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site to record MEPs from target muscle. A TMS coil was held in an angle of 45° to the 

saggital plane. _____________________________________________________________ 79 

Figure 21. Determination of RMT. The program is started with the number of 37. Each 

time a successful try (an MEP ≥ 0.05 µV) is replied by pressing ‘Y’ key and failure by ‘N’. 

The protocol is stopped when the number of trials reach 20. A number at this trial is the TMS 

intensity (% MSO) for RMT. _________________________________________________ 80 

file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718958
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718958
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718958
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718958
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718958
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718958
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718959
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718959
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718959
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718959
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718959
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718959
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718960
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718960
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718960
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718960
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718961
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718961
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718961
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718961
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718961
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718962
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718962
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718962
file:///C:/Users/masou/Desktop/Maryam%20Goli/Thesis%20(Maryam%20Hassanzahraee)-track%20changes%20version.docx%23_Toc64718962


 
 

xii 
 

Figure 22. Sequential visual isometric task (SVIPT), A. Participant sits infront of screen 

displaying sequences of target forces and positions the hand to precisely pinch grip the 

transducer between index and thumb. B. Each measurement set consists of three blocks, each 

block includes eight trials, and each trial has seven target forces (10, 15, 20, 25, 30, 35, 40 

%MVC) in a random order. __________________________________________________ 85 
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Thesis Abstract 

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

technique for the induction of changes in the activity and excitability of the brain. Long-term 

potentiation- (LTP) like plasticity is induced when anodal tDCS (a-tDCS) is applied over the 

primary motor cortex (M1). There is a large number of studies providing evidence that within 

certain limits, the respective stimulation effect on CSE depends linearly on the intensity (up 

to 1 mA) and duration (up to 13 min) of a-tDCS (Nitsche and Paulus 2000, 2001; Nitsche et 

al. 2003). The assumption of the generally linear association was challenged by more recent 

studies, which showed a reduction or even reversal of tDCS-induced excitability alterations 

with specific current intensities and/or stimulation durations (Monte-Silva et al. 2013; 

Bastikadze et al. 2013; Lopez-Alonso et al. 2014; Tremblay et al. 2016; Vignaud et al. 2018, 

Agboada et al. 2019). It has been shown that specific parameters of a-tDCS can induce 

different effects in different individuals including expected, less or no change, and reversal of 

the effects on CSE. This is called response variability consisting of responder and non-

responder (Wiethoff-off et al. 2014; Lopez-Alonso et al. 2014, 2015; Amman et al. 2017).  

 While, not much is known about the exact stimulation parameters for reversals, and non-

linearities, as well as underlying mechanisms, therefore, the studies introduced in this thesis 

are motivated by the need to explore if changing duration and intensity of stimulation would 

affect the effect of a-tDCS on corticospinal excitability (CSE) and even reverse it. Moreover, 

it was aimed to investigate if changes on CSE following a-tDCS would coincide with 

reduction or even reversal of the effects in a motor performance task such as sequential 

visuo-isometric pinch task (SVIPT). 

To achieve the above-mentioned aims, two preliminary studies including systematic review 

and reliability study were conducted and resulted in two published papers. Study 1 
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systematically reviewed the literature to investigate how different priming-test protocols on 

M1 affect CSE in healthy individuals. The findings revealed that, based on the homeostatic 

pattern, the priming stimulation would reduce or reverse the effects of the test protocol if both 

protocols have the same effect on CSE. However, based on a non-homeostatic pattern, the 

outcome would be boosted if these protocols reduce the CSE changes or even push it in 

opposite direction. Then, the reliability and variability of motor evoked potential (MEP), as 

an index of CSE, were investigated in Study 2. The findings suggested high reliability and 

low variability when the inter-trial interval (ITI) increased from 5 to 15s. Thereafter, three 

primary studies were conducted that resulted in three journal submissions, two of which have 

been published with one under-review. In Studies 3 and 4, it was aimed to determine the a-

tDCS duration and intensity thresholds for reversal of the effects on CSE. The results 

indicated the duration threshold at ≥ 26 min when using a-tDCS of 1mA. Besides, there 

would be the intensity threshold at ≥ 1mA with a-tDCS used for 26 min. Lastly, Study 5, it 

was aimed to investigate if duration and intensity threshold for reversal of CSE following a-

tDCS also translated into the reversal of the behavioral effects using SVIPT. The present 

findings demonstrate no reversal of tDCS effects on performance, but improved performance 

with intensified tDCS protocols. The reversal threshold for tDCS effects on cortical outcome 

measures might be different compared to the threshold for behavioral outcome measures.  
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Thesis Outline 

The thesis will provide a body of work investigating a-tDCS duration and intensity thresholds 

for reversal of the effects on CSE and motor performance (Figure 1).  

 

  

 
Chapter 1 presents a background to the topic and important concepts in this thesis to anchor the 

framework of the research field that this thesis is related to. The introduction provides several 

sections about the physiology of the cerebral cortex, M1, corticospinal tract, a general 

description of NIBS techniques with a focus on tDCS as a neuromodulatory technique, and the 

underlying mechanism behind its effects on M1. It also introduces TMS as an investigational 

tool for assessment of the CSE, and intracortical excitability mechanisms behind the CSE 

changes. Moreover, there is a general explanation regarding the motor performance test utilised 

in the last study of this thesis (Chapter 7). 

Figure 1 Chapter outline and thesis structure 
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Chapter 2 presents currently available advice about the safety of TMS as the main assessment 

tool in the current thesis. TMS was used in all experiments of this thesis to evaluate changes in 

CSE and intracortical mechanisms behind the changes in CSE. 

Chapter 3 presents a systematic review and meta-analysis of current literature about how 

different priming-test protocols on M1 affect CSE in healthy individuals.  

Chapter 4 presents the intra-rater reliability of the assessor (MHZ) for the recording of TMS-

induced MEPs as an index for CSE. This study aimed to investigate intra- and inter-session 

reliability, variability, and changes in the size of peak-to-peak MEP amplitude at different ITIs 

(5, 10, 15, and 20s) recording from first dorsal interossei (FDI) muscles at rest. 

Chapter 5 and 6, present two double-blinded cross-over randomised experiments that were 

carried out to determine the “duration” and “intensity” thresholds for reversal of a-tDCS effects 

on CSE in healthy individuals.  

Chapter 7, presents a study using SVIPT to investigate if reversal of CSE following a-tDCS 

applications is also translated into the reversal of the behavioural effects. 

Chapter 8, the final Chapter, presents general conclusions to link the findings of these 

experiments and provide recommendations for future research. 
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Chapter 1 - General Introduction 

1.1 Overview of Research Problem 

Non-invasive brain stimulation (NIBS) techniques are widely used to investigate and modulate 

cortical/corticospinal excitability (CSE) and plasticity of the M1. These techniques could be 

used in both healthy populations and those with different neurological or psychological 

disorders. Among different types of NIBS techniques, transcranial magnetic stimulation (TMS) 

and transcranial direct current stimulation (tDCS) are the most common forms used to 

investigate mechanisms behind brain neuroplasticity as well as their therapeutic applications. 

The effects of different NIBS techniques on CSE are measured by the changes in the amplitude 

of TMS-induced MEPs. These changes in CSE could outlast the period of stimulation, and these 

after-effects depend on the parameters such as intensity and duration of stimulation (Nitsche and 

Paulus 2001, 2001). The primary aim of the current thesis is to enhance our understanding of 

how changes in the parameters of anodal transcranial direct current stimulation (a-tDCS) affect 

CSE which is a cortical outcome measure. The secondary aim is to investigate if the same 

effects are also happening in a behavioural outcome measure such as motor performance.  

Although several studies have successfully reproduced NIBS expected after-effects and the 

expected changes in CSE, recent studies on these protocols have shown that the responses to 

these NIBS protocols are rather variable (Wiethoff et al. 2014; Lopez-Alonso et al. 2014, 2015; 

Hordacre et al. 2015; Vallence et al. 2015; Ammann et al. 2017; Vignaud et al. 2018). Several 

biological, physiological, and technical factors affect the efficacy and utility of the NIBS 

techniques that could be considered as probable sources of both inter-and intra-individual 
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response variabilities (Ridding and Ziemann, 2010). Figure 2, summaries the project conceptual 

framework explaining factors affecting response variabilities to the tDCS technique.   
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Several important technical factors including stimulation duration, current intensity, polarity, 

number of NIBS applications, and the interval between these applications can affect this 

response variability. In this thesis, we mainly focused on the “duration” and “intensity” of 

stimulation. Among the factors listed above, the "history of the synaptic activity" is affected by 

both duration and intensity of NIBS techniques and modifies the effect of the stimulation on 

CSE (Hordacre et al. 2015). The history of synaptic activity is associated with a bidirectional 

synaptic modification threshold of synaptic plasticity between long-term potentiation (LTP) and 

long-term depression (LTD) (Karabanov et al. 2015; Muller-Dahlhaus and Ziemann, 2015). 

Therefore, if the level of the synaptic history is excessively high or low, it may slide the 

modification threshold, and therefore instead of the expected effect of the stimulation, we may 

see the reversal of the effects due to the counter-regulatory (homeostatic) mechanisms. For 

example, the modification threshold decreases at a low level of synaptic activity, thereby 

favoring the probability of subsequent LTP instead of LTD, and vice versa.  

On the other hand, if the modification threshold does not slide excessively toward excitation or 

inhibition because of a moderate level of synaptic history, the effect of the stimulation will be as 

expected to regulate through regulatory mechanisms (non-homeostatic) (Bienestock et al. 1982; 

Abbot and Nelson, 2000; Cooper and Bear, 2012). This sliding modification threshold enables 

Figure 2 Conceptual framework of the current thesis. TDCS affects response variability 

through different biological, physiological, and technical factors. These factors modify synaptic 

history, which in turn slide modification threshold toward more excitation or inhibition depends on 

the level of synaptic history. The threshold sliding will activate metaplasticity mechanisms to help 

the brain, keeping its neural activity within an optimal physiological range. These mechanisms 

include regulatory (result in expected effect) and counter-regulatory (result in non-expected effect) 

mechanisms. This mechanism activation therefore would result in response variability. In this 

thesis, two technical factors including stimulation duration and intensity were mainly studied. The 

two other factors of biological and physiological controlled as confounding variables. 
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the brain to keep its neuronal activity within a physiological range avoiding runaway harmful 

excitation or inhibition (Ziemann and Siebner, 2008). 
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1.2 Overview of Current State of Literature 

NIBS techniques are widely used to probe, modulate, and measure cortical excitability and 

plasticity in the human cortex. These techniques could be used in both healthy individuals and 

those with psychological (Gershon et al. 2003; Kincses et al. 2004; Fregni et al. 2005; George et 

al. 2007) or neurological (Uy et al. 2003; Boggio et al. 2007; Bolognini et al. 2009; Benninger et 

al. 2010) disorders. NIBS techniques could be used as the alternative therapeutic technique in 

different pathologies. These techniques show many distinct advantages over pharmacological 

approaches specifically in inducing therapeutic effects on neurological disorders such as 

Parkinson’s disease and stroke (Floel, 2014; Marquez et al, 2015). The NIBS techniques have 

achieved significant improvements in the last three decades. These techniques could not only 

complete the effect of conventional therapies and rehabilitation but also represent an option to 

the surgical procedures. TMS and tDCS have seen much attention in recent years as the two 

most common non-invasive and easy to administer techniques. TMS is a neuro-stimulation 

technique that acts at a supra-threshold level while tDCS is a cost-effective neuro-modulation 

technique. TMS is used as an assessment tool to investigate the effect of tDCS as an easy-to-use 

and reusable tool both in research and clinical applications. Application of tDCS over the brain 

motor areas has become the core of interest for motor recovery and rehabilitation in clinical 

conditions (Kuo and Nitsche, 2012; Coffman et al. 2014).  
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1.3 Response variability following NIBS 

Recent studies have revealed high response variability following NIBS techniques (Muller-

Dahlhaus et al. 2008; Doeltgen and Ridding, 2010; Gamboa et al. 2010; Moliadze et al. 2012; 

Lopez-Alonso et al. 2014; Wiethoff et al. 2014; Chew et al. 2015; Strube et al. 2015; Tremblay 

et al. 2016; Amman et al. 2017) with 30-50 % of participants showing no ‘expected effect’ 

following stimulation. This response variability, indeed, confirms the non-linear effects of 

stimulation parameters on changes in CSE. The assumption of a generally linear association 

between stimulation intensity/duration and LTP-like plasticity was challenged by many recent 

studies, which showed a reduction and even reversal of tDCS-induced excitability alterations 

with specific stimulation duration and/or current intensities (Monte-Silva et al., 2013; 

Bastikadze et al., 2013; Lopez-Alonso et al., 2014; Tremblay et al., 2016). 

In 2013, Monte-Silva et al. showed that doubling the duration of a-tDCS with an intensity of 1 

mA from 13 to 26 min reverses the excitatory effect of the stimulation (Monte-Silva et al. 2013). 

Another study in 2013, demonstrated that using c-tDCS with the intensity of 2mA has increased 

the effect on CSE opposite to the expected reduction (Bastikadze et al. 2013). This finding was 

confirmed with a crossover study in 2014 using 2mA a- and c-tDCS for 10 min on the left M1. 

The authors in this study found no reduction of CSE following c-tDCS and only a small overall 

increase, with high variability, in CSE following a-tDCS (Wiethoff et l. 2014). Also, another 

study in 2014, comparing three different NIBS techniques of a-tDCS (13min, 1mA), paired 

alternative stimulation (PAS25), intermittent theta-burst stimulation (iTBS) did not find an 

effect of any techniques on CSE following the stimulation (Lopez-Alonso et al. 2014). 

Following these studies, a more recent study utilized two common duration of a-tDCS i.e., 10 

and 20 min in combination with two intensities of 1 and 2 mA (Tremblay et al., 2016). The 

finding did not reveal any differences following these set-ups in post-stimulation measurements.  
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Over the last two decades, there has been increasing evidence of links between NIBS induced 

CSE enhancement, skill training (Hummel et al. 2005; Hummel and Cohen, 2005; Fregni et al. 

2005; Hunter et al. 2009; Reis et al. 2009; Matsu et al. 2011) and motor performance (Nitsche et 

al. 2003; Hummel et al. 2010). The functional changes have been indicated to coincide with 

changes in CSE (Cicinelli et al. 1997; Traversa et al. 1997; Classen et al. 1998; Muellbacher et 

al. 2001; Lotze et al. 2003; Perez et al. 2004; Jensen et al. 2005) in both healthy individuals 

(Pascual-Leone et al. 1998; Bütefisch et al. 2004; Kim et al. 2004) and those with different 

pathological conditions (Uy et al. 2003; Hummel & Cohen 2005; Kim et al. 2006). 

Altogether, the optimal parameters of tDCS – such as stimulation duration, and intensity – 

crucially need to be taken into consideration both in the realm of research and its clinical 

application in future studies. Optimization of a-tDCS parameters can have a profound impact on 

its efficacy for enhancement of CSE and possibly motor performance. 

Although tDCS has huge potentials for experimental and clinical applications, the response 

variability has raised serious concerns about the utility of tDCS as a neuromodulatory technique. 

Current tDCS protocols show high inter-individual variability which means that these protocols 

with the same parameters do not affect different individuals as expected (Wiethoff et al. 2014; 

Lopez-Alonso et al. 2014, 2015; Ammann et al. 2017). This, indeed, confirms the need for a 

comprehensive investigation to determine the modification threshold for both the “duration” and 

“intensity” threshold for the reversal of a-tDCS effects on CSE. This may lead to the reduction 

of response variability during the application of tDCS. Moreover, it is worth noting that 

although this reversal of NIBS-induced plasticity may happen in cortical outcome measures, it is 

unclear whether behavioral outcome measures might be also similarly affected (reversed).  
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1.4 Overview of Original Contribution to Knowledge 

In the current thesis a book chapter, two preliminary studies (Chapters 3 and 4), and 3 main 

studies (Chapters 5 - 7) were completed to achieve the thesis aims in the thesis outline. The 

publications of this thesis that contributed to the current base of knowledge are listed below: 

Chapter 1: presents a background to the important concepts in the current thesis. It includes 

several sections such as the general description of the central nervous system, NIBS techniques 

with a focus on tDCS as a neuromodulatory technique, and the underlying mechanism behind its 

effects on M1. It also introduces TMS as an investigational for assessment of the CSE, and 

intracortical excitability. Moreover, there is a general explanation regarding the motor 

performance test utilised in the last study of this thesis (Chapter 7). 

Chapter 2: provides a comprehensive guideline regarding the safety of the TMS as an 

assessment tool that is a need in clinical and research streams. Moreover, sometimes regardless 

of comprehensive safety evaluation, there is still an out-of-control incident that needs the 

complete awareness of the assessor to all potential risks (refer to a published Letter to Editor, 

Hassanzahraee, et al. 2019). 

Chapter 3: reveals that based on the nature, duration, and magnitude of the priming and test 

protocols, different effects of stimulation on CSE would be expected from priming-test 

protocols. It is also concluded that the prior state of neural activity would affect the expected 

effect of stimulation on CSE changes 

Chapter 4: shows that the increase in TMS ITI not only increases the reliability of TMS-

induced MEPs but also reduces the chance of MEP variability as well as the improved size of 

MEP amplitude, 

Chapter 5: determines a duration threshold for reversal of the excitability-enhancing effect of a-

tDCS with the stimulation durations ≥ of 26 min.  
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Chapter 6: determines an intensity threshold of ≥ 1mA for 26 min a-tDCS to reverse LTP- into 

LTD-like plasticity. 

 It is also discussed that counter-regulatory mechanisms would be a mechanistic foundation for 

the reversal of effects in both duration and intensity thresholds to prevent excessive brain 

activation, and finally, 

Chapter 7: demonstrates no reversal of tDCS effects on performance, but improved 

performance with intensified tDCS protocols. The return points of tDCS effects might thus 

differ between resting-state physiology and task-related states. 

Chapter 8: presents a general discussion to link the findings of the studies within the current 

thesis, states the limitation of the current thesis, and provides recommendations for future 

research.  
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1.5 Anatomy and physiology of the central nervous system  

This section provides a brief review of anatomical/ physiological characteristics of the central 

nervous system (CNS) including the human motor system. It is essential to provide the relevant 

introductions to cortical structures as the main target of tDCS in the studies of the current thesis. 

Further sub-sections on the neurophysiology of CNS would also provide the basis of the NIBS 

mechanisms as both an assessment and intervention tool. 

1.5.1 The Cerebral Cortex 

The primary motor cortex is the main emphasis of tDCS application in this thesis; therefore, the 

investigation will be focused on the regions of the cerebral cortex involved in motor control. The 

cerebral cortex, the ‘gray matter’ of the brain, is the outer layer of cerebrum neural tissue, and its 

thickness is about 3 -4 mm (Edelman and Mountcastle, 1978, Taylor, 1999). It contains two-

thirds of the brain mass and covers most structures within the brain. It is the most highly 

developed part of the brain that regulates the most information processing in the brain. The 

cerebral cortex is divided into four lobes (Figure 3): frontal, temporal, parietal, and occipital. 

This classification is based on both anatomical landmarks of sulci and gyri, and the distinct 

functional significance of each lobe such as motor, somatosensory, and visual. 

Typically, there are six layers in the cerebral cortex: Layer I, closest to cortex outer layer, to 

layer VI, preceding the white matter (Figure 4). Each layer is primarily differentiated by the 

presence or absence of cell types. The neurons of the cerebral cortex are distributed in horizontal 

and columnar organizations. Each layer thickness depends on the function of the related cortical 

region (Dinse et al. 2013). 
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Figure 3. Cerebral Cortex. The illustration of cerebral cortex, depicting four lobes of frontal, parietal, 

temporal, and occipital. These lobes contain sensory, motor, and association areas. Adapted from: 

Pearson Education, 2009. 
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1.5.2 Horizontal Organization 

The cerebral cortex layers are numbered in Roman numeral from superficial to deep. Typically, 

there are six layers in the cerebral cortex: Layer I, closest to cortex outer layer, to layer VI, 

preceding the white matter (Figure 4). Each layer is primarily differentiated by the presence or 

absence of cell types. The neurons of the cerebral cortex are distributed in horizontal and 

columnar organizations. Each layer thickness depends on the function of the related cortical 

region (Dinse et al. 2013). Layer I (Molecular layer) contain the apical dendrites of pyramidal 

cells and distal branches of axons located in the thalamus projecting to the cortex. Layer II 

(External Granular layer) contains the medium size of Stellate cells. Layer III (External 

Pyramidal layer) contains small Pyramidal cells. Layer IV (Internal Granular layer) contains 

Stellate cells. Layer V (Internal Pyramidal layer) contains large Pyramidal cells projecting to the 

corpus striatum, brain stem, and spinal cord. Layer IV (Multiform layer) contains modified 

Pyramidal cells projecting to the thalamus. 

The cerebral cortex layers are functionally divided into three parts: 1) Supra-Granular layers 

(layers I to III) are the primary origin and termination of intracortical connections, either 

associational (same hemisphere connections) or commissural (interhemispheric connections via 

corpus callosum). 2) Internal Granular layer (layer IV) receives the afferents from thalamic relay 

nuclei and is most prominent in the primary sensory cortices, 3) Infra-Granular layers (layers V 

& VI) primarily connect the cerebral cortex to subcortical regions and are most developed in 

motor cortical areas. 
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There are two main neuronal cell types in the cerebral cortex: Pyramidal (projection neurons) 

and non-pyramidal (interneurons) cells. The cell type can determine the layer function of 

receiving or sending information to other areas: 1) Pyramidal cells with perpendicular 

orientation are found in layers II-VI but most prevalent in layers III and V (Porter and Lemon, 

1993). The dendrites of these cells extend horizontally and vertically to all layers to form an 

extensive network and are giving rise to the most corticobulbar and corticospinal fibers 

Figure 4. Cerebral cortex layers. The common six layers of cerebral cortex depicting the locations of 

Axons and denrites (layer I), layer II: the Stellate cells, layer III: the Pyramidal cells, layer IV: the 

Stellate cells, layer V: the Betz and layer IV: the Fusiform cells. Adapted from: Brodmann K, 1909. 
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(Rothwell, 1991). ‘Betz cells’, the extremely large pyramidal cells, are found in layer V with 

apical dendrites extended to layer I. The axons of these cells are sent down to the spinal cord to 

synapse with anterior horn cells that directly synapse to their target muscles. The primary 

neurotransmitter for pyramidal cells is amino acid glutamate (Kandel et al. 2000) which is a 

facilitatory neurotransmitter. 2) Non-pyramidal cells (Stellate cells, Granular neurons) form 25% 

of neurons and act as interneurons in the motor cortex (Rothwell, 1991). These cells have 

existed in layers II-VI but are prominently found in layer IV. Their dendrites are radially 

extended with axons that exclusively remain in the cortex. ‘Basket cells’ are the most prevalent 

stellate cells in the motor cortex that make inhibitory contact to pyramidal neurons. The primary 

neurotransmitter for stellate cells is gamma-aminobutyric acid (GABA) (Jones, 1982; Meyer, 

1987) which is an inhibitory neurotransmitter. As will be further discussed, the main target cells 

of neurostimualtory TMS pulses are ‘Betz cells’ in the corticospinal tract. 

 

1.5.3 Columnar Organization 

Cortical columns are the vertical units of cells that are working together in addition to cortical 

layers. These columns are consisted of many mini-columns, a narrow chain of neurons, bonding 

by horizontal connections and extended vertically from layers II-VI, perpendicular to the pia 

matter (Edelman and Mountcastle, 1978). The cortical columns, with the majority of inhibitory 

ones, form an extensive synaptic connection between neurons (Jones, 1983). Each column is a 

complex processing unit that connects to adjacent columns and other cortical regions through 

extensive horizontal connections (Edelman and Mountcastle, 1978). Although the stimulation of 

each motor column may activate a single muscle, the activation of several muscles is more 

common to produce a coordinated movement.    
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1.6 Excitatory and inhibitory neurotransmitters in Cerebral Cortex 

Glutamate is the major excitatory neurotransmitter (Castro-Alamancos and Borrell, 1993; 

Aoyama and Nakaki, 2013) while, Gamma-aminobutyric acid (GABA) is the major inhibitory 

neurotransmitter in the central nervous system (CNS) (Vicario-Abejon et al. 2000; Basile, 2002; 

Kubota et al. 2003; Szabo et al. 2014). As will be further discussed, the neurostimulatory TMS 

technologies that assess cortical facilitation do so by measuring the activity of Glutamatergic 

neurons and measure cortical inhibition via the activity of GABAgeric neurons (Kujirai et al., 

1993). 

1.6.1 Glutamate in the CNS 

Glutamate is released in the synaptic cleft by the depolarized excitatory neurons, pyramidal 

cells, via calcium-dependent channels (Nicoll et al. 1990; McCormick, 1992) (Figure 5). There 

are two types of glutamatergic receptors: metabotropic (mGluRs) and ionotropic (iGluRs). Both 

receptors are activated in postsynaptic plasticity with different speeds and duration of induced-

changes (Honore et al. 1982; Zhang et al. 2013). iGluRs have three subtypes: N-methyl-D-

aspartate (NMDA), amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainite 

receptors (Furukawa et al.2005). iGluRs bind to the released glutamate and get activated. The 

activation of iGluRs results in a postsynaptic depolarizing current. AMPA and kainite receptors 

respond to the released glutamates by opening Na+ channels (Perkinton et al. 1999). In NMDA 

receptors, binding with glutamate removes the Mg2+ and increasing the permeability of the 

membrane to Ca2+ (Song and Huganir, 2002; Paoletti and Neyton, 2007). Activation of NMDA 

and AMPA receptors modifies the strength of the synaptic connection. Prolongation of Ca2+ may 

lead to long-term changes in gene expression (Perkinton et al. 1999), synaptic plasticity, and 

behavior (Kelley et al. 2003). Changing the number of glutamate receptors may induce long-
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term potentiation (LTP) if increased, or long-term depression (LTD), if decreased (Song and 

Huganir, 2002; Anggono and Huganir, 2012, Bassani et al. 2013, Henley and Wilkinson, 2013). 

 

 

 

 

 

 

 

 

 

 

  

A B 

Figure 5. Glutamate Receptors. A simple model of Glutamate receptors and the excitatory effects of 

glutamergic mechanisms in the formation of long-term potentiation (LTP). A. In resting membrane 

potential state, Na+ is just allowed to enter the post-synaptic neuron through AMPAR, while Mg2+ bind to 

NMDAR and prevent any ion enterance. B. During depolarization, releasing glutamate affect either 

AMPAR to increase Na + influx or NMDAR that remove Mg 2+ and increase Ca2+ influx into the post-

synaptic neuron/ cell. Adapted from: Malekna et al. 1999. 
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1.6.2 GABA in the CNS 

GABA is synthesized and stored in the neuronal grey matter and plays a major role in motor 

cortex plasticity (Sheikh et al. 1999) (Figure 6). GABA metabolism is also associated with 

Glutamate existed in the presynaptic terminals of GABAergic neurons (Sheikh et al, 1999). 

GABA inhibits pyramidal cells in the motor cortex (Momiyama, 2002), has an essential role in 

isolating and precision of movements (Ridding et al. 1995), and important in neuroplasticity 

(Jacobs and Donoghue, 1991; Ziemann et al. 2001). Changes in local GABA concentration seem 

to be in association with changes in glutamate concentration. This cooperation of GABAergic 

and glutamatergic neurons maintain excitation/ inhibition balance in the motor cortex. This 

balance modulation furtherly affects motor learning and plasticity (Krause et al, 2013). GABA 

has two main receptors: GABAA and GABAB. Both receptors are involved in the regulation of 

ion concentrations (Momiyama and Koga, 2001). GABAA is the most widespread GABA 

receptor, directly acts on post-synaptic chloride membrane channels and increases the influx of 

chloride (Cl-). This causes membrane hyperpolarization and increases the firing threshold. These 

receptors have a rapid inhibitory effect (Homanics et al. 1997). GABAB receptors are 

extensively located in pre-and post-synaptic cells (Misgeld et al. 1995) and act on potassium and 

calcium channels. These receptors increase the potassium or decrease calcium conductance and 

have a slow inhibitory effect (Kerr and Ong, 1995).    
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Figure 6. GABA Receptors. A simple model of GABA receptors and the inhibitory effects of 

GABAergic mechanisms. GABA is synthesized in the pre-synaptic terminals from glutamine. GABA is 

released into the synapse and would bind to either GABAA (to increase the influx of Cl-) or GABAB (to 

increase the K+ conductance). Adapted from: Govindpani et al. 2017. 
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1.7 Cortical motor regions 

The motor cortex is primarily located in the frontal lobes, anterior to the central gyrus, and 

responsible for motor control of human movements. It comprises three main motor areas (Figure 

7): 

• The premotor cortex (PMC) is responsible for higher aspects of movement including 

planning and initiating voluntary movement (Leonard, 1997), 

• The supplementary motor area (SMA) is responsible for sequential movement planning 

and coordinating bilateral movements (Brinkman & Porter, 1979; Tanji & Kurata, 1982), 

• The M1 is responsible for generating commands to a specific muscle or muscle groups 

through the corticospinal tract. It is also highly involved in motor skill learning (Sanes 

and Donoghue, 2000) and changes in motor representations (Pascual-Leone et al. 1994). 

In the current thesis, the a-tDCS is used to modulate the excitability of the M1. The M1 

will be explained in detail in the following section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 7. The cortical motor regions of the brain: Premotor Cortex (PMC), Supplementory Motor Area (SMA), 

Primary Motor Cortex (M1). Adapted from: thebrain.mcgill.ca 
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1.8 The Primary Motor Cortex (M1) 

M1 is one of the principal brain areas that play an essential role in the execution of voluntary 

movements. M1 is in the precentral gyrus area of the frontal lobe of the cerebral cortex (Garey, 

1994). It is characterized by the lack of granule cells in layer IV, and the presence of Betz cells 

in layer V (Meyer, 1987). Rapid cortical plasticity, including decreased inhibition or increased 

excitability, occurs following stimulation and/or learning in this area. The extensive cortico-

cortical horizontal connections between excitatory glutamatergic pathways that are influenced 

by GABAergic inhibitory interneurons (Dounghue, 1995; Hess et al, 1994, 1996) provide a basis 

for cortical plasticity in M1. The M1 receives sensory afferent related to the activity of muscles 

through the thalamus and primary somatosensory cortex (Ghosh and Porter, 1988).  The M1 also 

has additional afferents from PMC, cingulate motor area, and area 5 of the parietal cortex 

(Muakkassa & Strick 1979; Ghosh et al. 1987; Tokuno & Tanji 1993). Finally, there are 

transcallosal afferents from the contralateral M1 (Sloper & Powell 1979), and sparse 

transcallosal inputs from the contralateral premotor areas (Rouiller et al. 1994). M1 is 

functionally organized in a somatotopic manner called “Motor Homunculus” (Figure 8); it 

depicts a disproportionate map of the body in the M1in which each area innervating a part of the 

body. Larger representations in M1 are related to fine movements including hand and fingers. 

Smaller parts are related to the body regions characterized by gross movements, such as legs 

(Geyer et al., 1996). 
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The M1 output projections consist of direct connections from pyramidal cells of layer V to the 

spinal cord via the corticospinal tract. In the next section, the anatomy of the corticospinal tract 

is briefly explained. 

  

Figure 8. Penfield’s motor homunculus. A schematic cross-section though the pre-central gyrus 

depicting the general principle of somatotopy. Direct electrical stimulation of different points along the 

pre-central gyrus evokes movements of different body parts. The section is taken at roughly the level 

indicated by the line through the brain on the left. The representation of the body is distorted, with a 

disproportionate volume of cortex devoted to the hand 
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1.9 The Corticospinal Tract 

Axons that comprise the corticospinal tract originate in the frontal lobe, pass through the internal 

capsule, midbrain, pons, and medullary pyramids. The tract divides into lateral and ventral 

tracts.  

The lateral tract (Figure 9A) has the majority of axons originating from M1 and some from other 

sensorimotor areas. It crosses at the pyramidal decussation, between the medulla and spinal cord 

(Chouinard and Paus, 2006). It makes synapses in the ventral horn of the spinal cord with the 

motor neurons that innervate limb muscles to regulates voluntary movement (Jaillard et al. 

2003). The ventral tract (Figure 9B) has the axons from M1 and the PMC that remain uncrossed 

and descend ipsilaterally. It makes synapses in the ventral columns of the thoracic spinal cord 

innervate axial and proximal muscles (Nathan et al, 1990) to regulate voluntary movements 

associated with postural control (Jaillard et al. 2003). 
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A B 

Figure 9. Corticospinal tract. Axons from corticospinal neurons leave the cortex via the internal 

capsule and project through the midbrain, pons and medulla before decussating to form A. the lateral 

corticospinal tract, or continuing uncrossed to form B. the ventral corticospinal tract. Adapted from: 

Blumenfold, 2010. © Sinauer Associates, Inc. 

 



 
 

51 
 

In chapters 5 to 7, the function of excitatory (glutamatergic) and inhibitory (GABA) 

mechanisms are evaluated in the motor cortex to investigate the possible mechanisms behind the 

reversal of the expected CSE effects by a-tDCS. Identification of the duration and intensity 

thresholds for reversal of the stimulation effect is a novel concept that was investigated in this 

thesis.  

To better understand the function of interneurons in the brain, the next sections briefly explain 

the neurochemistry of the excitatory and inhibitory mechanisms. 
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1.10 Neuroplasticity in the CNS 

Neuroplasticity is defined as a property of the nervous system to undergo reconfiguration of 

both structural and functional neural organizations in response to internal and external stimuli 

(Li et al. 2014). Specifically, neuroplasticity has been demonstrated in the regions of the brain 

responsible for the execution of voluntary movements (Sanes and Donoghue, 2000). This 

reorganization can occur under physiological (learning from experience), and pathological 

(injury or disease) events (Sanes and Donoghue, 2000). This means that the brain reconfigures 

itself through forming new inter-neuronal connections, modifying the internal structure of 

existing synapses (cellular modification), and increasing neuronal survival rates following an 

injury (Karmarkar and Dan, 2006). The ability to induce or optimize neuroplasticity 

experimentally can be used to have a depth-insight-understanding of neural systems and 

consequently develop more effective treatment protocols in various neurological disorders 

(Ridding and Rothwell, 2007). These neuronal properties can be altered through the use of the 

kind of electrical current stimulation (Nitsche and Paulus, 2001). During the last two decades, 

the interest in NIBS techniques has been raised as methods for investigation of the 

neuroplasticity in the intact human brain and also as a therapeutic tool. NIBS techniques are 

capable of inducing short-lasting plasticity in the brain (Ziemann et al., 2008). 

  



 
 

53 
 

1.10.1 Synaptic plasticity 

Synaptic plasticity refers to the changes at a synaptic level as an increase or decrease in strength 

or efficiency of synapses in response to changes in their activity. Synaptic plasticity includes 

two broad stages of rapid plastic changes in pre-existing connections and the slower 

establishment of new connections (Pascual-Leone et al. 2005). Synaptic plasticity can be 

regulated either pre-synaptically by changing the release of neurotransmitters or post-

synaptically by changing the number, types, or properties of neurotransmitter receptors (Kessels 

and Malinow, 2009). The two most important forms of long-lasting synaptic plasticity are LTP 

and LTD, characterized by a long-lasting increase (Bliss and Lømo, 1973) or a decrease in 

synaptic strength (Ito, 1989), respectively. These changes in synaptic strength arise from 

changes in neurotransmitter release and receptor expression and both LTP and LTD depend on 

changes in NMDA receptors (Lovinger, 2010; Kullmann and Lamsa, 2011; Hasan et al. 2013). 

1.10.2 Metaplasticty 

A metaplasticity is a higher-order form of synaptic plasticity that is tightly affected by the 

history of synaptic activity (Abraham, 2008). Metaplasticity includes homeostatic and non-

homeostatic mechanisms helping the brain to stabilize its neuronal activity within an optimal 

physiological range. Non-homeostatic mechanisms get activated if the level of prior neuronal 

activity is not very low or high. Indeed, the history of neural activity before the intervention 

remains within the brain optimal excitation-inhibition (LTP/LTD) limits. Therefore, the 

plasticity changes would lead to prolongation of the expected effect and result in late LTP- and 

LTD-like changes on CSE. The activation of these mechanisms would prevent excessive 

synaptic strengthening or weakening by diminishing and reversing the expected effects of 
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stimulation (Bienenstock et al, 1982; Zubieta et al, 2005; Benedetti, 2008; Muller-Dahlhaus et 

al, 2015; Karabanov et al, 2015). 

1.10.3 Modification Threshold and synaptic plasticity 

The threshold for induction of LTP or LTD (modification threshold) is dynamically adjusted to 

the level of synaptic activity through activation of different mechanisms (Hebbian rule: Hebb, 

1949; Bienenstock-Cooper-Munro (BCM) theory: Bienenstock et al. 1982; Turrigiano and 

Nelson, 2004). This means that a history of low synaptic activity would slide the modification 

threshold to induce more excitatory (LTP) effects and a history of high synaptic activity slides it 

to induce more inhibitory (LTD) effects (Bienenstock et al. 1982). This dynamic sliding of 

modification threshold is crucial to help the Brain to keep its neuronal activity within an optimal 

physiological range (Abraham, 2008; Hulme et al. 2013). The sliding of modification threshold 

activates different mechanisms including counter-regulatory (homeostatic) and non-counter 

regulatory (non-homeostatic) mechanisms based on the level of synaptic activity (Turrigiano 

and Nelson, 2004; Ziemann and Siebner, 2008). The activation of these mechanisms will result 

in non-expected and expected responses, respectively (Muller-Dahlhause and Ziemann, 2015; 

Karabanov et al. 2015), and this is called response variability.  

In this thesis, we are identifying the “duration” (Chapter 5) and “intensity” (Chapter 6) 

modification thresholds which is a novel step for reduction of inter-individual variability in 

response to the application of a-tDCS. 

 

NIBS techniques in general and tDCS as the technique used in this thesis will be described in 

detail in the following sections. 
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1.11 NIBS techniques 

In the past two decades, the NIBS technique has become a prominent tool for both research and 

clinical applications that non-invasively alter neural activity as well as neural plasticity. NIBS 

techniques can be divided into neurostimulatory and neuromodulatory techniques.  

1.11.1 Neurostimulatory techniques 

Transcranial magnetic stimulation (TMS) is a neurostimulatory technique used to non-invasively 

stimulate the human brain to cause action potentials. TMS induces a current flow 

perpendicularly to the applied magnetic field (Rothwell, 1997) to trigger neuronal action 

potentials (Wassermann et al. 2008). TMS could depolarize both inhibitory interneurons and 

cortical excitatory pyramidal cells that contribute to the corticospinal tract (Rothwell et al. 

1999). It can be used as an assessment or therapeutic technique. TMS is applied in three 

different ways: Single-pulse TMS, Paired- and Triple-pulse TMS, and long trains of stimuli 

(repetitive TMS or rTMS). Single (Laakso et al, 2018) and paired-pulse TMS (Valero-Cabré et 

al. 2017) is mostly used as an assessment tool for measuring corticospinal and intracortical 

excitability, respectively. rTMS is used as a therapeutic tool to induce neuroplastic changes 

within the cortex using different high or low frequencies (Fitzgerald et al. 2006; Rossi et al. 

2009).  

In chapters, 4 - 6 presented in this thesis, single- and paired-pulse TMS are used as an 

assessment tool that will be explained in full detail later in this chapter. 

1.11.2 Neuromodulatory techniques 

Transcranial electrical stimulation (TES) is an umbrella term referring to a group of NIBS 

techniques that do not stimulate cortical neurons. Indeed, these techniques only modulate the 
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cortical activity and make it more positive or more negative by manipulating ion channels 

depends on the characteristics of the applied currents. TES techniques include transcranial 

random noise stimulation (tRNS), transcranial alternating current stimulation (tACS), and 

transcranial direct current stimulation (tDCS) (Gebodh et al. 2019). TRNS is a non-invasive 

electrical stimulation of the brain whereby a weak alternating current oscillating at random 

frequencies is delivered through the scalp using a pair of electrodes (Chaieb et al. 2009). TACS 

is the application of a low-intensity alternating electrical current (Paulus, 2011). TDCS is the 

application of a direct current to the brain (Nitsche and Paulus, 2001). 

TDCS is the most popular among different TES techniques. Its effects are dependent on the 

polarity of the applied current. TDCS devices are portable, inexpensive, and a painless technique 

with no serious side effects that is feasible for home-based use. It can be used as an adjunct or 

stand-alone intervention in psychological or neurological disorders.  

TDCS is the intervention of interest in this thesis. It will be described in more detail in the 

following section.  

  



 
 

57 
 

1.12 Transcranial direct current stimulation (tDCS) 

TDCS is a relatively easier and cheaper neuromodulatory technique to administer that modulates 

the neural activity of the cortex compared to other forms of NIBS such as TMS. It is applied 

through a very weak direct current (typically 1-2 mA) using a pair of saline-soaked surface 

sponge electrodes to a region of interest in the brain (Nitsche and Paulus 2000, 2001; Nitsche et 

al. 2008). TDCS is a technique that can affect neuronal excitability and induce neuroplastic 

changes in the human brain (Priori et al. 1998, Nitsche and Paulus, 2000, 2001; Nitsche et al. 

2007; Stagg and Nitsche, 2011; Jamil et al. 2017). Membrane potential changes induced by 

chemical neurotransmission, either pre-or post-synaptically, may play an important role in tDCS 

effects (Liebetanz et al. 2002). TDCS modulates neuronal excitability at subthreshold levels and 

therefore does not directly induce any action potentials (Nitsche et al. 2005). The current comes 

from an active or target electrode (anode or cathode), passes through the brain tissues, and 

finally recovered by a reference or return electrode (Bikson et al., 2010). Depending on the 

stimulation polarity, tDCS increases or decreases the neuronal excitability in the stimulated area 

(Priori et al. 1998; Wagner et al. 2007; Rowny & Lisanby 2008). Cathodal tDCS (c-tDCS), 

application of the negatively charged electrode (cathode) over the target area of stimulation, 

leads to hyperpolarization of cortical neurons, indicating decreased CSE and has an inhibitory 

effect. On the other hand, anodal tDCS (a-tDCS), application of the positively charged electrode 

(anode) over the target area of stimulation, results in cortical depolarization, indicating increased 

CSE and has an excitatory effect (Nitsche & Paulus 2000; Nitsche & Paulus 2001) (Figure 10). 

For research purposes, sham-tDCS is a third kind of stimulation that consists of a false 

stimulation used to compare the after-effects of a-and c-tDCS.  

The changes in CSE can be measured using TMS-induced MEPs from respective muscles (refer 

to section 1.14 for further detail). 



 
 

58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TDCS is used as an investigatory tool for the understanding of brain function including 

depression (Brunoni et al. 2016), cognitive enhancement (Hsu et al. 2015), decision making 

(Fecteau et al. 2007), and chronic pain (Lefaucheur et al. 2008). TDCS is also used as a 

therapeutic technique. Clinically, tDCS has been introduced as a tool in post-stroke patients to 

improve limb motor function (Boggio et al. 2007; Elsner et al. 2016) and memory rehabilitation 

(Jo et al. 2009). 

  

A 

B. Cathodal tDCS A. Anodal tDCS 

Figure 10. TDCS electrodes placement of M1-supraorbital (SO). A. a-tDCS. The anode is placed 

over the M1 (the target muscle i.e. FDI), and the cathode is placed over the contralateral supraorbital 

ridge. B. c-tDCS of the M1. The electrodes placement is reversed. (Red electrode: Anode; blue electrode: 

Cathode) 
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1.12.1 TDCS montages  

Conventional vs. High Definition tDCS 

There are two common types of tDCS montages: conventional and high definition (HD). In 

conventional tDCS (Figure 11A), a battery-powered waveform or current generator device is 

used to deliver a constant electrical current flow through two large electrodes. A constant current 

is delivered with an intensity of (0.2 – 2mA) for durations of 15 – 40 min with electrode sizes of 

(25 – 35cm2) that have been considered to be safe (Nitsche et al. 2008; Stagg and Nitsche, 2011; 

Woods et al. 2016). At the point of electrode-skin contact, the non-uniformed current diffusion 

leads to the low current density that would shunt across the scalp (Suh et al. 2009) and stimulate 

different neuron populations (Radman et al. 2009). On the other hand, near the electrode edges, 

there will be high current density zones due to the edge-effect (Miranda et al. 2006, 2009; 

Minhas et al. 2011). Therefore, large surface area electrodes are preferably used to minimize the 

high currents at the electrode-skin contact and diffuse current zones at the electrode edges. The 

tDCS electrode montage affects the electric field of the cortex. The most commonly used 

montage is bicephalic in which both electrodes are placed on the scalp at different regions 

(Nitsche and Paulus, 2000). As a limitation of this montage is the difficulty on the return 

electrode effect-isolation (Purpura and Mcmurtry, 1965), and therefore, in some cases, an extra-

cephalic return electrode is preferred (Cogiamanian et al. 2007; Im et al. 2012). There is still a 

controversy regarding the effect of the inter-electrode distance on the brain field strength; while 

an enhancement was reported following the distance increase (Miranda et al. 2006), another 

study found the greater effect by the relative electrode’s placement (Wagner et al. 2007; 

Moliadze et al. 2010). 

In high definition tDCS (HD-tDCS) (Figure 11B), Datta et al. (2009) have shown that using the 

arrays of smaller electrodes makes it possible to confine the current flow and enhance brain 
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targeting by the modulation of limited areas. HD-tDCS has a montage of an active electrode 

surrounding with multiple (four or more) return electrodes to produce more focused current flow 

restricted within the ring of return electrodes. The common HD-tDCS configuration is arranged 

in a 4 x 1 ring in which the center electrode confirms the polarity. The ring radius determines the 

modulation area due to the purpose of application (Datta et al. 2009). HD-tDCS is diffused 

effectively in the skin and corticospinal fluid (CSF), not the skull, and can be controlled inside 

the ring (Minhas et al. 2010). HD-tDCS can deliver a targeted dosage to desired regions using 

computer models of current flow. Although HD-tDCS was found to have more effective in a 

pilot study with long-lasting motor cortex excitability (Russowsky et al. 2011; Kuo et al. 2013), 

and less diffused current (Dmochowski et al. 2011; Muthalib et al. 2017), the impact of 

electrode configurations, the strength of stimulation and possible modulation mechanisms of this 

protocol are still under-investigation. Therefore, the main reason for choosing conventional 

tDCS in this thesis was the fact of the most common use of this montage in the literature, 

realistic understanding of the mechanisms behind its effects, and to make it possible to compare 

the findings of both expected and non-expected effects of tDCS.  
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1.12.2 TDCS dosimetry and excitability effects 

The number of induced neuromodulatory effects in the brain and brain electrical fields depends 

on the stimulation duration and current intensity (Priori et al. 1998; Nitsche & Paulus 2000; 

Nitsche & Paulus 2001; Nitsche et al. 2003; Iyer et al. 2005). The initial concept of linear dose-

response effect suggested in earlier studies (Nitsche and Paulus 2000, 2001) was based on the 

notion of the direct linear relationship between the applied current intensities and/or duration of 

tDCS application and the size of induced CSE in healthy participants. Recent studies have 

challenged this concept showing no, minor, or reversal of the tDCS effects on CSE using 

different stimulation duration and/ or intensities (Monte-Silva et al., 2013; Bastikadze et al., 

2013; Lopez-Alonso et al., 2014; Tremblay et al., 2016). It is revealed the more complex and 

non-linear relationship between electrical dose and stimulus-response that higher electrical doses 

do not necessarily produce greater increases in CSE. This means that the same tDCS parameters 

and montage commonly applied among different individuals without the consideration of their 

anatomical and physiological differences, may consequently affect the response variability to 

tDCS as it has been shown through recent studies (Wiethoff et al. 2014; Lopez-Alonso et al. 

2014, 2015; Li et al. 2015; Amman et al. 2017). According to the increased use of tDCS both in 

the clinical and experimental application, this starts to make concerns regarding its 

reproducibility (Jacobson et al. 2011; Berryhill et al. 2014). Therefore, current literature has 

attempted to optimize the use of tDCS through optimal electrode montage and current dosage 

for tDCS using different ways such as computational modeling of current flow (Kessler et al., 

2013; Turski et al., 2017) however, these efforts are still under investigation. This optimization 

Figure 11. tDCS montages and electrical current flow. A. Conventional tDCS of M1-SO and B. 4 x1 

HD-tDCS montage on M1. The bar shows the strength of field intensity with red show the maximum 

mostly near the active electrode to blue as minimum while moving away from the active electrode center. 

The field intensity is more diffused in conventional tDCS compared to more focused in HD-tDCS. 

Adapted from: "Neuromodulation for Neuroergonomics" talk by Marom Bikson 2018. 
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of tDCS parameters can have a profound impact on its efficacy on CSE changes and possibly 

motor performance. This, therefore, confirms the need for a comprehensive investigation to 

determine the modification threshold for both the “duration” and “intensity” threshold for the 

reversal of a-tDCS effects on CSE. This may lead to the reduction of response variability during 

the application of tDCS. 
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1.12.3 The effects of tDCS on Intracortical excitability 

The neuro-modulatory effects of tDCS are predominantly affected by the polarization of 

intracortical interneurons and not cortico-spinal neurons (Nitsche et al. 2015). These effects are 

determined by the neuronal orientation and the direction of the electric field. 

TDCS affects the membrane potential through voltage-gated sodium and calcium (Ca2+) 

channels by opening and allowing an inward influx of sodium and calcium to depolarize the 

neuron by changing the electrochemical gradient.  Ca2+ is essential in the induction of 

neuroplasticity and its fluctuations will induce either a potentiation (LTP) or a depression (LTD) 

at the postsynaptic level (Bennett, 2000; Lisman, 2001). 

A-tDCS of the M1 increases intracellular Ca2+ concentration (Islam et al. 1995; Bikson et al. 

2004). Therefore, a-tDCS over the target area of stimulation results in cortical depolarization, 

inducing increased CSE (Nitsche and Paulus 2000, 2001). 

Also, neuropharmacological studies reveal that the glutamate receptor N-methyl-D-aspartate 

(NMDA)-dependent mechanisms are mainly involved in the aftereffects of tDCS and controlled 

the synaptic plasticity (Li and Tsien, 2009). This determines the increase of glutamate (Glu) 

concentrations following a-tDCS. These changes are accompanied by the local reduction of the 

neurotransmitter gamma-Aminobutyric acid (GABA) concentrations under the anode over M1 

(Stagg et al. 2009). A significant decrease in GABA levels in response to a-tDCS with effects 

developing during stimulation and persisting for at least 30 min following stimulation (Bachtiar 

et al. 2015). 

Therefore, an increase of CSE following a-tDCS is multifactorial and certainly is driven by 

modulation of both GABAergic and glutamatergic mechanisms (Nitsche et al., 2004; Stagg et 

al., 2009; Stagg and Nitsche, 2011). 
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1.12.4 TDCS protocol used in this Thesis 

In 2013, Monte-Silva et al. reported that 26 minutes of a-tDCS (1mA) completely reversed the 

effects of stimulation on CSE (Monte-Silva et al. 2013). This study has been chosen as the core 

of Studies 3 – 5 in this thesis to investigate the “duration” and “intensity” thresholds of a-tDCS 

effects on CSE. Table 5 shows the a-tDCS parameters used in this thesis: 

Table 5 A- tDCS parameters used in Studies 3 – 5 in this thesis. 

 Study/ Chapter 

Parameter Study 3/ Chapter 5 Study 4/ Chapter 6 Study 5/ Chapter 7 

Stimulation A-tDCS A-tDCS A-tDCS and sham 

Intensity 1mA 
4 intensities: 

0.3, 0.7, 1, 1.5 mA 
0.7, 1, 1.5 mA 

Duration 
5 durations: 

22, 24, 26, 28, 30 min 
26 min 22, 26, 30 min 

Electrode size 5 x 7 cm2 

Electrode 

placement 

Target 

(Anode) 
Left M1 

Return 

(Cathode) 
Right Supraorbital area 

Current density 

(mA/cm2)  

(Anode and Cathode) 

0.028 
0.008, 0.02, 0.028, 

0.04 
0.02, 0.028, 0.04 

Total charges (C/cm2) 
0.61, 0.67, 0.72, 0.78, 

0.84 
0.2, 0.52, 0.72, 1.04 0.52, 0.61, 0.84, 1.04 

 

Most studies have used a conventional electrode montage of two large (7 x 5 cm2) rectangular 

rubber-sponge electrodes with the active electrode placed on the M1 and return electrode on the 

supraorbital ridge (SO) (Nitsche and Paulus, 2000). This montage was also used for the 
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application of a-tDCS in the studies presented in this thesis utilizing a battery-driven stimulator 

(NeuroConn, Germany) (Figure 12).  

  

Anode (M1) 

Cathode (SO) 

Anode (M1) 

Cathode (SO) 

Figure 12. A-tDCS montage (M1 – SO) used in the studies of this thesis. Target electrode 

(Anode) is placed on M1 of FDI, and return electrode (Cathode) is on supra-orbital ridge. Two 

perpendicular straps fix the active and return electrodes. 
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1.12.5 TDCS safety 

TDCS is assumed as a very safe method by the safety protocol introduced in 2003 (Nitsche et al. 

2003) however, it is critical to developing a precise experimental design to meet the desired 

safety parameters. The most commonly reported side effects of tDCS are transient cutaneous 

sensations such as tingling, itching, or a mild burning sensation and in rare cases, reports of 

slight pain (Poreisz et al., 2007; Fertonani et al., 2015). The recommended safety guideline was 

determined by McCreery et al. (1990) and Yuen et al. (1981) as 25 mA/cm2 for current density 

and 216 C/cm2 for the total charge (Yuen et al. 1981; McCreery et al. 1990). The following 

formulas are used to calculate current density and total charge in this thesis: 1. Current density 

(mA/cm2) = stimulus intensity (mA)/ electrode size (cm2), and 2. Total charge (C/cm2) = 

(stimulus intensity (mA)/ electrode size (cm2)) × stimulation duration. The calculated current 

densities of a-tDCS applied in this thesis (Chapters 5 – 7) were from 0.008 to 0.04 mA/cm2) and 

the total charges were between 0.22 to 1.11 C/cm2 which are far below the reported safety limit 

(216 C/cm2) (Yuen et al. 1981). 

Furthermore, research has been done to determine relevant parameters for the safe application of 

tDCS in humans. The studies on tDCS safety have shown no evidence of harmful effects on 

patients with frontal lobe disorder (Iyer et al. 2005). Iyer et al. (2005) evaluated 103 subjects in a 

safety study of tDCS (1 or 2 mA current intensity; 25 cm2 electrode size) and found no adverse 

effects on cognitive and psychomotor measures and electroencephalography (EEG) changes 

during or after 20 minutes of treatment (Iyer et al. 2005). Also, in their study on both healthy 

individuals and patients with stroke Gandiga et al. (2006) have shown that tDCS (1mA current 

intensity; 25 cm2 electrode size) elicited minimal discomfort, which consisted only of tingling 

sensations (Gandiga et al. 2006). Moreover, Poreisz et al. (2007) reported the following effects 

during 567 tDCS administrations (1mA current intensity; 35 cm2 electrode size) in 102 
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participants (comprised of 75.5% healthy subjects, 9.8% tinnitus patients, 8.8% migraine 

patients, and 5.9% post-stroke patients) over two years: a mild tingling beneath the electrodes in 

70.6% of the subjects, fatigue after treatment in 35.3%, and itching under the electrodes in 

30.4%. Headache (11.8%), nausea (2.9%), and insomnia (0.98%) were also reported. The 

authors concluded that tDCS is safe to use when safety guidelines are followed (Poreisz et al. 

2007). Recently, however, it was reported that the use of 2 mA tDCS for 20 min (5 days per 

week) resulted in skin damages in five patients after 2 weeks. These potential side effects should 

be explained to participants while using tDCS of 2 mA (Palm et al. 2008), or even with lower 

intensities in longer tDCS applications. Furthermore, under safe protocols tDCS is suggested to 

not causing heating effects under the electrodes (Nitsche & Paulus 2000), not increasing the 

serum neurone-specific enolase level (Nitsche & Paulus 2001; Nitsche et al. 2003b) and not 

resulting in changes of diffusion-weighted or contrast-enhanced MRI or pathological EEG 

changes. There is no data in the literature reporting epileptic jerks elicited by tDCS. 

Furthermore, no cortical oedema, necrosis, or alterations of the blood-brain barrier or cerebral 

tissue, nor any sign of cell death, were observed (Nitsche et al. 2003b; Nitsche et al. 2004). 

In conclusion, the parameters of a-tDCS used in Chapters 5 - 7 were selected based on the tDCS 

safety guidelines to ensure the safety of the participants. A-tDCS side effects were recorded at 

the beginning, middle, and end of the stimulation in all experimental sessions. All participants 

were asked to complete a form to record the side and adverse effects of a-tDCS (Keel et al. 

2001) (Appendix 6). The form contained rating scales for the presence and severity of common 

side effects such as itching, tingling, and burning sensation under the electrodes (Poreisz et al., 

2007; George and Aston-Jones, 2010), and other adverse effects including headache and pain 

during and after stimulation (Brunoni et al., 2011). The unpleasantness of any scalp sensation 

was rated via numeric analog scales (NAS) (i.e., 0 = no feeling to 10 = worst imaginable 
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sensation). All participants tolerated the applied currents very well and there was no interruption 

in experimental procedures due to the side- or adverse-effects of a-tDCS in Studies 3 - 5.  
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1.13 Tool for assessment of corticospinal and intracortical 

excitability  

TMS was introduced as a painless and non-invasive technique to stimulate the human motor 

cortex by Barker et al. (1985). TMS generates a magnetic pulse by a magnetic coil that is placed 

over the brain e.g., M1. This transient magnetic pulse passes through the tissues and scalp and 

produces an electrical current, known as Eddy current, in nearby conducting tissues (Figure 13). 

The induced electrical current can depolarize the cell membranes of cortical motor neurons and 

interneurons and stimulate them if the depolarization exceeds a threshold level.  TMS, as an 

assessment tool, has provided an important window into the neurophysiology underlying the 

effects of neuromodulatory techniques such as tDCS. TMS evaluates the integrity of the 

corticospinal tract and intracortical interneurons by applying a direct external stimulus to the 

brain (Hallet, 2000). 

Single and paired-pulse TMS has been widely used to evaluate the corticospinal and 

intracortical excitability in clinical and physiological studies (Pascual-Leone et al. 2000, Sanger 

et al. 2001, Anand and Hotson 2002, Chen et al. 2004, Di Lazzaro et al. 2004). In the present 

thesis, single- and paired-pulse TMS (Mag Pro R30 stimulator, Mag Venture, Denmark) was 

used to assess the level of CSE, intra-cortical inhibition (ICI), and intra-cortical facilitation 

(ICF). These two TMS protocols are described in detail in the following sections. TMS is also 

used to locate the M1 of the target muscle for application of the target electrode during tDCS 

applications (Nitsche et al. 2008). 
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The corticospinal tract conducts impulses from the M1 area to the spinal cord. These impulses 

stimulate the anterior horn cells in the spinal cord that in turn, stimulate any muscle triggered by 

TMS. This recording response from the muscle is called MEP. MEPs can be simply recorded by 

using surface electromyography (EMG) from the target muscle (Figure 14).  

 

 

 

  

Figure 13. TMS generated electrical field. In TMS, electric current within the coil generates a 

magnetic field toward the cerebral cortex passed the skull. The induced eddy current is opposite to the 

electric current in the coil. The eddy current stimulates interneurons and corticospinal neurons which 

may led to stimulation of the target muscle and induction of MEPs. Adapted from: Abo and Kakuda, 

2015. 
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1.13.1 TMS coil types 

 

There are different types of TMS coil designed for research and/or clinical use. The shape of the 

TMS coil affects the induced magnetic field that in turn influences the strength and localization 

of the generated electrical current into the cerebral cortex. The size of the coil is also important 

as the smaller coils produce more focused electrical fields (Cohen et al., 1990).  The most 

common-used TMS coils are single round and figure-of-eight/butterfly coils (two round coils) 

(Figure 15). A single round coil induces the strongest electrical field at the circumference and to 

the deeper brain regions which are less focal. The Figure-of-eight coil creates a more focal field 

to the superficial cortical regions and is less stimulating. The peak of field strength is induced at 

the intersection between two round windings (Cohen et al. 1990). In the Studies of 2 - 5 

presented in this thesis, a Mag-Venture figure-of-eight coil (70mm) was used.  

 

 

 

Figure 14. TMS induced MEPs. TMS coil is placed over the FDI hotspot on the scalp. The TMS 

magnetic filed generates Eddy current crossed via pyramidal Decussation, passed the corticospinal tract 

and recorded as the induced MEPs from the right FDI through surface EMG. Adapted from: Hui et al. 

2020. 
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Figure 15. TMS coil types. Circular and Figure-of-eight coils with the electrical field intensity 

below the coils. Adapted from: Hallett and Chokroverty, 2005. 
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1.13.2 Single-pulse TMS Protocol used in this Thesis  

Assessment of CSE 

Single-pulse TMS (spTMS) induces MEPs which are used to measure the direct effect of a-

tDCS on the CSE changes of the stimulated area which was the right FDI (Rossini & Rossi, 

2007). As the MEP amplitude is an indicator of CSE, spTMS can therefore be used to examine 

the effects of tDCS on M1 excitability (Thut et al. 2005; Fregni et al. 2006). An electromyogram 

(EMG) is used to measure the TMS-induced MEP at the target muscle that reflects the 

excitability within the corticospinal system (Hallet et al. 2007; Di Lazzaro et al. 2008; Groppa et 

al. 2012; Vallence and Ridding, 2014). Neurophysiological measures obtained by TMS-induced 

MEPs can provide a measure of neuroplasticity. 
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Figure 16. TMS set-up of the current thesis.The participant sat upright in an adjustable treatment 

chair (MagVenture, Denmark). The TMS coil was positioned on the hotspot for the first dorsal interossei 

(FDI). When a spTMS pulse was delivered over the M1, surface EMG was recorded from the FDI using 

bipolar Ag/AgCl disposable surface electrodes. Sp TMS were delivered by a MagPro R30 (MagOption) 

stimulator (MagVenture, Denmark). 
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As shown in Figure 17, the peak-to-peak amplitude of MEPs was measured from the right FDI. 

The average of 25 MEP amplitudes was calculated for the measurement of M1 CSE in Studies 

of 2 to 5 in this thesis. All raw EMG signals are bandpass filtered (10-500 Hz), amplified 

(x1000), and collected for offline analysis (PowerLab 8/30, ADInstruments, Australia) on a PC. 
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Figure 17. The automatic detection of peak-to-peak MEP amplitudes using LabChart software  

(ADInstruments). A. The Scope View provides an additional way of displaying and analysing the 

capabilities of a digital storage oscilloscope using PoweLab. In Scope View, each sweep is recorded and 

represented in a single page, creating a list of recorded MEPs that can be averaged and overlaid for 

analysis. B. The Chart View is the main window in which data can be dynamically viewed. C. The 

peak-to-peak MEP amplitudes are automatically detected and recorded, using a custom designed macro 

with PowerLab 8/30 software. 
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1.13.3 Paired-pulse TMS Protocol used in this Thesis  

Assessment of intracortical excitability 

Paired-pulse TMS (ppTMS) is used to investigate specific inhibitory or facilitatory mechanisms 

behind the changes in CSE. Paired-pulse protocols combine two consecutive stimuli of a 

conditioning stimulus (CS) and test stimulus (TS) with different interstimulus intervals (ISIs) 

(Kujirai et al 1993). The subthreshold CS was set to an intensity of 80% RMT followed by TS 

adjusted to induce peak-to-peak MEP amplitude of 1 mV (Kujirai et al., 1993; Kobayashi and 

Pascual-Leone, 2003). Table 6 describes briefly the ppTMS outcomes used in this thesis: 

Table 6 ppTMS outcomes used in Studies 3 and 4 in this Thesis. 

 

ppTMS outcomes 

Short 

intracortical 

inhibition (SICI) 

Long 

intracortical 

inhibition (LICI) 

Intracortical 

facilitation (ICF) 

Long interval 

facilitation (LIF) 

CNS 

measure 

Intracortical 

inhibition 

Intracortical 

inhibition 

Intracortical 

facilitation 

Intracortical 

facilitation 

Neural 

circuitry 

GABAA 

receptor-

mediated 

GABAB 

receptor-

mediated 

Glutamate, other 

mechanisms 

Preventing further 

GABA release 

ISI 

(msec) 
1 – 6 50 - 200 10 - 15 100 - 200 

Protocol 

Subthreshold CS 

followed by a 

suprathreshold 

TS 

Suprathreshold 

CS and TS 

Subthreshold CS 

followed by a 

suprathreshold TS 

Subthreshold CS 

followed by a 

suprathreshold TS 

CNS: central nervous system, ISI: inter-stimulus interval, CS: conditioning stimulus, TS: test 

stimulus, GABA: gamma-aminobutyric acid. 

 

Depending on the length of ISI between CS and TS stimuli, ppTMS can stimulate inhibitory 

(SICI, LICI) (Figure 19A) and/ or excitatory (ICF, LIF) (Figure 19B) intracortical connections 

to the pyramidal neurons (Kujirai et al., 1993). The sub-threshold conditioning stimulus does not 

elicit any MEPs and the effect originates from the interneuron activation within the motor cortex 

(Kujirai et al 1993; Di Lazzaro et al 1998a, b; 1999). The conditioned test MEP is measured 
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peak-to-peak and expressed as a percentage of the unconditioned test MEP. In SICI, the TS is 

inhibited by a conditioning stimulus given 1 to 5 msec before; therefore, the conditioned MEPs 

are smaller compared to unconditioned MEPs (CSE) (Figure 18A1-2). In ICF, the TS is 

facilitated when the interval gets longer than 10 to 15 msec; therefore, the conditioned MEPs are 

bigger compared to unconditioned MEPs (CSE) (Figure 18A2-B2). In LIF, the TS is facilitated 

when the interval gets longer than 50 to 200 msec; therefore, the conditioned MEPs are bigger 

compared to unconditioned MEPs (CSE) (Vallence et al. 2014) (Figure 18A2-C2). For LICI, the 

MEP amplitude induced by the second TS is compared to the amplitude of the MEP evoked by 

the first TS (Figure 18C1) (Valls-Sole´ et al., 1992; Werhahn et al., 1999; McDonnell et al., 

2006). ICF is used as an index of excitatory circuits for the investigation of glutamate receptors 

in the M1 (Ziemann et al., 1996). The LIF has resulted in the activation of presynaptic GABAB 

receptors which prevent further GABA release (Cash et al. 2010). While, SICI and LICI have 

been related to the activity of GABAA and GABAB receptors, respectively which are used as an 

index inhibitory circuit (Kujirai et al., 1993). It has been shown that SICI and LICI have an 

interaction with each other and it is unclear whether the same population of neurons mediates 

both these measures, or whether they are mediated by closely interacting interneuronal circuits 

(Sanger et al., 2001; Chen, 2004). 
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Figure 18. PpTMS and Recorded MEPs from relaxed right FDI. A. 1. CSE, 2. SICI, 3. LICI, and B. 

1. CSE, 2. ICF, 3. LIF. Representative single-pulse induced MEP using test stimulus (CSE), and when 

test stimulus (TS) conditioned by a subthreshold conditioning stimulus (CS) with ISIs of 3 ms (SICI), 10 

ms (ICF), 150 ms (LIF), and suprathreshold CS and TS with ISI of 150 msec (LICI). PpTMS were 

delivered by a MagPro R30 (MagOption) stimulator (MagVenture, Denmark). 
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1.13.4 EMG recording 

Surface EMG is recorded by bipolar pre-gelled Ag/AgCl disposable self-adhesive surface 

electrodes (Figure 19). To ensure good surface contact and to reduce skin resistance, a standard 

skin preparation procedure of cleaning and abrading will be performed for each electrode site 

(Gilmore and Meyers 1983, Robertson et al. 2006, Schwartz 2003). The location of the surface 

electrodes on the target muscle (right FDI muscle) is determined based on anatomical landmarks 

(Perotto and Delagi, 2005) and observation of muscle contraction in the testing position 

(Kendall et al. 2005). The accuracy of EMG electrode placement is verified by asking the 

subject to maximally contract this muscle while the investigator monitors online EMG activity. 

A ground electrode is placed ipsilaterally on the styloid process of ulnar bone (Basmajian and 

De Luca 1985, Oh 2003). The electrodes are secured by hypoallergenic tape. 
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Figure 19. Surface EMG recording of FDI. A. First, the participant is asked to contract FDI 

(pinch thumb against index finger) to identify FDI belly. B. Then, surface EMG electrodes are 

placed over the right FDI in belly-tendon configuration with a 2 cm inter-electrode space. The 

ground electrode is taped on the ulnar bone. 
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1.13.5 Determination of TMS Hotspot 

For MEP recording, the participant was seated comfortably in a fully adjustable treatment chair 

(MagVenture, Denmark) with head and armrests to have easy access to their head for 

stimulation of the target area. The stimulation site, i.e., M1, contralateral to the target muscle, is 

first determined by using the international EEG 10 - 20 system (Figure 20). Then to find the 

optimal site for stimulation, the coil is moved around the M1 until the largest motor MEPs can 

be recorded from the target muscle. This area is called the ‘hotspot’ for the target muscle 

(Neggers et al. 2004). After localizing the hot spot, the coil's position is marked with a soft head 

marker on the scalp to guide the experimenter during the rest of the testing. The orientation of 

the coil is set at an angle of 45° to the midline and tangential to the scalp, such that the induced 

current flows in a posterior-anterior direction in the brain (Brasil-Neto et al. 1992, Rossini et al. 

2015).  

Figure 20. Determination of TMS Hotspot. To determine the stimulation site of M1, 10 - 20 

system was used. A representative of the target muscle was marked with a marker in order to 

keep coil positioning constant in each session. This is called Hotspot that iss an optimal site to 

record MEPs from target muscle. A TMS coil was held in an angle of 45° to the saggital plane. 
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1.13.6 Determination of Resting motor threshold 

After the determination of the hot spot, the resting motor threshold (RMT) was measured. RMT 

at FDI hotspot was obtained using parameter estimation by sequential testing (PEST) protocol. 

This protocol was followed using TMS Motor Threshold Assessment Tool (Freeware, MTAT 

2.0; Awiszus and Borckardt, 2011). The program is starting from a TMS intensity of 37% of 

maximum stimulator output (%MSO). The intensity for the next TMS trial is determined based 

on the rater interaction with the software. Indeed, the rater indicates whether the trial was 

successful by clicking on the "Y" key or not (click on the "N" key). It is considered successful if 

MEP amplitudes ≥ 0.05 µV and then, a new target intensity displays for delivery. The protocol 

stops after 20 stimuli which provide sufficient accuracy for the RMT estimates within limits 

imposed by safety guidelines (Awiszus, 2011; Rossi et al, 2009) (Figure 21). The participants 

were asked to count the number of stimuli they received to minimize the changes in their 

attention.  

 

Figure 21. Determination of RMT. The program is started with the number of 37. Each time 

a successful try (an MEP ≥ 0.05 µV) is replied by pressing ‘Y’ key and failure by ‘N’. The 

protocol is stopped when the number of trials reach 20. A number at this trial is the TMS 

intensity (% MSO) for RMT. 
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1.13.7 Determination of Test Intensity of 1mV (SI1mV) 

Following the determination of RMT, the test intensity (%MSO) was adjusted to elicit a mean 

MEP amplitude of about 1mV peak-to-peak (SI1mV) in the resting FDI (Nitsche and Paulus, 

2000, 2001; Rossini et al, 2015). Baseline MEP means within the range of 1 mV ± 20% were 

accepted (Labruna et al, 2016). This is called test intensity (TS) that is used to obtain CSE and 

cortico-cortical excitability.  
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1.13.8 Safety of TMS  

Generally, TMS is considered a safe and well-tolerated assessment tool for elicitation of MEPs. 

For a more detailed explanation please refer to Chapter2 on TMS safety as an assessment tool. 
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1.14 Tool for assessment of motor performance 

To examine the effect of a-tDCS on changes in motor performance, different assessment tests 

could be used. In this thesis, SVIPT is used as a test of executive function to measure these 

changes.   

 SVIPT is a pinch force task in which participants were asked to control their squeeze on the 

force transducer between their thumb and index finger to move a cursor upward on the computer 

screen to meet several different target forces as visual cues (Reis et al., 2009; Saucedo Marquez 

et al., 2013; Schambra et al., 2011) (Figure 22A). At the beginning of each experiment, 

maximum voluntary contraction (MVC) was individually determined for each participant. 

Before session one, in a separate short session, two blocks (each block contains 8 trials) were 

then given to the participants to get familiarized with the task. In each session, three blocks were 

performed as baseline measurements with the right hand. Each block consisted of eight trials 

and each trial included seven target forces (10, 15, 20, 25, 30, 35, and 40% MVC) which 

appeared in random order on the computer screen. The inter-trial interval was set at 1 second. 

Each target force was only presented once in each trial. The level of each target force was 

determined by a green line or a numerical number in an indicator box on the computer screen. 

Participants were instructed to squeeze the force transducer to reach the target force in a range of 

5% below or above the target force (5% MVC; Figure 22B). Higher or lower than this range was 

considered as an over-or under-shoot error. 

The following behavioral outcomes were measured in each pre-and post-assessment:  

1.    The Movement Time (MT) in each trial was defined as the time from movement onset for 

the first target to the cessation of movement after the final target. The mean movement time for 

eight trials was taken as the movement time for the given block (Reis et al. 2009). 
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2. The Reaction time (RT) was defined as the time interval between visual stimulus appearance 

and the initiation of movement. RT was conducted for each force within a trial, and the average 

of eight trials counted as the RT of that block. The mean RT was calculated by averaging the 

RTs of three blocks. 

3.     The Error Rate was calculated as the proportion of the trials with at least one over-or 

undershoot (Reis et al. 2009). The mean ER was calculated by averaging the ER of all three 

blocks at two-time points. 

4.  The skill index is a combination of movement time and error rate and represents changes in 

the speed-accuracy trade-off. The following formula was used to calculate skill development 

(Reis et al. 2009). Skill index was calculated within each block and then the average of the three 

blocks at two-time points is representing the mean skill. 

 𝑆𝑘𝑖𝑙𝑙 =
1−𝑒𝑟𝑟𝑜𝑟 𝑟𝑎𝑡𝑒

𝑒𝑟𝑟𝑜𝑟 𝑟𝑎𝑡𝑒 [ln(𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑡𝑖𝑚𝑒)5.424]
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Figure 22. Sequential visual isometric task (SVIPT), A. Participant sits infront of screen 

displaying sequences of target forces and positions the hand to precisely pinch grip the 

transducer between index and thumb. B. Each measurement set consists of three blocks, each 

block includes eight trials, and each trial has seven target forces (10, 15, 20, 25, 30, 35, 

40 %MVC) in a random order. 
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1.15 Thesis Aims  

The following section provides an overview of the present thesis aims that have been 

investigated: 

Thesis Aim 1: To investigate the factors which may affect the safety of TMS as the main 

assessment tool in this thesis.  

Thesis Aim 2: To review the literature for investigating the effects of different priming NIBS 

protocols on a consequent NIBS test protocol of M1 on CSE in healthy individuals that could 

potentially contribute to response variability, 

Thesis Aim 3. A: To investigate the effects of TMS ITIs (5, 10, 15, and 20s) on intra- and inter-

session reliability of MEP amplitude,  

B: to explore how different ITIs would affect the variability of TMS-induced 

MEPs.  

Thesis Aim 4 and Aim 5: to determine a-tDCS “duration” and “intensity” thresholds (chapters 

5 - 6) for reversal of the effects on CSE and to explore the underlying neurophysiological 

mechanisms behind these changes. And finally, 

Thesis Aim 6: To determine whether the reversal of the CSE changes by a-tDCS coincides with 

similar changes in behavioral outcome measures such as indices of motor performance. 

 

Aims 4 – 6 were the primary aims of this thesis. 
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Ethical clearance 

All procedures were conducted according to the standards established by the Declaration of 

Helsinki. Copies of the Monash University human ethics certificate of approval, explanatory 

statement, participant consent form, handedness, TMS, and tDCS safety assessment forms can 

be found in the appendices (Appendix 1 - 6, pp. 82-89). 
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Preamble to Chapter 2 

TMS is a non-invasive tool used to assess brain function in healthy individuals and those with 

neurological disorders. Although it is considered a safe technique as an assessment tool, it is not 

without risks in different individuals. According to wide-range usage of TMS in research and 

clinical applications in the forms of single- and paired-pulse TMS, it is essential to have a better 

understanding regarding its potential risks, the mechanisms behind each effect, and the ways to 

interact with it if happens.  

 

This chapter addresses Aim 1 in this thesis to investigate the factors which may affect the safety 

of TMS as the main assessment tool in the studies of this thesis.  

 

A literature review of TMS safety guidelines presents a comprehensive list of common side/ 

adverse effects of TMS from all available guidelines. The most common side effect is a transient 

headache that will relieve spontaneously in few hours. Seizure and syncope are the other ones 

that should be prevented by an accurate screening before using TMS.  

 

Chapter 2 provides a comprehensive insight regarding the TMS side and adverse effects as it 

was used as an assessment tool to measure changes on CSE in chapters 4 – 6.  
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Chapter 2. Safety of TMS as an assessment tool 

The format of this chapter is consistent with the Nova Science publisher. This chapter was 

published on Dec 6th, 2018. 

 

Hassanzahraee M., Zoghi M., Jaberzadeh S.  Safety of TMS as an assessment tool, In S. 

Jaberzadeh (Ed.), A Closer Look at Motor-Evoked Potential (pp. 217-232). Hauppauge NY 

USA: Nova Science Publishers. 
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Post-amble to Chapter 2 

The following missed article should be also considered for this book chapter: 

(Krishnan, C., Santos, L., Peterson, M. D., & Ehinger, M. (2015). Safety of non-invasive brain 

stimulation in children and adolescents. Brain stimulation, 8(1), 76-87.).  
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Preamble to Chapter 3 

Non-invasive brain stimulation techniques (NIBS) are vastly used to induce changes in 

corticospinal excitability (CSE) for therapeutic purposes. These effects, however, could be 

affected through different factors including any history of neuronal activity before the main 

stimulation session (priming-test protocols). The literature review confirms that using a priming 

protocol before the test protocol could affect the effect on CSE by modifying the level of the 

synaptic activity.  

 

This chapter addresses Aim 2 in this thesis to review the literature for investigating the effects of 

different priming NIBS protocols on a consequent NIBS test protocol of M1 on CSE in healthy 

individuals that could potentially contribute to response variability. 

 

It is revealed that based on stimulation parameters of priming and test protocols; different results 

would be seen from expected to non-expected on CSE. It also confirms that different types of 

neuroplasticity mechanisms could be involved. 

 

Chapter 3 provides a systematic review and meta-analysis on how different priming-test 

protocols on M1 affect CSE in healthy individuals. This chapter became the basement of the 

theoretical framework of the current thesis and the main studies of 3 – 5 were designed based on 

this systematic review.  
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Chapter 3. How different priming 

stimulations affect the induced corticospinal 

excitability by test non-invasive brain stimulation 

techniques? Systematic review and Meta-analysis 

The format of this chapter is consistent with the Journal of Reviews in Neuroscience (impact 

factor: 2.157, ranking: Q2 in Neuroscience). This chapter was published on Mar 31st, 2018. 

 

Hassanzahraee M., Zoghi M., Jaberzadeh S. 2018. How different priming stimulations affect 

the corticospinal excitability induced by non-invasive brain stimulation techniques: A systematic 

review and meta-analysis. Reviews in Neuroscience. 29(8):883-899. 

https://doi.org/10.1515/revneuro-2017-0111. 

 

 

  

https://doi.org/10.1515/revneuro-2017-0111
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Preamble to Chapter 4 

Transcranial magnetic stimulation (TMS) is a high-use technique for investigating the changes 

in corticospinal excitability (CSE). TMS- induced motor evoked potentials (MEPs) are shown to 

have high variable findings. Therefore, this becomes crucial to evaluate the inherent reliability 

of the TMS-induced MEP amplitude as an index of CSE.  

 

This chapter addresses Aim 3 in this thesis A: to investigate the effects of TMS ITIs (5, 10, 15, 

and 20s) on intra- and inter-session reliability of MEP amplitude, and B: to explore how 

different ITIs would affect the variability of TMS induced MEPs.  

 

The findings confirm the MEP reliability through high intra-class correlation (ICC) and 

agreement (inter-and intra-sessions) for all used ITIs. It is also found that longer ITI up to 15s 

can significantly induce larger MEPs with lower variability and higher reliability.  

 

Chapter 4 examines the intra- and inter-reliability of recording peak-to-peak MEPs which is an 

index for CSE as well as amplitude and variability. Any application of transcranial current 

stimulation involves the measurement of changes before and after the intervention. Therefore, 

this reliability study makes sure that the changes following anodal tDCS in chapters 5 and 6 are 

not due to systematic errors and methodological inconsistencies. 
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Chapter 4. Longer TMS inter-trial interval 

increases size, reduces variability, and improves 

the reliability of the motor evoked potentials 

The format of this chapter is consistent with the Journal of Brain Connectivity (impact factor: 

5.263, ranking: Q1 in Neuroscience). This chapter was published on Dec 16th, 2019. 

 

Hassanzahraee M., Zoghi M., Jaberzadeh S. 2019. Longer TMS inter-trial interval increases 

size, reduces variability, and improves the reliability of the motor evoked potentials. Brain 

Connectivity. 9(10):770-776. https://doi.org/10.1089/brain.2019.0714. 

 

The Ethics approval, consent form, system set-up used in this study, TMS safety, and Edinburg 

handedness questionnaires are provided in Appendices 1 - 7. 

  

https://doi.org/10.1089/brain.2019.0714
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Preamble to Chapter 5 

The application of anodal transcranial direct current stimulation (a-DCS) over the primary motor 

cortex (M1) is an established technique to enhance M1 excitability. However, recent studies 

challenge the linear relationship between stimulation duration and induced effects on 

corticospinal excitability (CSE). It has been shown that prolonged a-tDCS protocols could result 

in the reduction and even reversal of after-effects however, the important question regarding the 

threshold for this reversal is still unanswered.  

This chapter addresses Aim 4 in this thesis to determine a-tDCS “duration” threshold for 

reversal of the effects on CSE and to explore the underlying neurophysiological mechanisms 

behind these changes.   

A systematic investigation using a crossover study design determined the existence of duration 

threshold for reversal of a-tDCS-induced effects on CSE. Assessing the mechanisms behind 

these changes using the transcranial magnetic stimulation (TMS) paired-pulse paradigm, also 

revealed the intracortical inhibition and facilitation regulating this reversal on CSE.  

Chapter 5 presents a double-blinded cross-over randomised experiment that was carried out to 

investigate the duration threshold for reversal of a-tDCS effects on CSE. The findings of on 

duration threshold in this chapter provide the structure of study designs in the following chapter 

to find the intensity threshold for reversal of CSE and the effect of both thresholds on motor 

performance following a-tDCS for studies 4 and 5. 
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Chapter 5. Determination of 

anodal tDCS duration threshold for reversal 

of corticospinal excitability: an investigation 

for induction of counter-regulatory 

mechanisms. 

 
The format of this chapter is consistent with the Journal of Brain Stimulation (impact factor: 

6.73, ranking: Q1 in Neuroscience). This chapter was published on Feb 27th, 2020. 

 

The Ethics approval, consent form, study setup system used in this study, TMS and tDCS safety, 

and Edinburg handedness questionnaires and are provided in Appendices. 1 - 9. 
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Preamble to Chapter 6 

The stimulation intensity is another important parameter contributing to the after-effect of a-

tDCS on CSE changes. In Chapter 5, the duration threshold for the reversal of anodal 

transcranial direct current stimulation (a-DCS) effects on corticospinal excitability (CSE) was 

investigated. To assess the mechanisms behind the efficacy of this novel technique, intracortical 

inhibition and facilitation are also measured by the paired-pulse TMS paradigm. Therefore, 

based on the findings of the previous study, Study 4 was designed to find out if there is an 

intensity threshold for reversal of a-tDCS effect son CSE while keeping the duration unchanged. 

 

This chapter addresses Aim 5 in this thesis to determine the a-tDCS “intensity” threshold for 

reversal of the effects on CSE and to explore the underlying neurophysiological mechanisms 

behind these changes.  

 

Chapter 6 provides a double-blinded cross-over randomised experiment that was carried out to 

investigate the intensity threshold for reversal of a-tDCS effects on CSE.  

 

The findings of this chapter determined the intensity threshold for reversal of a-tDCS effect on 

CSE and the underlying mechanisms behind the changes. Studies 3 and 4 improve our 

understanding regarding the importance of a-tDCS parameter selection and how it would affect 

and even reverse the expected effect of a-tDCS if they reach the thresholds. Moreover, these 

studies become the core of Study 5 design to investigate how these thresholds would interfere 

with the effects of a-tDCS on motor performance changes. 



 
 

146 
 

 

 

 

 

 

 

 

Chapter 6. Determination of 

anodal tDCS intensity threshold for reversal 

of corticospinal excitability: an investigation 

for induction of counter-regulatory 

mechanisms. 

 

The format of this chapter is consistent with the Journal of Scientific Reports (impact factor: 

4.525, ranking: Q1 in Neuroscience). This chapter was published on Sep 30th, 2020. 

 

The Ethics approval, consent form, study setup system used in this study, TMS and tDCS safety, 

and Edinburg handedness questionnaires and are provided in Appendices. 1 - 9. 

 

Hassanzahraee M., Nitsche M., Zoghi M., Jaberzadeh S. Determination of anodal tDCS 

intensity threshold for reversal of corticospinal excitability: an investigation for induction of 

counter-regulatory mechanisms. 



 
 

147 
 



 
 

148 
 



 
 

149 
 



 
 

150 
 



 
 

151 
 



 
 

152 
 



 
 

153 
 



 
 

154 
 



 
 

155 
 

  



 
 

156 
 

Preamble to Chapter 7 

In Chapters 5 and 6, the duration and intensity thresholds for reversal of anodal transcranial 

direct current stimulation (a-tDCS) effects on corticospinal excitability (CSE) and the 

mechanisms behind this reversal are investigated. Besides the effects of a-tDCS duration and 

intensity thresholds on CSE changes, these thresholds would possibly affect the changes in 

motor performance following the stimulation. Sequential visual isometric pinch task (SVIPT) is 

utilized as an assessment tool to examine the changes following a-tDCS on motor performance.  

 

This chapter addresses Aim 6 to determine whether the reversal of the CSE changes by a-tDCS 

coincides with similar changes in behavioural outcome measures such as indices of motor 

performance. 

 

Chapter 7 provides a single-blinded, randomized sham-controlled crossover design to assess the 

effect of a-tDCS duration and intensity threshold on motor performance.  

 

The findings demonstrate that a-tDCS duration and intensity thresholds have a significant effect 

on motor performance using SVIPT. It shows that although higher intensities and longer 

durations would reverse the effect of a-tDCS on CSE (Studies 3 and 4), this indeed could 

improve motor performance outcomes. 
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Chapter 7: Does cortical changes following 

application of anodal-tDCS induce expected 

behavioral changes: an investigation of counter-

regulatory mechanisms? 

The format of this chapter is consistent with the Journal of Physiology (impact factor: 4.54, 

ranking: Q1 in Neuroscience). This chapter was submitted on Nov 23rd, 2020. 

 

The Ethics approval, consent form, and Edinburg handedness questionnaires and are provided in 

Appendices. 1, 2, 5, and 6. 

 

Hassanzahraee M., Nitsche M. A, Zoghi M., Jaberzadeh S. Does cortical changes follow the 

application of anodal-tDCS coincides with behavioral changes: an investigation of counter-

regulatory mechanisms. 
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Chapter 8: Concluding Remarks 

 

8.1. Remarks on the findings addressing the Thesis 

aims 
 

Based on the Thesis aims explained in Chapter 1 – Section 1.15, different studies have been 

carried out in this thesis. To explore Thesis aims, and provide concluding remarks on how I 

addressed these aims, I have divided the studies in this thesis into four categories:  

1. A literature review to address aim one (book chapter),  

2. A systematic review of the literature to address aim two (Study 1),  

3. A reliability study to address aim three (Study 2),  

4. A determination of anodal transcranial direct current stimulation (a-tDCS) duration and intensity 

thresholds for reversal of the effects on corticospinal excitability (CSE) to address aims four and 

five (Studies 3 and 4) and finally, 

5. An investigation if the reversal of the effects could be generalised to non-cortical outcomes such 

as changes in motor performance (Study 5). 

In these concluding remarks, a brief summary of the findings from each of the studies will be 

provided with reflections on their novelty, significance, comparison to previous studies and 

importance to the tDCS literature. This will include the findings from all studies addressing all 

thesis aims. Additionally, overall thesis limitations will be discussed as well as the implications 

the results of these studies will have for future research in the tDCS literature. 
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8.1.1 A literature review (Book chapter) 

The first thesis aim was to review the literature providing a list of TMS side and adverse effects 

as an assessment tool to better understand them and the ways to minimise these risks.  

TMS as an assessment tool is a safe technique in both adults and children older than two years. 

The most common side effect of TMS is a headache which is transient and usually subsides after 

a few hours. The most severe side effects of TMS are seizures and syncope which proper 

screening may significantly reduce their rare occurrence. This chapter presents a comprehensive 

list of TMS side or adverse effects, contraindications and recommendations for the optimal use 

of TMS. Additionally, risks of TMS in children, pregnancy, TMS operators, and patients with 

neurological conditions are also briefly discussed. 

The significance of chapter two in relation to the remaining chapters is it comprehensively 

investigated previously TMS safety guidelines. By carefully summarising available literature 

about TMS safety, it provided a guideline of TMS side/ adverse effects and how to solve if it 

happens to be used in the main studies of this thesis (chapters 5 and 6). 
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8.1.2 A systematic review of the literature (Study 1/ Chapter 3) 

The second thesis aim was to review literature for investigating the effects of different priming 

non-invasive brain stimulation (NIBS) protocols on a consequent NIBS test protocol of primary 

motor cortex (M1) on CSE in healthy individuals that could potentially contribute to response 

variability. 

In study 1, a systematic review and meta-analyses were carried out to find and evaluate studies 

that used two successive NIBS as priming and test protocols and investigated the magnitude and 

direction of the priming technique on the effect of the test protocols on M1 CSE in healthy 

individuals. Based on the meta-analysis findings in chapter 3, it can be assumed that according 

to the homeostatic mechanisms, priming would reduce or even reverse the expected effects of 

the test protocol, if both protocols had the same effect on excitability. However, the effects of 

test protocol would be boosted if the priming has an opposite effect on excitability (Muller-

Dahlhause and Ziemann, 2015; Karabanov et al. 2015). This effect, indeed, confirms the non-

homeostatic patterns that may interact to increase the effect lasting of the test protocol.  

This systematic review reveals that the efficiency of priming-test protocols of M1depends on the 

stimulation, duration and magnitude (intensity, frequency) of the both protocols. In addition, it 

shows how different plasticity mechanisms would regulate the effects based on the types of 

consecutive protocols. This improves our understanding regarding how the expected outcomes 

of an intervention (NIBS techniques) could be intensified in the clinical applications.  

This systematic review also provides an in-depth insight regarding how different levels of 

synaptic history such as applying priming protocols, stimulation longer durations, and/ or higher 

intensities would reduce or even reverse the a-tDCS effect on CSE. This concept shapes the core 

designs of Studies 3 and 4 to investigate how systematic changes of a-tDCS parameters would 

modify the a-tDCS effect by sliding the modification threshold based on the level of synaptic 
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history. According to the high I-squared values found in the meta-analysis of the data, it should 

be considered that some systematic influences on the results have to be explored in the future 

researches. 
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8.1.3 Reliability study (Study 2/ Chapter 4)  

The third aim of this thesis had two parts that was primarily to investigate the effects of TMS 

inter-trial intervals (ITIs: 5, 10, 15 and 20s) on intra- and inter-session reliability of MEP 

amplitude, and secondarily to explore how different ITIs would affect the variability of TMS 

induced MEPs.  Any tDCS application includes pre- and post-intervention measurements to 

investigate changing following the stimulation on CSE changes. Therefore, these measurements 

were planned to assess the effects of a-tDCS on CSE changes in studies 3 and 4. The study two 

was carried out to ensure that post-intervention changes are not because of systematic errors 

and/ or methodological inconsistencies in the recorded TMS-induced MEPs. In comparison to 

previous similar studies on ITI (Moller et al. 2009; Schmidt et al. 2009; Julkunen et al. 2012; 

Pelliciari et al. 2016), this study was the first series designed to find out the effects of different 

ITIs using single-pulse TMS on the averaged size of MEP amplitudes, MEP variability, as well 

as intra- and inter-session reliability.  

This study also showed that longer ITIs increases the size of MEP amplitudes with higher inter- 

and intra-session reliability and lower variability. It could be concluded that longer ITIs not only 

reduces the chance of TMS-induced changes in CSE, but also help us to use this assessment tool 

in studies with smaller sample sizes. As was also recommended previously (Stamoulis et al, 

2011), longer ITIs seem to be safer than shorter ITIs (< 10 s). Thus, in some clinical 

applications, it may be appropriate to used longer ITIs especially when high numbers of pulses 

are required. 

The significance of this chapter in relation to the remaining chapters of the current thesis was the 

revealed statistically significant reliability of both within- and between –session intra-rater 

reliability. Therefore, this finding ensured that the TMS-measurements following stimulation 
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would reveal the changes following intervention used in the main studies of the current thesis 

(chapters 5 and 6) rather than intra-rater/ technical inconsistencies.  

8.1.4 Determination of a-tDCS duration threshold for reversal of 

CSE (Study 3/ Chapter 5) 

The fourth aim of this thesis was to determine a-tDCS “duration” threshold for reversal of the 

effects on CSE and to explore the underlying neurophysiological mechanisms behind these 

changes.  

In study three, the a-tDCS duration threshold for reversal of stimulation effect was investigated. 

A significant number of studies, over the last few years, have done using a-tDCS as a non-

invasive neuromodulatory technique. A large number of these studies showed the polarity-

dependent excitatory effects of a-tDCS on CSE and motor performance. However, recent studies 

have challenged this assumption by revealing no change or even reduction of CSE following the 

use of a-tDCS. These findings confirm a more complex dose-response relationship between the 

a-tDCS parameters and the size of CSE changes (Wiethoff et al. 2014; Lopez-Alonso 2014, 

2015, Tremblay et al. 2016). The study three reveals the a-tDCS (1mA) duration threshold of ≥ 

26 min for reversal of excitatory effects on CSE changes. The findings also demonstrate the 

contribution of intracortical circuits in the expressed corticospinal changes. All of these changes 

illustrate a crucial significance of metaplastic mechanisms for the a-tDCS effects. 

This study made a novel contribution to the tDCS literature by suggesting that prolonged 

applications of a-tDCS will not simply increase its efficiency to cause LTP-like plasticity, but 

also might reverse the effect direction. This threshold for the effect reversal of a-tDCS in healthy 

participants also confirms the concept of ‘ceiling effect’ in these simulation techniques. This 
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effect cannot be simply overcome by using of prolonged applications and may involve a more 

complex adjustment (Monte-Silva et al. 2013).  

8.1.5 Determination of a-tDCS intensity threshold for reversal of 

CSE (Study 4/ Chapter 6) 

The fifth aim of this thesis was to determine a-tDCS “intensity” threshold for reversal of the 

effects on CSE and to explore the underlying neurophysiological mechanisms behind these 

changes. 

In study four, the a-tDCS intensity threshold for reversal of stimulation effect was investigated. 

The current findings support the assumption of a-tDCS intensity and duration windows for 

linear effects however, they also reveal that exceeding stimulation parameters beyond specific 

limits results in non-linear effects. Increasing stimulation intensity/ duration therefore does not 

necessarily improve the efficacy of a-tDCS, in principle accordance with previous studies 

(Monte-Silva et al., 2013; Bastani and Jaberzadeh, 2013, Kidgell et al., 2013; Vignaud et al., 

2018; Agboada et al., 2019). The findings determine the intensity threshold of ≥ 1 mA for the 

duration of 26 min that reverse the direction of excitatory effect. The findings also show that 

higher intensities would activate counter-regulatory mechanisms to avoid excessive brain 

excitation. It is suggested that these mechanisms might reverse the LTP-like to LTD-like 

plasticity and have a relationship with the prolonged stimulation. A secondary conversion of 

after-effects of tDCS with even higher stimulation intensities and duration was found in other 

studies (for a-tDCS: Agboada et al., 2019, and cathodal tDCS: Mosayebi et al., 2019). 

This study made a novel contribution to the tDCS literature by suggesting that stronger 

applications of a-tDCS will not simply increase its efficiency to cause LTP-like plasticity, but 

also might reverse the effect direction. The findings also demonstrate that beyond a certain 
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windows of stimulation parameters would activate counter-regulative mechanisms and result in 

expressed reversed corticospinal changes. 

8.1.6 The effects of a-tDCS duration and intensity thresholds on 

motor performance (Study 5/ Chapter 7) 

The sixth aim of this thesis was to determine whether the reversal of the CSE changes by a-

tDCS coincides with similar changes in behavioural outcome measures such as indices of motor 

performance. 

The growing numbers of studies on SVIPT suggested it as a fine motor task required strong 

coordination of visual and motor systems (Reis et al, 2009, 2015; Schambra et al., 2011; 

Saucedo Marquez et al., 2013). A respective muscle engaged in this task is FDI which is the 

target cortical zone for stimulation by tDCS. Precise pinch force is an essential part of most 

daily life activities and may be affected following some of the brain lesions such as stroke. 

The findings of study 5 showed an improvement of movement and reaction times by a-tDCS, as 

compared to baseline and sham conditions, but no alternations in error rate and skill. Although 

the effects on behaviour measures using a-tDCS were minor, there was higher efficacy with 

higher dosage. Indeed, a reversal of physiological effects following intensified a-tDCS (longer/ 

stronger stimulation) (study 5 and 6) may be related to the improvement of movement and 

reaction times, which were absent with a-tDCS with excitability-enhancing effects on targeted 

regions (lower duration and intensity). The minor effect of offline stimulation in this study, 

which is in accordance with other studies (Kuo et al. 2008; Stagg et al. 2011), might be a hint 

that offline stimulation indeed might work, but require intensified stimulation protocols. Other 

studies also revealed a lack of correlation between stimulation-induced plasticity, and motor 

learning (Li Voti et al. 2011; Vallence et al. 2013, Lopez-Alonso et al. 2015). 
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This study made a novel contribution to the tDCS literature by suggesting that return points of 

tDCS effects might thus differ between resting-state physiology, and task-related states. The 

present study reveals no reversal of tDCS effects on performance, but improved performance 

with the intensified tDCS protocols.  
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8.2 Thesis Limitations 

Limitations of each study in the thesis have been previously presented in each chapter (Chapters 

4 - 7) and therefore will not be repeated in this section. It is however important to recognize that 

there are limitations to the overall interpretations that can be drawn from the findings of the 

studies that comprise this thesis. These will be briefly discussed in this section. 

Thesis limitation 1: The participants in the studies (2 – 5) of this thesis were selected from 

young individuals under the age of forty-five among university students and staff as a sample of 

convenience. This was in the effort to minimize the influence of older-age-related changes (Tecchio 

et al. 2008; Fujityama et al. 2014; Heise et al. 2014) on changes in CSE and cortico-cortical 

excitability following tDCS. It is also important to be noted that the neural activity levels 

between young adults significantly vary with older adults, adolescents, and/ or the “more-

plastic” brain of children. Therefore, the investigation into the relationship between different age 

groups and changes in CSE and motor performance following tDCS duration and intensity 

thresholds appears a logical next step for future research looking to provide an in-depth 

understanding of differences in responses to tDCS between different age groups. 

Thesis limitation 2:  All attended participants in the studies (2 – 5) of this thesis were healthy. 

In neurological patients, brain function and reaction to stimulation might be different. Therefore, 

our findings cannot be generalized to populations of different ages other than young adults and/ 

or patients with neurological conditions and this offers the opportunity for further investigation 

about tDCS effects turning points on CSE and motor performance in neurological patients. 

Thesis limitation 3: The participants attended in the studies of this thesis were from both 

genders and the gender differences were not explored. Although it is important to split and study 
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the participants in the gender-specific group as a factor of variability, this was not possible in 

this thesis due to the limited population, budget, and time. Therefore, the investigation into the 

relationship of gender-specific and changes (reversal) in the effect of a-tDCS duration and 

intensity threshold on CSE and motor performance appears a logical next step for future 

research looking to develop a deeper understanding of differences in responses to tDCS between 

genders.  

Thesis limitation 4: A-tDCS was used in Studies 3 - 5 of this thesis; therefore, the findings 

could not be translated to cathodal tDCS (c-tDCS) or other brain stimulation techniques with 

expected excitatory effects. It does, however, offer the opportunity for further research into the 

effect of c-tDCS duration and intensity thresholds on CSE and motor performance and their 

interaction with each other.  

Thesis Limitation 5: The after-effect in the main studies of this thesis was assessed only for 

only up to 30 min post-stimulation. Due to time constraints in conducting experimental sessions 

and data collection, the further assessment of tDCS effects to obtain deeper insight into the long-

lasting after-effects of a-tDCS was not feasible. This, therefore, provides the opportunity for the 

investigation to look to an understanding for possible further lasting effects or delayed 

developing changes on CSE and motor performance. 
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8.3 Recommendations for future research  

As with the thesis limitations above, recommendations on future directions of research have 

been previously addressed in each chapter (Chapters 4 - 7). They will therefore not be repeated 

in this section. What will be briefly discussed however is the recommendations for future 

research based on the overall findings of the thesis as a body of work. 

Recommendation 1: Investigations exploring the duration and intensity threshold of M1 a-

tDCS and its effects on CSE and motor performance in different age ranges (children/ 

adolescents, older adults) and patients with neurological disorders would be valuable to enhance 

the transferability of the findings to different age groups.  

Recommendation 2: As discussed above in limitation two, only healthy adults were selected in 

the main studies of this thesis in an attempt to increase the participant homogeneity and reduced 

potential inter-individual variability. Therefore, it is recommended that similar studies be 

systematically conducted on neurological patients to provide information about the parameter 

range of a-tDCS and thresholds turning points effects on CSE and motor performance. 

Recommendation 3: As discussed in limitation three, due to physiological differences between 

males and females and the potential effect of gender on the delivered current into the brain 

(Russel et al. 2014), it would be highly recommended to develop new independent studies on the 

different genders. This will enable investigation into the interaction between gender and 

thresholds turning point effect of tDCS on CSE and motor performance to check if the findings 

in the main studies of this thesis are gender-specific or not. 
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Recommendation 4: It is recommended that similar study designs be implemented in future 

studies to determine the c-tDCS duration and intensity thresholds, their effects on CSE, and the 

relationship between cortical changes and motor performance.  

Recommendation 5:  It is recommended for future tDCS studies to check when the observed 

changes in current studies will return to the pre-stimulation state and implement the longer 

follow-up measurements. This will enable investigation into the long-lasting and delayed effects 

of tDCS on CSE and motor performance and understanding the mechanisms that encode for key 

regulators of motor cortical plasticity. 

Other Recommendations: It is also recommended that future research include neuroimaging 

and current flow modelling components to further verify the physiologic effects of stimulation. 

The neuroimaging techniques such as electroencephalography (EEG) and functional magnetic 

resonance imaging (fMRI) can provide more exact details regarding functional brain 

connectivity, the involved motor network, and brain-tissue effect during the reversal of effects 

on CSE (Zheng et al., 2011; Amadi et al., 2014; Muthalib et al., 2015; Sood et al., 2016). 

Additionally, neuroimaging may determine factors that affect individual differences in the 

outcome of tDCS, such as baseline brain state. It would be also interesting to shift the focus 

from studying results of tDCS at a group level and showing that some respond and others do not, 

to finding the reasoning behind the inter-individual variability in response to tDCS either as the 

responders or non-responders that make it possible to move the findings toward clinical 

translation of tDCS. Moreover, some modelling or optimisation technology could be the step 

forward in future studies to explore any possible parameter space and enhance the accuracy of 

data if needed. Furthermore, it would be helpful to use a combination of data (duration and 

intensity) across different experiments in future exploration to find out any parameter space 
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relationship across the experiments. It is also suggested to use a regression-based approach or 

LME to combine data across experiments into a global statistical model. 
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8.4 Implications for future research  

The implications of the findings from the studies in this thesis are that they raise questions about 

the efficiency of tDCS application in the clinical setting on individuals with neurological and 

psychological disorders. The main studies of this thesis provide further evidence challenging the 

linear tDCS dosage-response relationship assumption in healthy young participants. The main 

studies of this thesis reported a-tDCS duration and intensity thresholds of the effects on CSE. 

These thresholds did reverse the effect of a-tDCS as on CSE, there were not found any changes 

as expected on motor performance. This adds to the growing body of work within the tDCS 

literature of studies reporting high response variability following tDCS in young healthy 

individuals (Wiethoff et al. 2014; López-Alonso et al., 2014, 2015; Chew et al., 2015; Strube et 

al., 2015, 2016; Tremblay et al., 2016; Viguad et al. 2019). The reversal of a-tDCS effects on 

CSE following prolonged and stronger stimulation as reported in this study does once again 

challenge its reliable application in the clinical setting, as an ultimate goal of the tDCS literature. 

The main studies in this thesis were in the attempt to understand the dosage-response 

relationship in a-tDCS and improve the expectations regarding its widespread usage. These 

suggestions for future research are in the endeavor to progress the use of tDCS to more consistent 

use in the clinical setting. The tDCS in particular, and NIBS literature, in general, discussed 

personalized medicine or in other words, individualized treatment (Koch & Hummel, 2017; 

Yavari et al. 2017; Cocchi & Zalesky, 2018). These recommendations, therefore, can implement 

key first steps to achieve effective and reliable future application in pathological populations and 

provide personalized and tailored tDCS protocols to optimize the treatment to all individuals.
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Appendix 3. TMS safety assessment form 
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Appendix 4. Administration and data collection checklist 
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Appendix 5. A-tDCS safety assessment form 
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CONSENT FORM 

Appendix 6. Consent form 
 

 

 

 

Project title: The effects of anodal transcranial direct current stimulation on cortical and 

behavioural changes: An investigation of counter-regulatory mechanisms 

Study title: Determination of anodal tDCS duration threshold for reversal of corticospinal 

excitability: an investigation for induction of counter-regulatory mechanisms 

Chief investigator: Dr. Shapour Jaberzadeh, Senior Lecturer Physiotherapy, School of 

Primary Health Care, Faculty of Medicine, Nursing and Health Sciences, Monash University, 

Melbourne - Peninsula Campus, Tel: 9904 4827 

Email: shapour.jaberzadeh@monash.edu 

PhD student: Maryam Hassanzahraee, Physiotherapist, PhD Candidate, Physiotherapy 

Department, School of Primary Health Care, Faculty of Medicine, Nursing and Health 

Sciences, Monash University, Melbourne – Peninsula Campus  

Email: maryam.hassanzahraee@monash.edu 

NOTE: This consent form will remain with the Monash University researcher for their 

records 

 I agree to take part in the Monash University research project specified above. I have had 

the project explained to me, and I have read the Explanatory Statement, which I can keep for 

my records. Any questions I have asked have been answered to my satisfaction. 

 

 I agree to take part in the following experimental procedures: 

a. Transcranial Magnetic brain Stimulation (TMS) and Transcranial direct current 

stimulation (tDCS) 

b. Recording of muscle activity using surface electrodes (EMG) 

 

 I understand that I can withdraw all records of my participation in the study up until 

completion of the final exercise session for the study. 

 I understand the possible risks of TMS stimulation, such as seizure. 

 

 I understand that my participation is voluntary, that I can choose not to participate in part or 

all of the project, and that I can withdraw at any stage of the project without being penalized 

or disadvantaged in any way. 

 

 I understand that any information I provide is confidential and that no information that could 

lead to the identification of any individual will be disclosed in any reports on the project, or to 

any other party. 

 

 I understand that data from this study will be kept in secure storage and access to the research 

team. I also understand that the data will be destroyed after 5 years.  

 

 I understand that any data that the researcher uses from the study reports or in published 

findings will not, under any circumstances, contain names or identifying characteristics.   

 
Participant Name:                                         Signature:                                          

 

Researcher’s name:                                     Signature:                                   Date: 

mailto:shapour.jaberzadeh@monash.edu
mailto:maryam.hassanzahraee@monash.edu
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Appendix 7. Trail making test 
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Appendix 8. Edinburgh Handedness Questionnaire 
  

Subject’s Initials:            Age:                     Height (cm):                     Weight (kg): 

 

Please indicate with a check (✓) 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 forced to, 

put two checks (✓✓).  

 

If you are indifferent, put one check-in in each column (✓/✓). 

 

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) 
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Appendix 9. TMS set-up system used in the studies 3 - 5 

 

 

A) MagVenture TMS machine, B) The PowerLab 8/30 has three indicators at the left frontal 

panel, one BNC connector for the external trigger, two BNC connectors for analog output, 

and eight BNC connectors (marked input 1-8) with four alternative pods (DIN) connectors 

for inputs 1 – 4, for recording external signals C) Dual Bio amp/stimulator D) Cables for 

recording EMG of the target muscle.  
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Appendix 10. Sample-size considerations in this Thesis 

Power analysis for the analysis of variance 

This appendix describes statistical procedures for power analysis and sample size estimation 

for studies of this thesis using analysis of variance. Sample size could be easily determined 

based on the effect size of the pilot study. The SPSS reports the effect size index as eta (ɳ2). 

The below table gives power estimates for different values of the effect size index, f, at dfb = 

1 to 6, 8, 10 at α = 0.05. 

The sample size needed for the ANOVA for α = 0.05 (Adapted from Cohen J. (1988))
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Appendix 11. Checklist for reporting the quality assessment by 

Downs & Black scale 
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Appendix 12. Web Plot digitizer 

Plot or Graph Digitizer is a Java program, which is used to digitize scanned plots of many 

types of functional data. Often data is found presented is represented in reports and references 

as functional X-Y type scatter, linear, semi-log, or log-log plot. To use this data, it must 

somehow be digitized. 

This program will allow you to take a scanned image of a plot (in JPEG or Bitmap) and 

quickly digitize values off the plot just by clicking the mouse on each data point after 

calibration. Any 3 non-collinear points can be used for calibration and calibration points do 

not need to be on the axes. Data can be export to ASCII, MS Excel, or MS Word files and 

used where ever you need them. Besides digitizing points off of data plots, this program can 

be used to digitize other types of scanned data (such as scaled drawings or orthographic 

photos). 

Usage Notes 

Quick Instructions: To use this program, first scan a plot with your favorite scanning system, 

then save the plot as Bitmap or JPEG format file. Run Plot Digitizer, open the scanned image 

file from the "Open image file" command in the "File" menu. Then calibrate the plot by 

clicking on the calibration option or from the "Tool" menu and then digitize the points. 

Hint: If you want to digitize plots from published technical reports that are available 

electronically in PDF format, you can copy the image with the 

Snapshot tool and paste and save in a graphics program, such as "Print" and then you can use 

that file with Plot Digitizer. 
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An illustration of data extraction from a graph- Using web Plot Digitizer. 

  



 
 

252 
 

Appendix 13. Participant recruitment advertisement
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Appendix 14.  Case report 

 


