

individual or caregiver to interfere with usual and desired activities” (MS Council, 1998), 

often not subsiding after bed rest. 

Reflecting the complexity of fatigue in MS, numerous questionnaires have been devised to 

quantify subjective self-reported fatigue. The available questionnaires use different 

approaches in the assessment of fatigue, either trying to directly quantify it, or rather 

focusing on the impact it has on daily life, putting emphasis primarily on the psychological, 

cognitive or physical aspects of fatigue, and have different degrees of specificity towards MS 

(Amtmann et al., 2012). Among the most common fatigue scales are the Fatigue Severity 

Scale (FSS) (Krupp et al., 1989), the MS-specific Fatigue Severity Scale (MSFSS) (Krupp et 

al., 1995), the Modified Fatigue Impact Scale (MFIS) (MS Council, 1998) and the Chalder 
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fatigue scale (Chalder et al., 1993). In addition, fatigue is often quantified with the aid of a 

visual analogue scale (VAS) of, typically, 10 cm.  

In spite of the considerable attention given to this symptom, the causes and underlying 

mechanisms leading to fatigue remain, to a great extent, unknown. Regarding its 

pathophysiology, one proposed intervening factor in fatigue are certain cytokines acting as 

inflammatory mediators in MS. Evidence was found of elevated production of Interferon-γ 

(IFN-γ), tumour necrosis factor-α (TNF-α) and Interleukin-6 (IL-6) in MS patients with 

fatigue (Heesen et al., 2006; Induruwa et al., 2012). It is also possible that endocrinal 

dysfunction and MS fatigue are related, as it happens with other autoimmune diseases where 

fatigue manifests, such as in chronic fatigue syndrome and lupus. Fatigue severity was 

associated with dysregulation of the hypothalamo–pituitary–adrenal (HPA) axis, found to 

have higher reactivity in patients with fatigue but other studies provide conflicting results 

(Braley and Chervin, 2010; Induruwa et al., 2012). In addition, one study found an 

association between damage to the hypothalamus and fatigue, as fatigue severity correlated 

with T1 relaxation times within the hypothalamus (Zellini et al., 2009). Although one part of 

this thesis focuses mainly on primary fatigue, it is worth to note that fatigue symptoms can be 

secondary to other conditions present in MS, such as depression, sleep disorders (sleep 

apnea, insomnia or restless leg syndrome) or disability, which can also contribute to the 

severity of primary fatigue symptoms (Braley and Chervin, 2010). 

The contributions of MRI techniques to understand the mechanisms of fatigue in MS patients 

have been somewhat inconsistent and discrepant results regarding atrophy and lesion load 

measures have successively been presented. Concerning lesion load, although a correlation of 

global lesion load and fatigue severity has been reported in a few studies (Colombo et al., 

2000; Sepulcre et al., 2009), most have been unable to find a significant association of 

fatigue with lesion load (Riccitelli et al., 2011a; Tartaglia et al., 2004; Tedeschi et al., 2007; 

van der Werf et al., 1998; Yaldizli et al., 2011) or even with frequency of enhancing lesions 

(Mainero et al., 1999). However, lesion load does not reflect the complete extent of axonal 

damage, which can happen diffusely throughout the brain and can be associated with fatigue. 

Indeed, in a study using proton magnetic resonance, the NAA:Creatinine (NAA/Cr) ratio was 

significantly higher in the group of patients with stronger fatigue symptoms, indicating 

higher axonal damage and the FSS scores correlated inversely with NAA/Cr ratio (Tartaglia 

et al., 2004).  
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Although a few studies were equally unable to report a correlation of fatigue with atrophy 

measures (Bakshi et al., 1999; van der Werf et al., 1998), recently it has been possible to 

relate fatigue to abnormalities in specific brain structures. For instance, Riccitelli et al. (2011) 

found correlation between FSS scores and GM atrophy in the central sulcus and precentral 

gyrus and a correlation of MFIS fatigue severity with GM atrophy of the left superior frontal 

gyrus and bilateral middle frontal gyri had been described by Sepulcre et al. (2009). Also, 

severity of fatigue symptoms was associated with progression of atrophy of the corpus 

callosum over 5 years in MS patients (Yaldizli et al., 2011). Another study comparing MS 

patients with or without fatigue, found that fatigue correlated with cortical atrophy of the 

parietal lobe (Pellicano et al., 2010). Deep white matter in the left frontal lobe was also 

implicated in fatigue, as changes in DTI correlated with MFIS scores (Pardini et al., 2010). It 

is possible that different aspects (motor or cognitive/mental) of fatigue are associated with 

damage to distinct brain regions.  

Recently, fatigue has been associated with damage specific to the anterior thalamic tracts 

(Bester et al., 2013). Other previous studies have implicated abnormalities in the deep gray 

matter in MS fatigue symptoms. For instance, increased fatigue severity has been correlated 

to decreased cerebral blood flow and cerebral blood volume in the thalamus, putamen and 

caudate (Inglese et al., 2007) and patients with fatigue displayed reduced glucose metabolism 

in the basal ganglia, in comparison with patients without fatigue (Roelcke et al., 1997). Also, 

T1 relaxation times of the thalamus correlated with FSS scores (Niepel et al., 2006) and 

NAA/Cr in the basal ganglia was decreased in fatigued MS patients (Téllez et al., 2008), both 

indicating that damage to these structures which can go unnoticed in macroscopic MRI can 

contribute to fatigue symptoms.  

Besides the evidence of frontal and parietal reduction in glucose metabolism in MS patients 

with fatigue provided by an early PET study (Roelcke et al., 1997), further functional brain 

alterations associated with fatigue have been found using fMRI. For instance, while 

performing a simple motor task, fatigued MS patients had reduced activation in the 

contralateral middle frontal gyrus and thalamus, and increased activation of the contralateral 

cingulate motor area (Filippi et al., 2002). Also, cognitive fatigue was associated with 

abnormal activation in distinct frontal, parietal and occipital regions, as well as thalamus and 

basal ganglia (DeLuca et al., 2008). Recently, fatigue perceived by MS patients was 

associated with increased activation in the left posterior parietal cortex and the right 
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substantia nigra (Engström et al., 2013) and in the caudate (Genova et al., 2013). 

Nevertheless, functional MRI remains a less explored technique for studying fatigue in MS.  

Putting together the insufficient understanding of the mechanisms involved in fatigue, and 

its subjective nature and complexity, as well as the diversity of measuring scales, it is not 

surprising that the current therapeutic success is limited. Indeed, pharmacological agents 

have not been sufficiently successful in treating fatigue. The use of amantadine against 

fatigue symptoms has been the subject of considerable research, but overall presents mild 

positive results at best (Braley and Chervin, 2010; Krupp et al., 1995). The same can be said 

of modafinil, used in the context of several sleep disorders, often used by clinicians to 

manage fatigue symptoms, but with unconvincing results in controlled trials in MS (Lange et 

al., 2009; Rammohan et al., 2002; Stankoff et al., 2005). Other alternative approaches are 

available to manage fatigue symptoms, such as cognitive behavioural therapy (van Kessel et 

al., 2008), aerobic exercise and rehabilitation (Brown and Kraft, 2005), cooling therapy and 

energy conservation strategies (Schwid et al., 2003), often used in combination with 

pharmacological treatment (Braley and Chervin, 2010). Therefore, despite the range of 

possible strategies, considerable difficulties remain in the successful management of fatigue 

in MS. 
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1.4 Aims 

The aim of this work was to investigate the potential of tES techniques in modulating 

behaviour - known to depend on neuroplasticity - using fMRI to track the changes induced by 

stimulation on the whole brain. 

Project 1 aims at addressing the application of tES techniques in a healthy population, 

evaluating its impact on motor learning guided by visual feedback. This project builds on 

previous research concerning visuomotor learning and tES by comparing several modalities 

of tES within one study, and tracking changes in brain activation occurring simultaneously 

with stimulation. 

Project 2 focuses on therapeutic applications of tES by assessing the ability of tDCS to 

modulate self-reported fatigue in patients suffering from MS, testing its potential as an 

alternative strategy for management of this symptom as well as evaluating the existing 

expectations concerning anatomical substrates of fatigue. 

In combination, the two studies aim to gather new knowledge concerning the global effects of 

the stimulation, the underlying mechanisms as well as the practical factors that should be 

taken into account, relevant for the future of diverse applications of tES techniques. 
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2. Impact of tDCS and tRNS on visuomotor learning behaviour and 

associated brain activity 

The aim of the first project was to investigate, how the dynamics of visuomotor learning are 

modified by external modulation of excitability of the motor cortex. The acquisition of a new 

motor skill is characterized by an initial learning stage, where considerable improvement of 

skill performance occurs within a short period of time, followed by a second stage of slower 

progress in learning. Specific patterns of brain activity, which have been identified in many 

fMRI studies correspond to each learning stage (Dayan and Cohen, 2011; Floyer-Lea and 

Matthews, 2005, 2004; Tomassini et al., 2011). For instance, activation of the M1, SMA, 

caudate and other posterior parietal and frontal regions decreases during early learning, 

whereas the activation of the putamen, thalamus and cerebellar dentate shows the opposite 

behavioural pattern (Floyer-Lea and Matthews, 2004). Long term motor learning, however, 

has been associated with increased activation of regions in the sensorimotor cortex and 

striatum (Floyer-Lea and Matthews, 2005). As mentioned previously, tES techniques can 

modulate motor learning in a timing-dependent manner (for a review, see Reis and Fritsch, 

2011).  

In this study, anodal tDCS, cathodal tDCS, hf-tRNS (101-640 Hz), lf-tRNS (0.1-100 Hz) or 

sham stimulation was applied during the initial learning stage. The visuomotor tracking task 

was adapted from previous studies and requires learning a pattern of variable hand pressure 

movements according to specific visual feedback (Floyer-Lea and Matthews, 2004). Besides 

behavioural performance, the effects of tRNS and tDCS during the task on functional 

networks were studied using fMRI.  

According to the results previously described in the literature, it was expected that anodal 

tDCS would induce an improvement in performance during the first stage of learning. 

Considering that the effects of hf-tRNS are to some extent comparable to those of anodal 

tDCS, a similar or even greater increase in performance due to such stimulation was expected 

(Terney et al., 2008). In comparison with hf-tRNS, it was hypothesised that lf-tRNS would be 

responsible for a smaller, if any, improvement of performance, in parallel with the results 

presented in studies of brain excitability (Fertonani et al., 2011; Terney et al., 2008). 

Furthermore, we were interested in observing whether possible stimulation-induced 
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differences between groups would be observable and maintained after stabilization of 

performance.  

The results have been published in PlosOne under the title: “High-Frequency TRNS Reduces 

BOLD Activity during Visuomotor Learning“ (Saiote et al., 2013a). 
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2.1. Methods 

2.1.1. Subjects 

In total, 52 healthy participants took part in the study (22 male, mean age: 27.66 years, age 

range: 20–50 years). Two participants were excluded for not being able to properly 

understand the task. Thus, data from 50 subjects was analysed, equally divided into 10 

subjects per stimulation condition: anodal tDCS (3 male, mean age: 28.68 years, age range: 

22–50 years), cathodal tDCS (6 male, mean age: 25.64, age range: 20–32 years), high-

frequency tRNS (4 male, mean age: 27.63, age range: 20–27 years), low-frequency tRNS (7 

male, mean age: 31.67, age range: 24–37 years) and sham (2 male, mean age: 28.67, age 

range: 23–44 years). The participants fulfilled the following criteria: no history of 

neurological or psychiatric disorders, no drug abuse, no alcoholism, normal or corrected to 

normal visual acuity, no metal implants and right-handedness (self-reported). All 

participants gave written informed consent. The experiments conform to the Declaration of 

Helsinki, and the experimental protocol was approved by the Ethics Committee of the 

University of Göttingen. 

2.1.2 Visuomotor learning task 

The stimuli were presented via MR-compatible LCD goggles (Resonance Technology, 

Northridge, USA) using the software Presentation (version 14.9, Neurobehavioral Systems, 

Albany, NY). During the task periods, the subjects were presented with visual stimuli 

consisting of two columns on a light green (RGB code: R=155, G=206, B=155) background 

positioned in equal distances from the midline of the goggles-LCD, covering a visual field of 

20º and 30º in the vertical and horizontal direction, respectively. The height-level of the left 

column varied at constant speed following a determined pattern (constant throughout the 

experiment), whereas the height-level of the right column could be controlled by the subjects. 

The goal of the task was to make the right column mimic the movement of the left column. To 

change the height-level of the right-column, the participants had to apply pressure on a 

custom-made air-filled rubber ball held with the right hand. The ball was connected to a 

sensor, which converted pressure changes into digital signals with adjustable gain. The digital 

sensor gain was calibrated according to each subject’s strength before the beginning of each 

run by having the subject press the ball as hard as possible. Information regarding the height-
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level of the left and right columns was sampled with a frequency of 20 Hz throughout the 

experiment and saved in a text file for posterior analysis. Subjects received feedback on their 

performance through the colour of the column they controlled: it was green if the pixel 

difference between columns was below 40 pixels, yellow if the difference was between 40 and 

100 pixels and red whenever the difference exceeded 100 pixels. 

2.1.3. Experimental design 

The experiment followed a block design and consisted of 3 runs, with 50 trials each (Figure 

1). In each trial there was a task period lasting 4 s and a rest period lasting 8 s. The 

experimental session started with acquisition of structural images and functional imaging 

was performed during the 3 experimental runs. Stimulation was applied for 10 minutes 

during the first run.  

 

Figure 1. Experimental paradigm. The experimental session included 3 runs, each consisting of 

50 trials. In each trial, the task block had a duration of 4 s followed by a block of 8 s rest. The 

stimulation (sham, anodal tDCS, cathodal tDCS, hf-tRNS or lf-tRNS) was applied throughout the 

first run.  

2.1.4. Stimulation 

Stimulation was applied with a battery-driven stimulator (Version DC-Stimulator-Plus, 

NeuroConn GmbH, Ilmenau, Germany), using a pair of rubber electrodes with dimensions of 

5×7 cm in a previously described set-up compatible with MR environment (Antal et al., 2011). 

In brief, the electrodes are connected to a filter box, and then to a cable that goes through the 

wall of the scanner room. Outside the scanner room, the cable is connects with another filter 

box, to which the stimulator is connected. To prevent heating under the electrodes, the 

electrode wires were equipped with resistors.  
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The intensity of the applied current was 1 mA, with 20 s fade in and 10 s fade out in order to 

minimize sensory perception. The typical montage for tDCS application was used, with one 

electrode placed over the M1 and another over the contra-lateral forehead. In the anodal 

tDCS group, the positive electrode was placed over the left M1 and the opposite for the 

cathodal tDCS group. In the sham group, stimulation consisted solely of 20 seconds fade in 

and 10 seconds fade out, which provides effective blinding at such stimulation intensity. 

Regarding tRNS, the frequency spectrum was divided into two ranges: low-frequency (0.1–

100 Hz) and high-frequency (101–640 Hz). The subjects were blinded with regard to the type 

of stimulation, but the experimenters were not. 

2.1.5. MRI acquisition 

Imaging data was acquired at 3T (Magnetom TIM Trio, Siemens Healthcare, Erlangen, 

Germany) using a standard eight-channel phased array head coil. Subjects were placed 

supine inside the magnet bore and wore headphones for noise protection. T1-weighted 

structural images were obtained using a 3D turbo fast low angle shot (FLASH) MRI sequence 

with 1 mm3 isotropic resolution (repetition time (TR)=1950 ms, inversion time=1100 ms, 

echo time (TE)=3.93 ms, flip angle=12º). For BOLD functional images a multi-slice T2*-

sensitive echo-planar imaging (EPI) sequence (TR=2000 ms, TE=36 ms, flip angle=70º was 

used at a resolution of 262 mm2. Twenty-two consecutive 4 mm-thick slices angulated in an 

axial-to-coronal orientation, covering the brain areas of interest (M1, SMA, occipital lobe, 

basal ganglia and cerebellum) were acquired.  

2.1.6. Analysis of behavioural data 

The tracking error was calculated for each trial, defined as the difference between the 

required and the applied pressure. The first trial of each run was ignored. The tracking error 

was averaged for every 5 consecutive trials and normalized with respect to the second trial, to 

compensate for baseline differences between groups. Statistical analysis was carried out 

using IBM SPSS Statistics, version 20. A 30×5 repeated measures analysis of variance 

(ANOVA) was performed with block (within-subject) and stimulation (between-subject) as 

factors, both on the normalized and raw tracking error scores. Greenhouse-Geisser 

corrections were applied, when sphericity assumptions were violated according to Mauchly’s 

test of Sphericity. 
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Additionally, to increase SNR of the behavioural data, and to analyse behavioural data in a 

comparable way to that of the fMRI analysis, the tracking errors were averaged within each 

run and a 3×5 repeated measures ANOVA, with run × stimulation condition as factors was 

performed.  

2.1.7. Analysis of imaging data 

The analysis of fMRI data was carried out using FEAT (FMRI Expert Analysis Tool) Version 

5.98, part of FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). For the pre-

processing of functional datasets, the following steps were carried out: motion correction 

(Jenkinson et al., 2002); non-brain removal (Smith, 2002); slice timing correction, spatial 

smoothing (Gaussian kernel, 8 mm FWHM); mean-based intensity normalization of all 

volumes by the same factor; and high-pass temporal filtering (Gaussian-weighted least 

squares straight line fitting, 15 s cut-off). Each subject’s functional datasets were registered to 

the T1-weighted structural image and to the MNI152 standard template using FLIRT 

(Jenkinson and Smith, 2001; Jenkinson et al., 2002). The time-series of each dataset was 

analysed using a General Linear Model (GLM) approach with autocorrelation correction 

(Woolrich et al., 2001). The hemodynamic response function (HRF) was modelled as a 

Gamma variate (phase=0; standard deviation=3s, mean lag=6s). 

For the first-level analysis, one explanatory variable (EV) was defined as a square function 

representing the on-off periods of the task to model motor-related activity (Mov-Rest) and a 

second EV was defined using the behavioural scores of each participant, orthogonalized with 

respect to the first EV, to model performance-related activity. Additionally, the six motion 

parameters calculated during head motion correction were added as covariates of no interest 

to remove potential signal variability caused by non-corrected motion and the temporal 

derivatives were also included in the model.  

At the second-level, a fixed-effects analysis was performed by averaging the 3 runs of each 

subject. These were afterwards used to calculate global average activation in a higher-level 

analysis, for each of the first-level contrasts. 

To investigate the effects of stimulation, the results of the second-level analysis were entered 

into a third-level mixed-effects analysis modelling an ANOVA. In an exploratory manner, and 

considering that an ANOVA including all the groups might not be sensitive enough to detect 

changes, if they happen in only one of the groups, we performed 2 separate ANOVAs for tDCS 
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and tRNS. Since the type of stimulation is a between-subjects factor and the run is a within-

subjects factor, the effect of run and interaction between run and stimulation condition were 

calculated separately by entering each first-level analysis into a repeated measured ANOVA 

regressing out each subject’s average activity. Each pair of runs (run1-run2, run1-run3, run2-

run3) was then contrasted to evaluate activity changes related to motor learning in each step 

of the experiment.  

The probability Z-maps were thresholded with clusters determined by Z>2.3 and a 

significance threshold P=0.05 with (cluster) correction for multiple comparisons, for all 

analysis described above. 
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2.2. Results 

2.2.1 Behavioural performance 

Averaging across the 50 subjects, the reduction of tracking error was of approximately 50% 

(53±13%) by the end of the experiment. Learning was more pronounced in the first run, at 

the end of which subjects had increased their performance by an average of 40% (41±14%), 

followed by slight gradual improvements throughout the second and third runs (Figure 2). 

The learning is reflected in the significant effect of block found with the ANOVA 

F(7.43,334.55)=88.322; p<0.001). Post-hoc t-tests within the first run (Table 1) showed that 

significant improvement between consecutive blocks occurred until block 3 for the sham and 

lf-tRNS groups, and until block 4 for the hf-tRNS and tDCS groups.  

 

Figure 2. Changes in tracking error relative to the first trial. Shaded area corresponds to the 

stimulation period (10 min). Fifth polynomial trendlines are superimposed on the data for easier 

visualization. 

There was no significant effect of stimulation (F(4,45)=1.464; p=0.115) or interaction of block 

and stimulation (F(116)=0.641; p=0.999). However, there was a tendency for poorer learning 

in the group receiving lf-tRNS and better learning in the groups receiving cathodal tDCS and 

hf-tRNS. Similarly, when performance was averaged for the whole run, the ANOVA revealed 

significant effect of run (F(1.72,77.43)=101.776; p<0.001;) but no significant effect regarding 

stimulation condition (F(4,45)=1.128; p=0.355;) or run×stimulation interaction (F(8)=0.391; 

p=0.923;). 
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Table 1. Post-hoc t-tests between consecutive blocks of the first run. 

 Sham anodal tDCS cathodal tDCS hf-tRNS lf-tRNS 

Blocks T p t p t p t p t p 

1 - 2 3.825 0.004 4.020 0.003 8.821 <0.001 3.990 0.003 4.815 0.001 

2 – 3 2.799 0.021 3.617 0.006 1.308 0.223 2.088 0.066 4.485 0.002 

3 – 4 1.050 0.321 2.321 0.045 4.319 0.002 2.370 0.042 1.248 0.243 

4 – 5 1.904 0.089 1.217 0.255 1.228 0.251 2.774 0.022 -0.292 0.777 

5 – 6 0.462 0.655 0.170 0.868 -0.228 0.825 -0.414 0.689 -0.030 0.977 

6 – 7 -0.099 0.924 0.305 0.767 0.832 0.427 1.147 0.281 1.250 0.243 

7 – 8 1.835 0.100 1.029 0.330 -0.379 0.714 -0.132 0.898 0.498 0.630 

8 – 9 -0.109 0.915 0.027 0.979 0.482 0.641 0.957 0.363 -0.969 0.358 

9 - 10 0.645 0.535 0.867 0.408 0.200 0.846 -1.492 0.170 -0.498 0.630 

 

In addition, we repeated the analysis for non-normalized data (Table 2). Here we found a 

significant effect of block (F(6.59,296.67)=71.025; p<0.001) or run (F(1.71, 76.84)=96.975; p<0.001), 

and a significant effect of stimulation (F(4,45)=3.566; p=0.013 on the analysis by block and 

F(4,45)=4.024; p=0.007 on the analysis by run). The interactions of block×stimulation and 

run×stimulation were non-significant (F(116)=0.833; p=0.897 and F(8)=0.469; p=0.875, 

respectively). The stimulation effect is due to the better initial performance of the cathodal 

tDCS and hf-tRNS groups.  

Table 2. Statistical analysis of the non-normalized behavioural data. 

 F p 

Block × Stimulation 

block 71.025 <0.001 

stimulation 3.566 0.013 

block×stimulation 0.833 0.897 

Run × Stimulation 

run 96.975 <0.001 

stimulation 4.024 0.007 

run×stimulation 0.469 0.875 

 

2.2.2 Imaging results 

The task activated an extensive network including the M1 and premotor cortex, SMA, 

prefrontal and occipital cortical areas, as well as the thalamus and basal ganglia (see Table 3 

for coordinates of main clusters). The performance-related network was similar, but less 

extensive and did not include the M1 and premotor cortex (Table 4).  
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Table 3. Peak voxel intensity and coordinates for brain regions showing motor task-related 

activity. 

  MNI Coordinates 

Anatomical Region Z x y z 

L precentral gyrus 8,9 -58 6 22 

R precentral gyrus 9,6 54 10 20 

L postcentral gyrus 9,5 -4 2 6 

L supplementary motor area 9,5 -4 2 46 

R middle frontal gyrus 9,9 38 0 50 

L prefrontal cortex 3,9 -36 38 4 

R prefrontal cortex 6,8 38 42 22 

anterior cingulate cortex 9,9 8 16 34 

L temporal occipital fusiform cortex 9,5 -22 -78 -14 

R temporal occipital fusiform cortex 9,9 22 -74 -18 

L lateral occipital cortex (inf) 9,8 -44 -78 2 

R lateral occipital cortex (inf) 10,1 48 -76 0 

L occipital pole 10,2 -2 -90 16 

R occipital pole 8,8 18 -94 18 

L putamen 9,3 -22 8 2 

R putamen 9,7 24 10 -2 

R pallidum 8,9 16 6 0 

L pallidum 8,7 -18 -2 -2 

L thalamus 9,8 -14 -22 4 

R thalamus 6,5 10 -20 6 

 

Temporal changes 

A decrease in motor task-related activation was observed in the premotor cortex, M1, SMA, 

left LOC, left temporal occipital fusiform cortex and basal ganglia (Figure 3A) during time 

(with the contrast run1-run2). The contrast run2-run3 revealed that activation continued to 

decrease in areas comprising the precuneous, superior parietal cortex, middle and inferior 

frontal gyrus, right prefrontal cortex, left inferior lateral occipital cortex (LOC) and basal 

ganglia (Figure 3B). The only regions showing increased activation was the PCC, as observed 

with contrast run3-run1 (Figure 4). Concerning performance-related activity, contrast run1-

run2 revealed that activation of the paracingulate gyrus, superior frontal gyrus, thalamus and 

hippocampus decreased from the first to the second run (Figure 5). No significant changes 

were detected with the other contrasts. 
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Figure 3. Motor task-related decrease of brain activity during and after stimulation. Activity 

decreased with time for contrasts A) run1-run2  in primary and premotor cortices, 

supplementary motor area (SMA), prefrontal cortex, occipital cortex, thalamus and basal ganglia 

and B) run2-run3 in the precuneous, superior parietal cortex, middle and inferior frontal gyrus, 

right prefrontal cortex, left inferior LOC and basal ganglia (Z>3, P<0.05, corrected). 

 

Figure 4. Motor task-related increase of brain activity during and after stimulation. Average of 

brain regions showing an increase in activity in the PCC with time for contrast run3-run1 (Z>3, 

P<0.05, corrected). 

 

Figure 5. Performance related decrease of brain activity during and after stimulation. Activity 

decreased with time for contrast run1-run2 in the paracingulate gyrus, superior frontal gyrus, 

thalamus and hippocampus . (Z>3, P<0.05, corrected). 
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Table 4. Peak voxel intensity and coordinates for brain regions showing performance-

related activity. 

  MNI Coordinates 

Anatomical Region Z x y z 

L precentral gyrus 6,5 -44 0 42 

R postcentral gyrus 5,7 54 -20 50 

supplementary motor area 5,9 -2 8 56 

L superior frontal gyrus 5,4 -4 34 42 

R middle frontal gyrus 5,8 44 6 52 

L middle frontal gyrus 6,4 -48 10 32 

R inferior frontal gyrus 7,4 54 32 -6 

L inferior frontal gyrus 6,4 -50 18 -4 

L prefrontal cortex  4,8 -28 54 24 

R prefrontal cortex 4,2 30 54 28 

anterior cingulate cortex 5 4 20 28 

L middle temporal gyrus 6,2 -62 -46 -4 

R insula 4,4 36 -20 6 

L temporal occipital fusiform cortex  6,9 -26 -52 -14 

R occipital fusiform cortex 5,8 30 -84 -16 

L lateral occipital cortex  6,7 -38 -86 22 

R lateral occipital cortex  6,1 40 -76 32 

Cuneous 6,6 0 -88 24 

Precuneous 5,9 6 -50 52 

 

Stimulation changes 

When including all the stimulation conditions in one ANOVA, no significant effect of 

stimulation was detected. However, a separate ANOVA including only hf-tRNS, lf-tRNS and 

sham groups showed that stimulation affected task-related activity. In particular, in the hf-

tRNS group activation of the left frontal cortex (x=-44, y=28, z=18) decreased when 

compared to sham (Figure 6A), and decreased in the left frontal cortex (x=-44, y=32, z=12), 

precuneous (x=4, y=-72, z=32) and right frontal cortex (x=38, y=26, z=52) when compared 

to the lf-tRNS group (Figure 6B). No significant changes in performance-related activity were 

found due to tRNS and no changes in motor-related or performance-related activity were 

found due to tDCS. 
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Figure 6. Regions of decreased activity for hf-tRNS. A) Contrast sham - hf-tRNS revealed 

changes in the left frontal cortex. B) Contrast lf-tRNS – hf-tRNS revealed additional changes in 

right frontal cortex and precuneous. 

Image quality 

To confirm that image quality was not significantly affected by the stimulation we have 

performed voxelwise statistics on the mean BOLD signal. Mean EPI images for each subject 

were calculated by averaging the 3 runs. Then, non-parametric statistics were performed 

using the tool randomise from FSL, to test for systematic differences caused by stimulation. 

Shown are the results of an F-test with voxelwise thresholding at significance level p=0.05. 

The found differences are punctual, do not relate to electrode location and do not correspond 

to brain regions where significant changes due to stimulation were found. (Figure 7). 

 

Figure 7. Voxels showing significant effect of stimulation condition on the mean BOLD signal. 

Mean EPI images were averaged across runs for each subject and then non-parametric 

statistics were performed to test for systematic differences caused by stimulation. Shown are 

the results of an F-test with voxelwise thresholding at significance level p=0.05. 
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2.3. Discussion 

2.3.1 General learning and associated brain activity 

In this study we have replicated the well established motor learning behaviour, representing 

an initial stage of fast skill acquisition, then followed by a stage where learning occurs via 

slow gradual improvement (see, for instance, Dayan and Cohen, 2011; Doyon and Benali, 

2005). According to the results, the fast learning stage ended after 3 to 4 blocks (up to 20 

trials). Regarding the associated BOLD brain activity detect by fMRI we found a general 

decrease in the task-related network, in the M1, SMA, primary somatosensory cortex, 

premotor cortex, prefrontal cortex, frontal gyrus, insula, anterior cingulate cortex (ACC) and 

precuneous. Such activation reductions in motor related areas have been described 

previously in the literature. An increase in movement automaticity can be the explanation for 

the reduced activation of the ACC as suggested by previous work (Floyer-Lea and Matthews, 

2004) and by the role of this region in effector functions and attention (Vogt et al., 1992). 

However, the results also show that towards the end of the experiment, the posterior 

cingulate cortex increased activity. Such apparently contradictory result can be explained by 

the functional heterogeneity of the cingulate cortex (Beckmann et al., 2009), with the 

posterior portion being mainly involved in spatial orientation and memory (Vogt et al., 1992). 

The observed changes in performance-related activity within the prefrontal cortex are in 

agreement with our behavioural results and with previous work using the same task (Floyer-

Lea and Matthews, 2004), as it decreased from the first to the second runs and then 

stabilized. 

2.3.2 Effects of stimulation 

Surprisingly, neither tDCS nor tRNS resulted in significant modulation at a behavioural level. 

Nevertheless, cathodal tDCS and hf-tRNS showed a tendency to improve learning, whereas 

lf-tRNS seemed to slightly impair the learning process. Concerning the relative direction of 

the effects of the different stimulation conditions, our results somewhat reflect previously 

observed changes in M1 excitability: even though hf-tRNS and cathodal tDCS lead to opposite 

changes in brain excitability when applied during rest (cathodal reduces and tRNS increases), 

during a motor task (compressing a rubber ball with the right hand), both types of 

stimulation lead to excitability decrease (Antal et al., 2007; Terney et al., 2008). Previous 
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studies where lf-tRNS was used have found little to no effect of lf-tRNS, both in excitability 

alterations and cognitive tasks (Fertonani et al., 2011; Terney et al., 2008).  

It is possible that the outcome measure of the task we used is not sensible enough to detect 

potentially small effects of the stimulation. We used a task that requires complex integration 

of visual and motor information and an outcome measure depending on fine precision of 

movements, whereas previous work found, for instance, an effect of tDCS on reaction times 

of a simple task requiring learning of a sequence of finger movements, improved by anodal 

and slowed by cathodal tDCS over the M1 (Stagg et al., 2011). Another positive effect of 

anodal tDCS was the improvement of skill acquisition in a sequential visual isometric pinch 

task, based on speed accuracy trade-off (Reis et al., 2009), but a straightforward comparison 

of our behavioural results with previously reported data is prevented by differences in study 

design, such as timing of stimulation, which can be crucial for the outcome of an experiment 

in terms of both brain excitability and behavioural measures (Antal et al., 2008a; Stagg et al., 

2011; Terney et al., 2008). Also, previous studies of visuomotor tasks have used other 

stimulation montages, which might have been more effective in our case as well. For 

instance, it was reported that cathodal tDCS had no effect on learning whereas anodal 

stimulation facilitated learning both with a M1 or V5-Cz montage (Antal et al., 2004a). 

However, only V5-Cz montage was effective in modulation of performance after stabilization; 

after the task was learned, cathodal tDCS improved and anodal tDCS worsened performance 

(Antal et al., 2004b). Thus, it is possible that also in our paradigm a V5-Cz montage would 

prove more effective in modulation of learning or performance, which should be addressed in 

future studies. 

Regarding changes in brain activity, the results show activity reduction in the visual cortex, 

precuneous and left pFC when comparing hf-tRNS with lf-tRNS and sham. There are very 

few studies combining fMRI with tRNS and one of them found that during finger movements, 

activity was decreased in the M1 due to the stimulation. However, recent research so far 

points in the direction of a functional specialization of the effects of the stimulation, in 

detriment of strict dependence on the stimulation site (Reis and Fritsch, 2011). Contrary to a 

simple finger movement, the task that was used requires an integration of visual and motor 

information for the successful acquisition of skill and subsequent improvement. The role of 

precuneus has been implicated in motor coordination as well as processing of visuospatial 

information and attentive tracking, and displays connections to the prefrontal cortex, dorsal 
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premotor cortex and SMA (Cavanna and Trimble, 2006), thus partially explaining our 

results. 

2.3.3 Study limitations 

The absence of effects on behavioural performance caused by stimulation is surprising in 

light of results described in the literature. One of the limitations of this study, which may 

have prevented the detection of a positive effect of tDCS and tRNS, is the small sample size, 

in comparison to previous studies reporting a significant effect of stimulation but using 

different experimental paradigms (Antal et al., 2004b; Fertonani et al., 2011; Terney et al., 

2008).  

Another limitation derives from the fact that the initial performance levels were not the same 

across all of the stimulation groups, as made evident by the analysis of the non-normalized 

data (Table 2). Both the cathodal tDCS and hf-tRNS groups were initially better and were 

able to achieve greater improvement than the other groups. Therefore, we cannot say 

whether the stimulation-related improvements in learning are due to the subsequent ability 

to learn better. On the other hand, the stimulation can have immediate effects, which in this 

case, are not separable from the native initial performance differences. Future studies should 

therefore, investigate balanced groups concerning initial performance levels.  



3. Project 2 – Improvement of fatigue symptoms in patients with multiple sclerosis with anodal tDCS 

 

 

40 

 

3. Project 2 – Improvement of fatigue symptoms in patients with multiple 

sclerosis with anodal tDCS 

The goal of this project was to assess whether fatigue symptoms in patients with MS can be 

reduced by facilitatory tDCS over the left DLPFC. 

As presented in the introductory section, current research has so far not been able to 

establish clear anatomical landmarks for fatigue in MS. Nevertheless, the role of the frontal 

lobe in the development of fatigue symptoms is recurrent across the literature. Concerning 

structural alterations, fatigue has been associated with increased left frontal lesion load 

(Sepulcre et al., 2009) and diffusion abnormalities (Pardini et al., 2010) in left frontal white 

matter and within anterior thalamic tracts (Bester et al., 2013), as well as with atrophy of the 

left superior frontal and left precentral gyri (Riccitelli et al., 2011a; Sepulcre et al., 2009). 

Furthermore, reduction of glucose metabolism in the frontal cortex (Roelcke et al., 1997), 

added to the observations of a fMRI study of reduced left frontal activation during a motor 

task (Filippi et al., 2002), provide evidence of a role of a dysfunctional frontal cortex in MS 

patients suffering from fatigue. 

Based on the results of previous studies (Felipe Fregni et al., 2006b; Monte-Silva et al., 

2013), we tested two stimulation protocols and measured changes in fatigue with several 

clinically acknowledged questionnaires, while simultaneously monitoring depression levels 

and using MRI to control the occurrence of new lesions. 

Considering that anodal tDCS is able to enhance cortical excitability and its application over 

the left prefrontal cortex has been demonstrated to improve cognitive functions, both in 

healthy populations and in patients suffering from neuropsychiatric diseases (Flöel, 2013; 

Kuo and Nitsche, 2012; M.-F. Kuo et al., 2013), we expected that it would be an effective 

intervention in decreasing the levels of fatigue. 

The results of protocol 1 have been accepted for publication in Restorative Neurology and 

Neuroscience under the title: “Impact of transcranial direct current stimulation on fatigue in 

multiple sclerosis “ (Saiote et al., 2014). 



3. Project 2 – Improvement of fatigue symptoms in patients with multiple sclerosis with anodal tDCS 

 

 

41 

 

3.1 Methods 

3.1.1 Subjects 

All patients were recruited from the outpatient pool of our department and were diagnosed 

with clinically definite MS.  

Inclusion criteria were relapsing-remitting disease course, minimum of 2 months since the 

last relapse, right-handedness, FSS ≥ 4, fatigue persisting for at least 8 weeks, no depression 

(Beck's Depression Inventory (BDI) < 19), Expanded Disability Status Scale (EDSS) ≤ 6, no 

paresis of the upper limbs and no central nervous system-active medication besides MS basic 

therapy. All aspects of the study conformed to the Declaration of Helsinki, and were 

approved by the Ethics Committee of the University of Goettingen. Clinical and demographic 

characteristics of the patients who took part in the study are listed in Table 5. 

Protocol 1 

Fourteen patients were enrolled in the study for protocol 1. One patient was excluded after 

the first block due to insufficient fatigue level (FSS < 4). Thirteen patients were included in 

the analysis (10 female, age: 46.8±6.8, range 37-59). Ten patients were receiving disease 

modifying therapy with interferon beta (N=3), glatiramer acetate (N=4) or natalizumab 

(N=3).  

Protocol 2 

Eleven patients took part in the study. Two patients dropped out and one was excluded due 

to experimental problems. Therefore, 8 patients were included in the complete analysis (5 

female, age: 44.4±4.0, range 28-58). Seven patients were receiving disease modifying therapy 

with glatiramer acetate (N=5) or natalizumab (N=2). Four patients participated in both 

protocols. 

3.1.2 Assessment of fatigue 

For assessing fatigue, patients filled in the FSS, the MSFSS and the MFIS on every session. 

The full fatigue questionnaires are presented in Appendix 1. The FSS consists of 9 items, each 

to be rated in a Likert scale of 1-7. It mainly concerns physical aspects of fatigue and how 

strong is their interference with daily life. The MSFSS consists of 5 descriptive items related 

to MS-specific characteristics of fatigue, such as variation according to temperature and 
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relationship with mood, also to be rated in a Likert scale from 1-7. The MFIS consists of 21 

items to be rated from 0 (never) to 4 (almost always), which can be divided in subscales 

measuring the physical (MFISphy), cognitive (MFIScog) and psychosocial (MFISpsych) 

impact of fatigue. In addition, at all sessions after stimulation (Figure 9) patients were asked 

to rate the change in perceived fatigue compared to baseline in a scale from -5 to 4, where the 

meaning of each value was the following: -5: complete withdrawal (of fatigue symptoms); -4: 

very strong decrease; -3: strong decrease; -2: moderate decrease; -1: slight decrease; 0: no 

change; 1: slight increase; 2: moderate increase; 3: strong increase; and 4: very strong 

increase. For protocol 2, patients were additionally asked to rate fatigue, and also quality of 

life, resilience, daily energy, mood and vigour using a Visual Analog Scale (VAS) rated from 

0-10 cm. 

To monitor depression, patients completed the BDI and Hamilton's Anxiety and Depression 

Scale (HADS) on every session. 

Table 5. Individual demographic and clinical characteristics of the patients  

Patient Age Sex DMT EDSS MS duration FSS BDI 

Protocol 1 

1 43 F interferon β 2 3 6.78 7 

2 43 F - 2 10 4 3 

3 47 F glatiramer acetate 3.5 4 5.5 6 

4 37 F glatiramer acetate 2 7 5.89 7 

5 46 F interferon β 3.5 7 6.67 13 

6 53 M natalizumab 3.5 6 5.11 4 

7 40 F Interferon β 4 8 6.33 4 

8 48 F - 3 19 5.67 5 

9 55 F glatiramer acetate 4.5 14 5.22 12 

10 37 M natalizumab 6 6 6 2 

11 50 F glatiramer acetate 2.5 5 6.11 8 

12 59 F - 2 20 5.11 5 

13 51 M natalizumab 5.5 8 7 3 

Protocol 2 

1 58 F glatiramer acetate 4.5 16 5.11 10 

2 48 F glatiramer acetate 2 5 6.22 6 

3 51 F glatiramer acetate 2.5 7 4.22 5 

4 38 M interferon β 6 8 5.33 0 

5 33 M interferon β 2 5 4.89 3 

6 28 M glatiramer acetate 2.5 7 5.44 9 

7 58 F - 2 20 6.11 5 

8 41 F glatiramer acetate 2.5 10 6.11 13 
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3.1.3 Stimulation 

TDCS was applied with a battery-driven stimulator (DC-Stimulator Plus, NeuroConn, 

Germany) with 1mA intensity for periods of 20 min. The electrodes were inserted in sponges 

soaked in saline solution and were kept in the right position with the aid of non-conductive 

rubber bands. The current was ramped up for 30 sec until reaching the intended intensity of 1 

mA and ramped down for 30 sec at the end of the stimulation period. For sham stimulation, 

the current was ramped down immediately after ramping up, providing effective blinding at 

the used intensity (Ambrus et al., 2012; Gandiga et al., 2006).  

Patients were questioned with regard to skin sensations during the stimulation and at the end 

of the experiment, and whether they were able to discern between stimulation conditions. 

The experimenters were also blinded to the stimulation condition. The anode (5×7 cm) was 

placed over the left DLPFC (defined by position F3 of the 10-20 EEG electrode system) and 

the cathode (6×15 cm) was placed on the contralateral forehead (Figure 8A). The size of the 

cathode was chosen to make it functionally inert (Nitsche et al., 2007).  

To simulate the electric field induced by the chosen montage, a finite element head model 

(healthy male, age=36) was created as described in Opitz et al. (2011) using SimNibs 

(Windhoff et al., 2013). Five different tissue types including WM, GM, CSF, skin and skull 

were taken into account and their conductivities were assumed isotropic. The electric field 

distribution for a current of 1mA passing through the electrodes was calculated numerically 

(Figure 8B), showing the largest electric fields in the prefrontal cortex. 

3.1.4 MRI sessions 

MRI was performed at 3T (Magnetom TIM Trio, Siemens Healthcare, Erlangen, Germany). 

T1-weighted images were obtained with a 3D turbo FLASH sagital sequence (TI = 900 ms, 

flip-angle = 9º, TR = 2250 ms, TE = 3.26 ms, voxel size = 1 mm3) and T2-FLAIR 3D sequence 

(TI = 2100 ms, TR = 6000 ms, TE = 403 ms, voxel size = 1 mm3). Gadolinium-enhanced T1-

weighted images were obtained to control for the presence of active lesions. 
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Figure 8. Electrode montage and simulation of the electric field distribution. A) The anode (5×7 

cm) was placed over F3 and the cathode (6×15 cm) over the contralateral forehead. B) The 

simulated electric field distribution shows higher electric field strengths occurring at the left 

prefrontal cortex. 

3.1.5 Experimental protocol  

We used a crossover design in which all patients underwent 2 blocks in pseudo-randomised 

and counterbalanced order, one with real, and the other with sham stimulation. Each block 

started at day 0 with a baseline session with fatigue and depression questionnaires (Figure 

9). A minimum of 2 weeks wash-out period separated the end of the first block from the 

beginning of the second block. Sessions were performed at approximately the same time of 

the day (morning, early afternoon or late afternoon) throughout the experiment for each 

patient, because fatigue levels can change according to time of the day, for instance 

increasing during the second part of the day (Krupp et al., 2010). The patients were informed 

that on one of the blocks they would receive real stimulation and placebo stimulation on the 

other. 

Protocol 1 

Stimulation was applied once for 20 min on days 1 to 5. Afterwards, the patients were again 

asked to fill in the fatigue and depression questionnaires. On days 8, 10, 15 and 30, follow-up 

measurements were performed in which patients filled in the questionnaires. Patients 

underwent an MRI session on day 0 to ensure the absence of active lesions. Additionally, on 

day 30 another MRI session was performed in order to control for the occurrence of new 

lesions during the experiment (Figure 9A).  
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Protocol 2 

The stimulation applied twice only on day 1, with duration of 20 min and with an interval 

between the two stimulation periods of approximately 20 min. The MRI session to control for 

active lesions was performed on day 1. Follow-up measurements with the questionnaires 

were performed on days 2, 4, 6, 11 and 26. Questionnaires from days 2, 6 and 26 were filled 

in by the patients at home to reduce the frequency with which patients had to come to the 

hospital, thus reducing the inconvenience caused by taking part in the study. The patients 

were asked to fill in the questionnaires at the same time as the experimental sessions that 

took part in the hospital (Figure 9B). 

 
Figure 9. Experimental protocol. Patients underwent the protocol twice, once for anodal tDCS 

and once for sham stimulation, separated by at least 2 weeks. On day 0, baseline fatigue scores 

and confirmation of inclusion criteria regarding lesions and depression were obtained. A) 

Protocol 1: patients received stimulation from days 1 to 5. After stimulation on day 5, patients 

answered the questionnaires and underwent MRI examination. Follow-up sessions took place 

on days 8, 10, 15 and 30. Day 30 included another MRI session. B) Protocol 2: patients 

received stimulation and underwent an MRI session on day 1. Follow-up sessions were 

performed on days 2, 4, 6, 11 and 26. 

3.1.6 Neuron-specific enolase (NSE) 

In protocol 1, we analysed serum-NSE levels to ensure safety of the stimulation. Serum-NSE 

is a sensitive marker of neuronal-damage (Steinhoff et al., 1999). Blood samples were taken 
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on stimulation days 1 and 5 (Figure. 9A) before, immediately after and one hour after tDCS. 

We performed an interim analysis of serum-NSE levels to confirm safety of the procedure to 

continue with the study. 

3.1.7 Analysis of the questionnaires 

Statistical analysis was performed using SPSS, version 21.0. The scores of the FSS and 

MSFSS were calculated by averaging all items, whereas for the MFIS, the BDI and the HADS, 

the total score was determined by summing the individual items. Pearson’s correlation was 

calculated pairwise between baseline scores of the FSS, MSFSS, MFIS and subscales, and 

fatigue VAS.  

Because data from the questionnaires is ordinal, non-parametric Friedman tests were 

performed to test for changes during each block with regard to the fatigue scales and VAS, the 

BDI, HADS-D and HADS-A, separately for sham and real stimulation. When significant 

effects were found, pairwise comparisons between baseline and each follow-up measurement 

were performed by using Wilcoxon signed-rank test for related samples. To analyse the effect 

of anodal tDCS, the changes in the scores were computed by normalising each day to 

baseline, and then compared within each day between sham and real stimulation with a 

Wilcoxon signed-rank test.  

Wilcoxon Mann-Whitney tests were used to compare the normalized scores with regard to an 

order effect (sham first N=6, tDCS first N=7), for days 5 and 30 of each block, only for 

protocol 1 due to the small sample size of protocol 2. 

Based on the reported change in perceived fatigue, the patients were classified as responders, 

if real stimulation resulted in stronger improvement than sham and non-responders 

otherwise. The analyses were repeated for responders separately. A response index was 

calculated by subtracting the change in perceived fatigue after tDCS from the change in 

perceived fatigue after sham. Therefore, the higher the response index the better was the 

reaction to real stimulation. Exploratory analyses were run to compare responders and non-

responders regarding fatigue, depression and MRI measures.  

Given the exploratory nature of the study, we discuss those results, which are significant at a 

level of 0.05, without correction of the post-hoc tests for multiple comparisons. 
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3.1.8 MRI analysis 

Gadolinium-enhanced T1-weighted images were inspected visually by an experienced 

investigator for the presence of active lesions. One patient (protocol 1) was excluded from 

MRI analysis due to poor image quality. Lesion masks were obtained using a k-nearest 

neighbour algorithm (Anbeek et al., 2004). In short, this algorithm compares the brain voxels 

of a newly presented dataset to a collection of manually labelled examples. The features 

included T2-FLAIR and T1-weighted signal intensity; normalized spatial coordinates, x, y and 

z; and tissue type priors describing the suspected tissue class (i.e. CSF, GM or WM) to which 

the voxel would have belonged before the lesion developed (Steenwijk et al., 2013). The 

resulting lesion masks were manually corrected with assistance of an experienced 

investigator before any subsequent analysis steps.  

All other analysis steps were performed using FSL (Jenkinson et al., 2012). T2-FLAIR images 

were registered to the T1 images using FLIRT (Jenkinson et al., 2002) (12 DOF). The same 

transformation was applied to the lesion masks using nearest neighbour interpolation, to 

avoid expansion of the masks caused by linear interpolation. The lesion masks in T1 space 

were visually inspected individually and small corrections were performed when necessary. 

The presence of lesions in T1-weighted images (Figure 10A) has been shown to influence 

registration to standard space, particularly when using non-linear algorithms, which then 

biases the calculation of brain tissue volumes, in particular that of GM (Battaglini et al., 

2012). Therefore, lesion masks were used for lesion-filling of T1 images (Figure 10B) using 

the algorithm implemented in FSL (Battaglini et al., 2012). In the case of big lesions, the 

filled T1 image still showed some hypointense voxels within the lesions (Figure 10C). 

Therefore, an eroded version of the lesion mask was created, and used to perform a second 

round of lesion filling (Figure 10D). Lesion-filled T1 images were registered to the MNI 

standard space, first using FLIRT, afterwards improved with non-linear transformation with 

FNIRT (Andersson et al., 2007). The calculated transformations were applied to the lesion 

masks and the lesions volumes (LV) were calculated in standard space. Frontal, temporal, 

parietal and occipital gray and white matter masks were created based on MNI Structural 

Atlas available in FSL and LV was calculated separately for each of these regions. Total gray 

matter, white matter and whole brain volumes normalized to head size were calculated with 

SIENAX (Smith et al., 2002).  
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Figure 10. Lesion-filling of T1-weighted images. A) Black holes in T1 images can affect the 

registration to standard space. B) Lesion masks in T1-space were used to perform lesion-filling. 

C) After the lesion-filling, some hypointense voxels remain (green circle). D) After re-running the 

lesion-filling algorithm with an eroded version of the lesion mask, the intensities are corrected. 
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3.2 Results 

3.2.1 Stimulation sensation 

All patients tolerated the stimulation well, no treatment sessions were interrupted and 

neither pain under the electrodes nor serious side-effects were reported. One patient had 

moderate headache after both sham and real stimulation (protocol 1). Four patients reported 

stronger skin sensations during real (weak to moderate tingling) than during sham (no 

sensation) (protocol 1). Out of these, three patients answered with yes, when asked explicitly 

whether they had been able to distinguish between the two stimulation conditions: one 

patient stated stronger tingling in the first block (real) than the second (sham) whereas the 

other described the difference solely in terms of changes in fatigue, as being less tired in the 

first block (real) and normally tired in the second (sham). The third  patient reported being 

able to distinguish between stimulation conditions, by feeling stronger tingling during sham 

(first block) than during real tDCS (second block) (protocol 1). Thus, overall most of the 

patients were not able to distinguish between anodal tDCS and sham stimulation for either 

protocol.  

3.2.2 Neuron-specific enolase 

Two patients did not agree with the blood taking procedure. For the remaining 11 patients, 

baseline mean NSE values were 11.81 ± 1.19 µg/L before the first tDCS session. Paired 

samples t-tests revealed no significant differences (p > 0.05) in NSE levels immediately after 

or 1 hour after stimulation compared to baseline (Figure 11). 

 

Figure 11. NSE values before and after stimulation, in protocol 1 (11 patients). Paired samples 

t-tests revealed no significant differences (p > 0.05) in NSE levels on Day 1 and Day 5. 
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3.2.3 Correlation of fatigue scales at baseline 

Baseline scores (day 0 of the first block) of the fatigue scales, BDI, HADS-D, disease duration, 

EDSS and normalized brain volumes for both protocols are presented in Table 6.  

Table 6. Demographic, clinical and structural MRI characteristics of all patients. 

 Protocol 1 Protocol 2 

 Mean SD Mean SD 

Age (yrs) 46.9 6.8 44.4 11.2 

EDSS
a
 (1-10) 3.5 4.0 3.25 1.64 

Disease duration (yrs) 9.0 5.4 9.8 5.4 

FSS
a
 (1-7) 5.67 2.47 5.39 2 

MSFSS
a
 (1-7) 5.00 3.33 4.33 2.17 

MFIS
a
 (0-84) 47 31 52 43 

BDI
a
 (0-63) 4 11 5.5 13 

HADS depression
a
 (0-21) 2 6 4 8 

HADS anxiety
a
 (0-21) 4 8 4 5 

NBV (mL) 1491 77 1482 87 

NWMV (mL) 705 38 706 22 

NGMV (mL) 786 50 775 68 

aIndicates median and range instead of mean and standard deviation. 

For all patients (protocol 1 and protocol 2), at baseline, the FSS scores tendentiously 

correlated with the global MFIS but not significantly (N=21, Pearson’s r=0.398; p=0.078) 

and the correlation was stronger with the subscale MFISphy (N=21, Pearson’s r=0.576; 

p=0.039), but not with the subscales MFISpsych (N=21, Pearson’s r=0.219; p=0.341) and 

MFIScog (N=21, Pearson’s r=0.250; p=0.274). The MSFSS did not correlate with the FSS 

(N=21, Pearson’s r=-0.210; p=0.361), nor with the MFIS (N=21, Pearson’s r=-0.047; 

p=0.839) or any of the subscales. In addition, for protocol 2, the VAS did not correlate with 

any other fatigue scale. The scores of the fatigue scales did not correlate significantly with 

disease duration, age or EDSS scores. 

3.2.4 Subjective changes of fatigue 

Protocol 1 

Regarding the fatigue scales (Figure 12), there was a significant effect of time in the real 

stimulation block for global MFIS (χ2
(5)=14.484; p=0.013) and MFISpsych scores 

(χ2
(5)=13.931; p=0.016), as well as on the MFIScog scores for both, the real (χ2

(5)=13.794; 

p=0.017) and sham (χ2
(5)=11.754; p=0.038) blocks, the respective scores decreased as 
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compared to baseline. However, according to the results of the post-hoc Wilcoxon signed-

rank tests, the changes did not differ significantly between real and sham stimulation. All 

other Friedman tests on the fatigue scales showed non-significant results (Table 7).  

Table 7. Results of the Friedman tests for fatigue levels after anodal tDCS and sham 

stimulation. 

    Protocol 1 (N=13) Protocol 2 (N=8) 

 Scale  stimulation χ2(5) p χ2(6) p 

perceived fatigue sham 10.325 0.067 3.700 0.593 

 real 17.079 0.004 6.385 0.271 

FSS sham 2.471 0.781 3.317 0.768 

 real 3.023 0.696 2.501 0.868 

MSFSS sham 2.693 0.747 4.443 0.617 

 real 2.430 0.787 6.219 0.399 

MFIS sham 6.678 0.246 8.718 0.190 

 real 14.484 0.013 11.610 0.071 

MFISphy sham 3.255 0.661 3.825 0.700 

 real 10.047 0.074 12.364 0.054 

MFISpsych sham 4.740 0.448 13.320 0.038 

 real 13.931 0.016 5.188 0.520 

MFIScog sham 11.754 0.038 11.104 0.085 

 real 13.794 0.017 9.609 0.142 

VAS sham - - 3.426 0.754 

 real - - 16.294 0.012 

 

Regarding the change in perceived fatigue, the results of the Friedman tests show a 

significant decrease during the real stimulation block (χ2
(5)=17.079; p=0.004), but close to 

significance also during the sham block (χ2
(5)=10.325; p=0.067) (Table 7). Post-hoc analysis 

with the Wilcoxon signed-rank tests showed that the decrease was significant versus baseline 

on days 5 to 10 and close to significance on days 15 and 30 under real stimulation conditions, 

but the changes were not significantly different from sham on any day (Figure 13A). 
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Figure 12. Fatigue scales (protocol 1). A) FSS. B) MSFSS. C) Compared to baseline, the 

scores of the MFIS and E) MFISpsych decreased significantly after real stimulation block 

(p=0.013; p=0.016, respectively). D) MFISphy. F) The scores of the MFIScog decreased 

significantly after both the real (p=0.017) and sham stimulation (p=0.038). There were no 

significant differences between the decrease after real and sham stimulation. Error bars 

represent SEMs. 
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Figure 13. Changes in perceived fatigue after real and sham stimulation. A) Protocol 1: there 

was a significant decrease in the anodal tDCS block (p=0.004), but not significantly different 

from the changes in the sham block. B) Protocol 2: changes in perceived fatigue were not 

significant. Error bars represent SEMs. 

Order effects were found for the global MFIS scores (U=5.0; Z=-2.286; p=0.022) and the 

subscales MFISphy (U=5.0; Z=-2.292; p=0.022) and MFISpsych (U=3.5; Z=-2.579; p=0.010) 

on day 30 after anodal tDCS; and after sham stimulation on day 5 for the MFISpsych (U=6.0; 

Z=-2.234; p=0.026), arising from greater reduction in the scores during the first block than 

during the second block (Figure 14). 

Protocol 2 

There were no significant changes in perceived fatigue (Figure 13B). The VAS values for 

fatigue (Figure 15) decreased significantly after real stimulation (χ2
(6)=16.294; p=0.012), and 

post-hoc Wilcoxon signed-rank tests showed that scores were significantly different from 

baseline on days 2 (Z=-2.388; p=0.017), 11 (Z=-2.371; p=0.018) and 26 (Z=-2.527; p=0.012). 

However, the changes were not significantly different from sham on any day (Mann Whitney 

U tests). Although the scores of the MFIS and MFISphy tendentiously decreased, the only 

significant result was observed in the MFISpsych in the sham stimulation block (Figure 16). 

This was caused by the significantly increased scores on day 1 (Z=-2.00; p=0.046). Other 

Friedman tests on the fatigue scales showed non-significant results (Table 7). 
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Figure 14. Order effects in the MFIS (protocol 1). The scores of the MFIS and the subscales 

decreased more in the first block than in the second block. A) Order effects were significant for 

the MFIS (p=0.022), B).  MFISphy (p=0.022) and C) MFISpsych (p=0.010) on day 30 after 

anodal tDCS and after sham stimulation on day 5 for the MFISpsych (p=0.026). D). MFIScog. 

Error bars represent SEMs. 

 

Figure 15. Changes in the VAS for fatigue (protocol 2). The VAS decreased significantly after 

real stimulation (p=0.012). Post-hoc Wilcoxon signed-rank tests showed that scores were 

different from baseline on days 2 (p=0.017), 11 (p=0.018) and 26 (p=0.012). The changes were 

not significantly different from sham on any day. Error bars represent SEMs. 
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Figure 16. Fatigue scales (protocol 2). A) FSS. B) MSFSS. C) There was a non-significant 

decrease in the scores of the MFIS (p=0.071) and D) MFISphy (0.054) after real stimulation. E) 

The MFISpsych scores changed significantly after sham stimulation (p=0.038) due to the 

increased scores on day 1. F) MFIScog. Error bars represent SEMs. 
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The order effects on the fatigue scales were significant on the MSFSS right after stimulation 

(day 1) (U=13.0; Z=-2.057; p=0.040) as they increased in the group receiving sham 

stimulation in first block and decreased in the group receiving real stimulation in the second 

block. No significant order effects on days 2 or 27 were found for any other fatigue scale. 

3.2.5 Variation of depression and anxiety levels 

Protocol 1 

The Friedman test showed a significant effect of time in BDI scores in the sham block 

(χ2
(5)=18.711; p=0.002) and in HADS-A scores in both sham (χ2

(5)=25.910; p<0.001) and real 

(χ2
(5)=12.772; p=0.026) blocks (Table 8). Post-hoc analysis with Wilcoxon signed-rank tests 

showed that BDI scores decreased compared to baseline on days 5 to 15, HADS anxiety scores 

were lower than baseline on all days in the sham block, but only on days 8 (p=0.009), 15 

(p=0.030) and 30 (p=0.026) in the real stimulation block. Post-hoc Wilcoxon signed-rank 

tests of the normalized BDI and HADS-A scores revealed no significant differences between 

sham and real tDCS on any day (Figure 17).  

Order effects were found on HADS-D scores for days 5 (U=7.0; Z=-2.051; p=0.040) and 30 

(U=6.5; Z=-2.162; p=0.031) after sham stimulation, on BDI scores for day 30 (U=6.0; Z=-

2.198; p=0.028) after sham stimulation and for HADS-A scores for day 30 after real 

stimulation (U=7.0; Z=-2.037; p=0.042). In all of these cases, scores decreased more in the 

first than in the second block (Figure 18). 

Table 8. Results of the Friedman tests for depression and anxiety levels after anodal tDCS 

and sham stimulation. 

    Protocol 1 (N=13) Protocol 2 (N=8) 

 scale  stimulation χ2 (6) p χ2 (6) p 

BDI sham 18.711 0.002 8.193 0.224 

 real 6.173 0.290 2.934 0.817 

HADS-A sham 25.910 <0.001 2.289 0.891 

 real 12.772 0.026 8.771 0.187 

HADS-D sham 7.431 0.191 5.662 0.462 

 real 2.347 0.799 2.274 0.893 

 

 



3. Project 2 – Improvement of fatigue symptoms in patients with multiple sclerosis with anodal tDCS 

 

 

57 

 

 

Figure 17. Changes in the BDI, HADS-D and HADS-A scores, on protocol 1 (N=13) and 

protocol 2 (N=8). A) BDI scores changed significantly after sham stimulation (0.002), on 

protocol 1. C) HADS-D. E) The HADS-A scores decreased significantly after anodal tDCS 

(p=0.026) and sham stimulation (p<0.001), on protocol 1. There were no significant differences 

between sham and real stimulation. No significant changes occurred on protocol 2 (B, D, F). 

Error bars represent SEMs. 
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Figure 18. Order effects in the BDI, HADS-D and HADS-A (protocol 1). The depression and 

anxiety scores decreased more in the first block than in the second block. A) Order effects were 

significant after sham stimulation on BDI scores on day 30 (p=0.028) and B) on the HADS-D 

scores on days 5 (p=0.040) and 30 (p=0.031). C) On day 30 after real stimulation, order effects 

were significant for HADS-A (p=0.042).  Error bars represent SEMs. 

Protocol 2 

No significant changes in depression and anxiety scores were detected by the Friedman tests 

for protocol 2 (Table 8). 

3.2.6 Responders vs Non-responders  

Protocol 1 

According to the changes in perceived fatigue, 7 patients were considered as responders and 

6 patients as non-responders in protocol 1. Table 9 presents demographic and clinical 

characteristics separately for responders and non-responders.  
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For responders, the Friedman tests (Table 10) revealed a significant change in perceived 

fatigue in the real (χ2
(5)= 16.546; p=0.005), but not the sham stimulation condition 

(χ2
(5)=5.977; p=0.308) (Figure 19). There was also a significant effect of time on the scores of 

the MFISphy (χ2
(5)=12.651; p=0.027) and MFISpsych (χ2

(5)=14.318; p=0.014) only under real 

stimulation (Figure 20). Post-hoc Wilcoxon signed-rank tests comparing each day’s values 

with baseline values showed a trend for improvement in perceived fatigue on every day but 

the last, but not in the MFISphy or MFISpsych. Comparison of normalized values (to 

baseline) between sham and real stimulation showed a difference in change in perceived 

fatigue, but not in the MFISphy or MFISpsych scores.  

 

Figure 19. Changes in perceived fatigue in responders. The decrease in perceived fatigue was 

significant in the real stimulation block (p=0.005). Changes were significantly different between 

anodal tDCS and sham stimulation. Error bars represent SEMs. 

In the subgroup of responders, the scores of the BDI tendentiously decreased, particularly 

after sham stimulation, but this effect was not significant (Table 11). The decrease in HADS-A 

scores was significant in the sham block (χ2
(5)=16.777; p=0.005), but not in the real tDCS 

block (χ2
(5)= 10.403; p=0.065) (Figure 21).  

Additionally, Mann Whitney U tests were used to compare responders and non-responders 

with regard to baseline fatigue and depression scores before anodal tDCS and found that 

responders had higher BDI scores (U=5.000; Z=-2.338; p=0.019), but did not differ in any 

other scale, neither in EDSS, age or disease duration (Table 9). Also, the response index did 

not correlate with baseline fatigue in any scale, age, disability and disease duration. 
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Figure 20. Fatigue scales in responders. A) FSS. B) MSFSS. C) MFIS. D) There was a 

significant decrease of the MFISphy (p=0.027) and E) MFISpsych (p=0.014) in the real 

stimulation block. However, changes were not significantly different from baseline or from sham. 

F) MFIScog. Error bars represent SEMs. 
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Figure 21. Changes in the BDI, HADS-A and HADS-D, in responders. A) BDI. B) HADS-D. C) 

The HADS-A scores decreased significantly after sham stimulation (p=0.005). Error bars 

represent SEMs. 

Table 9. Demographic, clinical and structural MRI characteristics of responders and non-

responders 

 Responders Non-responders 

 Mean SD Mean SD 

Age (yrs) 46.6 5.6 47.2 8.5 

EDSS
a
 (1-10) 3.0 2.5 3.75 4.00 

Disease duration (yrs) 9.4 5.4 8.5 5.9 

FSS
a
 (1-7) 5.78 2.67 5.60 2.78 

MSFSS
a
 (1-7) 5.00 2.67 4.67 3.17 

MFIS
a
 (0-84) 48 28 44 32 

BDI
a
 (0-63) 6 9 4 3 

HADS depression
a
 (0-21) 2 7 1.5 3 

HADS anxiety
a
 (0-21) 4 5 4.5 6 

NBV (mL) 1470 83 1514 71 

NWMV (mL) 688 54 723 30 

NGMV (mL) 781 40 791 50 

aIndicates median and range instead of mean and standard deviation. 
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Due to the difference in BDI scores between responders and non-responders, we performed 

an ordinal logistic regression analysis on the change in perceived fatigue on day 5 (whole 

patient group) with stimulation and order as factors, and baseline BDI scores before real 

stimulation as a covariate. The results do not support a significant effect of the BDI scores 

(Wald χ2
(1)=1.001; p=0.317), neither of order (Wald χ2

(1)=0.646; p=0.421) or stimulation 

(Wald χ2
(1)=3.125; p=0.077). 

Table 10. Results of the Friedman tests for fatigue levels after anodal tDCS and sham 

stimulation, in responders. 

    Responders (N=7) 

Scale Stimulation χ2(5) p 

perceived fatigue sham 5.977 0.308 

 real 16.546 0.005 

FSS sham 2.895 0.716 

 real 3.333 0.649 

MSFSS sham 1.102 0.954 

 Real 7.745 0.171 

MFIS sham 3.369 0.643 

 real 10.496 0.062 

MFISphy sham 1.747 0.883 

 real 12.651 0.027 

MFISpsych sham 4.253 0.514 

 real 14.318 0.014 

MFIScog sham 6.131 0.294 

 real 8.205 0.145 

Table 11. Results of the Friedman tests for depression and anxiety levels after anodal tDCS 

and sham stimulation, in responders. 

 Responders (N=7) 

Scale Stimulation χ2(5) p 

BDI Sham 10.347 0.066 

 Real 6.384 0.271 

HADS-A Sham 16.777 0.005 

 Real 10.403 0.065 

HADS-D Sham 8.081 0.152 

 Real 0.806 0.977 
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Protocol 2 

Only two patients could be considered as responders according to the changes in perceived 

fatigue on day 1. We compared the changes in perceived fatigue with the changes in the VAS 

for fatigue after anodal tDCS, by calculating the correlation of changes on each day. However, 

the changes in VAS after anodal tDCS did not correlate with changes in perceived fatigue on 

any day (Table 12). 

Table 12. Correlation between the changes in VAS and changes in perceived fatigue in every 

session after anodal tDCS 

 Pearson Correlation (N=8) 

Session Day r p 

2 -0.227 0.507 

3 -0.050 0.907 

5 0.244 0.560 

7 0.190 0.653 

12 -0.105 0.805 

27 -0.154 0.742 

 

3.2.7 Lesion volumes 

Average normalized GM, WM and whole brain volumes are presented on Table 6 for all 

patients and on Table 9 for responders and non-responders.  

No gadolinium-enhanced lesions were found throughout the study, for either protocol. 

Therefore, MRI scans at baseline were used for obtaining the lesion masks and for LV 

calculation (Figure 22). The average LV was 12.4±3.6 mL among patients participating in 

protocol 1 and 18.95±5.9 mL in patients participating in protocol 2. LV was compared 

between responders and non-responders (independent samples t-test, 2 tailed, uncorrected 

for multiple comparisons). Only LV within the left frontal mask differed significantly 

(t(10)=3.617; p=0.012), and left frontal LV correlated positively with the response index on day 

5 (N=12, Pearson’s r=0.703; p=0.011) (Figure 23). Whole brain or regional LV did not 

correlate with baseline fatigue levels on any scale. 
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Figure 22. Lesion probability maps for responders (N=6) and non-responders (N=6). The lesion 

probability maps were obtained by summing the lesion masks in standard MNI space of patients 

within each group and dividing by the number of patients of the respective group. Images are 

shown in radiological convention. 

 

Figure 23. Lesion load in the left frontal area in responders and non-responders. A) Lesion load 

in the left frontal cortex correlated with the response index on day 5 (p=0.011). B) Responders 

showed higher lesion load within the left frontal mask (p=0.012). 
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3.3 Discussion 

The aim of this project was to improve fatigue symptoms in MS by anodal tDCS over the 

DLPFC. Two stimulation protocols were tested and neither induced an overall significant 

improvement in fatigue, in any scale. However, 7 (out of 13) patients from protocol 1 

responded positively to the stimulation. Furthermore, in an exploratory analysis to 

investigate what differentiated responders from non-responders, it was observed that 

response to anodal tDCS correlated with left frontal lesion load. In the next paragraphs, the 

obtained results and possible limitations of the studies are discussed. 

3.3.1 Baseline fatigue 

Concerning the baseline fatigue scores, although the FSS values correlated moderately with 

the MFIS values, the correlation was not significant. Nevertheless, previous findings were 

replicated, in that the FSS scores correlated strongest with the values of the subscale 

MFISphy, but not with the MFISpsych and the MFIScog scores, which is an expected result 

as the FSS focuses predominantly on physical symptoms (Amtmann et al., 2012; 

Flachenecker et al., 2002). However, contrarily to previous reports, the MSFSS scores did not 

correlate with any other scale. Weaker correlations between the values of the MSFSS and the 

other fatigue scales have been described before (Flachenecker et al., 2002), probably due to 

the fact that the MSFSS targets very specific aspects of fatigue in MS, but does not efficiently 

quantify the severity of fatigue or its impact (Elbers et al., 2012). In protocol 2, the VAS 

values for fatigue did not correlate with the values of any other fatigue scale, perhaps because 

it encompasses all aspects of fatigue, instead of focusing more on a particular trait, although 

this is in contradiction with results available in the literature (Flachenecker et al., 2002) and 

more likely due to the small sample size. In addition, fatigue severity did not correlate with 

age, disease duration or EDSS scores. In previous studies it has been observed that fatigue 

severity is correlated to disability (Kroencke et al., 2000). However, due to the inclusion 

criteria, the patients selected for this study had overall low EDSS scores, which could explain 

why in this particular sample the EDSS and fatigue severity were not correlated.  

The baseline fatigue levels did not correlate with lesion load, either global nor in one of the 

defined regions, regardless of the considered fatigue scale. Such result is in agreement with 

the observations of numerous studies in the literature, which were unable to find a significant 

association between fatigue and whole brain or regional lesion load from T2 or T1 structural 
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images (Riccitelli et al., 2011a; Tartaglia et al., 2004; Tedeschi et al., 2007; van der Werf et 

al., 1998; Yaldizli et al., 2011), in spite of a few exceptions (Colombo et al., 2000; Sepulcre et 

al., 2009). More studies have reported increased GM atrophy in patients suffering from 

fatigue, particularly when separately analysing specific brain regions. For instance, GM 

atrophy of the left central sulcus and precentral gyrus was more pronounced in patients with 

fatigue according to the FSS scores (Riccitelli et al., 2011a), and a correlation of fatigue 

severity with frontal GM atrophy (Sepulcre et al., 2009) and atrophy of the corpus callosum 

(Yaldizli et al., 2011) have also been described. Thus, future studies with an appropriately 

sized sample should investigate preferably regional GM atrophy, include functional measures 

and relate these to potential effects of stimulation. 

3.3.2 Responsiveness to stimulation  

The overall results do not support a significant reduction of fatigue by prefrontal anodal 

tDCS, for either protocol. In the patients undergoing protocol 1, the scores of the MFIS 

decreased throughout the experiment regardless of stimulation, but even though the changes 

were stronger after anodal tDCS, they did not significantly differ from sham. The strongest 

response to protocol 2 was a modest decrease of the VAS for fatigue and of the MFIS, which 

however was not significantly different from the changes registered after sham stimulation.  

It is somewhat surprising that anodal tDCS did not have stronger effects, given the wide 

range of successful therapeutic applications, particularly when stimulating over the 

prefrontal cortex (Flöel, 2013; M.-F. Kuo et al., 2013). However, several limitations could 

have prevented better results and will be discussed further on. Nevertheless, a subgroup of 

patients responded positively to the stimulation. Responders were defined using the change 

in perceived fatigue on day 5, however it should be noted that in this group the changes were 

robust and long lasting, with perceived fatigue in the responder group showing reductions 

until day 30. Anodal tDCS could possibly have influenced fatigue in MS by inducing an 

increase in cortical excitability (Liebetanz et al., 2002; Nitsche and Paulus, 2000), as a 

weaker polarization of the neuronal membrane could partly counteract the deficient axonal 

conduction caused by demyelination that characterizes MS pathology. Considering that fMRI 

studies have shown that tDCS is able to increase resting-state functional connectivity 

between cortical regions and also with subcortical structures (Keeser et al., 2011; Peña-

Gómez et al., 2012; Polanía et al., 2012a, 2012b), another possibility is that the stimulation 
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acted against the functional disruption, which has been associated with fatigue (DeLuca et al., 

2009). Based on the results of tDCS experiments in rats (Rueger et al., 2012), it has also been 

suggest that tDCS can act by influencing inflammatory processes (Ferrucci et al., 2013), 

which may be involved in fatigue in MS (Braley and Chervin, 2010; Induruwa et al., 2012). 

3.3.3 Responders vs non-responders 

Given the heterogeneity of MS, and the several factors affecting fatigue itself, we explored if 

certain subject characteristics differed between responders and non-responders. We found 

that higher lesion load, specifically of the left frontal lobe, was associated with a positive 

response to stimulation. One possible explanation for the impact of lesion load on the 

response to tDCS, is the important role that anatomical features play with regard to the 

distribution of the electric field induced by NIBS techniques in the brain (Opitz et al., 2011; 

Salvador et al., 2010). The lesion load differences between responders and non-responders 

were found in left frontal region which lies between the electrodes, where the simulation of 

electric field distribution for our electrode montage predicts the higher electric fields and 

stimulation effects are expected to be the strongest. Theoretical predictions strongly suggest 

that anatomical features such as alterations in gray matter thickness and individual patterns 

of GM and WM lesions can affect the distribution of the induced electric field in the brain 

(Datta et al., 2010) and thus the efficacy of tDCS. Alternatively, one could speculate that 

patients with higher lesion load could have stronger compensation mechanisms in action 

(Penner et al., 2003), which could better benefit from the plasticity-inducing effects of anodal 

tDCS discussed above. 

The only other factor that differed between responders and non-responders was baseline 

depression. We found that responders had higher baseline BDI scores. Given the positive 

results of anodal tDCS against depression abundantly described in the literature (Felipe 

Fregni et al., 2006b; Nitsche et al., 2009), it could be speculated that the changes in fatigue 

observed in responders are actually due to an anti-depressant effect of the stimulation. 

Indeed, fatigue has been found to correlate strongly with depression (Lerdal et al., 2007). 

However, in the present study the baseline BDI scores before anodal tDCS were low for both 

groups (responders: median = 6, range: 4-13; non-responders: median = 4, range: 2-5 ), well 

below the diagnostic threshold for depression (cut-off BDI = 19). Furthermore, depression 

scores did not correlate with response index and HADS-D scores did not differ significantly 
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between responders and non-responders. Also, the decrease in BDI scores was significant 

only after sham stimulation (whole group) and not significant in the responder group, which 

does not suggest an effect of tDCS on BDI scores, not even among responders. In addition, 

BDI baseline did not have an effect of changes in perceived fatigue on day 5, according to the 

results of an ordinal logistic regression analysis. Thus, we consider that it is unlikely that the 

response to stimulation was determined by baseline depression levels, or caused by an anti-

depressant effect of anodal tDCS. 

One other study, which has recently attempted to reduce fatigue symptoms among MS 

patients applying bilateral motor cortex tDCS also reports a positive response in a subset of 

patients (15 out of 23) (Ferrucci et al., 2013). The authors report a significant decrease in 

scores of the motor component of the Fatigue Impact Scale, but not in a VAS for fatigue. In 

this case, responders were younger than non-responders, which – as the authors suggested - 

could facilitate plasticity induction by tDCS. Unfortunately, in this study the lesion load was 

not measured and so it cannot be used to compare with our findings. 

3.3.4 Fatigue scales results and limitations 

It is possible that the fatigue scales were not the most adequate tool for detecting alterations 

caused by tDCS. Although the FSS has been considered a reliable tool for detecting fatigue 

among MS patients (Flachenecker et al., 2002; Krupp et al., 1989), recent studies suggest it 

should be shortened as there is redundancy among items (Amtmann et al., 2012; Mills et al., 

2009), and some items are biased towards factors such as age, disability and disease type 

(Mills et.al, 2009).  

Furthermore, as confirmed by the correlation between the FSS and the MFISphy, the FSS 

scale mainly addresses physical functions, possibly the least affected by electrical stimulation 

over the DLPFC. A recent study, where patients with post-polio syndrome received anodal 

tDCS over the premotor cortex, also reported no significant reduction in FSS scores 

compared with sham (Acler et al., 2013). The MFIS has been shown to discriminate 

successfully between patients with and without fatigue (Flachenecker et al., 2002) and has 

low floor and ceiling effects (Amtmann et al., 2012) but the questionnaire considers a time 

window of 4 weeks and therefore its temporal resolution is inadequate for assessing changes 

in the intermediate days, e.g. in our study. Even though tendencies towards improvement 

could be seen in the FSS and MFIS, we observed a discrepancy between fatigue scales and 
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change in perceived fatigue, even for responding patients, providing further evidence that the 

used fatigue scales were not ideally suited for our study, and might have under-rated 

changes. These factors might have contributed to the discrepancy between the observed 

changes in fatigue scales and the reported symptom reduction.  

Because fatigue is multidimensional and results from contribution of different factors, it is 

possible that the standard scales do not satisfactorily picture the experienced symptoms and 

a compound scale such as the change in perceived fatigue better captures the overall fatigue 

individually experienced by the patients. However, this scale has been introduced by us and 

consequently it has not been formally tested for reliability or validity. In addition, it requires 

that patients compare their current fatigue level to that experienced several days before and 

therefore, asking directly for the fatigue level on each day, for instance with a 10-point VAS, 

might have been a better solution. However, since asking for the amount of actual fatigue will 

also at least implicitly include a relation to other time points (to rate severity you need some 

subjective fix points for no symptoms, and worst symptoms), and our main interest was the 

change of symptoms, and not absolute severity, we have chosen this format. Furthermore, 

the change in perceived fatigue has the advantage of making it relatively easy for the patients 

to identify the direction of change. Therefore, we implemented the VAS for fatigue on the 

second protocol. However, the VAS variation after stimulation did not correlate with the 

changes in perceived fatigue. This is surprising because both scales were expected to measure 

a change in overall fatigue, instead of the focus that some scales have on particular aspect of 

fatigue. Even though the sample is small, the negative result is probably due to the fact that 

stimulation had no robust effect. Thus, small variations in the scales do not reflect actual 

fatigue changes. Unfortunately, we do not have VAS results to compare with for the first 

protocol, which had a bigger sample size and more promising results. 

3.3.5 Stimulation parameters 

The absence of stronger treatment-effects can be due to the chosen stimulation parameters, 

such as stimulation intensity and duration, frequency and electrode size. Given the results 

presented by (Monte-Silva et al., 2013) when comparing several stimulation protocols, we 

hypothesized that stimulation applied twice daily would have had larger effects. Although the 

number of patients, which underwent the second stimulation protocol is very small, the 

results obtained so far do not support such hypothesis, and in our study protocol I seems to 
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be more effective. It is also possible that stronger stimulation would have induced larger 

effects. For instance, Boggio and colleagues (2006b) have described stimulation intensity-

dependent effects of tDCS on working memory performance in patients with Parkinson’s 

disease, where stronger stimulation was more effective. However, the situation might be 

complicated by non-linear effects of stimulation duration and intensity, as neither increased 

intensity nor increased duration necessarily lead to stronger or longer-lasting effects. Indeed, 

these studies it have reported that doubling the duration of anodal tDCS from 13 to 26 min 

caused reduced excitability and doubling the intensity of cathodal tDCS to 2 mA caused 

excitability increases (Batsikadze et al., 2013; Monte-Silva et al., 2013).  

Nevertheless, it is unclear whether results collected in healthy populations or other 

neuropsychiatric diseases can be translated one-to-one to MS. Altered cortical excitability has 

been found in patients with MS (Thickbroom et al., 2005), which can influence the effect of 

tDCS (Antal et al., 2007) and systematic studies on optimal stimulation protocols in MS are 

not available. Anodal tDCS with 1 mA intensity over the motor cortex (25 cm2 anode, 50 cm2 

cathode over contralateral forehead) was shown recently to modestly modulate corticospinal 

output and projection strength in MS patients (Cuypers et al., 2013b) but failed to 

consistently improve motor performance (Meesen et al., 2013). More encouraging results 

were found when stimulating with higher intensity: 6 out of 10 MS patients suffering from 

chronic neuropathic pain benefited from 5 consecutive days of anodal tDCS over the motor 

cortex at 2mA intensity (parallel group design, both electrodes 35 cm2, cathode over 

contralateral forehead), resulting in reduced pain levels by 50% or more after 4 weeks (Mori 

et al., 2010) and the same protocol improved tactile perception in MS patients with sensory 

deficits (Mori et al., 2013) Concerning motor fatigue, promising results have been reported 

describing that anodal tDCS over the motor cortex (10 min, 1.5 mA , both electrodes 35 cm2, 

cathode over ipsilateral shoulder) decreased muscular fatigue in healthy subjects 

(Cogiamanian et al., 2007). Also, the positive effects recently described by Ferrucci et al. 

(2013) in 65% of MS patients, were observed using bilateral anodal tDCS over the motor 

cortex (25 cm2, with a third electrode as extra-cephalic reference) at 1.5 mA stimulation 

intensity during 5 consecutive days, thus with a different montage and higher intensity than 

used in our study. The results described above suggest that increasing the intensity of the 

stimulation might have been more beneficial.  
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3.3.6 Placebo effect 

We observed a strong placebo effect that may have partially masked the real effect of tDCS. 

For instance, FSS scores for the whole patient group decreased only after sham stimulation 

mainly due to patients receiving sham stimulation first. Also, MFIS and depression scores 

during protocol 1 showed an interaction between order and the other factors, which can be 

attributed to a placebo effect. Placebo effects up to 40% are frequently observed in studies 

including patients with chronic pain or restless legs syndrome which, like fatigue, depend on 

subjective perception by the patients (Fulda and Wetter, 2008) With the applied crossover 

design, the response to the second block can be strongly influenced by the experiences during 

the first block, making it difficult to interpret the results. Therefore, future studies should 

replicate this finding with a between-subjects design, using an appropriately sized sample. 

One other possible improvement to our study design would have been to systematically 

control for sleep disturbances, which can contribute to fatigue severity (Braley and Chervin, 

2010). In a recent study, 3 weeks of bilateral anodal tDCS over the pre-motor cortex (1.5 mA, 

15 min, cathode over the left shoulder) was able to slightly improve sleep and fatigue 

symptoms among patients with post-polio syndrome (Acler et al., 2013). Other possible 

shortcomings were avoided by our strict exclusion criteria, which minimize important 

confounders, such as minimum fatigue duration and relapses. Also, depression is often 

associated with fatigue (Kroencke et al., 2000) and would have been a serious confounder, 

since tDCS can reduce depression (Nitsche et al., 2009). Besides excluding patients with 

depression, we confirmed that this symptom was not affected by the stimulation throughout 

the intervention. Furthermore, patients were not taking medication known to influence 

fatigue, and all had the same disease course, which plays a role in cortical excitability and 

fatigue severity (Leocani et al., 2001). In addition, we have confirmed that the used sham 

method is valid even for longer stimulation period and repeated sessions, at least for naive 

subjects (Ambrus et al., 2012). Importantly, our results concerning NSE levels also support 

that of 5 days consecutive stimulation at 1 mA induces no neuronal damage. 

In summary, we did not find a robust effect of anodal tDCS on MS fatigue, but the positive 

response of a subset of patients is encouraging. Thus, this exploratory study supports the 

potential of anodal tDCS on MS-fatigue therapy, but more research is needed to understand 

which factors to consider in tailoring the intervention to each patient’s needs, and to 

understand its mechanisms of action in larger detail.  
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4. Conclusions 

4.1 Summary of results 

In the presented studies, diverse methods of tES were tested for their ability to modulate 

behaviour in healthy subjects and in MS patients. 

In the first project, we studied the effects of tES on healthy subjects performing a visuomotor 

coordination task. The participants received anodal tDCS, cathodal tDCS, hf-tRNS, lf-tRNS 

or sham stimulation with the electrodes placed over the M1 and the contralateral forehead for 

10 minutes, while learning a complex motor task guided by visual feedback. Contrary to the 

expectations, we observed that none of the stimulation methods induced significant changes 

in task performance, either during the stimulation period or up to 20 minutes after it. Also, 

the stimulation did not significantly modulate motor-related or performance-related brain 

activation that measured with fMRI during the experiment, except for a moderate decrease in 

activation of areas of the frontal cortex and precuneous caused by hf-tRNS. In addition, there 

was a tendency for hf-tRNS to improve performance and for lf-tRNS to worsen it. However, 

as discussed, one limitation of this study was the different baseline performance levels 

between groups, which hinders a more complete discussion of the stimulation effects. 

In the second project, we tested the therapeutic application of anodal tDCS against fatigue in 

patients with MS. We applied anodal tDCS over the left DLPFC with two different stimulation 

protocols (daily 20 min for 5 consecutive days or 20 min twice on only 1 day) and tracked 

fatigue changes over the course of approximately one month using several fatigue scales. 

Overall, the stimulation did not have a significant impact on fatigue levels measured with any 

scale. Although the sample sizes, particularly of the second protocol, are small, the results 

suggest that five consecutive days of stimulation is a better suited approach. Nevertheless, a 

subset of patients responded positively to the first stimulation protocol, with long lasting 

reduction of fatigue. Compared to non-responders, these patients had higher left frontal 

lesion load which could possibly modulate the stimulation effects. Thus, anodal tDCS holds 

promise as therapeutic intervention against fatigue in MS. The main limitation of the study 

was the strong placebo effect, which could be corrected by using parallel groups and the small 

sample size, which prevents us from withdrawing from the results observations as conclusive 

as desirable. 
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4.2 Final conclusions and future directions 

As evident in the literature, the data from the first study suggest that results obtained in 

physiology studies concerning the stimulation effects on cortical excitability are not easily 

translated to behavioural measurements, or even from one behavioural task to another. More 

than the characteristics of the stimulation, the effects of tDCS seem to strongly depend on 

factors such as the combination of the stimulation protocol with a behavioural paradigm, the 

state of the brain or other individual characteristics. In spite of the undeniable potential of 

tES techniques, there is still great room for improvement, and systematic studies to devise 

optimized stimulation protocols for specific applications are needed. Considering that the 

effect of the stimulation is often modest and subject to great variability, it is fundamental that 

any future study will implement a careful double-blind design and a big enough sample size 

to avoid being underpowered. 

Results from the second study further underline the impact of individual anatomical brain 

characteristics on the effects induced by tDCS. TDCS studies on patients with brain damage 

should greatly benefit from including a structural MRI in their design for creating 

individualized head models for theoretical predictions of the electric field distribution in the 

brain during stimulation. Although it is not yet clear how to use these predictions for future 

study design, they can contribute to a more complete interpretation of the results. In addition 

to anatomical differences, which can modify the induced electric field, patients with 

neuropsychiatric disorders often show altered brain excitability and plasticity mechanisms. 

These can results in an altered reaction to the stimulation and call for adjustments on 

parameters such as current intensity. Future studies should focus on adapting methods 

obtained in healthy populations to specific patients groups or even a personalized application 

of the stimulation. 

Ultimately, a better knowledge of the mechanisms by which tES acts on the brain is of 

paramount importance to explain the interaction of the parameters influencing the 

stimulation effects. The understanding of such factors can contribute to an informed and 

efficient application of tES techniques to utilize their full potential in basic and clinical 

research. 
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Appendix 1 – Fatigue scales 

FSS 

1) My motivation is lower when I am fatigued. 

2) Exercise brings on my fatigue. 

3) I am easily fatigued. 

4) Fatigue interferes with my physical functioning. 

5) Fatigue causes frequent problems for me. 

6) My fatigue prevents sustained physical functioning. 

7) Fatigue interferes with carrying out certain duties and responsibilities. 

8) Fatigue is among my three most disabling symptoms. 

9) Fatigue interferes with my work, family, or social life. 

 

MSFSS 

1) Heat brings on fatigue. 

2) Long periods of inactivity bring on fatigue. 

3) Stress brings on fatigue. 

4) Depression brings on fatigue. 

5) Cool temperatures lessen fatigue. 

6) Positive experiences lessen fatigue. 

 

MFIS 

1) I feel less alert. 

2) I have difficulty paying attention for a long period of time. 

3) I feel like I cannot think clearly. 

4) I am more clumsy and uncoordinated. 

5) I find that I am more forgetful. 

6) I have to limit my physical activities. 

7) I am less motivated to do anything that requires physical effort. 

8) I am less motivated to engage in social activities. 

9) I am limited to do anything outside my home. 

10) I have trouble maintaining physical effort for long periods. 

11) I find it difficult to make decisions. 

12) I am less motivated to do anything that requires thinking. 

13) I feel weak. 

14) My physical discomfort is increased. 

15) I am less able to finish tasks that require thinking. 

16) I find it difficult to organize my thoughts when I am doing things at home or at work. 

17) I am less able to complete tasks that require physical effort. 

18) I feel slowed down in my thinking. 

19) I find it hard to concentrate. 

20) I have to limit my physical activities. 

21) I require more frequent or longer periods of rest. 
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