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Anthony Wilhite Meek 

  

APPLICATION OF TRANSCRANIAL DIRECT CURRENT STIMULATION 

DURING MOTOR SKILL ACQUISITION 

 

Transcranial direct current stimulation has been used to influence the acquisition 

of motor skills; however, most studies investigate relatively simple laboratory based 

motor skills tasks. Since the regions where structural and functional changes support 

motor learning are dependent on the qualities of the task, translation of the findings to 

real-world skills has been limited.  In general, anodal current stimulation is associated 

with functional facilitation and cathodal current is associated with functional inhibition. 

The purpose of this dissertation is to explore the effect of transcranial direct current 

stimulation of the primary motor cortex and the cerebellum upon the acquisition of novel 

motor skills that possess varied demands comparable to everyday tasks. 

In order to study motor skill learning, we investigated 4 unilateral tasks made 

novel by using the non-dominant hand, ensuring a discernible fast phase of learning in 

which to observe skill acquisition.  

In study one, anodal stimulation applied over the primary motor cortex during a 

20 minute practice session skill acquisition in a complex dart throwing task compared to 

cathodal motor cortex stimulation or SHAM.  In study two, 20 minutes of anodal motor 

cortical stimulation while practicing a dexterous tweezer task significantly reduced post-

practice pin-placing time compared to SHAM.  In study three, anodal motor cortical 

stimulation during 20 minutes practicing a dexterous rhythmic-timing video game led to 
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significantly higher performance scores compared to SHAM. In study four, in the same 

videogame task, concurrently stimulating the primary motor cortex with 2 milliamp 

anodal current while stimulating the cerebellum with 2 milliamp cathodal current during 

20 minutes of practice led to significantly higher performance scores compared to 

SHAM, whereas 2 milliamp anodal primary motor cortex, anodal cerebellar, and cathodal 

cerebellar stimulation alone was not different than SHAM.  

These data altogether show that motor cortical transcranial direct current 

stimulation can facilitate skill acquisition in everyday tasks with a range of gross, fine, 

and visuomotor demands. They also provide the first evidence of a synergistic effect on 

motor learning from concurrent primary motor cortex and cerebellar stimulation, which 

may contribute to the development of novel stimulation protocols. 
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CHAPTER ONE: INTRODUCTION 

 

1.1 Introduction 

 

 Whether it is an activity of daily living, playing a video game, or a sport specific 

skill, virtually all intentional movements are examples of motor skills that are acquired 

through practice.  The process of acquiring a new skill and improving the quality of the 

movement with repetitive practice is referred to as motor skill learning. As a motor skill 

is practiced, repetitive activation of the neural representation for the movement leads to 

use-dependent neuroplasticity in several cortical and subcortical areas of the brain 

involved in motor control. The shifts in excitability provide a neural substrate for motor 

learning, representing changes in synaptic strength and efficacy within the neural 

representation of the movement. Accordingly, the primary motor cortex (M1) and the 

cerebellum both demonstrate changes in neuronal activity and excitability which 

coincides with improved performance.  

 Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation 

technique (NIBS) that induces polarity-specific changes in the excitability of cortical and 

cerebellar neurons.  Anodal current causes a subthreshold depolarization of the neuronal 

membrane making it easier for neurons fire whereas cathodal stimulation causes 

hyperpolarization of the neuronal membrane making it harder for neurons to fire. Since 

anodal tDCS makes it easier for neurons to fire, it offers a means to facilitate use-

dependent plasticity from practice and accelerate motor learning compared to practice 

alone.  
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Indeed, much of the literature supports tDCS as an effective adjuvant for motor 

skill learning. However, most studies have used relatively simple hand and finger based 

motor sequences to study the effect of tDCS on motor skill learning. Although much 

knowledge has been gleaned from these studies about tDCS and motor learning, 

controversy remains about whether tDCS accelerates acquisition of more complex upper 

body motor skills that require widely varying parameters such as dexterity, force, 

velocity, and timing.  Thus, there is a need for more research on this topic. 

 

1.2  Motor learning 

 

Motor learning is a general term that encompasses two distinct processes: motor 

adaptation and motor skill learning. Motor adaptation is characterized by gradual 

improvement in performance of a skill after some type of perturbation causes 

performance to drop below baseline ability.1,2 The environmental perturbations are 

sensory based, such as altered visual feedback during visuomotor tasks.3  Force-fields 

have also been used to generate motor adaptation by interfering with limb trajectory 

during reaching tasks.4 Regardless of the method of perturbation used, the result of motor 

adaptation is a return to baseline performance without any additional capability or 

improved performance greater than what was already achievable.5 

Alternatively, motor skill learning refers to acquisition of new motor skills 

through practice. Specifically, motor skill learning is defined as improved sensorimotor 

ability, often characterized by a shift in the speed-velocity trade-off, yielding 

performance capabilities or skills beyond what was possible prior to practice. Reduced 
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variability of a movement from trial to trial is also an indicator of motor skill learning, 

with smoother movements indicating greater skill.6,7 Another critical aspect of motor skill 

learning is what actually constitutes a motor ‘skill’.  

Motor skills consist of a sequence of component movements that are executed in a 

particular order and with particular parameters (force, velocity, timing, joint angles) to 

achieve a specific outcome, such as throwing a baseball to first base, grasping and taking 

a drink from a cup, or walking from place to place.8  The sequence of component 

movements is initially a critical aspect of skill execution; however, what dictates the 

skillfulness of a correctly ordered sequence is the optimization of the component 

movements.  For example, to accurately throw a baseball, the component movements of 

the lower body, torso, and throwing arm need to be performed in the proper order, but it 

is crucial for the force and timing of the components to be optimized for skillful 

performance of an accurate throw. Although motor learning in general is conceptualized 

as a long term process, requiring many bouts of practice across months or years to fully 

optimize the movements, it has been repeatedly demonstrated that there are 

distinguishable phases of motor skill learning.   

 

1.2.1  Phases of motor learning 
  

The three main phases of motor skill learning are an initial fast phase, an 

intermediate consolidation phase, and a later slow phase.  During the fast motor learning 

phase there are rapid improvements in performance that are measurable even after a 

single session.9,10 Such performance changes that happen during practice are known as 

‘online’ changes, but there are performance improvements that also occur between 
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training which are known as ‘offline’ learning. Offline learning occurs during a 

consolidation phase10 that’s processes include stabilization of the skill and further 

improvement.11-14  The third phase is a slow period where performance is optimized 

through further incremental gains until reaching asymptotic levels and the movement 

eventually becomes automatized,9,10 becoming implicit and requiring less attention to 

perform well.  

 Even after cessation of practice, skill improvement from online and offline 

learning can be retained and is often quite robust over long periods of time.9,15,16 

Retention of motor skill is a specific phenomenon that is not itself a skill learning 

process, per se, but it directly results from more permanent structural and functional 

changes that occur as a result of motor learning. 

 Although the 3 primary phases of motor learning are identifiable in essentially 

any skill learning paradigm, the duration of the three phases is task specific, depending 

largely upon task difficulty. For instance, extremely difficult tasks, like learning an entire 

piece of music on an instrument, may have fast phases lasting many weeks where large 

changes in performance can be seen after a single practice session. In contrast, easier 

tasks, such as finger tapping sequences may have fast phases lasting minutes or hours 

where performance level is maximized within a single session.10 Prior experience with 

the task might also influence the duration of the learning phases,17 with previous 

experience potentially reducing the time needed to maximize performance.   
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1.2.2 Neuroanatomy of motor learning 
 

Diverse experimental paradigms have been used to investigate motor learning and 

the involved circuitry, but all fall within two main categories: sensorimotor tasks with 

emphasis on learning novel movement kinematics with high motor demand; or serial 

reaction time tasks (SRTT) that represent learning sequential motor skills, but have 

minimal demands on motor execution requiring only finger taps or isometric finger 

squeezes. From these paradigms it is clear that motor learning, or becoming proficient at 

a skill, is supported by functional and structural changes in an extensive network of 

cortical and subcortical regions including the M1, premotor and supplementary motor 

areas (PMA, SMA), visuomotor cortex, the basal ganglia and the cerebellum.6,18  The 

involvement of several of these regions is task specific, showing involvement primarily if 

the skill possesses certain qualities.  However, M1 and the cerebellum are consistently 

involved in motor learning, regardless of the type of skill or experimental paradigm being 

used, thus indicating they are vital in the core motor learning network. 

The M1 and cerebellum have been extensively studied and appear to have specific 

roles in their contribution to motor skill learning. M1 generates neural commands that 

provide the primary cortical output to the descending motor systems which produces 

volitional movement. The descending output of M1 originates from coordinated activity 

of somatotopically organized neuronal ensembles whose orderly arrangement creates a 

motor map containing interdigitated representations of muscle synergies and basic 

motions.19,20  The M1 is consistently implicated in the use dependent acquisition and 

storage of muscle activation used in fast and precise movements.5,8 
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The cerebellum serves as an error predictor during motor learning by receiving 

motor information from descending cortical pathways as well as sensory information 

from ascending peripheral pathways.  For different motor skills, the cerebellum appears 

to maintain internal models, which are input-output comparisons between motor 

commands and the sensory consequences of the movements generated by those 

commands.21  The cerebellum uses the efference copy of a motor command as input to 

the internal model and then outputs what the predicted sensory consequences are for that 

action.22,23  The internal model allows for comparison of predicted and actual 

consequences of a movement, thereby allowing for the assessment of movement error 

that can be used to guide error correction and skill optimization.  

Although the independent functions of M1 and the cerebellum are critically 

important in motor learning, neuroimaging studies suggest the interaction between the 

two areas may be equally important. For instance, interregional correlation analysis 

revealed activity in M1 and the cerebellum correlated during learning, which suggests 

interactions between these regions were associated directly to learning.8 Over multiple 

days of practice, the correlated activity between M1 and the cerebellum was greater on 

the fifth day than the first day.  Taken together, these data suggest an integrated 

representation of a learned movement within M1 and the cerebellum.  

 

1.3  Plasticity subserving motor learning 

 

The term plasticity refers to functional or structural changes in the central nervous 

system in response to behavioral experience. Donald Hebb provided an early description 
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of a basic mechanism for synaptic plasticity, suggesting that if the firing of one neuron is 

associated with the persistent activation of another, then a growth process or metabolic 

change will occur in one or both cells that improves the efficiency of that 

relationship.24,25 When a motor skill is practiced, the motor command activates the same 

core neural circuitry repeatedly. The repetitious activation of the neurons in close 

temporal association with one another leads to increased synaptic efficacy of the involved 

neurons and subsequent reorganization of the neural representation of the movement. 

These structural and functional changes and reorganization coincide with improved 

performance of the skill.  

 

1.3.1 Cellular mechanisms 
 

Long-term potentiation (LTP) is the primary mechanism of information storage 

throughout the central nervous system underpinning the functional and structural changes 

of plasticity. For LTP to occur there must be coincident activity of pre- and post-synaptic 

components. This is because LTP requires an influx of calcium (Ca2+) ions into the 

synaptic spine which is mediated through activation of N-methyl-D-aspartate (NMDA) 

receptors. NMDA receptors require both depolarization of the postsynaptic membrane 

and the binding of glutamate simultaneously to allow the influx of Ca2+ to occur.26  Once 

coincident activity of the two cells occurs and Ca2+ enters, signaling cascades are initiated 

prompting insertion of ligand gated α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) receptors in the post-synaptic membrane. The end result of LTP is 

strengthened synaptic communication between neurons such that the activity of the post-

synaptic cell is ‘wired’ to activity in the pre-synaptic cell. In addition to improving the 
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efficiency of already existing synaptic connections, LTP can also lead to AMPA 

receptors inserting into previously “silent” synapses which allows the previously silent 

synapses to produce postsynaptic responses to stimulation.26       

Long term depression (LTD) is the converse of LTP and causes reduced 

efficiency at chemical synapses. The reduced efficiency is from a decrease in the number 

of AMPA receptors as they are internalized through endocytosis.27  Like LTP, the 

induction of LTD-like plasticity appears to be related to the specific timing of pre- and 

post-synaptic activity and the corresponding influx of calcium into the post-synaptic cell, 

albeit a smaller influx compared to LTP requirements. It appears that LTD occurs when 

action potentials occur in the post-synaptic cell 0 to 50 milliseconds before excitatory 

input is received from the presynaptic cell.28  

 

1.3.2 Morphological and structural changes 
 

As a result of LTP there are increases in synapse number, synaptic strength, and 

the topography of stimulation-evoked movement representations (i.e. number of neurons 

whose activity produce a movement) that reflect improved connectivity and efficiency of 

neural ensembles responsible for skilled movements. For instance, rats trained on 

complex whole body “acrobatic tasks” requiring skilled limb placement and postural 

control have increased synapse number within M1 compared to untrained controls.29,30  

Moreover, rats trained on skilled reaching show increased density and complexity of 

motor cortical dendritic process31,32 and more synapses per neuron,33 specifically within 

the forelimb motor areas.  
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These synaptic changes reflect alterations in cortical circuitry that leads to 

reorganization of the neural ensembles that represent and encode movements (i.e. motor 

maps or motor representations). This is supported by the high degree of specificity of 

cortical reorganization specific to the motor representations in M1 that correspond to the 

skill being practiced.  For instance, squirrel monkeys initially trained on a skilled digit 

task induced expansion of digit representations exclusively.  Skilled digit training was 

ceased and subsequently replaced with skilled wrist training which reduced the 

previously enlarged digit motor map and simultaneously expanded the wrist motor map 

within the same animals.34  

For map reorganization to occur there must be practice of a novel skill, not just a 

general increase in repetitive use of a muscle group, demonstrating another degree of 

specificity. Squirrel monkeys trained to acquire food pellets from a container requiring no 

skilled performance have no change in digit movement representations despite 

abundantly using their digits (approximately 13,000 digit flexions throughout training).35  

Likewise, rats trained to repeatedly press a simple lever,36 reach for unreachable food 

pellets37 or run on an exercise wheel38 show no reorganization of cortical representations 

of the involved musculature.  

Neuroimaging and noninvasive transcranial magnetic stimulation (TMS) have 

been used to demonstrate comparable changes in humans after training a novel motor 

skill.9,39-43 Motor map reorganization (i.e. expansion) has been demonstrated after 

training on skilled dexterous hand,42 ankle,44 and tongue tasks.45 Additionally, changes in 

motor representation size are accompanied by decreases in recruitment threshold and 

increased motor evoked potential (MEP) amplitude. Furthermore, cross-sectional 



 

10 

differences in motor maps consistent with differences in skill levels have been observed 

for both fine dexterous skills and larger gross motor skills as well.  Blind brail readers 

have exaggerated motor representations of the braille-reading digit compared to 

contralateral representations of the same digit or non-braille readers.43,46  Highly skilled 

volleyball players have significantly larger and more overlapping representations of 

medial deltoid and carpi radialis muscles compared to running athletes.47  Whereas 

volleyball athletes develop extremely honed coordinated shoulder movement sequences, 

runners develop no such shoulder movements.  

Complex motor skill learning also leads to an increase in synapse number in the 

cerebellar cortex. There is a somatotopic organization of the cerebellum in rodents and 

humans as well.48 Similar to M1, cerebellar plasticity is in response to complex motor 

skill learning, not merely extensive motor activity49,50 and animal studies have shown that 

changes in synapse number occur specifically in areas of the cerebellar lobules associated 

with the musculature used in the skilled activity.49 

Neuroimaging studies support similar plasticity in human cerebellar circuitry 

insofar as they demonstrate increased synaptic density in the cerebellum in response to 

training. However, somatotopic representations are less well defined in the cerebellum 

and thus specific changes within certain map somatotopy is difficult to directly identify in 

humans.48 Despite this limitation, somatotopically specific cerebellum -M1 connectivity 

changes associated with motor learning have been observed.51  Within the cerebellum 

individually, individuals who have practiced complex motor skills, most notably 

athletes52-55 and musicians,56,57 display structural and functional changes in cerebellum in 

accord with extensive motor skill practice. What is clear is that there are changes in 
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cerebellum synaptic density and function in response to extensive practice of skilled 

movements and those changes are consistent with differing skill levels (i.e. greater skill 

correlates to greater cerebellar plasticity and vice versa). 

The cumulative evidence demonstrates the malleable nature of the motor system 

during motor skill learning. This dynamic nature allows for a virtually boundless motor 

repertoire, particularly the ability to quickly acquire a novel motor skill and then rapidly 

improve its performance (i.e. fast motor learning).  Universally there is a temporal 

relationship in the activity of neurons that enables them to either enhance or depress the 

synaptic communication between cells. LTP/D-like plasticity appears to be especially 

important for storing and refining information, like movement representations, in both the 

cortex and the cerebellum. Therefore, brain stimulation that modulates the excitability 

and spontaneous firing of neurons involved in executing a movement sequence may 

enable accelerated motor skill learning.  

 

1.4  Growing interest in brain stimulation 

 

 Interest in brain stimulation has grown substantially over the last 30 years in both 

scientific research and clinical medicine, but also in the general public.  Since the 50s it 

has been known that passing anodal current through dendritic fields of neurons causes an 

increase in their firing rate (i.e. – increased excitability) and cathodal current causes a 

decreased firing rate (i.e. – decreased excitability).58,59 This generated multiple 

intracranial stimulation techniques to address conditions such as Parkinson’s disease,60 

obsessive compulsive disorder,61 and neuropathic pain.62 Though precise and effective, 
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these techniques are impractical for most applications because they require penetration of 

the skull and thus carry exorbitant costs and medical risks.63 A breakthrough occurred in 

1980 when brief high-intensity extracranial electrical impulses over the motor cortex 

were shown to induce muscle twitches.64 This led to the development of non-invasive 

techniques which avoided many drawbacks of invasive techniques while still taking 

advantage of the ability to modulate neuronal excitability.   

tDCS is one of several NIBS techniques that have been developed.  In contrast to 

other NIBS techniques like TMS or transcutaneous electrical stimulation (TES) that use 

suprathreshold stimulation to cause neuronal depolarization, tDCS involves subthreshold 

modulation of neuronal membrane potentials with weak current that cannot 

independently induce neuronal activity. The efficacy of tDCS was first demonstrated in 

the early 2000s by Nitsche and Paulus65,66 who showed changes in motor cortical 

excitability of up to 40% that lasted several minutes to hours after stimulation ended.   

tDCS has garnered much interest because it produces both substantial excitability 

shifts during the stimulation period, as well as relatively long-lasting after-effects. 

Moreover, tDCS is appealing because different brain regions can be ‘targeted’ by the 

current depending on the locations of the sponge electrodes on the scalp. The fact that 

tDCS can modulate neuronal excitability safely and with some degree of focality have 

made it an appealing tool to modulate motor learning in healthy and clinical populations 

by influencing the excitability of structures involved in motor learning.  
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1.5  Neurophysiology of tDCS  

 

 Neurons are electrically excitable cells whose function is dependent upon 

generation and conduction of action potentials (APs).  APs occur when the resting 

membrane potential of the neuron, approximately -70 millivolts, reaches a threshold 

potential for AP discharge, approximately -50 millivolts. How close the neuronal 

membrane potential is to the firing threshold determines how much afferent activity (i.e. 

excitatory synaptic input) is necessary to elicit an action potential in that cell.  The aim of 

tDCS is to directly modulate neuronal resting potentials and thereby alter the state of 

excitability.  

Anodal stimulation causes subthreshold membrane depolarization that increases 

cortical excitability whereas cathodal stimulation hyperpolarizes membranes and 

decreases cortical excitability. However, the direction of polarization in response to a 

particular current depends upon the orientation of the axon and dendrites within the 

electric field.67,68  The effects of tDCS are maximized when the electric field is applied 

parallel to the somato-dendritic axis as this allows current to enter one end of the cell and 

exit the other.  Neurons oriented perpendicular to the current experience negligible 

effects.  If 2 neurons have somato-dendritic axes that are both parallel to the stimulation 

but have opposite orientations, the two cells will be effected oppositely by the same 

current. Despite these nuances, anodal and cathodal tDCS result in net excitatory or 

inhibitory effects, respectively. 
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1.6 Basic mechanisms of tDCS neuroplastic effects 

 

It is worth disassociating between the immediate effects of tDCS observable after 

only a few seconds of stimulation and the longer term aftereffects of tDCS since the 

causal mechanisms are different.  The acute effects of tDCS are the direct result of altered 

membrane potentials from displacement of intracellular ions by the electric field rather 

than changes in synaptic strength. This is clear because the acute effects of anodal tDCS 

are prevented by blocking the voltage-gated ion channels involved in membrane 

depolarization whereas glutamate receptor blockade and Gamma-amino butyric acid 

(GABA) agonists, both of which impact synaptic efficacy, do not prevent acute tDCS 

effects.69 Furthermore, in brief exposure tDCS protocols that do not produce aftereffects, 

no evidence for synaptic changes have been found with TMS investigation.70  

In contrast, the aftereffects of tDCS that occur with longer stimulation exposures 

(~15 to 20 minutes) are the result of protein synthesis driven changes in synaptic 

efficacy, similar to the mechanisms in LTP/D-like plasticity. In motor cortex slices, 

anodal direct current accompanied by ongoing neuronal activity lead to LTP at M1 

synapses.71 When protein synthesis is blocked prior to anodal polarization, the 

aftereffects are abolished despite increased discharge rates while the current is applied.72 

Moreover, in animal and human individuals with diminished secretion of brain derived 

neurotrophic factor (BDNF), a key protein for LTP and motor learning, the ability of 

tDCS to enhance motor learning is also diminished.71 

 Altering the structure and function of synaptic spines depends on protein 

synthesis as well. NMDA receptors which are crucial for induction of LTP/D, are also 
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critical for the persistence of tDCS induced plasticity in intact humans.  Pharmacological 

blockade of NMDA receptors prevents persistent excitability changes after both anodal 

and cathodal tDCS.  Additionally, NMDA receptor agonists facilitate anodal tDCS-

induced excitability increases.71,73 TMS investigations examining changes in synaptic 

strength (i.e. paired associative stimulation) have supported the pharmacological study 

results.70 

Many of the synaptic actions that support motor learning are modulated by direct 

current stimulation such that tDCS should enhance motor skill learning. Increased 

spontaneous firing rates and higher probability of AP generation in response to excitatory 

synaptic input increases the odds of synaptic plasticity when paired with a biologically-

relevant stimulus.  The directionality of tDCS aftereffects is generally the same as during 

stimulation with anodal tDCS enhancing, and cathodal stimulation reducing, excitability 

aftereffects.  Although there are limits, stronger and longer stimulation enhances the 

efficacy of tDCS after effects. Ultimately, the effects of stimulation are dependent upon 

the parameters of the stimulation which are discussed in the following section.  

 

1.7 Stimulation parameters – shaping stimulation effects 

 

The general process of applying tDCS is simple – applying weak current from a 

battery powered stimulator to the scalp with 2 sponge electrodes strapped to the head. 

However, the intricacies of tDCS are in the parameters of stimulation such as electrode 

location (i.e. montage), stimulation intensity, polarity, timing of stimulation in relation to 
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skill practice (before, during, or after) and the stimulation duration; all of these 

parameters can influence the effects of tDCS.  

 

1.7.1 Montage 
 

Where the electrodes are on the scalp dictates what tissues receive the polarizing 

effects of tDCS and whether the polarizing effects will be excitatory (anodal; 

depolarizing) or inhibitory (cathodal; hyperpolarizing). Most commonly, montages 

include 2 sponge electrodes, one being the “active” stimulation electrode, and the other 

serving as the reference electrode. In the case of excitatory montages, the anodal 

electrode is placed on the scalp over the cortical target and the cathode serves as the 

reference. 

When M1 is the stimulation target, the most common electrode montage has been 

with an active electrode placed on the top of the head over the motor cortex and the 

reference electrode placed over the contralateral supraorbital.74,75  Another montage that 

has proved successful for motor learning enhancement has been bilateral M1 placement 

with the stimulating electrode over M1 contralateral to the hand used for the task and the 

reference electrode on M1 ipsilateral to the involved hand.74  

When the whole cerebellum is the desired target, effective stimulation of the 

cerebellum has included an active electrode centered over the cerebellum 1 to 2 cm below 

the inion with the return electrode placed extra-cephalically on the ipsilateral 

shoulder.74,76  With the same stimulating electrode position, effective cerebellar 

stimulation has also been found when the reference electrode is placed on the ipsilateral 

cheek over the buccinator muscle.74  Lastly, montages for cerebellum have also included 
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unilateral electrode placement with the stimulating electrode 1 to 3 cm to either side of 

the inion in an effort to isolate which hemisphere was receiving the stimulation.77 

  

1.7.2 Stimulation intensity and duration 
 

Both the current intensity and the duration of stimulation can influence the effects 

of tDCS.66,78,79  Although several studies can be found that demonstrate significant 

findings when using low stimulation intensities of 1mA (milliampere) or even lower,80 it 

is generally accepted that higher current intensities and longer stimulation durations, 

within certain limits, lead to increased tDCS effects. Current intensities used for 

efficacious tDCS typically range from 1mA to 2 mA applied for durations ranging from 

10 to 20 minutes.74,76  

 

1.7.3 Timing of stimulation  
 

The timing of stimulation application in relation to when the skill is practiced can 

influence the efficacy of the stimulation. Although there have been some studies that 

have shown positive results with stimulation applied before practice,81 others have found 

prior stimulation can slow motor learning.82,83 Stimulation during skill practice, rather 

than before or after, appears to be the most effective to enhance motor learning.84  
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1.8 tDCS to enhance fast motor learning 

 

Motor skill learning improves a trade-off between the speed of skill execution and 

the accuracy of the intended outcome, typically achieved by reducing the variability of 

the motion. The network of brain areas involved in motor learning is vast, however, M1 

and the cerebellum both play important roles, particularly during the fast phase of motor 

learning. tDCS excitability shifts are mediated by the same mechanism that mediates 

LTP/D-like plasticity, the putative substrates for normal motor learning65 and indeed, 

early studies showed anodal tDCS (a-tDCS) of M1 improves initial learning of a motor 

skill.85,86  However, most studies have combined tDCS with motor sequence learning 

paradigms such as the SRTT, SFTT and the SVIPT. Though these tasks are specialized 

and finger/hand focal, they nevertheless have provided the basis for application of tDCS 

for learning any type of practical motor skills.  

 The SRTT is a four choice reaction time task that includes a repeating button 

sequence with interspersed random sequences. Participants come to predict (i.e. learn) the 

repeated sequence, and thus learning is quantified by reaction times to the presented cues.  

Anodal M1 tDCS applied during SRTT training has usually enhanced learning and 

retention compared to controls.85,87-89  There have been null effects reported, however, 

when M1 stimulation was not applied during SRTT training83 or when single pulse TMS 

was used in combination with tDCS and could have interfered with tDCS effects.90 

Investigations on the effects of cerebellar tDCS on SRTT motor skill learning have been 

limited; however, anodal cerebellar tDCS applied during SRTT performance reportedly 
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reduced error rates.90  When cerebellar stimulation was applied before performing the 

SRTT it led to reduced reaction times only.91  

 SFTT requires subjects to practice a sequence of finger movements and 

repeatedly execute the sequence as fast and accurately as possible.  Practice with 

concurrent anodal M1 tDCS has improved SFTT skill by increasing the number of 

correct sequences executed during trials92 or through reduced RTs during training.83  M1 

a-tDCS applied between two training sessions resulted in quicker execution times for 

correct sequences during early consolidation, representing more rapid stabilization of the 

motor memory after acquiring the skill.93 Over the cerebellum, anodal and cathodal tDCS 

during a finger tapping task decreased and increased activity in the dentate nucleus, 

respectively,94 however, the effect of cerebellar tDCS on performance of conventional 

SFTT has not been investigated. During a sequence tapping task synchronized to auditory 

cues, anodal cerebellar stimulation lead to increased performance in synchronization 

during follow-up sessions.94  

 The SVIPT task is performed by controlling a cursor on a computer screen by 

isometrically pinching a force transducer, in order to move a cursor as quickly and 

accurately as possible between a start position and a series of force “gates” or target 

zones.  Applying anodal tDCS to M1 during SVIPT practice resulted in greater skill 

acquisition across consecutive training days, primarily through improved between-

session16 or long-term retention.92 However, significant within session learning 

improvement was noted, but only during early training sessions.16  On the other hand, 

anodal cerebellar stimulation during SVIPT training appears to enhance skill acquisition 

within session rather than between sessions by reducing error rates.95 
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Although these laboratory paradigms allow for exquisite control and measurement 

of learning processes, they do not fully reflect the variety of movement parameters that 

many real-world motor skills involve. Beyond the popular paradigms discussed above 

that have focused on hand/finger based skills, other studies have examined the effects of 

tDCS on skill learning with tasks sharing more characteristics with practical motor skills 

such as different visuomotor, dexterity, and gross-motor demands.   

Most everyday motor skills involve some visuomotor component. Anodal M1 

tDCS applied during a visuomotor coordination task improved early performance of 

tracking motions.86 When applied prior to training, both a-tDCS and cathodal tDCS (c-

tDCS) over M1 lead to improved performance.96 In complicated tracing tasks including 

handwriting-like movements,97 exoskeleton arm based tracking,98 and ankle tracking 

movements,99 anodal M1 tDCS applied during practice improved learning.  Interestingly, 

cerebellar tDCS has shown a polarity-independent effect on ankle visuomotor tracking 

where both anodal and c-tDCS enhanced performance when applied during practice.99   

Many everyday tasks require a significant degree of dexterity for skillful 

performance in combination with gross movements of the arms and hands. The Jebsen-

Taylor task and Purdue Pegboard tasks are designed to assess such dexterous motor skill, 

and evidence suggests that tDCS can facilitate training induced improvements in these 

tasks. Stimulation targeting M1 during non-dominant hand practice of the Purdue 

Pegboard task enhanced dexterous skill learning compared to practice with SHAM 

stimulation whether stimulation was applied during or between practice blocks.100 

However, when the same task was performed with lower stimulation intensity (0.2 mA vs 

1 mA) and duration (10 min vs 13 min) between sessions, no beneficial effects were 
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found.101 Results from the Jebsen Taylor Task support M1 tDCS as a means to enhance 

learning of dexterous skills, whether applied during practice102 or between practice 

blocks.103,104  

Only a few studies have investigated the effects of M1 tDCS or cerebellar tDCS 

on acquisition of everyday complex motor skills. Postural control and balance are integral 

in most everyday motor skills, however, neither a-tDCS nor cerebellar c-tDCS during 10 

minutes of practice enhanced learning of a complex whole-body balance-oriented motor 

skill.105 In contrast, a-tDCS over M1 lead to improved performance in a similar complex 

dynamic balance task.106  When applied during performance, anodal M1 tDCS improved 

learning of neurosurgical skill, with a greater effect for those who have low skill level to 

begin with.107 Two studies have applied cerebellar stimulation to overhand throwing 

tasks, both showing that cerebellar stimulation can enhance acquisition of a complex 

upper body motor skill.108,109 Again, however, the benefits of cerebellar tDCS on 

throwing skill learning may depend upon the initial ability of the individuals, with those 

who perform worst benefitting the most from the stimulation.108    

These studies indicate that tDCS over M1 or the cerebellum during a single 

practice session, especially stimulation concurrent with practice, can enhance motor 

learning. Despite the relatively homogenous evidence for simple motor skills, the 

evidence for the benefits of M1 or cerebellar tDCS upon complex motor skills is sparse 

and less conclusive. Although the motor applications of tDCS are broad, it is specifically 

the effect of M1 and cerebellar tDCS during fast motor learning that is pertinent to the 

aims of this dissertation.   
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1.9 Summary and aims 

 

1.9.1 Summary 
 

Summarizing the previous sections, motor skill learning is a complex process that 

is fundamental to interacting with the environment.  Skill learning has several stages and 

involves several brain regions with the predominant regions involved depending on the 

characteristics of the skill being practiced.  As motor skills are acquired, the process is 

characterized by structural and functional changes that strengthen synaptic connections 

between neurons in the motor representations of the skilled movements. When learning a 

new skill, during fast motor learning, the motor cortex and cerebellum both demonstrate 

changes in excitability and structural and functional changes in the synaptic connections 

within the representations for the sequence of movements making up the skill.  tDCS is a 

non-invasive brain stimulation technique that can modulate neuronal excitability and 

therefore increase the rate of plastic changes necessary for motor skill learning. 

 Although the applications of tDCS in the motor domain have been numerous, 

there is still a dearth of knowledge concerning tDCS efficacy for everyday motor skills.  

The majority of tDCS motor learning research has involved lab oriented motor skills 

intended to isolate specific aspect of motor skill learning.  To this end, the laboratory 

oriented tasks have been informative. However, this has not answered the question 

regarding whether learning common gross and dexterous motor skills can be enhanced 

with tDCS.  The evidence that does exist for such everyday tasks is limited in comparison 

to laboratory motor skill studies and the results have not been consistent.  Furthermore, it 

is even less clear what brain regions would be ideal stimulation targets for which tasks as 
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the regions most involved in motor learning are depend upon the characteristics of the 

skill itself.  Since less is known about how tDCS influences learning of everyday motor 

skills and what regions are the most beneficial targets, more research on this topic is 

needed.    

 

1.9.2 Dissertation overview 
 

The purpose of this dissertation was to investigate how tDCS of the M1 and the 

cerebellum influenced the fast phase of motor skill learning for novel everyday motor 

skills that possess fundamentally different movement characteristics (i.e. velocities, joint 

angles, visuomotor demands, dexterity). To investigate this question, a pre-post approach 

was used. An initial baseline assessment of skill level on each task was taken, then a 

practice period of the task with concurrent tDCS application was performed, followed by 

a retest of the skill level.  The non-dominant hand was used to make the motor skills 

novel, ensuring a discernable fast phase of motor learning.  

 

a.) Study one – gross motor skill with M1 tDCS 

Study one of the dissertation investigated the effect of M1 tDCS on fast motor 

learning of a unilateral gross motor skill. The effect of M1 tDCS on gross motor skill was 

observed through changes in accuracy of darts thrown at a bullseye on a dartboard. Most 

studies that have applied tDCS to M1 to see how motor learning is affected have used 

motor skills limited to the hands and fingers. The results from these studies have shown 

that M1 tDCS can enhance acquisition of new motor skills, but research on gross motor 

skills like those used in sports, such as throwing, are lacking.  The aim of this study was 
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to investigate the effect of M1 tDCS on the acquisition of a novel unilateral dart throwing 

skill with the goal of determining if M1 is an appropriate stimulation target for throwing 

skills. Sixty adults were randomized into either M1 anodal, M1 cathodal, or SHAM over 

M1, and practiced dart throwing while receiving the stimulation.  Performance was 

assessed by the distance from the bullseye and measured before, during, and after 

practice.    

 

b.) Study two – fine dexterity with M1 tDCS 

Study two of the dissertation investigated the effect of M1 tDCS on fast motor 

learning of a unilateral motor skill that requires fine dexterity. The effect of M1 tDCS on 

fine dexterous motor skill was observed in the change in time required to place 50 pins in 

the O’Connor Tweezer Dexterity task. Previous studies have shown that tDCS can 

improve dexterous tasks with the fingers and hands.  Also, neurosurgery residents have 

shown improved skills when training with concurrent tDCS over M1.  The aim of this 

study was to investigate the effect of M1 tDCS on the acquisition of a novel unilateral 

dexterous task using tweezers, while also seeking to reproduce results of previous 

dexterous skills studies. Forty subjects were randomized into either M1 anodal or M1 

SHAM and they practiced placing small metal pins into a pegboard with tweezers using 

only their non-dominant hand. During practice, subjects will place 10 pins and then rest 

30 seconds for 20 minutes. Skill was assessed by the time required to place 50 pins 

before and after practice.  
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c.) Study three – visuomotor skill with M1 tDCS 

Study three of the dissertation research investigated the effect of M1 tDCS on fast 

motor learning of a visuomotor video game with a high degree of reaction time. The 

effect of M1 tDCS on visuomotor learning was observed through changes in timing 

accuracy and movement errors during keystrokes for a timing based video game called 

Step Mania.  Timing and coordination tasks are typically improved with cerebellar tDCS; 

however, tDCS of the M1 for visuomotor learning is less common and it was unknown 

whether it would lead to greater improvement of a visuomotor skill than practice alone. 

The aim of this study was to investigate the effects of M1 tDCS on the acquisition of a 

unilateral upper body motor skill that is highly visuomotor oriented. Sixty subjects were 

randomized into either M1 anodal or M1 SHAM groups and received stimulation while 

practicing a timing based videogame called Step Mania. Skill was assessed by analyzing 

how their timing accuracy of keystrokes and their movement errors changed from trial to 

trial.  Timing accuracy was scored depending on how close their key stroke was to 

optimal timing based on the on-screen cues.  Movement errors were indicated by 

incorrect key strokes, regardless of timing. The timing scores and movement errors were 

used to assess performance changes before, during, and after practice. 

 

d.) Study Four –Visuomotor skill with M1 and cerebellar tDCS 

i.) The first experiment of study four was done to compare the effects of M1 tDCS 

and cerebellar tDCS upon fast motor learning of a visuomotor video game task. The 

effect of tDCS of both areas was observed as they were for study three.  The cerebellum, 

more than M1, is involved in timing and coordination of motor skills.  Prior tDCS 
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research has shown that cerebellar tDCS can enhance visuomotor based skills, but not 

something such as a videogame.  As tDCS has gained popularity in the gaming 

community, even without literature supporting its use, this is an area that must be 

explored. The aim of this study was to compare the effects of M1 anodal, cerebellar 

anodal, cerebellar cathodal, and SHAM stimulation on the acquisition of a timing based 

videogame skill.  Additionally, visuomotor effects of tDCS have shown polarity 

independent results (i.e. both polarities causing the same benefits). This study sought to 

find any difference between anodal or cathodal cerebellar stimulation in the enhancement 

of skill acquisition. One hundred subjects were randomized into one of the four 

stimulation conditions – M1 anodal, cerebellar anodal, cerebellar cathodal, or SHAM. 

Skill was assessed identical to study three.  

 

ii.) The second experiment explored the effects of complementary stimulation of 

both sites simultaneously upon fast visuomotor learning.  Both M1 and the cerebellum 

serve specific roles during motor learning, however, together the M1 and the cerebellum 

form representations of movement sequences.  Therefore, optimization of both the 

cerebellum and M1 function may lead to greater enhancements to motor skill than 

stimulation to either site individually. Although previous studies have stimulated 2 sites 

at once, none have investigated simultaneous stimulation of M1 and the cerebellum. 

Twenty-five more subjects received M1 anodal stimulation with concurrent cerebellar 

stimulation, but the polarity of cerebellar stimulation was based upon the results of 

experiment 1.  The procedure and skill assessment were the same as experiment 1.     
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1.9.3 Aims 
 

1. Study one aims to explore the effect of M1 tDCS on fast phase learning of a novel 

unilateral upper body gross motor skill. 

2. Study two aims to explore the effect of M1 tDCS on fast phase learning of a novel 

unilateral upper body motor skill that requires high levels of dexterity.   

3. Study three aims to determine if M1 is an appropriate tDCS target for enhancing 

learning of a novel unilateral upper body visuomotor timing-based videogame. 

4. Study four (i.) aims to compare M1 a-tDCS, cerebellar c-tDCS, cerebellar a-

tDCS, and SHAM stimulation to determine what the ideal targets and current 

directions are for improving learning of a timing based visuomotor skill 

videogame.  

5. Study four (ii.) aims to explore the effect of complementary, simultaneous tDCS 

of both M1 and the cerebellum, with the cerebellar current direction based on the 

results of study four (i.).  

 

1.9.4 Significance statement 
 

Through the acquisition of new skills, motor skill learning allows for a nearly 

boundless variety in the repertoire of motor abilities. The fast phase of motor learning is 

particularly interesting as this phase enables the rapid addition of new skills when the 

need arises. Due to its modulatory effect and relatively simple application, interest in 

tDCS is growing both in and outside of the laboratory, with its applications for motor 

learning expanding into different activities with widely varying movement parameters. 
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However, there remain many questions about what brain areas are the appropriate targets 

to influence fast motor learning in a variety of tasks since there is a degree of task-

specificity to motor learning and the brain areas involved.  Although both M1 and 

cerebellum are active during early motor learning, whether they are ideal targets to 

improve real world motor skills, not just laboratory designed motor learning paradigms, 

remains to be conclusively determined.  
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CHAPTER TWO: ANODAL tDCS ACCELERATES ON-LINE LEARNING OF DART 

THROWING 

  

2.1 Introduction   

 

Practice and repetition of a task or skill promotes neuromotor adaptations that are 

ultimately characterized by performance improvements and/or skill acquisition. In the 

context of skilled task performance, this process is referred to as motor skill learning. 

Specifically, motor skill learning is defined as improved sensorimotor ability (often 

characterized by a shift in the speed-accuracy trade-off) that yields performance 

capabilities or skills beyond what was possible prior to practice. Reductions in movement 

variability between trials is also an indicator of motor skill learning, with smoother 

movements indicating greater skill.110-112 Motor learning can also be categorized into both 

“slow” (late) and “fast” (early) stages. Slower phases of motor learning are generally 

characterized by robust and stabilized skill improvements, whereas faster phases typically 

demonstrate rapid, though often transient, improvements. These rapid within sessions 

adaptations are referred to as online skill learning.9,113 In most cases of online motor 

learning, individuals are engaging in isolated events or tasks with no intentions of regular 

follow up practice planned, such examples of this may include a game of pool, throwing 

darts, or shooting a basketball with friends. In these instances, the goal is within session 

improvements in task performance (e.g., closer to the target/reductions in variability). 

Although it is known that M1 encodes movement parameters and modulates 

motor output, evidence of cortical plasticity within the region has made it clear that M1 
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also plays an acute role in the acquisition of motor skills.114,115 The descending output of 

M1 originates from coordinated activity of somatotopically organized neuronal 

ensembles whose orderly arrangement creates a motor map containing interdigitated 

representations of muscle synergies and basic motions.116 M1 is critical for the use-

dependent acquisition and storage of muscle activation used in fast and precise 

movements; of which, most motor skill learning is targeting.117,118  Since it is known that 

a single session of online skill learning is too brief to induce long-term synaptogenesis or 

shifts in the M1 motor map, it is believed that there may be disinhibition of previously 

existing lateral connections or modulation of internal and external inputs to M1.9 

tDCS has been used extensively as a tool for modulating performance or training 

effects of a skilled motor learning task via altering the excitability of targeted cortical 

regions.119 The effectiveness of tDCS on skilled motor learning has been debated 

considerably in the last decade. However, in the position paper by Buch et al.,119 it was 

shown that ~72% of studies reported an enhanced online learning effect with the 

application of tDCS in a single-day of training. Of these studies, 82% included 

stimulation of M1 only, or M1 with other brain regions.  A variety of motor tasks have 

been used to demonstrate this, however, they have primarily been simple hand and finger 

based tasks using sequence learning, dexterity, reaction time, or movement tracking. 

While these simplified motor tasks offer useful insight to the benefits of tDCS in motor 

learning, they do not necessarily transfer to more complex, multi-joint movements 

requiring whole body coordination such as those seen in occupational tasks, activities of 

daily living, or sports.  
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Despite M1 being the most commonly targeted motor area for tDCS studies and 

the evidence for its role in skill acquisition, studies investigating M1 tDCS with complex 

motor skills are still limited. The vast majority of tDCS research has been focused on 

clinically relevant motor tasks with a translational component and not on recreational 

tasks or sports. It has been theorized that tDCS could be beneficial for improving 

performance of sport-based skills beyond a level attainable with normal training 

methods.120,121  Therefore, the purpose of this study was to examine the influence of M1 

tDCS on motor skill learning during a dart throwing task.  

 

2.2 Methods 

 

2.2.1 Participants 
 

Sixty subjects provided written informed consent.  One SHAM subject and one c-

tDCS subject were excluded from analysis after testing as their baseline dart throws were 

>3 standard deviations from the mean of the group, leaving 58 total subjects (n=20, n=19 

cathodal and SHAM; 23.3 ± 3.9 yrs). All procedures were approved by the University’s 

IRB and conducted according to the Declaration of Helsinki. All subjects were healthy 

and had no self-reported injuries to the upper limbs that would have limited their ability 

to perform a throwing motion. The Edinburgh Handedness Inventory (EHI) was used to 

determine the non-dominant hand in each of the subjects.122 
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2.2.2 Procedures 
 

The study was a randomized between-subjects, SHAM controlled design. As 

subjects were screened into the study, they were randomized to condition with a 

MATLAB algorithm. Subjects were blinded to their condition throughout testing and 

completed one session throwing darts at a dart board.  The protocol (Figure 2.1) 

comprised a pre-test block of throws, a 20 min practice block of throws, and a post-test 

block of throws. During the practice block subjects received either a-tDCS, c-tDCS, or 

SHAM stimulation of M1.   

 

2.2.3 tDCS 
 

 A Soterix Medical 1X1 Low Intensity transcranial direct current stimulator was 

placed on a cart closely behind the subjects so that it did not interfere with their throwing 

performance.  a-tDCS and c-tDCS of M1 was delivered with previously determined safe 

and effective parameters (duration 20 min; current 1 mA; active electrode over M1 

contralateral to the non-dominant hand and reference electrode over the supraorbital 

ipsilateral to the non-dominant hand).  Current was delivered through rubber electrodes 

(25cm2) inside of saline-soaked sponges fixed in place with rubber straps.  For SHAM, 

the current was ramped up and down over 30s.   

 

2.2.4 Dart throwing task 
 

 Subjects threw steel-tipped, tungsten darts (26 grams) at an 18-inch diameter 

regulation dart board (Winmau Blade 5) with 20 radially divided sections. The board was 
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mounted 1.73m high on the wall and subjects stood behind a line that was marked at 

3.05m in front of the board.  From this location, subjects were instructed to throw at the 

bullseye as accurately as possible with their non-dominant hand. A researcher 

demonstrated basic dart throwing technique, though subjects were not required to use this 

form.  The only instructions emphasized throughout the testing session was to use the 

same general dart-throwing technique during the entire session. This was done to prevent 

substantial changes in throwing form that may have impaired the within-session 

performance improvements. The dart throwing task was identical in all three conditions 

(a-tDCS, c-tDCS and SHAM). Each consisted of a pre-test block, a practice block and a 

post-test block. The electrodes were fitted and applied before the practice block and 

removed afterwards during a 5-minute rest period (Figure 2.1). 

Prior to the pre-test block, subjects were allotted 3 familiarization throws. This 

was so subjects could orient themselves with the task and decide on a preferred throwing 

form. Excluding the 3 familiarization throws, a total of 15 throws were performed in both 

the pre-test and the post-test blocks. During the 20-minute practice block, subjects threw 

at an average pace of 3 to 5 throws per minute. After each throw and before removing the 

dart, an investigator used a measuring tape to find the distance between the center of the 

bullseye and the tip of the dart. The same measuring procedure was used for any darts 

landing outside of the board. For each throw, subjects received visual feedback of the 

dart’s endpoint in relation to the bullseye and the measured distance from center was 

called out (by a researcher) as a form of verbal feedback. This was done to facilitate error 

correction for subsequent throws. 
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Figure 2.1. Experimental timeline  

 

2.2.5 Statistical analysis 
 

 Large variability was expected since the subjects were learning to throw a dart 

with their non-dominant hand and we did note several cases where subjects indicated the 

dart felt unstable or uncomfortable during the throwing motion and release. Pretest and 

posttest scores were assessed with 15 throws; therefore, 1 extremely bad or extremely 

good throw could dramatically impact scores, but not actually reflect overall 

performance. In an effort to reduce the impact of such errant throws, the best and worst 

throws were dropped from the pre-test and post-tests of every subject.  

Practice throws were divided into quartiles since each subject did not throw the 

exact same number of throws. The average number of throws per quartile were 23.2 ± 

3.7, 22.1 ± 2.4 and 21.8 ± 3.22 for anodal, cathodal, and SHAM, respectively. Gain 

scores (baseline mean – time point mean) were then calculated for each practice quartile 

and the post-test to demonstrate the change in performance over time relative to the 

baseline score.  

Normality was tested with a Shapiro-Wilk test. Where normality was not met, 

normality was achieved with a square root transformation and test comparisons were 
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conducted to discern if non-normality caused any meaningful difference in the results. It 

is reported in the results where test comparisons were conducted. There were no instances 

where non-normal data caused any meaningful differences in the results, thus the 

untransformed values are reported. 

Baseline performance (mean distance from bullseye) and total number of practice 

throws was compared across groups with a one way ANOVA. A mixed ANOVA (3 

groups x 5 time points [4 quartiles, post-test]) with repeated measures on time point was 

used to compare the gain scores and effect sizes calculated as partial eta squared (ηp
2).  A 

p-value of 0.05 was considered statistically significant. Bonferroni post-hoc tests were 

used to determine differences for multiple comparisons.   

 

2.3 Results 

 

 There was no statistically significant difference in the amount of practice throws 

completed between groups (F [2, 55] = 1.089, P = 0.344). There was no significant 

interaction between the stimulation condition and time on gain scores) (F [5.896, 

162.142] = 1.942, P = 0.399, ηp
2=0.037). Mauchly’s test of sphericity was significant (P 

< 0.001); thus, a Greenhouse-Geisser correction was used. Across all groups, there was 

significant main effect for time (F [2.948,162.142] = 10.295, P < 0.001, ηp
2=0.158), 

indicating that gain scores increased across practice, with gain scores during the post-test 

significantly higher than in the first quartile of practice (P = 0.006, Figure 2.2). The 

pairwise comparisons of time, within condition, showed that a-tDCS significantly 

improved performance between the first and second quartile of practice (P = 0.004) and 
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the increased performance was maintained through the post-test (P = 0.013).  Despite the 

significant increases between the first and second quartiles with a-tDCS, the performance 

did not continue to significantly improve throughout the remainder of the practice. 

Neither c-tDCS nor SHAM stimulation resulted in significant increases in gain scores 

across time. 

 

Figure 2.2. Data shows the change in gain scores over the 4 quartiles and the 
posttest. *Indicates the Anodal condition was increased from the second quartile through 
the end of the post-test. # indicates the gain score was higher for the Anodal condition 
compared to the Cathodal condition. † indicates the gain score was higher for the Anodal 
condition compared to the SHAM condition. All symbols denote significance P <0.05. 

  

There was a main effect observed for stimulation, demonstrating a statistically 

significant difference in mean gain scores between stimulation groups (F [2, 55] = 4.989, 

P = 0.01, ηp
2=0.154) with mean a-tDCS gain scores being significantly higher than c-

tDCS (P = 0.015) and SHAM (P = 0.049).  The pairwise comparisons between 

stimulation conditions showed no significant difference in gain scores until the 2nd 

quartile of practice, with a-tDCS gain scores significantly higher than c-tDCS gain scores 

(P = 0.036).  Gain scores for a-tDCS remained significantly greater through the post-test 
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(P = 0.011 to 0.041).  There was a significant difference between a-tDCS and SHAM 

gain scores in the last quartile of practice, with a-tDCS showing greater improvement (P 

= 0.017).  At baseline, there was a difference (F [2, 55] = 3.997, P = 0.024) between 

anodal (18.71 cm ± 5.71 cm) and cathodal (14.88 cm ± 3.06 cm) groups (P = 0.036), but 

not between anodal and sham (15.40 cm ± 4.58 cm) (P = 0.087). 

To simplify the results, we have also presented the gain scores from the pre-test to 

the post-test for all 3 conditions in Figure 2.3. A one way ANOVA indicated a difference 

between the groups in overall learning (F [2, 55] = 4.061, P = 0.023, ηp
2= 0.129) The 

improvement in performance was significantly greater in a-tDCS condition than the c-

tDCS condition (P = 0.03), but not the SHAM conditions (P = 0.104). 

 

Figure 2.3. Data shows the gain score from the baseline dart throwing to the posttest 
dart throwing. *Significant differences were noted between a-tDCS and c-tDCS 
conditions 
 

2.4 Discussion 

 

 The results of the present study indicate that there is an effect of a-tDCS of M1 on 

the acquisition of dart throwing skill compared with c-tDCS and SHAM conditions. 
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Improved performance was indicated by higher gain scores which represent distance 

moved towards the bullseye. The gain score for a-tDCS was significantly higher by the 

second quartile of practice and remained elevated through the post test. It is important to 

note that while the improvement was sustained above the first quartile of practice, no 

significant improvements were observed thereafter. If the quartiles are not considered, 

and only the percent improvement (pre-test to post-test) in dart throwing performance is 

examined, the a-tDCS condition (24.2%) was significantly greater than the c-tDCS 

condition (11.7%), but was not different from SHAM (13.6%, Figure 2.3).  

There were small, and statistically nonsignificant performance increases (see 

Figure 2.2 &2.3) in both c-tDCS and SHAM conditions. Some degree of improvement 

was expected in online learning the SHAM conditions. However, in comparing results 

with the c-tDCS condition, two interpretations can be drawn: 1. c-tDCS impaired online 

learning of the dart throwing skill because the results trend towards a lower (though 

statistically insignificant) gain score, or 2. That c-tDCS did not exhibit any effect on 

learning since the improvements in dart throwing were statistically consistent with the 

SHAM condition. Our results would suggest that the c-tDCS condition did not worsen 

performance of the task significantly despite evidence that showing that c-tDCS can 

cause inhibition of M1.65,123,124 Though, at first glance, our results may appear to suggest 

a mild inhibitory effect of c-tDCS, more research is needed to make an argument for c-

tDCS impairing online learning to any meaningful degree. 

 M1 appears to play an important role in fast or online motor learning,119 though 

the adaptations likely involve activity in other cortical-loop circuits.113,125 This makes 

non-invasive methods of M1 stimulation interesting targets for investigation. Since tDCS 
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provides stimulation over an area of approximately 25cm2, it can effectively reach and 

influence many of the cortical motor regions representing the upper limb. Considering 

that dart throwing is a predominantly upper limb involved task and most individuals are 

completely untrained in their non-dominant limb, we were able to create a complex, 

novel, skilled motor task and observe the effects of M1 stimulation tDCS on the early 

stages of motor learning. 

Though our model does well to represent a novel task insofar as the non-dominant 

limb is concerned, important considerations must be made regarding the generalizability 

of these results to the dominant limb. The non-dominant limb may have a smaller, 

underdeveloped cortical representation than the dominant limb and therefore be prone to 

a more exaggerated effect from a-tDCS.126 Alternatively, hemispheric asymmetries may 

contribute through greater or lesser interhemispheric inhibition depending on which hand 

is non-dominant.127 It is also impossible to gauge to what degree previous dart throwing 

experience may have contributed to interlimb transfer of skill, however, subjects reported 

general naivety to darts (i.e. mostly inexperienced).  

Though, our data suggests a positive effect for a-tDCS in fast motor learning, the 

mechanisms by which this takes place are still unclear. Plenty of studies have shown 

LTP-like activity resulting in greater motor cortical excitability within a single skilled 

training session; which may be driven by the strengthening of already established 

connections, or by the unmasking (disinhibition) of previously existing lateral 

connections between M1 neurons.9,114,128 The duration of practice in the present study is 

far too short to induce long-term synaptogenesis, motor map shifts, or potentially even 
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consolidation,129 though it is likely the single practice session is enough to cause the 

subjects to retain some improvement in performance.113  

Though all three conditions appeared to demonstrate some degree of improvement 

from baseline, only the improvement seen in the a-tDCS condition was statistically 

significant. As mentioned previously, there is an abundance of literature to suggest that 

the application of tDCS may accelerate motor learning likely through increases in 

excitability and modifying the underlying intrinsic state of the neural networks 

subserving the motor movements.119,130,131 The findings in this study appear to further 

confirm the positive effects of tDCS in motor learning. A noteworthy difference between 

our study and many others is that we used a very simple electrode montage (M1 

contralateral to throwing arm), as opposite to bilateral M1 tDCS or tDCS of M1 paired 

with tDCS of other cortical regions. The fact that the addition of this simple electrode 

configuration was enough of a stimulus (at 1mA for 20 minutes) to enhance the learning 

of the dart throwing task, shows the promise of these stimulation methods even at 

relatively low intensities and commonly used durations. 

Dart throwing is, perhaps, best known simply as a recreational activity or pub 

sport. However, it is because of the motor complexities involved in this task that it was 

chosen for this experiment. Dart throwing involves coordinating dexterous control of the 

digits while simultaneously incorporating multi-joint limb articulations. Throwing also 

requires dynamic body and postural stabilization to prevent unwanted perturbations 

during execution. Our dart throwing model more accurately depicts the practical 

applications of tDCS than other previous studies involving simplistic actions using just 

the digits or simple reaching motions. 
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Another thing that makes the present study unique is that we examined a task that 

involves a very fundamental motion to human movement (throwing), yet in a way that is 

specific to a sport (darts). While some sports have a large strength or endurance-based 

component to success, the application of tDCS has very mixed outcomes.132 The use of 

tDCS in skill centered sports such as darts may be able to significantly influence 

performance and ultimately a professional player’s earnings in their respective sport. 

tDCS as a potential performance enhancing intervention is gaining more and more 

attention in recent years.120,121 Furthermore, it seems that when applied with the most 

common current intensity and duration recommendations (“low-intensity”, 1-2mA, <30 

minutes), tDCS is considered safe.133 This may provide athletes with an alluring approach 

to augmenting the effectiveness of their practice. However, since the use of tDCS is 

currently unregulated in sport and in many other applications, there exists the concern for 

abuse either by heightened intensities, improper/imprecise application, and 

repeated/prolonged use. All of these things must be taken into consideration in moving 

forward with the use of tDCS outside of the realm of clinical or scientific applications.  

 

2.5 Conclusion 

  

NIBS methods such as tDCS show promise in rehabilitation and also sport and 

recreational setting for enhancing motor skill learning. We have shown that within a 

single session of dart throwing that a-tDCS of M1 can significantly improve performance 

over SHAM and c-tDCS conditions. Recent research has shown that M1 might not even 

be the primary target of neuroplasticity, at least during motor sequence learning, so the 
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observed effects in the present study only enhance the promise of tDCS during practice of 

a task.134 While this is not a traditional rehabilitation environment where repeated 

practice would occur, this is representative of recreational games where faster online 

learning would be desirable. 
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CHAPTER THREE: NEUROENHANCEMENT OF A DEXTEROUS MOTOR TASK 

WITH ANODAL TDCS 

 

3.1 Introduction 

 

Motor skills consist of a sequence of component movements that are executed in a 

particular order and with certain parameters (force, velocity, timing, joint angles) to 

achieve a specific outcome; such as throwing a baseball, grasping and taking a drink from 

a cup, or walking from place to place.118 When learning a new motor skill, the M1 

demonstrates changes in excitability and structural and functional changes in the synaptic 

connections within the representations for the movements making up the skill. The 

degree of cortical plasticity, therefore, can be attributed to the performance changes 

expected during skill practice.  

The type of motor skill practiced can exhibit a large influence over the learning 

process and the cortical regions demonstrating plasticity. For instance, adaptation to 

walking and arm-reaching (e.g. split-belt treadmill and force fields, respectively) can be 

mediated through the cerebellum,135,136 whereas we know the strong contribution M1 has 

to fine, dexterous hand movements through large digit representations and direct cortico-

motoneuronal connections.137,138 Dexterous movements that are precise, voluntary, and 

coordinated are developed over time through practice. A great example of this is with 

long-time musicians, where the repetitive movement causes lasting plastic changes to 

M1.139,140 Musicians, though having high inter-individual differences of obtaining, 

practicing and maintaining specialized motor skills,  still show differences in structures 
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and functions of the hand motor regions of the brain compared with non-musicians.141 A 

study by Scheurich et al.142 showed that musicians have more precise control in circle 

drawing tasks and an increased error-correction mechanism during a tapping task, 

compared to non-musicians. Thus, the improvement in fine motor skill learning with the 

hand and digits appears to be mediated, at least in part, through M1. 

NIBS techniques such as tDCS have been used to enhance or facilitate plasticity 

in M1.65,143 In particular, a-tDCS elicits an increase in excitability in the brain tissues 

within the region electrically activated. Through postsynaptic somatic spiking causing 

long-term potentiation, and enhanced neuron network effects,144 the modifications in 

cortical plasticity after a-tDCS correspond to improvements in motor function.143 In 

studies examining hand function, application of a-tDCS showed significant 

improvements in both dominant and non-dominant hands.145,146 The use of tDCS has 

been shown to be particularly relevant in the acquisition and early consolidation phase of 

motor learning, and results in changes in the amplitude of motor evoked potentials of the 

stimulated cortical area for up to 90 min after stimulation.65,145 

In recent years there has been an increased focus of neurocognitive enhancements, 

or the practice of improving the neurological function of healthy individuals. With the 

development of tDCS as a safe, non-invasive method of potential neurocognitive 

enhancement, more research using tDCS has been explored. The rationale behind these 

studies for healthy individuals is the potential to accelerate the skill acquisition and 

learning process in complex tasks that would otherwise take a long time to become 

proficient at.147 The use of tDCS in healthy individuals can be used in the areas of 

education, military, and the medical field to enhance learning rate and performance, 
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where skill optimization is critical. For instance, Ciechanski et al. 148 used tDCS over the 

dominant primary motor cortex during simulation-based surgical training and showed 

that the addition of stimulation resulted in significantly improved pattern-cutting scores. 

Additional studies from Ciechanski and colleagues149,150 have reported similar 

enhancements in laparoscopic skills tasks and neurosurgical resection tasks, while robotic 

suturing and knot-tying tensile strength may also be improved.151 In a time where the 

demands of surgeons are high and the opportunities for training are low, tDCS may be a 

key technique used to enhance the speed of skill acquisition and multitasking capabilities 

of new surgeons.  

Modulation of the M1 via tDCS to produce enhanced fine motor skills has been 

seen preliminarily in areas of complex task acquisition such as training for surgeons and 

musicians.142,148 The present study aimed to determine if tDCS could enhance the speed 

of pin placement during an O’Connor Tweezer Dexterity Task. This specific task 

examines the manual aptitude for work involving precision and steadiness in the use of 

small hand tools. Since M1 tDCS has been shown to increase the speed of skill 

acquisition in dexterous motor tasks, it was hypothesized that a-tDCS concurrent with 

practice, would result in more pins placed for the task. The possibility that tDCS could 

increase neurological enhancements in healthy individuals could have larger implications 

in the advancement of surgical training as well as in athletic, military, and other 

occupational realms.   
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3.2 Methods 

 

3.2.1 Participants 
 

Forty young, healthy adults (male and female, ages 22.18 ± 3.73) were recruited 

for this study. Subjects self-reported no history of significant neurological disorder or 

musculoskeletal conditions that might impact tasks of manual dexterity. All procedures in 

this study were reviewed by the university’s IRB and subjects provided written informed 

consent before participating in the study. Handedness was determined with the EHI.122 

Right handed scores were > +40; Left handed scores were < -40; scores ≥ -40 but ≤+40 

were ambidextrous. In cases of ambidextrousness, the subject’s preferred writing hand 

was considered their dominant with the rationale that the tweezer grip was most similar to 

holding a writing utensil. 

 

3.2.2 Procedures  
 

The study was a randomized between-subjects, SHAM controlled design. 

Participants were randomly assigned by MATLAB algorithm to one of two groups (a-

tDCS, n=20 or SHAM, n=20) as they were screened into the study and were blinded to 

their condition throughout testing. a-tDCS and SHAM groups were matched for age 

(21.75 ± 3.46 yrs and 22 ± 4.02 yrs, respectively), sex (11 males, 9 females), and 

handedness (15 right, 4 left, 1 ambidextrous). Subjects completed a single testing session 

while receiving either a-tDCS stimulation or SHAM stimulation of the M1 region 

contralateral to the non-dominant (active) arm. During this session, subjects performed 
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the O’Connor Tweezer Dexterity task with the non-dominant arm. The time to complete a 

50-pin placement task was assessed before and after 20 min of practice with either a-

tDCS or SHAM stimulation (see Figure 3.1). All testing was conducted between 9:00 am 

and 3:00 pm. 

 

3.2.3 Stimulation parameters 
 

A Soterix 1x1 stimulator was used for both stimulation conditions. The 

stimulation parameters used in this study have been established as safe and effective in 

previous literature.152  A pair of rubber electrodes (5x5cm in size) were placed inside of 

saline soaked sponges and each were fixed on the scalp with a rubber strap. The active 

electrode was positioned directly above the hand representation of the M1 region 

contralateral to the testing hand and the reference electrode was placed on the ipsilateral 

scalp in the supraorbital region (Fp1 or Fp2, respectively). The a-tDCS stimulation lasted 

for 20 mins with a 30 second ramp up to a current of 1 mA at the beginning and a 30 

second ramp down at the end. The SHAM condition simulated stimulation with a 30 

second ramp up to 1mA followed by an immediate shut off. This was in an effort to blind 

subjects to their stimulation condition by providing a brief, superficial sensation of 

stimulation to the scalp. 

 

3.2.4 O’Connor tweezer dexterity task 
 

The O’Connor Tweezer Dexterity Task is a fine motor task that has been used as 

an assessment of manual dexterity and force stability in dental practitioners,153 
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surgeons,154 and various other occupations. Subjects completing the task must pick up 

small metal pins (1in long, 1/16in diameter) from an attached reservoir and place those 

into holes on an adjacent peg board. This task requires the subject to modulate pinch-

force to allow the pins to assume a mostly upright (vertical) orientation before placement.  

After completing the EHI, subjects were seated at a table with the O’Connor 

Tweezer Dexterity Task positioned 0.3 meters in front of them with the pin tray oriented 

at 90 degrees towards the testing (non-dominant) hand. Prior to testing, subjects were 

given standardized instructions to pick up one pin at a time and to fill the holes as fast as 

they could. A demonstration was provided on how to hold the tweezers, however, 

subjects were allowed to self-select their own specific grip strategy. Five practice pins 

were allotted to allow subjects to familiarize themselves with the grip and the demands of 

the task.  

Although no explicit instructions were provided on how to best grip the tweezers, 

subjects were required to maintain the ulnar border of their testing hand towards the table 

to avoid disruption of the task via internal/external rotation. Subjects were instructed to 

maintain this self-selected grip throughout the entire testing session and feedback was 

provided from the researchers if deviation was observed.  

The pre-test and post-test assessments were identical, both consisting of the 

placement of 50 pins. A timer was started upon placement of the first pin and stopped 

when the 50th pin was placed. Subjects were scored according to the time to completion. 

During both testing and practice blocks, subjects were instructed to ignore any dropped or 

spilled pins and to select a new pin from the tray. Pins were placed from top to bottom, 

starting at the outermost column of the board. Each column consisted of 10 holes.  
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The practice block, during which subjects received a-tDCS or SHAM stimulation, 

subjects were asked to continuously place pins for the entire 20-min practice time. The 

subjects were required to sit the tweezers down and to rest their hand for 30 seconds after 

completing each column (10 pins) to avoid fatigue. Dropped pins were cleared from the 

board between each column. Additionally, if the subjects were reaching the last column 

then the pins were cleared on that column during the rest period so that the subject had 

somewhere to continue placing the pins. Subjects were given 5 minutes of rest time 

between the pre-test, practice, and post-test blocks. 

 

Figure 3.1. Experimental timeline  

 

3.2.5 Statistical analysis 
 

The time (seconds) required to place 50 pins was the main outcome variable. For 

the pre-test and post-test, this was just the time to complete the 50 pin task. For the 20 

min practice, the time actively placing the first 5 columns of 10 pins (excluding rest) was 

used. To further investigate changes in performance during practice, the average time per 

column was calculated for the first and the second halves of practice since each subject 

did not complete the same amount of practice. Normality was tested with a Shapiro-Wilk 

test and a Log10 transformation was used to improve normality in all non-normally 

distributed time data. Since ANOVAs are robust to violations of normality, tests were 
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performed on both the original non-normal data and the transformed data to determine if 

the lack of normality was affecting the results in any meaningful way. Any discrepancies 

are highlighted in the results section. A mixed ANOVA (2 groups [a-tDCS, SHAM] × 3 

time points [Pretest, Practice, Post]) with repeated measures on time point was used to 

compare the time to place 50 pins. A second mixed ANOVA (2 groups [a-tDCS, SHAM] 

× 2 time points [first half, second half]) with repeated measures on time point was used to 

compare the average time per row for the first and second halves of practice. Overall 

learning was calculated as the percent change in time required to place 50 pins between 

the pre- and post-tests. All between group comparisons were assessed using two-tailed 

independent t-tests. Bonferroni corrections were used for repeated measures. All statistics 

were performed using SPSS (v.26). 

 

3.3 Results 

 

Groups performed a similar amount of practice overall with 143.15 ± 19.8 pins 

and 139.90 ± 30.08 pins for a-tDCS and SHAM, respectively (P = 0.690, Figure 3.2). All 

time data were non-normally distributed (p <0.05), except for the Anodal group practice 

(p = 0.086), as assessed by Shapiro-Wilk tests.  The skewness of time data were assessed 

and found to all be positively skewed, ranging from 0.441 to 2.021. After Log10 

transformation, all time data were normal (P>0.05) or approximately normal (Anodal 

post-test p=0.026) 

The meaningful effect of the non-normality was on the determination of a 

statistically significant interaction. For the transformed time data there was a significant 
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interaction of between the stimulation condition and time (F[1.728, 65.662] = 4.136, P = 

0.025) whereas the analysis of the raw time data was not statistically significant; 

however, it did approach significance despite the non-normal distribution (F[1.808,68.72] 

= 2.898, P = 0.067 ).  In both cases, Mauchly’s test of sphericity was significant (P = 

0.007 and P = 0.024) and a Huyhn-Feldt correction was used.  Post hoc analyses of the 

interaction indicated that the time to place 50 pins was statistically significantly lower for 

a-tDCS group than SHAM group in the post-test (P = 0.007, Figure 3.4).  

For the assessment of practice performance, there was a significant main effect of 

time (F[1, 38] = 27.119, P < 0.001). Pairwise comparisons within condition showed that 

a-tDCS and SHAM both had significantly lower times for the last half or practice 

compared to the first (P = 0.01 and P < 0.001, respectively; Figure 3.3). There was no 

significant interaction between time and condition for the practice (F[1, 38] = 0.113, P = 

0.718). The main effect of group was also not significant (F[1, 38] = 0.131, P = 0.72). 

Non-normality had no meaningful effect on the results.  

To summarize the results, we have also presented the percent change from pretest 

to posttest. A two-tailed independent t-test showed that the a-tDCS group had a greater 

improvement than SHAM (P = 0.028, Figure 3.5). 
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Figure 3.2. Total number of pins placed during the 20 min practice period. There 
were no differences between the two conditions. Error lines denote standard error. 

 

 

Figure 3.3. Average time per 10-pin column (seconds/row) for the first and second 
halves of the 20 min practice for each individual subject in the a-tDCS (Left) and 
SHAM (Right) group. Black solid line denotes mean change for the group. Both groups 
improved significantly from the first half of practice to the second (a-tDCS P=0.01; 
SHAM P<0.01). There were no differences between groups. 
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Figure 3.4. Time (seconds) to complete placing 50 pins for the pre-test, practice, and 
post test across the a-tDCS and SHAM conditions. Error lines denote standard error. 
There was a significant stimulation X time interaction and the posthoc analysis showed a 
significant difference between the a-tDCS and SHAM conditions at the post-test 
(*<0.05). 

 

Figure 3.5. The percent change in time to place 50 pins (pre- and post-test time) 
showing the overall improvement in the O’Connor Tweezer Dexterity Test. The a-
tDCS condition showed a significantly greater percent improvement compared to SHAM 
(*<0.05). Error lines denote standard error. 
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3.4 Discussion 

 

The main finding of the present study is that a-tDCS over M1 improves the rate of 

fine motor skill learning as evidenced by an increased speed of pin placement in the 

O’Connor Tweezer Dexterity Task. The a-tDCS condition demonstrated a significantly 

lower time to place 50 pins and a greater overall percent improvement in time from pre- 

to post-test compared with the SHAM condition. Both groups performed similarly in the 

pretest and both placed similar amounts of pins during the practice session, indicating 

that no significant differences existed in baseline ability and practice quantity. The only 

notable difference between groups was the application of brain stimulation. It can 

therefore be assumed that any differences in outcomes between the conditions were likely 

the result of neuroplastic changes enhanced with a-tDCS stimulation. 

Our findings are in line with the previous literature indicating tDCS as an 

effective tool for enhancing the rate of motor learning and fine motor task 

performance.145,146 The majority of previous tDCS dexterity studies have focused largely 

on non-tool tasks such as the Purdue Pegboard Test, cup stacking, or finger tapping, 

where reaction time and execution time are the most important variables to task 

performance.155 Recent work by Ciechanski and colleagues suggests that the benefits of 

tDCS may extend to fine motor tasks involving the skilled manipulation of surgical tools 

and instruments, where execution time and force steadiness will primarily determine the 

success of the procedure.148-150 The O’Connor Tweezer Dexterity Task is a good 

representation of the experimental control of small, specialized tools that would be seen 

in occupations such as medicine and engineering. A 2009 review of various dexterity 
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tasks found the O’Connor Tweezer Dexterity Task to demonstrate “good-to-excellent 

predictive validity” when assessing disability and Activities Daily Living subscale 

scores,156 though additional evidence suggests that O’Connor Tweezer Dexterity Task 

performance may predict success in various medical settings.157,158 Although this task has 

been utilized in many areas, to our knowledge, ours is the first study using this task in 

combination with a-tDCS. 

The precise modulation of grip force is key to performance in tasks of manual 

dexterity.159 This is especially true in tasks involving the use of fine instruments.160,161 It 

is important to note that during our study subjects were instructed to point their elbow 

towards the floor and to focus on adjusting grip force to change the pin angle. If subjects 

applied too much grip force, this often resulted in a fixed pin angle that was difficult to 

place within the board. A common strategy employed when grip force resulted in a fixed 

pin angle was to rotate the arm to reorient the pin. To mitigate this, researchers provided 

subjects with a verbal reminder to maintain a downward elbow if arm rotation was 

noticed. This ensured that pinch force was the primary determinant of task performance. 

Since strategies of pin manipulation were similar between groups, our use of a-tDCS over 

the M1 region should therefore explain differences in task performance between groups. 

To ensure we used a novel task, we required subjects to use their non-dominant 

hand. However, important considerations should be made regarding the generalizability 

of these results to the dominant hand. One such consideration is the likelihood of 

asymmetry between hemispheres. It is well established that asymmetries exist between 

the cortices, especially in relation to the upper extremities and hand dominance. With 

somatotopic mapping of the M1, it has been shown that the dominant hand motor cortex 
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representation is more developed than for the non-dominant hand.126,162 This apparent 

lesser development within the non-dominant cortex may result in a more pronounced 

learning effect with any sort of practice or stimulation compared to the dominant side. 

The results of our study may, therefore, slightly overestimate the effect of a-tDCS in 

motor task learning if applied to the dominant limb. 

Finally, since our study tested the non-dominant hand, it is fair to assume that the 

O’Connor Tweezer Dexterity Task was a mostly novel task regardless of prior exposure. 

During the initial screening, subjects reported little to no experience with the O’Connor 

Tweezer Dexterity Task, or even tweezers, specifically. However, the possibility of 

interlimb transfer still persists if any subjects possessed extensive experience with similar 

manual dexterity tasks involving the use of small tools. To our knowledge, none of the 

subjects included in this study were involved in occupations or hobbies involving these 

sorts of tasks. Regardless, our decision to test the non-dominant hand should be sufficient 

to ensure a degree of subjective novelty with the task. 

As previously mentioned, the only differences between groups within our study 

was the type of stimulation received (anodal vs SHAM). Since subjects in the a-tDCS 

group demonstrated a faster time in the post-test, it is reasonable to assume that they 

would have also placed more pins during the timed practice block. However, our analysis 

revealed no significant differences between groups in the total number of pins placed. 

This is important to note because a-tDCS appears to have improved performance directly 

from stimulation and not as a byproduct of greater total quantity of practice, since the 

quantity of practice directly influences the degree of motor adaptation.163-165 Furthermore, 

since the pre-test scores between groups were not significantly different, we can also 
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assume that neither previous experience, nor interlimb variability influenced our results 

in a significant way. 

 

3.5 Conclusion 

 

Previous a-tDCS studies examining tasks of manual dexterity have demonstrated 

results congruent with our findings. As discussed in the review paper by Patel and 

colleagues, a modest body of literature exists to support the efficacy of M1 a-tDCS as a 

tool for enhancing learning during tasks of manual dexterity.155 These findings add to, 

and build upon, that body of literature by demonstrating that a-tDCS applied to M1 can 

increase the aptitude for manual precision and steadiness that is necessary for delicate 

and skillful manipulation of small tools at a fast rate. Future studies should explore the 

use of a-tDCS in occupation-specific tasks such as surgery, model building, or 

microelectronics.  
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CHAPTER FOUR: ANODAL M1 tDCS ENHANCES ONLINE LEARNING OF 

RHYTHMIC TIMING VIDEOGAME SKILL 

 

4.1 Introduction 

 

Motor learning is fundamental in everyday life for acquiring and honing skills that 

range in complexity from relatively simple, like reaching and pressing a button, to more 

complex skills requiring coordinated sequential actions such as learning a piece of music 

on an instrument or throwing a ball. Motor skill improvements can accrue during a single 

practice session (online) or after practice is completed (offline), with both contributing 

over time to long-term retention.166 The online and offline skill changes comprise fast and 

slow stages of learning, with fast stage learning occurring early on, markedly during skill 

acquisition, and slow stage occurring later with incremental gains over multiple practice 

sessions.9,10  The motor learning process is underpinned by neuroplastic changes across a 

spatially distributed network of interconnected brain regions.167 Which areas are involved 

and the extent to which plasticity within them may subserve learning, largely depends 

upon the characteristics of task and the stage learning.168  

 Evidence of learning related cortical plasticity in the M1 after skill practice has 

indicated that it contributes to motor skill acquisition. M1 is crucial for the use-dependent 

acquisition and storage of muscle activation for fast and precise motions associated with 

skillful performance.5,8 When a motor skill is practiced, somatotopically specific changes 

arise via LTP-like plasticity within M1 that improve synaptic connectivity and efficiency 

amongst the ensemble of cells activated to generate the movements of the skill.169,170 The 
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principal result of this process is enlarged cortical representations of the muscles involved 

in the task and/or facilitation of MEPs, indicative of increased cortical excitability, as 

assessed by TMS.171,172 Short bouts of skill practice (10 to 30 minutes) have been shown 

to elicit acute increases in M1 excitability.172,173 Although early practice-related plasticity 

is relatively transient in the short term,174 it is believed to be an important initial step of 

fast motor learning and skill acquisition.9,172 Based on these short term mechanisms as 

well as the more permanent structural and functional cortical reorganization associated 

with extensive practice and skill expertise,34,47,171,175 M1 is a site of particular interest for 

investigating motor learning.  

tDCS is a NIBS technique for modulating cortical excitability. By passing a 

current between two electrodes placed on the scalp, tDCS provides a sub-threshold, 

transcranial stimulation to the underlying cortical surface. Directional flow of the current 

between these electrodes determines the stimulation polarity (positive, Anodal; negative, 

Cathodal).176  a-tDCS in particular has been used to enhance cortical excitability and 

LTP-like plasticity in M1 corresponding with improved motor function.74,100,177  tDCS 

has been shown to be particularly relevant in the acquisition and early consolidation 

phase of motor learning and evidence suggests that it is safe for facilitating motor 

learning in healthy individuals74,84 as well as those suffering from neurological 

disorders.178,179 

Improved performance from tDCS application to M1 during practice has been 

reported for several upper limb motor tasks where skill is usually assessed through 

changes in speed (reaction or movement time), accuracy, the relationship between those 

two qualities, or reduced variability.177 Most studies have used laboratory based tasks, 
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such as the SRTT, SFTT, and SVIPT that offer highly controlled, simplified 

environments.74,81,177  Although lab-based tasks provide precise measurements and high 

degrees of control, they lack the complexity and visual-motor demands that most normal 

everyday tasks often involve, making generalization to real-world tasks limited. 

Nevertheless, these studies lend support to M1’s important role in fast stage learning and 

potential as a target for tDCS to benefit learning.  

 The benefit of M1 tDCS on motor skill acquisition has been demonstrated with an 

increasing number of tasks with expanding complexity.180-183 Videogames are emerging 

as a potentially useful tool to study motor learning since they involve diverse 

combinations of perceptual, attentional, cognitive, and motor skills, and practice can lead 

to training-induced learning.184,185 Although there are reports of competitive gamers using 

tDCS to enhance performance,186 the effect of M1 tDCS in the context of gaming-based 

motor skill has only recently been initially investigated.181 With comparable motor 

demands to laboratory tasks, but more visually complex environments and precise 

temporally-constrained inputs, video games present a novel way to study the effects of 

M1 tDCS on motor learning. Given the task dependency of tDCS effects for relatively 

simple tasks,91,177,187 it is unclear how M1 tDCS will influence the acquisition of a 

rhythmic sequence tapping task with complex visuomotor and auditory processing 

demands. Therefore, the purpose of this study was to investigate how M1 a-tDCS 

influences the acquisition of a timing-based video game skill. 
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4.2 Methods 

 

4.2.1 Participants 
 

58 total subjects participated in the study (n = 29 per group; age 22.27 ± 2.78 yrs). 

Participants were free of neurological or musculoskeletal impairments that could impact 

performance of the task.  Participants that were taking medications that could influence 

learning, such as stimulants for ADHD, were also excluded.  Handedness was determined 

with the EHI.122 Right-hand dominance was identified with scores > +40, left-hand 

dominance with scores < -40, while scores ≥-40 and ≤+40 were ambidextrous. In cases of 

ambidextrousness, the subject’s preferred writing hand was considered their dominant.  

The study was a randomized, between-subjects, SHAM controlled design.  

Participants were randomized to an a-tDCS or SHAM stimulation group (SHAM) as they 

were screened into the study and were blinded to their condition for the duration of 

testing. The two groups were relatively matched for age (a-tDCS = 22.70 ± 2.96 yrs and 

SHAM = 22.34 ± 2.64 yrs) and sex (a-tDCS = 14 males, 15 females; SHAM = 15 males, 

14 females). For handedness, considering preferred writing hand in the case of an 

ambidextrous inventory result, each group had 25 right-handed individuals and 4 left-

handed individuals. All procedures were approved by Indiana University’s IRB and 

conducted according to the Declaration of Helsinki and all subjects provided their written 

informed consent before participation in the study. 
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4.2.2 Procedures 
 

Participants completed a single testing session while receiving a-tDCS or SHAM 

stimulation over M1 contralateral to the non-dominant (active) hand. During the session, 

subjects performed a timing-based dexterous video game task with the non-dominant 

hand. The protocol included 2 familiarization pre-test blocks, 5 practice blocks while 

receiving either a-tDCS or SHAM, and a post-test block 5 min after cessation of practice. 

Familiarization pre-test scores were used to determine whether the task difficulty was 

adequate to demonstrate motor learning during the practice period.  If the task was too 

easy or too hard based on the familiarization trial performance, the difficulty was 

increased or decreased accordingly in the video game settings, and one additional 

familiarization trial was given at the new speed (Figure 4.1B).  

 

4.2.3 Step mania task 
 

Step Mania (https://www.stepmania.com/) is an open-source videogame where 

sequences of directional arrow icons (up, down, left, right) scroll upwards toward 

stationary arrow silhouettes (Figure 4.1A) and the objective is to press the appropriate 

arrow keys whenever a corresponding scrolling icon is perfectly aligned with (i.e. 

centered on) its silhouette.  

Participants sat at a desk with a keyboard positioned with the arrow keys in front 

of the non-dominant hand. Subjects were instructed to only use one hand to tap the keys 

and to only tap keys one time per cue. However, no explicit instructions were given 

assigning specific digits to particular keys. A brief demonstration of the gameplay was 
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shown to the participants as the objective was explained (i.e. press correct keys with 

optimal timing and avoid unnecessary/incorrect key strokes).  

The same 219 cue pattern was used for all test blocks.  One of the 219 cues 

required the left and right arrow key to be struck simultaneously, thus the pattern 

consisted of 55 up, 56 down, 55 left and 54 right key strokes (220 total key taps). This 

could not be changed through the available settings. Each testing block comprised one 

complete pattern. Each keystroke was categorized relative to a time window centered 

(time = 0s) on perfect overlap of the scrolling icon and its stationary silhouette. These 

timing windows were built into the program as flawless (0 to ± 0.0225s), perfect 

(±0.0225 to ±0.045s), great (±0.045 to ±0.090s), good (±0.090 to ±0.135s), boo (±0,135s 

to ± 0.180s), and miss (> ± 0.180s). To note, the first two time windows (flawless and 

perfect) were 22.5ms, while the other windows were 45ms. 

 

4.2.4 Baseline assessment and testing 
 

Subjects performed 2 familiarization trials with 500 continuous modifier (CMOD) 

difficulty (sets the arrow scroll speed; “arrow heights” moved per minute). An initial 

proficiency score was calculated (Eq. 1) indicative of the number of cues being met with 

a tap within scoring distance. This allowed for difficulty adjustment to ensure that the 

task was appropriately difficult for performance gains to be demonstrated within a single 

practice session.  It was determined in pilot testing that if too many cues were entirely 

missed or nearly unscored based on the inbuilt timing windows, the task overwhelmed 

participants and they struggled to improve. Conversely, individuals who, in their 
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familiarization trials demonstrated very precise timing and few misses, had little room for 

growth.   

 

Eq. 1) Familiarization Proficiency 

 

𝐹𝑃 = ቆ
(𝐹𝑙𝑎𝑤𝑙𝑒𝑠𝑠 ∗ 1) + (𝑃𝑒𝑟𝑓𝑒𝑐𝑡 ∗ 0.75) + (𝐺𝑟𝑒𝑎𝑡 ∗ 0.5) + (𝐺𝑜𝑜𝑑 ∗ 0.25) + (𝐵𝑜𝑜 ∗ 0) + (𝑀𝑖𝑠𝑠 ∗ −1)

219
ቇ ∗ 100 

 

For familiarization proficiency scores between 20 and 60, the default 500 CMOD 

was maintained throughout testing. For scores > 60 or < 20, the scrolling speed was 

adjusted up or down by 200, respectively (Figure 4.1B). The music tempo (210 beats per 

minute) was not affected by the CMOD change, it only affected the cue scrolling speed. 

Skill-adjusted subjects performed an additional familiarization block at the new speed 

that was used for all subsequent blocks. The last familiarization block was used as the 

pre-test measure for all subjects. 

After familiarization and pre-test, tDCS electrodes were positioned during a 5 

minute break. Subjects then completed a 20 minute practice period while they received 

either a-tDCS or SHAM during 5 practice blocks with 2 minutes of rest between blocks. 

The stimulation electrodes were then removed and subjects completed a post-test trial 5 

minutes after completing practice.   
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Figure 4.1. Gameplay and experimental procedures timeline. (A) Screen shot of step 
mania gameplay showing scrolling arrow icons and stationary arrow silhouettes. (B) 
Study procedures timeline. 

 
 

4.2.5 Evaluating performance 
 

At the end of each trial, the game provides feedback in the form of a numerical 

"game score" as well as an aggregate overview of the categorization of each keystroke 

timing (i.e. miss, boo, good, great, perfect, and flawless). However, this fails to account 

for any excess or aberrant keystrokes that fall outside of the inbuilt timing windows. For 

this reason, we opted to collect additional data using a separate keystroke logging 

software. This allowed us to devise an alternate scoring mechanism, or performance 

index (PI), that better reflects changes in task performance. 

Two aspects of Step Mania performance are related to skill – hitting only the 

correct inputs and hitting them at the correct time. Both are interrelated as qualities of the 

task, but a change in one does not necessarily precipitate a proportional change in the 

other. With the guiding premise that newly acquired movement sequences are segmented, 

inaccurate, and jerky, whereas learned sequences are cohesive, accurate and smooth 8, a 

PI was calculated to incorporate incorrect inputs (Key Error Rate, KER) and temporal 
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accuracy (2 values: Temporal Accuracy, TA; Tap Distribution Ratio, TDR) into a single 

value to reflect the skill associated with a certain quality of performance:  

 

Eq. 2) Performance Index (PI) 

 

𝑃𝐼 = (𝑇𝐴 − 𝐾𝐸𝑅) × 𝑇𝐷𝑅 

 

A description is provided below for each of the constituent variables in the PI 

equation and how they are derived from the data provided by the game. Example data are 

shown after each equation to illustrate each step of the process. 

 

4.2.6 Temporal accuracy (TA) 
 

TA was quantified by assigning point values to the timing windows, so that 

“flawless” keystrokes awarded 1.0 pt and each subsequent window awarded 0.2 pts less, 

resulting in 0 pts for each “miss”.  TA provided a base value reflecting temporal accuracy 

of the entire 220 constituent inputs of each trial.  

This is different from the Familiarization Proficiency equation we used to 

evaluate initial ability because we did not want to penalize a “miss” with a negative score 

and instead just not award any points in that case. This distinction was made because in 

the initial familiarization, if the speed of the game was too fast for the subject they would 

get overwhelmed and miss several arrows in a row without even attempting any inputs, in 

which case a measure was needed to clearly inform us to slow the game down. In the case 
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of the TA measure (Eq. 3), the subject would typically only miss an arrow occasionally 

and therefore just not be awarded points for it.  

 

Eq. 3) Temporal Accuracy (TA) 

 

𝑇𝐴 = ൫(𝐹𝑙𝑎𝑤𝑙𝑒𝑠𝑠 ∗ 1) + (𝑃𝑒𝑟𝑓𝑒𝑐𝑡 ∗ 0.8) + (𝐺𝑟𝑒𝑎𝑡 ∗ 0.6) + (𝐺𝑜𝑜𝑑 ∗ 0.4) + (𝐵𝑜𝑜 ∗ 0.2) + (𝑀𝑖𝑠𝑠 ∗ 0)൯ 

 

For a subject with 72 Flawless, 69 Perfect, 58 Great, 10 good, 3 Boo and 7 miss: 

  

𝑇𝐴 = (72 ∗ 1) + (69 ∗ 0.8) + (58 ∗ 0.6) + (10 ∗ 0.4) + (3 ∗ 0.2) + (7 ∗ 0) = 166.6 

 

4.2.7 Key error rate (KER) 
 

KER evaluated execution errors such as pressing multiple keys simultaneously, 

tapping the same key several times, or pressing a cycle of keys ‘searching’ for the correct 

one. Imprecise and unstable finger movements relate to learning in aspects of the skill, 

irrespective of timing (i.e. key sequence order, hand positioning, etc). Utilizing the extra 

keystroke data collected during the game, the differences between actual key stroke totals 

and the number of times the arrow keys appear in the sequence were calculated for each 

trial and used in Eq. 4 to produce a scaled error value relative to the total number of cues. 
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Eq. 4) Key Error Rate 

 

𝐾𝐸𝑅 = ቆ
(𝑢𝑝 − 55) + (𝑑𝑜𝑤𝑛 − 56) + (𝑙𝑒𝑓𝑡 − 55) + (𝑟𝑖𝑔ℎ𝑡 − 54)

220
ቇ ∗ 100 

For a subject with 56 up, 57 down, 53 left and 53 right arrow: 

 

𝐾𝐸𝑅 = ቆ
(|56 − 55|) + (|57 − 56|) + (|53 − 55|) + (|53 − 54|)

220
ቇ ∗ 100 = 2.273 

 

4.2.8 Tap distribution ratio (TDR) 
 
 

In rhythm gaming, ratios of the tap totals in the different timing windows are 

commonly used in conjunction with timing scores because, as a consequence of binning 

taps into scored timing windows that are relatively wide, attempts can yield arbitrarily 

similar TAs despite the distribution of taps in the windows reflecting different levels of 

play. We adapted this strategy to further differentiate skill in the task and enhance 

sensitivity in the measure to changes in the quality of performance. TDR adjusts scores 

based on the concentration of taps in the two best and two worst categories, with 

additional weighting based on the proportion of those that are in the best (Flawless; most 

skillful) and worst (Miss; least skillful) timing windows. To properly illustrate the 

function of this variable, the original TA data from above will be used as well as a second 

example that produces an identical 166.6 TA value.  
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Eq. 5) Tap Distribution Ratio (TDR) 

 

𝑇𝐷𝑅 =

ቆ1 + ൬
(𝐹𝑙𝑎𝑤𝑙𝑒𝑠𝑠 + 𝑃𝑒𝑟𝑓𝑒𝑐𝑡)

219
൰ቇ ∗ ቆ1.5 + ቀ

𝐹𝑙𝑎𝑤𝑙𝑒𝑠𝑠
219

ቁቇ

ቆ1 + ቀ
𝐵𝑜𝑜 + 𝑀𝑖𝑠𝑠

219
ቁቇ ∗ ቆ1.5 + ቀ

𝑀𝑖𝑠𝑠
219

ቁቇ

 

 

For a subject with 72 Flawless, 69 Perfect, 58 Great, 10 good, 3 Boo and 7 Miss: 

 

𝑇𝐷𝑅 =
ቆଵାቀ

(ళమశలవ)

మభవ
ቁቇ∗൬ଵ.ହାቀ

ళమ

మభవ
ቁ൰

൬ଵାቀ
యశళ

మభవ
ቁ൰∗൬ଵ.ହାቀ

ళ

మభవ
ቁ൰

= 1.877  

 

For a second subject with 82 Flawless, 46 Perfect, 67 Great, 18 Good, 2 Boo, 4 Miss: 

 

𝑇𝐷𝑅 =

ቆ1 + ൬
(82 + 46)

219
൰ቇ ∗ ቆ1.5 + ቀ

82
219

ቁቇ

ቆ1 + ቀ
2 + 4
219

ቁቇ ∗ ቆ1.5 + ቀ
4

219
ቁቇ

= 1.904 

 

Assuming a similar KER value for both of these trials, the PI for each would be: 

𝑃𝐼 = (𝑇𝐴 − 𝐾𝐸𝑅) ∗ 𝑇𝐷𝑅 

 

𝐴. ) 𝑃𝐼 = (166.6 − 2.273) ∗ 1.877 = 307.32 

or 

𝐵. ) 𝑃𝐼 = (166.6 − 2.273) ∗ 1.904 = 311.7 
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In utilizing a TDR factor to modify PI scores, we are able to better reflect the more subtle 

changes in subject performance that might otherwise be missed when relying on TA and 

KER values alone. 

 

4.2.9 tDCS 
 

 The location of M1 was approximated using the BA9 BA8 BA42 Location 

System 188 and a marker was used to denote this location on the scalp. A Soterix Medical 

1x1 Low Intensity transcranial direct current stimulator was used to deliver a-tDCS with 

parameters previously determined to be effective and safe (duration 20 min; current 1mA; 

active electrode over M1 contralateral to the non-dominant hand and reference electrode 

over the ipsilateral supraorbital).  Current was delivered through 5cm x 5cm (25cm2) 

rubber electrodes inside of saline-soaked sponges affixed to the head with rubber straps.  

For SHAM, the current was ramped up and down over 30s. 

 

4.2.10 Statistical analysis 
 

A PI value was calculated for each trial. PI gain scores (block PI – baseline PI) 

were calculated for each practice block and the post-test to demonstrate the change in 

performance over time relative to baseline performance. Normality was tested with a 

Shapiro-Wilk test. Baseline PI scores were compared between groups with an 

independent t-test to test for baseline differences before gain scores were calculated.  

Separate comparisons were performed for the practice blocks and the post-test 

block. A mixed ANOVA (2 groups x 5 blocks) with repeated measures on block was 
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used to compare the practice gain scores and effect size were calculated as partial eta 

squared (ηp
2).  For the post-test block, an independent t-test was used to compare the gain 

scores between the conditions and effect size was calculated as Cohen’s d.  A p-value of 

0.05 was considered statistically significant.  Bonferroni post-hoc tests were used to 

determine differences for multiple comparisons. Data are presented as mean ± standard 

deviation in text and as mean ± standard error in figures. All data analysis was performed 

with SPSS 24.   

 

4.3 Results 

 

4.3.1 Practice blocks 
 

Over the course of practice (B1 through B5), both groups gradually improved TA 

(range: 147.78 to 160.72) and TDR also modestly increased (range: 1.56 to 1.80). The 

KER also improved (i.e. reduced) across practice for both groups (range: 3.83 to 2.71) 

(Table 4.1). The calculated PI score for each block incorporated all 3 of these metrics.  
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Table 4.1. Mean TA, KER, and TDR values for each test block. 

   Practice   
  Baseline B1 B2 B3 B4 B5 Post-Test 

a-tDCS             
TA 135.66(19.81) 149.84(19.16) 152.85(20.02) 154.31(15.99) 159.42(15.04) 160.72(16.01) 166.63(15.57) 

KER 5.36(4.53) 3.83(3.42) 3.30(2.59) 3.15(2.06) 3.26(2.33) 2.82(1.91) 2.63(1.93) 

TDR 1.35(0.29) 1.59(0.32) 1.65(0.34) 1.66 (0.28) 1.76(0.28) 1.80(0.31) 1.92(0.31) 

SHAM 
              

TA 134.96(27.41) 147.78(22.42) 150.78(22.32) 154.21(19.79) 152.66(17.71) 155.36(19.73) 159.62(18.98) 

KER 3.82(2.99) 3.32(1.97) 2.74(2.33) 2.90(2.16) 2.98(2.30) 2.71(1.82) 2.03(1.79) 

TDR 1.37(0.36) 1.56(0.35) 1.62(0.35) 1.68(0.35) 1.64 (0.32) 1.69(0.37) 1.78(0.37) 

 

TA - Temporal Accuracy; KER - Key error rate; TDR - Tap Distribution Ratio; values 
are Mean (SD) 

 

 Practice block PI gain scores were calculated relative to baseline to evaluate how 

overall performance of the two groups changed during practice. An independent t-test on 

the baseline PI values showed a-tDCS (181.80 pts ± 66.04) and SHAM (188.97 pts ± 

79.39) performance was similar prior to practice (t(56) = -0.37, P = 0.71). An a-tDCS 

subject was missing error data for two practice trials and thus was excluded from the 

practice block analysis (a-tDCS n = 28, SHAM n = 29).  

 A Shapiro-Wilk test showed normally distributed gain scores (P = 0.278 to 

0.977) for all cells of the design except a-tDCS B1 (P = 0.004) and a-tDCS B4 (P = 0.01). 

Since ANOVA type 1 error rate is fairly robust to normality violations 189-191 the mixed 

ANOVA was still performed. Homogeneity of variances was confirmed by Levene’s test 

(P = 0.25 to 0.65). A Huynh-Feldt correction was used to adjust for a sphericity violation 

(P = 0.003). There was a statistically significant interaction between the stimulation 

group and block on practice gain scores (F[3.466, 190.605] = 3.042, P = 0.024, ηp
2 = 

0.052). Post hoc analysis of the simple main effects for group revealed a significant 

difference between conditions at B4 (P = 0.008) and B5 (P = 0.046), where a-tDCS (B4: 
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100.02pts ± 47.21; B5: 109.05pts ± 60.92) resulted in greater PI improvement than 

SHAM (B4: 62.05pts ± 55.75; B5: 76.58pts ± 59.16).  Post hoc analysis for block showed 

that B3 and B5 SHAM gain scores were significantly different from B1 (P = 0.002 and P 

= 0.005).  For a-tDCS, B4 and B5 gain scores were statistically significantly higher than 

blocks 1 (both, P < 0.001), 2 (P = 0.049 and P = 0.008) and 3 (P = 0.005 and P = 0.002).  

 

Figure 4.2. Practice block gain scores. Data show the practice block PI gain scores 
relative to baseline (i.e. last familiarization block) for a-tDCS (n=28) and SHAM (n=29) 
conditions. Whiskers denote the standard error. Both groups displayed significant 
increases in performance across practice. a-tDCS gain scores were significantly greater 
than SHAM at B4 and B5. *Indicates significant difference for SHAM (P<0.05). 

 

4.3.2 Pre-test to post-test 
 

One SHAM subject was missing error data for the post-test and thus was excluded 

from analysis (a-tDCS n = 29, SHAM n = 28). Normality of the gain scores was 

confirmed with a Shapiro-Wilk test (P = 0.661 to 0.540). An independent t-test on the 

gain scores from baseline to post-test showed a statistically significant difference 

between conditions ( t(55)= 2.234, P = 0.030, Cohen’s d = 0.592), with a-tDCS 
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(137.844pts ± 66.218) leading to greater improvement compared to SHAM (99.501pts ± 

63.28) (Figure 4.3).  

 

Figure 4.3. Overall gain scores. Data show the gain scores from the baseline to the post-
test block for a-tDCS (n = 29) and SHAM (n = 28) conditions. Whiskers denote the 
standard error. *Significant difference between a-tDCS and SHAM (P <0.05). 

 

4.4 Discussion 

 

These results indicate M1 a-tDCS has a beneficial effect on the acquisition of a 

dexterous timing-based video game compared to SHAM stimulation. Task improvement 

was indicated by higher gain scores, representing increased cumulative performance with 

better temporal accuracy and reduced error rate. Although both conditions demonstrated 

significant differences in performance across practice, the level of improvement with a-

tDCS at B4 and B5 was significantly greater than that attained by SHAM (Figure 4.2).  

Likewise, considering only the change in performance from baseline to post-test, a-tDCS 
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during practice resulted in a greater overall change in PI compared to SHAM stimulation 

(Figure 4.3).  

Our results align with previous findings that indicate M1 a-tDCS is a beneficial 

tool to enhance acquisition and performance of dexterous motor skills.85,91,177 However, 

most of the previous evidence is based on simple laboratory tasks that do well isolating 

and measuring specific learning processes, but lack the variety of parameters many real-

world motor skills involve. Step Mania is a complex rhythmic timing video game that 

provides ample explicit feedback. Even though M1 is important in skill acquisition, the 

effects of tDCS on motor learning are known to be task-dependent91,187 and when several 

areas outside M1 influence task performance, it has been suggested that M1 modulation 

alone may be insufficient to enhance motor learning.177  Within this context, our finding 

that M1 was a viable target for tDCS to enhance acquisition and performance of a novel 

complex task are particularly interesting.  

A potential issue with a global PI score is that it may indicate performance 

changes, but lack detail about how specific aspects of execution changed to improve 

performance. Partly due to our hypothesis that a-tDCS would enhance learning in a 

complicated task not singularly defined by one aspect of performance, but also due to 

game data extraction limitations, our methodology lacked the resolution and granularity 

typically needed to detect differences in individual aspects of performance.  Although no 

statistical analysis was performed on the component variables individually, visual 

inspection of the general raw data trends seems to suggest the timing element of the task 

may have differentiated performance gains between the groups (Figure 4.4 A-C).  Both 

groups appear to display an initial decrease in KER that is characteristic of sequence 
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learning tasks8 with seemingly similar trends across practice and post-test (Figure 4.4C) 

suggesting the groups likely acquired the sequence order similarly.  Regarding timing 

quality, looking purely at raw group means, a-tDCS and SHAM had more taps in the best 

TA window (Flawless) with a concurrent decrease in the worst window (Miss, Figure 

4.4B). Although it was not statistically analyzed, by practice B5 and post-test, however, 

there seems to be an advantage in TA favoring a-tDCS with 10.3 and 13.3 more taps on 

average than SHAM in the best two timing windows combined and 2.9 and 2.7 fewer 

misses in B5 and the post-test, respectively (Figure 4.4A).  

 

 

Figure 4.4. Timing window tap concentrations and key error rates.  (A) Gradient 
table showing difference between the average a-tDCS and SHAM tap distributions (a-
tDCS total – SHAM total) for each trial. Darker red signifies more a-tDCS taps (positive 
values) and darker grey signifies more SHAM taps (more negative). (B) Stacked bar 
graph showing the total taps in the best (“Flawless”, 0 to ± 0.0225s) and worst (“Miss”, > 
± 0.180s) timing windows. Total bar height represents the combined total taps within 
those two windows. Dark bottom bars indicate the proportion of flawless taps and light 
top bars represent misses. (C) Line graph showing KER trend from baseline, across 
practice to the post-test. Whiskers denote standard error. 



 

77 

 It is likely that M1 tDCS facilitated chunking of Step Mania subsequences as 

previous work has demonstrated that M1 tDCS can accelerate chunk formation in early 

motor learning within the first training session.192  The chunk formation process can be 

thought of as a transition from high uncertainty to low uncertainty in the execution of a 

motor skill that leads to sequence accuracy increases as the transition occurs.193 In early 

stages of sequence learning with internally cued movements, efficient learning appears to 

prioritize learning of spatial elements and then shift to temporal components.193 Our 

results seem to align with this pattern for externally cued sequences as well,  based on the 

visually identified quick initial improvements in KER and the similar learning curve in 

both groups (Figure 4.4C).  Whether performance differences potentially resulted from 

enhanced encoding of temporal sequence elements across the motor network or enhanced 

local M1 circuitry (enlarged representation or improved activity pattern), the behavioral 

output that increased PI scores resulted from M1 tDCS, which supports the important role 

of M1 for fast motor learning and as a sequence learning substrate.194  

tDCS may have augmented Step Mania skill acquisition by hastening 

development of co-occurring spatiotemporal muscle patterns (i.e. ‘synergies’195) for 

coarticulations196 and anticipatory finger movements,197 that can facilitate improved 

transitions between taps. Transition improvements arise as sequence elements are 

chunked198 and are believed to represent temporal control optimization of sequence 

movements.199-201 Due to the order and quick succession of externally paced cues with the 

irregular key layout, coordinated finger motions either preparing to press the next cue or 

making a subsequent key accessible while tapping another could have benefited rhythmic 

performance of the subsequences. Coarticulation is the tendency for one element of a 
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movement sequence to be generated in a manner facilitating other movements needed for 

the preceding or subsequent elements.196 Therefore, M1 tDCS accelerating the emergence 

of coarticulations that facilitated element-to-element transitions is a plausible explanation 

for our findings. Furthermore, the timescale of our results is consistent with that of tDCS-

associated synergy learning advantages that emerged primarily within session.195    

Timing is not often a tightly controlled parameter of tasks in most sequence 

learning studies202 despite timing203 and rhythm204 being critically important to motor 

skill learning and performance. Relative timing is the theoretical correlate to rhythm and 

it refers to the relative ratio of timing components of a skill.204 Since M1 tDCS improved 

tapping sequences with correct rhythm, it appears to have improved relative timing, 

which differs from previous evidence that indicated M1 tDCS affected only absolute 

timing.205 However, in contrast to the present study where the context was consistent 

within subjects across baseline, practice, and post-test blocks, the M1 tDCS effects on 

timing observed by Apolinário-Souza et al.205 were during contextual changes for a 

transfer task rather than when learning was analyzed under the practiced conditions. 

Additionally, as complex movements may be more susceptible to tDCS accelerated 

learning than simpler tasks,206 the complexity of Step Mania (chunking rapid coordinated 

multi-finger motions; visual guidance/pre-selection;207 visual/audio feedback action-

effects208,209) may be more conducive to relative timing changes to improve execution of 

the component finger movements versus the comparatively simpler one-finger task 

studied by Apolinário-Souza and colleagues.205 

Our results may also support that M1 is an important neural substrate for motor 

sequence learning when optimized timing between movements is important for the 



 

79 

quality of the skill, such as with playing an instrument or shooting a jump shot, rather 

than the fastest possible performance of correctly ordered elements. tDCS may have 

impacted the neural representation of the sequence locally within M1 circuitry since it 

has recently been shown to have this effect in animals. In mice, increased performance 

after training with tDCS resulted from increased learning associated modification of 

specific motor circuits in M1 via enhanced correlated firing that induces Hebbian LTP 

within task related neural populations.210 A similar process has been demonstrated in 

human auditory cortex where tDCS preferentially influenced neurons coactive with 

stimulation over inactive neurons.211 On the other hand, imaging studies suggest temporal 

and spatial aspects of sequences may be independently encoded upstream from M1 in 

premotor areas212 with only a minor component of the activity in M1 reflecting sequential 

characteristics.213 During early, as compared to late, explicit sequence learning there is 

increased within-session coupling of M1, PMA, and SMA, likely reflecting interaction 

functions important for fast motor learning.167,214 Therefore, tDCS-modulated M1 

excitability may have influenced encoding of temporal aspects in premotor areas since 

these areas are closely reciprocally interconnected with M1 in primates215 and Hebbian 

type plasticity has been demonstrated in the human M1-SMA network.216 

Successful goal-directed hand movements are highly dependent upon sensory 

feedback and there is extensive communication cortically between sensory and motor 

areas, with M1 receiving projections from many regions.217 Based on the apparent 

activity-selectivity of tDCS,210,211,218 we speculate that tDCS could have increased 

utilization of task relevant feedback by heightening sensitivity of task related M1 neural 

populations to converging visual and somatosensory inputs.219 Layer II/III pyramidal 
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cells form a broad intrinsic horizontal projection system in M1 with synaptic connections 

that are strengthened by LTP-like plasticity during normal motor learning,128 and within 

this layer are neurons that respond rapidly to somatosensory and visual feedback that 

converges in M1.220-222 Furthermore, many reciprocal interconnections between M1 and 

the premotor areas exist within this same layer II/III with no apparent bias in information 

flow.215  Therefore, tDCS may have exacerbated the process of task related 

somatosensory and visual feedback shaping the neural representation in M1 locally 

and/or, by way of enhanced M1 activity patterns, facilitated encoding of the temporal 

features of the sequence in premotor areas. Considering the timing between the sequence 

elements was conveyed visually by the vertical distance between the scrolling arrows 

(Figure 4.1B) and improved timing between motions of multiple fingers is inherent to 

improved Step Mania performance, tDCS enhancing visual and somatosensory input 

integration in M1 is an appealing potential explanatory mechanism as it would be 

consistent with both the activity-selectivity hypothesis within M1 and the interrelated 

roles of premotor areas and M1 in sequence learning.    

Task difficulty and baseline ability can factor into the likelihood and potential 

magnitude of tDCS learning effects,223 with tDCS usually benefitting novices/low 

performers most.108,181 Since our participants were naïve to rhythm games and played 

with their non-dominant hand, our results further support tDCS efficacy in enhancing 

novice skill acquisition. However, despite similar naiveté, a complex task may be easy 

for one person but difficult for another. This was observed while pilot testing Step Mania 

under normal conditions where high familiarization aptitude led to rapid performance 

plateaus during practice and low aptitude caused too much difficulty that rendered 
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practice ineffective and impeded learning. M1 tDCS can improve visuomotor learning,86 

but benefits may be optimized for moderately difficult (set by speed) tasks as opposed to 

high or low difficulty.224 Taking this into consideration, we increased or decreased the 

visual cue scrolling speed for high and low baseline aptitudes, respectively, which shifted 

relative difficulty towards moderate and minimized interference from floor and ceiling 

effects on the emergence of tDCS effects. Therefore, task novelty notwithstanding, our 

results suggest that tDCS learning benefits may still be had by more experienced/skilled 

individuals, provided the practiced task demands moderately exceed those already 

managed by existing skill.  

To our knowledge this is only the second study demonstrating M1 tDCS can 

enhance acquisition of video gaming motor skill,181 and the first specifically within the 

rhythm gaming genre. Video gaming inputs (i.e. controllers, keyboard and mouse) 

require dexterous hand and gross arm skills that, when combined with the complex visual 

processing and attentional demands of video games, can create motor learning paradigms 

to study tDCS effects with greater generalizability than traditional paradigms.181 With the 

emergence of gaming as a lucrative competitive endeavor (e.g. eSports, streaming) and 

participants training and attempting to gain a competitive advantage, tDCS has reportedly 

been used to improve gaming skill.186  Due to growing interest in such applications, 

commercial availability of tDCS has increased (i.e. foc.us or Halo devices); however, 

which regions are ideal targets for effective enhancement of specific aspects of gaming is 

unclear. Our results support and extend the evidence that M1 tDCS can improve gaming 

based motor skills. Additionally, our results also provide further indication that M1 tDCS 

may be able to enhance rehabilitation motor outcomes, especially given the growing 
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interest in video game-based rehabilitation interventions and their use in conjunction with 

tDCS.225   

  

4.5 Conclusion 

 

tDCS shows promise as a motor learning adjuvant in many settings, but due to the 

task specific nature of tDCS effects on simplified laboratory tasks, there is little 

consensus on ideal stimulation targets to enhance motor learning for more complex real-

world tasks. We have demonstrated that, compared to SHAM stimulation, M1 a-tDCS 

can significantly improve acquisition and performance of a complex dexterous video 

game skill within a single practice session. In contrast to simpler sequence learning tasks 

frequently used to study tDCS effects, Step Mania better represents real world skills 

where timing between component motions and processing incoming information relevant 

to task success are pivotal for learning and performance. In light of recent work 

highlighting that M1 might not be the primary site for plasticity that supports learning in 

traditional lab-based sequence tasks,213,226 and that lab-based tasks may not probe 

learning a skilled continuous sequential action with high fidelity,227 the observed effects 

in the present study provide interesting evidence that supports the potential of M1 a-tDCS 

for practical real-world applications.  
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CHAPTER FIVE: CONCURRENT M1 ANODAL AND CEREBELLAR CATHODAL 

tDCS ENHANCES ACQUISITION OF A DEXTEROUS RHYTHMIC-TIMING 

VIDEO GAME  

 

5.1 Introduction 

 

Motor learning consists of neuromotor adaptations that are behaviorally observed 

as performance improvements and/or skill acquisition. Motor learning manifests through 

online (during practice) and offline (outside of practice) skill changes that comprise fast 

and slow stages of learning.228 During early motor learning, where performance changes 

occur rapidly even in as little as a single practice session, the M1 and the cerebellum both 

demonstrate learning-related neuroplastic changes.118,228,229 M1 is crucial for the use-

dependent acquisition and storage of muscle activation for fast and precise motions 

associated with skillful performance.117,118 In response to practice, rapid changes may 

occur in the output organization of M142,114,230 due to LTP mediated changes in synaptic 

strength amongst the task related cortical circuitry.170,231 

The cerebellum serves a role in error-dependent learning, updating motor 

commands in response to differences between the anticipated sensory consequence of a 

descending motor command and the resulting sensory feedback from the movement.  The 

cerebellum has been implicated in error-correction during early learning, contributing to 

skill acquisition.118,232 Evidence has shown that the cerebellum is densely interconnected 

with M1 via multiple closed loop circuits which allow for the optimization of motor 

control and learning through refined motor inhibition.233,234 The cerebellar contributions 
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to motor learning are at least partly mediated by LTD mechanisms in cerebellar 

cortex.235-237 In addition to neuroplastic changes locally within M1 and cerebellum, there 

are connectivity changes between the two regions which occur with learning,118,238,239 and 

the changes appear in an effector specific manner.240 

tDCS is a form of non-invasive, subthreshold electrical brain stimulation that has 

been shown to modulate excitability within the underlying cortical structures and 

facilitate motor learning.65,241-247 Typically, tDCS is performed by passing a weak 

electrical current (~1-2 mA) between two or more electrodes positioned on the scalp. The 

direction of current flow between the electrodes determines the stimulation polarity 

(positive, Anodal; negative, Cathodal).248 a-tDCS is usually associated with subthreshold 

depolarization that increases neuronal excitability, whereas c-tDCS is associated with 

hyperpolarization that reduces neuronal excitability.249 The a-tDCS and c-tDCS 

excitability shifts are attributed to LTP and LTD-like mechanisms which has made tDCS 

an appealing tool to probe processes, like motor learning, that are underpinned by timing-

dependent mechanisms within different structures.250,251 Specifically, M1 focused a-tDCS 

appears to enhance cortical excitability and LTP-like plasticity within M1 and improved 

motor function in a variety of motor tasks including, SRTT, SFTT, and SVIPT.119,143,155  

The cerebellum similarly demonstrates excitability changes that depend on the 

direction of stimulation;249 however, the polarity-specific functional changes are less 

clear as a-tDCS and c-tDCS can produce similar behavioral effects.252 The many 

cerebellar tDCS studies have focused on error-based learning tasks (i.e. adaptation 

tasks119,253 with some findings showing a-tDCS enhancing learning249 while others show 

a beneficial effect on learning from c-tDCS.254 Likewise, studies investigating cerebellar 
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stimulation effects for skill acquisition paradigms show similarly mixed findings, even 

when task demands are similar.  For instance, a-tDCS enhanced acquisition of complex 

overhand throwing task,112 whereas c-tDCS enhanced learning in a dart throwing task.108 

Likewise, cerebellar a-tDCS has been shown to both increase247 and decrease255 

performance in the SRTT.   

Imaging and TMS studies have shown that M1 and the cerebellum are densely 

interconnected structurally and functionally.256 When learning a movement sequence task 

that involves specific timing demands, there are changes in M1 and cerebellar interaction 

that relate directly to task learning.238,239 The vast majority of studies have stimulated 

either M1 or the cerebellum individually,119,243 however dual-site concurrent stimulation 

of both areas may modulate learning processes to a greater extent than stimulating either 

site individually.257,258 A previous study has investigated concurrent bilateral a-tDCS over 

M1 and cerebellum and found increased corticospinal excitability, but no behavioral 

effects were measured.259 

Based on the importance of M1 and the cerebellum in early motor learning, as 

well as the lack of polarity-dependent facilitatory behavioral effects in cerebellar 

literature, we developed 2 experiments to first investigate the effects of cerebellar tDCS 

and M1 tDCS on a complex rhythmic-timing video game task and then devise a 

concurrent M1+CB tDCS protocol to apply complementary stimulation to both sites 

simultaneously.  In experiment 1, 2mA M1 anodal stimulation (M1 a-tDCS), cerebellar a-

tDCS, cerebellar c-tDCS,and SHAM stimulations were compared to determine if any 

would enhance online learning of the video game skill. In experiment 2, concurrent 
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stimulation of M1 a-tDCS and cerebellar c-tDCS was applied alongside practice and the 

results were compared to the SHAM group from experiment 1. 

 

5.2 Methods 

 

5.2.1 Participants 
 

One hundred and twenty-five subjects were screened to be in the study (n = 25 per 

group; age 21.17 ± 2.91 yrs, 60 males and 65 females total). Only individuals free of 

neurological/musculoskeletal impairments that could impact performance of the task and 

medications that could influence learning, such as stimulants for ADHD, participated in 

the study.  Subjects were required to achieve a minimum level of task competency 

because some subjects would forgo large segments of the cues when they got off track.  

As a result, these subjects typically did not try as hard for the remainder of the trial and 

became outliers. After screening criteria, there were 103 participants across the 5 total 

groups that comprised experiment 1 and experiment 2 (M1 a-tDCS n = 17, cerebellar a -

tDCS n = 24, cerebellar c-tDCS n = 20, SHAM n = 18, M1a+CBc n = 24). Handedness 

was determined with the EHI.122 Right-hand dominance was identified with scores > +40, 

left-hand dominance with scores < -40, while scores ≥-40 and ≤+40 were ambidextrous. 

In cases of ambidextrousness, the subject’s preferred writing hand was considered their 

dominant.   

 Participants were randomized to one of five tDCS conditions as they were 

screened into the study: M1 a-tDCS, cerebellar a-tDCS, cerebellar c-tDCS, SHAM 

stimulation (SHAM), or the combined stimulation group planned to be based on the 



 

87 

results of experiment 1 (concurrent M1 anodal and cerebellar c-tDCS, M1a+CBc tDCS). 

Subjects were blinded to their condition for the duration of testing. The groups were 

matched for age (M1 a-tDCS = 20.35 ± 3.08 yrs; cerebellar a-tDCS = 22.33 ± 3.32 yrs; 

cerebellar c-tDCS = 21.00 ± 3.01 yrs; SHAM = 20.94 ± 2.21; M1a+CBc = 21.96 ± 1.90 

yrs).  However, they were less balanced on sex (M1 a-tDCS = 10 males, 7 females; 

cerebellar a-tDCS = 12 males, 12 females; cerebellar c-tDCS = 15 males, 5 females yrs; 

SHAM = 14 males, 4 females; and M1a+CBc  = 10 males, 14 females). 

 

5.2.2 Procedures 
 

In experiment one, participants took part in a single testing session while 

receiving either M1 a-tDCS, cerebellar a-tDCS, cerebellar c-tDCS or SHAM stimulation. 

a-tDCS was applied to M1 contralateral to the non-dominant (active) hand, while both a-

tDCS and c-tDCS were performed with the active electrode over the cerebellum and the 

reference electrode over the buccinators ipsilateral to the non-dominant hand. During the 

session, subjects performed a timing-based dexterous video game task with the non-

dominant hand on the arrow keys of a standard computer keyboard. The protocol 

included 2 familiarization pre-test blocks, 5 practice blocks while receiving either a-tDCS 

or SHAM, and a post-test block 5 min after cessation of practice. Familiarization pre-test 

scores were used to determine whether the task difficulty was adequate to demonstrate 

motor learning during the practice period.  If the task was too easy based on the 

familiarization trial performance, the difficulty was increased accordingly in the video 

game settings, and one additional familiarization trial was given at the new speed. 

Subjects who were unable to meet the minimum performance proficiency were excluded.  
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For experiment 2, the procedures were identical except that participants received 

M1a+CBc tDCS.   

 

5.2.3 Step mania task 
 

Step Mania is an open-source videogame where sequences of directional arrow 

icons (up, down, left, right) scroll upwards toward stationary arrow silhouettes (Figure 

5.1A) and the objective is to press the appropriate arrow keys whenever a corresponding 

scrolling icon is perfectly aligned with (i.e. centered on) its silhouette.  

Participants sat at a desk with a keyboard positioned with the arrow keys in front 

of the non-dominant hand. Subjects were instructed to only use one hand to tap the keys 

and to only tap keys one time per cue. However, no explicit instructions were given 

assigning specific digits to particular keys. A brief demonstration of the gameplay was 

shown to the participants as the objective was explained (i.e. press correct keys with 

optimal timing and avoid unnecessary/incorrect key strokes).  

The same 219 cue pattern was used for all test blocks.  One of the 219 cues 

required the left and right arrow key to be struck simultaneously, thus the pattern 

consisted of 55 up, 56 down, 55 left and 54 right key strokes (220 total key taps). Each 

testing block comprised one complete pattern. Each keystroke was categorized relative to 

a time window centered (time = 0s) on perfect overlap of the scrolling icon and its 

stationary silhouette. These timing windows were built into the program as flawless (0 to 

± 0.0225s), perfect (±0.0225 to ±0.045s), great (±0.045 to ±0.090s), good (±0.090 to 

±0.135s), boo (±0,135s to ± 0.180s), and miss (> ± 0.180s). To note, the first two time 

windows (flawless and perfect) were 22.5ms, while the other windows were 45ms. 
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Figure 5.1. (A) Screenshot of step mania gameplay. (B) Experimental procedures 
timeline 

 

5.2.4 Baseline assessment and testing 
 

Subjects performed 2 familiarization trials with 500 CMOD difficulty (sets the 

arrow scroll speed; “arrow heights” moved per minute). An initial proficiency score was 

calculated (Eq. 1) that indicated the amount of sequence cues that were met with a tap 

within scoring distance. This allowed for difficulty adjustment to ensure that the task was 

appropriately difficult for performance gains to be demonstrated within a single practice 

session. This also produced a criterion to identify subjects who became overwhelmed 

with the task for exclusion from the study. It was determined in pilot testing that if too 

many cues were entirely missed or nearly unscored, the task tended to overwhelm 

participants and their effort diminished as they struggled to improve. 

 

Eq. 1) Familiarization Proficiency 

 

𝐹𝑃 = ቆ
(𝐹𝑙𝑎𝑤𝑙𝑒𝑠𝑠 ∗ 1) + (𝑃𝑒𝑟𝑓𝑒𝑐𝑡 ∗ 0.75) + (𝐺𝑟𝑒𝑎𝑡 ∗ 0.5) + (𝐺𝑜𝑜𝑑 ∗ 0.25) + (𝐵𝑜𝑜 ∗ 0) + (𝑀𝑖𝑠𝑠 ∗ −1)

219
ቇ ∗ 100 

For familiarization proficiency scores between 20 and 60, the default 500 CMOD 

was maintained throughout testing. For scores > 60, the scrolling speed was adjusted up 
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by 200, (Figure 5.1B). The music tempo (210 beats per minute) was unaffected by this 

change as it only affected the cue scrolling speed. Skill-adjusted subjects performed an 

additional familiarization block at the new speed that was used for all subsequent blocks. 

Those with familiarization proficiency < 20 were excluded from analysis. The last 

familiarization block was used as the pre-test measure for all subjects. 

After familiarization and pre-test, tDCS electrodes were positioned during a 5 min 

break. Subjects then completed a 20 min practice period while they received either a-

tDCS or SHAM during 5 practice blocks with 2 minutes of rest between blocks. The 

stimulation electrodes were then removed and subjects completed a post-test trial 5 

minutes after completing practice.   

 

5.2.5 Evaluating performance 
 

At the end of each trial, the game provides feedback in the form of a numerical 

"game score" as well as an aggregate overview of the categorization of each keystroke 

timing (i.e. miss, boo, good, great, perfect, and flawless). However, this fails to account 

for any excess or aberrant keystrokes that fall outside of the inbuilt timing windows. For 

this reason, we opted to collect additional data using a separate keystroke logging 

software. This allowed us to devise an alternate scoring mechanism, or PI, that better 

reflects changes in task performance. 

Two aspects of Step Mania performance are related to skill – hitting only the 

correct inputs and hitting them at the correct time. While they are generally interrelated 

as qualities of the task, a change in one does not necessarily precipitate a proportional 

change in the other. Based on the premise that well learned sequences are cohesive, 
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accurate and smooth, whereas recently acquired movement sequences are unconnected, 

inaccurate, and jerky, 118 a PI was calculated to incorporate incorrect inputs, KER, and 2 

related values, TA and TDR, into one score to reflect the skill associated with a certain 

quality of performance.  

 

Eq. 2) Performance Index (PI) 

PI = (TA – KER) x TDR 

 

How each of the component variables were derived from the data provided by the 

game was explained in detail in the previous chapter (Sections 4.2.5 through 4.2.8) with 

example data.  Therefore, a brief explanation for each of the constituent variables in the 

PI equation are provided below without the example subject data.  

 

5.2.6 Temporal accuracy (TA) 
 

TA provided a base value reflecting temporal accuracy of the entire 220 

constituent inputs of each trial by assigning point values to the timing windows. 

“Flawless” keystrokes awarded 1.0 pt and each subsequent window awarded 0.2 pts less, 

resulting in 0 pts for each “miss”.   

Unlike the Familiarization Proficiency equation we used to evaluate initial ability, 

we did not want to penalize a “miss” with a negative score and instead just not award any 

points in that case. This distinction was made because in the initial familiarization, if the 

speed of the game was too fast for the subject they would get overwhelmed and miss 

several arrows in a row without even attempting any inputs, thus a measure was needed 
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to clearly indicate their exclusion. In the case of the TA measure (Eq. 3), subjects would 

typically only miss an arrow occasionally and therefore just receive no points for it.  

 

Eq. 3) Temporal Accuracy (TA) 

TA = (Flawless*1)+(Perfect*0.8)+(Great*0.6)+(Good*0.4)+(Boo*0.2)+(Miss*0) 

 

5.2.7 Key error rate (KER) 
 

KER evaluated execution errors such as pressing multiple keys simultaneously, 

tapping the same key several times, or pressing a cycle of keys ‘searching’ for the correct 

one. Imprecise and unstable finger movements relate to learning in aspects of the skill, 

irrespective of timing (i.e. key sequence order, hand positioning, etc). Utilizing the extra 

keystroke data collected during the game, the differences between actual key stroke totals 

and the number of times the arrow keys appear in the sequence were calculated for each 

trial and used in Eq. 4 to produce a scaled error value relative to the total number of cues. 

 

Eq. 4) Key Error Rate 

𝐾𝐸𝑅 = ቆ
(𝑢𝑝 − 55) + (𝑑𝑜𝑤𝑛 − 56) + (𝑙𝑒𝑓𝑡 − 55) + (𝑟𝑖𝑔ℎ𝑡 − 54)

220
ቇ ∗ 100 

 

5.2.8 Tap distribution ratio (TDR) 
 
 

In rhythm gaming scoring, ratios of the timing window tap totals are commonly 

used in conjunction with timing scores because, as a consequence of binning taps into 

scored timing windows that are relatively wide, TAs can be arbitrarily similar between 
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two attempts, even though the distribution of taps in the windows reflects different levels 

of play. This strategy was adapted to further differentiate skill in the task and enhance 

measure sensitivity to changes in performance quality. TDR adjusts scores based on the 

concentration of taps in the two best and two worst categories, with additional weighting 

based on the proportion of those that are in the best (Flawless; most skillful) and worst 

(Miss; least skillful) timing windows. 

 

Eq. 5) Tap Distribution Ratio (TDR) 

𝑇𝐷𝑅 =

ቆ1 + ൬
(𝐹𝑙𝑎𝑤𝑙𝑒𝑠𝑠 + 𝑃𝑒𝑟𝑓𝑒𝑐𝑡)

219
൰ቇ ∗ ቆ1.5 + ቀ

𝐹𝑙𝑎𝑤𝑙𝑒𝑠𝑠
219

ቁቇ

ቆ1 + ቀ
𝐵𝑜𝑜 + 𝑀𝑖𝑠𝑠

219
ቁቇ ∗ ቆ1.5 + ቀ

𝑀𝑖𝑠𝑠
219

ቁቇ

 

 

In utilizing a TDR factor to modify PI scores, we are able to better reflect the 

more subtle changes in subject performance that might otherwise be missed when relying 

on TA and KER values alone. 

 

5.2.9 tDCS 
 

 Two Soterix Medical 1x1 Low Intensity transcranial DC stimulators were used to 

deliver a-tDCS with parameters previously determined to be effective and safe (duration 

20 min; current 2mA).  One stimulator had electrodes placed in a motor cortical montage 

with the active electrode over M1 contralateral to the non-dominant hand and reference 

electrode over the ipsilateral supraorbital. The second stimulator had the active electrode 

placed 1cm below the inion, centered over the cerebellar hemispheres and the reference 
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electrode over the buccinator muscle ipsilateral to the non-dominant hand. All subjects in 

experiment 1 and 2 had all 4 electrodes attached during testing.    

Current was delivered through 5cm x 5cm (25cm2) rubber electrodes inside of 

saline-soaked sponges affixed to the head with rubber straps.  Four stimulation conditions 

were used in experiment 1: M1 a-tDCS, cerebellar a-tDCS, cerebellar c-tDCS, and 

SHAM. For SHAM stimulation, the current was ramped up and down over 30s.  In 

experiment 1, when M1 was targeted, SHAM stimulation was delivered to the cerebellar 

electrodes.  Similarly, when cerebellum was targeted, SHAM stimulation was delivered 

over M1. In experiment 2, both sets of electrodes delivered active stimulation 

concurrently (M1 a-tDCS and cerebellar c-tDCS).    

 

5.2.10 Statistical analysis  
 

For both experiments, a PI was calculated for each block which incorporated the 

various aspects of gameplay into a single cumulative assessment of skill. A one-way 

ANOVA and an independent t-test were performed for experiment 1 and 2, respectively, 

to confirm groups had similar PIs at baseline. PI gain scores were calculated for each 

practice block (Block PI - Baseline PI) to show how performance changed across practice 

relative to baseline. These data were then analyzed using Group by Block mixed 

ANOVAs with a repeated measures on block (Experiment 1: 4 groups x 5 blocks; 

Experiment 2: 2 groups x 5 blocks).  

To assess overall learning, the mean post-test PIs were analyzed with an 

ANCOVA which compared the effect of stimulation on PI after controlling for baseline 

performance. In experiment 2, the results from the stimulation protocol with M1a+CBc 
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stimulation were compared to the SHAM condition from experiment 1. Shapiro-Wilk 

tests were used to confirm normality. A p-value of 0.05 was considered statistically 

significant and effect size were calculated as partial eta squared (ηp
2).  Bonferroni post-

hoc tests were used to determine differences for multiple comparisons. Data are presented 

as mean ± standard deviation in text and as mean ± standard error in figures unless 

otherwise stated. All data analysis was performed with SPSS 24.   

 

5.3 Results 

 

5.3.1 Experiment 1 
 
 
 The calculated PI score for each block incorporated TA, KER, TDR. The means ± 

SD for each of the component variables are summarized for each group at each time point 

in Table 5.1. Approximate normality was confirmed for mean baseline PIs (Ps = 0.03 to 

0.88) by Shapiro-Wilk test. A one-way ANOVA on the baseline PIs showed that the 

performances of M1 a-tDCS (192.990 pts ± 62.568), cerebellar a-tDCS (250.076 pts ± 

100.957), cerebellar c-tDCS (208.153 ± 105.670), and SHAM (216.237 ± 66.456) groups 

were comparable at baseline (F [3, 75] = 1.59, P = 0.199). 

 

5.3.2 Practice blocks 
 

 Normality of the PI gain scores was confirmed with a Shapiro-Wilk test (Ps = 

0.10 to 0.97). A Greenhouse-Geisser correction was used to adjust for a sphericity-

violation (P < 0.001). For the practice block analysis, a 4 x 5 (Stimulation Group x 
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Block) mixed ANOVA showed there was no significant Stimulation Group by Block 

interaction effect on PI gain scores (F[9.029, 225.731] = 1.318, P = 0.228). The main 

effect of Block was statistically significant (F[3.010, 225.731] = 20.099, P < 0.001, ηp
2 = 

0.211), indicating that, collapsed across conditions, there was a statistically significant 

difference in mean PI between the practice Blocks (Figure 5.2). The main effect of 

Stimulation Group was not statistically significant (F[3, 75] = 1.230, P = 0.305).   

 

Table 5.1. Mean TA, KER, and TDR values for each test block.  
    Practice   

  Baseline B1 B2 B3 B4 B5 Post-Test 

M1a-tDCS             

TA 140.12(17.73) 162.07(14.70) 162.34(16.87) 165.09(18.09) 163.49(17.37) 168.38(15.93 173.45(12.79) 

KER 8.24(8.35) 4.71(4.30) 4.30(3.67) 3.80(2.31) 3.72(1.78) 3.53(2.40) 2.89(2.29) 

TDR 1.42(0.27) 1.82(0.29) 1.84(0.35) 1.90(0.37) 1.86(0.36) 1.97(0.36) 2.07(0.30) 

CBa-tDCS             

TA 151.74(21.25) 163.07(18.82) 168.52(15.84) 169.97(17.36) 172.38(17.00) 172.98(15.21) 174.43(16.11) 

KER 4.66(4.11) 3.13(3.78) 2.78(2.61) 2.58(1.90) 3.48(3.20) 3.05(2.51) 2.67(2.12) 

TDR 1.64(0.41) 1.86(0.42) 1.96(0.36) 2.00(0.40) 2.05(0.40) 2.06(0.38) 2.10(0.39) 

CBc-tDCS             

TA 141.15(24.43) 156.40(20.39) 164.03(19.54) 163.09(20.37) 169.81(18.02) 170.24(19.23) 175.46(16.46) 

KER 6.25(4.87) 4.39(2.70) 4.14(2.61) 4.82(3.24) 4.23(2.40) 3.98(3.41) 3.80(2.44) 

TDR 1.46(0.44) 1.72(0.39) 1.88(0.40) 1.85(0.43) 2.00(0.39) 2.01(0.40) 2.12(0.37) 

SHAM              

TA 145.21(18.14) 159.23(20.56) 159.72(22.26) 164.50(18.59) 167.69(16.18) 167.56(14.52) 173.57(14.12) 

KER 5.08(4.21) 4.17(2.70) 3.59(2.87) 3.74(2.94) 3.36(3.43) 3.38(2.45) 3.01(3.23) 

TDR 1.50(0.29) 1.78(0.40) 1.79(0.43) 1.88(0.38) 1.93(0.34) 1.93(0.29) 2.07(0.32) 

M1a+CBc             

TA 149.97(21.53) 171.53(15.96) 176.51(13.37) 176.90(13.58) 176.65(13.77) 180.13(14.28) 183.47(11.71) 

KER 5.51(4.14) 2.86(1.68) 2.48(1.67) 2.65(1.79) 2.50(1.84) 2.61(1.59) 2.01(1.17) 

TDR 1.61(0.41) 2.03(0.36) 2.14(0.32) 2.15(0.33) 2.14(0.33) 2.23(0.35) 2.30(0.31) 

M1a-tDCS – M1 anodal tDCS; CBa-tDCS – cerebellar anodal tDCS; CBc-tDCS – 
cerebellar cathodal tDCS; SHAM – SHAM stimulation; M1a+CBc – concurrent M1 
anodal and cerebellar cathodal tDCS 
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Figure 5.2. Practice performance relative to baseline. There were no significant 
differences between any of the conditions at any time point. Whiskers denote standard 
error. 

 

5.3.3 Pre-test to post-test 
 

 A Shapiro-Wilk test confirmed normality of the post-test PIs (P = 0.19 to 0.868). 

A one way ANCOVA showed that, after adjustment for baseline performance, there was 

no difference in PIs between the 4 stimulation groups after practice (F[3, 74] = 0.685, P = 

0.564) (Figure 5.3).  
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Figure 5.3. Overall performance change. Left panel shows group means before and 
after practicing for 20 minutes with tDCS. Right shows the comparison between post-test 
means for the 4 groups after adjusting for baseline. There were no significant differences 
between groups. Whiskers denote standard error. 

 

5.3.4 Experiment 2 
 

 Normality of baseline PIs for SHAM (P = 0.10) and M1a+CBc (P = 0.08) were 

confirmed with Shapiro-Wilk test. An independent t-test on baseline PIs showed that the 

M1a+CBc (241.633 pts ± 104.071) and SHAM (216.237 ± 66.456) groups had 

comparable performance at baseline (t(40) = -0.905, P = 0.371). 

 

5.3.5 Practice blocks 
 

 Normality of the PI gain scores was confirmed with a Shapiro-Wilk test (Ps = 

0.09 to 0.97). A Greenhouse-Geisser correction was used to adjust for a sphericity-

violation (P = 0.008). For the practice blocks, a 2 x 5 (Stimulation Group x Block) mixed 

ANOVA showed there was no significant Stimulation Group by Block interaction effect 



 

99 

on PI gain scores (F[3.00, 119.994] = 1.150, P = 0.332). The main effect of Block was 

statistically significant (F[3.00, 217.337] = 7.925, P < 0.001, ηp
2 = 0.165), indicating that, 

collapsed across condition, there was a statistically significant difference in mean PI 

between the practice Blocks (Figure 5.4). There was a significant main effect of 

Stimulation Group (F[1, 40] = 5.789, P = 0.021, ηp
2 = 0.126) that showed a statistically 

significant difference in mean PI gain scores across practice (mean ± SE) with M1a+CBc 

tDCS (134.776 ± 12.47 pts) over SHAM (89.031 ± 14.373 pts).  

 

 

Figure 5.4. Practice performance relative to baseline.  Across the practice blocks, 
M1a+CBc resulted in a mean PI gain score that was greater than SHAM. P<0.05  
Whiskers denote standard error. 

 

5.3.6 Pre-test to post-test  
 
 

A Shapiro-Wilk test confirmed normality of the post-test PIs for SHAM (P = 

0.65) and M1a+CBc (P = 0.48). A one way ANCOVA showed that, after adjustment for 

baseline performance, there was a statistically significant difference between M1a+CBc 
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tDCS and SHAM after practice (F[1, 39] = 4.810, P = 0.034 ηp
2 = 0.110), with M1a+CBc 

tDCS post-test PI (mean ± SE) (416.456 pts ± 15.274) statistically significantly greater 

than SHAM (364.992 pts ± 17.662) (Figure 5.5).   

 

 

Figure 5.5. Overall performance change. Left panel shows group means before and 
after practicing for 20 minutes with M1a+CBc tDCS or SHAM. Right shows the 
comparison between the baseline adjusted post-test means. After adjusting for baseline, 
M1a+CBc tDCS produced significantly greater PI at post-test compared to SHAM. 
Whiskers denote standard error. 

 

5.4 Discussion 
 

The main findings of the two experiments were: (1) 2mA a-tDCS applied to M1 

did not yield a statistically significant effect on acquisition of skill in the Step Mania task; 

(2) 2mA of cerebellar tDCS failed to elicit a significant difference in performance 

regardless of current polarity. Though non-significant, a trend towards improved 

performance was apparent in both the M1 a-tDCS and cerebellar c-tDCS groups; (3) the 

concurrent application of 2mA M1 a-tDCS and 2mA cerebellar c-tDCS stimulation 
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significantly enhanced acquisition of skill in the Step Mania task compared to SHAM. 

Since tDCS of M1 and cerebellum individually did not produce differences compared to 

SHAM, it can be assumed that the enhanced learning demonstrated by the concurrent 

group is the result of neuroplastic changes specifically brought on by stimulating both 

sites simultaneously. To our knowledge, this is the first study to investigate the effect of 

concurrent stimulation of M1 and the cerebellum on motor learning.  

In contrast with the early tDCS literature which demonstrated a dose-response 

relationship of tDCS effects,65,244 more recent literature has demonstrated diminishing 

effects of tDCS at higher intensities and durations.260,261 Nevertheless, some previous 

studies have found that 2mA anodal stimulation over M1 enhanced motor learning.262-264 

When compared with our previous study showing that 1mA of M1 a-tDCS enhances Step 

Mania task performance,265 our current results support a dose-response ceiling effect of 

anodal tDCS of M1. Compared to 1mA in our previous study, the reduced efficacy of 

2mA may reflect higher spontaneous activity (noise) relative to the task-related activity 

(signal) such that normal acquisition was still able to occur, but tDCS benefits were 

minimal.266,267 Ultimately, these results, together with our previous findings, suggest the 

beneficial effects of monofocal M1 tDCS do not scale linearly with stimulation intensity. 

Although 2mA M1 a-tDCS did not enhance learning, our findings also suggest that, at 

least for M1, dual-site stimulation may be able to leverage intrinsic network connectivity 

and allow a higher stimulation intensity to be used before reaching a ceiling effect.  

Like M1, the cerebellum experiences anodal-cathodal polarity dependent changes 

in excitability with tDCS;249 however, similarly polarity-dependent functional effects are 

less apparent. Both a-tDCS112,232,247 and c-tDCS 108,254,268 have resulted in learning 
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outcomes that are consistent with having facilitated cerebellar function.252 In some cases, 

the effects of stimulation have been polarity independent, with the opposite polarities 

yielding the same facilitated effects.269,270 In regards to the current study, neither a-tDCS 

nor c-tDCS alone resulted in any significant differences in the acquisition of SM skill 

compared to SHAM.  Although the exact cellular mechanisms underlying the effects of 

tDCS in the cerebellum are not well understood, it seems a-tDCS and c-tDCS modulate 

cerebellar output through an increase or decrease Purkinje cell excitability, 

respectively.249 Whether a-tDCS or c-tDCS will result in a facilitatory or inhibitory 

outcome on behavior depends on the activity of the cerebellum during task 

performance.252,271  

In contrast to the findings with monofocal M1 and cerebellar groups in 

experiment 1, concurrent 2mA M1a+CBc resulted in significantly improved performance 

compared to the SHAM condition. Under normal circumstances, M1 and the cerebellum 

interact when learning a tapping sequence with specific timing demands.239 When 

performance is poor initially, cerebellar activity is high, likely owing to error-correction 

mechanisms related to optimization of movements.239,272 As skill improves, cerebellar 

activity decreases and M1 activity increases. This M1-cerebellar interaction pattern is 

directly related to within-day learning in the task.118,239 Whereas the single site protocols 

only influenced one side of the interaction, applying M1a+CBc tDCS influenced both 

ends of the interaction, thereby facilitating their cooperative roles.      

Due to the state-dependency of tDCS effects,267 and the lack of excitability 

measures in the current study, it cannot be concluded from these data how M1a+CBc 

tDCS affected learning mechanisms differently than the single-site stimulation of either 
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M1 or cerebellum alone. However, based on the presumed effect of each polarity on the 

excitability of the respective regions, we broadly speculate that the 2mA cerebellar c-

tDCS increased task-specific excitatory input to M1, which increased the task-related 

neural activity (signal) in M1 relative to the random neural activity (noise) from M1 2mA 

a-tDCS. This may have been due to a general decrease in the tonic inhibitory tone that the 

cerebellum exerts over M1 (cerebellar brain inhibition, CBI) through suppression of 

Purkinje cell excitability by cathodal tDCS.249 However, it has been suggested that 

cathodal tDCS acts a neural noise filter by hyperpolarizing cells which suppresses 

spontaneous firing rates/irrelevant inputs, thereby improving the strength of the neural 

signal (task-related neural activity).266,273 Such a mechanism may have provided more 

refined feedback in addition to generally reduced CBI. In the absence of excitability 

measures, these interpretations are only conjecture, as there may have been other 

homeostatic mechanisms274 affecting neurophysiological changes while both currents 

were applied.  

The majority of studies investigating the use of tDCS in motor learning have 

targeted either M1 or the cerebellum while subjects performed laboratory tasks intended 

to isolate specific learning processes.119,155 However, as task complexity increases, more 

areas outside of M1 are recruited in the learning process. As a result, it has been 

suggested that stimulus of a single region may be inadequate for learning benefits.155 The 

results of this study suggest that multi-site concurrent stimulation may be useful in 

addressing this potential shortcoming.  

The potential for tDCS to enhance motor learning or performance has led to 

increased consumer interest outside of the lab where devices are now becoming 
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commercially available to consumers.275,276 However, there is a task dependency for 

tDCS effects that must be considered.  For instance, video games require dexterous 

temporally-constrained inputs with varying degrees of visuomotor processing and 

cognitive demands.  Despite reports of gamers using tDCS to improve performance,186 it 

is still unclear what regions should be targeted to optimize tDCS benefits. a-tDCS has 

recently been shown to enhance acquisition of different video game based skills.181,265 

Our results indicate that, for gaming enhancement, a dual site M1 and cerebellum 

approach may be more effective than traditional single single-site stimulation 

protocols.  However, as most videogames are bimanual tasks, our results may not 

translate to controller-based videogaming.  

  In this study, there were no measurements taken to assess the excitability changes 

that accompanied the M1a+CBc concurrent montage or to investigate how the 

connectivity changes between M1 and the cerebellum were affected. Since tDCS of M1 

and cerebellum individually did not produce differences compared to SHAM, it seems 

that the enhanced learning demonstrated by the M1a+CBc group is a direct result of 

neuroplastic changes specifically brought on by stimulating both sites simultaneously.  

However, given the influence of state dependent effects on tDCS outcomes,267 as well as 

the uncertainty of the mechanisms of action in cerebellar tDCS,252 how the concurrent 

montage affected the excitability of either region, or the pathways connecting them, 

differently than the single site approaches remains unclear and should be investigated 

further.  

 Future studies investigating concurrent M1-cerebellar stimulation should 

investigate the effects of combining 1mA M1 a-tDCS with the 2mA cerebellar current. 
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Over M1, 1 mA is more commonly used than 2mA to produce beneficial learning 

outcomes.119,155 Considering 2mA M1 stimulation in the current study was only effective 

when combined with cerebellar stimulation, 1mA may increase the probability of 

learning benefits.  Furthermore, functional enhancement from dual-site simulation of M1 

and the cerebellum may be polarity specific depending on the effector for the task.  

Whereas c-tDCS over the cerebellum enhanced hand adaptation movements, it led to 

significantly impaired whole arm adaptation movements.254 The error-dependent 

mechanisms in early skill acquisition may be similarly influenced by the different 

polarities over the cerebellum in a dual-site approach.  Lastly, in the current study we did 

not assess retention. Evidence suggests M1 has a significant role in motor retention while 

the cerebellum is more involved with early learning processes.277  Concurrent M1 and 

cerebellum applications may result in greater retention by optimizing plasticity in both 

structures simultaneously.   

 

5.6 Conclusion 
 

While there may be a dose-dependent effect stimulation, it seems that at higher 

stimulation intensities, tDCS may yield diminishing returns. This is important because 

the effects of traditional, monofocal tDCS protocols appear to be inconsistent in more 

complex, real-world tasks. This is likely because as task complexity scales, the network-

wide activity within the brain does also.165,278,279 In particular, the cerebellum is one such 

region of the brain that is exceedingly important in the early stages of motor learning 

when high amounts of sensorimotor feedback and error correction are present117,239,272. 

Our findings show that anodal stimulation of M1 concurrent with cathodal stimulation of 
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the cerebellum results in improvements in task performance that are significantly 

different than SHAM stimulation. It is our hope that these findings will provide future 

researchers and clinicians with a better understanding of how dual site tDCS can be 

employed to better facilitate motor learning in complex tasks. 
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CHAPTER SIX: SUMMARY AND FUTURE DIRECTIONS 

 

6.1 Dissertation summary 
 

The studies in this dissertation investigated how tDCS applied to M1 and the 

cerebellum affects skill acquisition during the fast phase of motor learning for novel 

everyday tasks, with an emphasis on tasks that have diverse motor demands.  Previous 

tDCS motor learning research has focused mostly on M1 or cerebellar stimulation that is 

applied while practicing relatively simple, highly controlled laboratory tasks that isolate 

learning processes. However, as real-world tasks tend to have more complex motor 

demands, generalization of these results to practical applications outside of the lab has 

had inconsistent results. To increase the amount of research related to tDCS-based 

applications for the acquisition of complex motor skills, we studied the acquisition of 4 

everyday motor tasks. For each of the tasks, the non-dominant hand was used to make 

tasks novel, which ensured there was a discernible fast phase of learning to observe skill 

acquisition.  

In study one, 1mA of M1 a-tDCS applied during a single practice session was 

found to enhance skill acquisition in a complex dart throwing task compared to SHAM 

and 1mA of M1 c-tDCS. In study two, 1mA M1 a-tDCS improved the rate of motor 

learning in the O’Connor Tweezer Dexterity Task compared to SHAM.  In study three, 

1mA of M1 a-tDCS while practicing a dexterous rhythmic-timing video game led to 

significantly higher performance scores compared to SHAM, demonstrating increased 

motor acquisition. In study four, concurrently applying 2mA M1 a-tDCS and 2mA 

cerebellar c-tDCS significantly improved skill acquisition in the rhythmic-timing video 
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game task, whereas 2mA M1 of a-tDCS, 2mA of cerebellar a-tDCS and c-tDCS alone 

was no different than SHAM. Taken together, the data from everyday tasks possessing a 

range of gross, fine, and visuomotor demands demonstrates the capability of tDCS to 

enhance skill acquisition in a variety of real-world tasks.  They also provide evidence 

suggesting a synergistic effect on learning may occur when M1 and the cerebellum are 

stimulated concurrently, which a novel finding. 

 

6.2 Strengths, limitations and future directions 
 

Using a series of novel everyday tasks with a variety of motor demands, the 

studies found that tDCS can influence the underlying neuroplastic mechanisms in M1 and 

the cerebellum that underpin the acquisition of skill in complex tasks. However, there are 

strengths and limitations of the studies that should be noted.  Future research on tDCS in 

motor learning should address these limitations. 

In study one, there was no background demographic information collected from 

the subjects in regards to their past or current involvement in sports that involve skilled 

throwing. Although the task was performed with the non-dominant arm, previous motor 

experience can influence the rate that skill learning takes place.17 Baseline aptitude for a 

task, and the difficulty of the task, also have an influence on the development of 

measurable tDCS learning outcomes due to ceiling/floor effects (high aptitude, low 

difficulty; low aptitude, high difficulty). 224,280,281  These influential factors should be 

addressed in future studies by collecting sport participation history, as well as an initial 

aptitude assessment, and take these into consideration when comparing group 

demographics, and possibly control for their influence on learning.  
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In study two, subjects were required to use a uniform technique when placing 

pins, which prevented subjects using strategies that made placing pins easier as a result of 

accessory hand or wrist movement. This strengthened the results of the study by ensuring 

that improvements in performance placing pins was the result of gained motor skill, 

rather than by implementation of a different strategy.  Fatigue is also a concern during 

motor learning as it affects performance of the task and interferes with motor learning.282 

The rest periods implemented in between completion of rows effectively eliminated the 

detrimental effects of fatigue on the practice period that had been observed in pilot 

testing. We did not limit the amount of practice individuals could complete during the 20 

minute practice session, so individuals with better performance completed more practice, 

which could have influenced our results.  Future studies may address such a concern by 

having subjects perform a set number of trials during the stimulation period, with timed 

rest periods, and excluding subjects who are unable to complete a certain number of 

trials. 

In study three, the use of adjustable task difficulty provided a unique strength in 

this study that is not easily achievable with other complex motor skills in the context of 

tDCS research.  It is a common observation in tDCS motor learning literature that 

individuals with novice/low baseline ability benefit more from stimulation than those 

with more expertise/ability.108,181,280 The difficulty adjustment used in Step Mania 

decreases the influence of performance floor and ceiling effects preventing the 

development of observable tDCS performance effects. An important limitation note is 

that there was no data collected on subject videogame experience. It has been shown that 

those with more experience playing videogames benefit less from M1 a-tDCS when 
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acquiring video game based motor skills compared to less experienced counterparts.181 

Future research on tDCS effects in videogame based motor skills would be strengthened 

by parsing data based on subject gaming history or skill level. Lastly, individuals who 

have been involved with rhythm based activities, such as musicians or dancers, may have 

increased motor timing283 and/or temporal processing abilities compared to those lacking 

rhythmic task experience; however, we did not collect any data on musical/dance 

experience.  Future studies using rhythmic matching motor tasks should exclude or 

control for individuals with developed temporal skills who will likely not demonstrate a 

measureable learning benefit, or who may even experience a diminished ability, from 

tDCS applied during practice.281 

In study four, the same motor task was used as in study three; therefore, the 

strengths and limitations associated with study three also apply to study four. 

Additionally, however, the greatest limitation in study four was the lack of cortical 

excitability or M1-cerebellum connectivity (assessed by CBI) measures to assess the 

neuroplastic effects of the novel M1-cerebellar stimulation that was used. Although the 

behavioral data suggests a robust effect, what functional changes, and in which 

structures, that potentially led to the effect cannot be surmised because of potential 

homeostatic effects in the cerebellar-cortical loop circuitry from altering excitability in 

both structures at once. Future studies investigating M1-cerebellar dual-site concurrent 

stimulation protocols should include neurophysiological measures or neuroimaging to 

address this shortcoming. Additionally, the distribution of genders in the different groups 

may have impacted the results as there is emerging evidence of sex-based differences in 

responses to tDCS.284,285 Considering the influence that factors such as baseline ability, 
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sports or music background, and gender may have on tDCS, future tDCS studies may 

find more consistent reproducible results if these different participant characteristics are 

considered for inclusion in the study and group allocation. 

Despite the limitations of these studies, the evidence they provide generally 

supports the beneficial effects of tDCS for applications in motor skill acquisition. 

However, as all of the tasks were unilateral, these results may not generalize to bimanual 

tasks. Additionally, all tasks were performed with the non-dominant hand to model early 

learning of a new skill. Therefore, tDCS may not necessarily translate to improving skill 

acquisition in the dominant hand.  However, this may depend on how novel or new the 

skill being learned with the dominant hand is. Nevertheless, the novel finding that 

concurrent stimulation of M1 and the cerebellum synergistically impact motor learning is 

interesting and interesting proof-of-concept and may influence the development of 

promising new protocols in the future.   
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APPENDIX  

Edinburgh Handedness Inventory122 

    
Please indicate with a one (1) your preference in using your left or right hand in the 
following tasks. 
 
Where the preference is so strong you would never use the other hand, unless absolutely 
forced to, put a two (2).  
 
If you are indifferent, put a one in each column ( 1  |  1). 

Some of the activities require both hands. In these cases, the part of the task or object for 
which hand preference is wanted is indicated in parentheses. 
  

Task / Object Left Hand Right Hand 

 1. Writing   

2. Drawing   

3. Throwing   

4. Scissors   

5. Toothbrush   

6. Knife (without fork)   

7. Spoon   

8. Broom (upper hand)   

9. Striking a Match (match)   

10.  Opening a Box (lid)   

Total checks: LH =  RH = 

Cumulative Total CT = LH + RH = 

Difference D = RH – LH =  

Result R = (D / CT)  100 =  

Interpretation: 
(Left Handed: R < -40) 

(Ambidextrous: -40  R  +40) 
(Right Handed: R > +40) 

 

 
 

Please stop here 



 

113 

REFERENCES 

1. Shadmehr R, Mussa-Ivaldi F. Adaptive representation of dynamics during 
learning of a motor task. J Neurosci. 1994;14(5 pt 2):3208-3224. 

2. Lackner J, DiZio P. Rapid adaptation to Coriolis force perturbations of arm 
trajectory. J Neurophysiol. 1994;72(1):299-313. 

3. Shadmehr R, Smith M, Krakauer J. Error correction, sensory prediction, and 
adaptation in motor control. Annu Rev Neurosci. 2010;33:89-108. 

4. Hunter T, Sacco P, Nitsche M, Turner D. Modulation of internal model formation 
during force field-induced motor learning by anodal transcranial direct current 
stimulation of primary motor cortex. The Journal of physiology. 
2009;587(12):2949-2961. 

5. Krakauer J, Mazzoni P. Human sensorimotor learning: adaptation, skill, and 
beyond. Current opinion in neurobiology. 2011;21:636-644. 

6. Lefebvre S, Dricot L, Gradhowski W, Laloux P, Vandermeeren Y. Brain 
activations underlying different patterns of performance improvement during 
early motor skill learning. Neuroimage. 2012;62(1):290-299. 

7. Shmuelof L, Krakauer J, Mazzoni P. How is a motor skill learned? Change and 
invariance at the levels of task success and trajectory control. J Neurophysiol. 
2012;108(2):578-594. 

8. Penhune V, Steele C. Parallel contribution os cerebellar, striatal and M1 
mechanisms to motor sequence learning. Behav Brain Res. 2012;226:579-591. 

9. Karni A, Meyer G, Rey-Hipolito C, et al. The acquisition of skilled motor 
performance: fast and slow experience-driven changes in primary motor cortex. 
Proc Natl Acad Sci U S A. 1998;95(3):861-868. 

10. Doyon J, Benali H. Reorganization and plasticity in the adult brain during 
learning of motor skills. Current opinion in neurobiology. 2005;15:161-167. 

11. Fischer S, Nitschke M, Melchert U, Erdmann C, Elsner A, Born J. Motor memory 
consolidation in sleep shapes more effective neuronal representations. J Neurosci. 
2005;25:11248-11255. 

12. Korman M, Raz N, Flash T, Karni A. Multiple shifts in the representation of a 
motor sequence during the acquisition of skilled performance. Proceedings of the 
National Academy of Sciences of the United States of America. 2003(100):12492-
12497. 

13. Walker M, Brakefield T, Hobson J, Stickgold R. Practice with sleep makes 
perfect: sleep dependent motor skill learning. Neuron. 2003(35):205-211. 



 

114 

14. Robertson E. Current concepts in procedural consolidation. Nat Rev Neurosci. 
2004;5:576-582. 

15. Romano J, Howard J, Jr., Howard D. One-year retention of general and sequence-
specific skills in probabillistic, serial reaction time task. Memory. 2010;18:427-
441. 

16. Reis J, Schambra H, Cohen L, et al. Noninvasive cortical stimulation enhances 
motor skill acquisition over multiple days through an effect on consolidation. 
PNAS. 2009;106(5):1590-1595. 

17. Wolpert D, Flanagan J. Motor learning. Curr Biol. 2010;2(11):R467-R472. 

18. Ungerleider LG, Doyon J, Karni A. Imaging brain plasticity during motor skill 
learning. Neurobiology of learning and memory. 2002;78:553-564. 

19. Graziano M, Aflalo T. Mapping behavioral repertoire onto the cortex. Neuron. 
2007;71:239-251. 

20. Schieber M. Constraints on somatotopic organization in the primary motor cortex. 
J Neurophysiol. 2001;86:2125-2143. 

21. Ito M. Bases and implication of learning in the cerebellum - adaptive control and 
internal model mechanism. Progress in brain research. 2005;148:95-109. 

22. Miall C. Motor control: correcting errors and learning from mistakes. Curr Biol. 
2010;20:R596-598. 

23. Wolpert D, Miall R, Kawato M. Internal models in the cerebellum. Trends Cogn 
Sci. 1998;2:338-347. 

24. Hebb DO. The effects of early experience on problem solving at maturity. Am 
Psychol. 1947;2:737-745. 

25. Hebb DO. The Organization of Behavior. New York, NY: John Wiley & Sons 
Inc; 1949. 

26. Lynch MA. Long-Term Potentiation and Memory. Physiological Reviews. 
2004;84(1):87-136. 

27. Luthi A, Chittajallu R, Duprat F, et al. Hippocampal LTD expression involves a 
pool of AMPARs regulated by NSF-GluR2 interaction. Neuron. 1999;24(2):389-
399. 

28. Feldman D. Timing-based LTP and LTD at vertical inputs to layer II/III 
pyramidal cells in rat barrel cortex. Neuron. 2000;27:45-56. 



 

115 

29. Jones T. Multiple synapse formation in the motor cortex opposite unilateral 
sensorimotor cortex lesions in adult rats. J Comp Neurol. 1999;414:57-66. 

30. Kleim J, Lussnig E, Schwarz E, Comery T, Greenough W. Synaptogenesis and 
Fos expression in the motor cortex of the adult rat after motor skill learning. J 
Neurosci. 1996;16:4529-4535. 

31. Greenough W, Larson J, Withers G. Effects of unilateral and bilateral training in a 
reaching task on dendritic branching of neurons in the rat motor-sensory forelimb 
cortex. Behav Neural Biol. 1985;44:301-314. 

32. Withers G, Greenough W. Reach training selectively alters dendritic branching in 
subpopulations of layer II-III pyramids in rat motor-somatosensory forelimb 
cortex. Neuropsychologia. 1989;27:61-69. 

33. Kleim JA, Barbay S, Cooper NR, et al. Motor learning-dependent synaptogenesis 
is localized to functionally reorganized motor cortex. Neurobiology of learning 
and memory. 2002;77(1):63-77. 

34. Nudo R, Milliken G, Jenkins W, Merzenich M. Use-dependent alterations of 
movement representations in primary motor cortex of adult squirrel monkeys. J 
Neurosci. 1996;16:785-807. 

35. Plautz E, Milliken G, Nudo R. Effects of repetitive motor training on movement 
representations in adult squirrel monkeys: role of use versus learning. 
Neurobiology of learning and memory. 2000;74:27-55. 

36. Kleim J, Barbay S, Nudo R. Functional reorganization of the rat motor cortex 
following motor skill learning. J Neurophysiol. 1998;80:3321-3325. 

37. Kleim J, Hogg T, VandenBerg P, Cooper N, Bruneau R, Remple MS. Cortical 
synaptogenesis and motor map reorganization occur during late, but not early, 
phase of motor skill learning. J Neurosci. 2004;24:628-633. 

38. Kleim J, Cooper N, Vandenberg P. Exercise induces angiogenesis but does not 
alter movement representations within rat motor cortex. Brain Res. 2002;934:1-6. 

39. Classen J, Knorr U, Werhahn K, et al. Multimodal output mapping of human 
central motor representation on different spatial scales. J Physiol (Lond.). 
1998;512:163-179. 

40. Hund-Georgiadis M, vonCramon D. Motor-learning-related changes in piano 
players and non-musicians revealed by functional magnetic-resonance signals. 
Exp Brain Res. 1999;125:415-425. 

41. Pascual-Leone A, Torres F. Plasticity of the sensorimotor cortex representation of 
the reading finger in Braille readers. Brain. 1993;116:39-52. 



 

116 

42. Pascual-Leone A, Nguyet D, Cohen LG, Brasil-Neto JP, Cammarota A, Hallett 
M. Modulation of muscle responses evoked by transcranial magnetic stimulation 
during the acquisition of new fine motor skills. J Neurophysiol. 1995;74(3):1037-
1045. 

43. Pascual-Leone A, Wassermann E, Sadato N, Hallett M. The role of reading 
activity on the modulation of motor cortical outputs to the reading hand in Braille 
readers. Annals of neurology. 1995;38:910-915. 

44. Perez M, Lungholt B, Nyborg K, Nielsen J. Motor skill training induces changes 
in the excitability of the leg cortical area in healthy humans. Exp Brain Res. 
2004;159:197-205. 

45. Svensson P, Romaniello A, Arendt-Nielsen L, Sessle B. Plasticity in corticomotor 
control of the human tongue musculature induced by tongue-task training. Exp 
Brain Res. 2003;152:42-51. 

46. Pascual-Leone A, Cammarota A, Wassermann EM, Brasil-Neto JP, Cohen LG, 
Hallett M. Modulation of motor cortical outputs to the reading hand of braille 
readers. Annals of neurology. 1993;34(1):33-37. 

47. Tyc F, Boyadjian A, Devanne H. Motor cortex plasticity induced by extensive 
training revealed by transcranial magnetic stimulation in human. Eur J Neurosci. 
2005;21:259-266. 

48. Mottolese C, Richard N, Harquel S, Szathmari A, Sirigu A, Desmurget M. 
Mapping motor representations in the human cerebellum. Brain. 2013;136:330-
342. 

49. Kleim J, Swain R, Armstrong K, Napper R, Jones T, Greenough W. Selective 
synaptic plasticity within the cerebellar cortex following complex motor skill 
learning. Neurobiology of learning and memory. 1998;69:274-289. 

50. Black J, Isaacs K, Anderson B, Alcantara A, Greenough W. Learning causes 
synaptogenesis whereas motor activity causes angiogenesis in cerebellar cortex of 
adult rats. Proceedings of the National Academy of Sciences of the United States 
of America. 1990;87:5568-5572. 

51. Spampinato D, Block H, Celnik P. Cerebellar-M1 connectivity changes associated 
with motor learning are somatotopic specific. J Neurosci. 2017;37(9):2377-2386. 

52. Park I, Lee K, Han J, et al. Experience-dependent plasticity of cerebellar vermis 
in basketball players. Cerebellum. 2009;8:334-339. 

53. Park I, Lee N, Kim T, et al. Volumetric analysis of cerebellum in short-track 
speed skating players. Cerebellum. 2012;11(4):925-930. 



 

117 

54. Di X, Zhu S, Jin H, et al. Altered resting brain function and structure in 
professional badminton players. Brain Connect. 2012;2(4):225-233. 

55. Di Paola M, Caltagirone C, Petrosini L. Prolonged rock climbing activity induces 
structural changes in cerebellum and parietal lobe. Hum Brain Mapp. 
2013;34:2707-2714. 

56. Hutchinson S, Lee L, Gaab N, Schlaug G. Cerebellar volume of musicians Cereb 
Cortex. 2003;13:943-949. 

57. Han Y, Yang H, Lv Y, et al. Gray matter density and white matter integrity in 
pianists' brain: a combined structural and diffusion tensory MRI study. Neurosci 
Lett. 2009;459(1):3-6. 

58. Bishop G, O'Leary J. The effects of polarizing currents on cell potentials and their 
significance in the interpretation of central nervous system activity. 
Electroencephalography and clinical neurophysiology. 1950;2(4):401-416. 

59. Chan C, Nicholson C. Modulation by applied electric fields of Purkinje and 
stellate cell activity in the isolated turtle cerebellum. J Physiol (Lond.). 
1986;371:89-114. 

60. Limousin P, Martinez-Torres I. Deep brain stimulation for Parkinson's disease. 
Neurotherapeutics. 2008;5(2):309-319. 

61. Lakhan S, Callaway E. Deep brain stimulation for obsessive-compulsive disorder 
and treatment-resistant depression: systematic review. BMC Res Notes. 
2010;3:60. 

62. Lima M, Fregni F. Motor cortex stimulation for chronic pain: systematic review 
and meta-analysis of the literature. Neurology. 2008;70(24):2329-2337. 

63. Aum D, Tierney T. Deep brain stimulation: foundations and future trends. Front 
Biosci. 2018;23:162-182. 

64. Merton P, Morton H. Stimulation of the cerebral cortext in the intact human 
subject. Nature. 1980;285:227. 

65. Nitsche MA, Paulus W. Sustained excitability elevations induced by transcranial 
DC motor cortex stimulation in humans. Neurology. 2001;57(10):1899-1901. 

66. Nitsche MA, Paulus W. Excitability changes induced in the human motor cortex 
by weak transcranial direct current stimulation. Journal of Physiology. 
2000;527(3):663-639. 

67. Creutzfeldt O, Fromm G, Kapp H. Influence of transcortical d-c currents on 
cortical neuronal activity. Exp Neurol. 1962;5:436-452. 



 

118 

68. Prupura D, McMurtry J. Intracellular activities and evoked potential changes 
during polarization of motor cortex. J Neurophysiol. 1965;28:166-185. 

69. Nitsche M, Fricke K, Henschke U, et al. Pharmacological modulation of cortical 
excitability shifts induced by transcranial direct current stimulation in humans. J 
Physiol (Lond.). 2003;553:293-301. 

70. Nitsche M, Seeber A, Frommann K, et al. Modulating parameters of excitability 
during and after transcranial direct current stimulation of the human motor cortex. 
The Journal of physiology. 2005;568(Pt1):291-303. 

71. Fritsch B, Reis J, Martinowich K, et al. Direct current stimulation promotes 
BDNF-dependent synaptic plasticity: potential implications for motor learning. 
Neuron. 2010;66:198-204. 

72. Gartside I. Mechanisms of sustained increases of firing rate of neurones in the rat 
cerebral cortex after polarization: role of protein synthesis. Nature. 1968;220:382-
383. 

73. Nitsche M, Jaussi W, Liebetanz D, Lang N, Tergau F, Paulus W. Consolidation of 
human motor cortical neuroplasticity by D-cucloserine. 
Neuropsychopharmacology. 2004;29:1573-1578. 

74. Buch E, Santarnecchi E, Antal A, et al. Effects of tDCS on motor learning and 
memory formation: a consensus and critical position paper. Clin Neurophysiol. 
2017;128:589-603. 

75. Savic B, Meier B. How transcranial direct current simulation can modulate 
implicit motor sequence learning and consolidation: a brief review. Front Hum 
Neurosci. 2016;10:10. 

76. Ferrucci R, Cortese F, Priori A. Cerebellar tDCS: how to do it. Cerebellum. 
2014;14(1):27=30. 

77. Aisen ML, Krebs HI, Hogan N, McDowell F, Volpe BT. The effect of robot-
assisted therapy and rehabilitative training on motor recovery following stroke. 
Archives of neurology. 1997;54(4):443-446. 

78. Cuypers K, Leenus D, van den Berg F, et al. Is motor learning mediated by tDCS 
intensity. PloS 2013;8(6): e67344. 

79. Jamil A, Batsikadze G, Kuo H, et al. Sistematic evaluation of the impact of 
stimulation intensity on neuroplastic effects after The Journal of physiology. 
2017;595(4):1273-1288. 

80. Stagg CJ, Jayaram G, Pastor D, Kincses Z, Maththews P, Johansen-Berg H. 
Polarity and timing-dependent effects of transcranial direct current stimulation in 
explicit motor learning. Neuropsychologia. 2011;49:800-804. 



 

119 

81. Ammann C, Spampinato D, Ruiz J. Modulating motor learning through 
transcranial direct-current stimulation: an integrative view. Front Psychol. 
2016;7(1981):1-15. 

82. Amadi U, Allman C, Johansen-Berg H, Stagg C. The homeostatic interaction 
between anodal transcranial direct current stimulatio nand motor learning in 
humans is related to GABAA activity. Brain stimulation. 2015;8:898-905. 

83. Kang E, Paik N. Effect of a tDCS electrode montage on implicit motor sequence 
learning in healthy subjects. Exp Transl Stroke Med. 2011;3:4. 

84. Reis J, Fritsch B. Modulation of motor performance and motor learning by 
transcranial direct current stimulation. Curr Opin Neurol. 2011;24(6):590-596. 

85. Nitsche MA, Schauenburg A, Lang N, et al. Facilitation of implicit motor learning 
by weak transcranial direct current stimulation of the primary motor cortex in the 
human. Journal of Cognitive Neuroscience. 2003;15(4):619-626. 

86. Antal A, Nitsche MA, Kincses TZ, Kruse W, Hoffmann KP, Paulus W. 
Facilitation of visuo-motor learning by transcranial direct current stimulation of 
the motor and extrastriate visual areas in humans. European Journal of 
Neuroscience. 2004;19:2888-2892. 

87. Kantak S, Mummidisetty C, Stinear J. Primary motor and premotor cortex in 
implicit sequence learning - evidence for competition between implicit and 
explicit human motor memory systems. Eur J Neurosci. 2012;36:2710-2715. 

88. Ehsani F, Bakhtiary A, Jaberzadeh S, Talimkhani A, Hajihasani A. Differential 
effects of primary motor cortex and cerebellar transcranial direct current 
stimulation on motor learning in healthy individuals: a randomized double-blind 
sham-controlled study. Neurosci Res. 2016;112:10-19. 

89. Ambrus GG, Chaieb L, Stilling R, Rothkegel H, Antal A, Paulus W. Monitoring 
transcranial direct current stimulation induced changes in cortical excitability 
during the serial reaction time task. Neurosci Lett. 2016;616:98-104. 

90. Ferrucci R, Brunoni A, Parazzini M, et al. Modulating human procedural learning 
by cerebellar transcranial direct current stimulation. Cerebellum. 2013;12:485-
492. 

91. Saucedo Marquez C, Zhang X, Swinnen S, Meesen R, Wenderoth N. Task-
specific effect of transcranial direct current stimulation on motor learning. Front 
Hum Neurosci. 2013;7:333. 

92. Tecchio F, Zappasodi F, Assenza G, et al. Anodal transcranial direct current 
stimulation enhances procedural consolidation. J Neurophysiol. 
2010;104(2):1134-1140. 



 

120 

93. Wessel M, Zimerman M, Timmermann J, Heise K, Gerloff C, Hummel F. 
Enhancing consolidation of a new temporal motor skill by cerebellar noninvasive 
stimulation. Cereb Cortex. 2016;26(4). 

94. Kuper M, Mallick J, Ernst T, et al. Cerebellar transcranial direct current 
stimulation modulates the fMRI signal in the cerebellar nuclei in a simple motor 
task [published online ahead of print April 4, 2019]. Brain stimulation. 2019. 

95. Cantarero G, Spampinato D, Reis J, et al. Cerebellar direct current stimulation 
enhances on-line motor skill acquisition through an effect on accuracy. J 
Neurosci. 2015;35(7):3285-3290. 

96. Antal A, Begemeier S, Nitsche M, Paulus W. Prior state of cortical activity 
influences subsequent practicing of a visuomotor coordination task. 
Neurophsychologia. 2008;46:3157-3161. 

97. Prichard G, Weiller C, Fritsch B, Reis J. Effects of different electrical brain 
stimulation protocols on subcomponents of motor skill learning. Brain 
stimulation. 2014;7(4):532-540. 

98. Naros G, Geyer M, Kosh S, et al. Enhanced motor learning with bilateral 
transcranial direct current stimulation: Impact of polarity or current flow 
direction. Clin Neurophysiol. 2016;4:2119-2126. 

99. Shah B, Nguyen T, Madhavan S. Polarity independent effects of cerebellar tDCS 
on short term ankle visuomotor learning. Brain stimulation. 2013;6:966-968. 

100. Kidgell D, Goodwill A, Frazer A, Daly R. Induction of cortical plasticity and 
improved motor performance following unilateral and bilateral transcranial direct 
current stimulation. BMC Neurosci. 2013;14:64. 

101. Bastani A, Jaberzadeh S. Within-session repeated a-tDCS: the effects of repetition 
rate and inter-stimulus interval on corticospinal excitability and motor 
performance. Clin Neurophysiol. 2014;125:1809-1818. 

102. Hummel F, Heise K, Celnik P, Floel A, Gerloff C, Cohen L. Facilitating skilled 
right hand motor function in older subjects by anodal polarization over the left 
primary motor cortex. Neurobiol Aging. 2010;31:2160-2168. 

103. Boggio P, Castro L, Savagin E, et al. Enhancement of non-dominant hand motor 
function by anodal transcranial direct current stimulation. Neurosci Lett. 
2006;404(1-2):232-236. 

104. Convento S, Bolognini N, Fusaro M, Lollo F, Vallar G. Neuromodulation of 
parietal and motor activity affects motor planning and execution. Cortex. 
2013;57:51-59. 



 

121 

105. Steiner K, Enders A, Thier W, et al. Cerebellar tDCS does not improve learning in 
a complex whole body dynamics balance task in young healthy subjects. PLoS 
One. 2016;11(9):e0163598. 

106. Kaminski E, Steele C, Hoff M, et al. Transcranial direct current stimulation 
(tDCS) over primary motor cortex leg area promotes dynamic balance task 
performance. Clin Neurophysiol. 2016;127(6):2455-2462. 

107. Ciechanski P, Cheng A, Lopushinsky S, et al. Effects of transcranial direct-
current stimulation on neurosurgical skill acquisition: A randomized controlled 
trial. World Neurosurg. 2017;108:876-884. 

108. Mizuguchi N, Katayama T, Kanosue K. The effect of cerebellar transcranial direct 
current stimulation on a throwing task depends on individual level of task 
performance. Neuroscience. 2018;371:119-125. 

109. Jackson A, de Albuquerque L, Pantovic M, et al. Cerebellar transcranial direct 
current stimulation enhances motor learning in a complex overhand throwing task 
[published online ahead of print, May 18, 2019]. Cerebellum. 2019. 

110. Lefebvre S, Dricot L, Gradkowski W, Laloux P, Vandermeeren Y. Brain 
activations underlying different patterns of performance improvement during 
early motor skill learning. Neuroimage. 2012;62(1):290-299. 

111. Shmuelof L, Krakauer JW, Mazzoni P. How is a motor skill learned? Change and 
invariance at the levels of task success and trajectory control. J Neurophysiol. 
2012;108(2):578-594. 

112. Jackson AK, de Albuquerque LL, Pantovic M, et al. Cerebellar Transcranial 
Direct Current Stimulation Enhances Motor Learning in a Complex Overhand 
Throwing Task. Cerebellum. 2019;18(4):813-816. 

113. Doyon J, Benali H. Reorganization and plasticity in the adult brain during 
learning of motor skills. Curr Opin Neurobiol. 2005;15(2):161-167. 

114. Karni A, Meyer G, Jezzard P, Adams MM, Turner R, Ungerleider LG. Functional 
MRI evidence for adult motor cortex plasticity during motor skill learning. 
Nature. 1995;377(6545):155-158. 

115. Spampinato D, Celnik P. Deconstructing skill learning and its physiological 
mechanisms. Cortex. 2018;104:90-102. 

116. Graziano MS, Aflalo TN. Mapping behavioral repertoire onto the cortex. Neuron. 
2007;56(2):239-251. 

117. Krakauer JW, Mazzoni P. Human sensorimotor learning: adaptation, skill, and 
beyond. Curr Opin Neurobiol. 2011;21(4):636-644. 



 

122 

118. Penhune VB, Steele CJ. Parallel contributions of cerebellar, striatal and M1 
mechanisms to motor sequence learning. Behav Brain Res. 2012;226(2):579-591. 

119. Buch ER, Santarnecchi E, Antal A, et al. Effects of tDCS on motor learning and 
memory formation: A consensus and critical position paper. Clin Neurophysiol. 
2017;128(4):589-603. 

120. Banissy MJ, Muggleton NG. Transcranial direct current stimulation in sports 
training: potential approaches. Front Hum Neurosci. 2013;7:129. 

121. Edwards DJ, Cortes M, Wortman-Jutt S, et al. Transcranial Direct Current 
Stimulation and Sports Performance. Front Hum Neurosci. 2017;11:243. 

122. Oldfield RC. The assessment and analysis of handedness: the Edinburgh 
inventory. Neuropsychologia. 1971;9(1):97-113. 

123. Jacobson L, Koslowsky M, Lavidor M. tDCS polarity effects in motor and 
cognitive domains: a meta-analytical review. Exp Brain Res. 2012;216(1):1-10. 

124. Wiethoff S, Hamada M, Rothwell JC. Variability in response to transcranial direct 
current stimulation of the motor cortex. Brain Stimul. 2014;7(3):468-475. 

125. Hikosaka O, Nakamura K, Sakai K, Nakahara H. Central mechanisms of motor 
skill learning. Curr Opin Neurobiol. 2002;12(2):217-222. 

126. Triggs WJ, Subramanium B, Rossi F. Hand preference and transcranial magnetic 
stimulation asymmetry of cortical motor representation. Brain Res. 
1999;835(2):324-329. 

127. Ghacibeh GA, Mirpuri R, Drago V, Jeong Y, Heilman KM, Triggs WJ. Ipsilateral 
motor activation during unimanual and bimanual motor tasks. Clin Neurophysiol. 
2007;118(2):325-332. 

128. Rioult-Pedotti MS, Friedman D, Hess G, Donoghue JP. Strengthening of 
horizontal cortical connections following skill learning. Nat Neurosci. 
1998;1(3):230-234. 

129. Reis J, Schambra HM, Cohen LG, et al. Noninvasive cortical stimulation 
enhances motor skill acquisition over multiple days through an effect on 
consolidation. Proc Natl Acad Sci U S A. 2009;106(5):1590-1595. 

130. Fritsch B, Reis J, Martinowich K, et al. Direct current stimulation promotes 
BDNF-dependent synaptic plasticity: potential implications for motor learning. 
Neuron. 2010;66(2):198-204. 

131. Labruna L, Jamil A, Fresnoza S, et al. Efficacy of Anodal Transcranial Direct 
Current Stimulation is Related to Sensitivity to Transcranial Magnetic 
Stimulation. Brain Stimul. 2016;9(1):8-15. 



 

123 

132. Machado S, Jansen P, Almeida V, Veldema J. Is tDCS an Adjunct Ergogenic 
Resource for Improving Muscular Strength and Endurance Performance? A 
Systematic Review. Front Psychol. 2019;10:1127. 

133. Huang YZ, Lu MK, Antal A, et al. Plasticity induced by non-invasive transcranial 
brain stimulation: A position paper. Clin Neurophysiol. 2017;128(11):2318-2329. 

134. Berlot E, Popp NJ, Diedrichsen J. A critical re-evaluation of fMRI signatures of 
motor sequence learning. Elife. 2020;9. 

135. Tseng YW, Diedrichsen J, Krakauer JW, Shadmehr R, Bastian AJ. Sensory 
prediction errors drive cerebellum-dependent adaptation of reaching. J 
Neurophysiol. 2007;98(1):54-62. 

136. Morton SM, Bastian AJ. Cerebellar contributions to locomotor adaptations during 
splitbelt treadmill walking. J Neurosci. 2006;26(36):9107-9116. 

137. Schieber MH. Constraints on somatotopic organization in the primary motor 
cortex. J Neurophysiol. 2001;86(5):2125-2143. 

138. Lemon RN. Descending pathways in motor control. Annu Rev Neurosci. 
2008;31:195-218. 

139. Ginatempo F, Loi N, Rothwell JC, Deriu F. Physiological Differences in Hand 
and Face Areas of the Primary Motor Cortex in Skilled Wind and String 
Musicians. Neuroscience. 2021;455:141-150. 

140. Munte TF, Altenmuller E, Jancke L. The musician's brain as a model of 
neuroplasticity. Nat Rev Neurosci. 2002;3(6):473-478. 

141. Sanchez-Kuhn A, Perez-Fernandez C, Moreno M, Flores P, Sanchez-Santed F. 
Differential Effects of Transcranial Direct Current Stimulation (tDCS) Depending 
on Previous Musical Training. Front Psychol. 2018;9:1465. 

142. Scheurich R, Zamm A, Palmer C. Tapping Into Rate Flexibility: Musical Training 
Facilitates Synchronization Around Spontaneous Production Rates. Front 
Psychol. 2018;9:458. 

143. Kidgell DJ, Goodwill AM, Frazer AK, Daly RM. Induction of cortical plasticity 
and improved motor performance following unilateral and bilateral transcranial 
direct current stimulation of the primary motor cortex. BMC Neurosci. 
2013;14:64. 

144. Farahani F, Kronberg G, FallahRad M, Oviedo HV, Parra LC. Effects of direct 
current stimulation on synaptic plasticity in a single neuron. Brain Stimul. 
2021;14(3):588-597. 



 

124 

145. Nitsche MA, Schauenburg A, Lang N, et al. Facilitation of implicit motor learning 
by weak transcranial direct current stimulation of the primary motor cortex in the 
human. J Cogn Neurosci. 2003;15(4):619-626. 

146. Boggio PS, Castro LO, Savagim EA, et al. Enhancement of non-dominant hand 
motor function by anodal transcranial direct current stimulation. Neurosci Lett. 
2006;404(1-2):232-236. 

147. Clark VP, Coffman BA, Mayer AR, et al. TDCS guided using fMRI significantly 
accelerates learning to identify concealed objects. Neuroimage. 2012;59(1):117-
128. 

148. Ciechanski P, Cheng A, Damji O, et al. Effects of transcranial direct-current 
stimulation on laparoscopic surgical skill acquisition. BJS Open. 2018;2(2):70-78. 

149. Ciechanski P, Cheng A, Lopushinsky S, et al. Effects of Transcranial Direct-
Current Stimulation on Neurosurgical Skill Acquisition: A Randomized 
Controlled Trial. World Neurosurg. 2017;108:876-884 e874. 

150. Ciechanski P, Kirton A, Wilson B, et al. Electroencephalography correlates of 
transcranial direct-current stimulation enhanced surgical skill learning: A 
replication and extension study. Brain Res. 2019;1725:146445. 

151. Patel R, Ashcroft J, Darzi A, Singh H, Leff DR. Neuroenhancement in surgeons: 
benefits, risks and ethical dilemmas. Br J Surg. 2020;107(8):946-950. 

152. Lefaucheur JP, Antal A, Ayache SS, et al. Evidence-based guidelines on the 
therapeutic use of transcranial direct current stimulation (tDCS). Clin 
Neurophysiol. 2017;128(1):56-92. 

153. Weinstein P, Kiyak HA, Milgrom P, Ratener P, Morrison K. Manual dexterity as 
a predictor of quality of care among dental practitioners. J Dent Educ. 
1979;43(3):165-169. 

154. Ghasemloonia A, Maddahi Y, Zareinia K, Lama S, Dort JC, Sutherland GR. 
Surgical Skill Assessment Using Motion Quality and Smoothness. J Surg Educ. 
2017;74(2):295-305. 

155. Patel R, Ashcroft J, Patel A, et al. The Impact of Transcranial Direct Current 
Stimulation on Upper-Limb Motor Performance in Healthy Adults: A Systematic 
Review and Meta-Analysis. Front Neurosci. 2019;13:1213. 

156. Yancosek KE, Howell D. A narrative review of dexterity assessments. J Hand 
Ther. 2009;22(3):258-269; quiz 270. 

157. Brandy DA. The O’Connor Tweezer Dexterity Test as a Creening for Hiring 
Surgical Hair Restoration Assistants. The American Journal of Cosmetic Surgery. 
1995;12(4):313-316. 



 

125 

158. Lugassy D, Levanon Y, Pilo R, et al. Predicting the clinical performance of dental 
students with a manual dexterity test. PLoS One. 2018;13(3):e0193980. 

159. McDonnell MN, Ridding MC, Flavel SC, Miles TS. Effect of human grip strategy 
on force control in precision tasks. Exp Brain Res. 2005;161(3):368-373. 

160. Westebring-van der Putten EP, van den Dobbelsteen JJ, Goossens RH, 
Jakimowicz JJ, Dankelman J. Effect of laparoscopic grasper force transmission 
ratio on grasp control. Surg Endosc. 2009;23(4):818-824. 

161. Zatsiorsky VM, Latash ML. Multifinger prehension: an overview. J Mot Behav. 
2008;40(5):446-476. 

162. Nicolini C, Harasym D, Turco CV, Nelson AJ. Human motor cortical 
organization is influenced by handedness. Cortex. 2019;115:172-183. 

163. Yamada C, Itaguchi Y, Fukuzawa K. Effects of the amount of practice and time 
interval between practice sessions on the retention of internal models. PLoS One. 
2019;14(4):e0215331. 

164. Savion-Lemieux T, Penhune VB. The effects of practice and delay on motor skill 
learning and retention. Exp Brain Res. 2005;161(4):423-431. 

165. Krakauer JW, Hadjiosif AM, Xu J, Wong AL, Haith AM. Motor learning. Compr 
Physiol. 2019;9(2):613-663. 

166. Dayan E, Cohen L. Neuroplasticity subserving motor skill learning. Neuron. 
2011;72:443-454. 

167. Hikosaka O, Nakamura K, Sakai K, Nakahara H. Central mechanisms of motor 
skill learning. Current opinion in neurobiology. 2002;12:217-222. 

168. Lohse K, Wadden K, Boyd L, Hodges N. Motor skill acquisition across short and 
long time scales: A meta-analysis of neuroimaging data. Neuropsychologia. 
2014;59:130-141. 

169. Ziemann U, Iliac T, Pauli C, Menintzschel F, Ruge D. Learning modifies 
subsequent induction of long-term potentiation-like and long-term depression-like 
plasticity in human motor cortex. J Neurosci. 2004;24(7):1666-1672. 

170. Sanes JN, Donoghue JP. Plasticity and primary motor cortex. Annu Rev Neurosci. 
2000;23:393-415. 

171. Tyc F, Boyadjian A. Plasticity of motor cortex induced by coordination and 
training. Clin Neurophysiol. 2011;122:153-162. 



 

126 

172. Classen J, Liepert J, Wise SP, Hallett M, Cohen LG. Rapid plasticity of human 
cortical movement representation induced by practice. J Neurophysiol. 
1998;79(2):1117-1123. 

173. Meek A, Perez J, Poston B, Riley Z. Cortical representation and excitabilty 
increases for a thenar muscle mediate improvement in short-term cellular phone 
text messaging ability. Brain Sci. 2021;11(3):406. 

174. Monfils M, Plautz E, Kleim J. In search of the motor engram: motor map 
plasticity as a mechanisms for encoding motor experience. The Neuroscientist : a 
review journal bringing neurobiology, neurology and psychiatry. 2005;11:471-
483. 

175. Pearce A, Thickbroom G, Byrnes M, Mastaglia F. Functional reorganization of 
the corticomotor projection to the hand in skilled racquet players. Exp Brain Res. 
2000;130:238-243. 

176. Lang N, Nitsche MA, Paulus W, Rothwell J, Lemon R. Effects of transcranial 
direct current stimulation over the human motor cortex on corticospinal and 
transcallosal excitability. Exp Brain Res. 2004;156:439-443. 

177. Patel R, Ashvroft J, Patel A, et al. The impact of transcranial direct current 
stimulation on upper-limb motor performance in healty adults. Front Neurosci. 
2019;13:1213. 

178. Bastani A, Jaberzadeh S. Does anodal transcranial direct current stimulation 
enhance excitability of the motor cortex and motor functions in healthy 
individuals and subjects with stroke: a systematic review and meta-analysis. Clin 
Neurophysiol. 2012;2012(123). 

179. Floel A. tDCS-enhanced motor and cognitive function in neurological diseases 
Neuroimage. 2014;85:934-947. 

180. Meek A, Greenwell D, Poston B, Riley Z. Anodal tDCS accelerates on-line 
learning of dart throwing. Neurosci Lett. 2021;764:136211. 

181. Toth A, Ramsbottom N, Constantin C, Milliet A, Campbell M. The effect of 
expertise, training, and neurostimulation on sensory-motor skill in esports. Compt 
Human Behav. 2021;121. 

182. Wilson M, Greenwell D, Meek A, Poston B, Riley Z. Neuroenhancement of a 
dextrous motor task with anodal tDCS. Brain Res. 2022;1790:147993. 

183. Hung C, Zeng B, Zeng B, et al. The efficacy of transcranial direct current 
stimulation in enhancing surgical skill acquisition: A preliminary meta-analysis of 
randomized controlled trials. Brain Sci. 2021;11(6):707. 



 

127 

184. Bediou B, Adams D, Mayer R, Tipton E, Green C, Bavelier D. Meta-analysis of 
action video game impact on perceptual, attentional, and cognitive skills. Psychol 
Bull. 2018. 

185. Achtman R, Green C, Bavelier D. Video games as a tool to train visual skills. 
Restorative neurology and neuroscience. 2008;26(4-5):435-446. 

186. Burstyner N, Carter A, Farrell A. Brain stimulation is getting popular with gamers 
- is it time to regulate it? 2016. https://theconversation.com/brain-stimulation-is-
getting-popular-with-gamers-is-it-time-to-regulate-it-66845. 

187. Karok S, Fletcher D, Witney A. Task-specificity of unilateral anodal and dual-M1 
tDCS effects on motor learning. Neurospsychologia. 2017;8(94):84-95. 

188. Beam WB, Jeff. EZ-EEG. 2023; http://clinicalresearcher.org/eeg. 

189. Glass GV, Peckham PD, Sanders JR. Consequences of failure to meet 
assumptions underlying fixed effects analyses of variance and covariance. Rev 
Educ Res. 1972;42:237-288. 

190. Harwell M, Rubinstein E, Hayes W, Olds C. Summarizing Monte Carlo results in 
methodological research: the one- and two-factor fixed effects ANOVA cases. J 
Educ Stat. 1992;17:315-339. 

191. Lix L, Keselman J, Keselman H. Consequences of assumption violations 
revisited: A quantitative review of alternatives to the one-way analysis of variance 
F test. Rev Educ Res. 1996;66:579-619. 

192. Greeley B, Barnhoorn J, Verwey W, Seidler R. Multi-session transcranial direct 
current stimulation over primary motor cortex facilitates sequence learning, 
chunking, and one year retention. Front Hum Neurosci. 2020;14(75). 

193. Maceira-Elvira P, Timmermann J, Popa R, et al. Dissecting motor skill 
acquisition: Spatial coordinates take precedence. Sci Adv. 2022;8:eabo 3505. 

194. Hamano Y, Sugawara S, Fukunaga M, Sadato N. The integrative role of the M1 in 
motor sequence learning. Neurosci Lett. 2021;760:136081. 

195. Waters-Metenier S, Husain M, Wiestler T, Diedrichsen J. Bihemispheric 
transcranial direct current stimulation enhances effector-independent 
representations of motor synergy and sequence learning. J Neurosci. 
2014;34(3):1037-1050. 

196. Winges S, Furuya S, Faber N, Flanders M. Patterns of muscle activity for digital 
coarticulation. J Neurophysiol. 2013;110:230-242. 

197. Engle K, Flanders M, Soechting J. Anticipatory and sequential motor control in 
piano playing. Exp Brain Res. 1997;113:189-199. 



 

128 

198. Orban P, Peigneux P, Lungu O, et al. Functional neuroanatomy associated with 
the expression of distinct movement kinematics in motor sequence learning. 
Neuroscience. 2011;179:94-103. 

199. Janata P, Grafton S. Swinging in the brain:  Shared neural substrates for behaviors 
related to sequencing and music. Nat Neurosci. 2003;6:682-687. 

200. Ivry R, Spencer R. The neural representation of time. Current opinion in 
neurobiology. 2004;14:225-232. 

201. Sakai K, Hikosaka O, Nakamura K. Emergence of rhythm during motor learning. 
Neuroimage. 2004;26:801-812. 

202. Ashe J, Lungu OV, Basford AT, Lu X. Cortical control of motor sequences. 
Current opinion in neurobiology. 2006;16(2):213-221. 

203. Shin JC, Ivry RB. Concurrent Learning of Temporal and Spatial Sequences. J Exp 
Psychol Learn Mem Cogn. 2002;28(3):445-457. 

204. Wang L. Relative Timing and Rhythm: A Key to Motor Skill Learning. The 
Shield : Research Journal of Physical Education & Sports sciences. 2010;5:120-
129. 

205. Apolinário-Souza T, Romano-Silva MA, de Miranda DM, et al. The primary 
motor cortex is associated with learning the absolute, but not relative, timing 
dimension of a task: A tDCS study. Physiol Behav. 2016;160:18-25. 

206. Seidel O, Ragert P. Effects of transcranial direct current stimulation of primary 
motor cortex on reaction time and tapping performance: A comparison between 
athletes and non-athletes. Front Hum Neurosci. 2019;13:103. 

207. Baldauf D. Chunking movements into sequence: The visual preselection of 
subsequent goals. Neuropsychologia. 2011;49(5):1383-1387. 

208. Esser S, Haider H. Action-effects enhance explicit sequential learning. Psychol 
Res. 2018;82(6):1113-1129. 

209. Jantzen K, Steinberg F, Kelso J. Functional MRI reveals the existence of modality 
and coordination dependent timing networks. Neuroimage. 2005;25(4):1031-
1042. 

210. Wang Y, Wang J, Zhang QF, et al. Neural Mechanism Underlying Task-Specific 
Enhancement of Motor Learning by Concurrent Transcranial Direct Current 
Stimulation. Neurosci Bull. 2022;Online ahead of print. 

211. Boroda E, Sponheim SR, Fiecas M, Lim KO. Transcranial Direct Current 
Stimulation (tDCS) Elicits Stimulus-Specific Enhancement of Cortical Plasticity. 
NeuroImage. 2020;211:116598. 



 

129 

212. Kornysheva K, Diedrichsen J. Human premotor areas parse seqeunces into their 
spatial and temporal features. eLife. 2014;3:e03043. 

213. Yokoi A, Arbuckle S, Diedrichsen J. The role of human primary motor cortex in 
the production of skilled finger seqeunces. J Neurosci. 2018;38(6):1430-1442. 

214. Sun F, Miller L, Rao A, D'Esposito M. Functional connectivity of cortical 
networks involved in bimanual motor sequence learning. Cereb Cortex. 
2007;17:1227-1234. 

215. Ninomiya T, Inoue K, Hoshi E, Takada M. Layer specificity of inputs from 
supplementary motor area and dosral premotor cortex to primary motor cortex in 
macaque monkeys. Sci Rep. 2019;9(1):18230. 

216. Arai N, Muller-Dahlhaus F, Murakami T, et al. State-dependent and timing 
dependent bidirectional associative plasticity in the human SMA-M1 network. J 
Neurosci. 2011;31(43):15376-15383. 

217. Edwards L, King E, Buetefisch C, Borich M. Putting the "Sensory" into 
sensorimotor control: The role of sensorimotor integration in goal-directed hand 
movements after stroke. Front Integr Neurosci. 2019;13(16):1-15. 

218. Bikson A, Name A, Rahman A. Origins of specificity during tDCS: Anatomical 
activity-selectivity, and input bias mechanisms. Front Hum Neurosci. 
2013;Neurosci(7):688. 

219. Cross K, Cook D, Scott S. Convergence of proprioceptive and visual feedback on 
neurons in primary motor cortex. bioRxiv. 2021;[Preprint]. 

220. Heindorf M, Arber S, GB K. Mouse motor cortex coordinates the behavioral 
response to unpredicted sensory feedback. Neuron. 2018;99:1040-1054. 

221. Chandrasekaran C, Peixoto D, Newsome W, Shenoy K. Laminar differences in 
decision related neural activity in dorsal premotor cortex. Nat Commun. 
2017;8(1):614. 

222. Lemon R. Functional properties of monkey motor cortex neurones receiving 
afferent input from the hand and fingers. The Journal of physiology. 
1981;311:497-519. 

223. Vergallito A, Feroldi S, Pisoni A, Lauro L. Inter-individual variability in tDCS 
effects: A narrative review on the contribution of stable, variable, and contextual 
factors. Brain Sci. 2021;12(5):522. 

224. Kwon Y, Kang K, Con S, Lee N. Is effect of transcranial direct current 
stimulation on visuomotor coordination dependent on task difficulty? Neural 
Regen Res. 2015;10(3):463-466. 



 

130 

225. Kim J, Lee M, Yim J. Approach to transcranial direct current stimulation in 
improving cognitive motor learning adn hand function with the nintendo switch in 
stroke survivors. Med Sci Monit. 2019;25:9555-9562. 

226. Berlot N, Popp J, Diedrichsen J. A critical re-evaluation of fMRI signatures of 
motor sequence learning. Elife. 2020;9. 

227. Wong A, Krakauer J. Why are sequence representations in primary motor cortex 
so elusive. Neuron. 2019;103:956-958. 

228. Dayan E, Cohen LG. Neuroplasticity subserving motor skill learning. Neuron. 
2011;72(3):443-454. 

229. Kleim JA, Swain RA, Armstrong KA, Napper RM, Jones TA, Greenough WT. 
Selective synaptic plasticity within the cerebellar cortex following complex motor 
skill learning. Neurobiol Learn Mem. 1998;69(3):274-289. 

230. Classen J, Knorr U, Werhahn KJ, et al. Multimodal output mapping of human 
central motor representation on different spatial scales. J Physiol. 1998;512 ( Pt 
1)(Pt 1):163-179. 

231. Hess G, Aizenman CD, Donoghue JP. Conditions for the induction of long-term 
potentiation in layer II/III horizontal connections of the rat motor cortex. J 
Neurophysiol. 1996;75(5):1765-1778. 

232. Cantarero G, Spampinato D, Reis J, et al. Cerebellar direct current stimulation 
enhances on-line motor skill acquisition through an effect on accuracy. J 
Neurosci. 2015;35(7):3285-3290. 

233. Franklin DW, Wolpert DM. Feedback modulation: a window into cortical 
function. Curr Biol. 2011;21(22):R924-926. 

234. Nguemeni C, Stiehl A, Hiew S, Zeller D. No Impact of Cerebellar Anodal 
Transcranial Direct Current Stimulation at Three Different Timings on Motor 
Learning in a Sequential Finger-Tapping Task. Front Hum Neurosci. 
2021;15:631517. 

235. Schlerf JE, Galea JM, Bastian AJ, Celnik PA. Dynamic modulation of cerebellar 
excitability for abrupt, but not gradual, visuomotor adaptation. J Neurosci. 
2012;32(34):11610-11617. 

236. Hirano T. Purkinje Neurons: Development, Morphology, and Function. 
Cerebellum. 2018;17(6):699-700. 

237. Hansel C, Linden DJ. Long-term depression of the cerebellar climbing fiber--
Purkinje neuron synapse. Neuron. 2000;26(2):473-482. 



 

131 

238. Spampinato D, Celnik P. Temporal dynamics of cerebellar and motor cortex 
physiological processes during motor skill learning. Sci Rep. 2017;7:40715. 

239. Penhune VB, Doyon J. Cerebellum and M1 interaction during early learning of 
timed motor sequences. Neuroimage. 2005;26(3):801-812. 

240. Spampinato DA, Block HJ, Celnik PA. Cerebellar-M1 Connectivity Changes 
Associated with Motor Learning Are Somatotopic Specific. J Neurosci. 
2017;37(9):2377-2386. 

241. Paulus W. Transcranial electrical stimulation (tES - tDCS; tRNS, tACS) methods. 
Neuropsychol Rehabil. 2011;21(5):602-617. 

242. Knotkova H, Nitsche MA, Bikson M, Woods AJ. Practical guide to transcranial 
direct current stimulation: principles, procedures and applications. Springer; 
2019. 

243. He W, Fong PY, Leung TWH, Huang YZ. Protocols of non-invasive brain 
stimulation for neuroplasticity induction. Neurosci Lett. 2020;719:133437. 

244. Nitsche MA, Paulus W. Excitability changes induced in the human motor cortex 
by weak transcranial direct current stimulation. J Physiol. 2000;527 Pt 3:633-639. 

245. Nitsche MA, Seeber A, Frommann K, et al. Modulating parameters of excitability 
during and after transcranial direct current stimulation of the human motor cortex. 
J Physiol. 2005;568(Pt 1):291-303. 

246. Bhattacharya A, Mrudula K, Sreepada SS, et al. An Overview of Noninvasive 
Brain Stimulation: Basic Principles and Clinical Applications. Can J Neurol Sci. 
2022;49(4):479-492. 

247. Ehsani F, Bakhtiary A, Jaberzadeh S, Talimkhani A, Hajihasani A. Differential 
effects of primary motor cortex and cerebellar transcranial direct current 
stimulation on motor learning in healthy individuals: a randomized double-blind 
sham-controlled study. Neuroscience research. 2016;112:10-19. 

248. Rawji V, Ciocca M, Zacharia A, et al. tDCS changes in motor excitability are 
specific to orientation of current flow. Brain Stimul. 2018;11(2):289-298. 

249. Galea JM, Jayaram G, Ajagbe L, Celnik P. Modulation of cerebellar excitability 
by polarity-specific noninvasive direct current stimulation. J Neurosci. 
2009;29(28):9115-9122. 

250. Stagg CJ, Antal A, Nitsche MA. Physiology of Transcranial Direct Current 
Stimulation. J ECT. 2018;34(3):144-152. 



 

132 

251. Kronberg G, Bridi M, Abel T, Bikson M, Parra LC. Direct Current Stimulation 
Modulates LTP and LTD: Activity Dependence and Dendritic Effects. Brain 
Stimul. 2017;10(1):51-58. 

252. Van Dun K, Bodranghien FC, Mariën P, Manto MU. tDCS of the cerebellum: 
where do we stand in 2016? Technical issues and critical review of the literature. 
Frontiers in human neuroscience. 2016;10:199. 

253. Kumari N, Taylor D, Signal N. The Effect of Cerebellar Transcranial Direct 
Current Stimulation on Motor Learning: A Systematic Review of Randomized 
Controlled Trials. Front Hum Neurosci. 2019;13:328. 

254. Weightman M, Brittain JS, Miall RC, Jenkinson N. Direct and indirect effects of 
cathodal cerebellar TDCS on visuomotor adaptation of hand and arm movements. 
Sci Rep. 2021;11(1):4464. 

255. Voegtle A, Terlutter C, Nikolai K, Farahat A, Hinrichs H, Sweeney-Reed CM. 
Suppression of Motor Sequence Learning and Execution Through Anodal 
Cerebellar Transcranial Electrical Stimulation. Cerebellum. 2023;22(6):1152-
1165. 

256. Spampinato DA, Celnik PA, Rothwell JC. Cerebellar-Motor Cortex Connectivity: 
One or Two Different Networks? J Neurosci. 2020;40(21):4230-4239. 

257. Wessel MJ, Park CH, Beanato E, et al. Multifocal stimulation of the cerebro-
cerebellar loop during the acquisition of a novel motor skill. Sci Rep. 
2021;11(1):1756. 

258. Schlerf JE, Galea JM, Spampinato D, Celnik PA. Laterality Differences in 
Cerebellar-Motor Cortex Connectivity. Cereb Cortex. 2015;25(7):1827-1834. 

259. Behrangrad S, Zoghi M, Kidgell D, Mansouri F, Jaberzadeh S. The effects of 
concurrent bilateral anodal tDCS of primary motor cortex and cerebellum on 
corticospinal excitability: a randomized, double-blind sham-controlled study. 
Brain Struct Funct. 2022;227(7):2395-2408. 

260. Batsikadze G, Moliadze V, Paulus W, Kuo MF, Nitsche MA. Partially non-linear 
stimulation intensity-dependent effects of direct current stimulation on motor 
cortex excitability in humans. J Physiol. 2013;591(7):1987-2000. 

261. Bikson M, Paulus W, Esmaeilpour Z, Kronberg G, Nitsche MA. Mechanisms of 
acute and after effects of transcranial direct current stimulation. Practical guide to 
transcranial direct current stimulation: principles, procedures and applications. 
2019:81-113. 

262. Waters-Metenier S, Husain M, Wiestler T, Diedrichsen J. Bihemispheric 
transcranial direct current stimulation enhances effector-independent 



 

133 

representations of motor synergy and sequence learning. J Neurosci. 
2014;34(3):1037-1050. 

263. Kang EK, Paik NJ. Effect of a tDCS electrode montage on implicit motor 
sequence learning in healthy subjects. Exp Transl Stroke Med. 2011;3(1):4. 

264. Tseng SC, Chang SH, Hoerth KM, Nguyen AA, Perales D. Anodal Transcranial 
Direct Current Stimulation Enhances Retention of Visuomotor Stepping Skills in 
Healthy Adults. Front Hum Neurosci. 2020;14:251. 

265. Meek AW, Greenwell DR, Poston B, Nishio H, Riley ZA. Anodal M1 tDCS 
enhances online learning of rhythmic timing videogame skill. bioRxiv. 
2023:2023.2011. 2022.568299. 

266. Miniussi C, Harris JA, Ruzzoli M. Modelling non-invasive brain stimulation in 
cognitive neuroscience. Neurosci Biobehav Rev. 2013;37(8):1702-1712. 

267. Bortoletto M, Pellicciari MC, Rodella C, Miniussi C. The interaction with task-
induced activity is more important than polarization: a tDCS study. Brain Stimul. 
2015;8(2):269-276. 

268. Emadi Andani M, Villa-Sanchez B, Raneri F, Dametto S, Tinazzi M, Fiorio M. 
Cathodal Cerebellar tDCS Combined with Visual Feedback Improves Balance 
Control. Cerebellum. 2020;19(6):812-823. 

269. Hamada M, Strigaro G, Murase N, et al. Cerebellar modulation of human 
associative plasticity. J Physiol. 2012;590(10):2365-2374. 

270. Shah B, Nguyen TT, Madhavan S. Polarity independent effects of cerebellar 
tDCS on short term ankle visuomotor learning. Brain Stimul. 2013;6(6):966-968. 

271. Oldrati V, Schutter D. Targeting the Human Cerebellum with Transcranial Direct 
Current Stimulation to Modulate Behavior: a Meta-Analysis. Cerebellum. 
2018;17(2):228-236. 

272. Shadmehr R, Smith MA, Krakauer JW. Error Correction, Sensory Prediction, and 
Adaptation in Motor Control. Annu Rev Neurosci. 2010;33:89-108. 

273. Antal A, Varga ET, Nitsche MA, et al. Direct current stimulation over MT+/V5 
modulates motion aftereffect in humans. Neuroreport. 2004;15(16):2491-2494. 

274. Fricke K, Seeber AA, Thirugnanasambandam N, Paulus W, Nitsche MA, 
Rothwell JC. Time course of the induction of homeostatic plasticity generated by 
repeated transcranial direct current stimulation of the human motor cortex. J 
Neurophysiol. 2011;105(3):1141-1149. 

275. Flow. Medication-free depression treatment - Flow Neuroscience. 2023; 
https://www.flowneuroscience.com. 



 

134 

276. Caputron. Shop Research Grade tDCS Devices And Accessories | Caputron. 
2023; https://caputron.com/collections/research-and-clinical. 

277. Galea JM, Vazquez A, Pasricha N, de Xivry JJ, Celnik P. Dissociating the roles of 
the cerebellum and motor cortex during adaptive learning: the motor cortex 
retains what the cerebellum learns. Cereb Cortex. 2011;21(8):1761-1770. 

278. Walsh RR, Small SL, Chen EE, Solodkin A. Network activation during bimanual 
movements in humans. Neuroimage. 2008;43(3):540-553. 

279. Haith AM, Krakauer JW. The multiple effects of practice: skill, habit and reduced 
cognitive load. Curr Opin Behav Sci. 2018;20:196-201. 

280. Vergallito A, Feroldi S, Pisoni A, Romero Lauro LJ. Inter-Individual Variability 
in tDCS Effects: A Narrative Review on the Contribution of Stable, Variable, and 
Contextual Factors. Brain Sci. 2022;12(5). 

281. Furuya S, Klaus M, Nitsche MA, Paulus W, Altenmuller E. Ceiling effects 
prevent further improvement of transcranial stimulation in skilled musicians. J 
Neurosci. 2014;34(41):13834-13839. 

282. Branscheidt M, Kassavetis P, Anaya M, et al. Fatigue induces long-lasting 
detrimental changes in motor-skill learning. Elife. 2019;8. 

283. Franek M, Mates J, Radil T, Beck K, Poppel E. Finger tapping in musicians and 
nonmusicians. Int J Psychophysiol. 1991;11(3):277-279. 

284. Workman CD, Fietsam AC, Rudroff T. Transcranial Direct Current Stimulation at 
4 mA Induces Greater Leg Muscle Fatigability in Women Compared to Men. 
Brain Sci. 2020;10(4). 

285. Weller S, Derntl B, Plewnia C. Sex matters for the enhancement of cognitive 
training with transcranial direct current stimulation (tDCS). Biol Sex Differ. 
2023;14(1):78. 

 

 

 

 

 



 

 

CURRICULUM VITAE 

Anthony Wilhite Meek 

 

EDUCATION 

Indiana University, Indianapolis, IN 
 Doctor of Philosophy in Health and Rehabilitation Sciences, a concentration in 

Neuroscience (2024) 
 

Indiana University, Indianapolis, IN 
 Master of Science in Kinesiology (2014) 

 
DePauw University, Greencastle, IN 

 Bachelor of Science in Education Studies, Minor in Kinesiology;  
graduated Cum Laude (2012) 

 
 
PROFESSIONAL EXPERIENCE 
 
 
Indiana University, Indianapolis, IN       Aug 2012 – May 2020 
Graduate Teaching Assistant, Department of Kinesiology, School of Health and Human 
Sciences, IUPUI, Indianapolis, IN.  
  
Researcher, Dr. Riley Neural Control Lab,       March 2014 - Present 
Department of Kinesiology, School of Health and Human Sciences 
  
TEACHING EXPERIENCE 
 
Indiana University-Purdue University-Indianapolis (IUPUI) 

Undergraduate 

 (P397) Biomechanics – 6 semesters (3 cr.) 
 (P391) Biomechanics Laboratory – 10 semesters (3 cr.) 
 (P215) Introduction to Kinesiology Laboratory – 3 semesters (3 cr.) 
 (P200) Microcomputers (Technology) in Kinesiology – 9 semesters (3 cr.) 
 (E111) Introduction to Basketball – 10 semesters (1 cr.) 
 (E121) Conditioning and Weight Training – 2 semesters (1 cr.) 
 (E 211) Advanced Basketball – 1 semester (1 cr.) 
 Intermediate Weight Training – 2 semesters (1 cr.) 
 (E102) Group Exercise – 2 semesters (1 cr.) 



 

 

Invited Lecturer 
 

Franklin College 

 “Kinesiology Research Laboratory,” Organization and Administration, 2018.  
Instructor: Adam Heavrin 
 

 “Olympic lifting for athletic power development,” Methods of Strength and 
Conditioning, 2015. 

Instructor: Adam Heavrin 
 

 “The basics of Olympic lifting,” Methods of Strength and Conditioning, 2014.  
Instructor: Adam Heavrin 

 

RESEARCH EXPERIENCE 
 
 
Peer-reviewed manuscripts 
 

1. A.W. Meek, D. Greenwell, B.J. Poston, Z.A. Riley. Anodal M1 tDCS enhances 
online learning of rhythmic timing videogame skill. bioRxiv [In Review]. 
2023.11.22.568299. https://doi.org/10.1101/2023.11.22.568299 

 
2. M.A. Wilson, D. Greenwell, A.W. Meek, B.J. Poston, and Z.A. Riley. 

Neuroenhancement of a dexterous motor task with anodal tDCS. 
BrainRes.2022; 1790,147993. https://doi.org/10.1016/j.brainres.2022.147993 

 
3. A.W. Meek, A.M. Heavrin, A.E. Mikesky, N.A. Segal, and Z.A. Riley. Subject 

factors influencing blood flow restriction in the arm at low cuff pressures. Clin 
Physiol Funct Imaging. 2022; 42(4):233-240. https://doi.org/10.1111/cpf.12752 

 
4. A.W. Meek, J. Perez, B.J, Poston, and Z.A. Riley.  Cortical Representation and 

excitability increases for a Thenar Muscle Mediate Improvement in Short-Term 
Cellular Phone Text Messaging Ability. Brain Sci. 2021; 11(3):406. 
https://doi.org/10.3390/brainsci11030406 

 
5. Meek, A. W., Greenwell, D., Poston, B.J., & Riley, Z. A. Anodal tDCS 

accelerates on-line learning of dart throwing. Neurosci lett. 2021; 764, 136211. 
https://doi.org/10.1016/j.neulet.2021.136211 

 
 
 
 
 



 

 

Abstracts 
 

1. A.W. Meek, A. Heavrin, N.A. Segal, and A.E. Mikesky. KAATSU Cuff 
Tightness and Limb Anthropometry: Effect on Blood Flow Restriction. Medicine 
and Science in Sports and Exercise. Abstracts #3006, 2014. 

 
2. Heavrin, A.W. Meek, N.A. Segal, and A.E. Mikesky. Initial KAATSU Cuff 

Tightness: Effect of Limb Anthropometrics on Blood Flow Restriction. IV NSCA 
International Conference, Murcia, Spain, June 26 – 28, 2014. 

 
3. A.W. Meek., A. Heavrin, A., N.A. Segal, and A.E. Mikesky. KAATSU Cuff 

Tightness and Limb Anthropometry: Effect on Blood Flow Restriction. Poster 
session presented at IUPUI Research Day, 2014. 

 
4. Heavrin, A.W. Meek, A., N.A. Segal, and A.E. Mikesky. Initial KAATSU Cuff 

Tightness: Effect of Limb Anthropometrics on Blood Flow Restriction. IUPUI 
Research Day, 2014. 

 
5. N.R. Eckert, A.W. Meek, K. Smith, J.C. Williams and Z.A. Riley. Cutaneous 

Silent Period Characteristics are Dependent on the Organization of Upper Limb 
Muscles. IUPUI Research Day, 2014. 

 
6. N.R. Eckert, A.W. Meek, K. Smith, J.C. Williams, and Z.A. Riley. Cutaneous 

Silent Period Characteristics are Dependent on the Organization of Upper Limb 
Muscles. Society for Neuroscience Abstracts #63.04, 2014. 

 
7. A.W. Meek, N.R. Eckert, K. Smith, J.C. Williams, and Z.A. Riley. Effect of 

Cutaneous Silent Period on Cortical Output in Proximal-Distal Muscles in the 
Upper Limb. Society for Neuroscience Abstracts #63.07, 2014. 

 
8. Z.A. Riley, A.W. Meek, J. Williams, and N.R. Eckert. Correlates between Motor 

Cortical Output and Control of the Digits during Common-Practiced Hand 
Dexterity Tasks. Society for Neuroscience Abstracts #249.15, 2014. 

 
9. A.W. Meek, J.W. Streepey, and Z.A. Riley. Determinants of Fatigue in the 

Biceps Brachii During Blood Flow Restriction Training. Medicine and Science in 
Sports and Exercise: S000, 2016. 

 
10. B. Wind, A.W. Meek, M. Godza, and Z.A. Riley, K.M. Naugle. The Effect of 

Transcranial Direct Current Stimulation on Conditioned Pain Modulation in 
Healthy Older Adults. Society for Neuroscience Abstracts #390.08, 2018 

 
11. N. Zdanowicz, A.W. Meek, D. Greenwell, M. Wolfe, and Z.A. Riley.  M1 tDCS 

does not influence performance of a fine-motor skill tweezer task. Society for 
Neuroscience Abstracts #402.02, 2018  

 



 

 

12. A.W. Meek, D. Greenwell, M. Wolfe, B.J. Poston, and Z.A. Riley.  The use of 
tDCS to enhance learning of a dart throwing task. Society for Neuroscience 
Abstracts #402.10, 2018 
 

13. M. Wolfe, A. Zakeresfahani, M. Wilson, A.W. Meek, B.J. Poston, and Z.A. 
Riley.  Performance of a timing-based hand dexterity video game with M1 tDCS. 
Society for Neuroscience Abstracts #402.12, 2018 

 
14. J. Perez, A.W. Meek, and Z.A. Riley. Variant Target Effects on Motor Learning 

through tDCS. Annual Biomedical Research Conference for Minority Students 
Abstracts #267, 2018  

 
15. M. Wolfe, J. Perez, A.W. Meek, B.J. Poston, Z.A. Riley.  Cerebellar tDCS 

Improves Performance of a Timing-Based Video Game More than M1 tDCS or 
Practice Alone. Society for Neuroscience Abstracts #759.06, 2019  

 
16. A.W. Meek, J. Perez, M. Wolfe, A. Bockelman, K. Harbison, C. Lasher, B.J. 

Poston, Z.A. Riley. Dextrous Timing-Based Video Game Performance with 
Complementary Transcranial Direct Current Stimulation of the Primary Motor 
Cortex and Cerebellum. Society for Neuroscience Abstracts #759.11, 2019 

 
 
PRESENTATIONS 
 

 J. W. Streepey, M. Urtel, and A.W. Meek. How tablets are used to improve 
technology knowledge in kinesiology students. Advanced Learning Symposium, 
IUPUI, 2014. 

 
 A.W. Meek. “Transcranial Direct Current Stimulation – Augmenting 

neuroplasticity to improve neurorehabilitative outcomes.”  Medicine beyond 
Medication: Rethinking Brain Health Conference, Grand Rapids, MI. Oct. 9, 
2015. (Invited Speaker) 

 
 
SERVICE  
 
Committees 

 PETM Graduate Research Committee Co-Student Representative, 2015 – 2017 

 PETM Graduate Research Committee Student Representative, 2013 – 2015 

 
 
 
 



 

 

Service to the Field 
 

 Volunteer Resistance Training Consultant, Football and Girls Basketball, 
Rushville Consolidated High School, 2020 – 2023 

Coach: Isaac Sliger 
 Volunteer speaker, after school program for athletes, “Nutrition for Recovery and 

Supplements,” Rushville Consolidated High School, 2019 
Leader: Greg Pratt 

 Consultant Motor Learning projects for motor learning studies, 2019 
Instructor: Dr. Kyra Noerr 

 Invited presentation, Advanced Health Topics, “Supplements and PEDs,” 
Rushville Consolidated High School, Fall 2017 

Teacher: Jake Hedrick 
 Consultant Biomechanics Lab and Course Content, 2017 – 2021  

Instructor: Adam Heavrin 
 Consultant Doppler ultrasound blood flow measure and Kaatsu protocols, 2015 – 

2016.  
Instructor: Adam Heavrin 

 
Service to the Profession 
 

 Peer reviewer – European Journal of Applied Physiology 
 
PROFESSIONAL MEMBERSHIPS 
 

 Society for Neuroscience  
 National Strength and Conditioning Association 

o Certified Personal Trainer 
o Certified Strength and Conditioning Specialist 

 


