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ABSTRACT  

Background: The posterior parietal cortex is part of the cortical network involved in 

motor learning and is structurally and functionally connected with the primary motor 

cortex. Neuroplastic alterations of neuronal connectivity might be an important basis for 

learning processes. These have however not been explored for parieto-motor cortical 

connections in humans. 

Objective: We aimed to explore plastic alterations of parieto-motor cortical connections 

by transcranial direct current stimulation (tDCS) in healthy humans through four 

different experiments. 

Methods: In the first experiment, fourteen subjects received anodal and cathodal tDCS 

over the left posterior parietal cortex for 15 min (electrode position P3, stimulation 

intensity 0.5 mA, electrode size 15 cm2), six of them also received sham tDCS. In the 

second experiment, thirteen subjects received anodal, cathodal and sham tDCS over P3, 

and 3 cm posterior or lateral to P3 to explore spatial specificity of the effects. 

Subsequent neuroplastic changes of cortico-spinal excitability were monitored via 

motor evoked potentials (MEP) and Input-Output curve (I-O curve) elicited by single 

pulse transcranial magnetic stimulation (TMS). In the third experiment, fifteen subjects 

received anodal, cathodal and sham tDCS over P3, and short latency intracortical 

inhibition/intracortical facilitation (SICI/ICF) over the primary motor cortex were 

recorded before and after P3 tDCS. In the last experiment, parieto-motor short latency 

intracortical inhibition/intracortical facilitation (pmSICI/pmICF) were obtained via 

parieto-motor cortex TMS conducted by a paired-pulse twin coil TMS protocol before 

and after P3 tDCS. 
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Results: The results show tDCS-induced polarity-dependent motor cortex excitability 

alterations primarily after tDCS over P3. Single pulse-TMS-elicited MEP, motor cortex 

SICI/ICF at 5-7 ms and 10-15 ms interstimulus intervals (ISIs), parieto-motor cortex 

intracortical excitability at 10-15 ms ISIs were enhanced by P3 anodal stimulation. 

Single pulse-TMS-elicited MEP, and parieto-motor cortex intracortical excitability at 

ISI 10-15 ms were reduced by parietal cathodal tDCS. Cortico-spinal excitability 

alterations lasted for at least 120 min after stimulation. 

Conclusion: These results show an effect of remote stimulation of parietal areas on 

primary motor cortex excitability. The spatial specificity of the effects as well as the 

impact on parieto-motor cortex connections are in accordance with an at least partially 

connectivity-driven effect. 

 

Keywords: Motor cortex; Parietal cortex; Transcranial direct current stimulation; 

Transcranial magnetic stimulation  
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RESUMEN 

Antecedentes: La corteza parietal posterior es parte de la red cortical relacionada con el 

aprendizaje motor y está estructuralmente y funcionalmente conectada con la corteza 

motora primaria. Los cambios neuroplásticos de la conectividad neuronal entre estas dos 

estructuras podrían ser una base importante para el proceso de aprendizaje. Sin 

embargo, estos cambios entre las conexiones parieto-motoras no han sido explorados en 

humanos. 

Objetivos: El objetivo de esta investigación se centra en estudiar los cambios de las 

conexiones parieto-motoras, utilizando estimulación con corriente directa transcraneal 

(tDCS) en humanos sanos, mediante cuatro diferentes experimentos. 

Métodos: En el primer experimento se utilizó una muestra de 14 participantes, quienes 

recibieron tDCS anodal y catodal sobre la corteza parietal posterior (P3) por un periodo 

de 15 minutos, a una intensidad de 0.5 mA, utilizando un electrodo de 15 cm2. Además, 

seis de ellos formaron el grupo control, quienes recibieron falsa estimulación. En el 

segundo experimento, 13 participantes recibieron tDCS anodal, catodal y falsa 

estimulación sobre P3, y 3 cm posterior o lateral a P3 con el fin de explorar la 

especificidad espacial de los efectos. Los cambios neuroplásticos de la excitabilidad 

cortico-espinal subsecuentes se monitorizaron a través del registro de los potenciales 

evocados motores (MEP) inducidos mediante estimulación magnética transcraneal 

(TMS) de pulsos simples. En el tercer experimento, 15 participantes recibieron tDCS 

anodal, catodal y falsa estimulación sobre P3. Se registró la inhibición intracortical de 

intervalo corto y la facilitación intracortical (SICI/ICF) de la corteza motora primaria 

mediante TMS, antes y después de P3 tDCS. En el último experimento se registró la 

inhibición intracortical de intervalo corto/facilitación intracortical parieto-motora 
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(pmSICI/pmICF), mediante parieto-motor TMS utilizando un protocolo de TMS de 

doble bobina con pulsos pareados, antes y después de P3 tDCS. 

Resultados: Los resultados muestran alteraciones de la excitabilidad de la corteza 

motora dependientes de la polaridad inducidas mediante tDCS, primariamente después 

de tDCS sobre P3. Los PEM inducidos mediante TMS de pulsos simples, la SICI/ICF 

de la corteza motora a los 5-7 ms y 10-15 ms intervalos inter estímulos (ISIs), y la 

excitabilidad intracortical parieto motora a los 10-15 ms ISIs aumentaron tras anodal 

tDCS sobre P3. Los PEM inducidos mediante TMS de pulsos simples, y la excitabilidad 

intracortical parieto-motora a los 10-15 ms ISIs se redujeron mediante parietal catodal 

tDCS. Las modificaciones de la excitabilidad cortico-espinal tuvieron una duración de 

hasta 120 minutos después de la estimulación. 

Conclusiones: Estos resultados muestran un efecto de estimulación a distancia de las 

zonas parietales sobre la excitabilidad de la corteza motora primaria. La especificidad 

espacial de los efectos, así como el impacto en las conexiones de la corteza parietal-

motora son compatibles, al menos parcialmente, con un efecto derivado de la 

conectividad cortical. 

 

 

 

 

 



 

 

 

 

1. INTRODUCTION  
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Primary motor cortex has anatomical and functional connectivity with other cortical 

areas; this efferent network infallibly plan, prepare and order every voluntary 

movement. Each movement is preceded by testing intrinsic and extrinsic information 

for accurate movement within space. The involvement of the parietal cortex in this 

process is essential. In 2007, Koch et al. showed that stimulation of the posterior 

parietal cortex increased the excitability of the ipsilateral motor cortex. Thus, they 

demonstrated the existence of facilitatory parieto-motor connectivity. Later, Karabanov 

et al. (2013) corroborated that parietal cortex has facilitatory and inhibitory connections 

to the primary motor cortex. Parieto-motor network is critical to execute accurate 

movements. Nevertheless, the neurophysiologic mechanisms of neuronal connectivity 

in voluntary movements need to be elucidated. 

Transcranial magnetic stimulation is a non invasive tool to explore cortical 

motor function in healthy subjects and in neurological disorders as well. In recent 

studies, transcranial magnetic stimulation has been used to probe connectivity between 

cortical areas (Rothwell, 2011). To evaluate motor cortex excitability with this 

technique, there are several protocols (Ziemann et al., 2008). On the other hand, 

trasncranial direct current stimulation is a non-invasive neuromodulation tool to induce 

changes in cortical excitability (Knotkova et al., 2013). The combination of both non 

invasive brain stimulation techniques allows exploring the plasticity in cortical areas 

(Reis et al., 2008). This thesis aims to explore the connectivity between posterior 

parietal cortex (P3) and primary motor cortex, using non-invasive brain stimulation 

techniques. 

Transcranial magnetic stimulation protocols recorded in this thesis in healthy 

and right handed subjects were: motor-evoked potentials, resting motor threshold, active 
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motor threshold, input-output curve, short-latency intracortical inhibition, intracortical 

facilitation and parieto-motor short-latency intracortical inhibition, intracortical 

facilitation paired-pulse twin coil. These protocols were used to record the baseline 

motor cortex excitability. After that, transcranial direct current stimulation was applied 

over posterior parietal cortex region (P3) of the international 10-20 

electroencephalography system, or 3 cm posterior or lateral to P3 (15 min, 0.5 mA), and 

different protocols were recorded in different experiments to monitor motor cortex 

evoked potentials before and after stimulation. 

The results of this thesis show facilitatory and inhibitory motor cortex changes 

induced by anodal and cathodal transcranial magnetic stimulation over posterior parietal 

cortex. These findings help to elucidate the neurophysiological mechanisms related to 

the functional and anatomical connectivity between primary motor and posterior parietal 

cortices, and might help to clarify the specific changes of the cortical connectivity 

necessary to motor learning, for example in relation to the preparation for a forthcoming 

movement. 

 

1.1 PRIMARY MOTOR CORTEX 

Motor cortex is located in the frontal lobe, immediately anterior to the central sulcus 

and over the temporal lobe. Motor cortex compromises 4 areas: primary motor cortex  

(M1 or Brodmann’s area 4), premotor cortex (Brodmann’s area 6 lateral), 

supplementary motor area (Brodmann’s area 6 medial) and frontal eye fields 

(Brodmann’s area 8). 



9 

 

Motor cortex is an efferent structure responsible of the voluntary movements on 

the contra-lateral side of the body. Neurons in the motor cortex plan, start and 

coordinate sequences of voluntary movements. Neurons in primary motor cortex have 

an association with movement direction, and the force, extent and speed of movements 

(Figure 1A). However, nowadays the evidence points to the fact that the voluntary 

movements are the result of distributed motor networks. 

 

1.1.1 Anatomical description 

Primary motor cortex is part of the motor area; is located anterior to the central sulcus 

and posterior to the supplementary motor area (medially) and premotor cortex (laterally) 

(Figure 1B). Traditionally, the primary motor cortex has been considered as containing 

a somatotopical representation of the musculature. This representation has been 

schematized by the homunculus (Figure 1C), so that the muscles associated with fine 

and discriminative movements as hands, lips, tongue, etc., have a lager somatotopic 

representation (Penfield and Bolchey, 1937). 

Some studies expose an overlap in the functional organization of primary motor 

cortex. Multiple sites of activation can be observed by functional magnetic resonance 

imaging in the primary motor cortex for finger movements (Sanes et al., 1995; Sanes 

and Schieber, 2001). 

The commands to perform any voluntary movement are guided by primary 

motor cortex, via axons of pyramidal neurons that descend to local circuits in the 

brainstem (pyramidal corticobulbar tract) and spinal cord (pyramidal corticospinal 

tract). Both tracts are descending pathways. 
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Figure 1. Primary motor cortex and posterior parietal cortex. Primary motor cortex 
is functionally associated with the movement direction, and the extent, speed and force 
of the movements (A). Primary motor cortex is located anterior to the central sulcus (B: 
dotted black line). Posterior parietal cortex is located posterior to the primary 
somatosensory cortex (B: dotted white line). Human muscles are associated to different 
areas of the primary motor cortex. A graphical somatotopic representation of the body 
muscles on the motor cortex is known as motor homunculus (C). 

 

Cerebral cortices are organized into cell layers. Laminar organization can be 

different in the various cortical regions; the most typical organization of the layers in the 

cortex contains six layers. Primary motor cortex has essentially no internal granule cell 

layer (layer IV), and thus is called agranular cortex. The leanness of layer IV can be 

explained in relation to its connections with the thalamus. Layer IV is the main target of 
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sensory information arriving from the thalamus, but the motor cortex is an output region 

that otherwise has a more prominent output layer V. 

The layered organization provides to the cerebral cortex the capacity to receive 

inputs and to send outputs. Cerebral cortex receives inputs from subcortical structures 

and other cortical regions on both hemispheres. Cerebral cortex directs outputs to 

several subcortical and cortical regions, including other regions of the brain on both 

hemispheres. The layers in the cerebral cortex have a very efficient and organized input-

output relationship. 

 

1.1.2 Primary motor cortex and posterior parietal cortex: Cortical connections 

Posterior parietal cortex is located in the parietal lobe, posterior to the primary 

somatosensory parietal cortex (Brodmann’s area 3, 1, 2). Posterior parietal cortex is 

formed by the Brodmann’s areas number 5 and 7 (Figure 1B). Neurons in these areas 

are involved in different types of higher-order somatosensory processing: they are 

direction-sensitive, orientation-sensitive, texture-sensitive, and shape-sensitive neurons. 

Anatomical connectivity in the cerebral cortex is mediated by white matter; 

formed by axons which tend to form fasciculus. Figure 2 shows the superior 

longitudinal fasciculus which connect the posterior parietal cortex with frontal areas, 

including primary motor cortex (Dejerine, 1895). As mentioned above, sensory cortices 

tend to have a dense layer of granule cells (layer IV) compared to motor cortex. When a 

hand is manipulating an object, posterior parietal cortex lets the integration with other 

senses and the sensitive integration of all the body is formed. 
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Functionally, sensory and motor systems interact all the time. Information 

between egocentric reference frames to facilitate sensory-guided action, or from 

egocentric to allocentric reference frames to facilitate spatial navigation, are necessary 

to execute accurate movements. However, how these interchanges of information occur 

between reference frames and what areas mediate each transformation is poorly 

understood in the human brain (Szczepanski and Saalmann, 2013). 

 

 

Figure 2. Axonal tracts delineated by diffusion tensor imaging (DTI). The yellow 
tract represents the superior longitudinal fasciculus which connects the posterior parietal 
area with frontal areas. Image reproduced with permission from Mori et al., 2009. 

 

 Gharbawie et al. (2012) performed a study in macaques using electrical 

intracortical stimulation. They could evoke movements from parietal cortex by that 

stimulation, and found that the primary motor cortex cells related to grasp were 

extended to the anterior parietal cortex (71%) and posterior parietal cortex (22%). Most 

of those zones were directly targeted to the grasp zone. Another recent study realized 

with seven adult marmoset monkeys found that a considerable proportion of the total 
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ipsilateral input of the primary motor cortex was originated in the posterior parietal 

cortex. The densest projections were targeted to the medial and intermediate parts of 

primary motor cortex, which are related to the limbs control (Burman et al., 2014). A 

projection from posterior parietal cortex to primary motor cortex seems to be related to 

the control of limbs movements, with respect to interaction with stimulus in 

peripersonal space. Luria (1966) found that soldiers who had been injured in the war 

with bilateral injuries to the posterolateral parietal lobe had normal visual acuity but 

were unable to scan visually or reach for an object of interest. When asked to describe 

what they saw, the wounded soldiers could not put together the elements of a visual 

scene. These studies showed that the posterior association areas are critical for 

integrating different sensory modalities. Definitely frontal parietal network is essential 

in manipulating environment information to define a precise relation between the space 

around us and make accurate movements. 

 

1.2 CORTICAL PLASTICITY AND NON-INVASIVE BRAIN STIM ULATION 

Cortical plasticity is defined as a property of central nervous system to reconfigure the 

structural and functional organization of central nervous in response to environmental 

and internal demands (Li et al., 2014). Neurogenesis, adding, removing, strengthening 

or weakening of synaptic connectivity are some vias to evaluate the plasticity (Pascual 

Leone et al., 2011; Freitas et al., 2013). Plasticity is the physiological basis for adaption 

of cognition, and behavior (Kuo et al., 2014). Experience is necessary in the 

phenomenon of plasticity induced by stimulation to cause changes in the brain 

organization, such as strength of connections, representational patterns and neuronal 

properties. Representational patterns might be modified for specific experiences. For 
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example, expert violin players have a larger right somatosensory cortex compared with 

non musician people (Schwenkreis et al., 2007). Neuronal properties might be altered, 

as is the case when electrical current stimulation is used. For instance, after anodal 

stimulation of the left primary motor cortex (Nitsche and Paulus, 2001), 

electroencephalogram recordings show an increase in the high gamma band (60-90 Hz) 

(Polania et al., 2011). Excitatory and inhibitory circuits are regulated by experience. 

Besides, neuronal plasticity may have a clear functional correlation, although sometimes 

correlation could be difficult to elucidate. 

In early development, it can be found magnificent examples of brain plasticity: 

is known that infants (six months onward) begin to show preferences (frequency 

suction, head turning) for the phonemes of their native language on phonemes of 

foreign languages. One year old infants no longer respond to the phonemes of foreign 

languages; this could be due to the continuous contact with particular sounds of the 

native language that may promote the development of brain circuits associated with 

experienced sounds (Kuhl et al., 1992; Männel and Friederici, 2013). 

The maturation of the visual cortex in non human mammals is another example 

of plasticity. The correct development of visual cortex is determined by visual 

experience during a critical period. Depriving animals of visual experience during a 

specific time period in early age disturbs the development of brain circuits and the 

function of the visual cortex (Hubel and Wiesel, 1965; 1970; 1980). These research 

provide evidence that the brain translates the effects of experience into a normal 

development brain circuitry or an altered brain circuitry. To understand how the 

experience changes neural circuits is necessary to access to molecular levels, because 

surely there is a base on signals generated by the synaptic activity associated with 
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sensory experience or motor performance. A receptor related to the synaptic plasticity in 

learning process is the glutamatergic ionotropic receptor NMDA (Hasan et al., 2013). 

Non-invasive brain stimulation techniques are capable of inducing short-lasting 

plasticity in the brain (Ziemann et al., 2008). Transcranial magnetic stimulation and 

transcranial direct current stimulation are the two main non-invasive brain stimulation 

techniques to research about physiological brain functions, and also to explore 

therapeutic effects in psychological, psychiatric and neurological disorders, and for 

development and improvement of cognitive abilities. 

Interest in non-invasive brain stimulation procedures is due to the opportunity of 

researching neuroplasticity in human brain. On the other hand, these tools keep the 

possible therapeutic potential in neurological, psychiatric and neuropsychological 

diseases. 

 

1.3 TRANSCRANIAL MAGNETIC STIMULATION 

Transcranial magnetic stimulation is a well-established non-invasive brain stimulation 

tool to activate cortical neurons via induction of a short-lasting strong electrical fields 

(Chen, 2000; Pascual-Leone, 2002; Pascual-Leone and Tormos-Muñoz, 2008; Nitsche 

and Paulus, 2009). This technique is based on the principles of Faraday´s 

electromagnetic induction in the XIX century. Nevertheless, it was in 1984 when Barker 

and collaborators developed the technique of the transcranial magnetic stimulation. 

In general, transcranial magnetic stimulation is used as a research tool in order to 

analyze the brain processing. Furthermore, it is used in different clinical conditions 

(Medina and Túnez, 2013), specially in the treatment of major depression, being 
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approved by Food and Drugs Administration (FDA) in the Unites States of America. 

New expectations of treatment are being investigated in different medical and 

psychiatric illnesses such as Parkinson´s disease, Alzheimer dementia, motor 

rehabilitation in stroke patients, autism and schizophrenia (Bartrés-Faz et al., 2000; 

Pascual-Leone, 2006). 

Transcranial magnetic stimulation generates an electric current; by a coil this 

current induces a magnetic field which, through the skull, can depolarize neurons 

inducing an electrical current in the brain. In the motor cortex, this current generate a 

suprathreshold motor cortex activation resulting in contralateral movements or muscle 

twitches by activating corticospinal tract, which serve as an index of motor cortex 

excitability (Kujirai et al., 1993; Rothwell, 1993; Koch et al., 2007). This tool stimulates 

excitable structures similarly to current injected using implanted or surface electrodes. 

Specific stimulation protocols are suited to evaluate the function of neuronal subgroups 

in the motor cortex (Ziemann et al., 2008), as well as cortico-cortical interactions. 

 

1.3.1 Single-pulse transcranial magnetic stimulation  

From the early uses of the transcranial magnetic stimulation, diverse protocols have 

been developed in order to study the neuroplastic mechanisms. One of the protocols 

more used is the single-pulse transcranial magnetic stimulation to study the motor 

cortex activity. The most usual coil is the eight shape coil (Figure 3). Every single pulse 

applied over the left primary motor cortex induces a depolarization and elicits a motor 

evoked potential in the contralateral hand. The amplitude of this induced potential can 

be registered and measured. 
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Subject is seated in a comfortable chair; to record the electrical activity of the 

hand two electrodes are placed in the right hand. The most usual muscles to place the 

electrodes are digiti minimi and interosseous muscles. Figure 4 shows the placement of 

the recording electrode over the interosseous muscle and the reference electrode over 

the second metacarpoghalangeal index finger. After that, the individual threshold is 

determined to provoke motor evoked potentials, and the amplitude of each one can be 

verified in the screen of the computer. 

 

A B

 

Figure 3. Transcranial magnetic stimulation coil. A standard eight shape coil is 
placed over the motor cortex through the skull. The magnetic pulse starts from the 
intersection of the two circles forming the coil (A). The pulse might depolarize motor 
cortex, and then the evoked potential can be registered (B). 

 

Transcranial magnetic stimulation can be used to measure the motor cortex 

plasticity. For example, it has been proposed that the motor cortex excitability changes 

across the lifespan could be measured by single-pulse transcranial magnetic stimulation 
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(Freitas et al., 2013). In a recent study, Pisoni et al. (2014) found increases in the motor 

cortex excitability when subjects participating in two economic games. Single-pulse 

transcranial magnetic stimulation was applied in both conditions, but the excitability 

increases were only observed if the status of the game was changed so that the subject 

won or lost money. This effect was considered by authors as a motor facilitation 

induced by this technique related to economic reinforcement. 

A

B

C

 

Figure 4. Transcranial magnetic stimulation setting. Subject is seated in a 
comfortable reclining chair with a mounted headrest. Two electrodes are placed: the 
recording electrode over the interosseus muscle, and the reference electrode over the 
index finger (A). The standard figure eight coil is placed over primary motor cortex 
(M1) (B); every single pulse can evoke a motor evoked potential (MEP). The amplitude 
of every MEP can be observed and measured in the screen of the computer (C). 

 

Transcranial magnetic stimulation intensity is a threshold level of excitability, 

and motor thresholds are the minimum intensity to elicit a motor evoked potential. 
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Resting motor threshold (Figure 5A) is defined as the lowest stimulus intensity that 

elicits a peak-to-peak motor evoked potential amplitude of 50 mV or more in the resting 

muscle in at least three out of six trials. Active motor threshold (Figure 5B) is defined as 

the lowest intensity to evoke a motor evoked potential of higher amplitude compared to 

the muscular background activity in at least three out of six trials (Rothwell et al., 1999; 

Nitsche et al., 2005). 

 

50 ms I  I I I I I I I I 100ms I  I I I I I I I I I 150ms

+ 0.5 mV

- 0.5 mV

0.0

+ 0.050 mV

- 0 .050 mV

0.0

A

B

 

Figure 5. Resting motor threshold (RMT) (A) and active motor threshold (AMT) 
(B) setting. For RMT the hand must be relaxed and the amplitude signal should be (+/-) 
0.050 mV. RMT is determined by the minimum intensity for which three out of six 
motor evoked potentials can be evoked (A). AMT is determined by the minimum 
intensity for which three out of six motor evoked potentials can be evoked at the time 
when the first dorsal interosseous muscle is activaded with an amplitude signal (+/-) of 
0.5 mV (B). 
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Input-Output curve is an index of motor cortex excitability. In contrast with 

motor thresholds, it is an index of a larger neuronal population involved. Input-output 

curve is recruited eliciting blocks of motor evoked potentials by a single pulse, 

increasing the intensity over the 100% of resting motor threshold (Nitsche et al., 2005). 

Some research has shown that the slope of the input-output curve is decreased in 

amyotrophic lateral sclerosis (Khedr et al., 2011). In other study, smokers participants 

increase the motor cortex excitability in this curve at 150% of resting motor threshold 

compared to non smokers (Grundey et al., 2013), but this difference in the motor cortex 

excitability could not be registered in smokers using another intensities (Lang et al., 

2008; Grundey et al., 2013). 

 

1.3.2 Paired-pulse transcranial magnetic stimulation 

Transcranial magnetic stimulation can be used applying double pulse (as conditioning 

and test stimuli) in a short period of time through one coil. This paired-pulse 

transcranial magnetic stimulation is used to induce facilitation and inhibition in the 

motor cortex. The first pulse is a conditioning stimulus which is applied before the 

transcranial magnetic stimulation or test stimulus. Depending on the time proximity 

between both stimuli presentation, it can be activated a pathway of intracortical 

inhibitory neurons, or a pathway of intracortical facilitatory neurons. 

 The interstimulus intervals associated with inhibitory pathways are 2, 3, 5 and 7 

ms (Figure 6). Depending on the time interval in which the conditioning stimulus is 

applied before the test pulse, the answer to this stimulation changes because the closer 

the conditioning stimulus is to the test pulse, the more inhibited is the motor evoked 
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potential. Interstimulus intervals of 10 and 15 ms (Figure 7) are related to facilitatory 

pathways (Kujirai et al., 1993; Ziemann et al., 1996; Rothwell, 1997). In this case, a 15 

ms interstimulus interval produces bigger facilitation of the motor evoked potentials 

than a 10 ms one. 

 

MEP: 1.05 mVTS

CS (ISI:2) +TS MEP: 0.231 mV

CS (ISI:3) +TS

CS (ISI:5) +TS

CS (ISI:7) +TS

MEP: 0.383 mV

MEP: 0.476 mV

MEP: 0.869 mV

50 ms I  I I I I I I I I 100ms I  I I I I I I I I I 150ms
 

Figure 6. Short intracortical inhibition (SICI) . Test stimulus (TS) is one pulse given 
by transcranial magnetic stimulation to evoke a motor evoked potential (MEP). 
Conditioning stimulus (CS) is a pulse applied before the TS. CS are applied at different 
interstimulus intervals (ISIs) of 2, 3, 5 and 7 ms. The motor evoked potential inhibition 
magnitude depends on the time interval between the CS and the TS.  
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CS (ISI: 10) +TS

TS

CS (ISI: 15) +TS

MEP: 1.05 mV

MEP: 1.28 mV

MEP: 1.58 mV

50 ms I  I I I I I I I I 100ms I  I I I I I I I I I 150ms
 

Figure 7. Intracortical facilitation (ICF).  Depending on the time interval in which the 
conditioning stimulus (CS) is applied before the test stimulus (TS), the motor evoked 
potential (MEP) amplitude changes. With interstimulus intervals (ISIs) of 10 ms and 15 
ms, the MEP amplitude enhances. 

 

The intensity of the test stimulus is determined for the threshold to evoke a 

motor evoked potential of 1 mV peak to peak amplitude. This is the single test pulse for 

evoking motor evoked potentials. Conditioning stimulus intensity depends on the 

specific protocol and it is determined for the intensity to evoke the resting motor 

threshold or the active motor threshold. To avoid any floor or ceiling effect, the 
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intensity of the conditioning stimulus is set to a lower value to the 100 % of active o 

resting motor thresholds (Nitsche et al., 2005). 

 Intracortical inhibition and facilitation in the motor cortex can differ between 

ages. Children show significantly less intracortical inhibition (1, 3 and 5 ms) compared 

to adults, and also adolescents show significantly less inhibition (5 ms) compared to 

adults (Walther et al., 2009). Motor cortex maturation could be guided by inhibition. 

The most accurate movements need a high inhibitory control of different muscles; 

writing is an example. 

Paired pulses can be applied by two coils in order to research the connectivity 

between two areas in the brain. Twin coil transcranial magnetic stimulation (Figure 8) 

has proved to be dependable to study interactions between cortical areas (Koch, 2011). 

Ferbert et al. (1992) devised a paired-pulse transcranial magnetic stimulation protocol 

with two coils to investigate the inter-hemispheric connections. They placed the coil to 

induce the conditioning stimulus on the right motor cortex and the coil to apply the 

transcranial magnetic stimulation or test stimulus on the left motor cortex. When the 

conditioning stimulus was applied 7, 8, 9 and 10 ms before test stimulus, the amplitude 

of the motor evoked potential was reduced. Interestingly, this inhibition has not been 

found in patients with no corpus callosum (Meyer et al., 1995). 

The specific connectivity between the premotor and primary motor cortex has 

been explored by twin coil transcranial magnetic stimulation. When a conditioning 

stimulus is applied around 6 ms over the left premotor cortex, then the motor evoked 

potential in the left primary motor cortex is reduced (Civardi et al., 2001). On the other 

hand, also the connectivity between parietal cortex and motor cortex has been studied 

using a twin coil transcranial magnetic stimulation protocol. Facilitatory pathways can 
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be activated when a conditioning stimulus is applied over posterior parietal cortex and 

the test stimulus is placed over the ipsilateral motor cortex (Koch et al., 2007, 2008). 

 

 
Figure 8. Twin coil transcranial magnetic stimulation protocol to study cortical 
connections. In this paradigm, each coil is placed in a specific area. For example, a 
conditioning stimulus (CS) applied in parietal cortex could activate pathways to the 
motor cortex. The second coil placed in primary motor cortex would produce the second 
trial (a few ms later), and this test stimulus (TS) would evidence any change in the 
motor cortex excitability produced by the CS. 

 

Some evidence shows that motor cortex excitability measured by transcranial 

magnetic stimulation might be modified by specific auditory (Flöel et al., 2003; 

Sowman et al., 2014) or visual stimuli (Fadiga et al., 1995, 2005; Mattiassi et al., 2014). 

Moreover, motor evoked potentials and intracortical inhibition (Patuzzo et al., 2003) of 

the motor cortex are increased when a hand movement is observed, but there is no 

modification in the excitability of motor cortex when an object is observed (Fadiga et 

al., 1995; Patuzzo et al., 2003) or in a dimming detection condition (Fadiga et al., 1995). 

Motor evoked potentials amplitude of the motor cortex also increases when people 
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observe negative pictures (from the International Affective Picture System database). 

This change of excitability could be explained because negative emotions might require 

motor reactions, more than positive or neutral emotions (Borgomaneri et al., 2013). 

Motor cortex excitability might also be modified through lifespan and by 

learning process (Walther et al., 2009; Freitas et al., 2013; Bashir et al., 2014). Some 

changes in the intracortical excitability through lifespan are related with the intracortical 

inhibition. These changes are less in children and adolescents compared with adults 

(Walther et al., 2009). On the other hand, intracortical inhibition is also desinhibited 

during motor learning (Coxon et al., 2014). 

In summary, voluntary movements require an intricate interaction among 

cortical areas; in that sense, transcranial magnetic stimulation is a reliable tool to 

investigate this communicative network. Particularly, double-pulse transcranial 

magnetic stimulation provides the possibility to research inhibitory and facilitatory 

pathways. 

 

1.4 TRANSCRANIAL DIRECT CURRENT STIMULATION  

Transcranial direct current stimulation is a non-invasive and safety technique to 

stimulate specific areas of the brain. The pioneering experiments using electrical 

currents were done long time ago, at the end of the XVII century, by Galvani and Volta 

who formed the basis of the electrophysiology. Early XVIII century, Aldini (Galvani´s 

nephew) was the first person to use electrical currents over the head as a treatment for 

depression. The labor of these researchers was the basis for the development of many 

actual medical applications (Parent, 2004). In the thirties of the last century, Cerletti and 
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Bini (Aruta, 2011) introduced electroshock as a treatment for psychosis. Cerletti and 

Bini were nominated for Nobel Prize in several times in the early fifties for the use of 

the electroconvulsive therapy to treat psychotic disorders as schizophrenia or manic-

depressive disorder. In the sixties, a new discovery about electrical current regained the 

interest for this technique again. Albert (1966) observed that the polarization of the 

electrical currents (anodal and cathodal) affects the consolidation of learning in rats. In 

the 90's emerged a new treatment to lessen the symptoms of Parkinson's disease: the 

deep brain stimulation surgery, which produced benefits in the reduction of motor 

symptoms of this disease (Caparros-Lefebvre et al., 1993; Krauss and Jankovic, 1996). 

Priori et al. (1998) were the first to report changes in the human motor cortex 

excitability after transcranial direct current stimulation. Specifically, they observed a 

relation between cathodal stimulation and increases in the motor cortex excitability. 

Subsequently, Nitsche and Paulus (2000) found that anodal transcranial direct current 

stimulation applied over the motor cortex enhances the motor cortex excitability and 

cathodal current decreases the excitability. Since these studies, many researchers have 

been interested in the use of transcranial direct current stimulation as a useful tool for 

neuroscience.  

Transcranial direct current stimulation in humans is induced by low frequency 

electric current. The density of the current depends on the size of the electrodes. Density 

typically varies between 0.029 and 0.08 mA/cm2 (Paulus et al., 2012). A standard 

electrode size is 35 cm2 (Nitsche and Paulus, 2000). The lowest intensity to induce 

excitability changes in the motor cortex is 0.4 mA, and a safety frequency up to 2.0 mA 

(Nitsche et al., 2005). A 3.0 mA intensity is already a painful stimulus (Furubayashi et 

al., 2008). Electrodes size from 35 cm2 to 16 cm2 are related with less cutaneous 
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sensation (itching, tingling) during the stimulation (Turi et al., 2014). Regarding the 

time of stimulation, at least 3 min of stimulation is necessary to change the motor cortex 

excitability (Nitsche and Paulus, 2000). 

Certain brain stimulation protocols by transcranial direct current stimulation 

enable the induction of plasticity via the application of weak direct current through the 

scalp (Pascual-Leone et al., 1999; Nitsche and Paulus, 2000; Nitsche, 2002; Nitsche et 

al., 2002; Lang et al., 2004; Priori et al., 2009; Polanía et al., 2011; Stagg and Nitsche, 

2011). Dependent on the polarity of stimulation, long-lasting motor cortex excitability 

enhancements or reductions are induced, which depend on the glutamatergic 

neurotransmission system (Nitsche et al., 2003a,b,d, 2005; Nitsche and Paulus, 2011). 

Anodal and cathodal are the two kinds of currents used in the transcranial direct current 

stimulation technique. It has been shown that anodal current stimulation increases the 

cortical excitability, meanwhile cathodal current stimulation reduces it (Nitsche et al., 

2005). For research purposes, sham is a third kind of stimulation which consists of a 

false stimulation used to compare the after effects of anodal and cathodal transcranial 

direct current stimulation. Besides polarity, intensity is other important variable for 

transcranial direct current stimulation. The intensity range to stimulate the brain can 

produce different physiological effects. Cathodal transcranial direct current stimulation 

at 2 mA results in significant increased of primary motor cortex excitability (Batsikadze 

et al., 2013). For motor learning, anodal transcranial direct current stimulation at 1.5 

mA has proved a significant improvement of motor learning curve, but 1mA anodal 

tDCS do not result in the same significant improvement effect (Cuypers et al., 2013).  

Transcranial direct current stimulation has proved to be a good tool to evoke 

neuroplasticity in animals (Molaee-Ardekani et al., 2013) and humans. Some 
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researchers have focused to look for different applications of this tool in the human 

brain, as the study of functional correlation of the stimulation or possible improvement 

of the cognitive functions. In this regard, it has been shown that transcranial direct 

current stimulation over left dorsolateral prefrontal cortex improves working memory in 

healthy participants (Fregni et al., 2005b), acts as a modulator of verbal fluency 

networks in Parkinson disease (Pereira et al., 2013) and reduces the perceived degree of 

negative emotions (Peña-Gómez et al., 2011). Moreover, a better execution of the 

performance hand and motor learning has been reported by anodal transcranial direct 

current stimulation applied over the left primary motor cortex (Nitsche et al., 2003d; 

Pavlova et al., 2014). In clinics, it has been a useful technique for defining that the 

recovery of function after a stroke is determined by the neural network involving the 

affected and the unaffected brain hemisphere. Excessive activity in the unaffected 

hemisphere may represent a maladaptive strategy. In this sense, cathodal stimulation of 

the unaffected hemisphere and anodal stimulation of the affected hemisphere might 

improve motor performance significantly (Fregni et al., 2005a). Finally, transcranial 

direct current stimulation has also been explored to reduce the perception of pain in 

patients with neuropathies (Kumru et al., 2013). 

 

1.5 NON-INVASIVE BRAIN STIMULATION AND PRIMARY MOTO R 

CORTEX PLASTICITY 

Learning and memory are produced through different neurophysiological mechanisms 

that involve several changes in specific synaptic connections. These changes in the 

effectiveness of certain connections between neurons, associated with learning and 

memory, include molecular, electrochemical and structural modifications. 
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The ability of brain cells to alter their operation by the action of certain stimuli is 

known as plasticity, and in this process are described two phenomena: the long-term 

potentiation and the long-term depression. Brain plastic changes have been studied and 

demonstrated in different animal models (Malenka and Bear, 2004). In humans, brain 

plasticity has also been studied in different ways (Pascual-Leone et al., 1999; Nitsche et 

al., 2004, 2007; Ziemann et al., 2008). Neurophysiological recording and neuroimaging 

techniques have been useful to elucidate the plastic processes necessary for learning and 

memory in humans. More specifically, brain stimulation techniques are providing 

fundamental information nowadays to understand the neurophysiological mechanisms 

of brain plasticity associated with learning (Nitsche et al., 2010). Learning-related 

plasticity is often explored as a local process (Taubert et al., 2011b), but alterations of 

cellular activity during learning are presumed to take place at functionally 

interconnected areas (Chen et al., 2003; Koch et al., 2008; Feurra et al., 2011; Taubert et 

al., 2011a). 

Although the plasticity mechanisms associated with learning are developed in 

specific regions of the cerebral cortex, some inter-regional mechanisms may also be 

necessary. Thus, learning in general requires regional plastic changes, whose location 

depends on the modality of learning and the type of task (Honda et al., 1998), but also 

depends on cortico-cortical connectivity. The plasticity of these connected areas is being 

explored nowadays intensively in order to elucidate its specific relationship with 

learning. 

In this sense, transcranial direct current stimulation is well suited to explore the 

plasticity of interregional cortical connectivity, as shown by the ability to induce 

plasticity of premotor-motor cortex connections (Boros et al., 2008). On the other hand, 
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has also been shown that this tool improves motor learning (Nitsche et al., 2003c; Antal 

et al., 2004; Reis et al., 2009; Nitsche et al., 2010). Intracortical facilitation and 

intracortical inhibition of the primary motor cortex can be modified by anodal 

transcranial direct current stimulation over premotor cortex. Intracortical inhibition is 

reduced in the interstimulus interval of 2 and 3 ms, and intracortical facilitation was 

enhanced at the interstimulus interval of 10 and 15 ms. However, cathodal current 

stimulation applied on the left premotor cortex induced no change in the excitability of 

primary motor cortex (Boros et al., 2008). As mentioned previously, the results of the 

studies with anodal and cathodal transcranial direct current stimulation are usually 

compared to those obtained by a false stimulation (sham) to form a control group. 

In rabbits, it has been shown that anodal current can improve and cathodal 

current can depress the subjective sensation of sensory stimuli used during a pavlovian 

conditioning test (Márquez-Ruiz et al., 2012). Interestingly, the depressing effects 

evoked by cathodal stimulation seem to be mediated by adenosine receptors located in 

cerebral cortex circuits (Márquez-Ruiz et al., 2012). 

 

 1.5.1 Plasticity of interregional connections of the primary motor cortex 

Interregional mechanisms are thought to be determined by the functional connectivity 

between two or more areas involved in each learning process. In motor learning, 

interregional connectivity involves the primary motor cortex, supplementary motor 

cortex and dorsal premotor cortex (Frey and Gerry, 2006; Vahdat et al., 2011). Some 

studies have shown the possibility to induce interregional plasticity in interconnected 

areas, specifically in relation to the motor cortex (Boros et al., 2008). In that research, 
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sixteen subjects received anodal and cathodal transcranial direct current stimulation 

over premotor cortex, and 8 subjects over the dorsolateral prefrontal cortex. Motor 

cortex excitability was monitored by short-latency intracortical inhibition, intracortical 

facilitation and other typical protocols. Interestingly they found a selective effect, since 

premotor anodal transcranial direct current stimulation decreased the short-latency 

intracortical inhibition and increased the intracortical facilitation. This selective 

influence of anodal stimulation over premotor cortex was considered by the authors as a 

connectivity effect between premotor cortex and primary motor cortex. 

 

1.5.2 Primary motor and parietal cortices connectivity and functional 

relevance 

Different association areas related to motor responses, such as parietal cortices, may 

have a functional connectivity with the motor areas significant for motor learning, 

which could be reflected in a learning-related reorganization of the respective network. 

In this regard, the involvement of the parietal cortex in the motor cortex activity has 

been studied in humans by neuroimaging (Pascual-Leone et al., 2011) and brain 

stimulation (Koch et al., 2007, 2008; Veniero et al., 2013). Using paired-pulse 

transcranial magnetic stimulation over the parietal cortex by twin coils and applying the 

conditioning stimulus at 90% of the resting motor threshold, Koch et al. (2007) have 

suggested that there are facilitatory connections between the caudal part of the inferior 

parietal sulcus site and ipsilateral motor cortex, mediated by specific interneurons in the 

motor cortex. The authors propose that these connections could be important for motor 

learning. 
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In a recent research, Chao et al. (2013) applied corticocortical paired-associative 

stimuli to the ipsilateral posterior parietal cortex and primary motor cortex. By this 

procedure, they found that parietal stimulation at the interstimulus interval of 8 ms 

increases the excitability of conditioned left primary motor cortex assessed by motor 

evoked potentials and the input-output curve. Thus, transcranial magnetic stimulation 

pulses over parietal cortex can modulate primary motor cortex and posterior parietal 

cortex to primary motor cortex pathway excitabilities. The authors conclude that this 

could be a new approach to modify motor cortex excitability and sensorimotor 

interaction. 

Chao et al. (2013) also found that paired-associative stimuli applied to the 

posterior parietal cortex do not induce changes in the motor behavior assessed by the 

Purdue pegboard task. Nevertheless, recent studies have shown that transcranial direct 

current stimulation applied over P3 can modify the performance in motor tasks. 

Convento et al. (2014) have found that anodal current stimulation (2 mA, 10 min) over 

the left posterior parietal cortex selectively facilitates action planning, while the anodal 

current stimulation over the right primary motor cortex only modulates the action 

execution. This evidence shows that motor abilities relay on substantial different 

mechanisms. Other studies have also shown this relationship between cortical 

stimulation by transcranial direct current stimulation and the results in functional tasks. 

For example, Medina et al. (2013) applied anodal, cathodal or sham current stimulation 

over P3 using two electrodes of size 25 cm2 (5×5 cm). The anodal electrode was located 

over the left parietal cortex, and the cathodal electrode was located over the right 

parietal cortex (P4), and vice versa. Transcranial direct current stimulation was applied 

at 1.5 mA for 20 minutes. They used a target detection task in which the target – a circle 
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with a gap - was either to the right or left of the viewer (egocentric condition), or 

contained a gap on the right or left side of the circle (allocentric condition). Subjects 

performed the task before, during, and after transcranial direct current stimulation. The 

results indicated that the right anodal-left cathodal transcranial direct current stimulation 

has a facilitatory effect on allocentric visuospatial processing. 

 Finally, transcranial direct current stimulation has been applied to improve some 

symptoms in different clinic conditions. For instance, since a limb amputation might 

induce maladaptative neuroplasticity, Bolognini et al. (2013) applied stimulation to the 

primary motor cortex and P3 to evaluate the effects on the phantom limb pain and 

sensations. They found that the painful and non-painful phantom limb sensations are 

dissociable phenomena. Non-painful phantom sensations are associated to a 

hyperexcitation of posterior parietal cortex that could be normalized by cathodal 

transcranial direct current stimulation (2 mA, 15 min) over P3. Phantom limb pain is 

associated with cortical excitability in the sensorimotor network; increasing excitability 

in this system by anodal transcranial direct current stimulation (2 mA, 15 min) over 

primary motor cortex they observed an analgesic effect on phantom limb pain. The 

results of this study indicate that the level of excitability of different cortical areas 

influences the painful and non painful sensations in phantom limb, and the modulation 

of this excitability by transcranial direct current stimulation can reduce these symptoms. 

In addition to this potential therapeutic use, the effects of transcranial direct current 

stimulation have been studied in the context of other different pathologies, like neglect 

(Medina et al., 2013) or motor and apraxic disorders in patients with stroke (Convento 

et al., 2014). 



 

 



 

 

2. OBJECTIVES OF THE RESEARCH  
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In humans, the anterior parietal cortex is a primary area for processing sensory 

information, whereas posterior regions of the parietal cortex appear to be involved in the 

integration of sensory-motor activities (Krause et al., 2012). In particular, the posterior 

parietal cortex is related to motor learning (Shum et al., 2011). Performance of motor 

tasks enhances the activity of this area (Honda et al., 1998). Specifically, connections 

between the parietal, primary motor and premotor cortex are thought to convey 

information relevant for planning of movements in space. Connections between the 

parietal and motor cortex are functionally enhanced during early stages of planning of 

reaching movements (Koch et al., 2008). 

Alterations of cellular activity during learning, especially in the form of long 

term potentiation (LTP) (Malenka and Bear, 2004; Nitsche et al., 2003a; Rioult-Pedotti 

et al., 1998, 2000; Ziemann et al., 2008), have been observed at topographically distant, 

but functionally interconnected, areas (Chen et al., 2003; Koch et al., 2008). In motor 

learning, interregional connectivity involves a distributed cortical network including the 

primary motor cortex, supplementary motor area, premotor and parietal cortices (Vahdat 

et al., 2011). Direct physiological effects of acute parietal cortex activation on primary 

motor cortex excitability and activity have been reported (Koch et al., 2007, 2008). 

Specifically, facilitatory connections between the caudal part of the inferior parietal 

sulcus and the ipsilateral motor cortex have been identified by transcranial magnetic 

stimulation (Karabanov et al., 2013, Koch et al., 2007, 2013). Nevertheless, the 

plasticity of these interregional connections, which might have functional implications 

for motor learning, awaits to be elucidated. 

Here we explore the impact of plasticity induction of the parietal cortex by 

transcranial direct current stimulation on excitability of the ipsilateral primary motor 
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cortex in healthy humans, in order to learn more about plasticity of these functionally 

interconnected areas. Transcranial direct current stimulation is a non-invasive brain 

stimulation tool which enables the induction of plasticity via application of weak direct 

currents through the scalp (Nitsche and Paulus, 2000, 2001; Nitsche et al., 2002, 2003b, 

2008; Priori et al., 2009; Stagg and Nitsche, 2011). The primary effect is a polarity-

dependent shift of resting membrane potentials, and sufficiently long stimulation results 

in long-lasting excitability enhancements or reductions, which depend on the 

glutamatergic and GABAergic systems (Nitsche and Paulus, 2001; Nitsche et al., 

2003b; 2008; Nitsche and Paulus, 2011; Nitsche et al., 2005). Transcranial direct 

current stimulation is suited to explore plasticity of interregional cortical connectivity, 

as shown by its ability to induce plasticity of premotor-motor cortex connections (Boros 

et al., 2008), and has been shown to improve motor learning (Nitsche et al., 2003c; Reis 

et al., 2009). We hypothesized that excitability-enhancing anodal transcranial direct 

current stimulation applied to the posterior parietal cortex region (P3) of the 

international 10-20 electroencephalography system will enhance primary motor cortex 

excitability, while cathodal transcranial direct current stimulation over the same area 

will result in antagonistic effects. 

 Transcranial direct current stimulation is a useful tool to study the plasticity of 

the human brain cortex and its relation to different neurological disorders. More 

recently, non-invasive brain stimulation, and in particular the transcranial direct current 

stimulation, are being used to understand the cortico-cortical plasticity process. 

Transcranial magnetic stimulation and transcranial direct current stimulation are non-

invasive brain stimulation techniques that can be used to explore both, regional and 

interregional mechanisms of plasticity and its relationship to learning (Nitsche and 
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Paulus, 2011). But the specific plasticity of the parietal-motor connectivity and the 

functional importance of the respective plastic alteration for motor learning have not 

been explored systematically so far, and this is the general objective of this thesis. 

 In summary, the main objectives addressed in this doctoral thesis are: 

1. To explore the changes in primary motor cortex excitability after anodal, cathodal or 

sham transcranial direct current stimulation applied over P3.  

2. To explore the effects on primary motor cortex related to spatial specificity after 

anodal or cathodal transcranial direct current stimulation applied over cortical areas 

adjacent to P3 (3 cm lateral or 3 cm posterior to P3). 

3. To research the changes in the short intracortical inhibition and intracortical 

facilitation induced by anodal or cathodal transcranial direct current stimulation over 

P3. 

4. To study the alterations of parieto-motor connectivity elicited by anodal or cathodal 

transcranial direct current stimulation over P3. 

 



 

 



 

 

 

 

 

 

 

3. MATERIALS AND METHODS  
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3.1 SUBJECTS 

Thirty seven right-handed healthy subjects, 17 men and 20 women, aged 20 to 54 years 

(mean age = 28.6 ± 8.0 years), participated in this project. Fourteen of them, 7 men and 

7 women, aged 20 to 48 years (mean age = 28.3 ± 9.4 years), participated in experiment 

1a. Thirteen subjects, 7 men and 6 women, aged 24 to 54 years (mean age = 28.6 ± 8.0 

years), participated in experiment 1b (two of whom also participated in the previous 

one). In the last two experiments (2a,b), fifteen subjects (three of whom had taken part 

in the second experiment), 5 men and 10 women, aged 19 to 31 years (mean age= 25.7 

± 3.4 years) were included. None of the participants was taking medication, and none 

reported previous or present neurological or psychiatric diseases. All subjects gave 

informed written consent before participation and were compensated for participation. 

The study was approved by the Ethics Committee of the University of Göttingen, and 

conforms to the Declaration of Helsinki. 

 

3.2 PLASTICITY INDUCTION BY TRANSCRANIAL DIRECT CUR RENT 

STIMULATION (tDCS) 

Transcranial direct current stimulation (tDCS) was performed by battery-driven 

constant-current stimulators (NeuroConn GmbH, Ilmenau, Germany/Starstim 

Neuroelectrics, Barcelona, Spain) with conductive rubber electrodes, placed between 

two saline-soaked sponges. The electrode size used for parietal transcranial direct 

current stimulation was 15 cm2 (3x5 cm). The return electrode size was 35 cm2 (7x5 

cm). The return electrode was placed over the right supraorbital ridge. To stimulate the 

left parietal cortex, the respective electrode was placed over the posterior parietal cortex 
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(P3) region (Figure 9) according to the 10-20 electroencephalography international 

system (Herwig et al., 2003), as well as 3 cm lateral or posterior to P3 in single 

experiments. The electrodes were fixed onto the head by elastic rubber bands. 

 

A B

 

Figure 9. Transcranial direct current stimulation (tDCS) electrodes setting. 
Electrodes were placed according to the 10-20 electroencephalography international 
system and fixed onto the head by elastic rubber bands. (A) Subjects were seated in 
chair with a mounted headrest during the experiment. To stimulate the left parietal 
cortex, the active electrode was placed over the posterior parietal cortex region (P3) 
(white dotted circle); the electrode size used for parietal tDCS was 15 cm2 (3x5 cm). (B) 
The return electrode size was 35 cm2 (7x5 cm), was placed over the right supraorbital 
ridge (black dotted circle). 

 

 Transcranial direct current stimulation was performed for 15 min, because 

similar conditions result in excitability changes stable for about 1 hour after motor 

cortex stimulation (Nitsche and Paulus, 2001; Nitsche et al., 2003c). It was applied with 
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a current strength of 0.5 mA with gradual increase and decrease for 7 seconds at the 

beginning and the end of stimulation, respectively. All subjects felt a mild tingling 

sensation under the active and return electrodes, which subsided during the first 

minutes. Subjects were blinded for transcranial direct current stimulation conditions. 

Each subject received stimulation of the left parietal cortex (P3), both anodal and 

cathodal, in randomized order and on separate days at least 1 week apart. For sham 

transcranial direct current stimulation, current was increased and then decreased over 8 

sec both, at the beginning and end of a 15 min stimulation session, in order to ensure 

perception of some tingling sensation under the electrodes, but did not receive 

stimulation during the remaining session. 

 

3.3 MONITORING OF MOTOR CORTEX EXCITABILITY BY 

TRANSCRANIAL MAGNETIC STIMULATION (TMS) 

Transcranial Magnetic Stimulation was accomplished by a standard double of eight 

shaped 70-mm coil (Figure 3) connected to a Magstim 200 magnetic stimulator 

(Magstim, Whiteland, Dyfed, UK) for obtaining single-pulse TMS-elicited motor 

evoked potentials. The coil was placed tangentially to the scalp, with the handle 

pointing postero-laterally at a 45º angle from the midline. The optimal position was 

considered as the site where transcranial magnetic stimulation resulted consistently in 

the largest motor evoked potentials in the resting target muscle, the right first dorsal 

interosseus muscle. The representation of the primary motor cortex was marked on the 

scalp with a skin marker. Surface electromyography was recorded from the right first 

dorsal interosseus muscle by use of Ag–AgCl electrodes. The active electrode was 

placed over the first dorsal interosseus muscle belly, and the reference electrode over 
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the tendon of the this muscle. The signals were amplified and filtered (2 Hz to 2 kHz, 

sampling rate of 5 kHz), digitized with a micro 1401 AD converter (Cambridge 

Electronic Design, Cambridge, UK), and recorded by computer software (SIGNAL, 

Cambridge Electronic Design, version 2.13) for off-line analyses.  

 Resting motor threshold was defined as the lowest stimulus intensity that elicited 

a peak-to-peak motor evoked potential amplitude of 50 µV or more in the resting 

muscle in at least three out of six recordings. Active motor threshold was considered as 

the minimum intensity eliciting an motor evoked potential of superior size in relation to 

moderate spontaneous muscular background activity (~15% of the maximum muscle 

strength) in at least three out of six trials (Nitsche et al., 2005). 

 For obtaining single test pulse motor evoked potentials, the transcranial 

magnetic stimulation intensity which resulted in an average of the motor evoked 

potentials amplitude of about 1 mV peak-to-peak before the stimulation was identified  

for baseline determination, and kept constant throughout the remaining experiment, 

unless adjusted in case of double stimulation protocols. 

 Input-output curve was determined using increasing stimulus intensities (100, 

110, 130 and 150% of resting motor threshold), each 20 pulses per block (Nitsche et al., 

2005). 

 Short interval intracortical inhibition and intracortical facilitation within the 

primary motor cortex were obtained by a paired-pulse transcranial magnetic stimulation 

protocol. The intensity of the conditioning stimulus was set to 70% of the active motor 

threshold, and the test stimulus was adjusted to the intensity to evoke a motor evoked 

potential of about 1 mV peak-to-peak amplitude. Interstimulus intervals between the 
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pairs of stimuli were: 2, 3, 5, 7, 10, and 15 ms. We pooled data for inhibitory (2-3 ms), 

neutral (5-7 ms), and facilitatory (10-15 ms) stimulation. The exact interval between the 

paired-pulses was randomized (4 ± 0.4 s). The pairs of stimuli were organized in 

randomized and mixed order in 13 blocks, in which each interstimulus interval was 

represented once and an additional single test pulse was applied. The mean peak-to-

peak amplitude of the conditioned motor evoked potential at each interstimulus interval 

was expressed as a percentage of the mean peak-to peak size of the unconditioned test 

stimulus. 

 In the paired-pulse twin coil of the transcranial magnetic stimulation protocol, 

which was conducted to explore parieto-motor cortical connectivity, the test pulse was 

applied by a 50 mm figure-of-eight-shaped coil placed over the primary motor cortex 

representation of the right first dorsal interosseous. The conditioning stimulus was 

applied by a 70 mm eight-shaped coil placed over P3. Conditioning stimulus intensity 

was set to 90% of the resting motor threshold. Interstimulus intervals between the pairs 

of stimuli were 2, 4, 6, 8, 10, and 15 ms. We also pooled data for inhibitory (2-3 ms), 

neutral (5-7 ms), and facilitatory (10-15 ms) stimulation. The interval between the 

paired pulses was randomized (4 ± 0.4 s). The pairs of stimuli were organized in 

randomized and mixed order in 10 blocks, in which each interstimulus interval was 

represented once and the single test pulse was applied twice. 

 

3.4 EXPERIMENTAL PROCEDURES 

Subjects were seated in a comfortable reclining chair with a mounted headrest during 

the experiment. The electromyography electrodes were placed over the right first dorsal 
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interosseous muscle for obtaining motor evoked potentials. All subjects received 

transcranial direct current stimulation of 0.5 mA to the left posterior parietal cortex for 

15 min, both anodal and cathodal in randomized order and on separate days at least 1 

week apart to avoid carryover effects. Cortico-spinal and cortico-cortical excitability of 

the ipsilateral primary motor cortex were first monitored by transcranial magnetic 

stimulation to determine baseline measures. Then, transcranial direct current stimulation 

was applied as described above. After the stimulation, cortico-spinal and cortico-cortical 

excitability were monitored by transcranial magnetic stimulation with the same 

parameters obtained for baseline measures at different time intervals after stimulation. 

 

 3.4.1 Experiment 1a 

Primary motor cortex excitability changes induced by parietal transcranial direct 

current stimulation  

Fourteen right-handed healthy subjects, 7 men and 7 women, aged 20 to 48 years (mean 

age = 28.3 ± 9.4 years), participated in this experiment. We investigated the 

neuroplastic changes induced in primary motor cortex after applying transcranial direct 

current stimulation over the left posterior parietal cortex (P3). All subjects received 

anodal and cathodal transcranial direct current stimulation over the P3 position of the 

10-20 electroencephalography international system, six of them also received sham 

stimulation. Transcranial direct current stimulation conditions were applied in 

randomized order and on separate days at least 1 week apart to avoid carryover effects. 

Before the stimulation was applied, cortico-spinal excitability was first monitored by 

determination of resting motor threshold and input-output curve as described above, and 
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by single test-pulse transcranial magnetic stimulation with a TMS-intensity resulting in 

~1mV peak-to-peak amplitude of the motor evoked potential of the right first dorsal 

interosseous. For single-pulse transcranial magnetic stimulation, 20 motor evoked 

potentials were obtained for baseline determination (frequency of 0.25 Hz +/- 10%), and 

the transcranial magnetic stimulation intensity was kept constant for the remaining 

experiment. Then transcranial direct current stimulation was applied as described above. 

After transcranial direct current stimulation, cortico-spinal excitability was monitored 

by transcranial magnetic stimulation with the parameters obtained for baseline 

measures, 30 min and 60 min later (Figure 10). 

 

Anodal, cathodal or sham P3 
tDCS

Baseline TMS

MEPs immediatlyafter tDCS, then 30 
and 60 minutes after stimulation20 MEPs

tDCS Monitoring motor cortex excitability

0 30 60

0.5 mA
15 minutes

Single pulse

Adjusting the intensity if necessary

Keeping the intensity

AMT
RMT

I-O curve

AMT, RMT and I-O curve immediatly
after tDCS, then 30 and 60 minutes 

after stimulation

 

Figure 10. Course of the Experiment 1a. Motor evoked potentials (MEPs) elicited by 
single-pulse transcranial magnetic stimulation (TMS) over the motor cortex 
representation of the right first dorsal interosseus muscle (FDI) were recorded at 1 mV 
intensity. Active motor threshold (AMT) and resting motor threshold (RMT) were also 
determinated. Input – output curve (I-O curve) was recorded by 100%, 110%, 130% and 
150% of resting motor threshold (baseline). Then, transcranial direct current stimulation 
(tDCS) (anodal, cathodal or sham) was administered over P3. Immediately after the 
stimulation, 20 MEPs, AMT, RMT and I-O curve were measured, then thirty and sixty 
minutes later. TMS protocols obtained for baseline measures were used for monitoring. 



50 

 

 3.4.2 Experiment 1b 

Spatial specificity of the effects of parietal transcranial direct current stimulation on 

primary motor cortex excitability 

Thirteen right-handed healthy subjects, 7 men and 6 women, aged 24 to 54 years (mean 

age = 28.6 ± 8.0 years), participated in this study. The general procedure was identical 

to that of experiment 1a. All subjects received anodal, cathodal and sham transcranial 

direct current stimulation over P3, and anodal or cathodal trancranial direct current 

stimulation over 3 cm lateral or posterior to P3 after obtaining baseline motor evoked 

potentials, as outlined above. After transcranial direct current stimulation, motor evoked 

potentials elicited by single pulse of transcranial magnetic stimulation were registered 

every five minutes for 30 minutes (0, 5, 10, 15, 20, 25, 30 min), and then every 30 

minutes (60, 90, 120 min) until 2 hours (Figure 11). 

 

Anodal, cathodalor sham P3 
tDCS

Baseline TMS

MEPs every 5 min for 30 min, then
every 30 min until 2 hours20 MEPs

tDCS Monitoring motor cortex excitability

0  5  10  15  20  25  30   60 90 120

0.5 mA
15 minutes

Anodal or cathodal tDCS3 cm 
lateral or posterior to P3 

Single pulse

Keeping the intensity

 

Figure 11. Course of the Experiment 1b. Motor evoked potentials (MEPs) elicited by 
single-pulse transcranial magnetic stimulation (TMS) over the motor cortex 
representation of the right first dorsal interosseus muscle (FDI) were recorded at 1 mV 
intensity (baseline). Then, transcranial direct current stimulation (tDCS) (anodal, 
cathodal or sham) was administered over P3, and 3 cm lateral and 3 cm posterior to P3. 
Immediately after the stimulation, 20 MEPs were recorded, and every five minutes for 
thirty minutes. The same protocol was repeated every thirty minutes during two hours. 
TMS with the parameters obtained for baseline measures was used for monitoring. 
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 3.4.3 Experiment 2a 

Short interval intracortical inhibition and intracortical facilitation changes induced 

by parietal transcranial direct current stimulation 

Fifteen right-handed healthy subjects, 5 men and 10 women, aged 19 to 31 years (mean 

age= 25.7 ± 3.4 years), participated in this study. Two high-power Magstim 200 

machines, which were connected via a Bistim-module, were used in this experiment. 

Primary motor cortex excitability was first monitored by determination of active motor 

threshold as described above, and 20 motor evoked potentials were registered to 

determinate transcranial magnetic stimulation intensity resulting in ~1mV peak-to-peak 

amplitude motor evoked potential of the right first dorsal interosseus muscle before 

transcranial direct current stimulation (Figure 12).  
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0

0.5 mA
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20 MEPs
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Figure 12. Course of the Experiment 2a. Motor evoked potentials (MEPs) elicited by 
single-pulse transcranial magnetic stimulation (TMS) over the motor cortex 
representation of the right first dorsal interosseus muscle (FDI) were recorded at 1 mV 
intensity. Short-latency intracortical inhibition and intracortical facilitation (SICI/ICF) 
elicited by double-pulse transcranial magnetic stimulation over the motor cortex 
representation of the first dorsal interosseus muscle were recorded by a conditioning 
stimulus (CS) of 70% of the active motor threshold (AMT) and a test stimulus (TS) at 1 
mV motor evoked potential amplitude size (baseline).Then, transcranial direct current 
stimulation (tDCS) (anodal, cathodal or sham) was administered over P3. Immediately 
after the stimulation, 20 MEPs at 1 mV intensity and SICI/ICF were recorded again. 
TMS with the parameters obtained for baseline measures was used for monitoring. 
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 Short interval intracortical inhibition and intracortical facilitation were measured 

by the paired-pulse transcranial magnetic stimulation protocol described above. After 

that, anodal, cathodal and sham transcranial direct current stimulation were applied over 

P3 for 15 min in different sessions. Immediately after transcranial direct current 

stimulation, primary motor cortex excitability was monitored again by active motor 

threshold and motor evoked potentials of about 1 mV peak-to-peak amplitude, and, 

then, short interval intracortical inhibition and intracortical facilitation were recorded. 

Single pulse motor evoked potential and active motor threshold intensities were 

adjusted when necessary (Figure 12). 

 

 3.4.4 Experiment 2b 

Parietal-motor cortical connectivity changes induced by parietal transcranial direct 

current stimulation  

Fifteen right-handed healthy subjects participated in this study. As in the previous 

experiment, two high-power Magstim 200 machines connected via a Bistim-module 

were used. Primary motor cortex excitability was first monitored by single test-pulse 

transcranial magnetic stimulation obtained with a small eight-shaped coil (external 

diameter 50 mm). Twenty motor evoked potentials were registered to determinate 

transcranial magnetic stimulation intensity resulting in ~1mV peak-to-peak amplitude 

motor evoked potential of the right dorsal interosseus muscle before the stimulation. 

Then, resting motor threshold was determined as described above by single test-pulse 

transcranial magnetic stimulation using a small eight-shaped coil (external diameter 70 

mm). The paired-pulse twin coil transcranial magnetic stimulation protocol used to 
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record short interval intracortical inhibition and intracortical facilitation was the same as 

described above, with the exception that the CS was delivered by the coil placed over 

P3, and the test pulse by the other coil positioned over the primary motor cortex. Then, 

anodal, cathodal and sham transcranial direct current stimulation of 0.5 mA was applied 

over P3 for 15 min in different sessions, as described above. Immediately after 

transcranial direct current stimulation termination, primary motor cortex excitability 

was monitored by determination of resting motor threshold and motor evoked potentials 

of about 1 mV peak-to-peak amplitude, and then short interval intracortical inhibition 

and intracortical facilitation were recorded. Single pulse motor evoked potential and 

resting motor threshold intensities were adjusted when necessary (Figure 13). 

 

Anodal, cathodal or sham P3 
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20 MEPs
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P3- M1 SICI/ICF
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0
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0.5 mA
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Fig. 13. Course of the Experiment 2b. Motor evoked potentials (MEPs) elicited by single-pulse
 

Figure 13. Course of the Experiment 2b. Motor evoked potentials (MEPs) elicited by 
single-pulse transcranial magnetic stimulation (TMS) over the motor cortex 
representation of the right first dorsal interosseus muscle (FDI) were recorded at 1 mV 
intensity. A twin-coil transcranial magnetic stimulation protocol was used to study P3-
M1 connectivity by parieto-motor short latency intracortical inhibition and intracortical 
facilitation (pmSICI/pmICF). Test stimulus (TS) was applied over the motor cortex 
representation of the first dorsal interosseus muscle at 1 mV, and conditioning 
stimulation (CS) was applied over P3 at 90% of the resting motor threshold (RMT) 
(baseline), then transcranial direct current stimulation (tDCS) (anodal, cathodal or 
sham) was administered over P3. Immediately after the stimulation, 20 MEPs were 
recorded and pmSICI/pmICF were again recorded. TMS with the parameters obtained 
for baseline measures was used for monitoring. 
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3.5 DATA ANALYSIS 

For the single pulse motor evoked potentials measures, individual means of peak-to-

peak motor evoked potential amplitudes (mV) were calculated off-line, and baseline-

standardized individual peak-to-peak motor evoked potential amplitudes were 

calculated for each stimulation condition and for each time-bin covering the recordings 

before and after transcranial direct current stimulation. For short interval intracortical 

inhibition and intracortical facilitation protocols, mean motor evoked potential 

amplitudes were standardized to the respective single-pulse condition. Individual means 

were calculated for each interstimulus stimulation and stimulation condition. 

In all experiments the Mauchley-test for proving sphericity was applied. The 

Greenhouse-Geisser correction was applied to correct for non-sphericity, if necessary. 

Baseline differences between anodal, cathodal, and sham transcranial direct current 

stimulation were explored for non-standardized motor evoked potential amplitudes via a 

one-factorial analysis of the variance (ANOVA) with the factor “tDCS condition”. A 

repeated measure ANOVA with the dependent variable percentage of maximal 

stimulator output was conducted for motor thresholds. Critical level of significance was 

set to p < 0.05 for all tests. Post hoc tests were not corrected for multiple comparisons. 

All analyses were carried out using SPSS software. 

In experiment 1a, for the respective repeated measure ANOVA, baseline 

standardized motor evoked potential amplitudes from each subject served as the 

dependent variable, and transcranial direct current stimulation condition 

(anodal/cathodal) and time as within subject factors. For input-output curve, transcranial 

magnetic stimulation intensity served as an additional factor. In case of significant 

results, post hoc two-tailed paired samples Student´s t-tests were conducted to compare 
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motor evoked potential amplitude alterations of the respective time bins versus baseline, 

or within a time bin between transcranial direct current stimulation conditions. A one-

way ANOVA, with time as a repeated measure factor and motor evoked potential as 

dependent variable, was conducted for sham stimulation in a subgroup of subjects. A 

two-way repeated measure ANOVA was conducted for input-output curve, with time 

and transcranial magnetic stimulation intensity as repeated measure factor. 

For the repeated measure ANOVA of experiment 1b, baseline standardized 

motor evoked potential amplitudes from each subject served as the dependent variable, 

and transcranial direct current stimulation conditions condition (anodal/cathodal/sham), 

time and electrode position served as within subject factors. In case of significant results 

of the ANOVA, post hoc two-tailed paired samples Student´s t-tests were conducted to 

compare motor evoked potential amplitude alterations of the respective time bins versus 

baseline, or within a time bin between transcranial direct current stimulation conditions. 

Motor evoked potential amplitudes recorded from 1a and 1b experiments were 

also calculated together for anodal and cathodal stimulation and for each time bin at 0 

min, 30 min and 60 min, and data were analyzed by a two-way ANOVA. Baseline 

standardized motor evoked potential amplitudes from each subject served as dependent 

variable. Transcranial direct current stimulation conditions (anodal and cathodal) and 

time served as within subject factors. Post hoc two-tailed paired samples Student´s t-

tests were conducted to compare motor evoked potential amplitude alterations of the 

respective time bins versus baseline. 

 Two separate ANOVAs were conducted for experiments 2a and 2b. For the 

respective repeated measure ANOVAs, single transcranial magnetic stimulation test 

pulse-standardized double-pulse transcranial magnetic stimulation-elicited motor 
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evoked potential amplitudes from each subject served as the dependent variable, and 

transcranial direct current stimulation condition (anodal/cathodal/sham), time (before 

and after transcranial direct current stimulation) and interstimulus intervals (pooled data 

for 2-4, 6-8 and 10-15 ms) served as repeated measure factors. When the results were 

significant, post hoc two-tailed paired samples Student´s t-tests were conducted to 

compare motor evoked potential amplitude alterations of the respective interstimulus 

intervals versus baseline or sham, or within an interstimulus interval between 

transcranial direct current stimulation conditions. 
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None of the subjects reported any relevant adverse effects during or after the 

study in any of the experiments. Baseline values of motor evoked potentials, resting 

motor threshold, active motor threshold, and short-latency intracortical inhibition and 

intracortical facilitation did not differ between sessions in the respective experiments. 

 

4.1 EXPERIMENT 1a 

The percentage of maximum stimulator output for motor thresholds and the absolute 

values for motor evoked potential baselines for all experimental sessions are shown in 

Table 1. The results of the ANOVA for baselines and motor thresholds did not differ 

between experimental sessions. Resting motor threshold and active motor threshold did 

not differ after transcranial direct current stimulation conditions (Table 2). 

Table 1. Baselines and motor thresholds values before and after transcranial direct 
current stimulation (tDCS) over P3 of the experiment 1a. Data are presented as mean ± 
standard deviation (SD). Abbreviations: AMT= active motor threshold; F= female; M= male; 
n= number of participants; RMT= resting motor threshold; SI 1mv= transcranial magnetic 
stimulation intensity adjusted to elicit ~ 1 mV peak to peak amplitude of motor evoked 
potentials (MEPs); *= Percentage of maximum stimulator output (%MSO). 
 

Before tDCS

Experimental session n Sex (M/F) Age SI 1mv (%)*
Baseline MEP 
amplitude (mV) RMT (%)* AMT (%)*

Anodal tDCS over P3 14 7F/7M 28.3 ± 9.4 45.7 ± 6.2 1.03  ± 0.09 39.9 ± 4.7 31.4 ± 5.2

Cathodal tDCS over P3 14 7F/7M 28.3 ± 9.4 46 ± 6.5 1.06 ± 0.07 40.1 ± 6.6 32.5 ± 6.3

Sham tDCS over P3 6 3F/3M 28.3 ± 9.4 47.1 ± 3.7 1.09 ± 0.07 41.8 ± 3.8 32.1 ± 5.4

After tDCS 0 min

Anodal tDCS over P3  39.8±5.3  31.9±5.4

Cathodal tDCS over P3  40.4±5.7  32.5±5.2

Sham tDCS over P3  41.6±3.6  32.5±4.8
After tDCS 30 min

Anodal tDCS over P3  40.6±5.5  31.5±5.9
Cathodal tDCS over P3  40.5±6.4  32.3±5.5
Sham tDCS over P3  41.3±3.6  32.6±5.2

After tDCS 60 min
Anodal tDCS over P3  40.4±5.1  31.5±6.3
Cathodal tDCS over P3  40.6±6.0  32.5±5.8
Sham tDCS over P3  41.1±4.8  33±4.0  
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Table 2. Results of the analysis of variance (ANOVA) tests of the experiment 1a. One-way 
ANOVAs were calculated for baselines values and motor thresholds, active motor threshold 
(AMT) sham  and resting motor threshold (RMT) sham. Two-way ANOVAs repeated measures 
were calculated for AMT, RMT and motor evoked potentials (MEPs) before and after 
stimulation. Three-way repeated measures ANOVAs were calculated for input-output curve (I-
O Curve). Abbreviations: d.f.= degrees of freedom; tDCS= transcranial direct current 
stimulation; TMS= transcranial magnetic stimulation. *= P<0.05. 

Measurement                   Factor d.f F-value P-value
Baseline MEP amplitude (mV)

Experimental session 1 2.896 0.113
Motor threshold (MT)

MT Experimental sessions Anodal/Cathodal 1 0.179 0.679
MT Experimental session sham 3 0.7 0.431
RMT stimulation 1 0.538 0.476
RMT time 3 0.776 0.514
RMT stimulation x time 3 0.073 0.974
RMT sham 3 0.484 0.518
AMT stimulation 1 2.246 0.158
AMT time 3 0.283 0.837
AMT stimulation x time 3 0.424 0.737
AMT sham 3 1.373 0.294

MEP
tDCS stimulation 1 14.3 0.002*
TMS time 3 1.3 0.281
tDCS stimulation x TMS time 3 5.9 0.002*
Single test pulse TMS time (sham) 3 0.7 0.431

I-O Curve
tDCS stimulation 1 1.2 0.296
TMS time 3 0.2 0.905
TMS intensity 3 27.5 < 0.001*
tDCS stimulation x TMS time 3 0.5 0.687
Time x TMS intensity 9 1 0.471
tDCS stimulation x TMS intensity 3 1.5 0.224
TMS time x tDCS stimulation x TMS intensity 9 0.6 0.758
TMS time (Sham) 3 1.5 0.265
TMS intensity 3 32.1 < 0.001*
TMS time x TMS intensity 1 9 0.474  

 

 The repeated-measures ANOVA conducted for single-test pulse motor evoked 

potential (Table 2) showed a significant main effect of polarity (P = 0.002) and a 

significant effect of the interaction between time and polarity (P = 0.002). The post-hoc 

tests show significant motor evoked potential enhancements versus baseline in the 

anodal condition immediately after transcranial direct current stimulation and 60 min 
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after stimulation (P ˂ 0.05). In the cathodal transcranial direct current stimulation 

condition, motor evoked potential size was significantly reduced versus baseline only 

immediately after transcranial direct current stimulation (P ˂ 0.05). The comparison 

between anodal versus cathodal transcranial direct current stimulation showed 

significant differences immediately after transcranial direct current stimulation, 30 and 

60 min after stimulation (P ˂  0.05). The exact values of the post-hoc test for significant 

results are showed in the Table 3.  

 

Table 3. Significant values for post hoc analysis of the experiment 1a. Abbreviation: tDCS= 
transcranial direct current stimulation. 
 Table 3. Significative values for post hoc. Experiment 1a.

Anodal tDCS 
vs Baseline Significance

Cathodal tDCS 
vs Baseline Significance

Anodal vs 
Cathodal tDCS Significance

0 minutes P = 0.004 0 minutes P = 0.004 0 minutes P= 0.001

60 minutes P = 0.002 - - 30 minutes P= 0.033

- - - -
60 minutes P= 0.007

 

 

The one-way ANOVA conducted for sham transcranial direct current 

stimulation showed no significant effect for time (P = 0.431). Figure 14 shows the 

motor evoked potential alterations induced by anodal, cathodal and sham parietal 

transcranial direct current stimulation. For the input-output curve, the main effect of the 

stimulation intensity was significant in the three experimental sessions, but there was no 

significant effect due to transcranial direct current stimulation (Figure 15). 
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Figure 14. Time course (in minutes) of the motor evoked potential (MEP) 
amplitudes for anodal and cathodal transcranial direct current stimulation (tDCS) 
(A) and sham stimulation (B) over P3 (experiment 1a). (A) Compared to baseline 
values, MEPs were significantly larger in the anodal condition 0 min and 60 min (♦P ˂ 
0.05) after posterior parietal tDCS (P3), and significantly diminished in the cathodal 
condition 0 min after P3 tDCS (■P ˂  0.05). MEPs were significantly larger after anodal, 
compared to cathodal P3 tDCS, immediately, 30 min and 60 min (*P ˂ 0.05) after 
tDCS. Sham tDCS (B) did not result in any MEPs alterations. The dotted line indicates 
baseline MEP amplitude. (◊) Anodal tDCS. () Cathodal tDCS. (∆) Sham tDCS. (♦) 
Anodal tDCS versus baseline significance. (■) Cathodal tDCS versus baseline 
significance. (*) Anodal versus cathodal tDCS significance. Error bars represent 
standard error of means (SEM). 
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Figure 15. Input-output curve (I-O curve) for anodal (A), cathodal (B) and sham 
(C) transcranial direct current stimulation (tDCS) over P3 (experiment 1a). The I-

O curve was recorded with TMS (♦) before tDCS and three times after stimulation at 0 
min(■), 30 minutes (▲) and 60 minutes (×). The TMS intensity was adjusted at 100%, 
110%, 130% and 150% of the resting motor threshold (RMT). No significant changes 
were observed after tDCS. Error bars represent standard error of means (SEM). 
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4.2 EXPERIMENT 1b 

The percentage of maximum stimulator output for motor thresholds and the absolute 

values for motor evoked potential baselines for all experimental sessions are shown in 

Table 4. The results of the ANOVA for baselines and motor threshold did not differ 

between experimental sessions (Table 5). 

 

Table 4. Baseline and motor thresholds values before transcranial direct current 
stimulation (tDCS) of the experiment 1b. Data are presented as mean ± standard deviation 
(SD). Abbreviation: F= female; M= male; n= number of participants; SI1mv= TMS intensity 
adjusted to elicit ~ 1 mV peak to peak amplitude of motor evoked potentials (MEPs). *= 
Percentage of maximum stimulator output (%MSO). 
 

Experimental session n Sex (M/F) Age SI 1mv (%)*
Baseline MEP 
amplitude (mV)

Anodal tDCS over P3 13 6F/7M 28.6 ± 8.0 50.2 ± 9.9 1.05 ± 0.02
Cathodal tDCS over P3 13 6F/7M 28.6 ± 8.0 47.9 ± 10.2 1.03 ± 0.06
Sham tDCS over P3 13 6F/7M 28.6 ± 8.0 50.0 ± 10.7 1.06 ± 0.10
Anodal tDCS over 3 cm post toP3 13 6F/7M 28.6 ± 8.0 51.3 ± 11.3 1.02 ± 0.07 
Cathodal tDCS over 3 cm post toP3 13 6F/7M 28.6 ± 8.0 49.8 ± 10.5 1.02 ± 0.10 
Anodal tDCS over 3 cm lat toP3 13 6F/7M 28.6 ± 8.0 49.3 ± 10.2 1.01 ± 0.06 
Cathodal tDCS over 3 cm lat toP3 13 6F/7M 28.6 ± 8.0 49.6 ± 10.1 0.99 ± 0.07  

 

The repeated-measures ANOVA conducted for single-test pulse motor evoked 

potential showed a significant main effect of transcranial direct current stimulation (P = 

0.015) and transcranial magnetic stimulation time (P = 0.048), and a significant 

interaction between electrode transcranial direct current stimulation position and 

transcranial direct current stimulation itself (P ˂ 0.001), electrode transcranial direct 

current stimulation position and transcranial magnetic stimulation time (P = 0.020), and 

electrode transcranial direct current stimulation position, transcranial direct current 

stimulation itself and time (P = 0.006) (Table 5).  
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Table 5. Results of the analysis of variance (ANOVA) tests from experiment 1b. One-way 
ANOVAs were calculated for baselines values and motor thresholds. A three-way repeated 
measures ANOVA was calculated for motor evoked potentials (MEPs) before and after 
stimulation. For the MEPs recorded before and after stimulation of the experiments 1a and 1b 
together, a two-way repeated measures ANOVA was calculated. Abbreviations: d.f.= degrees of 
freedom; tDCS: transcranial direct current stimulation; TMS= transcranial magnetic stimulation. 
*= P<0.05. 

Measurement                   Factor d.f F-value P-value
Baseline MEP amplitude (mV)

Experimental session 6 1.123 0.357
Motor threshold (MT)

MT Experimental sessions 6 1.196 0.318
MEP

tDCS position 2 1.695 0.205
tDCS stimulation  2 5.019 0.015*
TMS time 10 1.928 0.048*
tDCS position x tDCS stimulation 4 7.822 ˂0.001*
tDCS position x TMS time 20 1.814 0.020*
tDCS stimulation x TMS time 20 0.967 0.503
tDCS position x tDCS stimulation x TMS time 40 1.698 0.006*

 Results of the ANOVA. MEPs  experiments 1a and 1b
Measurement                   Factor d.f F-value P-value
MEP

tDCS stimulation  1 37.927 ˂0.001*
TMS time 1 6.043 0.021*
TMS time x tDCS stimulation 1 22.025˂0.001*  

 

 Post-hoc tests revealed motor evoked potential enhancements in the anodal 

condition versus baseline immediately after transcranial direct current stimulation over 

P3 (0 min), as well as 5, 15, 20, 30, 60, 90, and 120 min after stimulation (P ˂  0.05). In 

the cathodal transcranial direct current stimulation over P3 condition, motor evoked 

potential size was significantly reduced versus baseline at 5, 10, 15, 20, 25, 30, 60, 90, 

and 120 min after stimulation (P ˂  0.05). The post-hoc tests showed a significant motor 

evoked potential increase in the anodal transcranial direct current stimulation over P3 

condition compared with sham at 30, 60, 90, and 120 min after transcranial direct 

current stimulation (P ˂ 0.05). Regarding the cathodal transcranial direct current 

stimulation over P3 condition compared with sham there was a significant motor 

evoked potential decrease at 5, 10, 15, 20, 25, 30, 60 and 120 min after transcranial 
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direct current stimulation (P ˂ 0.05). Table 6 shows the significant exact values for the 

post-hoc test results. 

 

Table 6. Significant values for post hoc analysis of the experiment 1b. Abbreviations: tDCS 
over P3= transcranial direct current stimulation over the posterior parietal cortex region of the 
international 10-20 electroencephalography system. 

Anodal tDCS over P3 vs 
Baseline Significance

Cathodal tDCS over P3 vs 
Baseline Significance

0 minutes P = 0.036 5 minutes P = 0.030
5 minutes P = 0.025 10 minutes P ˂ 0.001
15 minutes P = 0.023 15 minutes P = 0.011
20 minutes P = 0.007 20 minutes P = 0.009
30 minutes P = 0.002 25 minutes P = 0.038
60 minutes P  = 0.019 30 minutes P = 0.008
90 minutes P = 0.003 60 minutes P  = 0.034
120 minutes P = 0.005 90 minutes P = 0.043

- - 120 minutes P = 0.021
Anodal tDCS over P3 vs 

sham Significance
Cathodal tDCS over P3 vs 

sham Significance
30 minutes P = 0.004 5 minutes P = 0.012
60 minutes P = 0.025 10 minutes P = 0.001
90 minutes P = 0.002 15 minutes P = 0.008
120 minutes P = 0.002 20 minutes P = 0.002

- - 25 minutes P = 0.009
- - 30 minutes P = 0.001
- - 60 minutes P = 0.037
- - 120 minutes P = 0.004

Anodal tDCS over 3 cm 
posterior to P3 vs baseline Significance

Anodal tDCS over 3 cm 
posterior to P3 vs sham Significance

90 minutes P = 0.034 10 minutes P = 0.025
120 minutes P = 0.004 - -

 Significative values for the post-hoc test. Experiment 1a and 1b
Anodal tDCS over P3 vs 

Baseline Significance
Cathodal tDCS over P3 vs 

Baseline Significance
0 minutes P ˂ 0.001 0 minutes P = 0.019
30 minutes P ˂ 0.001 30 minutes P = 0.012
60 minutes P ˂ 0.001 60 minutes P = 0.003  
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 Figure 16 shows the motor cortex excitability changes after anodal, cathodal and 

sham anodal transcranial direct current stimulation over the posterior parietal cortex 

region (P3) of the international 10-20 electroencephalography system. 
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Figure 16. Time course (in minutes) of the motor evoked potential (MEP) 
amplitudes for anodal, cathodal and sham transcranial direct current stimulation 
(tDCS) over the posterior parietal cortex (P3) (experiment 1b). tDCS over P3 
resulted in an MEP amplitude enhancement for anodal (♦P ˂  0.05), and MEP decrease 
for cathodal tDCS (■P ˂  0.05), compared to baseline. The dotted line indicates baseline 
MEP amplitude. (◊) Anodal tDCS. (€) Cathodal tDCS. (∆) Sham tDCS. (♦) Anodal 
tDCS versus baseline significance. (■) Cathodal tDCS versus baseline significance. (*) 
Anodal or cathodal tDCS versus sham significance. Error bars represent standard error 
of means (SEM). 

 

 Post-hoc tests for the 3 cm posterior to P3 position (Figure 17) showed motor 

evoked potential enhancements in the anodal condition compared to baseline at 90 and 

120 min (P ˂ 0.05), and sham at 10 min (P ˂ 0.05). Cathodal condition over 3 cm 

posterior to P3 did not result in any significant change. The results of post-hoc tests for 
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the 3 cm lateral to P3 position indicated no significant motor evoked potential changes 

in anodal or cathodal transcranial direct current stimulation conditions (Figure 18). In 

the sham condition no motor evoked potential changes were found. 
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Figure 17. Time course (in minutes) of the motor evoked potential (MEP) 
amplitudes for anodal, cathodal and sham transcranial direct current stimulation 
(tDCS) over 3 cm posterior to the posterior parietal cortex (P3) (experiment 1b). 
Compared to baseline, MEPs were significantly diminished after anodal (♦ P ˂  0.05) 
and cathodal tDCS (■P ˂ 0.05), and compared to sham, MEPs were significantly 
decreased in the anodal (*P ˂ 0.05) and cathodal (*P ˂ 0.05) conditions. The dotted line 
indicates baseline MEP amplitude. (◊) Anodal tDCS. (€) Cathodal tDCS. (∆) Sham 

tDCS. (♦) Anodal tDCS versus baseline significance. (■) Cathodal tDCS versus 
baseline significance. (*) Anodal or cathodal tDCS versus sham significance. Error bars 
represent standard error of means (SEM). 
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Figure 18. Time course (in minutes) of the motor evoked potential (MEP) 
amplitudes for anodal, cathodal and sham transcranial direct current stimulation 
(tDCS) over 3 cm lateral to the posterior parietal cortex (P3) (experiment 1b). 
tDCS applied 3 cm lateral to P3 did not result in any MEPs alterations. The dotted line 
indicates baseline MEP amplitude. (◊) Anodal tDCS. (€) Cathodal tDCS. (∆) Sham 
tDCS. Error bars represent standard error of means (SEM). 

 

The two-way ANOVA for the motor evoked potentials of the experiments 1a 

and 1b showed a significant main effect of transcranial direct current stimulation (P = 

0.001 ) and transcranial magnetic stimulation time (P = 0.021 ), and a significant effect 

of the interaction between transcranial magnetic stimulation time and transcranial direct 

current stimulation (P < 0.001) (Table 5). The post-hoc tests showed significant motor 

evoked potential enhancements versus baseline in the anodal condition at 0, 30 and 60 

min after stimulation (P ˂ 0.05). In the cathodal transcranial direct current stimulation 

condition, motor evoked potential size was significantly reduced versus baseline at 0, 30 

and 60 min after this stimulation (P ˂ 0.05) (Figure 19). Table 6 shows the significant 

exact values for the post-hoc test results. 
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Figure 19. Time course (in minutes) of the motor evoked potential (MEP) 

amplitudes for anodal and cathodal transcranial direct current stimulation (tDCS) 

over posterior parietal cortex (P3) (experiments 1a and 1b taken together). 

Compared to baseline values, MEPs amplitudes were significantly larger in the anodal 

condition at 0 min, 30 min and 60 min (♦P ˂ 0.05) after P3 tDCS, and significantly 

diminished in the cathodal condition at 0 min, 30 min and 60 min after P3 tDCS (■P ˂ 

0.05). The dotted line indicates baseline motor evoked potential amplitude. (◊) Anodal 

tDCS. () Cathodal tDCS. (♦) Anodal tDCS versus baseline significance. (■) Cathodal 

tDCS versus baseline significance. Error bars represent standard error of means (SEM). 

 

4.3 EXPERIMENT 2a 

The percentage of maximum stimulator output for motor thresholds and the absolute 

values for motor evoked potential baselines for all the experimental sessions are shown 

in Table 7. The results of the ANOVA for baselines and motor threshold did not differ 

between experimental sessions (Table 8). 
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Table 7. Baseline and motor thresholds values before and after transcranial direct current 
stimulation (tDCS) of the experiment 2a. Data are presented as mean ± standard deviation 
(SD). Abbreviation: AMT= Active motor threshold; F= female; M= male; n= number of 
participants; P3= posterior parietal cortex region of the international 10-20 
electroencephalography system; SI 1mv= transcranial magnetic stimulation intensity adjusted to 
elicit ~ 1 mV peak to peak amplitude of motor evoked potentials (MEPs). *= Percentage of 
maximum stimulator output (%MSO). 
Table 7. Baselines and motorthresholds values before and after tDCS. Experiment 2a

Before tDCS

Experimental session nSex (M/F) Age SI 1mv (%)* AMT (%)*
Baseline MEP 
amplitude (mV)

Anodal tDCS over P3 15 10F/5M25.7 ± 3.4 42.0  ± 5.6 29.6 ± 4.2 1.18±0.15 
Cathodal tDCS over P3 15 10F/5M25.7 ± 3.4 41.3 ± 5.5 30.3 ± 2.9 1.16±0.13 
Sham tDCS over P3 15 10F/5M25.7 ± 3.4 42.6 ± 5.4 29.6 ± 4.7 1.12±0.17

After tDCS

Anodal tDCS over P3 41.4 ± 6.5 29.8 ± 3.8 1.12±0.16 
Cathodal tDCS over P3 40.8 ± 5.6 29.6 ± 4.0 1.12±0.18 
Sham tDCS over P3 42.2 ± 5.7 29.8 ± 4.2 1.14±0.14  

 

 

 The repeated-measures ANOVA (Table 8) shows a significant main effect of the 

interstimulus interval (P < 0.001) and a significant transcranial direct current stimulation 

condition and time interaction (P = 0.007). The results of the post-hoc tests revealed 

significant motor evoked potential enhancements in the anodal condition versus 

baseline and sham stimulation in the interstimulus intervals 5-7 and 10-15 ms (P ˂ 0.05) 

Table 9 shows the significant exact values for the post-hoc test results. Figure 20 shows 

the short latency intracortical inhibition and intracortical facilitation results in the 

anodal condition. Post-hoc tests for cathodal transcranial direct current stimulation 

indicated no significant differences versus baseline or sham (Figure 21). In the sham 

condition no motor evoked potential changes were found (Figure 22). 
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Table 8. Results of the analysis of variance (ANOVA) tests of the experiment 2a. A two-
way repeated-measures ANOVAs were calculated for baselines values and motor thresholds. A 
three-way repeated-measures ANOVAs were calculated for motor evoked potentials (MEP). 
Abbreviations: AMT = active motor threshold; d.f.= degrees of freedom; ISIs= interstimulus 

intervals; SICI/ICF= short latency intracortical inhibition and intracortical facilitation; 
tDCS= transcranial direct current stimulation; TMS= transcranial magnetic stimulation. 
*P<0.05. 
Table 8. Results of the ANOVAs. Experiment 2a
Measurement Factor d.f F-value P-value
Baseline MEP amplitude (mV)

Experimental session 2 0.091 0.913

Time 1 0.983 0.338

Experimental session x time 2 0.704 0.503

Motor threshold (MT)
MT Stimulation 2 0.939 0.403
MT Time 1 1.402 0.256
MT Stimulation x time 2 0.02 0.98
AMT Stimulation 2 0.061 0.941
AMT Time 1 0.327 0.576
AMT Stimulation x time 2 0.693 0.509

SICI/ICF
tDCS stimulation 2 0.187 0.83
TMS time 1 1.839 0.197
ISIs 2 33.71 ˂0.001*
tDCS stimulation x TMS time 2 5.929 0.007*
tDCS stimulation x ISIs 4 0.959 0.437
Time x ISIs 2 1.773 0.188
Stimulation x TMS time x ISIs 4 0.042 0.213  

 

 

Table 9. Significant values for post hoc test of the experiment 2a. ISIs= interstimulus 
intervals (expressed in ms); tDCS over P3= transcranial direct current stimulation over the 
posterior parietal cortex region of the international 10-20 electroencephalography system. 

Anodal tDCS over P3 vs 
Baseline Significance

Anodal tDCS over 
P3 vs Sham Significance

ISIs 5 -7 P = 0.014 ISIs 5 -7 P = 0.034
ISIs 10 - 15 P = 0.005 ISIs 10 - 15 P = 0.039
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Figure 20. Motor cortex short latency intracortical inhibition/intracortical 
facilitation (SICI/ICF) for anodal  and sham transcranial direct current stimulation 
(tDCS) (experiment 2a). The conditioning stimulus (CS) was set to an intensity of 70 
% of the active motor threshold (AMT). Test stimulus (TS) intensity was adjusted to 
evoke a MEP of about 1 mV peak-to-peak amplitude. TS amplitude was adjusted after 
tDCS when necessary. Interstimulus intervals (ISIs) were 2, 3, 5, 7, 10 and 15 ms 
(arranged in the abscissa in three groups of intervals of 2-3, 5-7 and 10-15 ms). 
Significant ICF alterations were present in the anodal condition for the interstimulus 
intervals of 5-7 and 10-15 ms, compared to baseline (■P ˂  0.05) and sham (*P ˂ 0.05). 
(◊) Before tDCS condition. ( ) After tDCS condition. (∆) After sham tDCS. (■) Anodal 
tDCS vs. baseline significance. (*) Anodal tDCS versus sham significance. Error bars 
represent standard error of means (SEM). 
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Figure 21. Motor cortex short latency intracortical inhibition/intracortical 
facilitation (SICI/ICF) for cathodal  and sham transcranial direct current 
stimulation (tDCS) (experiment 2a). The conditioning stimulus (CS) was set to an 
intensity of 70 % of the active motor threshold (AMT). Test stimulus (TS) intensity was 
adjusted to evoke a motor evoked potential of about 1 mV peak-to-peak amplitude. Test 
stimulus amplitude was adjusted after tDCS when necessary. Interstimulus intervals 
(ISIs) were 2, 3, 5, 7, 10 and 15 ms (arranged in the abscissa in three groups of intervals 
of 2-3, 5-7 and 10-15 ms). No significant SICI/ICF alterations were present in the 
cathodal condition. (◊) Before tDCS condition. (€) After tDCS condition. (∆) After 
sham tDCS. Error bars represent standard error of means (SEM). 
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Figure 22. Motor cortex short latency intracortical inhibition/intracortical 
facilitation (SICI/ICF) for sham transcranial direc t current stimulation (tDCS) 
(experiment 2a). The conditioning stimulus (CS) was set to an intensity of 70% of the 
active motor threshold (AMT). Test stimulus (TS) intensity was adjusted to evoke a 
MEP of about 1 mV peak-to-peak amplitude. Test stimulus amplitude was adjusted after 
tDCS when necessary. Interstimulus intervals (ISIs) were 2, 3, 5, 7, 10 and 15 ms 
(arranged in the abscissa in three groups of intervals of 2-3, 5-7 and 10-15 ms). Sham 
tDCS had no significant effect on SICI/ICF. (◊) Before tDCS condition. (€) After tDCS 
condition. Error bars represent standard error of means (SEM). 
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4.4 EXPERIMENT 2b 

The percentage of maximum stimulator output (%MSO) for motor thresholds and the 

absolute values for motor evoked potential baselines for all experimental sessions are 

shown in the Table 10. 

 

Table 10. Baseline and motor threshold values before and after transcranial direct current 
stimulation (tDCS) of the experiment 2b. Data are presented as mean ± standard deviation 

(SD). Abbreviations: F= female; M= male; n= number of participants; RMT= resting 
motor threshold; SI 1mv= transcranial magnetic stimulation intensity adjusted to elicit ~ 
1 mV peak to peak amplitude of motor evoked potentials (MEPs). *= Percentage of 
maximum stimulator output (%MSO). 
Table 10. Baselines and motorthresholds values before and after tDCS. Experiment 2b

Before tDCS

Experimental session n Sex (M/F) Age SI 1mv (%)* RMT (%)*
Baseline MEP 
amplitude (mV)

Anodal tDCS over P3 15 10F/5M 25.7 ± 3.4 65.8 ± 7.1 35.1 ± 4.2 1.12±0.17 
Cathodal tDCS over P3 15 10F/5M 25.7 ± 3.4 66.0 ± 7.7 35.6 ± 4.5 1.03±0.13 
Sham tDCS over P3 15 10F/5M 25.7 ± 3.4 66.6 ± 6.5 35.6 ± 4.0 1.04±0.15

After tDCS

Anodal tDCS over P3 65.2 ± 6.9 34.13 ± 4.4 1.03±0.13 
Cathodal tDCS over P3 66.9 ± 7.1 36.6 ± 5.0 1.06±0.13 
Sham tDCS over P3 67.0 ± 7.2 35.6 ± 3.7 1.10±0.12  

 

The results of the ANOVA for baselines and motor threshold did not differ 

between experimental sessions (Table 11). The results of the ANOVA for resting motor 

thresholds indicates a significant interaction between stimulation and time (P = 0.006). 

Post-hoc test evidenced a significant change in the cathodal experimental session. 

Resting motor thresholds baseline (35.6 ± 4.5) was significantly increased (P ˂ 0.05) 

after stimulation (36.6 ± 5.0). 
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Table 11. Results of the analysis of variance (ANOVA) tests of the experiment 2b. A two-
way repeated-measures ANOVAs were calculated for baselines values and motor thresholds. A 
three-way repeated-measures ANOVAs were calculated for motor evoked potentials (MEPs). 

Abbreviations: d.f.= degrees of freedom; ISIs= interstimulus intervals; RMT= resting motor 
threshold; SICI/ICF= short latency intracortical inhibition and intracortical facilitation; 
tDCS= transcranial direct current stimulation; TMS= transcranial magnetic stimulation. *= 
P<0.05. 

Measurement Factor d.f F-value P-value
Baseline MEP amplitude (mV)

Experimental session 2 0.015 0.985

Time 1 0.399 0.538

Experimental session x time 2 1.977 0.157

Motor threshold (MT)
MT stimulation 2 0.314 0.733
MT time 1 0.516 0.484
MT stimulation x time 2 1.567 0.226
RMT stimulation 2 1.342 0.278
RMT time 1 0.416 0.53
RMT stimulation x time 2 6.115 0.006*

P3- M1 SICI/ICF
tDCS stimulation 2 2.994 0.69
TMS time 1 0.613 0.447
ISIs 2 0.457 0.638
tDCS stimulation x TMS time 2 3.988 0.030*
tDCS stimulation x ISIs 4 0.02 0.749
Time x ISIs 2 0.22 0.804
Stimulation x TMS time x ISIs 4 2.364 0.064  

 

The repeated-measures ANOVA (Table 11) also shows a significant interaction 

between transcranial magnetic stimulation condition and time (P = 0.030). The results 

of the post-hoc tests indicate significant motor evoked potential enhancements in the 

anodal condition compared to baseline and sham (P ˂ 0.05) for the interstimulus 

interval of 10-15 ms (Figure 23). In the cathodal condition, motor evoked potential 

amplitudes decreased compared to sham (P ˂ 0.05) for the same interval (Figure 24). 

Motor evoked potential amplitudes tended to increase with anodal transcranial direct 

current stimulation and decrease with cathodal stimulation for the rest of the interstimulus 

intervals (Figure 25). In the sham condition, no motor evoked potential changes were 
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found (Figure 26). Table 12 shows the significant exact values for the post-hoc test 

results.  

 

Table 12. Significant values for post hoc test of the experiment 2b. ISIs= interstimulus 
intervals (expressed in ms); tDCS over P3= transcranial direct current stimulation over the 
posterior parietal cortex region of the international 10-20 electroencephalography system. 

Table 12. Significative values for the post hoc test. Experiment 2b
Anodal tDCS 

over P3 vs 
Baseline Significance

Cathodal tDCS 
over P3 vs 
Baseline Significance

ISIs 10 - 15 P = 0.005 ISIs 10 - 15 P = 0.026

Anodal tDCS 
over P3 vs Sham Significance

Cathodal tDCS 
over P3 vs 

Sham Significance
ISIs 10 - 15 P = 0.011 ISIs 10 - 15 P = 0.003
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Figure 23. Parieto-motor short latency intracortical inhibition/parieto-motor 
intracortical facilitation (pmSICI/pmICF) after pos terior parietal cortex (P3) 
anodal transcranial direct current stimulation (tDCS) recorded by paired-pulse 
parieto-motor cortex transcranial magnetic stimulation (TMS) (experiment 2b). 
The Conditioning stimulus (CS) was applied over P3 and the test stimulus (TS) was 
applied over the primary motor cortex (M1) representation of the right first dorsal 
interosseus (FDI) muscle (FDI). CS intensity was set to 90% of the resting motor 
threshold (RMT). TS was adjusted to the intensity to evoke ~1mV peak-to-peak 
amplitude MEP of the right FDI muscle. Interstimulus intervals (ISIs) were 2, 4, 6, 8, 
10, and 15 ms (arranged in the abscissa in three groups of intervals of 2-4, 6-8 and 10-
15 ms). Twenty single pulse MEPs and ten conditioned MEPs for each interstimulus 
interval were registered, and then anodal and sham P3 tDCS was applied. Significant 
pmICF changes were found for the ISIs 10-15 compared to baseline (■P ˂ 0.05) and 
sham (*P ˂  0.05). (◊) Before tDCS condition, P3-M1 anodal tDCS baseline. ( ) After 

tDCS condition, P3-M1 after anodal tDCS. (∆) After sham tDCS. (■) Anodal versus 
baseline significance. (*) Anodal versus sham significance. Error bars represent 
standard error of means (SEM). 
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Figure 24. Parieto-motor short latency intracortical inhibition/parieto-motor 
intracortical facilitation (pmSICI/pmICF) after pos terior parietal cortex (P3) 
cathodal transcranial direct current stimulation (tDCS) recorded by paired-pulse 
parieto-motor cortex transcranial magnetic stimulation (TMS) (experiment 2b). 
The Conditioning stimulus (CS) was applied over P3 and the test stimulus (TS) was 
applied over the primary motor cortex (M1) representation of the right first dorsal 
interosseus (FDI) muscle. CS intensity was set to 90% of the resting motor threshold 
(RMT). TS was adjusted to the intensity to evoke ~1mV peak-to-peak amplitude motor 
evoked potential (MEP) of the right FDI muscle. Interstimulus intervals (ISIs) were 2, 
4, 6, 8, 10, and 15 ms (arranged in the abscissa in three groups of intervals of 2-4, 6-8 
and 10-15 ms). Twenty single pulse MEPs and ten conditioned MEPs  for each ISIs 
were registered, and then cathodal and sham P3 tDCS was applied. MEPs were 
significantly reduced after cathodal tDCS (C) for the ISIs 10-15 ms compared to sham 
(*P = ˂ 0.05). (◊) Before tDCS condition, P3-M1 cathodal baseline. ( ) After tDCS 

condition, P3-M1 cathodal after tDCS. (∆) After sham tDCS. (*) Cathodal versus sham 
significance. Error bars represent standard error of means (SEM). 
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Figure 25. Parieto-motor short latency intracortical inhibition/parieto-motor 
intracortical facilitation (pmSICI/pmICF) after pos terior parietal cortex (P3) 
anodal, cathodal and sham transcranial direct current stimulation (tDCS) 
recorded by paired-pulse parieto-motor cortex transcranial magnetic stimulation 
(TMS) (experiment 2b). Motor evoked potential (MEP) amplitudes tended to increase 
with anodal tDCS and decrease with cathodal tDCS, with significant differences in the 

interval of 10-15 ms. (◊) Posterior parietal cortex (P3)-primary motor cortex (M1) 
connectivity changes after anodal tDCS condition. (o) P3-M1connectivity changes after 
cathodal tDCS condition. (∆) P3)-M1 connectivity after sham transcranial direct current 

stimulation condition. (*) tDCS versus sham significance. (♦) Anodal versus baseline 
significance (baseline is not shown in this figure). Error bars represent standard error of 
means (SEM). 
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Figure 26. Parieto-motor short latency intracortical inhibition/parieto-motor 
intracortical facilitation (pmSICI/pmICF) after pos terior parietal cortex (P3) 
sham transcranial direct current stimulation (tDCS) recorded by paired-pulse 
parieto-motor cortex transcranial magnetic stimulation (TMS) (experiment 2b). 
The conditioning stimulus (CS) was applied over posterior parietal cortex (P3) and the 
test stimulus (TS) was applied over the primary motor cortex (M1) representation of the 
right first dorsal interosseus muscle (FDI). CS intensity was set to 90% of the resting 
motor threshold (RMT). TS was adjusted to the intensity to evoke ~1mV peak-to-peak 
amplitude MEP of the right FDI. Interstimulus intervals (ISIs) were 2, 4, 6, 8, 10, and 
15 ms (arranged in the abscissa in three groups of intervals of 2-4, 6-8 and 10-15 ms). 
Twenty single pulse MEPs and ten conditioned MEP for each ISI were registered, and 
then sham P3 tDCS was applied. Sham tDCS did not result in any significant change of 
SICI/ICF. (◊) Before tDCS condition, P3-M1 sham baseline. (€) After tDCS condition, 
P3-M1 sham after tDCS. Error bars represent standard error of means (SEM). 

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

5. DISCUSSION 
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Transcranial magnetic stimulation is a renowned tool used to record changes in the 

plasticity of the brain (Pascual-Leone et al., 1999; Pascual Leone et al., 2011; Freitas et 

al., 2013). On the other hand, it is known that some specific stimuli produce 

neuroplastic changes in primary motor cortex (Borgomaneri, 2013; Pisoni et al., 2014). 

In a recent study, Vicario et al. (2014) interestingly reported differences in the motor 

evoked potentials registered in two different muscles in response to the same stimulus. 

The amplitude of the tongue motor evoked potentials was increased when visual cues 

related to cigarette were observed by smokers, but there was no change in the 

excitability of the carpi radialis muscle. The authors propose that this change in the 

excitability of the two different muscles recorded by the motor evoked potentials could 

be related to the differential involvement of the rewarded system. Specific visual 

(Fadiga et al., 1995, 2005; Mattiasi et al., 2014; Vicario et al., 2014) or auditory stimuli 

(Flöel et al., 2003; Sowman et al., 2014), as well as the transcranial magnetic 

stimulation conditioning stimulus (Kujirai et al., 1993; Ziemann et al., 1996; Rothwell, 

1999), have shown the faculty to change the motor cortex excitability. Thus, this tool 

makes it possible, for example, to research intracortical inhibition and facilitation, and 

facilitatory and inhibitory interregional connectivity. 

Transcranial direct current stimulation is a non-invasive brain stimulation 

technique which has reached a renewed interest since the studies of Nitsche and Paulus 

(2000). They reported changes in the motor cortex excitability measured by transcranial 

magnetic stimulation when transcranial direct current stimulation was applied over the 

motor cortex. Since then, the use of this tool to research the cortical excitability changes 

has markedly increased. In contrast to other stimuli, it has the property to keep the 

cortical excitability changes for an hour. Because the duration of this effect, some 
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researchers are interested in the possibility of using transcranial direct current 

stimulation for rehabilitation in neurological disorders (Fregni et al., 2005a; Kumru et 

al., 2013; Pereira et al., 2013), or even to improve learning abilities (Nitsche et al., 

2003d; Fregni et al., 2005b; Peña-Gómez et al., 2011; Pavlova et al., 2014). 

The combination of these two non-invasive brain stimulation tools allows extend 

the research about the neuroplastic changes to the study of the interregional connectivity 

in the human brain. Indeed, some research using both techniques has already shown this 

possibility (Boros et al., 2008). Our general results also point to an interregional 

connectivity, specifically between the posterior parietal cortex region of the 

international 10-20 electroencephalography system and the primary motor cortex. 

The data of this thesis show that P3 transcranial direct current stimulation  

induces polarity-dependent primary motor cortex excitability changes. Anodal 

stimulation of P3 enhances motor evoked potential elicited by single-pulse transcranial 

magnetic stimulation over the primary motor cortex, intracortical changes at 5-7 ms and 

10-15 ms interstimulus intervals in the primary motor cortex, and the parieto-motor 

cortex intracortical excitability at interstimulus intervals 10-15 ms. Cathodal stimulation 

of the posterior parietal cortex region reduces  motor evoked potential elicited by single-

pulse transcranial magnetic stimulation in primary motor cortex, and parieto-motor 

cortex intracortical excitability at interstimulus interval 10-15 ms. Cortico-spinal 

excitability alterations remain up to 120 min after stimulation. Anodal or cathodal 

transcranial direct current stimulation over 3 cm posterior or lateral to P3 does not affect 

the primary motor cortex excitability consistently. 
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5.1 EXPERIMENT 1a 

Primary motor cortex excitability changes induced by parietal transcranial direct 

current stimulation  

The results of this experiment suggest that parietal transcranial direct current 

stimulation changes motor cortex excitability. In particular, anodal current stimulation 

over P3 increased the excitability of the primary motor cortex. This effect was present 

for one hour after stimulation. Cathodal stimulation over P3 reduced the primary motor 

cortex excitability, but this effect was somewhat weaker. Sham transcranial direct 

current stimulation had no effect on the excitability of the primary motor cortex. The 

direction of the effect of this stimulation at P3 is the same as applying it over the 

primary motor cortex, however the duration of the effects seem to be longer-lasting than 

those of roughly comparable anodal current stimulation over the primary motor cortex, 

whereas the after effects of cathodal stimulation recorded over a period of 60 min are 

considerably shorter when compared with 9 min (Nitsche and Paulus, 2001, Nitsche et 

al., 2003a) or 18 min of the motor cortex stimulation (Monte-Silva et al., 2010). Thus 

the results deliver evidence that it is possible to induce neuroplastic changes of the 

motor cortex excitability by applying stimulation over connected cortical areas. 

However, the results of this experiment on its own do not allow to conclude if this is a 

connectivity-driven effect or due to a current spread to the primary motor cortex. 

Nevertheless, the specific changes of excitability in the motor cortex after stimulation 

and the fact that there was no effect on the input-output curve make difficult to support 

this possibility. Two different areas near to P3 were stimulated in the next experiment in 

order to explore the spatial specificity of the effect. Since anodal stimulation over P3 

did cause changes in the excitability of primary motor cortex lasting up 60 min after 
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transcranial direct current stimulation, the duration of the effect in the next experiment 

was explored for two hours. 

 

5.2 EXPERIMENT 1b 

Spatial specificity of the effects of parietal transcranial direct current stimulation on 

primary motor cortex excitability 

The stimulation of areas situated near to P3 had no consistent effect on primary motor 

cortex excitability. Anodal and cathodal direct current stimulation over 3 cm lateral to 

P3 did not cause any change of the primary motor cortex excitability. Both stimulations 

applied 3 cm posterior to P3 induced minor, but significant, excitability changes only 10 

and 60 min after stimulation. In contrast, anodal stimulation over P3 increased the 

primary motor cortex excitability for 120 min after the stimulation, and cathodal 

stimulation reduced the primary motor cortex excitability, and this effect recorded over 

a period of 120 min lasted from 5 min to two hours after the stimulation. Thus, the 

neuroplastic changes induced by transcranial direct current stimulation occur grossly 

when the stimulation is selectively applied over P3, which is compatible with a 

primarily cortico-cortical connectivity effect (Koch et al., 2008; Karabanov et al., 2012, 

2013). Since the alterations of the excitability of the motor cortex persist for at least two 

hours, it is reasonable to think that the plasticity induced by transcranial direct current 

stimulation over parietal cortex might have important clinical applications in motor 

disorders resulting from brain damage. Consequently, it could definitely be a primary 

objetive to research in the future. 
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Interestingly, in this experiment the cathodal effects seem to be more robust as 

those in the experiment 1a, which might be due to interindividual differences. In this 

sense, in order to explore the combined data of the experiments 1a and 1b and compare 

them with those of each separated study, and evaluate the differences between anodal 

and cathodal effects, we analyzed the motor evoked potential amplitudes from both 

experiments together. At 0 min, 30 min and 60 min the aftereffects recorded in the 

anodal current stimulation condition were more intense compared to the baseline than in 

the case of the cathodal current stimulation, even considering the higher variability 

found in the anodal stimulation. These data confirm the differential effects on the 

cortical excitability resulting from the different currents applied. Taken together, these 

data again suggest a specific posterior parietal cortex-primary motor cortex connectivity 

effect induced by transcranial direct current stimulation, which depend on the specific 

current used. This cortico-cortical effect was again suggested from the results of the 

following experiments. 

 

5.3 EXPERIMENT 2a 

Short-latency intracortical inhibition/intracortical facilitation changes induced by 

parietal transcranial direct current stimulation  

Anodal transcranial direct current stimulation over P3 resulted in excitatory effects at 

the neutral (5-7 ms) and facilitatory (10-15 ms) interstimulus intervals. In contrast, 

cathodal stimulation over P3 did not alter the primary motor cortex intracortical 

excitability. Therefore, anodal parietal stimulation can activate pathways of intracortical 

facilitation of motor cortex neurons. Another study has shown similar short latency 

intracortical inhibition and intracortical facilitation changes after premotor cortex 
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transcranial direct current stimulation (Boros et al., 2008), although in this case the 

pattern of induced plasticity was not exactly the same. In that study, anodal stimulation 

of the premotor cortex enhanced the intracortical facilitation of the primary motor 

cortex and reduced the intracortical inhibition, but had no impact in the motor evoked 

potential amplitudes elicited by single pulse transcranial magnetic stimulation. The 

reason for these discernible effects is unclear at present, but might be related to different 

location of the terminations of parietal and premotor afferents on primary motor cortex 

neurons (Godschalk et al., 1984; Leichnetz, 1986; Tokuno and Nambu, 2000). 

Alternatively, it cannot be excluded that current spread from the parietal electrode 

contributed to the effects. But certainly our results are basically consistent with a 

specific facilitatory effect on parieto-motor connectivity. The fact that there were no 

alterations at interstimulus interval 2-3 ms (which are related to intracortical inhibition) 

after any stimulation condition, and the changes in the excitability were produced by 

anodal stimulation at the no-inhibitory interstimulus interval of 5-7 ms and 10-15 ms, 

suggest that the posterior parietal cortex-primary motor cortex connectivity can be 

modulated more easily inducing intracortical facilitation via anodal current stimulation. 

These results are compatible with those reported by Koch et al. (2007). 

 

5.4 EXPERIMENT 2b 

Parietal-motor cortical connectivity changes induced by parietal transcranial direct 

current stimulation  

Anodal and cathodal P3 induced primary motor cortex excitability changes at the 

facilitatory interstimulus interval (10-15 ms). Specifically, anodal current stimulation 
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increased the parieto-motor cortex excitability and cathodal current stimulation 

decreased it. No excitability changes were found at the remaining interstimulus interval 

(2-4 and 6-8 ms). Previous studies using twin coil transcranial magnetic stimulation 

describe motor cortex excitability alterations when a conditioning stimulus was applied 

over the parietal cortex (Koch et al., 2007; Koch and Rothwell, 2009; Karabanov et al., 

2012, 2013). The alterations of these connections induced by transcranial direct current 

stimulation support the idea of polarity-specific neuroplastic effects of parietal 

transcranial direct current stimulation on parietal-motor connections. 

The results of the present study show that direct current stimulation targeted at 

the left posterior parietal cortex induces neuroplastic changes of the excitability of the 

ipsilateral primary motor cortex, as explored by transcranial magnetic stimulation. 

Anodal stimulation of the posterior parietal cortex enhanced the motor cortex cortico-

spinal excitability, while cathodal stimulation had antagonistic effects. These results 

could be partially explained by a physical current spread (Faria et al., 2011; Edwards et 

al., 2013), although not completely because P3 transcranial direct current stimulation 

had a specific impact on the motor cortex excitability, which depended on the exact 

position of the stimulation electrodes. Slight deviations of electrode positions resulted in 

clear alterations of the transcranial direct current stimulation effects, which is difficult 

to explain by physical current spread alone. In accordance, the results of experiments 2a 

and 2b are well compatible with a predominating connectivity effect, because in these 

studies the parietal transcranial direct current stimulation had a specific effect on the 

motor cortex intracortical excitability and parietal-motor cortex excitability. In the case 

of the intrinsic motor cortical excitability, again a current spread effect cannot be 

completely ruled out, although these results are explained more easily due to a selective 
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influence of parietal transcranial direct current stimulation on intracortical facilitatory 

networks between the posterior parietal and primary motor cortex. This hypothesis was 

finally confirmed in experiment 2b. Using a twin coil transcranial magnetic stimulation 

protocol, anodal P3 transcranial direct current stimulation induced a facilitatory effect 

on the motor cortex, whereas cathodal current stimulation reduced the parieto-motor 

cortex facilitation. 

The impact of transcranial direct current stimulation over the parietal cortex on 

motor cortex excitability is consistent with the results of previous studies in humans, 

and animals, in which connections between the motor and posterior parietal cortices 

were demonstrated (Inman et al., 2012). In humans, this anatomical connection has also 

been explored by transcranial magnetic stimulation, showing specific regions of the 

parietal cortex connecting to the motor cortex (Karabanov et al., 2012, 2013). Since 

parietal and primary motor areas are functionally interconnected during motor learning 

(Koch et al., 2007), it is likely that the connections between these structures undergo 

plastic changes, such as it is the case for prefrontal networks (Esslinger et al., 2014). 

Targeting these plastic alterations would reveal an additional tool for modulating 

interregional plasticity in motor function. Modulation of connectivity may have 

implications for motor learning and motor rehabilitation processes. Underscoring the 

possible relevance of interregional plasticity for motor performance, some transcranial 

magnetic stimulation studies have shown connectivity changes associated to simple 

motor task performance (Hortobágyi et al., 2011). More support for this possibility 

could be found through the study of different motor learning process. 
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5.5 FUTURE REMARKS 

Accordingly to present results, our next experiments are aimed to evaluate the role of 

the non-invasive parietal stimulation on learning motor. In this regard, the data reported 

in this thesis will be completed with our new research project designed to know the 

behavioral effects of the transcranial direct current stimulation applied over the 

posterior parietal cortex by recording the performance in motor learning tasks. 

In this sense, serial reaction time task and reaction time task, described by 

Nissen and Bullemer (1987), have been used to study possible changes in the motor 

learning after non-invasive brain stimulation. For example, Kuo et al (2008) have used a 

serial reaction time task version (for details of the specific procedure see Annex I) to 

study the effect of the motor cortex transcranial direct current stimulation on motor 

learning. From their results they conclude that the effect of this type of stimulation on 

motor learning could be more optimal if the stimulation is applied just during the task 

execution. 

In another research, Nitsche et al. (2010) studied the influence of the premotor 

cortex transcranial direct current stimulation during rapid eye movements (REM) sleep 

phase on a similar sequence learning task. They found that anodal current stimulation 

applied over the premotor cortex during REM sleep was able to decrease the reaction 

time in the serial reaction time task. In contrast, cathodal stimulation had no significant 

effect on the task. 

Thus, in our next project, the use of this task could be a reliable tool to study the 

effect of the posterior parietal cortex transcranial direct current stimulation on implicit 

motor learning. By this behavioral procedure, we could evaluate the functional correlate 
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of the neuroplastic changes induced on the P3-M1 connectivity by transcranial direct 

current stimulation. The specific aim is to explore the effect of anodal P3 transcranial 

direct current stimulation versus anodal primary motor cortex in two different phases of 

learning: during the performance of a serial reaction time task (acquisition phase) 

(according to the Kuo et al., 2008’s proposal), and in the consolidation of learning, 

several hours after the execution of the task (see Annex II for details of the procedure). 

Thus, this research project could help to understand the involvement of the P3-M1 

connectivity in motor learning. 

On the other hand, the possibility of modifying the motor response by non-

invasive brain stimulation could contribute to design new strategies for clinical 

interventions in patients with motor or sensory neurological disorders such as neglect, 

apraxia, phantom limb (Bolognini et al., 2013), or neuropsychological disorders as 

dyscalculia (Hauser et al., 2013; Luculano and Cohen, 2014). 

In summary, the results of the current studies in this thesis deliver evidence for 

motor cortex plasticity induced by parietal transcranial direct current stimulation. 

Knowledge about plasticity of posterior parietal cortex-primary motor cortex 

connectivity could help to identify mechanisms of motor learning to a larger extent. The 

data fit well with anatomical and functional connectivity between both areas. 

Nevertheless, the final confirmation that this effect is connectivity-driven and its 

functional relevance need to be obtained in future studies which will allow to test the 

impact of cortico-cortical plasticity effects induced by non-invasive brain stimulation on 

different motor learning tasks. This knowledge may be useful in clarifying specifically 

how the brain changes and plasticity induced by non-invasive brain stimulation 
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protocols can modulate the motor performance in healthy people, or even with 

neurological motor disorders. 



 

 

 

 

 

 

 

 

 

 

 

 

6. CONCLUSIONS 
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The present Doctoral Thesis was primarily focused to the study of specific plasticity of 

the parietal-motor connectivity and their functional importance. Non-invasive brain 

stimulation protocols were used to reach the specific proposed objectives. The main 

findings of this study are the following: 

 

1. Posterior parietal (P3) transcranial direct current stimulation induces polarity-

dependent primary motor cortex excitability changes. 

2. P3 anodal stimulation enhances the primary motor cortex cortico-spinal 

excitability, and increases the primary motor cortex intracortical facilitation and 

parieto-motor cortex intracortical facilitation. 

3. P3 cathodal stimulation reduces the primary motor cortex cortico-spinal 

excitability, and the parieto-motor cortex intracortical excitability. 

4. Anodal or cathodal P3 transcranial direct current stimulation has no effect on the 

primary motor cortex intracortical inhibition. 

5. Transcranial direct current stimulation over 3 cm lateral or posterior to P3 has no 

significant effect on the primary motor cortex excitability. 

6. The cortico-spinal excitability changes induced by transcranial direct current 

stimulation remain at least 120 min after stimulation. 

7. These parieto-motor cortex effects are at least partially compatible with a 

connectivity-driven effect. 
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ANNEX I 

Procedure for the Serial Reaction Time Task (SRTT) described by Kuo et al., 2008 

“Subjects were seated in front of a computer screen at eye level and a response pad on 

the table with four buttons numbered 1–4. They were instructed to push each button 

with a different finger of the right hand (index finger for button 1, middle finger for 

button 2, ring finger for button 3, and little finger for button 4). An asterisk appeared in 

one of 4 positions that were horizontally spaced on a computer screen and permanently 

marked by dots. The subjects were instructed to press the key corresponding to the 

position of the asterisks as fast and correct as possible. After a button was pushed, the 

go signal disappeared. The next go signal was displayed 500 ms after the subject pushed 

the button, independent of correct or incorrect reaction. The learning test consisted of 8 

blocks of 120 trials. In blocks 1 and 6 the sequence of asterisks followed a pseudo-

random order in that asterisks were presented equally frequently in each position and 

never in the same position in two subsequent trials. In blocks 2–5 and 7 and 8, the same 

12-trial sequence of asterisk positions was repeated 10 times (e.g. abadbcdacbdc). 

Subjects were not told about the repeating sequence, but asked after the last block of 

each session if they were aware of a repeating sequence, and if they were, to write it 

down. 4 versions of the serial reaction time task were generated, each subject received 

each version only once in randomized order to avoid interference effects”. 
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ANNEX II 

Time course of an experiment of our next project research 

Learning group

Consolidation group

Anodal P3 tDCS duringSRTT SRTT
Sham P3 tDCS during SRTT SRTT
Anodal M1 tDCS during SRTT SRTT
Sham M1 tDCS duringSRTT SRTT

SRTT Anodal P3 tDCS duringSRTT
SRTT Sham P3 tDCS duringSRTT
SRTT Anodal M1 tDCS duringSRTT
SRTT Sham M1 tDCS duringSRTT 

24 hours later

24 hours later

1 2 3 4

_    _    *    _
1 2 3 4

_    _    *    _

or

1 2 3 4

_    _    *    _

or
1 2 3 4

_    _    *    _

Time course

Time course
 

 

Subjects will participate in one of the following two groups: learning group and 

consolidation group. Four randomized different sessions will be held in each group (that 

will correspond to the two different stimulation conditions and the two different areas 

stimulated). For the learning group, posterior parietal cortex (P3) or primary motor 

cortex (M1) will be located according to the 10-20 electroencephalography international  
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system. Then, subjects will be stimulated with anodal or sham condition during the 

serial reaction time task performance through a computer. One day later, every subject 

will perform the task again without any stimulation condition. For the consolidation 

group, every subject will perform the serial reaction time task without stimulation. One 

day later, P3 or primary motor cortex will be located in each session according to the 

10-20 electroencephalography international system, and then subjects will receive 

anodal or sham stimulation during the serial reaction time task performance. Four 

different versions of the task will be used for each group (one for each session). The 

specific version for each session into a group will be randomized between subjects.  
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