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Abstract 

Anodal transcranial direct current stimulation (tDCS) is an intervention which is thought to 
enhance motor learning in healthy and stroke-injured states, when applied adjunctively during 
skill learning. We set out to investigate whether anodal tDCS might enhance functional 
rehabilitation from incomplete tetraplegic SCI.  

To address current limitations in the measurement of task-dependent skill, a novel integrated 
skill training and measurement task, the Motor Skill Rehabilitation Task (MSRT) was designed 
and developed. Measures of performance from this task delivered the functional measure of 
spatial motor skill learning, Task Productivity Rate (TPR). TPR was analysed and validated as a 
univariate dependent outcome, which is of potential importance to the future development of 
clinical measures measuring goal-directed motor skills. 

The MSRT was included alongside conventional behavioural measures in a repeated-measures 
RCT pilot study, the first to investigate the effect of anodal tDCS on rehabilitation of motor skill 
from chronic spinal cord injury. Adjunctive application of anodal tDCS had a statistically 
significant benefit upon retention of skill in the incomplete spinal cord injured population, but 
only when the independent factor of sensory acuity was included in the analysis. Differences 
between the development of task-dependent skill and generic dexterity over time suggested 
that spatial skill development was subject to an interaction of short-term and lasting effects.  

A larger study in healthy persons further investigated these phenomena, also applying 
Transcranial Magnetic Stimulation (TMS)–evoked measurements to investigate intervention-
dependent effects upon the excitability of projections between the primary motor cortex and 
muscles involved in the prehension task. The findings revealed that active tDCS did not 
enhance skill learning at 7 days beyond the training period, but did significantly alter the 
development of motor skill following a period of learning and subsequent skill consolidation 
which was associated with underlying perturbation of motor control strategy. Significant and 
divergent patterns of cortical plasticity were evoked in projections to muscles necessary for 
reaching and grasping.  

The main findings of this thesis do not support anodal tDCS as an effective adjunctive means of 
enhancing spatial motor skill in rehabilitation from incomplete tetraplegic SCI. If applied in 
patient populations, the clinical benefits of anodal tDCS may be contingent both on the nature 
of the sensorimotor deficit affecting upper limb function and the spatial demands of the 
behavioural task. The findings of this project serve to inform further research in relation to the 
effect of anodal tDCS on the brain and behavioural outcomes, the potential for efficacy in 
target patient groups and the sensitivity of outcome measures to spatial and temporal 
dimensions of practical motor skills. 
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“Seek not that the things which happen 

should happen as you wish; but wish the 

things which happen to be as they are, 

and you will have a tranquil flow of life.” 

 

- Epictetus ofHierapolis 

 

“Science!” 

 

- Dr Magnus Alfred Pyke OBE 
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VII. Background to the Research 

Introduction 

Rehabilitation from spinal cord injury 

Cervical-level spinal cord injury (SCI), which affects approximately half of all SCI survivors 

(Wyndaele and Wyndaele, 2006; Raineteau and Schwab, 2001) disrupts sensory and motor 

pathways. Motor control of the upper limb is impaired (Beekhuizen and Field-Fote, 2005) 

leading to limitations in activities and participation in the broadest sense (Kirchberger et al., 

2010). Tetraplegic patients value recovery of arm and hand function highly in attaining goals 

relating to quality of life, equal to that of bowel and bladder function (Snoek et al., 2004), 

which makes this an important topic in rehabilitation research. Following complete SCI, 

improvements in functional outcome are thought due to compensation and associated motor 

learning alone (Curt et al., 2008). But recovery of movement after incomplete SCI probably 

occurs via a combination of functional compensation and neuroplasticity at multiple levels 

(Curt et al., 2008; Raineteau and Schwab, 2001).  

Potential for non-invasive brain stimulation in rehabilitation 

Daily dosage of tDCS during rehabilitative tasks also appears to have a cumulative effect in 

evoking statistically-significant, lasting improvements in functional outcomes in healthy (Reis 

et al., 2009) Parkinsons Disease-affected (Boggio et al., 2006b; Fregni et al., 2006a) and stroke-

affected (Boggio et al., 2007) subjects compared to sham stimulation protocols, underlining 

the behavioural relevance of stimulation paradigms which might enhance the acquisition and 

carry-over of motor skills to activities of daily living (ADL) in tetraplegics (Spooren et al., 2008). 

However, the potentially promising, practical and safe intervention of anodal transcranial 

direct current stimulation (tDCS) has not yet been investigated in the SCI population. 

Measurement of motor skill learning in health and disease 

Motor learning underlies the acquisition and improvement in performance of novel skilled 

movements (Korman et al., 2003). Physical rehabilitation from neurological injury is concerned 
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with the re-learning of previously familiar motor patterns or compensatory strategies (Van 

Hedel and Rudhe, 2010). But in general, the mechanisms underlying the possible effects of 

anodal tDCS in acquiring skilled behaviour are not well understood. A weakness of clinical 

studies to date is that the relationship between the variables of movement time and spatial 

accuracy is not considered in practical outcome measures, a problem symptomatic of the basic 

issue that the construct of motor skill is not universally defined by researchers. Many practical 

motor goals involving prehension require spatial accuracy at the end-point of the movement, 

and it follows that outcome measures while aim to capture spatial motor skill outcomes must 

incorporate a metric of spatial accuracy. By extension, it is advanced that only outcome 

measures which capture experience-dependent changes in skill levels over time can accurately 

capture spatial motor learning over time. 

The concept of motor learning behaviour has been investigated in depth in healthy persons 

and there is an existing body of literature relating motor skill to both spatial and temporal 

dimensions. In order to investigate the effect of an intervention upon motor skill, and any 

associated neuroplastic changes, we must consider the development of a skill measure capable 

of capturing the parameters of skilled behaviour in relation to spatial outcomes in a valid and 

reliable way. 

Measurement of corticomotor plasticity 

Neuroplasticity within the surviving central nervous system (CNS) is increasingly being 

understood as vital to healthy learning and the reacquisition of functional capacities lost 

following neurological injury, and as a means of understanding and refining the effect of 

therapeutic interventions (Kleim, 2011) using inferential techniques such as Transcranial 

Magnetic Stimulation (TMS) (Siebner and Rothwell, 2003). In animals and healthy persons, the 

learning of new motor skills has been associated with plastic changes in patterns of activity 

and excitability in the area of the brain which projects contralaterally to the muscles involved 

in the skilled task, known as the primary motor cortex (M1)(Monfils, Plautz and Kleim, 2005). 

This area of the brain is thought to play an important part in the consolidation of learned 

motor skills (Smyth, Summers and Garry, 2010). It has likewise been found that, in recovery 

from SCI lesions upper limb task-oriented training which improves the speed and accuracy of 

limb movement coincides with plastic increases in excitability and area of representation in 

M1, both in humans (Hoffman and Field-Fote, 2007; Beekhuizen and Field-Fote, 2005; Freund 

et al., 2011) and animals (Martinez et al., 2010).  
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TMS techniques are a practical means of investigating changes in motor connectivity in clinical 

studies (Devanne, Lavoie and Capaday, 1997). The short term effect of anodal tDCS on 

parameters of cortical excitability has been explored in some depth (Bastani and Jaberzadeh, 

2012). But the lasting effect of adjunctively applied anodal tDCS on cortical excitability of M1 in 

relation to muscles important in upper limb functioning is little known.  
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Chapter 1. Literature Review 

1.1 Social and functional impact of tetraplegic spinal cord injury 

Worldwide, there is an annual incidence of acute traumatic SCI in the region of 15-40 cases per 

million (Sekhon and Fehlings, 2001) with a male to female ratio approximately 4:1 (McDonald 

and Sadowsky, 2002). Injury to flexible regions of the spinal column are most vulnerable to 

injury and therefore occur with the highest frequency in the cervical spine, which can cause 

the most devastating functional impairment (Ho et al., 2007). Cervical-level spinal cord injury 

(SCI) affects approximately half (Wyndaele and Wyndaele, 2006; Raineteau and Schwab, 2001) 

and perhaps up to 56% (National Spinal Cord Injury Statistical Center., 2008) of all SCI 

survivors. Individuals suffering a lesion of the spinal cord at the level of the cervical spine will 

suffer impairment of upper limb motor and sensory function (Snoek et al. 2004) to a degree 

dictated by the focality of the lesion and the extent and type of sensory or motor tracts injured 

(Il’yasevich et al. 2009). Moreover, the incidence and prevalence of incomplete tetraplegia is 

increasing, particularly in the older age-groups (Jackson et al., 2004; O'Connor, 2006; Smith, 

Purzner and Fehlings, 2010) as a world-wide phenomenon (van den Berg et al., 2010). Over 

48% of tetraplegic individuals have rated reinstatement of arm and hand function as their 

highest priority for functional recovery (Anderson, 2004) and in other studies stated that 

recovery of arm and hand function is equal to that of bowel and bladder function in attaining 

goals relating to quality of life (Snoek et al., 2004), which highlights that functional 

reinstatement of upper limb function is amongst the most important topics in SCI 

rehabilitation research.  

1.2 Neurophysiological processes associated with spinal cord 

injury and recovery 

The most common primary mode of injury to the spinal cord in humans is via compression and 

contusion, whereby applied mechanical force from adjacent bodies such as the vertebrae or 

ligaments cause physical trauma resulting in immediate loss of function at, and below the level 

of the lesion (Sekhon and Fehlings, 2001; Norenberg, Smith and Marcillo, 2004). However, it 

seems quite rare for complete lesions to occur, and animal studies have shown that even 5% 

tract preservation can provide for preservation of neurological function (Kakulas, 2004). 
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Hence, scientific enquiry accords the search for rehabilitation strategies to maximise the 

potential for recovery a high priority (McDonald and Belegu, 2006). 

In the hours following the acute injury, physiological changes in the environment of the cord 

commence with oedema and haemorrhage accompanied by cell necrosis due to membrane 

disruption or ischaemia, in the grey matter and also inundating the white matter of the cord 

(Tator and Koyanagi, 1997). The subacute phase extends between two days to two weeks 

following injury. During this period there is phagocytic activity (Donnelly and Popovich, 2008), 

peripheral astrocytes proliferate and an astrocytic scar forms which has complex functions as a 

chemical and physical barrier (Hagg and Oudega, 2006). In practise, the scar acts to enhance 

cellular homeostasis but also prevent axonal regeneration (Hagg and Oudega, 2006). 

Maturation of the astrocytic scar is accompanied by regenerative axon sprouting (Hill, Beattie 

and Bresnahan, 2001; Coleman and Perry, 2002). In rats, endogenous adaption through 

sprouting of reticulospinal tracts into collaterals occurs over an extended time period (Hill, 

Beattie and Bresnahan, 2001). Moving into the relatively stable chronic phase beyond 6 

months, all of the above processes may continue along with the formation of syrinxes or cysts, 

which are long-term complications as a result of altered fluid dynamics in up to a third of 

persons with SCI (Brodbelt and Stoodley, 2003).  

1.3 Functional neuroanatomy underpinning prehension in 

primates 

The corticospinal tracts projecting from M1 are known to be important in forming 

monosynaptic connections with motoneurones in primates (Lawrence and Hopkins, 1976), and 

particularly in relation to voluntary activity of the muscles of the upper limb (Capaday, 2004). 

The acquisition of skilled behaviours has been strongly linked to reorganisation of activity 

within M1 (Monfils, Plautz and Kleim, 2005).  

The corticospinal tract is especially important for skilled upper limb function in humans, and 

specifically in the production of selective rather than patterned movement while other 

monosynaptic tracts such the rubrospinal tracts of the dorsolateral funiculus, known to carry 

information relevant to upper limb control are rudimentary in humans (Kanagal and Muir, 

2009). These anatomical findings are borne out by further assessment of third order, 

intracortical connections to the monosynaptic layer V neurons which were again found to 

project from within the same region at levels III, II and VI (Rathelot and Strick, 2009). The 

feature has been found only in humans and the higher primates: In the macaque (Armand et 
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al., 1997) and the rhesus (Lawrence and Hopkins, 1976) the direct corticospinal tract develops 

to a great extent postnatally. The expansion of these connections increases over the time 

course to adulthood during which manual dexterity accordingly improves (Armand et al., 

1997), highlighting a dynamic co-dependence between structure and function acting 

throughout the CNS which subserves the achievement of behavioural goals. 

A variety of studies have revealed the overlapping topography of cortical motor maps in 

humans (Wittenberg, 2010; Devanne et al., 2006; Malcolm et al., 2006) and animals (Rathelot 

and Strick, 2009; Rathelot and Strick, 2006; Friel, Heddings and Nudo, 2000; Nudo, Plautz and 

Milliken, 1997). Direct anatomical studies in macaque monkeys, which like humans are capable 

of highly dextrous upper limb behaviours, have assessed the distribution of monosynaptically-

connected, second- and third order cortical cell representations projecting to contralateral 

finger and thumb muscles (Rathelot and Strick, 2009). This study found that the 

representations of the muscles were each all widely distributed, in overlapping distributions 

over the same caudal region of M1 on the anterior bank of the central sulcus, all in layer V 

(Rathelot and Strick, 2006). Further studies confirmed a distribution with neurons to proximal 

muscle motoneurone pools more medial than those of distal muscle representations (Rathelot 

and Strick, 2009).  

Conversely in the macaque, only a small percentage of monsynaptic neurons have been found 

in the rostral area of the cortex on the precentral gyrus, suggesting that there is regional 

specialisation within M1 (Rathelot and Strick, 2009; Rathelot and Strick, 2006). In these rostral 

regions of M1 the layer V pyramidal neurons are mainly third order neurons, consistent with 

the view that neurons in this region project to interneuron disynaptic connections in the spinal 

cord and also to the red nucleus and brainstem (Rathelot and Strick, 2009), a feature which is 

found to predominate in the lower primate squirrel monkey (Nakajima et al., 2000; Maier et 

al., 1997; Lemon et al. 2004). Furthermore, comparisons between the higher primate, 

macaque CNS with the model of the squirrel monkey suggest that skilled distal forelimb 

function is directly correlated with the functionality of the direct corticomotor system to motor 

output and indirectly correlated with the strength of indirect propriospinal input (Nakajima et 

al., 2000; Olivier et al., 2001).  

Up to 15% of monosynaptic corticomotor neurons have been found to project from area 3a of 

the macaque primary sensory (S1) cortex (Rathelot and Strick, 2006). This area is thought to 

act as an integration area for sensory information from deep receptors in skin, muscle and 

joints (Jones and Porter, 1980; Huffman and Krubitzer, 2001a; Heath, Hore and Phillips, 1976) 
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and, via the posterior parietal cortex, information coding for representations of extra-

corporeal space (Medendorp et al., 2008). There are also reciprocal connections with the 

motor nuclei of the thalamus and others suggestive of a feed-back directly from the pre-motor 

areas (Huffman and Krubitzer, 2001b). This suggests a direct interaction between a sensory 

area thought to be an important site for vestibulo-somatic integration, representational 

mapping and initiation of coordinated movements (Huffman and Krubitzer, 2001a) and motor 

output providing information important for functionally relevant adaptive behaviors such as 

directed reaching(Huffman and Krubitzer, 2001b). 

In summary, monosynaptic projections which principally originate from the caudal regions of 

the primary M1 appear to be particularly important for fine motor control of the hand muscles 

in the higher primate (Petersen, Pyndt and Nielsen, 2003) while the disynaptic connections 

may be functionally more relevant to the execution of complex gross motor synergies such as 

reaching (Rathelot and Strick, 2006). Both of these functions are necessary for accurate 

prehension (Galea and Darian-Smith, 1997). But the hierarchical and heterarchical organisation 

of the sensory, motor and higher areas of the neocortex are complex and as yet, incompletely 

understood. 
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1.4 Evidence for effects of motor learning upon brain function in 

experimental animal and human models 

For ethical reasons much evidence for the effects of CNS lesioning and recovery is drawn from 

the results of interventional experiments involving animal models and, in particular the rat 

strains. As a caveat, caution must be applied when extrapolating results across species with 

widely differing phenotypes (Manger et al., 2008). 

In recent years, much hope has been placed on regenerative therapies to reverse the effects of 

spinal cord injury, including stimulated regrowth of dorsal root ganglion neurons (Silver, 2009) 

and stem cell therapies (Garbossa et al., 2012). However, a recent systematic review of 

progress in regenerative therapies concluded that there is no evidence to support the 

hypothesis that regenerating the lesion site is currently possible (Illis, 2011). As an alternative 

strategy, it has been increasingly recognised that exploitation of the innate plasticity of 

preserved central nervous system architecture to induce restitution of function should be a 

prominent area of the rehabilitation effort (Martin, 2012). Indeed, it is thought that recovery 

of movement after incomplete SCI probably occurs via a combination of functional 

compensation and neuroplasticity at multiple levels (Curt et al., 2008; Raineteau and Schwab, 

2001). 

Learning in the motor cortex of mammals is thought to depend upon synaptic plasticity 

(Baraduc et al., 2004; Muellbacher et al., 2001). A strong determinant of synaptic strength 

which remodels neural network activity in learning is use-dependence (Raineteau and Schwab, 

2001). Post-synaptically induced NMDA-dependent long-term potentiation (LTP) is a process 

thought to underlie experience-dependent synaptic plasticity (Rebola, Srikumar and Mulle, 

2010) and the formation of memory (Rioult-Pedotti et al., 1998). Such changes can be 

diminished by application of N-Methyl-D-aspartic acid (NMDA) antagonist (Butefisch et al., 

2000) or gamma-aminobutyric acid (GABA) agonists (Ziemann et al., 2001; Butefisch et al., 

2000), neurotransmitters which are important in the processes of LTP (Keller, 1993) and long-

term depression (LTD) (Ziemann et al., 1996; Keller, 1993) respectively. In experiments 

involving rat subjects, GABAergic synaptic modulation appears instrumental to the 

disinhibition of neural networks, which signals the occurrence of rapid LTP synaptic plasticity in 

M1 (Jacobs and Donoghue, 1991). This mechanism has also been associated with 

deafferentation-induced plasticity in humans (Ziemann et al., 2001).  
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The extent of focal excitability correlates directly with improvement in performance of motor 

tasks: electrophysiological study of rat preparations after specific motor skill learning uncovers 

plastic elevation of field potentials specific to the horizontal intracortical projections to 

pyramidal cells which comprise layers II and III of contralateral primary M1 (Rioult-Pedotti et 

al., 1998). These networks may also support rapid cortical representational plasticity following 

injury (Huntley, 1997), processes possibly attributable to mechanisms of LTP. Rapid plastic 

changes are known to occur in motor cortical representation after learning which are reversed 

by sensory isolation from the extremities and are thought to be modulated via the intracortical 

connections in layers II and III (Ziemann et al., 2001; Ziemann, Corwell and Cohen, 1998). In 

humans also, improvement in the operation of motor skills correlates with progressive M1 

reorganisation (Karni et al., 1998). Indeed, functional magnetic resonance imaging (fMRI) 

studies in humans show that mere passive joint mobilisation results in cortical reorganisation 

(Lotze et al., 2003) an effect surpassed by active mobilisation (Perez et al., 2004; Lotze et al., 

2003; Liepert et al., 1998; Kaelin-Lang et al., 2002) implying that somatosensory afferent and 

voluntary drive are both important factors in motor learning. Experience-dependent 

acquisition of novel motor skills is accompanied by rapid synaptic plasticity at the cortical level 

in healthy humans (Kaelin-Lang, Sawaki and Cohen, 2005; Butefisch et al., 2000; Perez et al., 

2004) and also in primates following SCI (Schmidlin et al., 2004).  

Intermediate processes have been identified which may be instrumental in learning, but could 

also explain the effects of anodal tDCS on motor learning. The BDNF protein is a known 

regulator of cell survival, proliferation and synaptic growth in the CNS as well as a modulator of 

NMDA-dependent LTP (Leßmann and Brigadski, 2009). BDNF is known to be released both pre- 

and post-synaptically (Kuczewski, Porcher and Gaiarsa, 2010) from neurons by synaptic activity 

within the CNS, is present in high levels in the pyramidal cells of the hippocampus and 

neocortex (Yan et al., 1997)and acts as a messenger for structural and functional change 

(Gottmann, Mittmann and Lessmann, 2009). The secretion of endogenous BDNF (thought to 

be secreted post-synaptically via the dendrites in cortical pyramidal neurons (Lessmann, 

Gottmann and Malcangio, 2003; Kuczewski, Porcher and Gaiarsa, 2010) has been shown to be 

bidirectionally dependent upon tDCS-induced brain polarisation (Antal et al., 2010). 

The receptor type Tyrosine Kinase Receptor B (TrkB) encodes a receptor for several 

neurotrophins but has the greatest affinity for BDNF (Squinto et al., 1991). The binding of 

BNDF to TrkB receptors is known to activate intracellular cascades associated with processes 

including LTP and synaptic plasticity associated with the formation of motor and spatial 
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memories (Yamada and Nabeshima, 2004; Mizuno et al., 2003). Changes in BDNF levels at the 

level of M1 may also help to induce changes remotely, at the level of the spinal cord. In an in 

vivo experimental rat model of the spinal cord post-incomplete injury, infusion of BDNF 

adjacent to the cell bodies of descending pyramidal neurons in M1, or Neurotrophin-3 (NT-3) 

to the spinal cord of Lewis rats showed that, while NT-3 infusion increased collateral fibre 

density post-injury, only cortical infusion of BDNF resulted in a significant association between 

functional improvement on a ladder walking task and increased collateral sprouting and 

bouton termination onto proprioceptive interneurons and other, surviving corticospinal tracts 

at the cervical level of the spinal cord (Vavrek et al., 2006). The study is of particular interest 

because it demonstrated that structural plasticity around the lesion site may not be necessary 

for functional recovery to take place. On the contrary, exogenous facilitation of synaptic 

plasticity in M1 via increases in extracellular BDNF levels can not only enhance synaptic 

plasticity locally but may also be associated with remote structural and behavioural plasticity 

that can be related to improvements in sensorimotor function (Vavrek et al., 2006). 

Partial recovery of manual dexterity may be effected by optimisation of information 

transmission via surviving direct corticospinal projections (Galea and Darian-Smith, 1997), or 

functional compensation via adaptive remodelling of more complex, stereotypical motor 

patterns (Kanagal and Muir, 2009). Both processes may require extensive neuroplasticity at 

the cortical level (Schmidlin et al., 2004). Recent TMS studies including human cervical SCI 

patients versus healthy controls has shown the shift of M1 cortical excitability maps of 

functionally active forearm muscles controlling the wrist into the area previously occupied by 

the denervated hand muscle representations. The study also found that the extent of spinal 

cord atrophy, measured using Magnetic Resonance Imaging (MRI), was associated with 

reduction in corticomotor excitability and transmission latency to the hand muscle (Freund et 

al., 2011), illustrating the adaption of cortical connectivity in compensation for denervation to 

support behavioural adaption in humans, which has been observed in detail in the higher 

primate (Nishimura and Isa, 2009).  

Likewise, in experimentally-induced C2 incomplete SCI rat subjects, the repetitive practise of a 

reaching task in the acute phase led to the restoration of cortical maps along with significantly 

enhanced skills learning (Girgis et al., 2007; Krajacic et al., 2009). Acute-phase rat subjects 

significantly resorted to compensatory movement in an untrained task, suggesting limited 

generalisation of the trained skill which perhaps relates either to the acute plasticity of cortical 

maps (Girgis et al., 2007). On the other hand, rats trained 16 days after lesioning experienced 
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significant skills learning without resorting to compensation, suggesting that delayed 

rehabilitation is more beneficial. Furthermore, in the chronic subjects no expansion of cortical 

mapping was observed suggesting that cortical map expansion in the acute subjects may have 

been related to maladaptive plasticity affecting non-trained performance (Girgis et al., 2007) 

while trained task improvement in both groups indicates that map expansion may not be a 

requirement for skills learning (Krajacic et al., 2009). Taken together, these results raise a 

question over whether, in the chronic human SCI condition the learning of a specific skill is 

more widely generalisable, or conversely whether early training in a specific task could actually 

impair performance of untrained tasks.  

In the human, altered focal excitability and area of representation correlate with the level of 

functional impairment in SCI, hence constituting maladaptive plasticity (Bruehlmeier et al., 

1998; Green et al., 1998; Cohen et al., 1991; Topka et al., 1991; Jurkiewicz et al., 2007). But 

following SCI, the extent of cortical activity area relative to healthy persons correlates with the 

level of functional recovery (Jurkiewicz et al., 2007). Longitudinal cortical mapping studies of 

thenar and elbow flexor muscles following acute cervical spinal cord injury found early 

expansion of the preserved biceps representation (Streletz et al., 1995) and other surviving 

representations (Schmidlin et al., 2004). In experimentally spinally-injured rats, use-dependent 

recovery of tactile sensitivity (or forced use) and the extent of forepaw cortical representation 

are interdependent, with the rapid recovery of sensory function likely to occur via the 

spinothalamic tract (Martinez et al., 2009). This highlights the importance of normal function 

of the sensory dorsal columns in sensorimotor control, lesioned as part of this study. At the 

same time, the recovery of sensory function was associated with spontaneous plasticity of 

intraspinal networks ipsilaterally, decussating below the level of injury. It is thought that 

collateral sensory neurons may have been unmasked as a form of synaptic plasticity, ascending 

within surviving spinothalamic tract and synapsing at the thalamus to maintain the pre-existing 

somatotopic representation at S1 (Martinez et al., 2009). However, in the main these studies 

support the notion that following spinal cord injury in mammals, limited regeneration occurs 

both above and below the level of the injury and that functional improvement is associated 

with adaption of the surviving CNS (Bareyre et al., 2004).  

Such findings highlight the critical importance of this level of the neuraxis in aspects of motor 

learning for recovery from neurological injury. In fact, experience-dependence, sensitivity to 

intervention exposure time, behavioural motivation and attention in driving CNS plasticity 

seem to transcend clinical speciality and are ubiquitous themes in conservative, activity-based 
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approaches to treatment (Cramer et al., 2011). Short-term interventions such as anodal tDCS, 

which may have an additional beneficial effect upon learned motor behaviours in the long-

term (Reis et al., 2009) may yet prove to be powerful modulators of functional recovery in 

rehabilitation from SCI in humans.  

1.5 Modulation of brain and behavioural functions with Non-

invasive Brain Stimulation (NIBS) modalities 

Non-invasive brain stimulation (NIBS) modalities are increasingly considered as possible 

interventions to alter the excitability of cortical regions underlying the area stimulated, and 

thereby temporarily modify motor outcomes in both health and disease (Bolognini, Pascual-

Leone and Fregni, 2009). Repetitive TMS (rTMS) (Reis et al., 2008; Conte et al., 2008; Edwards, 

Talelli and Rothwell, 2008) and transcranial direct current stimulation (tDCS) (Nitsche et al., 

2005; Rosenkranz et al., 2000; Reis et al., 2009; Tanaka et al., 2009) as two forms of NIBS are 

currently of clinical interest and with comparable behavioural effects, though the underlying 

mechanisms might be quite different. Current evidence suggests that these techniques may be 

capable of producing clinically beneficial effects upon skilled motor behaviour, which has 

encouraged continuing avenues of research in both healthy states and patient groups, 

supported by ongoing studies in vivo and vitro animal models (Paulus, 2011).  

In humans, the benefits of non-invasive brain stimulation (NIBS) as potential forms of 

treatment include relative non-invasiveness, focality of effects and the association with mild 

side-effects, in comparison to oral pharmacological intervention for example (Williams, 

Imamura and Fregni, 2009). Barker et al. first described the technique used in Transcranial 

Magnetic Stimulation (Barker, Jalinous and Freeston, 1985). In its’ modern form, tDCS has been 

understood as a means of modulating cortical excitability in the human brain for more than a 

decade (Nitsche and Paulus, 2001; Nitsche and Paulus, 2000; Nitsche et al., 2008). tDCS is 

regarded as a relatively safe NIBS modality as shown by animal experimentation (Liebetanz et 

al., 2009) and the outcomes of numerous studies in humans (Brunoni et al., 2011; Bikson, 

Datta and Elwassif, 2009) although symptoms of pain and minor skin burns have been 

associated with excessive current density (Furubayashi et al., 2008) and variance in application 

technique (Frank et al., 2010; Palm et al., 2008) respectively.  
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1.5.1 Basic mechanisms and stimulation parameters underpinning 

the effects of NIBS modalities 

The basic mechanism of action of rTMS is underpinned by Faraday’s Law: by rapidly varying the 

intensity of a magnetic field produced by an appropriately constructed and oriented coil 

antenna placed onto the scalp overlying the brain area of interest, electrical currents can be 

induced trans-cranially in horizontally-oriented neurons close to the surface of the skull which 

may then result in neurotransmitter release at their terminal synapses (Priori, Hallett and 

Rothwell, 2009). The effect of this stimulation is dependent upon the intensity, number and 

frequency of induced stimuli, where low frequency (≤1Hz) and high frequency (≥5Hz) 

application result in respective reduction and increase of cortical excitability which can last 

beyond the duration of the stimulation (Pascual-Leone et al., 1999). Thus, rTMS is therefore 

considered to be both a neurostimulatory and neuromodulatory intervention (Williams, 

Imamura and Fregni, 2009). More complex patterns of stimuli, such as theta burst stimulation 

(TBS) which mimics observed patterns of brain activity, increases the potency of rTMS 

frequencies and so reduces the stimulator intensity and number of stimuli required to induce 

effects (Huang et al., 2005; Huang and Rothwell, 2004). However, for the same reason the 

potential for inducement of seizures is present using rTMS paradigms and increased by TBS 

(Oberman and Pascual-Leone, 2009) which limits clinical application without careful risk 

assessment of participant populations (Rossi et al., 2009; Wassermann, 1998).  

While tDCS does not directly induce action potentials, it is thought that changes in the level of 

polarisation by several mV will alter the level of discharge of neurons (Priori, Hallett and 

Rothwell, 2009). This NIBS modality is applied through application of weak direct electrical 

currents (DC) to the scalp via electrode pads. DC currents are applied to the scalp via 

electrodes during tDCS stimulation, using safety-approved devices. The effects of tDCS are 

principally dependent upon current amplitude and polarity, whereby the ‘active’ electrode is 

that which is placed on the scalp over the target region of the brain, physical size of electrode 

placement and duration of stimulation (Williams, Imamura and Fregni, 2009; Paulus, 2011). 

Some studies utilise accurate placement techniques based upon MRI or TMS measurements of 

the area of greatest response from the cortical muscle representation (Hummel et al., 2010; 

Hunter et al., 2009; Hummel et al., 2005). Others have used the arbitrary positions C3 and C4 

of the 10-20 EEG system (Klem et al., 1999) for the placement of tDCS electrode pads over the 

M1 region of interest (Hesse et al., 2011; Vines, Cerruti and Schlaug, 2008; Hesse et al., 2007; 

Fregni et al., 2006b).  
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The area of the electrode pad and the size of the applied DC current together give rise to a 

current density parameter which is thought to be an important determinant of the electric 

field strength (Nitsche et al., 2008) producing a steady-state extracellular field which in turn 

gives rise to the effects of tDCS (Bikson et al., 2004). Therefore, the current density is 

important in producing the effect size (Paulus, 2011). However, the static electrical field is 

thought to be produced by the small amount of current flow not shunted via the skull and 

cranial tissues, modulating the membrane potentials of neurons underneath the target area of 

the cortex (Paulus, 2011). There is limited evidence to show that increases in current density 

has a proportional effect upon MEP excitability (Nitsche and Paulus, 2000) but the effect of 

varying current density on behavioural outcomes is not known. 

The effects of tDCS depend both on the placement of the electrodes upon the scalp (Section 

VII.1.9) and the polarity of application: early animal experimentation showed that, while 

cathodal tDCS has a hyperpolarising effect anodal tDCS depolarised cortical neurons (Purpura 

and McMurtry, 1965) modifying the spontaneous discharge rate of corticomotor neurons 

respectively downwards and upwards (Gartside, 1968; Nitsche and Paulus, 2000). Specifically 

for investigation of the effect of anodal tDCS upon motor performance, it is routine to place 

the anode onto the scalp overlying the M1 region of the cortex contralateral to the performing 

limb and with the cathode placed on the opposite supraorbital region (Nitsche et al., 2008). 

Findings suggesting that anodal tDCS in particular can enhance the retention of motor memory 

in a lasting fashion may be dependent upon the plasticity of cortical networks involved in the 

encoding of memory. 

Studies on in vitro preparations of rat cortex have shown that neuronal morphology correlated 

with the extent of polarisation such that layer V pyramidal neurons were optimally polarised 

due to their orientation to the field (Radman et al., 2007). Action potential threshold reduction 

correlated with cell polarisation and synaptic network activation with layer V/VI neurons 

oriented with the gradient of the electrical field more sensitive to polarisation than layer II/III 

neurons, the effect of which was to up-regulate action potential firing times and promote 

burst firing (Radman et al., 2009) with other studies indicating effects upon neuronal afferents 

suggestive of plasticity of ‘upstream’ network function (Bikson et al., 2004).  

Post-synaptically induced NMDA-dependent long-term potentiation (LTP) is a key mechanism 

in formation of experience-dependent synaptic plasticity (Rebola, Srikumar and Mulle, 2010) 

upon which depend the effects both of rTMS (Huang et al., 2007) and tDCS (Nitsche et al., 

2003). It has been known for some time that glutamatergic NMDA receptors appear to exhibit 
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temporal dependency on membrane voltage by which action potentials arise at depolarisation 

(Morris, 1989; Morris et al., 1986). Applying anodal tDCS using established protocols (Nitsche 

et al., 2008) temporarily increases focal corticospinal excitability (Nitsche et al., 2005) and 

appears to be directly associated with changes in functional connectivity in the human brain 

(Polanía et al., 2011) a phenomenon otherwise occurring subsequent to selective voluntary 

activity and associated with the consolidation of motor memory (Rioult-Pedotti et al., 1998; 

Lotze et al., 2003; Nitsche et al., 2003). Furthermore, anodal tDCS-induced LTP is abolished in 

BDNF- and Tyrosine Kinase Receptor B (TrkB) receptor- knockout mice (Fritsch et al., 2010). 

Therefore, akin to those processes involved in experience-dependent plasticity, anodal tDCS 

may modulate activity-dependent synaptic plasticity dependent upon mechanisms driven by 

endogenous BDNF secretion and TrkB activation (Fritsch et al., 2010). 

1.5.2 Effects of NIBS modalities upon motor behaviour in animals 

and human subjects 

The action of tDCS modalities on specific neural circuits may be task-dependent. Following 

experimental lesioning of M1 in rats (Kim et al., 2010) anodal tDCS improved uptake of motor 

skills in the acute recovery phase associated with improvement in the myelination of axons 

within the internal capsule. However, no change in the physical dimensions of the lesion was 

found over this period, suggesting either that secondary facilitation of glial (oligodendrocyte) 

activity is a factor in the anodal tDCS induced augmentation of motor performance (Kim et al., 

2010) or at least that processes related to upregulation of corticospinal activity may drive the 

differential presence of myelin sheath due to the intervention. 

In humans, concurrent application of anodal tDCS to the contralateral M1 area enhanced the 

cortical activity normally associated with phasic joint movements during a task (Kwon and 

Jang, 2011). Furthermore, anodal tDCS has also recently been associated with a modulatory 

effect on interneuron activity at the cervical (Roche et al., 2009) and lumbar spinal level (Roche 

et al., 2011), providing further evidence that brain stimulation modalities could have a plastic 

effect upon the activity of distributed neuronal networks both up and downstream from the 

stimulation site. This appears to be a feasible hypothesis because spike-timing dependent 

plasticity has previously been driven at the spinal level by temporally associating TMS single 

pulses with antidromic peripheral stimulation, to vary evoked EMG and force output 

bidirectionally (Taylor and Martin, 2009). This is of interest because patients exhibiting 

spasticity demonstrate relative loss of disynaptic inhibition compared to those with normal 
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tone or flaccid paralysis (Nakashima et al., 1989) suggesting that anodal tDCS application 

enhances at least short lasting disynaptic inhibition by modification of spinal network 

excitability (Roche et al., 2009) which might be achieved by enhancement of corticospinal tract 

activity. Perhaps modification of the spontaneous discharge rate observed in animal (Purpura 

and McMurtry, 1965) and humans (Nitsche and Paulus, 2000) can, via intermediate 

mechanisms induce increased plasticity of networks at the spinal level. 

The artificial augmentation of neuroplastic processes by non-invasive means may be useful for 

functional rehabilitation from disease, by enhancing the naturally-occurring processes of 

plasticity underlying performance and learning (Sadowski, 2008). At the level of behaviour in 

humans, both rTMS and tDCS methodologies have been explored experimentally in a range of 

participant groups. Sham-controlled studies focusing on motor control have assessed the 

effect of either increasing the excitability of the affected hemisphere using either anodal tDCS 

(Boggio et al., 2007; Hummel et al., 2006; Fregni et al., 2005a; Hummel et al., 2005) or high 

frequency rTMS (Khedr et al., 2009; Kim et al., 2009), or inhibiting the activity of the 

unaffected hemisphere using cathodal tDCS or low frequency rTMS (Khedr et al., 2009; Kirton 

et al., 2008; Takeuchi et al., 2008; Liepert, Zittel and Weiller, 2007). The majority of these 

studies have looked at short term, transient effects only although Boggio and colleagues 

(2007) and Fregni and colleagues (2006) have respectively considered the effect of repeated 

tDCS and rTMS applications upon the consolidation of lasting motor memory, with positive 

behavioural outcomes demonstrated (Fregni et al., 2006c; Boggio et al., 2007).  

1.6 Temporal effects of tDCS upon the brain and motor behaviour 

Application of either tDCS polarity for several minutes induces effects which can last beyond 

the period of application (Bolognini, Pascual-Leone and Fregni, 2009). In order to achieve 

plastic after-effects upon cortical excitability beyond the period of stimulation, as indicated by 

the size of motor evoked potentials (MEP), it has proven necessary to apply tDCS for at least 

three minutes with a currect of 0.6mA or more (Nitsche and Paulus, 2000). Within limits the 

duration of stimulation appears to dictate the period of altered excitability. Following 9 

minutes of cathodal tDCS stimulation MEP sizes were reduced for 60 minutes (Nitsche et al., 

2003), while more than 5 minutes (Nitsche and Paulus, 2000) and up to 13 minutes of anodal 

tDCS stimulation caused excitability to be increased for up to 90 minutes (Nitsche and Paulus, 

2001; Monte-Silva et al., 2012). Standardised dosage with anodal tDCS with duration of 20 

minutes resulted in sustained MEP increases and enhancement of motor function in 
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Parkinson’s disease patients (Fregni et al., 2006a). A number of further behavioural studies in 

healthy persons and patients have established that 20 minutes anodal tDCS dosage improved 

motor outcomes (Boggio et al., 2006a; Boggio et al., 2006b; Hummel et al., 2010; Fregni et al., 

2005a). But 26 minutes of continuous anodal tDCS resulted in lasting inhibition of MEPs 

(Monte-Silva et al., 2012), an homeostatic effect which might be regulated by activity-

dependent intraneuronal calcium concentration (Misonou et al., 2004). 
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1.7 Evidence for efficacy of anodal tDCS on motor functions in 

humans 

Previous studies on complex motor tasks in healthy individuals (Sohn, Kim and Song, 2012; 

Hummel et al., 2010; Boggio et al., 2006a) and patient groups (Bolognini et al., 2011; Kim et al., 

2009; Hummel et al., 2005) highlight the benefits of anodal tDCS to elicit positive short-term 

effects on motor performance. These studies involve pre-training in a validated task to a stable 

state, followed by application of anodal tDCS at an intensity of 1 to 1.5mA and then re-

measuring following the stimulation intervention to determine changes in motor function 

(Figure 1.1). The task utilised in most such studies investigating this intervention is the Jebsen 

Taylor Hand Function Battery (JTHFT). This functional test battery captures the metric of 

completion time in standardised tasks, which together test the ability to utilise a range of 

grasp and strength patterns (van Tuijl, Janssen-Potten and Seelen, 2002). Kim and colleagues 

utilised the Box and Block Test, a simpler prehension test utilising objects of a standardised 

size (Yancosek and Howell, 2009). The metric of choice in general is completion time, which is 

inferential of net movement rate.  

Serial Response Time Task (SRTT) paradigms involve the implicit learning of a motor sequence, 

with the output usually applied mechanically via a keyboard using the fingers. This type of task 

has been adopted as an outcome measure in experimental psychological studies investigating 

influences upon implicit motor learning (Robertson, 2007). Anodal tDCS has also been shown 

to have a lasting positive effect on reaction times in SRTT-based paradigms (Kang and Paik, 

2011; Nitsche et al., 2003). A further study looked at the effect of anodal tDCS on the short-

term enhancement of task consolidation i.e. continued improvement in a task following the 

end of training (Krakauer and Shadmehr, 2006), of a pre-learned SRTT-like task (Tecchio et al., 

2010). The significantly reduced completion time in the trained SRTT task sequence was 

attributed to strengthening of trained cortical networks (Tecchio et al., 2010).  

Stagg and colleagues found that application of anodal tDCS dosage during an explicit sequence 

learning task led to an ongoing enhancement of reaction times compared to sham or cathodal 

tDCS conditions – the latter condition has been shown to supress the excitability of M1 (Stagg 

et al., 2011). But the application of anodal tDCS prior to the learning period had a negative, 

slowing effect on reaction times. The authors attribute this disassociation of effects to a 

homeostatic mechanism acting upon motor learning based upon the order of stimulation and 

training.  



 

20 

 

 

Figure 1.1: Typical study design format for experimental tDCS study. 

The behavioural task (JTT - Jebsen Taylor Hand Function Test) is trained to a stable state 
prior to taking of a baseline. Completion time is the metric evaluated. The e xperimental 
effect is evaluated as the between-groups difference between active (A) and sham control 
(B) intervention states, in relative change between baseline and post-intervention task 
practise scores.From Hummel et al., 2005. 
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One behavioural study presented evidence of long-term enhancements in outcomes  3 months 

after training with adjunctive anodal tDCS. This novel task paradigm applied a range of guided 

movement rates dependent upon the mechanical activation of a single degree-of-motion 

mechanical pinch force interface, with the environment of the virtual task featured a positive 

force field. Improvements in motor skill were inferred from shifts in the log-linear gradient of 

the speed/accuracy trade-off during repetitions of a standardised sequential task, 

demonstrating significant enhancements of the speed/accuracy tradeoff over measurement 

intervals extending up to 3 months from the intervention period (Reis et al., 2009).  

A number of studies have documented the short-term effect of anodal tDCS on maximally 

voluntary contracted strength in the lower and upper limbs (Tanaka et al., 2011; Hummel et 

al., 2006)and endurance (Cogiamanian et al., 2007) with the further finding that anodal tDCS 

may have the capacity to modify the time-course of adaption to resistive artificial force-fields 

(Hunter et al., 2009) and the learning-dependent change in simple joint kinematics through a 

combination of motor practise and adjunctive stimulation (Galea and Celnik, 2009).  

Taken together, the above evidence suggests that anodal tDCS has a possible utility in 

enhancing physical parameters and outcomes inferential of motor skill. However, the evidence 

available to date can only be said to provide evidence of improvements in the temporal skill 

parameter, with the associated effect upon spatial accuracy left unknown (VII.1.8.1). Because 

motor skill is fundamentally defined by the interaction of spatial accuracy with movement rate, 

it must be stated that there are issues with the dimensions captured by, and interpretation of 

the outcome measures applied in previous studies. 

Though a number of studies have highlighted the beneficial effect of this intervention on 

motor performance, the behavioural results in respect of complex motor outcomes are by no 

means uniformly positive. Bastani’s systematic review of included studies established a large 

but non-significant effect size in healthy persons (Bastani and Jaberzadeh, 2012). Furthermore, 

a small and non-significant effect was found in stroke-affected subjects (Bastani and 

Jaberzadeh, 2012). Stagg et al. found behavioural improvements on response times in chronic 

stroke patients where M1 was spared (Stagg et al., 2012). But chronic stroke patients with 

mixed lesions did not benefit from robotic gait-retraining where anodal tDCS was applied 

adjunctively compared to the sham condition (Geroin et al., 2011). Likewise, adjunctive tDCS 

modalities had no effect of the response to robotically-assisted bilateral upper limb training in 

chronic stroke patients with cortical injuries (Hesse et al., 2011). However, a cross-over study 
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showed that lower limb muscle control was improved in a cohort of chronic stroke patients 

with mild impairment and spared M1 (Madhavan, Weber II and Stinear, 2011).  

Subacute stoke patients might also benefit from this intervention: finger acceleration and Box 

and Block Test were improved for 60 minutes post-intervention compared to a sham control 

condition (Kim et al., 2009). Subcortical stroke-affected chronic patients also improved in 

terms of reaction time and pinch force (Hummel et al., 2006) and the JTHFT complex motor 

task (Hummel et al., 2005). Furthermore, in a cross-over study, 4 patients with sub-cortical 

stroke derived lasting benefit from repeated training over 4 weekly sessions (Boggio et al., 

2007). But 50 acute stroke patients with mixed lesions derived no lasting benefit from anodal 

tDCS in a matched groups, RCT format when activity and deficit were assessed at 5 days and 3 

months following a 5-day intervention (Rossi et al., 2012), hinting that the clinical outcome 

measures applied in previous studies do not accurately reflect the requirements of activities 

necessary for functional independence.  

There may be a greater clinical benefit for individuals with relatively greater deficits. More 

severely involve stroke patients appeared to derive more benefit (Hummel et al., 2006) while 

the greater the age of the individual, the proportionally better were the outcomes (Hummel et 

al., 2010). 

The general observations on the above evidence are that, to date, there is limited evidence of 

either short term or lasting benefit in motor learning in patients. Significant enhancements in 

motor function appear to be contingent on an intact M1 and the selection of simple outcome 

measures which do not critically examine the accuracy of task end-points. In the absence of co-

morbid injuries, the architecture of the brain is fully preserved in tetraplegic SCI patients and 

and so we might expect to see a clearer beneficial effect of anodal tDCS on motor skill learning 

if it exists. Furthermore, this neurologically-impaired population may be a useful group to 

study, where the relative effects on motor learning and motor performance may be 

disassociated from other factors for heterogeneity that might be associated with stroke injury 

(Ones et al., 2009) such as variable damage to brain centres. 
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1.8 Motor learning 

1.8.1 A critique of current approaches to measurement of goal-

based behavioural outcomes 

This critique is limited to that range of current clinical measures identified which seek to infer 

levels of sensorimotor function from the result of a goal-based metric, at the International 

Classification of Function and Disability level of Activity (Cieza and Stucki, 2008) and with 

regard to unilateral upper limb function. Exemplars are discussed. 

Many objective measures of motor skill are available to assess the level of upper limb manual 

dexterity or motor skill, in both patients and healthy persons. All those considered simulate 

some series of practical dextrous motor behaviour which broadly involves the repetitive 

enactment of several tasks which take place over the following phases of prehension: grasping 

and manipulation of an object, aiming towards a target of some sort during which grasp might 

require adaption to the target profile, object placement and release (Elliott et al., 2004). 

Finally, the end effector (the hand) is returned to the start position to start a further repetition 

of the task. 

Single-task clinical measures of manual performance aim to achieve high measurement 

precision in a particular construct by focusing on limited repetitions of single tasks composed 

of several identical elements. Examples of this class of measure are the 9-hole peg test (9HPT) 

(Oxford Grice et al., 2003) or the Grooved Pegboard Test (Bryden, Roy and Spence, 2007). This 

type of test can suffer from floor effects through an intolerance of spatial error, whereby the 

validity of the task result is compromised if it is not completed without error within a practical 

time limit. An alternative approach is to measure how many times a standardised subtask can 

be completed over a limited time period: the Purdue Peg Test (Buddenberg and Davis, 2000) 

falls into this category. Again, success depends on completing subtasks successfully and the 

difficulty of the task is mitigated by the design of the target as a socket on a flat board, so that 

a peg can be manoeuvred across a board surface and into the target, by a process of trial and 

error if necessary.  

By these means the issue of error recording is avoided, but by the same rationale construct 

validity in terms of a precise reflection of practical motor performance is limited. Ceiling 

effects in these procedural tasks occur where a subgroup of individuals find the tested 

procedure sufficiently easy that improvement in the dependent variable (usually completion 

time) is no longer sensitive to the independent variable of interest. Floor and ceiling effects 
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both act to reduce the target spectrum of applicability, because the occurrence of errors 

during the enactment of the measurement task reduces the validity of the measure.  

In the effort to encompass a wider functional spectrum and/or range of abilities some 

instruments apply a battery of different sub-tests to measure different aspects of motor 

function to capture a variety of skill domains. These may then be aggregated or summarised in 

some way to give an overall score. The issue here is that, precisely because a number of 

attributes are measured simultaneously, by definition it is difficult to implement task batteries 

as training and measurement tasks for investigating specific task-dependent motor skill and 

learning effects. The Jebsen Taylor Hand Function Test (JTHFT) (Jebsen et al., 1969) is a 

prominent and long-standing example of the class, being first intended as a clinical assessment 

of several aspects of arm/hand function and is widely used in experimental research where it is 

commonly used as training task and an inferential measure of task-dependent motor skill state 

in healthy persons and patient groups. 

The issue of motor skill measurement is particularly prominent in the field of 

neurorehabilitation research where the effect of central nervous system injuries is highly 

variable between survivors. In order to avoid the introduction of bias from use of an insensitive 

instrument, investigator restrict study inclusion criteria to participants who are considered 

homogenous for the construct being measured, within the psychometric range of linearity for 

that measure of the dependent variable (Yancosek and Howell, 2009). The ideal characteristics 

of a motor skill instrument therefore include wide-spectrum applicability – the task should be 

accessible to those with profound motor impairment but also be capable of sensitively 

detecting motor skill levels up to the elite skill level in healthy persons.  

Though it has long been recognised that spatial accuracy of movement is an essential 

parameter of skilled manual performance, there is as yet no universally-accepted means of 

defining spatial-temporal performance within a measurement interval. The measurement 

dimension of the current measurement instruments discussed is chiefly that of completion 

time, because it can be easily evaluated using simple equipment. There may occasionally be 

some attempt to evaluate spatial errors (Hummel et al., 2010). However, though the challenge 

is well-understood, no successful and practical solutions to the quantitative definition of motor 

skill in terms of completion time and end-point accuracy have been offered. In general, we 

submit that because spatial error is not measured as an integral dimension of task 

performance in any current accepted tests there may therefore be limited relevance to the 

construct of motor skill of which completion time is only one attribute. 
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There has been an attempt to resolve the issue, by integrating the spatial and temporal 

parameters into a univariate skill measure. The work of Reis and colleagues (Reis et al., 2009) 

which investigated the lasting effect of anodal tDCS on skilled performance in healthy persons 

provided valuable insights into the issues surrounding objective measurement of motor skill. 

Variables were gathered from a single spatial dimension computer-based serial reciprocal 

movement based task, utilising a hand pinch grip force interface. For this study, the 

researchers developed and utilised a skill measure based upon a logarithmic transformation of 

an empirically-derived speed*error/accuracy function, and with skill parameter a (Equation 

1.8-1). The results revealed improvements in skill due to anodal tDCS lasting up to 6 months 

past the training period.  

 

  
            

                            ) )
 

Equation 1.8-1: Function for the skill parameter a (Reis et al., 2009) 

 

But in deriving the skill measure several potential flaws were introduced. Apart from a number 

of mathematical assumptions made about the stability of individual ‘non-skill’ parameters over 

time, it was reasoned by the researchers that accurate estimates of the relationship between 

target error/accuracy and movement rate could be found from separately averaged 

proportional number of trials in which 1 or more errors occurred and task durations over a 

given sample of training trials. It is argued that as this was of limited validity a mathematical 

approach, because the assumption was made that the distribution of both parameters 

remained stable over time, which was not proven. Furthermore, the expression included terms 

representing both spatial error and spatial accuracy (the ‘1-error rate’ term). The rationale for 

the approach taken is unclear, but the practical effect of applying this function to the 

derivation of a skill measure appears to multiply the effects of reducing errors and increasing 

movement rate upon the skill outcome. We reach this conclusion because, as shown in 

Equation 1.8-1, while the essential parameter of spatial skill is spatial accuracy, spatial error is 

widely predicted to increase proportionally with movement rate in movement to spatial 

targets. This factor alone may have resulted in the reported increasing level of mathematical 

noise over time, which prompted the application of a further logarithmic transformation (Reis 

et al., 2009). Despite the best efforts of the researchers to accurately evaluate both spatial and 

temporal dimensions of motor skill (Reis et al., 2009), the reported improvements in the skill 
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measure could have been due either to inaccuracy in the model rather than improvements in 

motor skill. 

Finally, although the outcome measure employs dimensional limits for the quantification of 

performance errors, this being an abstract task it is difficult to estimate the stringency of the 

error constraint on behaviour. This is important because motor control, as the effective 

balance between movement and spatial accuracy, and the learning of motor skill is thought to 

depend respectively upon observation of spatial variability in spatially demanding skilful tasks 

(Guigon, Baraduc and Desmurget, 2008) and integration into future movement plans (Novick 

and Vaadia, 2011; van Beers, 2009). This, it is argued, is the basis of a flaw in all existing clinical 

measures of motor dexterity: if the tolerance constraints of targets are not stringent than the 

measure may not be sensitive to increases in spatial variability.  

In summary, while spatial variability is an explicit dimension of all practical, skilled goal-

oriented movements, none of the validated surrogate measures (Roland and Torgerson, 1998) 

discussed carry information about success in achieving spatial end-points and so are not 

capable of integrating spatial and temporal dimensions. These measures cannot therefore 

represent the construct of practical motor skill as we have chosen to define it. It is this 

limitation which gives rise to issues with the sensitivity and linearity of current clinical 

measures: spatial goal errors, occurring due to high spatial variability in target aiming, result in 

floor effects while highly accurate aiming capability results in ceiling effects (Barak and 

Duncan, 2006) compromising the generalizability of experimental results to clinical outcomes 

(Roland and Torgerson, 1998).  
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1.8.2 Factors in uptake and retention of motor skills 

The phenomenon of long-term motor skills retention appears to depend firstly upon the 

extent of repetition priming, specifically training of a specific set of task items beyond 

performance saturation during a training session rather than direct correlation with the extent 

of repetition (Hauptmann and Karni, 2002). ‘Off-line’ (between sessions) improvements in skill, 

might occur, for example, following over the day following practise or over a subsequent 

period of sleep (Debas et al., 2010; Gomez Beldarrain et al., 2008; Karni and Sagi, 1993). This 

process of consolidation of the motor memory might rely on the stabilisation of the 

performance improvement in motor circuits (Karni et al., 1998). fMRI Imaging studies have 

identified that consolidation of motor adaptation tasks is time-dependent either during the 

daytime or sleep and is correlated with activity in the posterior parietal cortex and cerebellum, 

but motor sequence learning is strongly sleep dependent with neural activation in the striatum 

and contralateral primary M1 (Debas et al., 2010). Likewise, disruption of the primary M1 with 

rTMS following blocked-practise motor training protocols impaired performance of the skill but 

without impairing sleep-induced enhancements, suggesting that respectively different 

mechanisms for motor performance and memory retrieval may be responsible (Robertson, 

Press and Pascual-Leone, 2005). 

A further and perhaps related factor to be considered is the effect of similar interference tasks 

which interact negatively upon the priming effect of the first task (Hauptmann and Karni, 

2002). Blocked repetition of motor tasks is thought to result in better improvement in speed 

and accuracy of execution than those motor skills, although the reverse appears to be the case 

when retention over time and transfer of the skill over time is concerned (Lee, Swanson and 

Hall, 1991). This effect is thought to be due to the greater contextual interference when going 

through random practise, requiring greater cognitive demands and thus allowing for greater 

flexibility when integrating the learned patterns into action plans (Li and Wright, 2000).  

Training load or dosage might be an important time-dependent component of the degree to 

which motor training persists as a skill. Ghilardi and colleagues examined the relative 

contribution of explicit and implicit components to the process of learning a sequential motor 

skill (Ghilardi et al., 2009), and the interference effect of learning a second sequence upon the 

first. Training with the second sequence interfered significantly with implicit performance 

when this took place 5 minutes after training with the first, but no interference was found if 

the second sequence was trained 24 hours after the first. Conversely, explicit recall of first 

sequence order was impaired even when interference training was applied a full 24 hours 
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after. However, exposure to increased training load of either the first or second sequence 

protected against interference with the learning process of both suggesting that embedding of 

the implicit components of movement kinematics occurs as a process separate to the explitic 

learning of movement sequence (Ghilardi et al., 2009).  

The detection and interpretation of error signal-to-noise ratio around an optimal outcome is a 

vital component which enables task tuning to maintain an acceptable level of control, and the 

prevention of consequences that are considered to be negative (Amalberti, 2001). But it has 

also been found that, with increasing expertise knowledge-based errors decrease while 

routine-based errors increase, where the error rate is maintained at a level sufficient to 

maintain a satisfactory level of control via implicit mechanisms (Valot and Amalberti, 1992). 

Indeed, laboratory-based studies have shown that introducing uncertainty to the location of a 

target in a reaching task results in the implementation of more variable joint movement 

strategies (de Freitas, Scholz and Stehman, 2007) suggesting firstly that, as found by Ghilardi et 

al. (Ghilardi et al., 2009) motor planning is a necessary part of fluent movement but also that 

non-task based training to improve implicit movement accuracy may be of some benefit in 

addressing problems of adaption to similar but novel activities of daily living. This would be 

detected in an experimental study as an intervention-dependent improvement over time in a 

similar but non-trained task. 

Studies in primates demonstrate the exponential reduction in the spatial variability of 

movement trajectories with practise as the main determinant factor in skill improvement in 

aimed tasks (Georgopoulos, Kalaska and Massey, 1981). This finding has recently been 

repeated in humans, and thought to be driven mainly by changes in motor and sensory 

representations that increase the neural signal-to-noise, as distinct from the model-based 

mechanisms in cerebellum that quickly reduce systematic sources of error (Shmuelof, Krakauer 

and Mazzoni, 2012). Studies in healthy participants suggest that there is a relatively greater 

improvement in successful adaption to variations in more complex object interception tasks 

(leading to decreased error, or improving skill level) when the task is first practised in a 

simplified format - that is, that use of redundant solutions in motor tasks may be emergent 

from learning of a task-relevant parameter (Ranganathan and Newell, 2010a). In other words, 

improving the ability to carry out a critical element of the complex movement task – such as 

refinement of shoulder kinematics, for example – may be key to the successful utilisation of 

later redundant movement solutions. Therefore, we might postulate that the repetitive 

practise of critical elements in a reaching movement may be transferable to skill levels in other 
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tasks – at least those tasks which serve a similar behavioural outcome. Simplified 

interpretation of kinematic errors in particular, as shown to be important in previous studies 

(Scheidt et al., 2000; Shadmehr and Mussa-Ivaldi, 1994) might enhance the speed of 

development of internal dynamic model development within the CNS, within the limited 

context of the motor task type implemented in the present study.  

In studies of adjustment to external perturbations, TMS and tDCS have both been used as an 

intervention to assess the role of M1 in this aspect of motor learning, by brain stimulation 

before, after or during a learning task. Pre-interventional practise of motor task to plateau 

level in repeated-measures designed studies have revealed short term enhancements of 

performance (error or speed) by facilitatory or inhibitory interventions such as anodal tDCS or 

cathodal tDCS respectively. Additionally, the comparison of different stimulation methods can 

provide clues as to the function of specific brain areas. For example, 1Hz rTMS applied to M1 

did not impair short-term adaption to a robot-induced dynamic force-field (Baraduc et al., 

2004), but anodal tDCS applied during the adaption phase increased de-adaption time (Hunter 

et al., 2009). These results suggest that anodal tDCS may enhance the rate of development of 

an internal force model (Hunter et al., 2009). If this is the case, M1 itself may be important as 

part of a distributed network in adaption to different ballistic conditions (Baraduc et al., 2004).  

 

1.8.3 Joint kinematics and learning effects in prehension 

Muscles which feature prominently in grasping, hand orientation and reaching are the deltoids 

(shoulder abduction and medial rotation) (Fujiwara et al., 1999), brachioradialis (elbow flexion 

and secondary wrist pronation (Boland, Spigelman and Uhl, 2008)) extensor carpii radialis for 

wrist extension and tenodesis grip and the thenar muscles for thumb opposition (Brochier et 

al., 2004).The inclusion of a limited repertoire of time-varying motor synergies has been shown 

in the execution of wide range of functional activities in the limbs of healthy animal models 

(Bizzi et al., 2008) and the shoulder and elbow of healthy humans (d'Avella et al., 2006). 

Individuals implement basic hand shapes with fine tuning of finger posture to achieve adaptive 

grip exists both in healthy (Mason, Gomez and Ebner, 2001)and C6/C7 SCI subjects, despite the 

motor deficit in the latter group (Jacquier-Bret, Rezzoug and Gorce, 2008). Grasp 

implementation is object-specific and repeatable, though differing somewhat between 

individuals, both in humans (Wong and Whishaw, 2004) and other mammals (Brochier et al., 

2004).  
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Observations of reaching actions have shown that healthy human reaching is characterised by 

optimisation of sub-movements in the approach to a reaching target, most commonly in initial 

under-reaching (Meyer et al., 1988) and this succession of under-reaching movements even 

after training gives rise to a sustainable means of addressing prevailing sources of random 

error in the most energy conservative way (Elliott, Hansen and Grierson, 2009). These findings 

provide a sound basis for the implementation of complementary targeting mechanisms for 

accurate reaching - an internal forward model, which is optimised for systematic variations in 

environmental parameters (Burge, Ernst and Banks, 2008) with the ongoing requirement for 

ongoing monitoring of spatial error during the reaching action (Medina, Jax and Coslett, 2009) 

which can respond to environmental perturbations at latencies of less than 200ms (Saunders 

and Knill, 2005). In fact, in combination these mechanisms might provide the functional basis 

for an inherently flexible motor system consistent with the theory of motor abundance 

(Latash, 2012) with the capacity to continue systematic searching for the optimal kinematic 

strategy under steady state external environmental conditions (Ranganathan and Newell, 

2010b).  

Accurate control of the end effector is thought to depend both on a balance between forward 

modelling in movement planning (Churchland, Afshar and Shenoy, 2006) and correction via 

real-time information in the approach to the target (Proteau et al., 1987; Todorov, 2004). 

Constant visuomotor feedback, vital for control in the approach to the target requires 

response latencies greater than around 160ms to have an effect upon the outcome (Saunders 

and Knill, 2003) and recent kinematic findings suggests that the optimal corrective movement 

must occur early in the timecourse of successful reaching movement (Kwon, Shelton and Chiu, 

2009).  

Maintenance of performance over both distance and direction (i.e. accuracy) does appear to 

be conditional upon the maintenance of available visual feedback throughout the entirety of 

the movement (Saunders and Knill, 2005; Saunders and Knill, 2003; Proteau et al., 1987). But 

smooth shaping of the hand during the approach to object grasping is contingent in part upon 

intact mechanoreception in the fingers (Monzée, Lamarre and Smith, 2003) rather than 

continuous visual feedback (Winges, Weber and Santello, 2003). The necessity for parallel 

sensorimotor pathways to mediate fine manual dexterity have been shown in primates where, 

even in the absence of motor impairment, experimental reduction in the distribution or 

richness of mixed afferent feedback impacts negatively upon the accuracy of feedforward 

motor output (Darian-Smith, Burman and Darian-Smith, 1999). Dependent on the relative 
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impact of sensory and motor deficits in incomplete tetraplegia, the combination of these 

problems might reduce the abundance of possible movement synergies normally found in 

healthy individuals during upper limb function (de Freitas, Scholz and Stehman, 2007; 

Robertson and Miall, 1997), forcing the implementation of alternative, individually variable 

gross motion strategies to achieve the desired objective (Galloway and Koshland, 2002).  

The reach system appears to construct an accurate model based on the task-dependent 

transformation of somatosensory information (Monaco et al., 2010), which in turn provides for 

the optimal use of multiple sensory modalities in action planning (Brenner and Smeets, 2011). 

Following injury to the spinal cord there is a reduced capacity for parallel information 

processing and increased reliance upon serial processing in spared tracts (Darian-Smith, 

Burman and Darian-Smith, 1999). The presence of spared yet demyelinated or dysmyelinated 

long tract axons is thought to be a common feature in functionally incomplete SCI (McDonald 

and Belegu, 2006) as shown in animal models (Radojicic et al., 2005; Nashmi and Fehlings, 

2001) and post-mortem in humans (Guest, Hiester and Bunge, 2005; Bunge et al., 1993) a 

process which may actually progress over time post- SCI (Totoiu and Keirstead, 2005).  

This might have two independent effects upon motor performance. While limb kinematics in 

reaching are broadly preserved despite profound paralysis of important muscles (Hoffmann et 

al., 2006), when sensory input is impaired there is reduced potential to improve the spatial 

precision of the forward model, through ongoing comparison of expected with actual 

outcomes based on sensory information (Otten, 2005). Therefore the degree of sensory 

preservation might be expected to directly impact on the rate of motor learning. 

1.8.4 Theories underlying goal-directed aiming in prehension 

In 1899, Woodworth first posited that a relationship between speed and accuracy existed 

during rapid aiming tasks, and depended upon central, feedforward and feedback-mediated 

mechanisms (Elliott, Chua and Helsen, 2001). According to this model initial, ballistic 

movements bring the extremity towards the target area at which point feedback mechanisms 

are initiated to guide the movement to a successful conclusion. Slower movements were 

considered to provide for more feedback-driven correction to take place, resulting in an 

inversely proportional relationship between accuracy and the parameters of movement 

amplitude and speed (Elliott, Chua and Helsen, 2001). 

Fitts and colleagues used an experimental approach to investigate the capacity of the human 

motor system which itself includes indivisible visual, proprioceptive and cutaneo-sensory 
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components (Fitts, 1954). It is useful to discuss this important work as it outlines the concepts 

used to justify analysis of the motor task data in the present project. The experimental designs, 

utilised 4 different tasks requiring hand dexterity and limb reaching movements, controlled for 

task amplitude and limits of tolerance, and subjects were instructed to work with the emphasis 

on accuracy. The researchers postulated that the work rate would be limited by the 

information processing capacity required to complete the task with an acceptable level of 

accuracy, in a motor system containing a fixed level of noise as a source of motor error. 

From the data, a non-linear (logarithmic) mathematical relationship was defined between the 

physical parameters of the task (mean movement amplitude A, target width W) as an index of 

task difficult (Id) (Equation 1.8-2). 

 

ID=-log2
 

  
            . 

Equation 1.8-2: Index of Difficulty (ID) for a standardised spatial target (Fitts, 1954). 

ID is directly proportional to target width W and indirectly proportional to amplitude of the 
reaching movement A. 
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Note that this relationship is applicable to repetitive tasks by multiples of movement 

amplitude A where A is taken to be the normally-distributed mean of all possible amplitudes 

(Fitts, 1954), thus may be applied to net performance in more complex tasks, and the 

information carrying capacity required to complete the task successfully over n trials increased 

proportional to the task Id. From Equation 1.8-2 a performance rate index (Ip) could be derived, 

with Ip as the expression of information transfer rate (Equation 1.8-3). 

 

Ip = -
 

 
log2

 

  
           . 

Equation 1.8-3: Performance Index (IP) of information carrying capacity in relation to a 
standardised target (Fitts, 1954). 

IP is directly proportional to target width W and indirectly proportional to amplitude of the 
reaching movement amplitude A and duration of the movement time t. 

 

It was found that, although each task had a different ID, Ip remained fairly constant over a 

limited range of varied task parameters with the most consistent performance associated with 

movement amplitudes of between 4 and 8 inches (roughly 10 and 20cm respectively). It was 

postulated that the healthy human motor system does indeed have a limit of performance 

defined by the capacity to process sensory monitoring of movements within the physical 

parameters of the task, which may be generalizable to all physical tasks (Fitts, 1954). However, 

the information carrying capacity of the hand may, by virtue of the compound movements of 

individual fingers be higher than that of the arm (Fitts, 1954) and so conversely we should 

consider the possibility that neurological impairment of the hand might have a relatively more 

profound effect on the performance of complex dexterity tasks.  

In a subsequent work, Fitts and Radford expanded these findings and varied the cognitive 

approach (speed-emphasis, accuracy-emphasis or self-selected cognitive approaches) under 

which subjects carried out motor skill tasks. They again found evidence to show that, although 

reductions in movement time (due to increasing movement speed) resulted in increases in task 

error, the information carrying capacity of the human motor system appeared quite constant 

under different cognitive sets (Fitts and Radford, 1966).  

Keele’s review of movement control (Keele, 1968) observed that successive repetitions of 

movement result in a shift from feedback mediation to increasing integration of movements 

into (feed-forward) motor programs, providing a practise-dependent model for the time-
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dependent development of motor memory in skilled tasks. In simple terms, the Keele model 

suggested that feedforward motor programs are refined with practise and explains the 

persistence of longer completion times in difficult tasks within an iterative model, where 

successive correctional movements in closing to an aiming target are ballistic in nature and 

require multiple separate learned motor programs rather than being feedback-driven (Keele, 

1968). Others have suggested that the speed-accuracy relationship is not related to feedback 

and increased levels of error creep in because of the increasing muscular and inertial forces 

acting over the period of the task, which then give rise to the increased variability of end-

accuracy placement (Schmidt et al., 1979), but this is the case only for the fastest movements 

when visual feedback is availiable (Schmidt et al., 1979). 

Conversely, akin to Woodworth’s model the intermittent feedback model posited by Beggs and 

Howarth (Beggs and Howarth, 1972) advanced that the speed-accuracy relationship in 

reaching to a task is a function of the approach trajectory and the accuracy of the early ballistic 

phase as well as the inherent variability due to systemic noise. Based on earlier research, 

correction of ballistic errors was thought to take place at a fixed time (290ms) before the 

termination of successful task trials (Beggs and Howarth, 1970). Using a metronome to guide 

movements at different speeds in a reach-to-target task, utilising right-handed subjects in 

blocks of 20 trials, where illumination was broken at different distances from the target, the 

researchers empirically demonstrated that at given speeds the target error depended upon the 

distance from target at which the last correction was applied. Furthermore, increasing the 

speed of the movement increased the distance from target at which the corrective movement 

needed to take place in order to make an accurate placement (Beggs and Howarth, 1972), 

providing support for the experimental hypothesis.  

A more sophisticated model explaining Fitts’ explanation of the speed-accuracy tradeoff and 

the variability of movements near to targets suggested a ballistic, feed-forward movement 

phase followed by an optional corrective phase (Meyer et al., 1988). This model made an 

assumption that the combined optimisation of these movements would result from an optimal 

performance to minimise average movement time and error rate, the results of which are 

stochastic due to the inherently noisiness found in biological sensorimotor neural networks. 

Empirically, this research group found that the variation in end placement position around a 

target centre follows a normal distribution (as expected in a sensorimotor system subject to 

noise) and that the variation grows linearly with the velocity of the movement (Meyer et al., 
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1988). Error rates also increased with target difficulty, even in the trained condition, thought 

to provide evidence against the iterative Keele model (Meyer et al., 1988).  

In accordance with this model, termed the stochastic optimised-submovement model, the 

variability of fast movements is greater and therefore requires more corrective movements in 

order to achieve the target area. The overall target time approach selected by participants 

must determine the maximum speed of the primary ballistic movement but with minimal need 

for one or more corrections in the face of the interent noisiness of the system, which is a 

practise-dependent process. Optimal trials will minimise the number of corrections required 

and thus maximise the mean performance over successive trials. 

The form of the trade-off characteristic between movement rate and spatial accuracy may 

depend upon the demands of the experimental task – hence, theoretical models may be 

limited. The linear trade-off relationships found between temporally-constrained movement 

tasks (linear) are thought to be compounded by the additional factor of spatial constraints to 

give rise to the logarithmic relationship found by Fitts and in many physical tasks (Meyer et al., 

1988). Thus, Fitts’s law may have general applicability in motor performance. The latter type of 

task parameter, free of temporal constraint is thought to allow more readily for the 

optimisation of movements to develop in a practise-dependent fashion. However, Meyer’s 

data also indicated that, following training, subjects do not consistently produce optimal 

movement patterns, suggesting that the subjective perception of target difficulty gave rise to 

variability in the cognitive approach resulting in less and more corrective submovements being 

applied to easy and difficult targets respectively. This variability in initial cognitive approach, 

combined with the variability due to noise in the sensorimotor system, may tend to give rise to 

greater variability in the performance outcome though it remains to be seen whether this 

variability in approach improves average performance compared to temporally-constrained 

trials with fixed spatial constraint. It may be important to at least limit the cognitive approach 

via instructions in order to standardise cognitive approaches to the task (MacKenzie and 

Isokoski, 2008) and limit performance extremes (Platz, 2004). 

In the acquisition of improved control in tasks involving redundant degrees of freedom, a large 

number of redundant degrees of freedom may give rise to the same result. Inter-trial 

variability in kinematic pathways may persist independently of reductions in end-point 

variability which accompanies improvements in task skill (Müller and Sternad, 2009). Indeed, 

others have found that spatial variability mid-path was always greater than the variability at 

the target, indicating that subjects continued to utilise redundancy in describing the kinematic 
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pathway toward the spatial goal (Ranganathan and Newell, 2010b). A practical benefit of this 

trajectory variability may be innate flexibility in dealing with changes to the task complexity, 

such as intermediate obstacles in three-dimensional and two-dimensional tasks (Vaughan et 

al., 2010; Jax, Rosenbaum and Vaughan, 2007). A parsimonious interpretation of the stochastic 

model suggests that open-loop models tend towards optimisation of accuracy and energy 

consumption, but in the presence of a noise level which is proportional to the speed and 

amplitude of the task effort which requires intervention with closed-loop feedback control 

(Todorov, 2004). Again, this theory is consistent with Fitts’s law: high speed open-loop motor 

commands driving early submovements incur greater trajectory error, thus must end earlier in 

order to accommodate closed-loop secondary corrective movements. In such a state the 

acceleration profile is skewed towards the earlier part of the movement to achieve successful 

target matching with the behavioural goal. However, optimal controllers seem to offer minimal 

intervention, so that energy expenditure is utilised only when on-line error is likely to affect 

the goal.  

Similarly, in a reciprocating task, movement speed was faster after placement within target 

area, but slowed down when the target was missed and gradually recovered after several 

correct trials independent of task difficulty, as dictated by target size (Brenner and Smeets, 

2011). Furthermore, individuals tended to increase speed over the primary reaching phase 

rather than the terminal end-point phase of reaching suggesting that the requirement for 

corrective submovements close to the target were anticipated regardless of the history of 

success, and were shown not to be due to a reduction in variability. This provides evidence 

that end-point variability depends on the speed of movement near the endpoint, rather than a 

reduction in motor noise. Near-optimal performance can develop quickly in very short period 

of time and is reactive to a limited number of prior trials, without the need to learn the extent 

of task-dependent motor variability (Brenner and Smeets, 2011).  

To summarise, various models have been developed which place different emphasis on feed-

forward and feed-back driven behavioural mechanisms in speed and accuracy parameters. 

These models, which appear to be applicable to such diverse activities such as sequential and 

reciprocal reaching, wrist rotation and finger movements do not, however encompass the time 

dependent changes in goal-dependent aiming behaviour which occur with practise due to 

learning. 
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A further question which arises is if, and if so how, short term mechanisms are associated with 

the longer-term mechanisms of motor learning? That is, does modifying the parameters of 

motor practise modulate the extent of plasticity, and hence the extent of refinement in motor 

skill? Does practise of a given motor skill result in the consolidation of feedback-reliance 

towards an open-loop, feedforward motor program? This implies the development of a motor 

program, or succession of motor programs as postulated by others (Keele, 1968; Schmidt et 

al., 1979).  

A strategic approach tends to develop in which a balance between end-point variability, speed 

and energy expenditure is reached (Elliott, Hansen and Grierson, 2009). In tasks where the 

target is of a fixed size, early submovements will fall outside of the target footprint in a 

relatively large number of trials compared to performance after practise, thus the number of 

trials in which one or more corrective submovements via a process of visually-controlled limb-

target fixation and fine adjustment of limb kinematics late in the movement is required will be 

large during early practise and progressively smaller as the level of skill improves (Starkes, 

Helsen and Elliott, 2002; Binsted et al., 2001). Error can approach but never reach zero due to 

the stochastic, noisy nature of the human motor system. Indeed, rather than embedding 

motor sequences into open loop programs it seems that that skill may develop by virtue of 

improving the processing efficiency of sensory information via some sort of comparator 

mechanism (Schmidt et al., 1979).  

There is a body of recent work, revisiting the work of Fitts and Radford which itself elaborated 

the theory that the human motor system, in totality and including sensory pathways has a 

limited and invariant capacity for throughput (successful execution) of a skilled task (Fitts, 

1992). The throughput might be dependent upon two competing factors, speed and accuracy 

of task completion, in an environment where the amplitude of movements is relatively fixed. 

They further showed, utilising a reciprocal manual aiming task that, where the amplitude of 

movements was fixed this ‘trade-off’ persisted independent of the ‘cognitive set’ – that is, 

subjects demonstrated an upper limit to throughput no matter whether they were asked to 

emphasise speed or accuracy of execution, or move at a self-selected rate (Fitts and Radford, 

1966). Mackenzie and colleagues empirically demonstrated that Fitts’ theory on constant 

throughput was upheld independently of significant reciprocal changes in completion time and 

accuracy, along with the expected observation that variability of placement position is more 

erratic at high execution speeds (MacKenzie and Isokoski, 2008).  
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Guiard and colleagues clarify the empirical phenomenon in more general terms including the 

constants of task geometry, target distance and tolerance which incidentally are fixed 

properties in the MSRT task utilised in the present project. These authors further discuss the 

throughput constant, represented by the quantity ‘q’, in terms of the maximal investment of 

resources by an individual or population sample, each of whom possesses a limited-resource 

pool at a given time (Guiard, Olafsdottir and Perrault, 2011). Where the environmental 

parameters relating to the task are stable, the speed accuracy trade-off is redefined in terms of 

movement time and relative error, the latter variable defined by the statistic of movement 

error against movement amplitude (Guiard, Olafsdottir and Perrault, 2011).  

1.8.5 Co-regulation of movement time and spatial error in skill 

measurement 

Simmons and colleagues investigated the skilled behaviour of 16 children with foetal alcohol 

spectrum (FAS) compared to age-matched healthy controls in a classic Fitts’ reciprocation task 

to targets using a computerised interface (Simmons et al., 2011). FAS is associated with 

structural anomalies in the CNS and behavioural and intellectual impairments (Riley and 

McGee, 2005) but also deficits in visuomotor integration and fine motor skills (Mattson et al., 

1998) affecting the velocity timing of target-oriented movements (Wass et al., 2002). The 

important finding of this study in the current context is that, though the researchers found 

that both healthy and pathological groups produced skilled outcomes according to a linear 

Fitt’s Law function relating movement rate and target difficulty, and closely matched skill 

based upon indexes of performance IP, the pathological FAS group were only able to achieve 

this by increasing movement rates to compensate for a significantly higher net spatial error 

rate (Simmons et al., 2011), but also suggesting that motor control and learning is governed to 

maximise IP. Likewise, a similar study in 32 children with developmental coordination disorder 

and learning disability (DCD-LD) compared to controls found that significantly more errors 

occurred during performance of cyclic motor tasks between fixed points and were associated 

with faster end-point velocities that appear compensatory in nature (Smits-Engelsman et al., 

2003). Both of these studies suggest that increased movement rates can be a viable strategy to 

maintain information transfer rates in compensating for innate deficits in spatial accuracy 

(Simmons et al., 2011; Smits-Engelsman et al., 2003) albeit a more energetic strategy.  

By testing the effects of applying loads to the arms of DCD children, it was ascertained that the 

pattern of behaviour towards increased movement rates was driven by the impairment of 
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open-loop, or feed-forward modelling because the children had difficulty in integrating the 

force and timing components of movements (Wilson et al., 2001) which would lead to a 

discrepancy between the expected and actual reaching endpoints. The authors suggested that 

the pattern of behaviour was associated with a greater reliance on direct stimulus-response 

feedback of innate deficits in spatial targeting and a reduced ability to develop the limited 

strategy (Smits-Engelsman et al., 2003) towards the learned, action-dependent, predictive 

open-loop internal models required for motor optimisation (Novick and Vaadia, 2011). But 

equally, the outcomes on IP, which were approximately equal to the result from healthy 

controls, indicate that the pathological groups achieved motor skill levels (as we also currently 

define it: Section VII.1.11) equal to the healthy groups over the period of these observational 

studies. The generalizable inference is that individuals who are subject to greater levels of net 

spatial error may be able to implicitly apply effective alternate systematic strategies to 

maintain motor skill at healthy norm levels.  

This strategy involving increased movement times might be a signature of compensation for 

sensorimotor impairments limiting prehension end-point accuracy to fixed targets, because 

healthy subjects are known to reduce peak velocities as reaching tasks increase in difficulty 

(Park, 2002) under self-guided movement rates, all other task variables being equal (Park and 

Kim, 2008). In fact, in healthy persons this kinetic and kinematic refinement in upper limb 

functionality is a viable strategy for the preservation of goal success in fatigued states 

(Missenard, Mottet and Perrey, 2009)}, perhaps because reductions in movement rate allow 

more time for address the effects of random motor noise upon reaching actions (van Beers, 

2009). 

Likewise, in adults affected by cerebral palsy, subjects performed a Fitts’ law task with a high 

degree of error but significant usage of ballistic movement to achieve the aim of the task, 

reaching to targets of varying difficulty, though the researchers were unable to establish a 

significant ‘Fitts’ log-linear association between movement time and the difficulty of the 

targets: perhaps this was due to the heterogeneity of the sample (Gump, LeGare and Hunt, 

2002). Thus, effective co-regulation of motor output with observations of spatial error is 

thought to be important for both motor performance and motor learning (Novick and Vaadia, 

2011) but relative defects of visuo-motor processing might be inferred from the strategy 

employed in reaching tasks.  
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1.8.6 Training and measurement of task-dependent skill 

Large dosage repetitive task-specific training of manual tasks over time-limited intervals has 

been shown to promote plastic changes in neural representation (Girgis et al., 2007; Nudo et 

al., 1996; Karni, 1996) and generalise to validated scales of upper limb function in improving 

functional ability in chronic neurological impairment (Birkenmeier, Prager and Lang, 2010). 

Furthermore, the literature suggests that the intervention of interest, tDCS is of benefit in 

improving function in a lasting fashion when applied adjunctively to complex motor tasks in 

healthy (Reis et al., 2009) and neurologically impaired (Boggio et al., 2007) populations. 

Conversely, research in animal models of tetraplegic SCI suggest that the neuroplasticity and 

functional improvement associated with task-dependent training may not generalise out to 

untrained tasks, and in humans short-term adaption to changing force environments was 

significantly altered to modify de-adaption following application of anodal tDCS (Hunter et al., 

2009).  

Block training in standardised tasks over limited periods of time is thought to offer effective 

results in rehabilitation (Birkenmeier, Prager and Lang, 2010). In rehabilitation from stroke, a 

modular form of activity training known as Arm Ability Training (AAT) implements motor tasks 

intended to address specific aspects of impairment in motor control including movement 

speed, aiming and dexterity (Platz, 2004). In contrast to methodological concepts based on 

massed therapy and individualised treatment strategies, in this paradigm the work load, 

consisting of standardised tasks, is limited by the baseline capability of the participant. 

Variation of goal difficulty in the task is applied which is thought to enhance motor learning. 

The task instructions call for the therapist to encourage speed of the activity without 

compromising accuracy in the goal.  

Compared to conventional modes of therapy the AAT protocol was shown to produce 

significantly better results for both for short-term and lasting benefits, suggesting that this 

type of standardised and highly structured form of training has relevance for efficacious carry-

over to activities of daily living (Platz, 2004). Knowledge of results, though thought to be 

important for explicit motivational purposes, does not seem to have an effect upon the 

outcomes of long-term studies showing efficacy at a year post-training compared to 

conventional methods (Platz et al., 2001). Likewise, the outcomes were not significantly 

sensitive to psychological factors which might constitute biases, such as depression and 

cognitive factors such as attentional ability (Platz and Denzler, 2002). 
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1.9 Rationale for stimulation of M1 to induce changes in motor 

performance 

Where the aim of tDCS application is to influence the performance of skilled motor activity, 

tDCS modalities have most commonly been applied with the active electrode overlying the M1 

region of interest. It is well-established that the degree of local cortical excitation of M1, as 

elicited by TMS-evoked measures, is dependent upon the duration and intensity of the applied 

direct electrical current (Nitsche and Paulus, 2000). In fact, it was found that significant 

corticomotor excitability changes following tDCS stimulation only took place when the active 

electrode was placed over the target area of M1 and the reference electrode placed over the 

contralateral forehead (Nitsche and Paulus, 2000). Though the premotor regions also have 

access to the spinal cord via direct connections (Dum and Strick, 1991) and in general are 

known to be important for on-line planning and of hand and arm movements (Buch et al., 

2010; Kantak et al., 2012; Platz et al., 2012a) M1 is highly interconnected with other motor 

regions in both cortical hemispheres, as well as the cerebellum, parietal and sensory areas and 

is therefore thought to act as an integrative centre for diverse influences on motor behaviour 

(Reis et al., 2008).  

There is an evidence-base for considering M1 as an area particularly important for procedural 

motor learning (Sanes, 2003). During, and in the hours following motor skills training, 

improvements in ability which can persist for years are accompanied temporally by changes in 

the pattern of representation in M1 areas projecting to muscles involved in the task (Karni et 

al., 1998). Changes in the excitability of M1 projections specific to target muscles involved in a 

skilled ballistic task were found to be temporarily increased following training (Muellbacher et 

al., 2001). It was further demonstrated that application of rTMS to M1 shortly following motor 

practise could attenuate retention of a learned of a motor skill (Robertson, Press and Pascual-

Leone, 2005; Muellbacher et al., 2002), whereas control stimulation of the prefrontal or 

occipital cortices had no effect (Muellbacher et al., 2002). These findings suggest that a critical 

process takes place in M1 over 1 or 2 hours following skilled performance during waking hours 

(Robertson, Press and Pascual-Leone, 2005; Muellbacher et al., 2002) which is necessary for 

the acquisition and retention of the skill (Robertson, Press and Pascual-Leone, 2005). Hence, 

by influencing the excitability of M1 it may be possible to modulate the efficacy of motor 

learning processes, which could have useful applications in rehabilitation (Priori, Hallett and 

Rothwell, 2009).  
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M1 is known to be particularly active in the inter-trial interval during practise of skilled motor 

tasks (Lin et al., 2010) suggesting a learning process subserving the laying down of lasting 

motor memories involved in subsequent skilled performance (Monfils, Plautz and Kleim, 2005). 

In the non-dominant upper limb, following prolonged skill training protocol, performance was 

not contingent upon activity of M1, the primary S1, the premotor cortex or the sensorimotor 

associative area (Platz et al., 2012b). In contrast, after a period of training from the naïve state, 

S1 was important for motor performance and learning, whereas activity in M1 region was 

specifically engaged during enactment of rapid movements (Platz et al., 2012a). This 

association between structure and function in the brain suggests that M1 is concerned with 

reproduction of learned motor engrams rather than direct skill learning. Likewise, the 

excitability of M1 was increased significantly 24 hours after, but not immediately following 

learning of a manual skill (Smyth, Summers and Garry, 2010). Disruption of excitability of M1 

following practise using inhibitory rTMS techniques did not influence the performance level or 

patterns of muscle activation in an aiming task (Shemmell et al., 2007). Taken together, this 

evidence suggests that the outcome, but not the primary mechanism of learning resides in M1. 

1.10 TMS-evoked measurement parameters associated with motor 

learning 

The gold standard for interrogative excitability studies is by direct stimulation of the brain, 

which may be ethically possible when performed in waking humans during brain surgery 

(Kantelhardt et al., 2010). Alternative, non-invasive observational techniques include positron 

emission tomography (PET), single photon emission computed tomography (SPECT), magnetic 

resonance imagery (MRI) and TMS (Kantelhardt et al., 2010). However, TMS is the closest non-

invasive proxy for direct cortical electrical stimulation (Chen et al., 2008).  

TMS is a non-invasive means of studying and manipulating alterations in cerebral function in 

vivo (Anand and Hotson, 2002; Daskalakis et al., 2002). More specifically, it is a widely 

accepted means of evaluating short-lasting or plastic changes in the motor cortex consequent 

to practise or learning in healthy persons (Tinazzi et al., 2003; Boroojerdi et al., 2001b) or 

following neurological injury, including stroke and spinal injury (Hamzei et al., 2006; Davey et 

al., 1999). Electromagnetic pulses induce a secondary electric current of proportional 

magnitude in excitable tissues such as muscle and nerve (Rosler, 2001; Barker, 1999). 

Depolarisation of cortical neurons results in the generation of action potentials (Maeda and 

Pascual-Leone, 2003) which induces synchronous waves of stimulation in corticospinal 
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projections and motor units, to an extent dependent upon net excitability of this efferent 

network (Chen et al., 2008). TMS magnetic pulses may be applied as single pulses or in pairs of 

pulses with variable intensity or inter-stimulus interval (ISI) as paired-pulse TMS to elicit 

different cortical effects (Kobayashi and Pascual-Leone, 2003; Maeda and Pascual-Leone, 

2003).  

Use of a standard, figure-of-8 coil stimulation coil placed on the scalp (Griskova et al., 2006) is 

capable of stimulating an area of perhaps 3cm2 and penetrates between 2 to 3cm within the 

head, allowing focal cortical stimulation to take place (Barker, 1999) with a spatial resolution 

of between 5 and 10mm (Boroojerdi et al., 2001b; Ashby et al., 1999).The stimulation coils are 

placed over the M1 area of interest at 45° to the sagittal plane with the coil tangential to the 

scalp, an angle approximately perpendicular to the plane of the central sulcus (Kujirai et al., 

1993). The magnetic pulse induces an electrical current in the posterior-to-anterior direction, a 

direction perpendicular to the axons of descending pyramidal neurons but, crucially, and 

parallel to the plane of interneuron projections (Day et al., 1989). Thus, in this orientation TMS 

preferentially stimulates both excitatory and inhibitory intracortical circuits (Day et al., 1989), 

(Brocke et al., 2005; Nakamura et al., 1997).  

Recent publications show that measures of cortical excitability evoked using magnetic fields 

generated by the hand-held, single round coil antenna are equally reliable and repeatable to 

those gathered using the twin coil (Badawy et al., 2011). Furthermore, the coil is aligned to the 

measured vertex of the head for stimulation of all cortical representations, rather than to the 

site of greatest stimulation of each cortical representation as is required when using the twin 

coil antenna. The advantages of using a single coil antenna are therefore greater ease of 

handling and repeatability of measurements due to reduced sensitivity to inadvertent small 

changes in coil alignment relative to the scalp (Shimizu et al., 1999). 

MEP variability is essentially random across all frequencies and is dependent on temporally 

fluctuating and spontaneously changing excitability levels within the descending tracts (Kiers et 

al., 1993). This variability appears to be inversely related to the factors of stimulus intensity, 

the level of background facilitation and the number of motoneurons recruited, while variability 

is reduced by increasing motoneuron excitability (Kiers et al., 1993). Facilitation by voluntary 

activation also shortens the MEP latency and reduces the motor threshold (Rothwell et al., 

1987). Strong logarithmic associations appear to exist between force production and MEP 

facilitation (Davey et al., 1999). The order of recruitment and rate coding of corticospinal 

volleys evoked by TMS is thought to be similar to that developed by voluntary activation (Bawa 
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and Lemon, 1993). As the corticospinal tracts are thought to be important for dextrous activity 

rather than force production (Colebatch and Gandevia, 1989) changes in these characteristic 

may be reflective of motor learning-related changes in the descending tracts. 

Repetitive practise of motor tasks appears to be associated with topographical, plastic 

reorganisation of M1 and significant changes in kinematic coding of thumb movements as 

evoked by TMS (Butefisch, 2004; Caramia et al., 2000; Classen et al., 1998). Experimental 

studies have shown that retention ofhand representational area within M1 after cortical injury 

requires repetitive use of the impaired hand, while the size of the hand representation had 

decreased in primates who did not receive rehabilitative training (Friel, Heddings and Nudo, 

2000). But increased use of the impaired limb appears to have a modulatory effect on plasticity 

in the surrounding tissue (Johansson, 2000). However, repetitive motor training alone does not 

produce functional reorganization of cortical maps. Instead, motor skill acquisition appears to 

be a prerequisite factor in driving representational plasticity in M1 (Nudo, Plautz and Milliken, 

1997).  

TMS-evoked stimulus-response curve (SRc) are considered to be a sensitive means of 

assessment excitability changes that take place in corticomotor pathways over successive 

measurement intervals (Boroojerdi et al., 2001a), for example in measuring the changes in 

excitability of cortical representations of muscles involved in the acquisition of skilled training 

tasks (Pascual-Leone et al., 1995a). In humans, improvement in the operation of motor skills 

correlates with progressive M1 reorganisation (Karni et al., 1998). Indeed, functional magnetic 

resonance imaging (fMRI) studies show that mere passive joint mobilisation results in cortical 

reorganisation (Lotze et al., 2003) an effect surpassed by active mobilisation (Perez et al., 

2004; Lotze et al., 2003; Liepert et al., 1998; Kaelin-Lang et al., 2002) which implies that 

somatosensory afferent and voluntary drive are factors in motor learning, the latter being of 

particular importance.  

With regard to long-term outcomes of skilled motor training, short-interval intracortical 

inhibition (SICI) and intracortical facilitation (ICF) evoked by probing with transcranial magnetic 

stimulation (TMS) measurement techniques are weakly expressed in the hand muscle of 

musicians compared to controls, both at rest and during activity (Nordstrom and Butler, 2002). 

This could represent a training-induced adaptation of corticospinal modulation related to 

enhanced dexterity (Rosenkranz et al., 2005). SICI in particular is thought to reflect the net 

state of the balance between inhibition and excitation in intracortical circuits in M1, with 

maximum inhibition at around 2ms, and appears to reflect the state of synaptic activation 
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(Chen, Yung and Li, 2003). There is evidence that the phenomenon depends on gamma-

Aminobutyric acid-ion channel receptor (GABAA) mediated, synaptic inhibition in M1 (Kujirai et 

al., 1993; Roshan, Paradiso and Chen, 2003; Ziemann et al., 1996) which is thought to be 

important as a substrate of Brain-Derived Neurotrophic Factor (BDNF) dependent (Schjetnan 

and Escobar, 2012) long-term potentiation (LTP) -like plasticity (Hess, Aizenman and 

Donoghue, 1996). LTP is a mechanism thought to be instrumental in M1 cortical plasticity 

associated with motor learning (Ziemann et al., 2001; Butefisch et al., 2000).  

Recent quasi-experimental work involving magnetic resonance spectroscopy (MRS) to assess 

changes in GABA concentration following anodal tDCS and motor activity found that GABA 

modulation in M1 was focal to the active cortical muscle representation immediately following 

both anodal tDCS application and motor learning (Stagg, Bachtiar and Johansen-Berg, 2011). 

Repetitive practise of motor tasks appears to be associated with topographical, plastic 

reorganisation of the M1 and significant changes in kinematic coding of thumb movements 

(Butefisch, 2004; Caramia et al., 2000; Classen et al., 1998). With regard to long-term 

outcomes of skilled motor training, SICI is weakly expressed in the hand muscle of musicians 

compared to controls, both at rest and during activity (Nordstrom and Butler, 2002). This could 

represent a training-induced adaptation of corticospinal modulation related to enhanced 

dexterity (Rosenkranz et al., 2005). Thus, both motor practise and focal application of anodal 

tDCS at rest can give rise to increases in GABAA modulation (Stagg, Bachtiar and Johansen-

Berg, 2011) 

Short-term enhancement of performance in simple motor tasks has also been related to focal 

facilitation of MEP amplitudes (Muellbacher et al., 2001) and reduction in SICI (Garry, Kamen 

and Nordstrom, 2004) evoked at M1 ‘hot spots’ specific to the muscles involved in the motor 

activity, though high-intensity exercise might induce a reversible depression of cortical 

excitability (McKay et al., 1995; Zanette et al., 1995). Pharmacological studies using TMS as a 

measuring instrument indicate that drug-induced inhibition of glutaminergic synapses is shown 

to enhance SICI, a mechanism associated with deafferentation-induced plasticity in humans 

(Ziemann et al., 2001). Practise of a skilled, isolated movement of the thumb enhances cortical 

excitability by significant reduction in SICI in hand muscle while increasing SICI in ordinarily 

synergistic muscles (Liepert et al., 1998) indicating that specific changes in SICI as evoked by 

twin-pulse TMS techniques might underlie functional mediation of existing neural network 

excitability. 
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1.11 Definition for spatial motor skill and concept for 

measurement 

Skill in any given task is both demonstrated and improved by practise (Yarrow, Brown and 

Krakauer, 2009). Both movement rate and spatial accuracy must be considered in 

measurements of skill (Reis et al., 2009). Whereas performance is concerned with the quality 

of the execution of a physical activity, skill is defined by the capability to achieve a goal with 

speed and reliability of precision (Reis et al., 2009; Parthornratt, Parkin and Jackson, 2011). We 

therefore define practical motor skill in the following terms: the ability to achieve a practical 

goal with spatial success over a limited quantity of time. Developing this statement, skill 

improvement is concerned with improving the accuracy rate, or productivity, in achieving the 

spatial goal target or a series of targets in a standardised routine of movements. It follows 

that, if participants are to be assessed on these criteria, the appropriate measurement system 

must detect and record both spatial and temporal domains with precision. 

1.12 Definition for Task Productivity Rate (TPR) measurement 

From the above definition of spatial motor skill, and extending the Fitts task concept of target 

standardisation to a task comprising of n targets of similar difficulty within a standardised 

sequential trial, we took task productivity to be the average time taken to achieve each 

successfully targeted score on an ideal standardised spatial target in a pre-defined sequential 

task. The measure of task productivity was termed as Task Productivity Rate (TPR). The 

beginning and end of each trial of the Motor Skill Rehabilitation Task (MSRT), developed as 

part of this project, is pre-defined and consists of a standardised series of grasping and 

prehension actions in relation to ideal, standardised targets (VII.2.9). The working definition 

for TPR was therefore taken to be ‘the measure of average time taken to achieve each 

successfully targeted score in a single trial of the Motor Skill Rehabilitation Task (MSRT)’. 

This interval scale measure was calculated as the count of successful targeting events observed 

divided by the overall trial completion time, with unit of measure seconds per score and was 

summarised as an arithmetic mean value over the number of trials stated in the Methods 

section of each respective study. 
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1.13 Rationale for focusing on changes to non-dominant upper 

limb function 

Previous studies suggest that the effects of motor learning and the adjunctive intervention 

might be detected more readily in relation to the non-dominant limb. But the mechanisms 

underlying functional dominance appear to be complex and the role of lateralisation is 

uncertain in relation to motor learning. In fact, the effects of anodal tDCS upon motor skill 

learning may be particularly evident when applied to the non-dominant cortex, hence allowing 

for assessment of effect with limited subject exposure. Boggio et al (2006), found more 

pronounced and significantly more beneficial effects upon motor learning outcomes compared 

to sham in the non-dominant hand but not the dominant hand, possibly due to non-use of the 

non-dominant hand in dextrous tasks (Boggio et al., 2006a). In healthy persons also, the 

control of precise hand movements using the non-dominant hand was enhanced both 

immediately after and 30 minutes after application of anodal tDCS to the contralateral primary 

M1 (Matsuo et al., 2011). 

Though the left hemisphere is thought to be dominant in the control of complex skills (Serrien 

and Spape, 2009) it has been argued that reduced functional connectivity in the non-dominant 

hemisphere may underlie interhemispheric differences in fine motor control although the 

direction of causality was not established (Reilly and Hammond, 2006). Twin-pulse TMS studies 

determined that non-dominant hemisphere intracortical excitability was reduced compared to 

the contralateral side and appeared to be due to differences in intrinsic connectivity (De 

Gennaro et al., 2004). Laterality-dependent differences in hand path kinematics are reflected 

by asymmetries in EMG activity and resultant torque patterns suggesting that the dominant 

limb has a relatively refined muscle activation strategy, which may mean that different neural 

control mechanisms govern movement of dominant and non-dominant upper limbs(Bagesteiro 

and Sainburg, 2002). 

These findings could be contingent upon the history of prior skills learning and may not reflect 

the capacity for future learning. Studies investigating the comparative effect of anodal tDCS 

upon dominant and non-dominant hemispheres have found greater excitability changes in the 

cortical representation of the non-dominant upper limb target muscle due to the intervention 

(Vines, Cerruti and Schlaug, 2008). Similarly, assessment of single-pulse MEP facilitation in a 

hand muscle at rest did not reveal handedness-related differences in amplitude, but activity-

related facilitation of MEPs was larger in the left non-dominant muscle relative to the 

dominant muscle. However, this difference may have been related to muscle strength rather 
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than skill as demonstrated in a finger-tapping task and pegboard testing which might simply 

reflect differences in activity secondary to hand preference (Brouwer, Sale and Nordstrom, 

2001). Alternatively, in single-pulse TMS evaluation of a facilitated hand muscle there was a 

significantly increased cortical silent period from the non-dominant representation relative to 

the dominant side. Because the cortical silent period is thought to be associated with 

preferential stimulation of inhibitory intracortical circuits, it could be that the inhibitory circuits 

of the non-dominant hemisphere are relatively more excitable (Priori et al., 1999) providing a 

possible mechanism whereby greater functional improvements can be shown in the non-

dominant limb.  

There may therefore be additional potential for non-invasive brain stimulation in overcoming 

the possible secondary effects of under-use in dextrous tasks (Boggio et al., 2006a) consistent 

with significantly reduced rates of environmental adaption (Schabowsky, Hidler and Lum, 

2007) and fluency of limb dynamics (Sainburg and Kalakanis, 2000) found in the non-dominant 

relative to dominant upper limb, but which appear unrelated to power development (Reilly 

and Hammond, 2006). For these reasons we focused on function of the non-dominant upper 

limb, which remains an important target for rehabilitation.  
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1.14 Justification for studying the effect of anodal tDCS upon 

recovery of upper limb function in incomplete tetraplegic spinal cord 

injury 

The rehabilitation of upper limb motor control in the incomplete cervical spinal injured 

individual presents the similar challenges as it would in healthy subjects. Both groups share 

intact brain structures with the capacity for memory, experiential learning and planning. 

However, the incomplete lesioning of sensory and/or motor tracts at the spinal level leaves 

individually variable and unique levels of functioning at and below the level of the lesion, with 

concomitant structural changes in corticomotor regions (Wrigley et al., 2009). 

Findings in patient groups and healthy individuals indicate that anodal tDCS is a non-invasive 

brain stimulation intervention which is safe and has produced promising experimental results 

by enhancing the extent and/or rate of use-dependent primary motor cortical neuroplasticity 

achieved by task practise (Williams, Imamura and Fregni, 2009; Reis et al., 2009). The effect 

upon behavioural outcomes is also positive in improving skill acquisition and retention (Reis et 

al., 2009). This direct relationship between anodal tDCS dosage and the acceleration and 

retention of practise-dependent skill improvement has been emphasised by experimental 

demonstrations of positive action on areas of the brain shown by fMRI imaging to be 

associated with cognitive processes (Clark et al., 2012). The findings with respect to changes in 

peripheral excitability may also impact beneficially upon impairments giving rise to spasticity 

(Roche et al., 2009). However, it is as yet a matter for enquiry whether tDCS is a beneficial 

adjunct treatment during rehabilitation therapy in SCI populations (Thickbroom and Mastaglia, 

2009).  

Resolution of post-injury diaschisis (Finger, Koehler and Jagella, 2004), rather than peri-insult 

reorganisation, is thought to be one of the important mechanisms by which functional 

recovery occurs in stroke patients (Webster, Celnik and Cohen, 2006), a phenomenon similar 

to that observed over the time-course post-SCI due to spontaneous recovery (Jurkiewicz et al., 

2007) or targeted intervention (Hoffman and Field-Fote, 2007). These results suggest that the 

efficacy of tDCS lies in augmentation of residual healthy neurological function to drive 

plasticity, rather than a primary regenerative effect upon the lesion itself. Repetitive task-

oriented training has been shown to evoke cortical reorganisation in both stroke (Gauthier et 

al., 2008; Liepert et al., 2000) and incomplete SCI patients (Beekhuizen and Field-Fote, 2008; 

Hoffman and Field-Fote, 2007), in the latter group alongside adjunctive modalities. Daily 

dosage of anodal tDCS adjunctive to rehabilitative tasks appears to have a cumulative effect in 



 

50 

 

evoking statistically-significant, lasting improvements in functional outcomes in healthy (Reis 

et al., 2009) Parkinsons Disease (Fregni et al., 2006b) and stroke (Boggio et al., 2007) subjects 

compared to sham stimulation protocols. Changes in a specifically-developed repetitive motor 

task and skill outcome measure provided for assessment of changes in dexterity as the 

function of speed and accuracy and revealed significantly enhanced between-sessions 

consolidation of motor memory in learning the novel skill, resulting in a persistently enhanced 

task score up to 3 month follow-up (Reis et al., 2009). 

There is an established body of evidence supporting use of tDCS modalities to improve manual 

function following stroke (Constantinescu et al., 2010) but the application of non-invasive 

brain stimulation modalities is very limited in spinal injured populations. A small-scale pilot 

using a group sequential study design including incomplete stable SCI patients has suggested 

the beneficial effect of rTMS protocols in improving upper limb functional outcomes, 

corticospinal strength and measures of sensory status evoked at hand muscles (Belci et al., 

2004). Though the methodology of the study confounds the separate analysis of the rTMS 

factor and the use of repeated functional outcome measurements throughout the period of 

the study, the findings of that study may reflect an accelerated rate of task-dependent 

sensorimotor plasticity which may be attributable to the adjunctive implementation of rTMS. 

Thus, there is limited evidence that non-invasive facilitatory stimulation of the cortex may 

have a beneficial effect on the functional status and associated corticomotor connectivity in 

this patient group. 

1.15 Rationale for applying constraint-free practise during 

training in healthy or neurologically impaired populations 

In the current project a constrained-workspace training paradigm was applied, whereby 

participants were instructed to achieve the behavioural outcomes of the MSRT task but were 

free to assume any pattern of movement in prehension towards achieving the sequential, 

spatial behavioural goal. That is, we did not attempt to enforce any form of idealised 

movement pattern, such as might be applied in a robot-assisted motor rehabilitation scenario 

(Marchal-Crespo and Reinkensmeyer, 2009). It was considered important to allow participants, 

whether healthy or SCI tetraplegic, to evolve motor skill in as naturalistic fashion as possible in 

order to avoid introducing a possible confounding factor in motor learning. For example, in 

chronic tetraplegic SCI subjects, though movement patterns in solution of a motor task are 

diverse and governed by the requirements of the activity they are nonetheless limited by the 
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nature of the individual injury (Jacquier-Bret, Rezzoug and Gorce, 2008; Hoffmann et al., 2006). 

The enforcement of movement patterns that are not directly concerned with acquisition of the 

spatial target could inhibit the construction of an accurate inverse internal map which is 

necessary for skill formation in unconstrained practise in SCI as well as healthy persons 

(Casadio et al., 2010). To date, a single pilot study has shown that, even when the robot 

control parameters were individually tuned to the capabilities of sub-acute cervical SCI 

participants the outcome of training of the trained arm was not significantly different to the 

functionality change in the untrained, contralateral arm control (Zariffa et al., 2012). Given 

that the effects of the injury upon sensorimotor function may differ widely in incomplete SCI 

(de los Reyes-Guzman et al., 2010) but skill learning capacity is thought to be an independent 

factor when muscle force production capacity is accounted for (van Hedel, Wirth and Curt, 

2010) then it was considered that introduction of any type of patterning constraint could at 

best have no effect upon the dependent outcome, or worse inadvertently become a 

confounding interventional variable, affording a unnecessary source of bias to the results of 

the following studies.  
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1.16 Summary 

Reinstatement of upper limb functional independence lies amongst the highest priorities in the 

growing population of tetraplegic spinal cord injured persons. Acute injury to the spinal cord is 

followed by processes which begin within hours of the injury and may continue over the 

period of years, including disruption in activity of the wider neural network. Patterns of cortical 

neural representations projecting to functionally preserved muscles above the level of the 

injury are expanded at the expense of those below the representation. These abnormal 

patterns of brain activation persist in both complete and incompletely injured SCI subjects. The 

diverse presentation of motor and sensory issues affecting the upper limbs of incomplete 

tetraplegic persons has a detrimental effect on the ability to make short-term feedback-

derived adaptions and fractionation of movements which are important for fine motor 

dexterity. These persons may be particularly reliant on the formation of feed-forward models 

to improve performance in achieving goal-directed tasks, and therefore may derive particular 

benefit from adjunctive application of anodal tDCS.  

Addressing maladaptive neuroplastic changes may conversely provide a physiological basis for 

task-dependent functional recovery in chronic SCI patients. Therapeutic interventions can 

improve manual dexterity in healthy and neurologically-impaired states when intensive, 

structured task-specific training is employed. Many areas of the brain are important in the 

process of motor learning but in vitro and in vivo studies in animal models and imaging and 

excitability studies in humans suggest that activations of the contralateral primary M1 during 

voluntary activity are strongly associated with the uptake and retention of new motor 

patterns. Anodal transcranial current stimulation (tDCS), when applied to the primary M1 is a 

brain stimulation modality which is thought to act primarily upon processes underlying motor 

learning. This safe and painless technique has been shown to be successful in producing short-

term improvements in the practical motor tasks in healthy and stroke-affected humans, and 

there is some evidence to suggest long-lasting retention of a skill attributable to adjunctively-

applied anodal tDCS. However, there are central issues with the nature and interpretations of 

the outcome measures applied. Furthermore, the neurophysiological changes which might 

underpin long-term changes in behaviour following application of this adjunctive intervention, 

which is active only for short periods of time, are unknown. 

The central questions within this project relate to whether anodal tDCS might have a beneficial 

effect upon outcomes associated with motor learning in rehabilitation from incomplete spinal 

cord injury, and whether the findings are generalizable to the population at large. But there is 
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evidently a substantial amount of work to be done in order to ensure that the measurement 

systems employed are both valid and practical for implementation to measure the parameters 

of interest. In order to quantify changes in spatial goal-oriented motor skillit is necessary to 

apply a training paradigm which provides both for the development and outcome 

measurement of a practical spatial motor skill in response to training.  
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1.17 Research questions 

We asked whether parameters of learning in complex manual dexterity tasks are modified by 

anodal tDCS in incomplete tetraplegic SCI persons, whether the effects are generalizable in the 

wider population and what the underlying neurophysiological correlates of these changes 

might be. 

1.17.1 Research question 1 

Does adjunctively applied anodal tDCS alter the uptake and lasting retention of practical motor 

skilled behaviour in incompletely-injured tetraplegic spinal cord injured adult humans? 

1.17.2 Research question 2 

Are the behavioural findings generalizable out to healthy human adults? 

1.17.3 Research question 3 

Does the intervention have a demonstrable lasting effect upon the excitability of M1 

associated with motor skill acquisition in healthy persons? 
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Chapter 2. General Methods 

2.1 Introduction 

In order to address the research questions emergent from the literature review a series of 

studies was carried out, each of which build upon the findings of the former towards the 

general conclusions. The general methods detailed below are applied where reported in the 

relevant chapters, with specific variations in techniques and protocols expanded upon. 

2.2 General ethical requirements and recruitment of healthy 

persons 

All activities were designed and carried out in accordance with the Declaration of Helsinki. 

Guidelines, practises and procedures were adopted from Brunel University Research Ethics 

Committee Research Ethics Handbook (Brunel University London, 2012). Formal ethical 

approval for all studies presented in the current project was sought was granted by the 

Research Ethics Committee of the School of Health Sciences and Social Care, Brunel University 

London.  

For research including NHS patients on the NHS research site, the London Spinal Cord Injury 

Centre, Royal National Orthopaedic Hospital NHS Trust, Stanmore, Middlesex HA7 4LP (Study 

2) the researcher undertook an NHS Good Clinical Practise in Research course and completed 

the process of obtaining an NHS Research Passport. Additional ethical approvals were applied 

for via the UK National Integrated Research Application System (NHS, 2012)and granted from 

NHS Local Research Ethics Committees and the Site Research and Development manager as 

required.  

For Study 1 and 3all participant contact took place in the laboratory facility in Mary Seacole 

Building, Uxbridge campus, Brunel University London, UB8 3PH, UK. Participants were 

recruited from the staff and student populations at Brunel University by e-mail and poster 

advertisement. Participants who expressed an interest in the research received an ethically-

approved participant information sheet prior to attending the first study session. Details of the 

study were provided in the information sheet along with the statement that participation was 

completely voluntary with the right to free withdrawal at any time. 
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All participants were provided with an information sheet prior to inclusion in the study and 

gave informed consent to take part. As a standard element of each study protocol, participants 

were provided with a signed copy of the primary consent form signed by the researcher. In 

Study 2, a patient information sheet and duplicate signed copy of the consent form was 

inserted into the participant’s medical notes at the hospital site. In repeated-measures study 

designs, participants filled in health screening questionnaires and signed to re-establish 

consent at the commencement of each study session. 

For participation in Studies 1 and 2, volunteers received no payment or favour in return for 

taking part. For Study 2, travel expenses were paid for travel between the study site and the 

home address at a level dictated by Brunel University transport reimbursement policy. For 

Study 3, participants received £35 Sterling in cash on condition of full completion of the 9-day 

study protocol. These expenses were met by the researcher in the first instance and repaid 

under the conditions of the Brunel University Isambard Postgraduate Research Scholarship, of 

which the research was a recipient for the course of the current project. 

2.3 Additional recruitment criteria and assessment of spinal cord 

injured subjects for inclusion in pilot study 

2.3.1 Participant recruitment  

For Study 2, London Spinal Cord Injury Centre medical records were accessed by permission 

and screened. An invitation letter and participant information sheet was sent to individuals 

meeting primary inclusion criteria and where exclusion criteria did not apply. Individuals who 

responded and expressed an interest in taking part were invited to an assessment session 

where fitness to take part was established, including cognitive fitness baseline manual 

capacity, handedness and characterisation of physical capacities. Proformas may be found at 

Appendix E. 

Inclusion criteria were: cervical level C5-C7 inclusive at classification C or D; post-injury 

duration more than 12 months; age 18-70 years; right-hand dominance pre-injury; ability to 

pick up a small object from a table surface using the left hand only; stable medical condition. 

Exclusion criteria were: history of severe head injury or surgery to the head, or of surgery to 

the left arm; severe, uncorrected visual impairment; pregnancy. Following collation from a 

number of separate databases summarising close to 1500 separate treatment episodes, 41 
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candidates were identified from patient notes and invited to take part in the study. 27 

electively declined to take part, including 11 non-responders, as summarised in Table 2.1.  

6 individuals were excluded due to medical, physical or social factors detected subsequent to 

initial contact. The final included sample size was 8. The descriptives of the 8 volunteers (of 

which 3 females; mean age 50.6; mean time post-injury 111.6 mo) are shown in Table 4.1. 

 

Table 2.1: Reason categories for non-participation in the current study. 

Volunteers were excluded because they failed to meet the inclusion criteria for the study, 
or declined to take part. 

PARTICIPATED 8 

DID NOT PARTICIPATE 33 

Reason: Excluded Declined 

Too busy  4 

Neuro level 1  

Previous participation  2 

Too far to study site  3 

Left handed 1  

Unstable medical issues 1  

Insufficient reward  1 

Psychiatric treatment 1  

Safety concerns  1 

No response  11 

No reason  4 

Not interested  1 

Inadequate English 2  

 Subtotals 6 27 
 

 

2.3.2 Assessment 

All participants agreed to a physical and cognitive assessment prior to commencement of the 

study protocol. This included assessment of sensory and motor preservation of the non-

dominant upper limb and shoulder girdle, including sensitivity to sharp and blunt pressure, 

assessed according to the International Standards for Neurological Classification of Spinal Cord 

Injured Patients (ASIA, 2011) (VII.2.3.3) As a requisite for inclusion in the study each individual 

completed part 1 of the General Practitioner Assessment of Cognition (Brodaty, Pond et al. 

2002), a quick and simple, relatively bias-free questionnaire to evaluate threshold cognitive 

disability (Brodaty, Kemp and Low, 2004),Appendix E. Handedness was assessed using the 
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Edinburgh Handedness Inventory (modified) for table-top activities appropriate to the 

population and the study theme (VII.2.4). One patient, assigned to the SHAM group, reported 

himself as right-hand dominant pre-injury and left-hand dominant post-injury (Table 4.1). 

However, it subsequently emerged that this patient undertook the majority of prehensile tasks 

bimanually and was otherwise highly reliant on a carer for self-care activities including feeding. 

2.3.3 Assessment of sensory and motor impairment  

Evaluation of sensory and motor sparing was carried out during Study 2 according to the 

International Standards for Neurological Classification of Spinal Cord Injured Patients, 

otherwise termed as the American Spinal Injury Association (ASIA) standards. This evaluating 

system captures the level and severity of neurological injury on ordinal scales using the ASIA 

Impairment Scale (AIS) (ASIA, 2011). This has been shown to be an appropriate instrument for 

discriminating between SCI patients (Furlan et al., 2008).  

The examination was carried out on the non-dominant upper limb only, using the format laid 

out in the ASIA AIS assessment form (Appendix E). 

For sensory testing, discrimination of sharp and blunt pressure was made using NeuroTips 

sensory threshold test disposables (Art. OWNT5405, Morton Medical.Co., GL7 6PY, 

United Kingdom). Sensitivity to light pressure was made using cotton wool pads. 

2.3.4 Assessment of cognition 

The General Practitioner’s Assessment of Cognition (GPCOG) validated cognitive test (Brodaty, 

Kemp and Low, 2004; Brodaty et al., 2002)was included as a screening tool in Study 2 to 

confirm that participants were able to understand, memorise and recall information at a level 

considered healthy in the general population. This standardised test was applied during the 

Assessment session, with a perfect score set as an inclusion criterion (proforma, Appendix E). 

2.4 Assessment of handedness 

A modified version of The Edinburgh Handedness Inventory (Oldfield, 1971) assessment tool 

was applied to objectively confirm that the factor of hand dominance was unlikely to be a 

confounding factor in project studies. The full screening tool was considered to be of limited 

applicability in the event of tetraplegic functional impairment, as the conventional format 

evaluates handedness over a range of activities which include whole-body movements. The 

standard assessment format was amended to reduce the number of activity categories to 
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reflect upper limb function in bench side activities, and was applied as a standardised 

handedness assessment for studies 1, 2 and 4. The format used is presented as the Edinburgh 

Handedness Inventory (modified) (Appendix E). In total, the categories scored for handedness 

were: writing; throwing; scissors; toothbrush; knife (without fork); spoon; match (when 

striking); use of a computer mouse. 

Hand preference has been shown to be distributed discretely rather than continuously, in large 

population samples (Dragovic, Milenkovic and Hammond, 2008). Dragovic (Dragovic, 2004) 

critiques the psychometric properties of the Edinburgh Handedness Inventory and advances an 

argument, based on the outcome of regression and correlational analyses on a large-sample 

dataset, for reducing the number of items to 7. This process incidentally dispenses with all 

those items routinely carried out in the standing position, which might be considered an 

irrelevant and disturbing concept for non-ambulatory tetraplegics. The systematic exclusion of 

ambiguous, redundant or irrelevant items to focus on discrete unimanual activities improved 

the validity and internal consistency of the Inventory in predicting laterality and degree of 

handedness (Dragovic, 2004). As recommended as a modern and ubiquitous hand functions 

(Dragovic, 2004) computer mouse usage, an activity important in supporting the lifestyle of 

both healthy and tetraplegic SCI individuals (Goodman et al., 2008; Hall et al., 1999) was 

included as an additional category. 

 

2.5 Evaluation of blinding to the intervention and subjective 

measures of perception 

In order to evaluate whether blinding measure were successful during interventional studies, 

and to provide for evaluation of mild adverse effects, participants were asked to complete 

subjective questionnaires at the end of each intervention session and at the commencement 

of the subsequent session. Perception categories were presented after the method of Poreisz 

and colleagues (Poreisz et al., 2007), on 5-point numerical rating scales (NRS) with an 

additional ‘no perception’ response category. Judgment of blinding in response to direct 

questioning was made on a 5-point NRS (Appendix E) with analysis by non-parametric, 

asymptotic Mann-Whitney U tests applied under each perception category. 

The findings of these analyses were that overt concealment of participants to the intervention 

was preserved both in Studies 2 and 3. No incidences of adverse sensory effects were 

reported.  
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2.6 Study designs 

All studies presented were prospective and quantitative in nature. Each study involved the 

application of TMS-based neurophysiological measures, behavioural measures or both, and 

with additional subjective measures of perception where relevant. Two studies involved 

validation of outcome measures and applied a within-subjects design in a single cohort of 

volunteers, to overcome issues of variability between individuals and increase the potential to 

detect the effect of changes in independent variables (Field, 2005).  

A further two studies were of randomised control trial, experimental design. The quantitative, 

between-group sham/placebo-controlled experimental study design is the preferred 

methodological model for investigating the lasting effects of interventions upon human 

participants (Sibbald and Roland, 1998). In these a between-subjects format was necessary as 

the combined effect of training protocol and group allocation which if, for example a cross-

over design was applied was considered likely to induce a complex long-lasting order effect of 

motor learning which could mask the effect of the intervention (Hicks, 2005). The applications 

of repeated-measures protocols differed across studies in accordance with the objectives, and 

are detailed in each chapter. 

2.7 Online and offline effects in motor learning 

Motor learning is known to take place both during skill acquisition, or motor practise and is 

termed as an ‘on-line’ effect (Korman et al., 2003). Consolidation of the motor skill takes place 

in the hours and days following practise and is considered to be an ‘offline’ effect (Robertson, 

Press and Pascual-Leone, 2005). Thus, measurement at the beginning of a subsequent 

measurement session represents overall skill retention as the combined result of previous 

‘online’ acquisition and ‘offline’ consolidation effects. By this definition, all measurements of 

TPR were on-line, as measurement of the skill parameters took place during MSRT practise 

which also constituted the training paradigm. However, others have utilised a similar paradigm 

of task-dependent learning and skill measurement and considered task practise at the start of 

practise sessions to represent retained skill as a combined ‘on-line’ and ‘offline’ effect (Reis et 

al., 2009) and this is the definition applied in the current project. 
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2.8 Approach to establishment of task-dependent skill baseline 

measures 

The aim of the project was to assess the adjunctive effect of anodal tDCS on learning 

behaviour from the naïve state to control for the possible effect of prior skill learning. In order 

to achieve this, we adopted a similar approach to Stagg and colleagues, where the DC 

stimulation mode, performances of the task from the naïve state and baseline measurement 

was commenced concurrently (Stagg et al., 2011). The primary effect of anodal tDCS arises as a 

result of static electrical field polarisation which arise following a period of several minutes’ 

stimulation, which when applied via surface electrodes to M1 in the current montage 

enhances the spontaneous firing rate of corticospinal neurons (Nitsche et al., 2008). It is 

unclear at which point functional effects become apparent, as those RCT or cross-over studies 

employing functional outcome measures apply measurement intervals before and after 

stimulation which is typically not less than 20 minutes in duration (Hummel et al., 2010; Kim et 

al., 2009; Boggio et al., 2007). 5 minutes of 1mA anodal tDCS stimulation increases cortical 

excitability for only 5 minutes beyond the stimulation period (Nitsche and Paulus, 2000; Fricke 

et al., 2011) with 7 minutes and 10 minutes of stimulation producing 20 and 30 minutes 

corticomotor enhancement of MEPs, respectively (Fricke et al., 2011). In summary, because 

the effects on cortical excitability and behaviour are not immediate and the noisy, stochastic 

nature of skill led us to take samples over large numbers of consecutive trials which also has 

the effect of controlling for short term variations in the TPR outcome, the risks of bias were 

weighed against the aims of the project and it was decided that there was not a substantial risk 

of biasing the results, and if there were it would be in favour of the null hypothesis.  
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2.9 Motor Skill Rehabilitation skill Task (MSRT) 

2.9.1 Development of a univariate measure of task-dependent 

motor skill 

2.9.1.1 Implications of Fitts’ Law for feedback of target error in a 

sequential task 

From the concept of n identical targets with the same fixed ID within the trial, this introduced a 

potential for non-linearity in the measurement as follows. Recall that, from Equation 1.8-3, if a 

participant’s movement time drops below the critical threshold t the IP for the target will be 

exceeded and, on average, aiming reliability falls. As failure rates on all n identical targets 

increase the effect on a sequential task measure will be multiplicative, hence non-linear.  

Systematic planning corrections require reliable on-going feedback of prior error. If motor 

adaption (van Beers, 2009) and learning (Novick and Vaadia, 2011)is thought to be mediated 

partially by error-based feedback modalities (Diedrichsen et al., 2010). If feedback of error 

performance is strongly non-linear, as is theorised in the single ID binary outcome target 

scenario, or not clearly defined, as in continuous distance from a target centre for example 

(MacKenzie and Isokoski, 2008)then cognition of performance to sub-serve the behavioural 

goal might be difficult for individuals to achieve. Naturalistic feedback modes would ideally be 

preserved if we hoped to generalize observations in respect of motor skill learning. 

As a strategy for improving the linearity of a measurement scale targets in a sequential 

measurement task where we also wished to encourage natural processes of motor learning, it 

was then desirable to subtly exploit ID and thus the IP -mediated performance ‘failure 

threshold’ across a target array, to create a weighted scale of error probability within which a 

participant can operate. In order to maintain outcome probabilities, however, the net index of 

difficulty for the entire task needed to remain unchanged under random assignment of motor 

sequences to control for order and positioning effects, which are known to affect movement 

times to some extent (Pratt, Adam and Fischer, 2007). Thus, the information required to attain 

the totality of targets (IP, or TPR as we term it) should remain the same.  

2.9.1.2 Implementation in a practical sequential task 

As an approach to the modulation of target difficulty ID, It was then considered desirable that 

the physical construction of the array of n targets should remain identical as regards target 

dimension no matter what the order of the motor sequence, as altering target size in a 
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ubiquitous task might be difficult to implement. As an alternative to modifying the form of the 

targets, we considered that it might be possible to modulate ID on individual targets by 

manipulating the biomechanical properties of targets i.e. manipulating the physical dimensions 

as they present to the participant to create subtle variations in prehension difficulty. With this 

rationale, the ID of the target would be increased for relatively more ‘difficult’ target grasp 

strategies. A further potential advantage of this orientation approach to varying target 

difficulty was that grasp orientation in the transverse plane could be achieved using multiple 

combinations of joints at the level of the hand, forearm and shoulder thus providing for motor 

redundancy to offer a participant flexible solutions to the movement problem (Wong and 

Whishaw, 2004; Hoffmann et al., 2006).  

2.9.1.3 Generic task criteria 

The generic criteria for functional tests outlined by Van Tuijl (van Tuijl, Janssen-Potten and 

Seelen, 2002) include the following:  

1. All tests items can be performed by the target participant group; 

2. The items are not too long or too arduous. 

3. The test can be administered in a short period of time 

4. The test is sensitive across different participant groups and within participants over 

time; 

5. The test resembles a functional task.  

6. The test elicits compound movements of the upper limb arm and hand joints. 

7. Involves repetitive movements. 

8. Provides clear start and end points. 

2.9.1.4 Key criteria for a sequential target-matching skill training and 

measurement task 

1. Simplicity of use – minimum declarative learning required. 

2. The test is sensitive to learning. 

3. Ease of use  

 Participants – it is a prerequisite for skill measures that some level of grasp 

function is preserved, but as the aim is to test motor learning not grasp ability 
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the object for prehension must be light and of appropriate dimensions for 

manipulation by both healthy persons and grasp-impaired persons. 

 Investigator – outcomes are easily and objectively recorded and minimum 

time is taken to reset the task for unbroken blocks of repetitions. 

4. Define and constrain activity within workspace areas. 

5. Minimise potential for confounding sequential and order effects. 

6. Present a sequence of individual trials. 

7. Provide a difficulty scale to facilitate a broad range and sensitivity of measure, while 

providing subjects with clear error feedback where it occurs. 

8. Provide a sequence of several identical task elements, which are variable in a single 

domain to manipulate the target difficulty ID without altering component geometries. 

9. Geometries should unequivocally define spatial error limits and provide clear 

feedback. 

10. Facilitate delivery of TPR skill outcome measure 

 Provide objective measures of spatial error and completion time, with clear 

feedback to participants and investigators. 

 Systems must allow motor skill score to be recorded by trial and over time. 



 

67 

 

2.9.2 User involvement in evaluation and development of 

prototype MSRT apparatus 

During the months between August and October 2009 a total of 4 right-handed adult 

volunteer acquaintances of the researcher gave of their time freely and informally to aid in the 

evaluation and development of the MSRT sequential target matching task. 2 of these 

volunteers had demonstrable hand function impairments and were able to report having been 

classified with sensorimotor deficits by medical professionals below the neurological spinal 

cord injury level indicated. 

Baseline measurements were gathered following minimal prior practise from the naïve state. 

Volunteers were asked to work as accurately and rapidly as possible, using the non-dominant 

upper limb and any grasp of choice. 3 volunteers took part in protocol A: 10 task trials in rapid 

succession, on 2 consecutive days, on a prototype task (Figure 2.1). A single volunteer 

completed protocol B: On 3 consecutive days, 3 blocks of 10 task trials in rapid succession, 

each block separated by rests of approximately 1 minute, on the definitive task apparatus 

(Figure 2.2). 

 

Figure 2.1: Prototype apparatus for the MSRT. 

Gross geometric parameters were finalised during evaluation trials with healthy persons 
and tetraplegic persons. Volunteers completed trials by successively grapsing 8x35mm 
cylindrical wooden pegs and placing in order from left to right, as quickly and accurately as 
possible. Trial duration was measured using a handheld stopwatch. Subsequently , a central 
slot was introduced across rail centres to dichotomise success/failure outcomes and 
implement the concept of varying target difficulty through biomechanical constraint. The 
layout was also subsequently clustered in order to control for effects of layout on 
movement times. 
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Table 2.2: Descriptives of volunteers and results of participation in MSRT prototype 
evaluation. 

Protocol A: prototype apparatus, 10 task trials in rapid succession, on 2 consecutive days. 
Protocol B: definive MSRT apparatus practised on 3 consecutive days, 3 blocks of 10 task 
trials in rapid succession, each block separated by rests of approximately 1 minute. 
American Spinal Cord Injury Assessment Impairment Scale (ASIA AIS) as reported by 
volunteer. Final day score: normalised to provide comparison of learning effect. Group 
mean final day score was calculated from normalised Protocol A final day scores, indicati ng 
the group mean learning effect. 

 

All participants managed to achieve at least one correct target placement per trial. From Table 

2.2 we see that participants with upper limb deficits have longer trial durations than healthy 

persons. Despite this, each volunteer taking part in protocol A maintained performance over 2 

consecutive days although individual variabilities suggests that the taking of TPR performance 

averages should include more trials to provide a more reliable measure of skilled attainment. 

The group average normalised score compared to baseline, at 0.97, further suggesting that, at 

a 3% improvement on average, 10 task practise trials were not sufficient to induce a use-

dependent learning effect. 

The single volunteer taking part in protocol B was assigned a more intensive dosage of task 

practise. This proved sufficient to induce substantial learning (28% improvement in TPR score) 

over 3 consecutive days with the greatest improvement in skill between day 1 and 2.  

  

 Descriptives Results Final day score 
normalised to 
baseline (ratio) 

protocol 
Impairment 
(level) 

Gender 
M/F 

Age 
(yrs) 

TPR score (s/score) 

Day 1 Day 2 Day 3 

A 

Tetraplegic 
(C5 D) 

F 27 34.40 31.50 n/a 
0.92 

Tetraplegic 
(C7 D) 

M 47 18.49 21.43 n/a 
1.16 

Healthy M 25 1.81 1.53 n/a 0.84 

Protocol A group mean normalised final day score 0.97 

B Healthy F 33 1.936 1.542 1.505 0.78 
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2.9.3 Design features and target parameters of the definitive MSRT 

task 

Form and colour was used to respectively physically and cognitively demarcate the general 

areas of the MSRT– start-stop button, peg dish and target areas. The use of a modular design 

allowed for rapid replacement of pegs in the receiver dish by the investigator, preventing 

potential interference with peg position by participants and modification of target rail 

alignment to new sequence order positions (Figure 2.2). 

 

Figure 2.2: Motor Skill Rehabilitation Task (MSRT).  

All activities are carried out with respect to the left upper limb. A) Pegs are grasped from 
the dish and placed on rails in consecutive order from left to right (1 through 5). Illustrated 
are respective rail orientation angles 120°, 60°, 90°, 30° and 0° with respect to the centre 
line of the apparatus (black line). The participant triggers the start and end of each trial via 
the red start/stop button. B) The investigator tilts the rail mounting board to return the 
pegs to the receiver dish. c): Geometric properties of target rail elements can be 
manipulated to vary the index of difficult of the sub-task element by changing angular 
orientation, after loosening the wing-nut retainer. 
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Experience of the prototype evaluation also informed the design of the definitive apparatus. 

For example, it became apparent that in this state the outcome was not reliably sensitive to 

orientation because the effective target length was not constrained in the longitudinal axis. 

Altering the rail design to incorporate a central groove solved this issue, which had the effect 

both of enforcing a direct relationship between relative peg/target orientation and effective 

target dimensions (Figure 2.7) and area (Figure 2.8) and dichotomising outcomes clearly into 

visual evidence of success or failure (Figure 2.3).This also provided for stringent management 

of reverse kinematic control of grasp orientation limits across the range of target presentation 

orientations (Figure 2.4). 

The interaction of rail and peg geometries makes target difficulty strongly contingent on the 

angular match between the longitudinal axes of the receiver rail and approaching peg (Figure 

2.5) where a systematic linear relationship exists between angular deviation and target area 

(Figure 2.6, Figure 2.7, Figure 2.8). In healthy persons, accurate aiming towards target position 

is thought to be a function of the proximal muscles while angular refinement takes place 

independently at the wrist and fingers (Soechting, 1984) but the expression of effective 

movement strategies in those with existing functional deficits may be less clearly defined. Note 

that the dimensions of the effective target (width, length, target area) are covert, that is, exist 

only in the free space between the raised support areas (Figure 2.5). This feature increases the 

spatial difficulty of the task as the target centre position can only be inferred from the relative 

positioning of the rail supports and the ends of the grasped peg during reaching. Participants 

remain naïve to these principles and are instructed simply to try and place a peg across both 

the raised rails in sequential order, as quickly/accurately as possible. Thus, each individual is 

left to develop a strategy for positional and rotational congruence in a purely procedural 

fashion. 
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Figure 2.3: Detail of rail and peg placement. 

Rails are engineered with a central groove to securely capture correctly -placed pegs and a 
central recession across the rail to limit the longitudinal length dimension of the target 
footprint. Error is scored if a peg fails to retain contact with both raised rail areas 
following release. Pegs are 8mm diameter x 35mm in length.  

 

Figure 2.4: Schematic indicating overlay of MSRT rail target orientations. 

30⁰ rail orientation intervals: 0,30,60,90,120°, with 5.2⁰ error margin overlay between 
consecutive orientation angles. 0° orientation lies vertically on the page.  
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Figure 2.5: Effect of mismatch between rail and peg axes on effective target size 

Effective target size is governed by the interaction between peg and receiver rail 
geometries. The geometric centre of the peg (intersection of centre lines) must lie within 
the bounds of the effective target size (blue rectangle) at release in order to sit across both 
raised areas, the rest condition required for scoring of accurate placement. A) When 
longitudinal peg and rail axes agree, the target size is largest. B) as the relative axes 
diverge, the effective target size decreases. The greatest effect is on target width. As axis 
divergence exceeds approximately 17.5° the effective target width tends to 0 as length 
tends to 8.3mm  
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Figure 2.6: Descriptives and functions describing the relationship between rail/peg axis 
differential and effective target dimensions. 

 

 

Figure 2.7: The effect on effective target length and width,of varying peg/rail axis angle 
differential. 

Increasing the longitudinal angle differential has a near-linear relationship with effective 
target width, while the relationship with effective target length is curvi-linear. Effective 
width tends to 0 at 17.74° angular differential, when effective target length is still 8.40mm.  

Descriptives 
Fixed parameters     symbol  dim unit 

distance between raised rail supports  D  25 mm 
rail width     W  8 mm 
peg length     P  35 mm 

Independent variable      
Relative difference between rail and peg longitudinal axes 
      α   ° 

Dependents 
effective target    

length     L   mm 
width     y   mm 
area     A   mm2  

 
Functions for all cases of α 

L = D-(cosα*P)  
y =W-(tanα*D) 
A=L*y 
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Figure 2.8: The effect on effective target area,of varying peg/rail axis angle at release. 

The relationship between angle differential between peg and rail axes at the instant of peg 
release is directly proportional to the effective target area and is near -linear.  
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2.9.4 MSRT apparatus, generic measurement protocol and TPR 

calculation procedures 

2.9.4.1 Introduction 

We specifically wished to capture states of upper limb function in healthy persons and in iSCI 

tetraplegic persons up to the fifth cervical neurological level (Graves, Frankiewicz and 

Donovan, 2006) . The MSRT was designed to accommodate deficits in grasp and wrist strength 

and elbow extensor muscles but with preserved elbow flexion and shoulder control, similar to 

the psychometric characteristics of the Grooved Pegboard Test (Yancosek and Howell, 2009). 

This task incorporates a rotational element which in healthy persons depends heavily upon 

grasp adaptation. However rotational changes in the transverse plane may also be effected 

using compensatory movements of the glenohumeral joint and scapular elements of the 

shoulder girdle to develop alternative movement synergies (Hoffmann et al., 2006). Grasp 

deficits may be addressed using a tenodesis action where wrist extensor function is sufficient 

to grasp lightweight objects (de los Reyes-Guzman et al., 2010) providing tetraplegic persons 

with a range of alternative goal-directed strategic solutions to the task challenge (Koshland, 

Galloway and Farley, 2005).  

Motor strength deficits were controlled for by selection of materials to minimise the weight 

and texture of moving test components. The reaching space and placement of the task were 

also respectively constrained in order to control for known variable impairments in reaching 

distance and cross-midline movement in tetraplegic persons (Robinson et al., 2010). Following 

the general principles underpinning valid outcome measures (van Tuijl, Janssen-Potten et al. 

2002) the MSRT also incorporates a well-defined start and end point and objective measure of 

task duration, as these time points are defined by participant operation of the start/stop 

button.  

2.9.4.2 Development of behavioural measurement system 

The justification for and development of the TPR outcome measure and MSRT task are 

discussed in Section VII.2.9.1. 

2.9.4.3 Hardware and software requirements and setting up of the 

apparatus 

The custom-made MSRT apparatus comes complete with 10 hardwood pegs each of cylindrical 

dimension 8 x 35mm. The on/off trigger switch on the task assembly (JellyBean Twist, art. 
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4088, Inclusive Technology Ltd., Oldham OL3 5FZ, UK) jack-plugs via a Simple Switch Adaptor 

(Inclusive Simple Switch Box, art. 3208, Inclusive Technology Ltd). This in turn plugged directly 

into the USB port of a computer running Windows software and with program Office Excel 

2007 onwards available. A freeware stopwatch application was utilised as an add-in for Excel 

(Filho, 2012).The layout of the apparatus during each study was as shown in Figure 2.9. 

Each participant was assigned a randomised non-repeating 5 element motor sequence coding 

which remained unchanged for the duration of participation in each study. The coding dictated 

the rotational angle of the 5 element MSRT rail array, each angle of which stipulated geometric 

target matching limits which resulted in a scaling of target difficulty. The investigator set the 

angles of the rail targets by lifting up the rail board and adjusting each rail fixer and orientation 

appropriately (Figure 2.10).  

An Error Log sheet was also designed for recording of any errors occurring during task 

completion (detail, Figure 2.13). The Error log was a paper-based record which provided for 

the logging of the number and the position of errors within the rail array as they occurred 

(Figure 2.13) for later analysis.  

 

 

Figure 2.9: Layout of the MSRT apparatus for left-handed training. 

The participant was seated with the MSRT apparatus (A) to the front. The MSRT start/stop 
button was linked to the computer (B) via a switch box and USB link. The investigator s at 
to the right of the participant, which provided for good surveillance of performance and 
physical access to reset the task without physically disturbing the participant. Resetting of 
the stopwatch via the computer mouse, and administration of the error log (C) was carried 
out by the same investigator. 
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Figure 2.10: Rail board lifted to show the butterfly nut fixers retaining each rail target in 
place. 

 

 

Figure 2.11: Motor Skill Rehabilitation Task (MSRT) procedure. 

All activities were carried out with respect to the left upper limb. A) Rail angles were 
adjusted for each participant: illustrated are orientation angles 120°, 60°, 90°, 30° and 0° 
with respect to the centre line of the apparatus (black line) which was itself aligned to the 
left acromion process of the shoulder. Trial procedure: The participant triggered the start 
of the trial by tapping the start/stop button. Pegs were grasped from the dish and placed 
on rail targets in consecutive order from left to right (1 through 5). The start/stop button 
was tapped once more to end the trial. B) The investigator tilt ed the rail mounting board to 
return the pegs to the receiver dish in pseudo-random orientation. C) Detail of rail and peg 
placement. Rails were engineered with a longitudinal groove to securely capture correctly -
placed pegs, and a central recession limits the effective target footprint dependent upon 
relative orientation angle. An error was scored if a peg failed to retain contact with the 
upper surface of both raised rail areas following release.  
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The board was placed on a desk table with the front of the board aligned with the edge of the 

table and the midline of the board aligned with the centre of the left shoulder joint (acromion 

process). 5 pegs were placed ready in the dish. The investigator sat to the right side of the task 

apparatus - this provided for good vision of the procedure, easy resetting of the task and 

independent administration of both computer-based and paper-based recording activities with 

the right hand (Figure 2.9). 

 

2.9.4.4 Task administration 

The MSRT task was administered according to the standardised instruction (Appendix B). 

During ongoing MSRT practise, repeated operation of the stopwatch button at the start and 

end of each trial generated a spreadsheet output (Figure 2.12) while the investigator recorded 

any errors on the Log sheet (Figure 2.13). Practise was carried out in blocks of 10 or 20 trials 

spaced by rests of approximately 1 minute. 

 

Figure 2.12: Screenshot of MSRT time completion record. 

Red rectangles: completion time score results were drawn from white-coloured ‘snapshot’ 
rows in the ‘Time’ column. Green ‘start’ row: trial initiated by a touch on the MSRT 
assembly start/stop button. White ‘snapshot’ row: triggered by a second touch on the 
start/stop button, indicating the end of the trial. Unintentional snapshot triggers during a 
trial were noted and filtered during later processing. Grey ‘reset’ row: the investigator 
reset the stopwatch function in preparation for the next trial.   
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Figure 2.13: Method of logging spatial error. 

The errors/accuracy sequence was logged during the task sequence. Errors were marked, 
with accurate placements left unmarked. Clear trials were struck through for clarity. These 
sequences were later united with the corresponding record of completion time.  

2.9.4.5 MSRT trial sampling protocols 

TPR samples were averaged as arithmetic means across a fixed number of trials or a fixed 

duration of task experience, as dictated by the trial objectives and the target population of 

each study. 

The premise for the MSRT outcome measure is firstly that, in behaving humans (Jensen, 

Marstrand and Nielsen, 2005b) and non-human mammals (Remple et al., 2001) the capacity to 

learn motor skills can be disassociated from physiological parameters influencing manual 

strength, of which joint velocity is a direct function. Secondly, it is recognised that task-

dependent skill is an unstable construct and is a parameter altered by and during the 

measurement process. Thirdly, learning is experience-dependent (Warraich and Kleim, 2010) 

and therefore tied to performance and exposure time rather than arbitrary numbers of trial 

repetitions (Eliassen, Souza and Sanes, 2003). 

It is common practise to summarise motor outcomes over a number of trials. When the sample 

is fairly homogenous across physiological variables and task completion times are similar 

across the sample population, there is little material difference between these sampling 

approaches. A problem arises when the population is heterogeneous between-subjects for 

strength capacities. In general, stronger individuals are likely to develop higher positive and 

negative joint velocities in reaching between fixed points and it is self-evident that stronger 
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individuals might complete more trials of a given training task within a given dosage period of 

continuous practise. Thus, if we wish to avoid any instrument bias while capturing a skilled 

performance in a repetitive sequential task outcome then the standardised interval might best 

be fixed over time rather than over a fixed number of trials. 

The MSRT is implemented in Study 1 and Study 3 which include healthy samples, and for 

convenience an arbitrary number of trials constituted a sampling interval. In Study 2, the 

incomplete SCI sample was heterogeneous for sparing of motor and sensory functions and the 

number of task trials completed during each training session differed markedly between 

volunteers. During the pilot study, task practise was therefore sampled from MSRT trial 

performances corresponding as closely as possible to a fixed time period. 

 

2.9.4.6 Processing of task completion time and error data to TPR outcome 

The task completion time scores were filtered and converted into number format. The 

corresponding error score for each trial was entered into a separate column on the same 

spreadsheet row as the corresponding task completion time. The TPR score was then 

calculated as the completion time for each individual trial divided by the residual number of 

accurate placements n = (5 – errors recorded) achieved during that trial (Equation 2.9-1), to 

provide a parsimonious measure of goal-oriented motor capacity over the sampling period. 

    
                )

                       )
       ⁄ ) 

Equation 2.9-1: Task Productivity Rate (TPR), derived arithmetically from time score and 
residual accuracy score. 

 

For example, completing a trial in t=5.000s, 1 incurred error gives a residual accuracy score of 

n= 4. The TPR = t/n = 5.000/4 = 1.25 s/score.  

  



 

81 

 

2.9.4.7 Treatment of task errors and outliers 

Strict rules were applied in order to avoid gathering data which was atypical of normal 

performance within the constrained workspace of the apparatus. Only trials containing the 

following errors were excluded from analysis, to ensure that qualitative considerations on the 

part of the investigator did not lead to measurement bias. If these errors occurred, the trial 

was stopped and the task reset. Additional trials were be completed to bring the number of 

valid trials to the desired N number of trials per block. 

 Handling errors: occasionally, participants made a grasping error causing a peg to fall 

outside the area of the apparatus board.  

 Mechanical errors: the mechanical start/stopwatch button switch operated under light 

pressure (25g static load). Failure to trigger software operation typically occurred less 

than once in approximately 200 operations. 

2.9.4.8 Sensitivity limits and resolution of the error score 

The sequential motor task, including an array of dimensionally similar targets was ideally made 

up of a number of similar spatial elementary subtask actions and therefore by definition, 

accuracy in the conceptualised task was spatially constrained to a degree dependent upon the 

design parameters of the target and peg (Figure 2.6). Whether or not accurate placements 

were made it was reasoned that the participant made valid attempts (otherwise the trial 

would be invalid and the investigator must reject the result of the trial from the dataset). So if, 

following a trial the spatial outcome was an accuracy score of 0, we would have no information 

to show that performance did not tend towards one accurate placement on at least one of the 

targets. Then logically, the true accuracy was more likely to approach 1 than 0 of 5 possible 

target placements per trial.  

Hence, in scoring a trial where no accurate peg placements occurred we would have assumed 

that the participant was nearly successful in achieving one targeting goal, but assigned the 

score across the target array (a score of 0.2 per target, totalling 1 across the array) on the basis 

of equal probability. Equally, it was recognised that this constituted a floor effect in relation to 

the error score.  

In practise, this floor effect was not observed at any time during the project. 
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2.9.4.9 Task administration instructions 

See Appendix B. 
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2.10 Validated functional measures of upper limb dexterity 

Lesions of the cervical spinal cord often lead to incomplete impairments of upper limb 

function. Patients consider the reinstatement of upper limb function to be amongst their 

highest rehabilitation priorities (Snoek et al., 2004; Hanson and Franklin, 1976) in order to take 

an active part in daily activities (Mulcahey, Hutchinson and Kozin, 2007). In order to accurately 

assess and track states of ability, measurements should include validated tests of arm-hand 

function (Yancosek and Howell, 2009). Suitable tests should be sensitive to change, require 

complex repetitions of the joints of the upper limb, and have clear start and end points (van 

Tuijl, Janssen-Potten and Seelen, 2002). The following measurements were selected because 

they have previously been evaluated in depth in healthy and patient populations and the 

outcomes derived believed to reflect aspects of upper limb function. 

 

Figure 2.14: Validated functional tests and measures.  

A-E: subtests of the Jebsen Taylor Hand Function Test battery in order, light/heavy cans, 
checkers, card turning, small objects. F: 9 hole peg test apparatus. G: Pinch force gauge.  

 

2.10.1 Nine-hole peg test (9HPT) (Kellor et al., 1971).  

The 9HPT was selected as a behavioural outcome measure for Study 2. 

The recommended criteria for the application of outcome measures in tetraplegics include fast 

administration time, sensitivity to the extent of disability and time-dependent changes 

(Mulcahey, Hutchinson and Kozin, 2007). The purpose of outcome measurement in this study 

is to establish the relative efficacy of anodal tDCS rehabilitation of skill/dexterity in the non-
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dominant hand. Peg tests are often used to evaluate the outcome of studies focusing on 

changes in hand function (Langhorne, Coupar and Pollock, 2009). The 9HPT was selected as a 

validated instrument which specifically reflects levels of dexterity in the healthy or impaired 

hand (van Tuijl, Janssen-Potten and Seelen, 2002). 

The 9HPT is a commonly-used (Oxford Grice et al., 2003) non-disease specific measurement of 

fine motor dexterity which is quick and simple to apply (Olindo et al., 2008). This has good 

inter-rater reliability (IRR) r=0.99 with regard to the left hand though moderate test-retest 

reliability (TRR) r=0.43 ((Mathiowetz et al., 1985) in (van Tuijl, Janssen-Potten and Seelen, 

2002)). Moderate concurrent validity with another functional test of dexterity, the Purdue Peg 

Test (r=-0.53) was also demonstrated.  

The test has been evaluated for reliability in several dexterity-impaired groups. In 62 stroke 

patients, 62% of whom had detectable spasticity in the more affected hand, Chen et al. (2009) 

found that, based on the mean of 3 repetitions applied several days apart, the TRR as indicated 

by the intraclass coefficient was mean 0.85 on the more affected side and 0.89 on the less 

affected side indicating good reproducibility (t-test values for the difference p>0.4). Within-

sessions scoring variability indicated by the standard deviation was, however high, again 

indicating the need for multiple trials, while reduced reliability was associated with spasticity 

in the more affected hand (Chen et al., 2009). 

Heller et al (1985) found the 9HPT more sensitive to change compared to the Frenchay arm 

test in sub-acute stroke patients, particularly in those demonstrating greater dexterity in ADL 

tests, although there may be a floor effect when applied to those with the poorest functional 

abilities (Heller et al., 1987), a finding concurrent with those of of Chen et al. (2009) and 

Sutherland et al. (1989). Sensation must be important in giving rise to this floor effect 

(Sunderland et al., 1989) and as such, an important factor in manipulation of objects.  

Corben et al. (2009) assessed the responsiveness to changes over time of 3-trail average 9HPT 

scores alongside the Jebsen Taylor Hand Function Test (JTHFT) and the Box and Block Test 

(BBT) in a 38-strong cohort drawn from the Friedrichs Ataxia (FA) population. The 9HPT gave 

the largest effect size, suggesting the greatest sensitivity of the three tests for changes 

occurring in the non-dominant limb, 95% CI = -0.0009 (-0.0016, -0.0002) p=0.02, minimising 

the sample size that would be required to show a significant change in the level of dexterity in 

a similarly powered study (Corben et al., 2009).  
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The 9HPT has not recently been formally evaluated in the population of interest but it has 

been investigated in healthy and dexterity-impaired groups and found to be a sensitive, 

reliable and valid outcome measure which is simple, portable and easy to apply. The measure 

has been promoted as the most suitable upper limb outcome to detect changes in MS (Rosti-

Otajarvi et al., 2008) FA (Corben et al., 2009) and CSM (Olindo et al., 2008) patient groups. 

Studies have been carried out in adults 8 to 71+ and there is a broad agreement of findings 

across the studies discussed. There is the proviso that the mean values of multiple trials should 

be used to provide data with good TRR. 

A Rolyan 9HPT standardised apparatus and administration instruction (Art. A851-5, Homecraft 

Rolyan NG17 2HU, UK) was used during this project. 

 

2.10.2 Jebsen Taylor Hand Function Test (JTHFT) (Jebsen et al., 

1969) 

This generic test of hand function was selected as a secondary behavioural outcome measures 

in Studies 3 and 4.  

The JTHFT was developed and has been widely used to assess the extent of hand disability and 

broad functional changes due to therapeutic intervention (Mulcahey, Hutchinson and Kozin, 

2007; van Tuijl, Janssen-Potten and Seelen, 2002). The JTHFT is considered valid for use with 

SCI subjects (van Tuijl, Janssen-Potten and Seelen, 2002) and has been used to show significant 

improvements in incomplete SCI hand function following massed practise and median nerve 

stimulation (Beekhuizen and Field-Fote, 2008; Hoffman and Field-Fote, 2007) and tendon 

transfer (Colyer and Kappelman, 1981).  

The JTHFT has previously been applied as an outcome measure in the behavioural study of 

tDCS effects on motor function in healthy subjects (Boggio et al., 2006a; Hummel et al., 2010; 

Hummel and Cohen, 2006) and patients (Boggio et al., 2007; Hummel et al., 2005). Patient 

groups TRR in stable hand disorders has been reported as high: r=0.89 to 0.99 except for the 

writing subtest (r=0.67) and the simulated feeding subtest (r=0.60) in the non-dominant hand 

(Jebsen et al. (1969) in Van Tuijl et al. (2002)) a feature also noted by Stern et al. (1992).  

Blennerhassett et al. (2008) showed that in stroke patients, the ability to control pinch grip 

force for prehension/lift sequencing correlated strongly with the combined small-object and 

checker-stacking time-score (r = 0.78, p<0.01) (Blennerhassett, Carey and Matyas, 2008). This 
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result is indicative of the sensitivity of JTHFT subtests to changes in dexterity, which were not 

significantly different between dominant and non-dominant stroke-affected hands. 

Furthermore, the small-object subset was also sufficiently sensitive to detect early 

improvements in dexterity using either hand p<0.01, following posterior decompression 

surgery in CSM patients (Prabhu et al., 2005). Because the JTHFT evaluates functional grasp 

activities, a floor effect may exist and limits the utility of this outcome to studies of residual 

grasp ability (Blennerhassett, Carey and Matyas, 2008) rather than simple active movement 

(Prabhu et al., 2005). 

A standardised JTHFT apparatus and administration instruction (Art.09-103-0501, Homecraft 

Roylan, UK) was used throughout this project. Writing and feeding subtests were not included, 

on the grounds that the reliability of these tests has been questioned (Stern, 1992) and, 

furthermore, that those tasks are arguably not contextually relevant to the non-dominant 

hand. 

2.10.3 Pinch force 

Pinch force was used as a functional outcome measure in Study 2. 

Using a standardised testing protocol and multiple test trials and intertrial periods of 3-5s and 

15-60s respectively (Sisto and Dyson-Hudson, 2007) instrumented strength testing has been 

shown to be more reliable than manual muscle testing (Larsson et al., 2003; Herbison et al., 

1996; Schwartz et al., 1992). Muscles must possess a Oxford scale strength grading of 3 out of 

5 or greater for dynamometry to be useful as an outcome measure (van Tuijl, Janssen-Potten 

and Seelen, 2002; Schwartz et al., 1992).  

Strength deficits impair the ability of individuals with SCI to perform ADL (Sisto and Dyson-

Hudson, 2007) a relationship particularly relevant in tetraplegia (Noreau et al., 1993). Pinch 

force is a clinically important parameter of upper limb function in recovery from tetraplegia 

(Hamou et al., 2009) and stroke (Blennerhassett, Carey and Matyas, 2008; Hummel et al., 

2006). Anodal tDCS has been shown to enhance maximal voluntary contraction force (Tanaka 

et al., 2009) and stamina (Cogiamanian et al., 2007) in the short term. Previous studies in the 

lower limb have indicated a transient facilitation of pinch force after focal stimulation with 

anodal tDCS to the leg cortical representation of the non-dominant M1(Tanaka et al., 2009), 

which might indicate either short-term facilitation of corticospinal drive or kinematic 

refinement (Tanaka et al., 2009) and itself suggest an enhanced learning effect. However, in an 

investigation of neuromuscular fatigue upon elbow flexors, Cogiamanain et al (2007) found no 
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facilitation of maximum voluntary contraction (MVC) but a significant improvement in fatigue-

resistance after anodal tDCS. It was therefore considered of interest to investigate this 

phenomenon in tetraplegic persons, by assessing MVC lateral grip pinch force before and after 

each session. A JAMAR-type hydraulic hand-held pinch force dynamometer was used (Art. 

SH5005, Saehan Corp. PO Box 426 Republic of Korea). This apparatus is supplied with a 

standardised instruction. 

 

Figure 2.15: Standardised positioning for measurement of pinch force. 

The investigator held the JAMAR-type pinch force dynamometer in position while the 
participant produced a 5-second maximum effort. 
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2.11 Anodal tDCS 

Practical, generic equipment considerations and procedures for application of tDCS modalities 

have recently been summarised in a useful guidance paper (DaSilva et al., 2011). 

2.11.1 Hardware 

A ramp-controlled battery driven stimulator (CX-6650, Rolf Schneider Electronic, Gleichen D-

37130, Germany, datasheet Appendix A) was utilised in all cases for delivery of the 

intervention in the current project. During the single blinded pilot study the stimulator unit 

was concealed from the vision of participants and manually operated by the investigator. 

Double blinding of both the investigator and participants to group allocation was assured in 

the definitive Study 3 by securing the unit in a locked box and using the semi-automated 

procedure detailed at (VII.2.11.4.)  

Current was applied from the unit via flying leads from the stimulator to rubberised 

electrodes, which in turn were sheathed in rectangular sponge electrode pads of area 35cm2. 

Each pad was well-soaked with 1% saline solution before placement on the scalp to ensure 

good conductivity for the safety and comfort of participants (Loo et al., 2011; Dundas, 

Thickbroom and Mastaglia, 2007). 
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Figure 2.16: Anodal tDCS hardware and application 

A: Anodal tDCS stimulation was delivered from a battery driven constant current DC 
stimulator. For Study 3 the stimulator unit was secured in a locked box as illustrated and 
actuated remotely for the purposes of double blinding B: Standardised electrode pa d 
placement: anode (+) placed overlying the right M1 region (area C4, 10-20 system), 
reference electrode (-) placed superior to the contralateral orbit. C: Practical application in 
an experimental subject, with saline-soaked pads secured via elasticated strapping. 

 

2.11.2 Stimulation parameters and safety considerations  

During each of 2 training sessions healthy participants, who took part in the definitive Study 3 

received 1.5mA direct current (DC) at steady state voltage 10V or less with the current ramped 

up/down over 10 seconds at the onset and completion of stimulation respectively. Tetraplegic 

patient who took part in Study 2, and undertook 3 sessions of training on consecutive days 

received 1.0mA DC stimulation. Both current intensities are within accepted limits for safety 

(Liebetanz et al., 2009), comfort (Dundas, Thickbroom and Mastaglia, 2007) and blinding 

(Gandiga et al., 2006). The lower value was applied as an ethical consideration because this 

patient group was not known to have previously been exposed to tDCS stimulation, and in 

view of the application of the intervention on 3 consecutive days which might have a 

cumulative effect upon humans. For example, a low incidence of skin burns to the surface of 

the scalp has been previously reported during repeated session tDCS stimulation protocols 

(Frank et al., 2010; Palm et al., 2008), and so we also took care to clean and regularly replace 

sponge pads, use fresh saline conductive solutions and carefully inspect the skin areas for 

damage prior to pad placement (Frank et al., 2010). Compared to the literature, both of these 

amplitudes fall into a moderate amplitude range (Jacobson, Koslowsky and Lavidor, 2012; 

Nitsche et al., 2008; Poreisz et al., 2007) and the duration of stimulation was as applied in 
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previous protocols (Jacobson, Koslowsky and Lavidor, 2012; Loo et al., 2011) in conjunction 

with a standardised electrode pad size and conductive solution. 

After initial pad placement the DC stimulator was switched on for 30 seconds until the voltage 

had stabilised. If the voltage was greater than 10V, suggestive of high resistance and therefore 

a propensity to heating under the pad area (Palm et al., 2008), or if the participant reported 

discomfort the fitting of the electrode pads was checked and adjusted as necessary and this 

procedure repeated until these criteria were satisfactory. 

The possible effect of physical variables have been considered by others, not only in relation to 

the size and shape of the electrode pads (Datta, Elwassif and Bikson, 2009; Datta et al., 2009) 

but also in relation to the effects relating to the positioning of the cathodal electrode (Nitsche 

et al., 2008). Other cephalic and non-cephalic ‘reference’ electrode positioning montages have 

been used previously but the position utilised in the current project is preferable, not only 

because the effect of tDCS on MEPs is inversely proportional to the distance between the 

electrodes (Moliadze, Antal and Paulus, 2010) but also in order to reduce shunting of current 

through superficial tissues, which would reduce the strength of the electric field acting through 

the brain (Nitsche et al., 2008). Furthermore, the excitation effect of electrical fields thought to 

underlie plastic changes associated with learning is sensitive to dendrite-axon orientation, 

which could be affected by electrode placement (Radman et al., 2009; Roth, 1994).  

However, although the current project is focused upon effects associated with the placement 

of the anodal electrode, the cathodal electrode is also active and is known to cause short-

lasting reductions in excitability in neurons underlying the site of the electrode (Nitsche and 

Paulus, 2000). When tDCS is applied to the frontal cortices it is thought to be safe (Nitsche et 

al., 2004) and is in general considered as not relevant to findings in respect of motor 

performance (Nitsche et al., 2008). But, though such investigations lie outside the scope of the 

current project and do not affect the validity of the findings, the implications of excitability 

reductions over the frontal cortices electrodes might be considered as a number of distributed, 

high-level cognitive processes including motivation and executive functions are supported 

across the frontal regions (Stuss, 2011a; Stuss, 2011b).  

 

2.11.3 Application of anodal tDCS for stimulation of the non-

dominant M1 
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Pads were secured in place with elasticated strapping and remained in place for the entire 

duration of training sessions (Figure 2.16c).The method for identification of scalp surface 

points according to the standards of the International 10–20 EEG System (Klem et al., 1999) 

has been described in detail (Milnik, 2009). the active pad (anode) was consistently applied 

over the C4 area overlying the non-dominant (right-side) primary M1 according to the 10-20 

EEG system (Herwig, Satrapi and Schonfeldt-Lecuona, 2003) with the reference pad applied 

over the contralateral supraorbital ridge (Figure 2.16b).The intervention was delivered to 

those receiving ACTIVE stimulation for 20 minutes continuously, starting simultaneously with 

the start of task practise. For all studies, the DC stimulator was automated for a current 

duration of 20 minutes, including ramping up and down over a 10 second period.  

During the Study 2the SHAM group received stimulation for 45 seconds both at the start and 

end of a 20 minute period. This pattern of stimulation created procedural difficulties in 

maintaining the level of blinding in the the definitive study, therefore the protocol was altered 

for Study 3so that the SHAM group received stimulation for approximately 45 seconds both at 

the start of training only. Both of these approaches have been applied in previous tDCS studies 

with no apparent quantitative difference in the results. 

2.11.4 Arbitrary placement of scalp electrodes for application of 

anodal tDCS at the non-dominant primary M1 

The method of, and validity for, the method for identifying cortical loci using the international 

10-20 EEG system (Klem et al., 1999)has been well-described (Milnik, 2009; Okamoto et al., 

2004; Herwig, Satrapi and Schonfeldt-Lecuona, 2003). The 10-20 system has been utilised for 

arbitrary electrode pad placement in a number of tDCS behavioural/neurophysiological studies 

(Hesse et al., 2007; Fregni et al., 2006b; Iyer et al., 2005; Boros et al., 2008).  
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Figure 2.17: Area C4 identified from surface measurement. 

Area C4 (circled) is identified as 40% of the distance between the measured vertex of the 
head (Cz) and the tragus of the ear. From (Milnik, 2009). 

 

 

In a study sample of 10 healthy subjects assessing the relative discrepancy between different 

noninvasive methods for localisation of brain regions (Sparing et al., 2008) Sparing et al. (2008) 

found a mean anterior deviation of the centre of gravity for maximum TMS-evoked MEP (at 

flexor digitorum indicus) relative to C3 with Cartesian deviation 12.3mm ± standard deviation 

4.4mm, range 2-21mm. The dominant component of this deviation was in the sagittal plane 

(Sparing et al., 2008). In studies involving cortical mapping, the primary motor cortical maps of 

spinal injured subjects have been shown as shifted posteriorly and attenuated (Jurkiewicz et 

al., 2010; Green et al., 1998) relative to those of healthy individuals, perhaps of the order of 

15mm (Hoffman and Field-Fote, 2007) and which might evolve over time (Lotze, Laubis-

Herrmann and Topka, 2006). Spontaneous sensorimotor recovery (Jurkiewicz et al., 2007) or 
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adjunctive neurorehabilitation intervention (Lynskey, Belanger and Jung, 2008; Hoffman and 

Field-Fote, 2007) can normalise the presentation towards the healthy control state over time.  

Thus, while we recognise that considerable use- and/or intervention-dependent changes in the 

topography and excitability of specific motor representations may occur, any migration of 

cortical representations are likely to remain within the margins of the size of electrode pads to 

be used in the present study – that is, 50mm x 70mm, with the long axis extending laterally 

from the vertex. These dimensions are sufficiently large to cover the entire region of the scalp 

overlying right-side hand and arm area of M1 (C4).  

The effects of tDCS are thought to be dependent upon cell morphology (Radman et al., 2009) 

tissue architecture (Datta et al., 2009; Nitsche and Paulus, 2000) and CSF conductivity (Datta et 

al., 2009) which interact with the static electric field produced by DC stimulation (Nitsche and 

Paulus, 2000) rather than centralisation of electrode pads over stimulation loci. Indeed, 

authorities on this topic are circumspect on the subject of focality, advocating the utility of 

larger electrode pads to reduce variability of effects (Nitsche et al., 2008) and it is recognised 

that one of the potential practical advantages of tDCS compared to other forms of non-

invasive brain stimulation is the non-focality of application (Priori, Hallett and Rothwell, 2009). 

The non-focal nature of tDCS for stimulation when using large electrode pads of the proposed 

size provides for stimulation of the cortical representation of the entire non-dominant upper 

limb including the representation of the hand muscles. We consider, therefore, that the 

resolution offered by this convenient method of stimulation locus identification is adequate for 

application in tDCS studies. Furthermore, in a background study we found evidence which 

further supports this opinion in relation to multiple muscles of the upper limb (VII.2.12.1). 
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2.11.5 Assignment to groups, blinding to allocation and switching 

methods 

Concealment of participants and investigators is important to minimise bias in experimental 

studies (Torgerson and Roberts, 1999) and random allocation aims to ensure no systematic 

differences exist in known and unknown factors that can affect the outcome (Sibbald and 

Roland, 1998). For both interventional studies, volunteers were allocated to groups on the 

basis of randomisation by pairs to maintain balanced data collection during ongoing, rolling 

recruitment. A practise of rolling recruitment was applied during all studies. The ordering of 

randomisation pairs was generated from a reputable, internet-based random integer 

generation service (Haahr and Haahr, 2012). 

All activities during the pilot study involving patients were carried out on the NHS site by the 

lone researcher. There was neither skilled assistance nor the technological capacity for 

automated blindingavailable. For these reasons a single level of blinding the participants, but 

not the researcher to the group allocation was possible and ethical approvals were granted 

with that understanding. 

The definitive study involving healthy persons took place in laboratory facilities within the 

School faculty, where assistance was available from School technical staff. Double blinding of 

both the investigator and participants to group allocation was assured in the definitive study 

by securing the unit in a locked box, with the DC stimulation unit switched remotely. A remote 

switching capability is included as a design feature on the CX-6650 stimulator model.  

The signal software was programmed to deliver one of two routines on the basis of an X or Y 

key entry, initiated by a second assistant who entered a coding key (Figure 2.18). The 

designation of the coding key, either to active or sham intervention, was known only to a third 

party, the Academic Supervisor for the current project.  

The switching routine for both groups was generated from a concealed Signal program routine 

running on a PC running Spike for Windows Software (Cambridge Electronic Design (CED), 

Cambridge CB4 0FE, UK), and outputted via a CED Micro1401Mk2 (CED, UK) 5 volt digital 

output channel. A rising-edge transistor-to-transistor logic (TTL) toggle on-off signal was 

transmitted via a bayonet connector interfaced, standardised radio frequency-shielded coaxial 

cable connection to an optically-isolated control input at the rear of the unit. 
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Figure 2.18: Signals for remote switching of DC stimulator during Study 3. 

The switching signal for triggering of the DC stimulator unit was initiated by a coded entry 
via the PC keyboard. A: Active stimulation routine. A single trigger initates the stimulator 
unit after 2 seconds, with the unit set to cease stimulation after 20 minutes. B: Sham 
stimulation routine. On-trigger at 8 seconds, with off-trigger 45 seconds later.  
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2.12 TMS protocol validation, measurements and common 

protocols 

The definitive study involved the application of TMS-evoked outcome measures. The 

background validation of TMS measurements and tDCS electrode placement, common use of 

hardware and software equipment, methods of preparation and equipment calibration, and 

application of standardised protocols is discussed in this section. Techniques and procedures 

specific to particular chapters are detailed in the relevant chapters.  

2.12.1 TMS background study – confirmation of neurophysiological 

measurement protocol feasibility and arbitrary placement of tDCS 

stimulation pads 

An ethically approved background study to the project was carried out between November 

2009 and July 2010, which included 14 healthy volunteers. This had 2 objectives; firstly to 

investigate the feasibility of gathering stimulus-response curves (SRc) from representative 

proxima and distal arm muscles and secondly to map the representations of these muscle. This 

study found that non-dominant cortical representations were less excitable than dominant 

representations of homologous muscles, and proximal muscle representations were less 

excitable than those of distal muscles as found by others (Wassermann et al., 1992). Resting 

threshold responses were not reliably elicited from proximal muscles in the resting state. But 

low-level muscle activation at 10% or 20% of maximal voluntary contraction (MVC) readily 

elicited active motor thresholds in proximal and distal muscles at levels low enough for 

facilitated stimulus-response recruitment curves (SRc) to be reliably gathered with a limited 

number of stimuli and over a standardised period of time, suggesting equivalence of reliability.  

Mapping of the cortical representations of Abductor Pollicus Brevis (APB), Biceps Brachii (BB) 

and medial Deltoid (mDelt) muscles confirmed that as found previously(Devanne et al., 

2006)per hemisphere the area representations of proximal mDelt and distal APB muscles had 

closely adjacent loci and substantially overlapping excitability representations (Figure 2.19). 

These representations were, to a substantial extent sited within the 7x5cm margins of 

electrode pads centralised on position C4 of the 10-20 EEG system, with the long axis of the 

pad aligned mediolaterally (Figure 2.19). The position C4 is determined by measurement of the 

scalp in relation to points on the head and is highly repeatable in humans (see Section 

VII.2.11.4). While some tDCS studies utilise accurate placement techniques from MRI or TMS 

measurements of the area of greatest response from the cortical muscle representation 
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(Hummel et al., 2010; Hunter et al., 2009; Hummel et al., 2005) others have used the arbitrary 

positions C3 and C4 of the 10-20 EEG system (Klem et al., 1999) for the placement of tDCS 

electrode pads over the M1 region of interest (Hesse et al., 2011; Vines, Cerruti and Schlaug, 

2008; Hesse et al., 2007; Fregni et al., 2006b). We concluded that the method of arbitrary use 

of C4 for placement of 7x5cm electrode pads was practical and had validity for proximal as well 

as hand muscles.  

These results informed the design of TMS measurement protocols and tDCS electrode pad 

placement positions during the experimental studies carried out in the current project. 
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Figure 2.19: Mapped suprathreshold MEP responses and centroids in relation to the area of 
an arbitrarily-placed 7x5cm tDCS electrode pad. 

Right (non-dominant) hemisphere cortical excitability maps with arbitrary tDCS pad 
electrode area overlaid on each. Composite maps were constructed on the basis of mean 
MEP responses evoked from the right hemisphere during mapping at each grid site. Shading 
at each pixel represents proportion of the 14 volunteer sample exhibiting a mean 
suprathreshold response at that pixel. White pixel=0 count. Black pixel=suprathreshold 
response elicited from all 14 volunteers. Yellow rectangle: placement and alignment of 
7x5cm tDCS pad centred on C4. Filled cross: pad centre and mean site of C4 measured from 
study sample - coordinates x=7.55cm, y=0. Unfilled triangle: centroid of representation 
CoGs. Threshold calculated for each individual representation as = MIN + (0.05* (MAX-MIN) 
where MAX and MIN were respectively maximum and minimum mean evoked am plitudes 
at each individual muscle cortical representation.   



 

99 

 

 

2.12.2 Common preparation, TMS data acquisition and EMG 

recording apparatus 

Participants were seated comfortably in an upright chair, with a table to the front upon which 

an LED biofeedback unit was placed (Figure 2.20). The non-dominant arm was supported in a 

manipulandum with the shoulder in 20° abduction, neutral flexion/extension and 20° internal 

rotation; elbow flexed to 90°; wrist in neutral in all planes and the hand relaxed. 

As a standard during the current project, for high fidelity detection of surface EMG (De Luca, 

1997)grounded bipolar surface electrode(Kendall Soft-E H59P) arrangements were placed 

longitudinally across the central region of the muscle belly of target muscles as required by the 

relevant protocol (Figure 2.21). An earth electrode was applied to the ipsilateral ulnar styloid. 

For mDelt the interelectrode distance was standardised at 10mm. For detection of EMG from 

the small APB muscle an interelectrode distance of 5mm was applied. These distances have 

been shown to reduce muscle crosstalk interference for surface electromyography (De Luca et 

al., 2012). 

Flying leads were connected from the surface skin electrodes to the amplifier, with wires 

roped to counter electromagnetic cross-interference. The EMG biofeedback unit was 

calibrated to full-scale deflection at 100% maximum voluntary contraction (MVC), as a 

subsequent guide to target levels of EMG activity at the relevant upper limb muscle of interest. 

The position of the vertex of the head was marked with a water-soluble pen according to the 

International 10-20 System (Herwig, Satrapi and Schonfeldt-Lecuona, 2003), with further 

markings made throughout the studies as required to indicate relevant loci of excitability. 
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Figure 2.20: TMS measurement apparatus for definitive Study 3. 

The participant was seated in an upright chair (A). The non-dominant arm was supported in 
a custom manipulandum device, which was fixed at elbow height (B). A biofeedback unit 
was placed on a table to the front. D: Amplification, storage and monitoring equipment. 

 

Figure 2.21: Non-dominant upper limb standardised positioning and electrode sites. 

A: At rest, shoulder abducted to 20° and elbow flexed to 90°, wrist relaxed; bipolar 
electrode configuration over muscle belly of APB. B : Isometric contraction of APB; 
opposition of pad of thumb against medial aspect distal interphalangeal joint (IPJ) of 
middle finger, with all IPJs fully extended. C: bipolar electrode position on muscle belly of 
medial deltoid. During isometric muscle contraction, the lateral epicondyle of the humerus 
was stabilised laterally to prevent abduction, against a foam pad in the support tray. 
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Neurophysiological outcome measures were evoked by single-pulse or twin-pulse TMS specific 

to the relevant protocol, applied via two Magstim 2002 monophasic magnetic stimulation 

generators (Figure 2.22), max output 2.2T (Magstim Co., Spring Gardens, Whitland, 

Carmarthenshire, SA34 0HR, UK)linked by a Bistim module (Magstim Co., UK). For TMS-evoked 

measurement during the definitive Study 3, where stimulation of specific loci was not 

required, a high power 90mm single circular coil (Art. 9784-00, Magstim Co., UK) was used. The 

benefit of using a circular coil in TMS studies is that, because the area of cortex stimulated is 

large, the coil can be consistently placed over the easily identified Cz central point (Shimizu et 

al., 1999).  

Although the stimulation intensities required to evoke a given output parameter are 

marginally greater, the reliability of the measures are equal to those evoked using a twin coil 

(Badawy et al., 2011). Simplification of the data gathering protocol by using the single coil 

option substantially reduced the duration of measurement intervals in the definitive study. 

Because the single coil is not focal, it is also insensitive to use-dependent topographical focality 

changes (Nudo et al., 1996) which can occur with changes in corticomotor excitability 

(Ziemann et al., 2001) in the later consolidation stage of skill learning (Kleim et al., 2004). 

Topographical shifting away from a pre-established scalp position could compromise the 

findings of studies investigating the interaction motor practise and tDCS intervention 

modalities (Thirugnanasambandam et al., 2011). 

The evoked electromyogram (EMG) from target muscles was amplified x1000 and bandpass 

filtered 1-2000Hz (Cambridge Electronic Design (CED) 1902, Cambridge Electronic Design, 

Cambridge CB4 0FE, UK), digitised at 4KHz (CED Micro1402) all controlled via Signal v4.08 

software (CED) before storage on computer hard drive. The Signal software was also used to 

control the output of the Magstim stimulator unit. Background EMG was monitored on-line via 

PC monitor and off-line for evidence of inappropriate muscle activation when a resting state 

was required during data acquisition. 
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Figure 2.22: Stimulator componentry. 

A: Blue units, Magstim 2002 monophasic magnetic stimulator, (Magstim Co., UK); small box 
unit at top of picture (white arrow): tDCS stimulator (CX-6650, Rolf Schneider Electronic). 
B: Magstim flat, focal double 70mm coil used in background TMS study (Section VII.2.12.1) 
shown fitted with a grid locator disc as used for cortical mapping activity. C: Magstim high 
power 90mm single circular coil used in Study 3, located in position over Cz, positioned as 
illustrated with anticlockwise cortical current induction (opposite to clockwise arrow 
direction) for preferential activation of the non-dominant M1.  
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2.12.3 Determination of resting motor thresholds (RMT) of target 

muscles 

Stimulus intensity was manually reduced until responses absent, and then incrementally 

increased again until RMT was determined as the stimulator intensity at which at least 5 of 10 

MEPs were above a defined level of 50μV peak-peak (Figure 2.23) amplitude (Wilson, 

Thickbroom and Mastaglia, 1995). 

 

Figure 2.23: Measured parameters of MEP responses to TMS stimulus . 

For illustration of several phenomena and measured parameters, a screenshot sample is 
presented of a single conditioned MEP response to a twin-pulse stimulus from a single 
subject. Motor evoked potential (MEP) response (waveform between vertical cursors) toa 
twin-pulse TMS stimulus (conditioning stimulus artefact at t=0.100s, test stimulus artefact 
onset at t= 0.102s), measured from resting-state APB. Abscissa: sampling time (seconds 
(s)). Ordinate: response voltage (mV).  RMT was determined as the lowest TMS stimulus at 
which maximum peak-to-peak amplitude exceeded 50μV (vertical distance between 
horizontal cursors). For MEP amplitude (MTs, cortical mapping) the peak-to-peak 
amplitude (bracket) was gathered, while for MEP area responses gathered during 
recruitment curve protocols, the hatched area under the waveform between vertical 
cursors was measured. 
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2.12.4 Determination of active motor thresholds (AMT) 

The site of maximum activation was checked while the participant maintained EMG activity at 

20% of maximum. Stimulator output was reduced then increased in 2% increments until active 

motor threshold (AMT) was determined as an MEP response just visually discernible above 

background EMG activity at 20% MVCin 5 out of 10 responses (Devanne et al., 2006; Wilson, 

Thickbroom and Mastaglia, 1995). 

2.12.5 TMS stimulus-response curve and SICI procedures 

Stimulus-response properties of the corticospinal system in humans depend on the 

interactions that take place along the corticospinal pathway. TMS-evoked stimulus-response 

curves(SRc) are considered to be the most sensitive method to detect changes in excitability, 

expansion and functional connectivity of corticomotor networks related to learning processes 

involving target muscles (Boroojerdi et al., 2001a; Devanne et al., 2002; Devanne, Lavoie and 

Capaday, 1997). TMS-evoked SRcs are thought to be reliable means of characterising 

corticomotor excitability over sampling intervals spaced over hours (Devanne, Lavoie and 

Capaday, 1997) and days (Carroll, Riek and Carson, 2001; Malcolm et al., 2006) 

The motor threshold for each relevant muscle and activity state obtained from the above 

motor threshold procedures were each used to calculate relative stimulus intensity scales, 

which were then manually entered as variables into a scripted Signal software programmes for 

random generation of stimuli at preset intervals.  

During selective voluntary isometric activity of APB the participant maintained opposition 

between the pad of the thumb and the radial aspect of the distal interphalangeal joint (IPJ) of 

the middle finger, with the IPJs of all involved digits maintained in extension. In preparatory 

trials this pattern of opposition was found to preferentially activate APB. mDelt was voluntarily 

activated isometrically within the manipulandum for Study 3. 

During the definitive Study 3, data was acquired in response to single-pulse TMS stimuli at 90, 

100, 110, 120, 130, 140 and 150% of RMT/AMT (Davey et al., 1999).Five stimuli were applied 

at each intensity level in randomised order, with interstimulus interval 5±10% seconds (van 

Kuijk et al., 2009). During acquision of resting state curve data, as a sub-protocol for gathering 

of measurements of SICI, a further 5 single-pulse stimuli were applied in random order at 120% 

of RMT (SICI test pulse intensity control reference)with 10 twin-pulse repetitions, 80%/120% of 

RMT with 2ms interstimulus intensity. The respective conditioning (80% RMT) and test 
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stimulus (120% RMT) values for all measurement intervals was set relative to the baseline RMT 

value after the recommendation of Garry et al. . During acquisition of facilitated recruitment 

curves, muscle activity was voluntarily modulated by the participant to a target of 20% MVC 

indicated at the visual biofeedback unit. 

We did not attempt to gather SICI responses from proximal muscles as the methods for 

gathering SICI from these muscles in the active state are not well-established as reliable. Our 

findings in respect of the high thresholds of proximal muscles in the background TMS study 

raised questions over the ability to reliably apply suprathreshold test pulses. 

Prior to analysis of the stimulus-response curves (SRc) for each muscle and state, the MEP area 

responses from each stimulus state (Figure 2.23) were averaged as an arithmetic mean. MEP 

area was a preferred measure as the response from the entire topographical area of the cortex 

was accounted for. It is also thought that as a measure, MEP area is less sensitive to phase 

cancellation effects upon the output signal, which are caused by rapid firing of motor units as 

TMS stimulus intensity and facilitation activity increases (Kiers et al., 1995).  

2.13 Risks and precautionary measures associated with 

measurement and intervention techniques 

2.13.1 Incidence of adverse effects 

There were no incidences of adverse effects arising during the studies within this project. 

2.13.2 TMS in measurement protocols 

Safety concerns from heating, magnetic field exposure and induced voltages have been 

considered in recent publications, and the following precautions were taken during 

recruitment and as part of operational procedure during study sessions. The exclusion of 

individuals with skull plates, brain implants or who have had surgery to the head is thought to 

control adequately for heating effects (Rossi et al., 2009). Rules requiring participants to 

remove jewellery from the head and neck, which might otherwise interact with magnetic fields 

constitutes good TMS laboratory practise and was applied routinely. No wires or electrodes 

were connected to the head or neck during TMS. To minimise the risk from the hazard of 

voltage induction, persons with implants to the head (Shimojima et al., 2010) or thorax 

(Schrader et al., 2005) were excluded from the study for the same reason. At no time did the 

total number of stimuli to be applied during a single session exceed 400, with an interstimulus 
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interval during continuous application not less than 5 seconds ± 10%. These parameters are 

well within the guidelines for TMS protocols (Rossi et al., 2009). 

 

2.13.3 Anodal tDCS 

The aim of the study was to investigate the effect of non-invasive stimulation parameters 

which have been established to be safe (Webster, Celnik and Cohen, 2006). The Schneider CX-

6650 constant current DC stimulator used in the study is a commercially available, custom-

built device to a standard specification. It is marked as a prototype for scientific research only 

and is not certified for therapeutic treatment in humans, but has been used widely in tDCS 

research for the durations and at the intensities applied in the present study e.g. (Jeffery et al., 

2007; Power et al., 2006; Fregni et al., 2005b).  

The intervention itself is experimental and which carries a minor risk of sensory irritation 

(Poreisz et al., 2007) but without any history of physical harm other than understood and 

avoidable risks. To whit, minor local skin burns (Frank et al., 2010; Palm et al., 2008) associated 

with suboptimal application of electrical conduction interfaces. However, tDCS techniques 

have been shown to be safe and painless in controlled studies including healthy and 

neurologically-impaired participants when used in accordance with good practise guidelines 

(Brunoni et al., 2011; Nitsche et al., 2008). The maximum intensity and duration of the active 

group dosage used in the present project was ramped, current controlled 1.5mA for maximum 

20 minutes continuously, using 7x5cm application pads, 1%w/v saline solution conductive 

medium, current density 43μA/cm2, which are well within the guidelines for safety (Nitsche et 

al., 2008; Hummel and Cohen, 2006; Bikson, Datta and Elwassif, 2009).Because there was no 

precedent for the application of anodal tDCS over consecutive days in the incomplete SCI 

population during study planning, a lower standardised current intensity of 1.0mA anodal tDCS 

was applied to participants during the pilot study 2. 

2.14 Data summarisation 

In order to support investigation and analysis of the data in the research studies, the following 

methods for summarisation of the data were utilised as detailed. 

The data was analysed as absolute scores on interval scales, or converted to normalised data 

on ratio scales as indicated in the text.  
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Summarisation of raw data was carried out in four different ways to serve the aims of the 

particular analysis as indicated in the text: 

2.14.1.1 Block summary 

For a standard summarisation of multiple scores over a sampling period, such as task 

completion time or TPR scores, the arithmetic mean would be taken as a suitable method for 

summarising data which is not significantly skewed. 

For example, for experience-dependent and between-conditions analysis of Task completion 

time, aggregate error or TPR, the sampled individual trial scores for the parameter of interest 

were summarised by taking the arithmetic mean. This mean score for each participant was 

taken as a summary. 

2.14.1.2 Ranked trial summary 

This novel approach was adopted in Study 1 to investigate the distribution of the 20-trial TPR 

datasets based on the central tendencies of the skill measure, independent of time. For 

investigation of sample mean TPR data distributions for each block of trials, the absolute trial 

TPR score for each participant was ranked from lowest (1) to highest value (20) as a group 

sample for each block. The data-points in each ranking for each volunteer in the sample were 

then summarised as an arithmetic mean TPR value for each ranking. 

2.14.1.3 Trial-by-trial summary  

This was a novel approach created to subserve investigation of the systematic association, or 

co-regulation, between the measured skill parameters completion time and error rate, over 

successive trials in a sampling interval. The raw data values for each parameter were 

separately summarised by taking the arithmetic mean across each 18-strong (Study 1) or 12-

strong (Study 3) group sample for each consecutive successive trial. Using this approach, it was 

reasoned, random (asynchronous, zero mean) effects across the sample would be self-

cancelling to reveal the combined effect of systematic (synchronous, non-zero mean) 

associations between the skill parameters over each 20- or 30-trial sampling interval, which 

would therefore be largely time-dependent (Burge, Ernst and Banks, 2008). 

2.14.1.4 Error distribution summary 

The absolute number of errors counted from at each rail angle was expressed as a proportion 

of the sum of error across all angles, for each participant and each 20-trial (Study 1) or 30-trial 
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(Study 3) interval. This provided for analysis of the interaction between target angle and spatial 

accuracy under different behavioural conditions. In the accuracy condition, a single participant 

produced a completely error-free set of 20 trials. In this situation, with the reasoning that 

spatial variability could not be shown to be less than the threshold error condition, the 

capacity for spatial error was assumed to tend to 1 at all targets and the distribution to be 

equal and recorded as 20% at each target.  
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2.15 Statistical methods 

All statistical analyses were quantitative and carried out using computerised analysis software 

(SPSS version 15, SPSS Inc, Chicago, Illinois). Levels of significance were set at 5% for the 

rejection of null hypotheses. Details of the parametric and non-parametric statistical 

procedures utilised in each study may be found in the appropriate chapters. Here is presented 

a brief review of the techniques applied. 

For all analyses the level of significance was set at 5% unless otherwise indicated in the text. 

Because the present project was primarily concerned with investigation of the interaction of 

the between-subjects factor of intervention group and within-subjects factor(s) under 

repeated-measures study designs, mixed-model repeated measures analysis of variance 

(rmANOVA) statistical analyses were applied in general (Field, 2005). For the additional 

analysis of a co-variant factor on the outcome measures in Study 2, a mixed-model rmANCOVA 

was applied. Assumptions of both types of test were tested as discussed within the particular 

studies. A priori contrasts, post-hoc t-tests or paired comparisons were applied where 

indicated in the text. Details of corrections for multiple comparisons and tests of statistical 

assumptions are also given where necessary. Where indicated, the test of normality used was 

the one-sample Kolmogorov-Smirnov test for normality, because this statistic does not rely on 

parameter means and variances for the population to be valid(Field, 2005). 

Non-parametric methods were applied to the analysis of the common subjective 

questionnaire, developed for use in the interventional studies 3 and 4 (the questionnaire is 

presented, Appendix E), because the distributions of group scores could not be guaranteed. 

For between-groups analysis of each 6-level ordinal scoring of perception numerical rating 

scales (NRS) categories, and the 5-level ordinal scoring of individual opinions in relation to 

group allocation, the Mann-Whitney U Test was applied(Hicks, 2005). 

Where between-groups effect sizes are quoted, these are calculated in one of two ways. In 

order to provide for an estimate of the effect of the factor (r2) on the variability of the model, 

Pearson’s r was calculated from the t values at specific intervals (Equation 2.15-1)where the 

number of degrees of freedom = sample size n-2 (Field, 2005).The r values 0.1, 0.3 and 0.5 

indicate small, moderate and large effect sizes respectively (Cohen, 1992). 
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Equation 2.15-1: Calculation of effect size rat specific time intervals(Field, 2005). 

 

Power analyses were applied where indicated in the text, to estimate the sample size required 

to reject a null hypothesis, with a given probability of a type II error (β) at 20% and therefore 

statistical power to reject the null hypothesis (1-β) at 80%and level of significance (α) at 5% in 

all cases. The sample size required was taken from tables (Cohen, 1992) or from the equivalent 

calculation for unpaired samples from parametric data, calculated from the effect size d 

(Equation 2.15-2). 

 

  
    

     , where    
                                                  ) 

                          )
 

Equation 2.15-2: Calculation of sample size n per group from the effect size d (Lerman, 
1996). 

The value 15.7 represents a generalisation of the formula when statistical power is at 80% 
and level of significance is at 5% 

 

In all cases the standard deviations of independent samples were different and the hybrid root 

mean square (RMS) value 𝜎’ of the two sample standard deviations 𝜎1 and 𝜎2 was applied to 

calculate d, using the expression given at Equation 2.15-3. 

𝜎  √
 𝜎 )   𝜎 ) 

 
 

Equation 2.15-3: Expression for root mean square standard deviation from differing 
standard deviations of independent samples (Lerman, 1996). 

 

When calculating sample sizes from paired data, in order to take account of the increased 

statistical power associated with paired measures the value of d calculated from Equation 

2.15-3 was further multiplied by a factor of √  (Lerman, 1996). 

In Studies 1, 3 and 4 measures of the correlation between variables are used. Parametric 

methods were applied using Pearson’s Product Moment Correlation Coefficient (PMCC) where 
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the aim was to establish linear associations between variables. Where the nature of the 

association appeared to be non-linear, Spearman’s Rho was applied with further investigations 

by regression curve analysis using the least-squares method (SPSS v15).  

As a technique developed in Study 1 for investigation of the co-regulation between 

independent skill parameters of task completion time and spatial error score across a sampling 

interval, parametric associations were calculated between the trial-by-trial summarised 

datasets using PMCC. This procedure was carried out to test the null hypothesis that the 

strength of association between paired or independent correlations was not significantly 

different and therefore the same. Following r to z transformation as a procedure for 

normalisation of the Pearson’s r sample distributions (Fisher, 1921) (Equation 2.15-4), 

comparison of differences in correlation across paired conditions were made in Study 1, using 

the series of computations indicated at Equation 2.15-5 (Meng, Rosenthal and Rubin, 1992). 

Comparisons of the differences between independent conditions were made with z tests at 

key sample points in Study 3, following Fisher’s r-to-z transformation. The r value was 

transformed as Equation 2.15-4, followed by calculation of the test statistic applying Equation 

2.15-6. The significance of the 2-tailed z tests were established from tables. 

          

     

     
 

Equation 2.15-4: Transformation of Pearsons r (Fisher, 1921). 
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Equation 2.15-5: Computations for the test statistic for comparison of coefficients of paired 
samples (Meng, Rosenthal and Rubin, 1992). 
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Equation 2.15-6: Computation for the test statistic for comparison of the correlation 
coefficients of independent samples (Fisher, 1921). 

 

In Study 2, a single participant in the SHAM group failed to attend the second practise session. 

Thus, 2 values of a total possible 56 were missing from JTHFT and TPR datasets. Missing Value 

Analysis applying the estimation-maximisation (EM) method in SPSS was used to generate 
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missing outcome measure values following normalisation but prior to comparative analysis. 

EM estimation allows estimates to be adjusted using the available information, in order to find 

the maximum likelihood parameters of a statistical model (Schafer and Olsen, 1998). 

Estimation was made using sham group datapoints from all 7 measurement intervals, with 

assumption of dataset normality. The procedure was carried out over 25 iterations. Unit 

imputation of these values to the primary JTHFT and TPR datasets was automated as a 

program option prior to further analyses.  
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VIII. Research studies 

Submissions and publications 

 Study 1 has been submitted and accepted for publication in the Journal of Motor 

Behaviour. 

 A poster summarising findings from Study 2 was presented at the 5th International 

Conference on Non-invasive Brain Stimulation 2013 in Leipzig, Germany on 19–21 

March 2013 

 A poster summarising the preliminary findings of Study 3 was presented at Physiology 

2012, the annual meeting of the Physiology Society, at the Edinburgh International 

Conference Centre, UK on 2-5th July 2012. 
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Chapter 3. Study 1. Validation of a novel spatial 

motor skill learning task 

3.1 Introduction 

The ability to learn and retain manual skills is fundamental to the achievement of physical 

goals in everyday life, from elite sporting endeavour (Yarrow, Brown and Krakauer, 2009; 

Nielsen and Cohen, 2008) to the rehabilitation from injury where, in rehabilitation terms the 

practical benefit of task-dependent skill in an activity of daily living (ADL) may determine 

whether that behaviour persists and is adopted into the functional repertoire (Bruce H, 2004; 

Birkenmeier, Prager and Lang, 2010).  

Internal environmental parameters are thought to be informed by active, error-based learning 

and external environmental states by more passive, use-dependent learning mechanisms 

(Diedrichsen et al., 2010). Indeed, critical to the performance of even the most elite athletes is 

the interaction between the motivational goal (the difficulty of the spatial target and the rate 

at which the movement must be executed) and the capacity to manage the variability of the 

end-point (Yarrow, Brown and Krakauer, 2009). The M1 area of the brain is thought to be key 

to the encoding of these spatial end-points, which are subject to dynamic, experience-

dependent processes of refinement and maintenance (Stark, Drori and Abeles, 2009; Graziano, 

Taylor and Moore, 2002). 

A number of objective measures of motor skill are available to assess the level of upper limb 

manual dexterity or motor skill on continuous scales at the International Classification of 

Function and Disability (ICF) level of Activity, and have been co-opted as motor skill constructs. 

Most of these are derived from techniques for assessment of patient or employee dexterity 

(Yancosek and Howell, 2009). Tests can suffer from floor effects through an intolerance of 

spatial error in the outcome measure, or ceiling effects where the dependent variable 

(completion time) is no longer sensitive to the independent variable of interest, which in most 

cases is the time duration of a standardised sequential task. Furthermore, though it has long 

been recognised that spatial accuracy of movement is an essential parameter of skilled manual 

performance (Elliott, Chua and Helsen, 2001), there is as yet no universally-accepted definition 

for, or objective means of capturing spatial-temporal performance within a univariate 
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measure. In summary, the weaknesses present in current validated tests compromise 

objective evaluation of manual motor skill states or practise-dependent learning. 

3.1.1 Towards a univariate measure of motor skill 

The lack of a working definition for motor skill that provides for the outcome-driven 

measurement of real-world tasks is a barrier both for clinical and laboratory-based study 

designs (Shmuelof, Krakauer and Mazzoni, 2012).We began by defined practical motor skill in 

the following terms: the ability to achieve a practical goal with spatial success over a limited 

quantity of time(VII.1.11).It follows that, if participants are to be assessed on these criteria, the 

appropriate measurement system must detect and record the spatial and temporal domains 

with precision. To address this problem, we look to the motor control literature for inspiration.  

In relation to human performance, Fitts and Radford considered the effect of movement rate 

on spatial variability with respect to a reaching target with the upper limb (Fitts, 1954). In 

practical terms, for a standardised target of difficult ID (unit of measure, bits) a subject must on 

average successfully commit sensorimotor control resources matching or exceeding ID to 

achieve reliable target accuracy in an aiming task. When repeated attempts at a sequence of n 

standardised targets are made over a mean movement time t the parameter of performance 

index IP emerges as a mean rate of information transfer, with unit of measure bits/second 

(Fitts, 1954). Fitts described the function of the index of difficulty ID of a single standard target 

(Equation 1.8-2) and, Introducing the expression for the temporal dimension, the minimum 

rate of information carrying capacity required to reliably achieve the spatial target, or 

performance index IP could be defined (Equation 1.8-3).This parameter forms the basis for a 

quantification of the definition of skill. 

More recent experimental observations back up Fitts’ findings that, in a healthy human 

population sample the IP in a simple reciprocation task is not significantly disturbed as a 

function of the trade-off between movement rate and spatial accuracy, leading to the 

conclusions that IP represents a ceiling of human performance which is, within limits, 

insensitive to variations in movement rate (MacKenzie and Isokoski, 2008) or emphasis 

(Guiard, Olafsdottir and Perrault, 2011). Certainly, this appears to be the case for peak 

performances across a range of movement conditions, though it may be that varying 

behavioural/cognitive approaches or strategic preferences to a task might affect the constancy 

of this value (Guiard, Olafsdottir and Perrault, 2011). 
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A number of studies report aspects of the same phenomenon: IP(Fitts, 1954), throughput 

(MacKenzie and Isokoski, 2008) and the quantity ‘q’ (Guiard and Olafsdottir, 2011), measured 

in bits/second, which in relation to a standardised target and the current outcome-based 

definition of motor skill equates to an accuracy rate. Taken together, this literature supports 

the principle of constancy of information transfer capacity IP as an indicator of the 

sensorimotor resources at the command of the individual, including those affected by 

neurological injury, when applied via a standardised target or standardised sequence of n 

targets (Guiard and Olafsdottir, 2011). Thus, given fixed environmental conditions, the theory 

suggests that there might be a common solution to the speed/accuracy trade-off function of 

tasks which is relatively constant, independent of internally, or externally-driven behavioural 

approaches to the task.  

The classic Fitts’ law task involves series of discrete or, alternatively reciprocating movements 

between points (Huys et al., 2010). Let us further consider a task comprised of a closely spaced 

array of n near-identical standardised targets, of similar reaching distance and dimensions, 

where a volunteer is asked to carry out a sequence of reciprocating movements between a 

start point and the targets in succession. Then, from Equation 1.8-3, because the targets are 

standardised and the kinematics of each movement sequence are similar, ID might be 

approximated as a constant, U, with successful targeting expressed as scores on the target in 

the reciprocating sequential task and ƩU is the sum of successful scores (Equation 3.1-1).  

IP = 
 

 
 *ƩU  

Equation 3.1-1: Expression for IP in relation to a sequence of similar targets. 

 

Where IP quantifies the information carrying capacity or, as we have defined it, the skill level 

demonstrated over a single task trial in achieving a proportion (n- spatial errors) of the targets 

over a period of time, unit of measure scores/second. But let us invert the expression for the 

conveniences of working with number that is in most cases will be greater than 1, and also 

because 1/IP reflects the construct of efficiency in a standardised task. That is, an increase in 

efficiency is associated with a reduction in the consumption of information-carrying resources 

to achieve task success. The expression also concurs with the concept of motor skill being 

semantically aligned with the direction of task achievement (or task productivity) in 

completion time, the dominant metric in clinical measurement of skill. We applied the term 

Task Productivity Rate as a descriptive term of the parameter 1/IP (Equation 3.1-2). 
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       ∑         ) 

Equation 3.1-2: Task Productivity Rate (TPR) skill measure, unit of measure seconds/score.  

 

Within a productivity-centred interpretation of the Fitts’ paradigm the scalar TPR measure 

considers the minimum utilisation of information resources to the completion of a task 

activity, and therefore is only sensitive to activity with a successful outcome on the target. 

Likewise, within our constrained workspace information-transfer only has meaning in terms of 

the outcome. In the interests of providing unequivocal feedback of spatial performance to 

both participant and investigator, we specify a binary spatial outcome for each target in the 

standardised task – accuracy or error, as a targeting attempt will conclude with the object of 

the idealised practical task (e.g. a peg) resting within the margins of the effective target area, 

or not. This approach concurs with the classic Fitts’ task paradigm which calls for a constrained 

repetitive task where activity only has meaning in terms of proximity to a target centre (Fitts, 

1954). 

3.1.2 Definition of Task Productivity Rate as a skill measure 

We applied Task Productivity Rate (TPR) as a scalar, interval measure of motor skill in the 

current project. The TPR score, defined as above (Section VII.1.12) was taken as the mean time 

taken to score a successful placement on a set of discrete spatial targets and return to the start 

position in a standardised task. The unit of measure applied was seconds per score (s/score). 

3.1.3 Development of a skill task to deliver the TPR outcome 

measure skill parameters 

The design issues relating to implementation of arrays of identical targets in relation to a 

sequential task are discussed (VII.2.9.1.1). Briefly, as a strategy for improving the linearity of 

the measurement scale and to facilitate motor learning, ID was manipulated across the target 

array to create a scale of target difficulty. Instead of manipulating the physical form of the 

target, we introduced variation in the complexity of grasp manipulation demands by 

implementing a non-repeating rail motor sequence, applied across an adjustable target 

sequence in a closely spaced array. Randomisation was applied to the order of target angle 

orientation to control for possible order and positioning effects, which are known to affect 

movement times (Pratt, Adam and Fischer, 2007). To minimise a possible interference with 

declarative sequence learning (Ghilardi et al., 2009) this was designed to be attempted in 
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consecutive order from left to right in all cases. This approach also provides for multiple 

solutions to the target matching problem (Wong and Whishaw, 2004; Hoffmann et al., 2006), 

in accordance with the theory of motor abundance (Latash, 2012).  

3.2 Research questions 

3.2.1 Research question 1 

We sought to answer the primary research question in relation to the importance of 

behavioural bias upon skilled motor output: does the TPR univariate measure of motor skill 

vary significantly dependent upon behavioural variation? Upholding the null hypothesis would 

not conclusively prove that this measure was stable across all conditions, but it would provide 

evidence upholding the null hypothesis that the TPR skill measure does not vary significantly 

due to changes in behavioural approach alone. This would support our notion that, within the 

limitations of the study design there might exist a common solution to the speed/accuracy 

trade-off which provides a stable metric of spatial motor skill. 

3.2.2 Research question 2 

Fitts’ law holds for static levels of skill (Guiard, Olafsdottir, & Perrault, 2011; MacKenzie & 

Isokoski, 2008) but ongoing task practise is thought to result from a breakthrough in the trade-

off between speed and accuracy (Shmuelof et al., 2012; Reis et al., 2009). In the current study 

design this would be interpreted from a significant improvement in the TPR score. We tested 

the sensitivity of the TPR measure as an indicator of motor learning, with the null hypothesis 

that the skill measure did not significantly change during free practise.  

3.2.3 Research question 3 

It was theorised that target difficulty, and hence both the sensorimotor resources required to 

achieve target matching could be manipulated by varying the orientation of the rail target. We 

sought to establish whether target difficulty constituted a stable scale for observations of 

spatial error, hence providing a reliable feedback condition for modulation of movement rate. 

The null hypothesis was that, based upon observations of error, the relative target difficulty 

did not vary significantly during free practise conditions.  

3.2.4 Research question 4 
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The skill parameters of motor output and sensory experience are intimately associated in 

optimisation of goal-centric motor performance through adaption (van Beers, 2009) which 

informs the development of more sophisticated motor engrams (Novick & Vaadia, 2011). As a 

parsimonious means of considering the relationship between the skill parameters we observed 

and analysed the linear associations between the proxy skill parameters of MRST completion 

time and error rate during each condition. The null hypothesis was applied, that manipulation 

of behaviour would not give rise to a significant difference in the strength of linear association 

between the skill parameters under the speed- or accuracy-emphasis conditions compared to 

the normative state. 
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3.3 Methodology 

Prospective within-subjects, cross-sectional quantitative study. 

3.4 Methods and materials 

3.4.1 Recruitment 

Eighteen healthy, right-handed (modified Edinburgh Handedness Inventory; median 100, range 

67-100) adult staff or student members of the University population (10 females, 8 males; age: 

median 29, range 22-67) who were free from history of neurological deficit, upper limb 

orthopaedic condition or uncorrected visual impairment provided written consent to 

participate in this study, which was approved by the Research Ethics Committee of the School 

of Health Sciences and Social Care, Brunel University, London. Each volunteer carried out the 

study protocol during a single interval lasting around one hour, at a behavioural laboratory 

facility. All activities were designed and carried out in accordance with the Declaration of 

Helsinki. No financial or other inducement to take part in this study was provided. 

 

Figure 3.1: Study design schematic. 

The mean completion time of 2 blocks of 20 MSRT trials provided the metronome tempo 
guiding the completion rate of the subsequent movement -rate guided blocks. Behavioural 
manipulation is applied in 3 blocks, which are presented in counterbalanced randomised 
order: each block emphasises completion speed, task accuracy or nominal (combined speed 
and accuracy) conditions. Subjects were allowed 4-6 practise trials before each practise 
block and condition. A final block of trials at self -selected speed were gathered in order to 
assess short-term learning effects. 
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3.4.2 Motor Skill Rehabilitation Task study design, task apparatus 

and administration 

Based upon the findings of the literature review, a novel motor task was developed in a 

process summarised in Section VII.2.9.1. Briefly, through an iterative process of prototyping 

and outcome evaluation with the assistance of both healthy and tetraplegic volunteers, a peg 

and rail task design was formulated in order to fulfil design criteria, ensuring that the TPR 

outcome derived from task performance could be applied to target groups with a wide 

spectrum of grasping abilities. The task apparatus and administration of the MSRT, sampling of 

task completion time and error count and derivation of the TPR outcome measure under the 

different practise conditions were as presented in General Methods (VII.2.9.4). 

3.4.3 Study protocol 

The basic unit in this protocol was the ‘block’ which comprised of 20 consecutive MSRT trials. 

All task activities were carried out with the left upper limb only, to investigate the formation of 

dextrous activity from a consistent naïve state across the right-handed volunteers. All 

participants followed an identical protocol (Figure 3.1) each participant was assigned a 5-

element randomly generated non-repeating motor sequence code. From this code, the 

rotational angles of the MSRT rail components were set, to 0, 30, 60, 90 or 120 degrees with 

respect to the centre-line of the apparatus. Speed-emphasis, accuracy-emphasis and 

normative behavioural blocks were also carried out in order according to a counterbalanced 

randomisation chart, with each of the 6 possible sequences therefore being carried out by 3 

participants.  

3.4.3.1 Instructions and applied motivation 

Standardised guidance observed by the researcher, and instructions to participants were as 

presented in Appendix B. Further specific instructions in relation to behavioural conditions 

were issued as indicated below. 

3.4.3.2 Practise blocks  

Participants were asked to carry out the task as accurately and quickly as possible using any 

preferred grasp pattern or approach, using the left arm only. This statement was repeated 

once at the start and twice during the course of every block of 20 MSRT trials, with the terms 

‘quickly’ and ‘accurately’ spoken in alternating order, in order to prevent biasing of 

behavioural approach to the task practise. Firstly, after explaining the procedure, participants 
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were directed to carry out practise 4-6 trials of the MSRT to demonstrate understanding of the 

instructions. Immediately following this, each participant carried out 2 blocks of 20 practise 

trials, in blocks 1 and 2. The mean completion time from these 40 calibration trials was 

immediately summarised from the spreadsheet record and used to calculate the movement 

rates for normative, speed- and accuracy-emphasis blocks using the method outlined in   
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Table 3.1.  

Participants then carried out a total of 60 behavioural manipulation trials, with the behaviour 

manipulated by guidance of movement rate as discussed below. Following these, participants 

carried out a final free practise block of 20 trials under the same conditions at practise blocks 1 

and 2 in order to evaluate the sensitivity of the outcome measure to motor learning over the 

duration of the protocol. 

3.4.3.3 Behavioural manipulation– effect of movement rate upon spatial 

accuracy 

After the approach of MacKenzie et al. (2008), we manipulated the movement rate as the 

independent variable, as this is a quantitative parameter for which it is simple to provide 

guiding feedback to participants. As described below, we used a metronome to impose a 

movement rate which would reliably guide participants to complete MSRT trials at a rate of 

our choosing.  

In order to analyse the consequence of changing approaches to a task upon spatial accuracy, 

we applied a completion time 10% shorter than the calibration speed during speed-emphasis 

trials, 10% longer during accuracy emphasis trials and also at the normative (guide) speed. In 

order to entrain manual performance, after the method of Reis et al. (2009) participants were 

instructed to attend to the sound of an aural metronome tempo (Aroma Scroll-Wheel AM-703 

Aroma Music Co., Ltd., Bao’an District, Shenzhen City, Guangdong, P.R.China, 

www.aromamusic.cn.) as a guide to movement rate (Reis et al., 2009) and use the metronome 

as a guide to movement between each of the 12 critical positions involved in a single full trial 

of the MSRT task.  
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Table 3.1: Calculation of metronome guide rates for behavioural conditions.  

Because the MSRT comprises of 11 idealised movement intervals between 12 spatial point 
positions in a full trial, 11 metronome beats s ignal the start of successive movements with 
each trial ending on the 12 th beat. BPM: beats per minute/metronome cadence. The 
calibration movement rates are derived from the mean MSRT completion time calculated 
from 40 trials over practise blocks 1 and 2.  

Behavioural 
emphasis 

Target completion time 
relative to measured 
calibration time (G) 

Movement rate 
calculation 
(60*11)/xG 

Example solution (assuming 
calibration time of 5.00 
secs), BPM 

Normative 1 (60*11)/G 132  

Speed 0.9 (60*11)/0.9G 147  

Accuracy 1.1 (60*11)/1.1G 120  

 

After entraining the movement rate to the metronome beat and demonstrating this by 

carrying out 4-6 trial blocks, participants completed a block of 20 trials at each metronome-

guided movement rate in counter-balanced, randomised order (  
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Table 3.1). Task completion times were monitored on-line and volunteers advised to adjust 

movement rate accordingly if this diverged from the target. In all behavioural conditions 

participants were asked to maintain the best accuracy possible while moving at the indicated 

cadence. Completion times were monitored on-line throughout and, if necessary, participants 

verbally guided to attend to the required movement rate. 

3.5 Analysis 

3.5.1 Data summarisation methods 

The data was analysed as absolute scores on interval scales, or converted to normalised data 

on ratio scales as indicated in the text. 

Data in respect of completion time, error rates and TPR was ranked trial, block, trial-by-trial or 

error-distribution summarised to facilitate analysis of various data parameters. See Section 

VII.2.14 for an explanation of these 4 techniques. 
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3.5.2 Statistical tests 

The data was analysed as absolute scores on interval scales, or as normalised data on ratio 

scales as indicated in the text.  

Research questions 1 and 2 were tested by one way repeated measures Analysis of Variance 

(rmANOVA) with the main factor of practise/behavioural emphasis BLOCK to control for the 

possibility of rejecting a null hypothesis. Tests were applied to assess the effect of task practise 

on error rate, completion time and the TPR skill measure relative to the normative/baseline 

state. The factor of BLOCK (3 levels) was applied in each case.  

Approaching research question 3, separate analyses on the error distribution-summarised 

datasets across free practise and behaviourally manipulated blocks was made by two-way 

rmANOVA, with main within-subjects factors BLOCK (3 levels) and ANGLE (5 levels) in each 

case. The same analysis was applied to investigate variations in error distribution observed 

under behavioural manipulation. For further analysis of the differences in error distribution 

between paired behavioural conditions rmANOVAs were carried out with BLOCK (2 levels) and 

ANGLE (5 levels). Mauchley’s test of sphericity was applied to all analyses and, where 

significant, degrees of freedom were adjusted using the Greenhouse Geisser Epsilon 

correction. Bonferroni corrections were applied for paired and post hoc comparisons of main 

effects as indicated in the text.  

For research question 4, parametric associations between the error trial-by-trial summarised 

skill parameter datasets were calculated between the trial-by-trial summarised datasets using 

Pearson’s Product Moment Correlation Coefficient (PMCC) to test the null hypothesis that the 

strength of association between paired correlations was not significantly different. Following 

this, comparisons of differences in correlation across paired conditions were made using the 

Steiger’s Test method advocated by Meng, Rosenthal, & Rubin (1992), following r-to-z 

transformation (Fisher, 1921). The 2-tailed significance of the Z values was established from 

tables (Field, 2005).    (dependency between the predictor variable (time) series’) were 

calculated as the PMCC r between the time series for the relevant behavioural conditions. A 

Bonferroni correction was applied for multiple comparisons such that the level of significance 

was 2.5%. 

All statistical tests were performed using SPSS (v15, SPSS for Windows, Rel 15.0.1.2007, 

Chicago: SPSS Inc).  
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3.6 Characterisation of TPR datasets and method of establishing 

central tendency 

3.6.1 Characteristics of data distributions 

The residual accuracy/completion time plot distribution of a single subject shown in Figure 

3.2was typical of those produced by all subjects, both in practise and guided-rate blocks. This 

subject achieved full accuracy in 13 of the 20 trials. Those trials with lower residual accuracies 

occurred to the left of the plot and were associated with faster completion times. The data 

points were loosely clustered around a central tendency of residual accuracy n=4 and 

completion time of approximately 7s.  

 

Figure 3.2: Plot of residual accuracy versus completion time in MSRT practise from a single 
subject. 

Each datapoint represents the result of a single trial. The plot is characterised by a 
clustered central tendency for completion time at around 7.2s and residual accuracy of 
approximately 4.5. From participant 15, free practise block 2. 

 

With TPR calculated from the skill parameter scores of each individual trial and plotted 

consecutively over time (Figure 3.3A), there appeared to be no systemic association between 

variation in TPR and the passage of time and trial-on-trial variation in performance appeared 

random within limits. The overall impression was of a statistical, rather than direct relationship 

between movement rate and accuracy which perhaps reflected a model of human motor 

control with an innate motor noise component (Burge, Ernst and Banks, 2008). 
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For the purposes of obtaining a central tendency, the sample was collapsed with respect to the 

abscissa value (time). With the same sample of 20 trial TPR scores placed in ranked order 

independent of time, a mildly curvilinear association could be seen where both the absolute 

value and the rate of change increase with rank order, suggestive of a mildly exponential, 

positively skewed distribution across the ordinate axis (Figure 3.3B). In general the distribution 

was smooth, with slightly more pronounced rank-on-rank increases in TPR score at 

approximately 1.3, 1.6 and 2.0 s/score. These could be interpreted as a signal of the ID of 

individual targets predicted in our derivation of the outcome measure concept, where TPR 

increases markedly as the performance index IP for a target of particular difficulty is exceeded. 

If so, this characteristic may be a signal that the strategy of manipulating target ID to create an 

error scale, and thereby simulate real-world experience of tasks where a margin for error is 

explicit even at the elite level (Bartlett, Wheat and Robins, 2007), has the intended effect. 

 

 

Figure 3.3: Typical distributions of Task Productivity Rate data from the single subject. 

Task productivity rate (TPR) calculated for each individual trial, completion time/residual 
accuracy (s/score). A) consecutive chronological order B) rank order from the same, single 
subject. Superimposed red line: arithmetic mean TPR value for this distribution was 1.612 
s/score. From participant 15, free practise block 2. 
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Expanding the scope of the characterisation to look at the general effect of task experience on 

skilled task activity across the group, visualisation of trial-by-trial summarised TPR data over 

successive trials (Table 3.4) revealed a noisy relationship between the two variables. However, 

in addition to the random component there appeared to be a common systematic trend effect 

to improvement i.e. reduction in TPR score which continued throughout the session (which 

totalled 120 recorded trials).  

Analysing the linear dependency between the two variables by taking the descriptives and the 

PMCC (Table 3.2) practise block 1 represented early learning from the naïve state. This was 

characterised by a moderate strength of association which was significantly different to zero. 

The coefficient of determination, r2, suggested that over 25% of the variability in the model 

was due to this relationship. As practise continued over the subsequent two practise blocks, 

the second and third of which were separated by 60 blocks of behaviourally-manipulated 

trials, the strength of the systematic component was reduced and did not reach significance. 

However, when the association between the variables was considered as a continuous learning 

experience over the three free practise blocks (assuming that practise under behavioural 

manipulation did not have an effect), this resulted in a model demonstrating a highly 

significant moderate strength of association between the variables which described over 30% 

of the variability between successive trials, or task experience (which might be considered the 

independent variable) and TPR score (the dependent variable). 
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Figure 3.4: The effect of experience upon trial-by-trial sample mean TPR score over 3 
successive free-practise blocks from the naïve state. 

Trial-by-trial summarised data points ±SEM. Behavioural manipulation trials took place 
between free practise blocks 2 and 3.Solid black lines: separate linear association trend 
lines superimposed for each block of 20 trials.  Dotted line: combined trend line for the 
linear association across all three practise blocks. 

 
Table 3.2: Linear dependency between trial-by-trial summarised raw TPR score and task 
experience over 3 successive free practise blocks, and across session of 60 trials. 

Descriptives (mean value; SEM, standard deviation (𝜎), PMCC (r) and significance (p) values 
summarising the strength and significance of linear association between trial -by-trial 
summarised mean TPR scores (s/score) and the factor of time (successive trial). r

2
: 

coefficient of determination. Calculated separately for each block of n=20 trials, each trial 
summarised across the 18-strong sample. Separate comparison across n=60 datapoints. 
Linear association significantly different to 0,  *p≤0.05; ***p≤0.001. 

Practise block n Mean (s/score) SEM 𝜎 r value p value r2 

1 20 1.781 0.043 0.191 -0.522 0.018* 0.272 

2 20 1.664 0.031 0.138 -0.346 0.135 0.119 

3 20 1.585 0.030 0.135 -0.414 0.070 0.171 

Combined 60 n/a n/a n/a -0.565 <0.001*** 0.319 
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3.6.2 Distributions of Task Productivity Rate data  

Prior to further analysis it was considered important to justify the use of the arithmetic mean 

as the measure of central tendency, we independently characterised the mean distributions 

and the normality for each ranked summarised data distribution of each of the 6 conditions. 

The outcome of this investigation influenced our selection of a suitable summary measure of 

central tendency. The positive skewing of the sample means data was consistent across all 

blocks, and none differed significantly from normality (Table 3.3). We concluded that the 

arithmetic mean was appropriate to be used as the preferred measure of central tendency to 

summarise individual TPR datasets for subsequent analysis. 

Table 3.3: Descriptives and statistics for the TPR outcome under variation in practise 
conditions. 

Mean ranked block data descriptives, distribution characteristics and normality statistics 
for the TPR outcome (s/score).SEM: Standard error of the mean. Skew: skewness. 1 K-S: 1-
sample Kolmogorov-Smirnov test of normality, D statistic and p value. n=20 for all samples.  

Trial block Mean SEM Skew 
1 K-S 

D p value 

Practise Block 1 1.781 0.122 2.275 0.180 0.533 

Practise Block 2 1.660 0.104 1.587 0.146 0.790 

Speed emphasis 1.845 0.164 1.917 0.194 0.438 

Accuracy emphasis 1.762 0.069 1.602 0.153 0.740 

Norm emphasis 1.741 0.092 1.123 0.159 0.694 

Practise Block 3 1.588 0.099 2.069 0.177 0.555 
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3.7 Results 

3.7.1 The effect of manipulating behavioural approach on 

measured parameters 

 

Results of one way rmANOVA are given at Table 3.4 and are portrayed graphically at Figure 

3.5. Variation in mean movement rate had a highly significant effect upon task completion 

time in the accuracy-emphasis condition at 109.9±1.4% and speed-emphasis at 90.6±0.5% 

completion times respectively compared to the norm condition. Pairwise, there were highly 

significant differences (p<0.001) in completion time compared to the normative movement 

rate (95% CI accuracy .08 to .11; speed -.14 to -.06). 

 

Table 3.4: The effect of free practise and behavioural manipulation on skill parameters and 
TPR. 

The results of separate 1 way rmANOVAs for the effect of free practise, or manipulation of 
behavioural conditions, across 3 blocks of 20 MSRT trials. Significant at *p ≤0.05,** p≤0.01, 
***p≤0.001. 

 

  

Behavioural condition  Skill parameter/ 
measure 

F value df P value 

Free practise Error 2.193 2,34 0.127 

Time 51.553 2,34 <0.001*** 

TPR 4.745 2,34 0.006** 

Behavioural manipulation Error 6.291 1.055,17.943 0.021* 

Time 144.960 1.184,20.133 <0.001** 

TPR 2.465 1.387,25.009 0.121 
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Compared to the normative state, when speed was emphasised to reduce the completion time 

by 10% the mean aggregate error approximately doubled to 200.6±50.6% of the norm value. In 

contrast, when we increased completion time thereby allowing for increased accuracy, error 

was reduced to 78.8±20.4% of that in the norm state. The main effect of varying movement 

rate upon the occurrence of error was significant, with pairwise comparisons indicating a 

significant difference between the speed and accuracy conditions, P=0.005, 95% CI 0.36 to 

2.08. However, error during either of these conditions relative to the normative state was not 

significantly different. 

Although varying movement rate away from the normative condition in either direction 

resulted in an increase in the TPR score (speed emphasis: 7.1±3.0%, accuracy emphasis: 

2.3±2.3%) the main effect of behavioural manipulation on TPR was not significant. 
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Figure 3.5: Effect of 
manipulating behavioural 
emphasis on the 
outcomes of MSRT 
performance relative to 
the norm condition. 

A) Completion time: 
significant differences 
between and across all 
conditions.  

B) Aggregate spatial 
error: significant main 
effect only.  

C) TPR skill measure, 
stable across and 
between conditions.  

Symbols: Main effects 
#P≤0.05 ##P≤0.01 
###P≤0.001; pairwise 
comparisons *P≤0.05 
**P≤0.01 ***P≤0.001  

Data collection over a 
single block of 20 trials 
under each condition. 
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3.7.2 The effect of free task practise on measured parameters 

 

The main effect of practise on task completion time was highly significant (Table 3.4). 

Normalised mean completion times relative to baseline for block 2 were 5.0±1% reduced 

compared to baseline, and block 3 11.2±1.2% reduced compared to baseline (Figure 3.6). 

Contrasts showed that successive changes in completion time were highly unlikely to be due to 

chance (p<0.001) blocks 2-1 95% CI -.08 to -.02; blocks 3-2 95% CI -.10 to -.03; blocks 3-1 95% 

CI -.15 to -.09. 

While, relative to the baseline condition, the error rate was increased slightly by 4.1±15.0% in 

the second block and by 31.5±13.1% in the final block the main effect of practise on targeting 

error was not significant.  

The main effect of practise on the derived TPR skill measure was significant between the first 

and final free practise blocks with the pairwise change in the mean TPR score indicating a 

highly significant improvement in skill between practise blocks 1 and 3, p=0.001 95% CI -.16 to 

-.04. However, pairwise contrasts showed the change in normalised score between successive 

blocks was not significant, with the block 2 mean score at 95.1±3.3% and final block 3 mean 

score at 89.9±2.2% of baseline TPR value.  
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Figure 3.6: Effect of MSRT 
free practise on task 
outcomes over 3 successive 
blocks of 20 trials each. 

Data normalised to relevant 
block 1 baseline score per 
participant.  

Note that the behavioural 
guidance protocol was 
implemented between 
practise blocks 2 and 3. 

 A) Completion time: highly 
significant differences 
between and across all 
conditions.  

B) Aggregate spatial error. 
No significant differences 
between or across 
conditions. 

C) TPR skill measure: 
significant main effect of 
practise with highly 
significant difference 
shown between block 3 and 
baseline score only.  

Symbols: Main effects 
#p≤0.05 ##p≤0.01 
###p≤0.001; paired 
comparisons with 
Bonferroni correction 
*p≤0.05 **p≤0.01 
***p≤0.001 
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3.7.3 Distribution of error by rail orientation angle  

 

Observation of error distribution by target orientation showed that, in general peg placement 

at rail orientations of 30° and 60° were most reliably achieved while the highest spatial error 

occurred with placement attempts at rails oriented 120° and 0° from the apparatus midline 

(Figure 3.7 and Figure 3.8). Because error was expressed proportionally in these analyses, 

comparisons by the main effect of BLOCK were not relevant.  

Separate 2-way rmANOVAs were carried out to establish the stability of apparent target 

difficulty in the datasets gathered, firstly under free practise conditions to address research 

question 3. Here, we found a highly significant effect of rail ANGLE (Table 3.5). Pairwise 

comparisons by ANGLE showed a significant difference in proportional error between targets 

oriented at 0° and 60° p=0.012 95% CI .02 to 0.16 (Fig 4). The interaction BLOCK*ANGLE was 

not significant, demonstrating that the there was no effect of practise experience on the 

distribution of errors across the array. 

 

Table 3.5: Independent effect of free practise and behavioural manipulation  conditions on 
error rate distribution across target orientations. 

Separate 2-way rmANOVAs on effects of free practise and behavioural manipulation. In 
each analysis, main effect of rail ANGLE (5 levels) and interaction with BLOCK condition (3 
levels) on the dependent variable proportional error rate across target orientations. Rail 
angle order was randomised per participant. Significant main effect/interaction at *p≤0.05 
**p≤0.01 ***p≤0.001. 

Comparison 
conditions 

Main effect/ 
interaction 

F value Df P value 

Free practise Rail angle error 4.836 2.671,45.415 0.007** 

Block* angle error 0.691 8,136 0.699 

Behavioural 
manipulation 

Rail angle error 10.475 2.505,42.588 <0.001*** 

Block* angle error 2.571 4.142,70.407 0.043* 
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Figure 3.7: Proportional error distribution over successive blocks of free task practise.  

Proportional scaling of observed error distribution did not vary significantly over 
successive practise intervals and was quasi-linear according to the angle of target rail 
orientation. . 2 way rmANOVA. Rail angle in increasing order of observed error, left to 
right. Distribution of error count per rail angle as a proportion of the total error count 
across all angles per interval ± SEM, over successive blocks. Angle graphic illustrates the 
respective rail orientation as seen by the participant. Significant main effect ##p≤0.01  , 
Significant paired contrast *p≤0.05.  
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2 way rmANOVA of the effect of behavioural manipulation on error distribution revealed a 

highly significant main effect of rail target ANGLE and also a significant interaction between 

behavioural BLOCK and ANGLE (Table 3.5). Pairwise comparisons of variations in error 

distribution between target orientations revealed significant pairwise differences p≤0.05 

between target orientation 0° and targets at 30°, 60° and 90°; 30°, and between the 120° 

orientation and the 30° and 60° targets (Figure 3.8). 

Further investigating the significant effects, three separate 2-way rmANOVAs were carried out 

for pairwise comparison of the differences in error distribution between specific guided states 

with Bonferroni correction at the level 1.67%. In all comparisons, the within-conditions effect 

of rail target ANGLE on the distribution of error was very highly significant. On the basis of the 

significant BLOCK*ANGLE interaction found between speed-emphasis and accuracy-emphasis 

conditions (Figure 3.7) paired t-testing was carried out within each rail orientation angle, with 

Bonferroni correction to 1%). Significant differences between conditions were identified only 

at the 0° target t(17)=-2.932 p=0.009 95% CI -0.275 to -0.045, speed- vs. accuracy-emphasis 

(Figure 3.8). 
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Figure 3.8: Highly significant variations in error distribution occur as a result of behavioural 
manipulation. 

Behavioural manipulations: normative speed, speed-emphasis and accuracy-emphasis 
conditions. 2 way rmANOVA. Angle graphic illustrates the respective rail orientation as 
seen by the participant – ordered left to right as per Figure 3.7. Highly significant main 
effect ### p<0.001 of rail angle with pairwise comparisons across conditions *p≤0.05 
**p≤0.010 ***p≤ 0.001. Significant pairwise comparison at 5 rail angles between speed- 
and accuracy-emphasis conditions, Bonferroni corrected ǂp≤0.01.  
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Table 3.6: Separate 2 way rmANOVA comparisons of error distribution between paired 
manipulated behavioural conditions. 

Repeated comparisons of the separate and interaction effects of rail ANGLE (5 levels) and 
practise BLOCK (2 levels) on error distribution across targets of varying orientation. Rail 
angle order was randomised per participant. Significant main effect/in teraction at *p≤0.05 
***p≤0.001. Corrected level of significance for multiple rmANOVAs ǂ p≤0.0167  

 

Comparison 

between 

behavioural 

conditions 

Main effect/ interaction F value Df P value 

Normative-

speed 

Rail angle error 7.833 2.256,38.359 <0.001*** 

Block* angle error 1.640 2.346,39.880 0.203 

Normative-

accuracy 

Rail angle error 10.220 4,68 <0.001*** 

Block* angle error 2.191 4,68 0.079 

Speed-

accuracy 

Rail angle error 6.730 4,68 <0.001*** 

Block* angle error 3.542 4,68 0.013*ǂ 
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3.7.4 Evidence for co-regulation behaviour between task 

completion time and error rate 

The association between the trial-by-trial summarised skill parameters over each block 

condition was separately compared by PMCC with r and p values shown in Table 3.7. 

No significant correlations between completion time and error rate were found to occur over 

any of the free practise blocks. Furthermore, associations between skill parameters under 

speed- and accuracy conditions were found to be non-significant. However, constraint of 

movement under the moderate, normative condition revealed a moderate strength positive 

association between the skill parameters which was significantly different to zero.  

 

Table 3.7: Associations between sample mean trial-by-trial summarised task completion 
time and error score under respective block conditions. 

PMCC r: Pearsons Product Moment Correlation Coefficient (PMCC). Sk ill parameters 
summarised as sample means over successive trials. Cognitive manipulation blocks took 
place following practise block 2 and prior to practise block 3. *Significant association 
between skill parameters p≤0.05  

 Practise blocks  Behaviourally-guided blocks 
 1 2 3  speed accuracy norm 

PMCC r 0.219 0.292 0.015  -0.250 0.015 0.455 

p value 0.355 0.212 0.962  0.287 0.952 0.044* 

 

Paired differences in correlation coefficient for behaviourally manipulated conditions relative 

to that found in the normative condition were compared using the Steiger’s Test method 

advocated by Meng and colleagues (Meng, Rosenthal and Rubin, 1992), with the null 

hypothesis that the paired correlation coefficients were not significantly different to each 

other, and a 2-tailed alternate hypothesis. From Equation 2.15-4, the respective r values were 

transformed to r’ scores:  

r’speed = -0.255; r’norm = 0.491; r’acc=0.015 

   = linear dependence between the predictor variables i.e.    between speed and normative 

time series = 0.299;    between accuracy and normative time series = 0.245. 

  ̅̅ ̅        = 
      

       
 

 
 = 

           

 
=0.135;   ̅̅ ̅        =

    
       

 

 
=
            

 
=0.207 
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Then fsp_norm = 
  –      

         )
  0.405, and hsp_norm = 

         )      ))

       
  

     

     
      ; 

and facc_norm = 
  –      

         )
  0.476, and hacc_norm = 

         )      ))

       
  

     

     
      ; 

 

From Equation 2.15-5 

           
    

 )√
   

      ) 
 

Then for zpaired speed_norm = (-0.255 – 0.491)√
  

          )     )
 

= (-0.746)√
  

     
 = -2.333. 

And for zpaired acc_norm= (0.015-0.491)√
  

          )     )
 

= (-0.476)√
  

     
 = -1.407. 

From tables (Field, 2005) these Z values equated to a two-tailed significance of p=0.020 for the 

paired difference in correlations between speed-emphasis and normative, and p=0.159 for the 

difference between accuracy-emphasis and normative conditions. With Bonferroni correction 

to level of significance 2.5%, the 2-tailed alternative hypothesis was accepted only for the 

comparison between speed-emphasis and normative completion time/error correlation 

coefficients. 
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3.8 Discussion 

 

3.8.1 TPR did not vary significantly across behavioural conditions 

Despite highly significant variations in guided movement rates the TPR skill measure did not 

vary significantly compared to the normative rate condition, upholding the null hypothesis. As 

variations in movement rate were imposed during behavioural guidance, there was a 

corresponding systematic impact on spatial accuracy such that TPR was not significantly 

affected. The results suggest that, when the variable of learning experience was controlled for, 

the sample of healthy subjects maintained a stable mean level of skill as we defined it, even 

when movement rates varied systematically by as much as 20%. The null hypothesis for 

research question 1 was upheld. 

The generalizable inference is that, within limits, around an optimal peak performance specific 

to the individual and the task, there exists a common solution to the speed/accuracy trade-off 

function. This result is consistent with Fitts’ Law (MacKenzie and Isokoski, 2008) but is, we 

believe, the first time that the theory has been applied in respect of a practical manual 

visuomotor activity involving complex movement sequences. Though the mean scores 

between behavioural conditions were not significantly different the data did show that 

reducing or increasing movement rate relative to the normative level resulted in a negative 

impact on TPR scores. The ability to demonstrate information carrying capacity of the 

individual may fall off away from an optimal central value which could be partially dictated by 

the spatial parameters of the target (Fitts, 1954) or, indeed the behavioural approach (Guiard, 

Olafsdottir and Perrault, 2011). However, the results concur with those found in analysis of 

performance levels in a simple reciprocation task, which likewise did not significantly differ 

over a range of movement rates (MacKenzie and Isokoski, 2008). 

3.8.2 Skill improved significantly during motor practise 

We additionally interrogated the data for evidence that the TPR skill measure was sensitive to 

practise and did, in fact, significantly vary over practise time as an indicator of motor learning. 

TPR responded significantly to MSRT practise, indicating that the improvement in motor skill 

seen was highly unlikely to be due to chance. As a straightforward quantitative finding 

consistent with other approaches to measurement of learning-dependent changes in the 
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speed-accuracy tradeoff (Reis et al., 2009), a breakthrough occurred such that the skill level 

significantly improved and the null hypothesis for research question 2 was rejected. 

Even under the standardised instruction motivating subjects to prioritise the accuracy and 

speed of movements equally, highly significant reductions in completion time were found 

between successive practise blocks. But we found that the improvements in the TPR skill 

outcome were much less marked, and achieved significance relative to the naïve state only 

over an extended period of practise. Thus, though the increases in error rate over successive 

free practise blocks were not statistically significant, it was evident that variation in spatial 

end-point variability must have had an important effect and skill improved more 

conservatively than we might otherwise have assumed if considering task completion time as 

the skill outcome. This suggests that the speed-accuracy relationships observed during 

behavioural manipulation may operate to some extent during free practise of the task.  

As a potential limitation which may undermine direct comparisons between free practise and 

externally-modulated behavioural conditions, there are thought to be differences in the 

coupling between changes in speed and accuracy depending upon the demands of the task. 

Under velocity constraint a linear relationship between speed and accuracy is thought to hold 

(Schmidt et al., 1979) which may not be the case when accuracy and reaching distance alone 

are constrained and a logarithmic relationship might apply (Fitts, 1954). More fundamentally, 

these outcome relationships may be driven by differences in kinematic behaviour which 

emerge from the specific temporal and spatial constraints of the task (Bongers, Fernandez and 

Bootsma, 2009) and the particular behavioural motivation (Guiard, Olafsdottir, & Perrault, 

2011). Despite these considerations, in comparing the datasets gathered during free practise 

against those gathered during the behaviourally-constrained, normative movement rate the 

mean of sample absolute TPR measures obtained from free practise blocks 1 and 2 (during 

calculation of the normative movement rate) differed by only 1.2% from the mean TPR score 

measured during the subsequently performed normative guided state. This is an impressive 

convergence of skilled behaviour in view of the possible statistical noise introduced by the 

complexity of the sequential targeting task and the external factor of auditory behavioural 

guidance. 

It has been suggested that discontinuities in the speed-accuracy tradeoff (Sleimen-Malkoun et 

al., 2012) and related changes in velocity-time plots during reaching (Huys, 2012; Huys et al., 

2010) may arise primarily due to the precision constraints of the task because they are seen in 

relation to targets of higher difficulties. Because the reaching amplitude and targeting 
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constraints of the current MSRT task were fixed within-subjects, these parameters probably 

interacted with net decreases in end-point reaching precision which arise with increasing 

movement rate (Meyer et al., 1988; Schmidt, Zelaznik, Hawkins, Frank, & Quinn Jr., 1979). 

Conversely, even given a generous reach time (as in the accuracy-emphasis condition) the 

mechanism of on-line correction can statistically never fully control for random motor errors 

which arise during the enactment of target approach and placement movements (Meyer et al., 

1988) or imperfect systematic sensory estimates of the true end-effector and/or target 

positions (Shadmehr et al., 2010). But because the target scoring of the MSRT is dichotomous 

rather than continuous (for example, as a standard deviation relative to an ideal target centre) 

any behaviour-dependent differences in TPR score might be difficult to observe at low 

movement rates.  

 

3.8.3 Spatial error as a modulating parameter in skilled motor 

activity 

In the MSRT design paradigm target difficulty was manipulated, not by the conventional 

method of modifying component dimensions but by employing a reverse kinematic principle 

(McFarland et al., 2008; Faraway, 2003) to enforce more or less complex grasp combinations 

across the motor sequence. The aims of this design criterion were two-fold: to provide for 

target difficulty scaling in a fashion designed both to improve the linearity of measurement, 

and to facilitate a naturalistic motor learning experience. The design also provided for control 

for order effects by implementing true randomisation of target orientation across the sample.  

We found that the scale of target difficulty, as inferred from observations of error distribution 

did not vary significantly when analysed across free practise blocks and maintained a reliable 

distribution constituting a continuous quasi-linear scale. In relation to research question 3, the 

null hypothesis was upheld.  

By varying the single parameter of target orientation, the difficulty of otherwise identical sub-

task elements was modulated to increase the range and sensitivity of the aggregate error 

measure which we theorise provided for explicit feedback of spatial error to inform aspects of 

future performances, including movement rate. The finding that over successive practise 

sessions the error distribution did not significantly vary also lends support to the theory that 

skill learning reflects improvements in global control parameters such as refinement of 

reaching kinematics rather than improvements based upon the accuracy constraints of specific 
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targets (Shmuelof, Krakauer and Mazzoni, 2012). The behavioural advantage of varying 

movement rates based on recent feedback of targeting error may be that movement rates can 

be regulated over the short-term, around a level which achieves the task objective according 

to the behavioural emphasis under operation (Brenner and Smeets, 2011).  

Significant variations in the distribution of error were detected between the extremes of 

speed- and accuracy emphasis behavioural conditions. It is thought motor learning results 

from reduction, not negation of net spatial variability (Muller and Sternad, 2009) with minimal 

correction of spatial error to optimally achieve the goal outcome (Todorov, 2004) while the 

variability of spatial trajectory in reaching increases as a function of movement planning both 

in relation to the accuracy demands of the task (Sleimen-Malkoun et al., 2012; Burge et al., 

2008) and the intensity of muscle activations (Schmidt, Zelaznik, Hawkins, Frank, & Quinn Jr., 

1979). It has been found that subjects’ movement rate during a simple reciprocation task can 

be rapidly modulated by ongoing observations of accuracy during motor performance (Brenner 

& Smeets, 2011) and we also found that behavioural manipulation of mean movement rate 

during task execution had a significant and directly proportional effect upon overall error rate.  

Taken together, our results suggest not only that movement rate during free practise of the 

MSRT could have been modulated partially by the effects of target difficulty upon the 

observation of error, but also that systematic variations in error at the most challenging 

targets were most evident to potentially inform the subsequent actions of subjects. Sensory 

observations of error are thought to interact with prior experience to modify ongoing motor 

performance (Novick and Vaadia, 2011). Thus, both the stability of the TPR outcome measure 

across behavioural conditions and the improvement in TPR scores over the duration of the 

session may reflect the operation of a simple mechanism for modulation of human behaviour 

in complex motor tasks, whereby subjects’ movement rate may be a response to systematic 

changes in the distribution of errors across targets of varying difficulty, as well as the overall 

rate of targeting errors as task repetitions continue. The possibility that individuals may be 

sensitive to errors incurred at more challenging targeting elements in a complex task concurs 

with the recent finding that, in a simple cyclic reciprocation task accurate targeting is 

immediately followed by increased movement rate while targeting error has a slowing effect 

on subsequent movement (Brenner & Smeets, 2011). Thus, rather than basing future physical 

strategies upon an abstract knowledge of uncertainties which accrue in the human motor 

system, observations of spatial error may regulate completion time in an ongoing adaptation 

of the movement plan (Burge et al., 2008).  
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3.8.4 Systematic associations between the skill parameters 

Our results in respect of the calculated TPR skill measure were consistent with Fitts’ Law in 

showing that, despite modification of behavioural approach under parallel skill states the 

construct of motor skill based on information transfer (of which the TPR is a derivative) was 

statistically robust. We have suggested that the criterion governing movement rate in the 

MSRT task was observation of spatial error. But was there any direct evidence of co-regulation 

between the skill parameters and, furthermore was there evidence that behavioural 

manipulation significantly altered co-regulation behaviour? 

A significant linear correlation between sample mean movement rate and spatial error scores, 

where error rate varied proportionally with completion time was only observed when 

behaviour was constrained at the normative movement rate. Because normative movement 

rate was individually matched to the previously observed average of self-selected task 

completion times, it is appealing to generalise that the ‘ideal’ movement rate emerged as a 

result of co-regulation between the two skill parameters. We might consider this as further 

evidence that error-based feedback is a necessary and significant factor in regulation of 

movement rates about an ‘ideal’ average in reciprocating reaching tasks, because motor skill is 

thought to arise through effective co-regulation between goal-oriented motor activity and 

sensory detection of the result in relation to the goal i.e. the degree of spatial error 

(Diedrichsen et al., 2010).  

A statistically significant difference in co-regulation behaviour between behaviourally 

manipulated conditions was found such that the alternate hypothesis for question 4 was 

accepted, providing further circumstantial evidence that co-regulation of movement rate and 

spatial error as a basis for motor control are found around a modulated, moderate movement 

rate. But the difference was only found between the speed-emphasis and normative 

conditions. Others have observed that, both in cyclic (Huys, Fernandez, Bootsma, & Jirsa, 2010) 

and discrete (Sleimen-Malkoun et al., 2012) reaching/targeting task, reaching kinematics were 

abruptly disturbed above a breakpoint level of target difficulty. This discontinuity was 

considered to be inferential of the interaction between the limitations of the 

neuromusculoskeletal system and the accuracy constraints of tasks (Sleimen-Malkoun et al., 

2012). As already discussed, because time is required in order to incorporate corrective motor 

actions towards the target, on average this may be proportional to the extent of motor noise 
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in the control system (Meyer et al., 1988) which is perhaps the fundamental factor 

determining the outcome of skilled performance (i.e. precision)in manual tasks (Churchland, 

Afshar and Shenoy, 2006).  

We did not observe significant systematic co-regulation between the outcomes inferential of 

movement rate and spatial accuracy during free practise. It has been considered that, in a non-

perturbed, stable environment, on-line sensory information should become less important to 

spatial accuracy as the adaptive elements of the motor system are tuned to the environment 

(Shadmehr and Mussa-Ivaldi, 1994). Thus systematic error, which arises through mismatches 

between the estimated and actual end-effector (object) and target positions (Shadmehr, Smith 

and Krakauer, 2010; Missenard, Mottet and Perrey, 2009) is thought to be countered by the 

evolution of internal ‘forward’ predictive models for environmental interaction that is 

recalibrated through ongoing experience (Burge, Ernst and Banks, 2008; Kawato, 1999) via an 

estimate based both on immediate and historic sensory observations (Shadmehr et al., 2010). 

On the other hand, previous findings in respect of the importance of vision in aiming 

movements found that sensory feedback of both the target and hand position was important 

not only for learning of the skill but continued optimal movement accuracy in a spatially 

demanding task following learning (Proteau et al., 1987). That is, the random component of 

error due to innate noise in the central nervous system (Churchland, Afshar, & Shenoy, 2006) 

must continue to be corrected for through on-line processes close to the target, although 

estimation of the magnitude of spatial corrections required may inform task learning and 

future performance (Worringham, 1991). Thus, both the accuracy of the forward model based 

on experience (Smeets et al., 2006) and on-going feedback of performance (Sabes, Jordan and 

Wolpert, 1998; Proteau et al., 1987) are critical to the total effect of noise on the outcome. 

The developing forward model mitigates the combined effects of motor noise and systematic 

planning errors, with the systematic component tending to zero over time (Shadmehr et al., 

2010; van Beers, 2009) while the component of random variability remains (Burge et al., 2008).  

Taken together, the behaviour observed under the normative condition may be predictive of a 

skill which is refined through experience, such that the speed-accuracy relationship acts to 

minimise the effect of random error on kinematic precision. As internal and external force 

environments governing systematic error are subject to change and an accurate knowledge of 

these is necessary for gain calibration of the sensorimotor system (Yarrow, Brown and 

Krakauer, 2009) the experience-dependent forward model may not remain stable between 
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successive practice sessions.These notions could be tested by the gathering of data using the 

current task over longer periods of experience.  
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3.8.5 Limitations of the study and methodological considerations 

Though behavioural motivation was standardised in general, we cannot discount the effect of 

the consistent verbal instruction upon the outcomes. Group mean increases in movement rate 

were accompanied by increases in error scores over successive free practise sessions. This may 

be because the task instruction to volunteers influenced performance and the innate drive to 

increase completion time was more compelling than the desire to produce accurate 

placements. Alternatively, it could be that performance of the intervening behavioural 

manipulation blocks had the effect of disturbing the interrelationship between the speed of 

motor performance and observed spatial error in some fashion.  

Significant differences in error distribution were found between the speed- and accuracy-

emphasis conditions with a significantly greater proportion of errors occurring at the 0° target 

compared to the accuracy condition. That is, when participants were guided to reduce 

movement rate relative to the normative condition by 10% the ability to perform skilfully was 

detrimentally affected in relation to the most difficult targets. But the reason for the marked 

shift in greatest relative error from the 120° target to the 0° target, noted only in the speed-

emphasis condition compared to the other 5 block conditions, is unknown but could perhaps 

arise as a result of an interaction between grasp kinematics and the parameters of the 

particular task. In accordance with Fitts’ Law, there may also be a general conventional effect 

of target width on ID but both factors (which are tied parameters in the standardised target 

design) probably interacted to produce the scaling of difficulty across the rail orientations 

which we infer from the above observations. Though this consideration does not alter the 

validity of the current results it may inform the design of future tasks. Note that limitations of 

this analysis apply, in that the TPR measure can only detect extents of spatial variability which 

actually result in an error score. 

A strength of the MSRT task/measurement paradigm is that it does not have to be completed 

successfully to be valid: individuals are encouraged to evolve performance models empirically 

towards a motivational goal of maximising productivity (‘as accurately/ as fast as possible’) and 

so ceiling effects in the conventional sense applied to clinical outcome measures are 

theoretically not possible in relation to the TPR unless participant behaviour deviates radically 

from the simple verbal instruction provided throughout task practise. Rather than attempting 

to summarise motor skill by measuring a single parameter of behaviour, TPR measure exploits 

the capacity of the human motor system to manage performance based on experience of the 
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accuracy constraints. This approach has, in fact, recently been recognised in the literature as a 

means of reconfiguring Fitts’ law based on the relationship between movement rate and 

spatial accuracy (Guiard and Olafsdottir, 2011). The inference, from the data gathered from 

performance in our procedurally easy but spatially challenging task, is that completion time 

and spatial error are simply components of skilful activity which summarise information 

conversion processes over time and are in isolation difficult to interpret in relation to the 

construct of practical motor skill. Replicating these findings in further studies observing 

behaviour in completing the MSRT under constrained movement rate conditions or over 

longer periods of experience may also allow researchers to make a distinction between 

sources of error and how these vary over time. 

An unexpected observation was that, across successive practise blocks individuals appeared to 

voluntarily modulate performance strategies to conserve error rate and persist to working 

within a range of error throughout their study performance (Figure 3.9). A stable approach to 

spatial variability forms a simple basis for developing movement plans that does not depend 

upon extended periods of experience (Brenner and Smeets, 2011; Witney, Vetter and Wolpert, 

2001). In sampling the outcome of what appear to be noisy processes across a range of target 

difficulties during each trial, we essentially produced a continuous measure of spatial 

variability on the basis of combined reaching and angular accuracy components, which 

together tested the net contributions of proximal and distal joint control to prehension ability 

(Wong and Whishaw, 2004).  

The relative stability of the error score over successive practise blocks, which persisted in the 

final free practise block following 60 trials of behavioural manipulation, is consistent with the 

theory that skilled motor behaviour is at least partially modulated by feedback of goal success 

in a circular fashion (Diedrichsen et al., 2010). Only one participant completed a totally error-

free block of 20 trials, which occurred under a guided reduction of movement rate to simulate 

accuracy emphasis, while conversely floor effects (under which 100% error occur), though 

predicted and planned for (VII.2.9.4.8) were not recorded under any behavioural condition. In 

other words, when implementing a multiple ID array of which the MSRT is an example, there 

appear to be minimum bounds upon spatial variability about an individual ceiling where 

movement rate and the error rate interact to result in a region of linearity. 

The practical net outcome of motor learning, distinct from fast adaption, is to reduce 

kinematic variability in the trained task (Shmuelof, Krakauer and Mazzoni, 2012). The plan may 

be subject to improvement over time because increasing the history of somatosensory 
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experience might refine the model of the net effect of noise on spatial error (van Beers, 2009). 

But because spatial error itself is the product of random and systematic error, the former 

source of which is thought to be innate to the motor system (Burge, Ernst and Banks, 2008), it 

may be that volunteers selected a pragmatic strategy for corrective movements which reflects 

an individually acceptable level of error or, conversely, the capacity for spatial accuracy (Figure 

3.9).  

 

Figure 3.9: Absolute magnitude of spatial error rates is highly variable between subjects 
but approximately preserved within subjects over successive free practise blocks.  

Mean aggregate trial error percentage per block by each of 18 participants, over 3 practise 
blocks. Each datapoint represents the arithmetic mean of spatial error over 20 MSRT trials, 
with lines linking successive practise blocks performed by a single subject. 
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3.9 Conclusions 

 

This study was concerned with investigating the properties of a novel univariate outcome 

measure inferential of task-dependent motor skill learning. In contrast to highly significant 

changes in the component skill parameter of task completion time, the TPR measure was 

statistically stable over large perturbations in behavioural approach. On the basis of this 

finding, highly significant changes in the TPR skill measure found over successive periods of 

task practise were considered unlikely to be due solely to behavioural adaption and were 

therefore true reflections of skill learning, although statistically significant outcomes due to 

behavioural bias may arise to an extent depending upon the sample size or study design 

employed.  

Altering rail target orientation was a reliable means of manipulating target difficulty during 

free task practise, constituting a reliable feedback condition against which movement rate 

might be modulated to improve performance in relation to the behavioural goal. Behavioural 

manipulation resulted in significant changes in error distribution and co-regulation behaviour 

between the skill parameters, providing evidence that even during practise of complex motor 

tasks skilled behaviour might emerge from direct observations of, and short-term response to, 

targeting error.  

The constructs embodied by the TPR measure accord with Fitts’ theories and can be related to 

previous findings in relation to the influences on motor control and learning. The univariate 

TPR outcome measure represents a quite simple approach to quantitative analysis of 

intervention-dependent changes in task-dependent skill which may reduce the effect of 

behavioural influences. MSRT trial measurements do not depend upon full targeting success as 

a prerequisite and therefore accommodates the abilities of humans with quite severe 

limitations in grasping and prehension abilities. The findings of the current study might inform 

the development of wide-spectrum measurement systems, to further unify findings in motor 

learning studies obtained from populations with diverse levels of physical ability. External 

validity and reliability should be further investigated by replicating the findings both in the 

healthy population and neurological populations. 
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Chapter 4. Study 2. Pilot study: effect of 

adjunctive anodal tDCS on retention of non-

dominant upper limb skill learning and dexterity 

in chronic incomplete cervical spinal cord injured 

persons 

 

4.1 Introduction 

Cervical level spinal cord injury (SCI) disrupts sensory and motor pathways, impairing control of 

the upper limb and the extent of functional recovery (Darian-Smith, Burman and Darian-Smith, 

1999). Tetraplegic patients value recovery of arm and hand function highly in attaining goals 

relating to quality of life, highlighting this as an important topic in rehabilitation research 

(Snoek et al., 2004).  

Neural plasticity underpins both healthy learning and rehabilitation from CNS injury, and is 

independent of pathology-specific issues such as sensorimotor impairment or spasticity 

(Warraich and Kleim, 2010). Indeed, recovery of movement after incomplete SCI occurs via a 

combination of functional compensation and neuroplasticity at multiple levels (Curt et al., 

2008). Functional and structural changes in the brain are associated with sustained increases in 

cortical excitability in the primary motor cortex (M1). In tetraplegic individuals upper limb task-

oriented training which improves motor performance coincides with plastic increases in 

excitability of projections to involved muscles (Beekhuizen and Field-Fote, 2008). 

It is possible to modulate the excitability of brain regions directly using non-invasive means, 

including transcranial direct current stimulation (tDCS) where small steady-state currents are 

applied to the scalp via electrodes (Nitsche et al., 2008). When applied over motor cortex (M1) 

polarity specific changes in excitability are observed in evoked responses to transcranial 

magnetic stimulation: negative polarity reduces excitability of underlying neurons, while 
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positive electrode (anode) increases cortical excitability (Nitsche et al., 2008). While tDCS is a 

relatively non-focal technique it is safe within known parameters and therefore has potential 

as a practical clinical application (Nitsche et al., 2008). The application of anodal tDCS during 

learning tasks induces lasting improvements in functional outcomes in healthy (Reis et al., 

2009), and stroke-affected (Boggio et al., 2007) subjects compared to sham stimulation 

protocols, underlining the behavioural relevance of stimulation paradigms which might also 

enhance the lasting benefit of motor rehabilitation in tetraplegics. 

Observations and feedback from participants during training, as recorded in the laboratory log, 

suggested that cutaneous sensation, rather than motor preservation had an important bearing 

on the ability to perform the training task. There is a high association between the ASIA 

pinprick test scoring and recovery of skilled upper limb function in upper limb function in 

chronic SCI (Kirshblum and O'Connor, 1998). It has been suggested that the close physical 

proximity of the sensory lateral spinothalamic and efferent corticospinal tracts in the spinal 

cord limit the ability to improve in function over extended periods of time (Kirshblum and 

O'Connor, 1998). However, the crucial role of cutaneous and mechanoreceptors in joint 

stability and motor control are known in healthy physiology (Riemann and Lephart, 2002) and 

so may have a direct bearing on motor learning. A further post hoc analysis incorporating 

sensory scoring was used to control for this aspect of sensory sparing. 

We hypothesised that anodal tDCS might significantly alter the lasting outcomes of motor 

training on task-specific learning, compared to a blinded sham tDCS condition. The skill-based 

outcome measure, Task Productivity Rate (TPR) was derived from practise in a sequential 

unilateral upper limb motor skill rehabilitation task (MSRT). We explored the cumulative, 

lasting behavioural effects of anodal tDCS on a generalizable valid measure of motor dexterity, 

the nine hole peg test (9HPT; Oxford Grice et al., 2003) when applied adjunctively to training. 

Additional outcome measures were applied to measure upper limb functionality, with subtests 

of the Jebsen Taylor Hand Function Test (JTHFT) (Jebsen et al., 1969) and pinch force, using a 

hand held dynamometer. As a secondary research topic we questioned the nature of the 

relationship between the 9HPT and TPR task-dependent skill outcome measure in order to test 

the null hypothesis that the TPR outcome does not have comparable content validity. 

Measures were taken at baseline, from the start and end of sessions on day 2, day 3 and also 

the follow-up session 7 days later. To control for prior skilled experience and elicit the most 

substantial experimental effect, all training and stimulation activities in the current study were 

applied to the non-dominant upper limb. In order to elicit the most substantial experimental 
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effect from a naïve state of motor skill, all training and stimulation activities in the current 

study were applied to the non-dominant upper limb.  

4.2 Research questions 

4.2.1 Primary research question 

How does anodal tDCS, applied adjunctively during a massed practise rehabilitation activity, 

change functional performance in a time dependent fashion compared to the sham (placebo) 

condition? The null hypothesis was applied, that the effect of tDCS would not cause a 

significant difference in the primary outcome measure TPR at the follow-up session compared 

to the sham condition. 

4.2.2 Secondary research question 

Do changes in TPR outcome of MSRT practise validly represent changes in skill, as indicated by 

the strength of correlation with the outcome of the primary validated outcome measure? In 

other words, do the two measures have good convergent validity and therefore provide 

evidence for the sensitivity of the TPR outcome measure in this population? The null 

hypothesis was applied, that the Spearman’s Rank Correlation Coefficient between the two 

datasets would not be significantly better than 0. 
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4.3 Methodology 

Prospective, single-blinded experimental sham controlled study.  

4.4 Methods and materials 

4.4.1 Sample size 

This was the first study to investigate anodal tDCS in tetraplegic SCI subjects, so it was not 

possible to estimate a desired sample size from the effect size found in previous studies. 

However, significant changes in both motor cortical excitability and functional outcome due to 

therapeutic intervention in SCI individuals (Beekhuizen, FieldFote2008), and adjunctive tDCS in 

stroke patients (Hummel, Celnik et al. 2005) have been demonstrated against sham controls in 

sample sizes of 6 per group. In healthy individuals, a crossover study involving eight subjects 

revealed the highly significant short term effects of anodal tDCS vs. sham on non-dominant 

arm motor skill performance (Boggio, Nunes et al. 2007). In order to minimise the probability 

of type II error and allow for dropouts, both intervention and control groups might constitute 6 

to 8 individuals each. Based on the findings of previous studies, we made an a priori desirable 

total sample size estimate of 16. 

4.4.2 Randomisation to groups 

The method of randomisation and assignment, and the single blinding applied in Study 2 are 

discussed in SectionVII.2.11.5. Briefly, on study inclusion participants were allocated to active 

or sham control groups consecutively by pairs.  
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Table 4.1: Participant profile. 

Clinical assessment at time of recruitment, with respect to left upper limb only.Participant 
descriptives. SCI=spinal cord injured/injury. Gender, F=female, M=male. Age in years. Time 
post-injury in months. ASIA=American Spinal Injury Association. Aetiology: T=traumatic, 
NT=non-traumatic. Hand score: modified version of the Edinburgh Handedness Inventory.  
Independent Mann-Whitney U comparisons testing null hypothesis that distribution of 
respective parameter is the same across groups. 

Gender Age 

Time 
Post- 
injury 

(months) 

ASIA AIS 
level 

classification 

Aeti-
ology 
(T/NT) 

Hand 
score 

Clinical assessment of the non-
dominant upper limb, levels 
indicated 

Motor 
score/25 
C5-T1 

Light 
touch/14 
(C3-T1) 

Pin 
prick/14 
(C3-T1) 

ACTIVE         

F 28 20 C5 C T +100 11 10 9 

M 41 240 C5 C NT + 78 13 5 9 

F 50 36 C7 D T +100 18 13 6 

M 68 92 C5 D NT +67 20 9 7 

SHAM         

M 64 48 C5 C T - 100 17 7 9 

M 47 37 C5 D NT +100 19 11 10 

F 47 120 C5 D T +100 12 9 11 

M 60 252 C6 D NT +100 9 8 7 

M-W U 
p value 

0.561 0.386 n/a n/a n/a 0.564 0.663 0.180 
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4.4.3 Protocol 

On 3 consecutive days, participants undertook 45 minutes of practise with the non-dominant 

limb in the MSRT task, during the first 20 minutes of which active or sham tDCS was applied to 

non-dominant M1 (Figure 4.1). Apparatus and administration were as set out in 

SectionVII.2.11. The task was implemented as a form of therapeutic repetitive task training 

where continuous trials of each test were undertaken interspersed with short rest intervals to 

minimise fatigue effects. Standardised behavioural motivation was applied in the form of vocal 

instruction to work as accurately and quickly as possible.  

 
Figure 4.1: Schematic of study protocol for pilot Study 2. 

A: Protocol for consecutive training days 1, 2 and 3. Active or sham tDCS were applied 
during the first 20 minutes of 45 minutes continuous MSRT skill task training. Behavioural 
outcome measures – 2 x 9 hole peg test, 1 x Jebsen Taylor Hand Function subtests and 3 x 
pinch force - were gathered prior to and following the MSRT practise period. Subjective 
questionnaires were also applied as part of health questionnaire prior to training and 
following stimulation/training on each day. B: Protocol for follow -up measurement session. 
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4.4.4 Standardised intervention dosage 

1.0 mA active anodal tDCS or a sham control was administered to the scalp overlying the non-

dominant M1 with single blinding, hardware and procedures over the first 20 minutes of each 

training session (VII.2.11.3). 

4.4.5 Outcome measures 

4.4.5.1 TPR - task-dependent skill measure 

Completion time and residual spatial accuracy score were monitored concurrently during 

practise of the MSRT task used to calculate TPR (VII.2.9.4.6). The number of task trials 

completed during each training session differed markedly between volunteers, reflecting the 

heterogeneity of the sample in terms of baseline sensorimotor function. The TPR outcome was 

sampled from MSRT trial performances corresponding approximately to 15 minute periods 

from the start of each training session, as successive measurements inferential of task-

dependent skill relative to the baseline value. This was considered to be a valid approach 

because learning is thought to be experience-dependent (Warraich and Kleim, 2010) and 

therefore tied to performance and exposure time rather than arbitrary numbers of trial 

repetitions (Eliassen, Souza and Sanes, 2003). 

 At follow-up, estimation of skill retention was made from the mean of 20 trials without prior 

practise. Due to consistently slow MSRT completion times, to reduce the incorporation of 

learning effects the mean of 10 trials was used to summarise the follow-up TPR score single 

participant in the group receiving active stimulation. 

4.4.5.2 Validated functional measures 

Functional measures were applied immediately prior to, and following each training session 

and at the follow-up session (Figure 4.1). Each was administered according to the standardised 

instruction. The tests were applied consistently in the following order: 

 Two repetitions of the nine hole peg test (9HPT) (Oxford Grice et al., 2003) repetitions 

were applied per interval. A time limit of 150s per repetition was applied. 

 A single administration of the Jebsen Taylor Hand Function Test battery (JTHFT) 

(Jebsen et al., 1969) was applied per measurement interval. The subtests of page 

turning, small objects, checker stacking, light cans and heavy cans were applied, being 

relevant to non-dominant upper limb function. Time limits of 120s per subtest were 
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applied. These 5 subtests were administered in order as dictated by a randomisation 

chart, and administered to the standardised instruction provided with the JTHFT. 

 Lateral grip pinch force was measured as the mean of three attempts. A JAMAR-type 

lateral pinch force gauge was used. 

Details of the apparatus and the literature supporting use of these measures are presented 

(VII.2.10). 

4.5 Analysis 

The aggregate JTHFT scoring was affected minimally by floor effects due to the range of 

prehension dimensions tested. TPR scores were not affected by floor effects as performance of 

the MSRT task was not subject to a task completion time limit. However, substantial floor 

effects were evident in the scores of both the 9HPT and pinch force tests at baseline and 

following intervals (Figure 4.2) such that the validity of the measures was considered to be 

compromised. Therefore, analysis proceeded using the JTHFT and TPR scores only. 

All datasets were block summarised (see Section VII.2.14.1.1 for discussion of technique) and 

normalised relative to individual baseline values prior to analysis. 
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Figure 4.2: Floor effects observed in 9HPT and pinch force outcome measures. 

Mean outcomes for each of 8 participants from repeated measures before and after 3 
consecutive training /intervention days (a:  pre-training, b:post-training) and a follow-up 
measurement session 7 days later. Nine hole peg test (9HPT): a time limit of 150s was 
applied per repetition. 2 of the total 8 participants had insufficient grasp strength to 
operate the pinch force gauge at baseline. 

 

In order to address the secondary research question the JTHFT measure was adopted as the 

behavioural outcome measure, as the scores were not affected by floor effects. 

A single participant in the SHAM group failed to attend the second practise session due to 

difficulties with transportation. Missing Value Analysis was applied following normalisation of 

the measures to baseline values, to generate values prior to analysis. Little’s Missing 
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Completely at Random (MCAR) test was applied to test the assumption that the missing data 

points from the JTHFT and TPR datasets were indeed missing at random.  

To investigate the primary research question, comparative analysis of the lasting effect of 

anodal tDCS on lasting retention of TPR and JTHFT behavioural outcomes were analysed across 

4 intervals. Scores from the intervals prior to/at the beginning of sessions and at the follow-up 

measurement session were used for this analysis. The outcome datasets were normalised to 

individual baseline values and tested with repeated-measures, mixed-effects analysis of 

variance (ANOVA) with planned contrasts and generation of parameter estimates.  

The contribution of pinprick sensory function to changes in the JTHFT and TPR outcomes was 

tested using mixed-effects analysis of co-variance (ANCOVA) with planned contrasts and 

parameter estimates. All assumptions for ANOVA and ANCOVA were tested for and found to 

be met, including those for homogeneity of variance and regression slope. In addition, the 

ANCOVA assumptions of validity in terms of regression slope homogeneity (Field, 2005) were 

tested via an additional custom ANCOVA to test the interaction between the co-variate and 

the group variable. This returned a between-subjects interaction effect of F(1,4)=0.524 

p=0.509 demonstrating that the regression slopes of the variables were not significantly 

different, confirming that the assumptions of the ANCOVA analysis held for the analysis. 

To investigate the secondary research question, the associations between raw JTHFT dexterity 

and MSRT performance scores was tested across 7 measurement intervals at the initial and 

final measures at each training session and at the follow-up session. Non-parametric linear 

statistical dependence was tested with Spearman's rank correlation coefficient and curve 

estimation also applied to characterise the curvilinear relationship between datasets.  
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4.5.1 Subjective tests 

Standardised subjective tests of perception, in the form of numerical scale 

questionnaires(Appendix E) were applied at a total of 6 intervals, immediately following 

training sessions and at the beginning of the following session following provision of consent. 

See Section VII.2.5 for discussion of results. 
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4.6 Results 

Baseline measures were highly variable between individuals but were not significantly 

different between intervention groups (Table 4.2).  

Table 4.2: Absolute outcome measure values at measurement intervals, with separate 
independent t-test comparisons between baseline values. 

JTHFT: Jebsen Taylor Hand Function Test battery aggregate time score of 5 subtests (s); 
TPR: Task Productivity Rate measure derived from MSRT practise task. Independent t -test 
group comparisons of outcomes across groups at baseline: t and p values for each  
measured parameter.  

  ACTIVE SHAM Independent t test 

Outcome interval Mean SEM Mean SEM t p 

JTHFT Baseline 198.3 106.9 92.7 31.6 0.947 0.380 

2 159.1 91.2 68.6 20.2  

3 140.0 75.4 77.3 15.2 

follow-
up 

138.1 81.2 77.5 28.6 

TPR Baseline 29.94 21.12 7.88 4.21 1.023 0.346 

2 22.99 15.20 7.40 4.34  

3 28.83 23.11 5.41 2.31 

follow-
up 

13.60 9.01 8.71 5.66 

 

Table 4.3: Results from statistical tests on behavioural outcome measures. 

Behavioural measures, JTHFT: Jebsen-Taylor Hand Function Test. TPR: Task Productivity 
Rate. ANCOVA: Analysis of covariance. For JTHFT ANCOVA analysis, the pinprick co-factor 
was shown to be non-significant therefore other comparisons were invalid and not 
reported. Between-groups test at 7 days: parameter estimates generated within ANCOVA 
models. *Significant between-groups difference at p≤0.05. 

 

Behavioural measure JTHFT TPR 

 Main 
effect/interaction 

F value df p value F value df 
p 
value TEST  

ANOVA INTERVAL 12.084 3,18 <0.001* 3.923 3,18 0.026* 

GROUP 1.993 1,6 0.208 3.592 1,6 0.107 

INTERVAL*GROUP 3.225 3,18 0.047* 2.582 3,18 0.085 

Between-groups test 
at 7 days  

t=-1.869 6 0.111 t=-2.240 6 0.066 

ANCOVA PINPRICK 0.060 1,5 0.186 6.919 1,5 0.047* 

GROUP n/a n/a n/a 12.954 1,5 0.016* 

INTERVAL n/a n/a n/a 0.600 3,15 0.625 

INTERVAL*GROUP n/a n/a n/a 3.435 3,15 0.044* 

PINPRICK*INTERVAL n/a n/a n/a 0.972 3,15 0.432 

Between-groups test 
at 7 days 

n/a n/a n/a t=-3.159 6 0.025* 
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The results of comparative statistical tests are shown in Table 4.3. On the JTHFT outcome of 

generalized behaviour, there was a significant main effect of training across both groups. 

While the main effect of group allocation was not significant, there was a significant 

INTERVAL*GROUP interaction indicating that effects were modulated progressively to a 

significant extent in favour of those receiving ACTIVE tDCS stimulation. However, post-hoc 

testing showed that there was not a significant difference in scores between groups at any 

single time interval, including the follow-up session. The non-significant group-dependent 

effect size at follow-up, calculated from the t value t(6)=-1.869 p=0.111 was rJTHFTlasting = 0.610, 

with a mean 15% greater improvement for the active group in scores compared to the sham 

group at follow-up. Testing the effect of the PINPRICK test score on this outcome, rmANCOVA 

of JTHFT showed that the between-subjects factor of PINPRICK scoring did not have a 

significant effect upon the model. 

Likewise, The ANOVA for TPR scores returned a significant cumulative lasting effect of practise 

between intervals across TIME. There were trends to significance with respect to the GROUP 

effect and INTERVAL*GROUP interaction in favour of ACTIVE stimulation at the follow-up 

session. Relatively greater improvements with an average 42% improvement in performance 

relative to the baseline condition, compared to 7% retained improvement in the group who 

received the sham stimulation condition. Acting on observations to take into account the 

effect of PINPRICK scores on retention of motor skill, the PINPRICK co-variate was shown to 

have a significant modulatory effect on the model which, furthermore did not interact with the 

effect of practise over successive sampling intervals, providing further validity for the analysis 

of this factor as independent.  

The ANCOVA analysis returned a non-significant general effect of practise as an independent 

factor across the entire sample suggesting somewhat surprisingly that, when the effect of 

sensation was accounted for, practise was generally ineffective in modulating task-dependent 

motor skill over the duration of the study. Instead, group allocation had a significant 

modulatory effect on the capacity to perform the MSRT sequential target matching task. 

Contrasts showed that this interaction was significant at the follow-up sampling interval. 

Parameter estimate B values confirmed firstly that the effect of the intervention was beneficial 

(B=-0.475). Secondly, the effect of pinprick sensitivity upon the TPR outcome was also 

proportionally beneficial(B=-0.085) i.e. better sensory acuity in the non-dominant limb was 

associated with improved retention of task training.  
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4.6.1 Effect sizes and power calculations 

Calculating effect sizes from parameter estimate t-values with df=6 showed that at the follow-

up session the effect of PINPRICK, though not significantly responsible for the difference 

between subject’s outcomes at this interval t(6)=-1.794 p=0.133, was moderate at rpinprick 

=0.349, while there was a large effect of group allocation on the between-subjects model 

t(6)=-3.159 p=0.025, rgroup=0.625. From these r values, the factors of group allocation and 

sharp-blunt acuity accounted respectively for R2
GROUP=35% and R2

PINPRICK=12% of the variance in 

retention of task-dependent skill between subjects.  

In order to determine the minimum number of subjects per group to detect a significant 

between-groups difference in the TPR outcome measure, from the data of pilot Study 2, 

Equation 2.15-2 was applied as the sample size calculation. The effect size dTPR at the follow-up 

session, for independent data with differing standard deviations was first calculated (Equation 

2.15-3).  

Means: active = 0.580; sham = 0.927 

Standard deviations: active = 0.184; sham = 0.249;  

Then dTPR= 
           

√      )        ) 

 

 = 
     

     
 = 1.584 

And from Equation 2.15-2, n = 
    

  + 1 = 7.25. 

Therefore, 7.25 = 8 persons per group would be required to detect a significant between-

groups difference in the TPR outcome measure with statistical power 1-β 80% and level of 

significance α equal to 5%. It is notable that the value of d = 1.584 is considered to be an 

extremely very large effect size according to Cohen (Cohen, 1992) who regarded a value of d = 

0.8 as large. This result also suggests firstly that our initial sample size estimate was accurate, 

but also confirms that the study was also substantially underpowered. 

Investigating the secondary research question, the 54 raw paired JTHFT and TPR scores were 

compared. Improving motor dexterity in the aggregate JTHFT outcome is indicated by 

reduction in time score, while improving TPR motor skill is also realised by diminishing scores 

(s/score). Visualisation of the data suggested a non-linear relationship between the datasets. A 

strong linear association (Spearman’s ρ =.908(54) P<.001) was found between absolute values 

of the novel TPR and JTHFT outcome measures. The association between the test distributions 

was tested against logarithmic, power and exponential regression models by curve estimation. 
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Visualisation of the data revealed a non-linear association between the outcomes, however 

(Figure 4.3). 

Curve analysis with TPR as the independent variable revealed a strong power association 

[JTHFT] =26.117[TPR]0.6, with coefficient of determination R2=0.931(54) and significance p<.001 

(Table 4.4).  
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Figure 4.3: Strength of association between TPR and JTHFT outcome measures from all 
subjects and intervals, N=54 data points. 

Abscissa scale shown in Log10 format for clarity. Power trend line [JTHFT] =26.117[TPR]x0.6   
R2=0.931, p<0.001. 

 

Table 4.4: Curve estimation model summaries and parameter estimates. 

TPR as the independent variable and JTHFT as the dependent variable. Coefficient of 
determination, significance and parameter estimates. Significant at **p ≤0.001 

model R2 F value Df P value constant Exponent/base 

Logarithmic 0.772 176.460 1,52 <0.001* -38.597 81.888 

Power 0.931 698.675 1,52 <0.001* 26.117 0.600 

Exponential 0.730 140.728 1,52 <0.001* 52.847 0.027 
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4.7 Discussion 

4.7.1 Main findings  

The 9HPT outcome measure lacked sensitivity in the study sample of convenience, while the 

JTHFTand so the JTHFT measure was substituted as a valid measure of dexterity.  

The primary research question was applied to the results of the TPR dataset analysis. We 

found a significant between-groups difference between TPR scores at the follow-up interval, 

but only when a predictive factor was included in the analysis, and so there was insufficient 

evidence to reject the primary null hypothesis.  

The secondary research question asked whether, in order to test the sensitivity of the novel 

TPR outcome measure against a valid measure of upper limb function, there was a significant 

association between the datasets of the two measures. We found excellent and highly 

significant, excellent correlations, both in terms of non-parametric linear association between 

the ranked datasets and a non-linear association between the paired datasets. We concluded 

that there is sufficient evidence to accept the alternate hypothesis, that the TPR outcome 

measure carries comparable validity as an outcome measure in the study sample. 

4.7.2 Comparison of changes in JTHFT and TPR datasets 

In a set of tasks which together assess effectiveness in grasp and transportation strategies, but 

do not apply spatially challenging end points (JTHFT), anodal tDCS interacted with ongoing 

practise to a significant extent. However, in the training task where grasping and transport was 

simplified and standardised but the spatial goals are challenging, as in the MSRT task, we only 

found a similar trend in the TPR skill outcome measure.  

An associative analysis indicated that, while the relationship between the two measures was 

excellent, TPR appeared to capture additional factors of upper limb functional capacity 

compared to the JTHFT scores. The relationship was best represented by a power function 

which suggests that the TPR measure was sensitive to additional dimensions relating to motor 

deficit.  

The 5 subtests of the JTHFT task battery present a range of different object grasp and transport 

challenges but do not present a stringent challenge to target accuracy, while the MSRT 

sequential task presents a stringent challenge to spatial orientation and placement of objects 
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which are easy to grasp. Recognition of these essential differences between the sequential 

tasks involved in these measures, coupled with observations and verbal feedback from 

participants recorded in the lab log led us to consider sensory sparing as a possible predictive 

factor for motor skill learning (as distinct from baseline dexterity capacities).  

4.7.3 Effect of sensory sparing on capacity to learn motor skills 

When sensory ability to discriminate between pressure focality was considered as an 

independent factor in task success and included as an additional factor in the analysis, a 

significant effect on the task-dependent outcome was revealed at the follow-up session. In 

fact, at the follow-up session the between-subjects interventional factor of group allocation 

and co-factor of sharp-blunt acuity were shown to contribute respectively to approximately 

one third and a tenth of the variance in task-dependent skill improvement. The contribution of 

sensory function to task-dependent motor learning is plausible in general. It has been found 

that, both in neurologically-impaired and healthy persons the ability to complete tasks 

including manipulation of small objects is highly correlated with measures of light touch 

pressure sensation (Melchior, Vatine and Weiss, 2007). Sensory inputs are known to be a 

powerful facilitator of cortical reorganisation and functional improvements in dexterity of 

healthy humans (McDonnell and Ridding, 2006) and recovery from SCI in humans (Beekhuizen 

and Field-Fote, 2008) and experimentally lesioned animal models (Martinez et al., 2009). 

Perturbation of the closely adjacent primary S1 with repetitive TMS during motor practise has 

a direct effect on the capacity to learn practical tasks (Platz et al., 2012a) including spatial 

tracking (Vidoni et al., 2010) which may be attributable to the impaired capacity to construct 

accurate forward models (Vidoni et al., 2010).  

Associative studies link ASIA sensory scoring parameters with recovery of functional 

independence in this population. In particular, there is a high association between the ASIA 

pinprick test scoring, which evaluates discrimination between sharp and blunt pressures, and 

recovery of skilled function in activities of daily living in upper (Spooren et al., 2008; Poynton et 

al., 1997; Ishida and Tominaga, 2002) and lower limb (Oleson et al., 2005; Katoh and El Masry, 

1995) motor incomplete SCI persons.  

The strong relationship between pinprick scoring and functional independence following SCI 

has not been fully explained. Pinprick scoring is sensitive to the extent of sparing of 

spinothalamic sensory tracts (Poynton et al., 1997). There is a close proximity between the 

afferent lateral spinothalamic and efferent corticospinal tracts in the spinal cord (Kirshblum 
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and O'Connor, 1998; Katoh and El Masry, 1995). It has been suggested that the sensory deficit 

is simply an indicator of damage to those physically associated motor fibres which limit the 

ability to improve in physical independence over extended periods of time (Poynton et al., 

1997).  

However, the role of cutaneous as well as articular mechanoreceptors in joint stability and 

control are known in healthy physiology (Riemann and Lephart, 2002). Our results suggest 

that, in tetraplegic persons as in healthy individuals, sensory acuity is important as an 

independent factor in achieving experience-dependent skill improvements in spatially 

challenging motor tasks. Furthermore, and lending further substance to the relevance of 

investigating sharp/blunt discrimination as an independent factor in motor learning, we found 

no variation of the effect of ASIA pinprick scoring over time. This finding is a consistent with 

the theory that the burden of sensory deficit places an intrinsic limitation on learning of 

manual tasks, because the formation of sensory prediction models depends upon sensory 

awareness of error (Izawa and Shadmehr, 2011). Furthermore, we established that there was 

no interaction between the effects of the intervention and the effect of sensory scoring on TPR 

outcome scores, a finding which validates the analysis based on the assumption of 

independence of the between-subjects factors. However it also suggests that anodal tDCS was 

unable to have an effect on the limitations on motor learning imposed by sensory deficit. 

Significant time- and intervention-dependent interaction effects were found upon both JTHFT 

and TPR outcome measures. But, while the relative improvement in JTHFT generic dexterity by 

the ACTIVE group was progressive the specific beneficial effect of anodal tDCS on the TPR 

outcomes of the spatial targeting task appeared to be delayed, with no material difference 

between mean scores until the follow-up session. This effect has not been observed previously 

in studies involving healthy persons or patient groups. However, we recognise that no 

published works have implemented a behavioural outcome measure similar to the TPR, which 

is capable of accounting for the interaction between movement rate and spatial goal accuracy 

as contributors to practical motor skill. Taken together with the more straightforward effects 

upon the completion time of the JTHFT outcome we consider that the unexpected effect on 

the TPR outcome is likely to result from the demonstrated sensitivity of the latter task 

outcome to deficits in target matching. Considering that the primary effect of anodal tDCS on 

cortical excitability is short-lasting, this suggests that there may be a more complex interaction 

of effects contributing to the ability to achieve spatially demanding goals which resolve over 

different timescales.  
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We established that the JTHFT outcome was not significantly affected by pinprick sensitivity 

and that the task is chiefly an aggregate test of speed in achieving grasping strategies and 

transportation of objects of different sizes and weight. Conversely, while both tasks 

superficially measure sequential grasping, transportation and object release capability over 

time, the MSRT task is concerned with target matching accuracy rate using standardised items 

which minimise the requirement for grip strength and lifting capacity. Once again, although 

not significant, it is insightful to consider the implication of the improvement in the JTHFT 

outcome in the active group relative to those receiving the sham intervention.  

Many of the studies showing significant benefits of anodal tDCS upon motor outcomes apply 

clinical outcome measures in a slightly different way to the method applied in the present task. 

These involve training in a task to a near-stable level, measuring ability in the task at a baseline 

level and then re-testing performance in task repetition following the intervention (Sohn, Kim 

and Song, 2012; Hummel et al., 2010; Boggio et al., 2006a), which therefore measures the 

effect of anodal tDCS on improvement in performance independent of experience-dependent 

learning. We applied only one repetition of the JTHFT per measurement interval, without pre-

training in order to assess the differential learning effect upon this valid clinical measure of 

upper limb dexterity free from previous task experience. Thus, both the JTHFT and TPR 

outcomes measure the adjunctive effect of tDCS upon motor learning. But because experience 

of the JTHFT was very limited, the JTHFT subtest tasks were not trained and so we would be 

unlikely to see a substantial experience-dependent learning effect. Putting aside the possible 

effects of bias, the results suggest either a substantial degree of skill transference from the 

trained task, or an effect of the intervention which is independent of the trained skill itself. 

4.7.4 Possible underlying mechanisms 

Following injury to spinal tracts, there is a lasting attenuation of excitability in related areas of 

M1, an effect reversed during the recovery process (Jurkiewicz et al., 2007) which is primarily 

contingent upon functional reorganisation of surviving sensory and motor pathways to achieve 

behavioural adaption (Curt et al., 2008). Likewise, functional improvement in SCI rehabilitation 

is associated with increases in focal M1 excitability (Beekhuizen and Field-Fote, 2008). 

Conversely, increases in contralateral cortical excitability in M1 are linked to short-term 

improvements in hand function in healthy persons (Sohn, Kim and Song, 2012) with lasting 

benefits in stroke survivors (Boggio et al., 2007). 
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The known primary effect of anodal tDCS upon cortical excitability, when applied adjunctively 

during rehabilitation activities, might enhance behavioural adaption and the retention of 

practised skills. The primary short-term effect of anodal tDCS upon excitability of intracortical 

circuits in the M1 area underlying the anodal electrode pad (Lang et al., 2005; Nitsche et al., 

2005) can also impact upon activity over wider areas of the brain. Positron Emission 

Tomography (PET) scanning has shown that, at rest increases in the activity of cortical and 

subcortical occur after anodal tDCS – in particular the regions of the stiatum and thalamus 

(Lang et al., 2005), which may be related to increased glucose metabolism in the brain 

(Binkofski et al., 2011). Co-activation between the ipsilateral thalamus, caudate nucleus of the 

striatum and M1 occurred at rest following anodal tDCS application (Polanía et al., 2011). 

Furthermore, coupling of the caudate nucleus with the posterior cingulate cortex (a region 

associated with resting, or default mode states) was reduced but increased with the superior 

parietal cortex, a region thought to be important during visuo-motor integration (Reichenbach 

et al., 2011). This convergent evidence suggests that anodal tDCS has a facilitatory effect on 

multiple motor networks concerned with the adaptation (Romanelli et al., 2005), performance 

and learning of motor skills (Ma et al., 2010; Doyon and Benali, 2005).  

While acute recovery of function seems to involve activation of bilateral M1, functional 

plasticity of the contralesional M1 is associated with pre-motor cortex (PMC) activity in skill 

learning in more chronic SCI cases (Nishimura et al., 2007). In experimentally lesioned SCI 

primates, electrophysiological recording of local field potentials at M1 and EMGs from target 

hand and wrist muscles has shown that post-lesional coactivation of antagonistic hand and 

upper limb muscles for dextrous upper limb tasks was accompanied by gamma-band 

intermuscular oscillation couplings not observed in the pre-lesional state (Nishimura and Isa, 

2008; Nishimura et al., 2007). Such adaptive plastic changes in functional connectivity are 

reminiscent of those found following limited experimental lesioning of the cerebral cortex 

(Darling, Pizzimenti and Morecraft, 2011).These benefits might also cascade down to the 

reinstatement of dextrous synergies in incomplete cervical spinal cord injury which, as our 

results suggest took place in the current study may be an alternative pathway by which 

generalisation of learned performance out to non-trained tasks takes place (Musienko et al., 

2012).  

Thus, taken together with previous findings in relation to the known facilitatory effect of 

anodal tDCS upon cortical activity there are grounds to consider the potential for anodal tDCS 

to improve the activation of brain circuits important in the rehabilitation of upper limb 
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function from cervical level spinal cord injury. Improvements in the functionality of muscles in 

tetraplegic SCI subjects during recovery occurs concomitant to changes in cortical activation 

towards the healthy control state (Jurkiewicz et al., 2010). However, anodal tDCS might have 

the capacity for even more remote effects in the CNS. Anodal tDCS has also recently been 

associated with a modulatory effect on interneuron activity at the cervical (Roche et al., 2009) 

and lumbar spinal level, providing further evidence that brain stimulation modalities could 

have a plastic effect upon the activity of distributed neuronal networks both up and 

downstream from the stimulation site. This appears to be a feasible hypothesis because spike-

timing dependent plasticity has previously been driven at the spinal level by temporally 

associating TMS single pulses with antidromic peripheral stimulation, to vary evoked EMG and 

force output bidirectionally (Taylor and Martin, 2009). This is of interest because patients 

exhibiting spasticity demonstrate relative loss of disynaptic inhibition compared to those with 

normal tone or flaccid paralysis (Nakashima et al., 1989) suggesting that anodal tDCS 

application enhances at least short lasting disynaptic inhibition by modification of spinal 

network excitability (Roche et al., 2009) which might be achieved by enhancement of 

corticospinal tract activity. Perhaps modification of the spontaneous discharge rate observed 

in animal (Purpura and McMurtry, 1965) and humans (Nitsche and Paulus, 2000) can, via 

intermediate mechanisms induce increased plasticity of networks at the spinal level. 

4.7.5 Non task-specific effects 

The findings suggested that at least part of the quantitative benefit of the intervention may be 

non-specific to the trained task, and therefore not directly related to skill. Anodal tDCS has 

been shown as significantly beneficial upon motor outcomes in other conditions and states 

where the component factor of muscle weakness, as well as agonist-antagonist co-contraction 

may, independently or together, affect upper limb functioning and ability, including stroke 

(Chae et al., 2002; Bolognini et al., 2011) Parkinson’s disease (Cano-de-la-Cuerda et al., 2010; 

Fregni et al., 2005a) and ageing (Clark and Fielding, 2012; Hummel et al., 2010). Muscle 

strength, by virtue of behavioural adaption may not affect skilled reaching behaviour per se 

(Hoffmann et al., 2006) but the effects of muscle weakness alone on functional capacity and 

independence (de Vargas Ferreira et al., 2012) can result in muscle fatigue presenting in a 

prominent qualitative lifestyle management issue in the chronic phase following SCI (Hammell 

et al., 2009).  
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The limitations of current clinical motor performance outcome measures, in terms of the 

limited sensitivity to spatial outcomes have been discussed (VII.1.8.1). Furthermore, there is 

evidence that anodal tDCS can primarily enhance motor output over the short term when 

outcomes on muscle force (Tanaka et al., 2011) or endurance (Cogiamanian et al., 2007) are 

applied. Short-lasting maximum voluntary contraction of a hand muscle during tDCS 

stimulation interacted significantly with polarity effects upon cortical excitability 

(Thirugnanasambandam et al., 2011), a finding which could be interpreted as a primary effect 

on metaplasticity at the systems level (Thirugnanasambandam et al., 2011). Alternatively, the 

effects of anodal tDCS on strength-related outcomes could be due to direct facilitation of 

corticomotor excitability or altered synergistic or agonist/antagonist couplings, for example 

(Cogiamanian et al., 2007). However, the effects on force outcomes have only been shown to 

operate over the scale of minutes which would further necessitate some sort of learning 

process in order to have a lasting impact upon behaviour.  

4.8 Limitations of the study 

4.8.1 Limitations of the outcome measures 

Two outcome measures applied in this study were insensitive to change in participants 

exhibiting poor functionality in hand dexterity and pinch force, which provides some valuable 

insights. Firstly, that the study sample was highly heterogeneous, although the sample was not 

significantly unbalanced across the factors tested. Secondly, that the JTHFT was not insensitive 

to change in the study sample, but possibly at the expense of dimensions of functional capacity 

to which the TPR measure was sensitive. These observations reinforce an important issue with 

outcome-based clinical outcome measures in general. Whereas measures such as the JTHFT 

have wide applicability over a wide spectrum of functional capacities, it is partially because 

spatial goals are not stringently applied. Conversely, the close tolerances between the peg and 

hole targets in clinical measurement of the 9HPT, coupled with the recessed nature of the 

targets presents in a complete intolerance of target error, result in floor effects. 

As a possible source of measurement bias, the co-variate factor of sensitivity to sharp and 

blunt (pinprick) stimuli at key dermatomes is a reliable and standardised part of the AIS 

measurement protocol (Furlan et al., 2008). The assesse differentiates between pressure types 

(normal compared to sensory reference at a level above the injury: grade 2), the sensations 

feel qualitatively different compared to reference sensations established on the face (grade 1) 
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or if the individual cannot distinguish consistently between pressure types (grade 0). However, 

this interval scale measure is relatively coarse and, as applied in the present study from the 

assessment of 7 dermatome levels C3-T1 returns a 15 point scoring in the range 0-14. On the 

other hand, the coarseness of the scale improves the reliability of the measurement system, as 

responses are easy to interpret and score accordingly.  

The JTHFT completion time of one subtest exceeded the stipulated time limit of 120s during 

the first session, for one participant in the ACTIVE intervention group. This scoring method was 

therefore insensitive to the full extent of average performance improvement for the ACTIVE 

group, hence biases the results in favour of statistical non-significance. 

There is a limitation of the TPR outcome measure in the context of the current study 

population. Because of the large variations in baseline capability between individuals, samples 

constituted periods of time approximating to 1/3 of the session duration. Hence, the baseline 

sample captured mean TPR scoring over approximately 15min of practise during which the 

intervention modality was applied. While the background validation study for this outcome 

indicated that motor skill evolves slowly over extended practise time, the difficulty in 

measuring motor learning, which is a time dependent construct, might underestimate the 

effect of the intervention on TPR scoring. Instrument bias might therefore also apply to the 

results. 

4.8.2 Other possible sources of bias 

Selection/Non-respondent biases: there may be important differences between those included 

compared to those not included in the study. Based upon the finding of no significant 

differences between groups in terms of physiological parameters or baseline outcome scores, 

we believed that by good fortune the two intervention groups were well-matched. However, 

the finding that ASIA pinprick scoring was a significant variable on between-groups MSRT task 

performance indicates that the complex interaction of factors can only be truly controlled for 

by by stratified random selection from a large population that meets the inclusion criteria.  

Proficiency (intervention) bias: The unfortunate failure of a participant to attend the second of 

three training sessions. It is uncertain whether, because of the apparent short-term, fatigue-

like effect which affected participants to a variable degree, this individual performed better or 

worse than he might otherwise have done if he had attended all 3 sessions on consecutive 

days. Missing Value Analysis is an accepted means of addressing this problem (Schafer and 

Olsen, 1998) and was applied in the current study. 



 

181 

 

Expectation bias: because, for practical purposes the investigator could not be blinded to 

group allocation it may be that outcome scoring erred in favour of the active treatment group. 

It should be noted that while time scoring of the MSRT is participant-triggered, spatial accuracy 

is recorded manually. 

4.9 Conclusions 

This pilot study investigated the lasting effects of non-invasive DC brain stimulation upon 

lasting retention of learned motor skill in tetraplegic SCI adults. Significant between-groups 

differences in the motor skill outcome were found at the follow-up interval 7 days following 

training, but only when a further co-variate of sensory sparing was included. Hence there was 

insufficient evidence to reject the null hypothesis. The secondary alternate hypothesis, that 

the novel TPR skill measure has good convergent validity with the JTHFT measure of hand 

dexterity, was proven. Curve analysis additionally provided evidence that TPR may confer 

more information, hence is a more sensitive dependent measure of differences in dexterity 

than the JTHFT. 

Comparisons of the effect of the intervention upon task-dependent skill against changes in the 

un-trained skill measure (JTHFT) suggest firstly that there may be an interaction of effects over 

different time scales in a task where target matching is important. Secondly and more 

importantly, the results hint that the lasting effect of anodal tDCS may not be primarily skill 

dependent. The importance of predictive factors upon the capacity for motor rehabilitation 

has also been highlighted, but which also serves to stress the need for larger sample sizes to 

control for the possible effects of population heterogeneity to statistically bias the results. 

The results do, however, suggest the potential for adjunctive use of anodal tDCS in upper limb 

skill learning in rehabilitation activities. In addition, they provide a further insight into the 

mechanisms underpinning the effect of anodal tDCS on motor functioning in humans. Further 

studies including larger, more homogenous sample sizes and incorporating neurophysiological 

outcome measures should investigate the effect of anodal tDCS upon outcome measures 

reflecting practical behavioural goals and associated effects upon corticomotor plasticity. 
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Chapter 5. Study 3. Effect of adjunctive anodal 

tDCS on retention of spatial motor skill and 

corticomotor plasticity in healthy adults 

5.1 Introduction 

The current state of knowledge is that application of small, direct current to the scalp over M1 

during motor training, known as transcranial direct current stimulation (tDCS) is associated 

with significant short-lasting polarity-dependent (Nitsche et al., 2005) modulations in 

parameters of brain activity (Stagg et al., 2012; Jang et al., 2009) and cortico-spinal excitability 

(Boros et al., 2008; Nitsche et al., 2007) in human subjects. A number of blinded studies have 

also suggested that long-term significant enhancement of motor skill is possible and due to 

adjunctive application of anodal tDCS (Bolognini et al., 2011; Reis et al., 2009; Boggio et al., 

2007), which might amount to a practical adjunctive intervention to improve the effect of 

motor rehabilitation in the clinical setting (Tanaka, Sandrini and Cohen, 2011).  

Clinical rehabilitation from motor impairment is fundamentally concerned with the lasting 

reinstatement of practical motor skills, where a motor skill is the ability to plan and execute a 

movement goal (Krakauer, 2006). To satisfy the requirement for an integrated motor learning 

task and measurement tool, a novel sequential motor task, which we term as the Motor Skill 

Rehabilitation Task (MSRT), was developed in consultation with healthy and tetraplegic 

volunteers and validated in Study 1 as a combined means of training and observing the 

formation of a novel motor skill from the naïve state. The TPR outcome measure satisfies the 

primary design criterion, which is to quantitatively capture the relative ability to achieve a 

standardised practical spatial goal over a limited period of time. In Study 2 we investigated the 

lasting effects of non-invasive DC brain stimulation upon retention of a trained spatial motor 

skill, and generalizability to untrained behavioural measures in tetraplegic SCI adults. There 

were issues relating to the heterogeneity and size of the sample which may have contributed 

to statistical bias and limited the generalizability of the findings. But the results suggested that 

there is the potential for adjunctive use of anodal tDCS during learning of upper limb 

rehabilitation tasks. But the findings of the pilot study also suggested that there may be an 
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interaction of effects over different time scales and that the lasting effect of anodal tDCS may 

not be primarily skill dependent. It was concluded that in order to investigate these findings 

further, studies including larger, homogenous sample sizes and incorporating 

neurophysiological outcome measures should be included, to investigate the effect of anodal 

tDCS upon outcome measures reflecting practical behavioural goals. 

Complex prehension tasks of the upper limb are reliant on ensemble activations of proximal 

and distal muscles, which underlie a potentially limitless manifold of motor strategies that 

address the behavioural aim of achieving the spatial strategy with varying levels of success 

(Muller and Sternad, 2009). The practical net outcome of motor learning, distinct from fast 

adaption, is to reduce kinematic variability in the trained task (Shmuelof, Krakauer and 

Mazzoni, 2012). The M1 area of the brain is thought to be key to the encoding of spatial end-

points, which are subject to dynamic, experience-dependent processes of refinement and 

maintenance (Stark, Drori and Abeles, 2009; Graziano, Taylor and Moore, 2002). As a 

secondary hypothesis we questioned whether the net experimental effect of the intervention 

and task practise might have a lasting effect upon the strength of connectivity between M1 

and representative muscles of the shoulder and hand involved in the prehension activity. 

Changes in resting MEP SRc evoked from hand muscles have been associated with 

improvements in motor skill (Pascual-Leone et al., 1995b). TMS-evoked neurophysiological 

measures were applied at baseline, immediately after the completion of the two day protocol 

and at follow-up a week later in order to examine the short-term and lasting effects of the 

intervention on these inferential measures of neuroplasticity. Single and twin-pulse 

transcranial magnetic stimulation (TMS) measurement protocols were applied to measure 

resting and active stimulus-response characteristics (SRcs) from the abductor pollicus brevis 

(APB) and active SRc from the medial deltoid (mDelt) muscles.  

5 subtests of the Jebsen Taylor Hand Function Test, a commonly utilised functional test in 

behavioural studies, were applied to test for lasting changes in generalizable motor function. 

In addition subgroups of subtests have been used to respectively to highlight differences in 

gross-motor proximal and fine-motor distal functioning (Hummel et al., 2005). Subjective 

questionnaires gathered information relating to the efficacy of the double-blinding procedure. 
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5.2 Research questions 

The research questions reflect the aims of the study, which are to investigate the effect of 

adjunctive tDCS on lasting development of a new motor skill and associated neuroplasticity 

from the naïve state. 

5.2.1 Primary research question 

Is there evidence of lasting changes in the development of motor skill, detected from the 

sampling of the TPR behavioural outcome measure attributable to the application of anodal 

tDCS? The alternate hypothesis applied was for a statistically significant lasting difference to 

exist between ACTIVE and SHAM group mean TPR measures at the follow-up interval. 

With the aim of investigating the effect of the intervention on control strategy which 

supported skilled enactment of the motor task, the state of co-regulation between the skill 

parameters of task completion time and error rate which underlie the TPR behavioural skill 

measure was analysed and compared between groups at each measurement interval. For the 

same reason, the distribution of error scores across the array was also analysed. 

5.2.2 Secondary research question 

Is there evidence of associated significant changes to parameters of primary motor 

corticospinal excitability associated with upper limb prehension, attributable to the application 

of anodal tDCS? The alternate hypothesis applied was for a significant between-groups 

difference in group mean resting APB MEP area recruitment curve parameters to exist 

between the ACTIVE and SHAM groups means as defined above, at the follow-up session. 

5.3 Methodology 

Prospective, double-blinded experimental sham controlled study.  

 

5.4 Methods and materials 

5.4.1 Sample size 

The primary research question was focused on experimentally determining the lasting effect of 

the intervention upon behaviour, detected from TPR skill scores at follow-up relative to the 

baseline score. From Study 2 a sample size of n=8 per group was calculated as adequate to 
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reject the null hypothesis. It was considered a possibility that the lasting effect of the 

treatment in the healthy population after 2 training intervals in an identical task would be less 

marked than that found in the patient group following 3 training intervals. On the other hand, 

we might expect the variability of outcomes (that is, the mean standard deviation) in this 

relatively homogenous population due to unknown confounding factors to be less, which may 

assist in bringing any effects of anodal tDCS further into relief. Hence though determination of 

sample sizes was somewhat speculative based on the limited information, the pilot study 

suggested that the order of total sample size which may be required to demonstrate 

statistically significant effects, if they existed, to be 16-20. 

This is a sample size commensurate with tDCS studies utilising TMS as an outcome measure (9, 

crossover design) (Galea and Celnik, 2009) and short-term (Kang and Paik, 2011) (11, crossover 

design) and lasting (Reis et al., 2009) (12 per group, parallel experimental design) performance 

change due to adjunctive anodal tDCS application. Significant findings have also been made in 

relation to the effect of this intervention with 10 per group (crossover design) (Hummel et al., 

2010) using JTHFT outcomes as the inferential measure. The target sample size was initially 

fixed at 20 participants, with a successful programme of recruitment leading to an ethically-

approved increase to 24 participants. 

5.4.2 Participant recruitment and allocation 

Ethical and participant recruitment procedures for this study were as laid out in Section VII.2.2.  

Participants were recruited as previously discussed (VII.2.2).Inclusion criteria for this study 

were for age range 18 and older, male or female and right hand dominance. Those applicants 

who reported pregnancy; histories of poor short or long-term health status, in general and in 

particular relation to head injury, stroke or seizure; neurosurgery to the head and/or 

implantation of metal objects such as metallic plates or aneurysm clips to the head; cardiac 

conditions; internal prosthesis or implant anywhere in the body or current dermatological 

conditions were excluded.  

A single participant dropped out of the study following one session, citing an acute medical 

condition unconnected with the study. The data arising from this participant was disregarded 

from analyses. A replacement volunteer was recruited and undertook full participation. 

The full datasets from 24 healthy adults (9 females, 15 males; age: median 23.5; range 18-42) 

are included in the analyses of the current study. These persons were recruited from the staff 
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and student body of Brunel University London by open advertisement. All considered 

themselves right-hand dominant and confirmed this by completing the modified Edinburgh 

Handedness Inventory (median 100, range 75-100) (VII.2.4). Primary and daily health screening 

and consent procedures were as laid out previously (VII.2.2). 

5.4.3 Randomisation to groups 

On study inclusion participants were allocated to active or sham control groups consecutively 

by pairs according to a randomisation chart. Double blinding, as the concealment of 

participants, the investigator and technical support staff to the intervention was achieved as 

discussed (VII.2.11.5). 
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5.4.4 Protocol 

 

Figure 5.1: Experimental protocol. 

Day 2 and Day 3 sessions were undertaken respectively 48 hours and 9 days following  the 
Day 1 session. Volunteers were randomly assigned to ACTIVE or SHAM experimental groups 
on commencement and retained this assignment throughout their participation.  

 

5.4.4.1 Overview 

The double-blinded, sham-controlled experimental study extended over 2 weeks per 

participant (Figure 5.1). The second training session on day 2 took place 48 hours following the 

first session on day 1, a gap designed to reveal any intervention-dependent effects lasting 

beyond the key first training session and track further changes in motor skill un-confounded by 

mental or physical fatigue. The third, follow-up session on day 3 took place 7 days following 

the second session.  
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5.4.5 Training 

Based on the findings of the preceding studies, a study protocol was produced as a reference 

against which all sessions were completed to time. The protocol is detailed at Appendix F.  

Health screening and taking of consent took place prior to each of the 3 sessions, to assure 

continued fitness to take part throughout the study. 

5.4.5.1.1 Day 1 

Following preparations i.e. scalp measurements and attachment of surface electrodes, the 

gathering of baseline TMS measures from muscles abductor pollicus brevis (APB) and medial 

deltoid (mDelt) of the non-dominant upper limb. Two administrations of the Jebsen Taylor 

Hand Function Test battery (JTHFT) were then completed. 

Anodal tDCS electrodes were then applied as per standardised procedure (VII.2.11). Active, or 

sham anodal tDCS stimulation was applied as per group allocation, for 20 minutes following 

baseline measurement. Training continued for 45 minutes. This consisted of repeated 

performances of the MSRT motor task in blocks of 10 trials, interleaved with rest breaks of 

around 1 minute. Participants were under no pressure to complete a specific number of trials 

over the duration of a session, the aim of the protocol being to avoid driving skill parameters 

(task completion time, or error rate) externally, which could otherwise be a potential source of 

bias. In any case, motor learning is thought to be an experience-dependent phenomenon 

which is dependent upon the period of exposure to the behavioural goal rather than the 

number of repetitions of a task (Eliassen, Souza and Sanes, 2003). 

Following this, each participant was asked to complete a subjective questionnaire. 

5.4.5.1.2 Day 2  

Each volunteer underwent a further 45 minute Motor Training Period as per day 1, during 

which the appropriate adjunctive stimulation modality was applied for 20 minutes. Followed 

immediately completed a subjective questionnaire, followed by repetition of TMS-evoked 

measures of cortical excitability. 

5.4.5.1.3 Day 3 

This follow-up session was included for the gathering of lasting measures of motor skill 

retention, associated ability in non-trained tasks and changes in measures associated with 

cortical plasticity. Following screening, TMS-evoked measures to establish the extent of any 
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lasting changes in corticomotor connectivity were gathered from APB and mDelt. Each 

participant then carried out two administrations of the JTHFT. Finally, we asked participants to 

undergo a further 4 blocks of 10 MSRT trials. 

5.4.6 Standardised intervention dosage  

1.5 mA active anodal tDCS or a sham control was administered to the scalp overlying the non-

dominant M1 with single blinding, hardware and procedures over the first 20 minutes of each 

training session as laid out (VII.2.11). 
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5.4.7 Task training and primary behavioural outcome 

measurement 

The MSRT was implemented as the continuous sequential target matching task during this 

study (VII.2.9.4). MSRT practise was carried out in groups of 10 trials separated by short rests. 

Participants had minimal practise of the task sufficient to ensure that the task procedure was 

understood prior to the commencement of sampling on day 1.  

The TPR outcome measure, derived from observations of performance in this task comprised 

the primary behavioural outcome measure. TPR was sampled over intervals of 30 trials from 

the start, at the midpoint and the final 30 trials of each session. TPR outcomes were sampled 

from the first 30 MSRT trials at the follow-up session. 

The standardised apparatus and procedures for administering the MSRT task and deriving the 

TPR primary outcome measure is detailed (VII.2.9.4). The standardised task instruction to 

participants was as presented in Appendix B. 

5.4.7.1 Instruction and verbal motivation during MSRT practise 

Following demonstration of the task procedure participants were advised that spatial error 

was permitted and asked to work without hesitation. Participants were asked to carry out the 

task as quickly and accurately as possible using any preferred grasp pattern or approach, using 

the left arm only. This statement was repeated prior to the beginning of each successive block 

of 10 MSRT trials, with the terms ‘quickly’ and ‘accurately’ spoken in alternating order. During 

practise, mild positive reinforcement was uniformly applied in the form of short phrases such 

as ‘ok’, ‘good’ or ‘well done’. Negative reinforcement, criticism or any coaching of performance 

was strictly avoided. 
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5.4.8 Secondary outcome measures 

5.4.8.1 Neurophysiological measures 

The equipment and procedures used in the TMS-evoked measures of corticomotor excitability 

and short-interval cortical inhibition (SICI) are fully described (VII.2.12). The findings of a 

background study (VII.2.12.1) informed a time-efficient TMS measurement protocol, the 

precise details of which are presented (Appendix G). 

Measurements of corticomotor excitability were applied at baseline, at the end of the 2nd 

training/stimulation session and at the beginning of the follow-up session. These were evoked 

by TMS and measured as motor evoked potentials (MEP) at non-dominant target muscles 

Abductor Pollicus Brevis (APB) and medial Deltoid (mDelt). Active state measurements were 

made at both these muscles with active contraction around a target value of 20% MVC EMG 

output relative to an MVC reference level determined at the start of each session. Resting 

state measurements were made at APB only. 

For these procedures a hand-held Magstim single 90mm round coil antenna 9784-00 (Magsim 

Co., Dyfed, Wales) was used, as discussed (VII.2.12.2). The three muscle/state stimulus-

response curve procedures (resting APB, active APB and active mDelt) were carried out as 

described (VII.2.12) in an order dictated by a pre-prepared randomisation chart.   
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5.4.8.2 Measure of generalizable motor function 

Two repetitions of each of 5 Jebsen Taylor Hand Function Battery subtests was administered at 

baseline (prior to commencement of MSRT training) and follow-up prior to MSRT training as a 

secondary measure of generalized skill transfer. Writing and feeding subtests were not 

included, on the grounds that the reliability of these tests has been questioned (Stern, 1992) 

and secondly, that these tasks are not contextually relevant to the non-dominant hand. JTHFT 

aggregate scores were compiled from the average of 2 trials for each of the following sub-

tests: heavy cans, light cans, checker stacking (indicators of gross upper limb function) and 

small object manipulation and card turning (though to depend more specifically on dextrous 

hand function). 
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5.5 Analysis 

5.5.1 Behavioural data summarisation techniques 

The data was analysed as absolute scores on interval scales, or converted to normalised data 

on ratio scales as indicated in the text. 

Data in respect of completion time, error rates and TPR was block, trial-by-trial or error-

distribution summarised to facilitate analysis of various data parameters. See Section VII.2.14 

for an explanation of these 3 techniques. 

5.5.2 Statistical tests 

5.5.2.1 Behavioural data 

Where indicated as used in the text, the test of normality used was the one-sample 

Kolmogorov-Smirnov test for normality, because this statistic does not rely on parameter 

means and variances for the population to be known: as for all statistical comparisons the level 

of significance was set at 5%. The measures of central tendency and variance used are the 

arithmetic mean and standard error of the mean (SEM), respectively. Effect sizes and 95% 

confidence intervals (CI) are also reported for important comparisons. Bonferroni corrections 

were applied for post hoc comparisons on datasets unless Levenes test proved significant 

across datasets, in which case Games-Howell corrections were applied.  

Absolute values of the behavioural measures (TPR, JTHFT) and skill parameter of MSRT 

completion time were compared across groups at the baseline interval by independent t-test. 

This was done to confirm that the active and sham control groups were not significantly 

different at the outset of the study. Further tests on all outcome measures were carried out on 

datasets normalised to individual baseline values in order to control for the additive effect off 

baseline difference and group-dependent effects which could otherwise bias the analysis of 

data. Behavioural datasets were tested by one- or two-way way mixed-effects repeated 

measure analysis of variance (ANOVA). Details of variables and levels are indicated in the text. 

Group allocation (2 levels: SHAM or ACTIVE) was applied as the between-subjects factor in all 

cases. Further, post-hoc testing was applied by independent t-testing where appropriate.  

We further investigated the behavioural association between independent skill parameters 

(task completion time, spatial error score) at each sampling interval, using Pearson’s Product 

Moment Correlation Coefficient (PMCC). Comparison of differences in correlation across 
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independent conditions at key sample points were made with a paired Z test following Fisher’s 

r-to-z transformation as a procedure for normalisation of the Pearson’s r sample distributions 

(Sun and Wong, 2007; Jeyaratnam, 1992; Cohen, 1992). 

5.5.3 Neurophysiological data  

5.5.3.1 Recruitment curves/facilitated recruitment curves 

Individual TMS-evoked MEP data at all intensities gathered at each measurement interval was 

first normalised to the baseline MT to control for inter-individual variations in motor threshold. 

Secondly, the average MEP value at each intensity was again normalised relative to the 

baseline response value to contextualise each individual’s data relative to the within-subjects 

baseline value. This two stage normalisation procedure was carried out to effectively control 

for individual variations in response curve shapes. Otherwise, confounds might arise due to 

pre-existing inter-individual differences in the synaptic strength or distribution of intra-cortical 

connections in the primary M1 relative to the TMS coil. Recruitment curve datasets were 

tested by two-way mixed-effects ANOVA with contrasts.  

5.5.3.2 Short-interval intracortical inhibition (SICI) 

SICI measures were gathered in order to analyse the effect of behavioural and interventional 

parameters on intracortical inhibitory processes. A single round coil applied to the vertex was 

used to apply conditioning and test pulses at 2ms inter-stimulus interval after the method of 

Shimizu et al. (Shimizu et al., 1999), as follows. At baseline, a TMS-evoked test stimulus at 

120% RMT was conditioned by a stimulus at 80%RMT evoked 2ms beforehand. In accordance 

with the recommendations of Garry, these same absolute %MSO intensities were used for 

data-gathering at subsequent measurement intervals, as it is thought that variations in TMS 

intensity can independently affect estimates of this parameter (Garry and Thomson, 2009).  

Ten of these conditioned test stimuli were gathered at randomised intervals as an additional 

state during single pulse recruitment curve protocols. Ten unconditioned stimuli as 120%RMT 

were also gathered and the quotient for SICI was calculated as 

                         

                           
 

For analysis, the SICI quotient gathered post-training at the end of the second training session 

and at follow-up were normalised to the within-subjects baseline quotient value.  
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5.5.4 Subjective tests 

Standardised subjective tests of perception, in the form of numerical scale 

questionnaires(Appendix E) were applied at a total of 4 intervals, immediately following 

training sessions and at the beginning of the following session following provision of consent. 

See Section VII.2.5 for discussion of results. 
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5.6 Results 

5.6.1 Behavioural measures 

5.6.1.1 Baseline equality of absolute dependent measures 

Group mean absolute behavioural measure descriptives for the primary outcome measure, 

TPR are shown in Table 5.1. Group mean scores at baseline and statistical comparisons are 

indicated in Figure 5.2. The independent factor of errors was not tested or analysed in depth, 

as the findings of Study 1 showed that high inter-individual variability, coupled with the 

behavioural tendency to conserve error rate, effectively confound analysis. 

Independent t-testing of absolute baseline measures showed that no significant differences 

existed between SHAM and ACTIVE groups with respect to the primary outcome measure TPR, 

the skill parameter of completion time or JTHFT aggregate score.  

 

 

Table 5.1: Absolute TPR values 

Absolute values ± SEM for the primary outcome outcome measure TPR (Task Productivity 
Rate), unit of measure seconds/score. Gathered at each measurement interval (n=30 trials 
per participant) summarised per group (n=12 individuals).  

Group  Interval 

 Session 1 Session 2 Follow 

-up  Baseline Mid End Start Mid End 

Sham mean 2.010 1.730 1.536 1.588 1.518 1.535 1.645 

SEM 0.124 0.092 0.073 0.075 0.069 0.071 0.110 

Active mean 1.793 1.584 1.486 1.616 1.557 1.491 1.451 

SEM 0.130 0.081 0.068 0.107 0.132 0.106 0.079 
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Table 5.2: Group mean raw baseline summary statistics and between -groups statistical 
comparisons. 

TPR skill measure (seconds/score) derived from the MSRT task skill parameters. Skill 
parameter of task completion time derived from MSRT practise (seconds). JTHFT measure 
time completion score (seconds). 

Behavioural 
measure 

Group Mean  SEM t value Df p value 

TPR SHAM 2.010 0.124 1.21 22 0.239 

ACTIVE 1.793 0.130 

MSRT task 
completion 
time 

SHAM 6.260 0.218 -0.957 22 0.349 

ACTIVE 6.620 0.307 

JTHFT SHAM 20.189 1.058 -0.421 22 0.678 

ACTIVE 20.743 0.781 
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5.6.2 Analysis of learning phases 

Different learning processes of motor acquisition and retention are thought to take place 

during (‘on-line’) and following (‘off-line’) task practise (Ghilardi et al., 2009). To explore the 

development of group-dependent differences on TPR and the skill parameters from which the 

measure is derived,the study protocol was broken down into distinct phases of motor skill 

learning over time, and analysed accordingly. 

5.6.3 TPR skill measure 

Table 5.3: TPR skill outcome measure results of statistical tests. 

1-way repeated measures ANOVAs for analyses of normalised TPR scores over multiple 
sampling intervals. Independent t-tests applied to test for effect of intervention on lasting 
effects of training at first sampling interval of subsequent training session/follow-up. 
Significant at *p≤0.05 **P≤0.001. 95% confidence intervals of the difference reported for 
comparisons at time points. 

Phase Intervals Effect/ 
comparison 

F value/  
t value 

Df P value 95% CI 

Protocol 7 Group 2.205 1,22 0.152 n/a 

Time 16.200 6,132 <0.001** 

Group* time 1.798 6,132 0.104 

Session 1 3 Group 1.421 1,22 0.246 

Time 2,44 2,44 <0.001** 

Group* time 1.447 2,44 0.246 

Start 
session 2 

1 t-test -2.144 22 0.043* -0.209, 
-0.003 

Session 2 3 Group 3.6770 1,22 0.068 n/a 

Time 3.717 1.756, 
38.635 

0.032* 

Group* time 0.955 1.756, 
38.635 

0.393 

Follow-up 1 t-test -0.038 22 0.970 -0.122, 
0.118 

 

One-way rmANOVA (Table 5.3) showed that, across the 7 sampling intervals between baseline 

and follow-up 9 days later, the overall main effect of TIME on skill was highly significant but 

the main effect of GROUP was not. Likewise, the interaction of main effects did not reach 

significance. 
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Figure 5.2: Effect of group allocation and task practise on Task Productivity Rate (TPR).  

Each datapoint represents the group mean of individual TPR summary values/baseline 
value ±SEM. Shaded areas: 48 hour gap between sessions 1 and 2; 7 day gap between 
session 2 and follow-up. *significant difference between groups at start of session 2, 
independent t-test p≤0.05. 

 

5.6.3.1 TPR phase analysis 

The overall main effect of TIME was highly significant during the first session of practise but 

with no effect of GROUP or interaction between these effects (Figure 5.2). 

Both groups experienced a reduction in observed motor skill between the end of session 1 and 

the beginning of session 2, but the ACTIVE group was subject to a greater decrement by an 

observed increase of approximately 6% to 91.1±3.8% of baseline value. SHAM TPR increased 

by approximately 3% to 80.5±3.1%. Group mean standard deviations at this interval were 

0.133 for the ACTIVE group and 0.109 for the SHAM group. This combined differential rate of 

online skill acquisition and offline consolidation led to the normalised TPR levels reaching 

significant difference between groups at the first sampling interval of session 2, indicating a 

significant combined online and offline effect on retention which was attributable to the 

application of active anodal tDCS.  
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Over the 3 time intervals of session 2 there was an overall significant effect of practise TIME on 

motor skill, with a between-groups trend to significance reflecting an ongoing between-groups 

difference in TPR. The mean effect of task practise on SHAM performance yielded an 

improvement in task-dependent skill to 77.7±2.8% of baseline value by the end of session 2 

compared to an ACTIVE mean value of 83.9±3.6%. Thus, between the first and last sampling 

intervals of session2 the between-groups difference in observed motor skill had reduced from 

10.6% to 6.2%. 

At the follow-up session both groups retained mean highly significant performance 

improvements compared to baseline (SHAM: 82.8±3.8% vs. ACTIVE: 83.0±4.4%; paired t-tests 

t(11)=4.55 p=0.001 and t(11)=3.88 p=0.003 respectively)such that the lasting behavioural 

effect of participation was a mean 17% improvement in the TPR motor skill outcome relative 

to baseline by both groups. Independent t-testing confirmed that at follow-up there was 

virtually no difference between intervention groups, indicating that there was no lasting effect 

of the intervention. 

5.6.3.2 Effect size calculation and sample size calculation for between-

groups effect on TPR at start of session 2 

A significant lasting effect of anodal tDCS upon the skilled TPR outcome of MSRT performance 

was found at the start of session 2. Applying the known t values and degrees of freedom (Table 

5.3) to Equation 2.15-1this indicated that the result at this sampling interval approached a 

large effect size, r = 0.416.  

Post-hoc estimation of the sample size required to correctly reject a null hypothesis at this 

time interval with probability of a type II error at 20% (β = 0.2), requiring statistical power of 

80% (1-β = 0.8) and level of significance 5% (α=0.05). Implementing Equation 2.15-2, with the 

difference between group means at (0.911 – 0.805) = 0.106 and the sham and active group 

standard deviations respectively 0.133 and 0.109 then from Equation 2.15-3, the independent 

samples  

  
     

√      )        ) 

 

 = 0.872 (again, a large effect size according to Cohen (1992)), 

And from Equation 2.15-2, n = 
    

      ) + 1 = 21.7 
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Therefore a minimum sample size of 22per group would be required to meet the statistical 

criteria outlined. We may therefore conclude that future experimental studies investigating 

this phenomenon should be scaled accordingly. 

5.6.4 Completion time parameter 

Table 5.4:Task completion time skill parameter results of statistical tests.  

1-way repeated measures ANOVAs for analyses of normalised task completion time scores 
over multiple sampling intervals. Independent t-tests applied to test for effect of 
intervention on lasting effects of training at first sampling interval of subsequent traininig 
session/follow-up. Significant at *p≤0.05 **P≤0.001. 95% confidence intervals of the 
difference reported for comparisons at time points. 

Phase Number of 
Intervals 

Effect/ 
comparison 

F value/  
t value 

Df P value 95% CI 

Protocol 7 Group 1.455 1,22 0.240  

Time 27.073 3.916, 
86.149 

<0.001** 

Group* time 1.118 3.916, 
86.149 

0.355 

Session 1 3 Group 0.212 1,22 0.650 

Time 40.267 1.611, 
36.441 

<0.001** 

Group* time 0.255 1.611, 
36.441 

0.776 

Start 
session 2 

1 t-test 1.201 22 0.243 -0.026, 
0.097 

Session 2 3 Group 1.647 1,22 0.213  

Time 16.532 1.658, 
36.467 

<0.001** 

Group* time  1.658, 
36.467 

0.838 

Follow-up 1 t-test 1.458 22 0.159 -0.021, 
0.122 

 

5.6.4.1 Effects on completion time across entire study protocol 

Completion time, normalised to individual baseline value was characterised by very highly 

significant time-dependent changes across the entire protocol and within each session, but 

group-dependent differences did not reach significance across the protocol or within phases 

(Table 5.4).  
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5.6.5 Spatial error 

No significant changes or group-dependent differences were found with respect to practise 

TIME, GROUP allocation or the interaction between the factors of TIME and GROUP (Table 

5.5).  

 

Table 5.5:Error skill parameter results of statistical tests. 

1-way repeated measures ANOVAs for analyses of normalised error scores over multiple 
sampling intervals. Independent -tests applied to test for effect of intervention on lasting 
effects of training at first sampling interval of subsequent training session/follow-up. 95% 
confidence intervals of the difference reported for comparisons at time points.  

Phase Intervals Effect/ 
comparison 

F value/  
t value 

Df P value 95% CI 

Protocol 7 Group 1.546 1,22 0.227  

Time 1.162 2.511, 
55.236 

0.331 

Group* time 1.202 2.511, 
55.236 

0.390 

Session 1 3 Group 0.735 1,22 0.400 

Time 0.505  2,44 0.607 

Group* time 1.682 2,44 0.198 

Start 
session 2 

1 t-test -1.355 22 0.189 -0.748, 
0.157 

Session 2 3 Group 2.118 1,22 0.160  

Time 0.718 2,44 0.494 

Group* time 0.492 2,44 0.615 

Follow-up 1 t-test -0.775 22 0.447 -0.898, 
0.410 
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5.6.5.1 Distribution of error by rail angle 

To assess whether a reliable feedback condition, shown in task validation Study 1 as inferred 

from the distribution of error scores by angle, held in the present study, a rmANOVA was 

carried out on rail angle error counts summarised as a proportion of total error over each 

sampling interval from each participant, as per the method used in Study 1. Data from 5 

intervals was analysed as follows: 30 trials at the start (baseline) and end of session 1 and for 

session 2, and at the follow-up session. 

Table 5.6: Results of 2-way rmANOVA on proportional error distribution by angle, over 
time and across groups. 

Data from first and last sampling intervals of sessions 1 and 2 and follow -up were included 
in this analysis. Because rail error distribution is expressed as a proportion of total error 
(value 1) for each interval and participant, independent effects of main factors of group 
and practise time are not relevant to the analysis. 

Effect/comparison F value Df P value 

Angle 2.453 4,88 0.052 

Group*angle 0.309 4,88 0.871 

Time*angle 0.672 11.001, 242.018 0.764 

Time*group*angle 1.135 11.001, 242.018 0.334 

 

The main effect of rail angle approached significance (Figure 5.3) but there was no interaction 

with group allocation or ongoing practise. In view of the above trend, pairwise contrasts were 

performed for error scores across the 5 rail orientations, which showed that there were no 

significant pairwise differences between rail target angles. Finally, there was no practise-

dependent interaction between all the main effects of practise, group allocation and error. 

Taken together, the analysis shows that the distribution of error across the rail array angles 

was statistically stable and that the scaling of error (Figure 5.3) was comparable to that seen in 

study 1 (Figure 3.7). 



 

205 

 

 

Figure 5.3: Proportional scaling of observed error distribution did  not significantly vary 
between groups or over successive sampling intervals.  

Distribution of error count per rail angle as a proportion of the total error count across all 
angles per interval ± SEM, collapsed across groups and 5 sampling intervals (baseli ne, end 
of session 1, start and end of session 1, follow-up).Angle graphic illustrates the respective 
rail orientation as seen by the participant. 
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5.6.6 Co-regulation of completion time and targeting errors 

The series of associations between Task completion time and error (Figure 5.4) revealed a 

marked group-dependent difference in the development of behaviour over time. The strength 

of association was stable and consistently low over successive trials throughout sessions 1 and 

2 for SHAM. Within the duration of the first session the trajectory of SHAM correlations was 

towards the positive, while that of ACTIVE was towards the negative and significantly different 

to that of SHAM by the end of session1 (Table 5.7), with low to moderate negative association 

between Task completion time and error over the sampling interval.  

 

Table 5.7: Between-groups independent comparisons of Fisher’s z-transformed Pearson’s 
linear correlation r values. 

The associations between task completion time and error skill parameters. All sample 
intervals n=30. *Z statistic ≥ critical value 1.98 for 2-tailed significance p≤0.05 

session Sample interval r 
SHAM 

r 
ACTIVE 

Z statistic 2-tailed p value 

1 baseline 0.147 0.222 -0.284 0.780 

mid 0.092 -0.110 0.741 0.460 

end 0.238 -0.329 2.149 0.032* 

2 start -0.080 0.100 -0.663 0.508 

mid 0.013 0.117 -0.386 0.348 

end 0.155 -0.04 0.722 0.470 

Follow-up  0.422 0.328 0.401 0.688 
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Figure 5.4: Variations in Pearsons correlations between independent variables of task 
completion time and spatial error. 

Interval between sessions 1 and 2: 48 hours. Interval between session 2 and follow -up: 7 
days. *Fishers r to z transformation comparison of correlations ≥ critical value for 
significant difference between independent samples p ≤0.05, n=30.  
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5.6.7 Generalizable behavioural effects – secondary outcome 

measure JTHFT 

The aggregate scoring of the JTHFT at the follow-up session was normalised to baseline values 

and subjected to independent t-testing. This procedure was also carried separately out for the 

aggregated scores of globally-related tasks (heavy and light cans and checker stacking) and 

hand-dexterity specific tasks (small objects and card turning). 

Table 5.8: JTHFT secondary measure aggregate, fine and gross motor subtest comparisons.  

Independent t-test results for between-groups differences in means normalised to the 
baseline value. Aggregate scoring of 5 JTHFT subtests and subgroup aggregates of tasks 
highlighting gross motor (heavy cans, light cans, checker stacking) and fine motor (small 
objects, card turning) functioning.  

Sub-test t value Df P value 95% CI 

Total  0.366 22 0.718 -0.050, 0.072 

Gross 0.139 22 0.891 -0.069, 0.079 

Fine 0.476 22 0.639 -0.062, 0.100 

 

Overall mean aggregate scorings reduced to mean 93.2±1.4%, grouped gross function scores 

reduced to 92.0±1.7% and fine motor scores to 94.7±1.0% of the baseline scores. The results of 

independent t-test comparisons by group of measurements taken at the follow-up session 

were all non-significant (Table 5.8) suggesting that group allocation had no significant lasting 

effect on generalizable aspects of motor function, within the previously-discussed limitations 

of this outcome measure in the healthy population (VII.1.8.1). 
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5.6.8 Neurophysiological outcome measures 

5.6.8.1 Motor thresholds 

5.6.8.1.1 Baseline equality of measures 

Separate independent t-tests of absolute motor threshold (MT) values showed that, while 

small differences existed between the group mean MT central tendencies of respective 

muscles and states, these were not significantly different (Table 5.9). 

Table 5.9: Group mean raw value motor thresholds baseline summary statistics and 
statistical comparisons. 

Motor threshold evoked at baseline measurement interval from resting state APB, active 
state APB and mDelt. Unit of measure % maximum stimulator output (%MSO).  

State/muscle Group Mean  SEM t value Df P value 

Resting APB SHAM 50.50 1.584 0.858 22 0.400 

ACTIVE 48.25 2.089 

Active APB SHAM 36.75 1.661 0.596 22 0.557 

ACTIVE 35.42 1.500 

Active mDelt SHAM 41.42 1.751 -0.095 22 0.925 

ACTIVE 41.67 1.959 
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5.6.8.1.2 Motor thresholds 

Separate one-way rmANOVAs with contrasts were carried out on each muscle/state over 3 

time intervals. 

Table 5.10: Motor thresholds, separate 1-way rmANOVA comparisons for each muscle 
state. 

Repeated measures over 3 time intervals. Significant at **p ≤0.01 

State/muscle  Effect/ 
comparison 

F value Df P value 

Resting APB Group 1.246 1,22 0.276 

Time 0.766 2,44 0.471 

Group*time 0.499 2,44 0.487 

Active APB Group 0.411 1,22 0.528 

Time 2.870 2,44 0.067 

Group*time 0.298 2,44 0.744 

Active mDelt Group 0.121 1,22 0.731 

Time 5.461 2,44 0.008** 

Group*time 1.194 2,44 0.313 

 

This procedure showed that no significant variations in rAPB resting motor threshold (RMT) 

occurred over TIME, between GROUPs, or due to an interaction between the main effects. The 

mean intensity remained largely stable at end of session 2 (48.708±1.181%MSO) and follow-up 

(48.958±1.173%) against the mean baseline value of 49.375±1.311%MSO 

Analysis for aAPB showed an effect for TIME approaching significance, with MTs reduced from 

36.083±1.119 to 34.875±1.113 and 34.625±1.207%MSO at the end of the second session and 

follow-up intervals respectively, but with no GROUP effect or interaction between effects. 

The main effect of TIME upon amDelt AMT was highly significant but with no significant 

GROUP effect or interaction of effects. Contrasts showed that, compared to the baseline 

threshold stimulator intensity of 41.542±1.314%MSO, by the end of training the mean AMT 

was reduced to 39.917±1.325%MSO, F(1,22)=7.986 p=0.010, and further reduced to 

39.542±1.352%MSO, F(1,22)=10.896 p=0.003 at the follow-up session a week later. 
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5.6.8.2 Recruitment and facilitated recruitment curve results 

Table 5.11: Stimulus-response curves, results of separate 2-way rmANOVAs for each 
muscle/state. 

Repeated measures over 3 time intervals. Significant at *p ≤0.05 **p≤0.01 

5.6.8.2.1 Resting APB recruitment curves 

In general, sustained mean increases in MEP area were noted at all TMS intensities by SHAM 

relative to within-groups baseline values. ACTIVE responses hardly varied relative to baseline 

(Figure 5.5A). 

 Against normalised baseline intensities there was no significant net main effect of TIME but 

there was a trend to significance for the main effects of INTENSITY and GROUP and the 

interaction of INTENSITY*GROUP reached significance. Furthermore, contrasts showed that 

the significant INTENSITY*GROUP variation in response compared to baseline was specific to 

110% of RMT F(1,22)=6.082 p=0.022 (Figure 5.5A), indicating that this intensity-specific 

relationship was stable across both post-intervention measurement intervals following 

baseline measurement. In summary, the significant facilitatory change seen in SHAM MEP 

responses over the sessions following practise appear due to the group allocation and persist 

for 7 days following training. 

State/muscle  Effect/ comparison F value Df P value 

Resting APB Group 3.018 1,22 0.096 

Time 0.581 2,44 0.564 

Time*group 0.919 2,44 0.406 

Intensity 2.079 4.039, 88.852 0.090 

Group*intensity 6.082 4.039, 88.852 0.038* 

Time*intensity 0.892 4.344, 95.566 0.479 

Group*intensity*time 1.194 4.344, 95.566 0.318 

Active APB Group 1.275 1,22 0.271 

Time 5.988 2,44 0.005** 

Time*group 0.806 2,44 0.453 

Intensity 2.556 2.796, 61.591 0.067 

Group*intensity 1.285 2.796, 61.516 0.287 

Time*intensity 1.711 5.578, 122.720 0.129 

Group*intensity*time 1.031 5.578, 122.720 0.406 

Active mDelt Group 0.410 1,22 0.529 

Time 1.731 2,44 0.189 

Time*group 0.847 2,44 0.435 

Intensity 1.646 3.486, 76.684 0.179 

Group*intensity 2.649 3.486, 76.684 0.047* 

Time*intensity 1.218 8.048, 117.057 0.291 

Group*intensity*time 1.976 8.048, 117.057 0.051 



 

212 

 

5.6.8.2.2 Active APB facilitated recruitment curves 

The TMS-evoked MEP area responses of both groups became elevated at all intensities over 

the period of study participation (Figure 5.5B).Although visualisation of the data suggests 

sustained between-groups variations at moderate intensities, ANOVA revealed a highly 

significant effect of TIME (Table 5.11) with a trend to significance for INTENSITY but no main 

effect of GROUP or interactions between the main factors. 

5.6.8.2.3 Active mDelt facilitated recruitment curves 

Visualisation of the data indicated that sustained increases in MEP area occurred in this muscle 

in both groups (Figure 5.5C). For the SHAM group, slightly greater mean increases were seen at 

high TMS intensities, increased at follow-up, with no changes at low intensities. Conversely, 

sustained increases in ACTIVE group MEP areas were seen at all TMS intensities and to a 

slightly greater extent at low intensities.  

There was no significant main effect of TIME, INTENSITY or GROUP (Table 5.11). There were, 

however, significant interactions of INTENSITY*GROUP shown by contrasts to be specific to 

110% of AMT (F(1,22)=4.907 p=0.037) and a close trend to significance for 

INTENSITY*GROUP*TIME at 110% of AMT, which contrasts reported to be significant at the 

post-training stimulation interval F(1,22)=6.051 p=0.022). 
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Figure 5.5:Significant group-dependent effect of intervention on TMS stimulus/response 
ratios at 110% of MT compared to baseline, expressed from resting distal (APB) and active 
proximal (mDelt) target muscles. 

A) relative to respective normalised baseline stimulus values for APB at rest (rAPB). (B) 
active APB (aAPB) and medial Deltoid (amDelt) activated to 20% of maximum EMG 
respectively. Post-training measurement interval: immediately following the 2nd 
training/stimulation session. Follow-up measurement interval: 7 days thereafter. 
*significant GROUP*INTENSITY main effect interactions with significant post -hoc between-
groups differences at 110% of MT across time intervals after baseline p<0.05. Note 
differences in ordinate scaling. 
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5.6.9 Short-Interval Intracortical Inhibition (SICI) at resting APB 

Analysis of the 2ms SICI quotients by one-way rmANOVA showed that TIME was a significant 

factor in the variation of SICI (Table 5.12). Contrasts revealed a highly significant elevation of 

the quotient and thus a reduction of inhibition F(1,22)=12.668 p=0.002 at the post-training 

interval (SHAM 1.465±0.187; ACTIVE 1.479±0.187) relative to baseline which was not 

significant at follow-up (SHAM 1.174±0.249; ACTIVE 1.517±0.250) F(1,22)=3.838 p=0.063. 

However, there was not a significant GROUP effect nor was there a significant interaction 

between these main effects. 

Table 5.12: Time and group dependent effects on SICI evoked from resting APB.  

Results of 1-way rmANOVA, effect of practise and intervention on short-term intracortical 
inhibition at 2ms . 

Effect/ interaction F value Df P value 

Group 0.495 1,22 0.489 

Time 4.384 2,44 0.018* 

Group*time 0.690 2,44 0.507 
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5.7 Discussion 

5.7.1 Main findings 

There was a statistically significant lasting effect on spatial motor skill specific to the first 

sampling period following 48 hours rest, in favour of a superior improvement in skill by the 

SHAM group. However, the criteria of the primary research question refer to lasting effects at 

the 7 daysfollow-up interval. No such difference existed between group TPR scores at that 

interval. Therefore the alternate hypothesis in respect of the primary research question was 

rejected.  

The criterion for testing the secondary research question was defined in relation to data 

gathered prior to task practise at the follow-up session, 7 days following the end of the 

training/intervention protocol. A mean statistically significant relative enhancement of TMS-

evoked MEP areas was found at 110% of motor threshold in resting APB in the SHAM group, 

which was stable across both the post-intervention measurement interval and at follow-up. 

There was not a significant between-groups difference specific to the follow-up session. 

Therefore, in respect of the secondary research question, there was not sufficiently strong 

evidence to reject the null hypothesis. 

5.7.2 Comparisons with previous behavioural findings 

These behavioural findings appear superficially to run counter to those previous studies which 

report the short-term benefits of anodal tDCS on performance in complex motor tasks in 

healthy individuals (Sohn, Kim and Song, 2012; Hummel et al., 2010; Boggio et al., 2006a) and 

patient groups (Bolognini et al., 2011; Kim et al., 2009; Hummel et al., 2005). The current 

results indicated that following training and 48 hours rest, the group receiving active 

intervention achieved a skill level significantly worse than the sham group. But, while the 

stimulation parameters of the anodal tDCS intervention used in the current project in these 

studies are very similar to those used in previous studies, the design of these studies is 

different to ours in important respects.  

The novel TPR measure captures the univariate outcome of skilled performance in both 

temporal and spatial dimensions, whereas the common metric in clinical studies is the 

dimension of time. But, as previously discussed (VII.1.8.1), for a number of reasons the sole 

use of the temporal parameter as a metric of skill may be problematic. Fundamentally, the 

nature of task completion time as an outcome measure is that, as found in Study 1 movement 
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rates can be subject to bias by behavioural influences, and does not include information 

relating to spatial variability or error, either in relation to kinematics or the end-points of the 

behavioural goal. The protocols of previous studies typically involved pre-training in a 

validated task to a stable state, followed by application of anodal tDCS and then re-measuring 

following the stimulation intervention to establish changes in motor function (Tecchio et al., 

2010; Hummel et al., 2005). Secondly, and more importantly, with respect to the 

interpretation of results, the properties of the TPR skill measure are fundamentally different to 

the outcome measures commonly applied in previous studies (VII.1.5).  

Further highlighting the potential limitations in relation to the interpretation of previous 

studies, anodal tDCS has also been shown to have a lasting positive effect on reaction times in 

SRTT-based paradigms (Kang and Paik, 2011; Nitsche et al., 2003). A further study looked at 

the effect of anodal tDCS on the short-term enhancement of task consolidation i.e. continued 

improvements in a pre-learned SRTT-like task following the end of training (Tecchio et al., 

2010). The significantly reduced completion time in the trained SRTT task sequence was 

attributed to strengthening of trained cortical networks (Tecchio et al., 2010).  

A potential confounding factor in the interpretation of such studies is that the metric from 

SRTTs is response latency, from which changes in the strength of implicit motor memory could 

be inferred (Ghilardi et al., 2009). However the same result could be at least partially 

attributed to an enhancement of motor force/time activation due to the intervention rather 

than a strengthening of the motor memory per se as, even during procedural learning of the 

SRTT motor sequence, the major part of the skill improvement is thought to be due to 

reductions in movement time (Moisello et al., 2009). Likewise, application of anodal tDCS 

concurrently during explicit learning of an SRTT-type task led to an ongoing enhancement of 

reaction times compared to sham or cathodal tDCS conditions, while the application of anodal 

tDCS prior to the learning period had a negative, slowing effect on reaction times(Stagg et al., 

2011). The authors attribute this disassociation of effects to a homeostatic mechanism acting 

upon motor learning at the cortical level based upon the order of stimulation and training. But 

the finding that, starting measurements following the 10 minute stimulation period resulted in 

a relative diminution of response time results relative to the other experimental conditions 

over the 15 minute period of the protocol, suggesting that response latency was tied to the 

state of excitability of the M1 region(Stagg et al., 2011). Accordingly, it has been shown that 

reducing the excitability of M1 using repetitive TMS reduced the capacity of individuals to 

produce rapid movements (Jäncke et al., 2004). 
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A further, novel task paradigm applied a range of guided movement rates dependent upon the 

mechanical activation of a single degree-of-motion mechanical pinch force interface, with the 

environment of the virtual task featuring a positive force field. Improvements in motor skill 

were inferred from shifts in the log-linear gradient of the speed/accuracy trade-off during 

repetitions of a standardised sequential task, demonstrating significant enhancements of the 

speed/accuracy tradeoff over measurement intervals extending up to 3 months from the 

intervention period (Reis et al., 2009). But in deriving the skill measure several potential flaws 

were introduced, as previously discussed in some depth (VII.1.8.1). 

Galea and colleagues found in a cross-over study that adjunctive anodal tDCS increased the 

magnitude and duration of practise-dependent movements in the trained direction 

subsequently as evoked by high-intensity TMS over the short term (<50 minutes) and which 

was associated with increases in cortical excitability, again suggesting that anodal tDCS 

enhanced the encoding of motor memories (Galea and Celnik, 2009). However an alternative 

explanation is equally valid, that motor force output in the practised direction could be 

enhanced by the intervention to produce the behavioural gain. 

In further support of this idea, a number of studies have established the effects of anodal tDCS 

on short-term enhancement of motor strength (Tanaka et al., 2011; Hummel et al., 2006) and 

endurance (Cogiamanian et al., 2007; Hummel et al., 2006; Hummel et al., 2006).There are 

further findings that anodal tDCS may have the capacity to shorten the time-course of 

adaption but lengthen the period of de-adaption to a resistive artificial force-field(Hunter et 

al., 2009) and increase the magnitude of learning-dependent change in simple joint kinematics 

through a combination of motor practise and adjunctive stimulation (Galea and Celnik, 2009). 

In summary, there is evidence that anodal tDCS may have a primary effect on force output to 

support movement rate, rather than some enhancement effect on motor memory formation. 

As an overarching observation, because the movement rate of the end effector depends upon 

angular acceleration (force/time) a general observation in respect of studies to date is that the 

behaviours under-pinning positive outcomes in studies utilising these outcome measures could 

be actually be delivered by enhanced muscle activation alone. This notion cannot be 

discounted unless the effect upon the variability of the behavioural end-point(s) is also 

considered. These examples highlight the obvious point, that the interpretation of physical 

states is limited dependent upon the sensitivity and specificity of the outcome measure 

implemented. The current TPR skill measure captures the interaction of two interacting 

parameters in a univariate measure of reliability in relation to a standardised behavioural goal 
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and thereby has the capacity to convey additional information about the consequence of 

experience and interventions on the skill outcome. 

5.7.3 Motor thresholds 

MT values, established visually from MEP amplitude responses, and their associated TMS 

stimulus intensities were established according to generally accepted criteria (VII.2.12) at the 

baseline measurement interval and these reference threshold intensities and derived intensity 

series’ were also applied at the subsequent two measurement intervals. We took this 

approach acting upon the concern that variations in TMS test stimulus based upon changes in 

MT over successive measurement intervals could confound measurements of SICI (Garry and 

Thomson, 2009).This approach was also taken in order to control for the subjective element of 

motor threshold determination. That is, determination of MTs was carried out based upon 

responses from a limited number of TMS-evoked responses, but these vary stochastically 

about a mean value and so precise MTs cannot be determined (Thickbroom, Byrnes and 

Mastaglia, 1999). 

Highly significant reductions in the AMT from active mDelt were found at both measurement 

interval compared to baseline, along with a trend to significantly reduced AMT of APB. Neither 

of these time-dependent variations was close to significance between the groups. MTs are 

considered to reflect the net excitability of the lowest-threshold motor neuron populations 

(Hess, Mills and Murray, 1987) hence could represent a time-dependent increase excitability of 

synapses at the dendrites of descending pyramidal neurons in the primary M1 due to motor 

practise. However the effect was seen under activation only and so might result from an 

enhanced response to the same descending stimulus from other sites in the corticomotor 

pathway (Kidgell et al., 2010). It cannot be discounted that such changes in corticomotor 

excitability could similarly alter the responses evoked during the gathering of SRcs. But any 

non-specific variations in excitability, which might apply linear gain across the stimulus range 

above threshold, were controlled for in the normalisation procedures for SRcs outlined below. 

5.7.4 Persisting changes in corticomotor excitability 

TMS-evoked SRcs are thought to be reliable means of characterising corticomotor excitability 

over sampling intervals spaced over hours (Devanne, Lavoie and Capaday, 1997) and days 

(Carroll, Riek and Carson, 2001; Malcolm et al., 2006). Successively higher stimulus intensities 

are thought to elicit responses from less excitable neuron populations, or those further from 
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the stimulation locus (Hallett, 2000). Because we utilised a large, non-focal coil for these 

measurements it is reasoned more likely that the current results principally reflect net changes 

in excitability of all projections to the target muscles. But the interpretation of time-dependent 

changes in these results must take account that changes in net excitability along the entire 

corticomotor pathway could be responsible, including the corticospinal tract, spinal neurons, 

neuromuscular junctions and/or muscle fibres (Ziemann et al., 1996). 

Testing M1 corticomotor excitability of the APB thumb muscle in the resting state we found 

significant between-groups differences at low MEP intensities above the resting motor 

threshold, at the completion of training and at follow-up a week later. The mean value of MEP 

area responses was almost doubled at 110% of motor threshold in the sham group relative to 

baseline, suggesting that those who did not receive active stimulation benefitted specifically in 

respect of enhanced suprathreshold responsiveness. This effect was found immediately 

following training and also at a week following training, suggesting that these results reflected, 

in the main, consolidated states of motor memory.  

In humans, improvement in the operation of motor skills correlates with progressive M1 

reorganisation (Karni et al., 1998) and increases in resting state M1 recruitment curve 

excitability which are not found following non-skilled training (Perez et al., 2004). Short-term 

enhancement of performance in simple motor tasks has also been related to focal facilitation 

of MEP amplitudes (Muellbacher et al., 2001). Increased resting state MEP amplitudes have 

also been related to expert manual ability in sportspersons (Pearce et al., 2000). Increases in 

cortical excitability of upper limb muscles involved in repeated skills training, resulting in 

progressive enhancements to MEP responses at and above threshold have been found in the 

resting state at cortical representations (Jensen, Marstrand and Nielsen, 2005a). But facilitated 

responses from muscles in the active state may confer different information to those evoked 

in the resting state. Experience-dependent changes which have been found at the cortical level 

(Monfils, Plautz and Kleim, 2005; McKay et al., 2002; Pearce et al., 2000) might also occur 

downstream in the corticomotor hierarchy, for example via changes in motor unit activation. 

TMS-evoked measures applied using the current methods represent the net result of 

excitability changes which could occur at any point between the stimulation site at M1 and the 

production of the electromyogram at the target muscle. The synchronous activation of motor 

units is also thought to be important in training-induced changes in muscle output in both 

hand and proximal muscles (Fling, Christie and Kamen, 2009) implying that changes in the 
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corticomotor organisation of activation circuitry could take place at several corticomotor levels 

simultaneously (Carroll et al., 2011; Duchateau, Semmler and Enoka, 2006).  

Accordingly, the group-specific augmentation of facilitated MEP areas in favour of the group 

receiving active stimulation could be partially due to conditioning factors resulting from the 

power requirements of the higher movement-rate movement strategy in this group. In 

general, EMG activity is increased in the early stages of strength training (Moritani and 

deVries, 1979) and decreased following several weeks of limb unloading (Deschenes et al., 

2002). However, other studies implementing weeks of simple strength training found no 

significant change in corticomotor parameters evoked from the active muscle (Jensen, 

Marstrand and Nielsen, 2005a). But the patterns of experience-dependent plasticity in cortical 

and spinal circuits seem to vary dependent upon the strategy utilised to achieve the 

behavioural goal of the task, with the demands of skill and strength relating to the degrees of 

plasticity at the cortical level and spinal level respectively (Adkins et al., 2006) emphasising the 

innate flexibility and redundancy within sensorimotor systems in the solution of diverse 

behavioural and environmental challenges.  

Over the time-course of the study, the effect of time was significant on the facilitated 

recruitment curve of the active APB muscle, indicating task dependent increases in 

connectivity in the active thenar muscle which is important in pinch grasping which was 

common to both groups. That is, indicators of non-group specific increases in facilitated 

cortical activation were seen over time in the distal thenar muscle which was equally active in 

both groups during grasping and placement. This result is consistent with that of recent studies 

looking at the effect of 4 weeks strength training on corticospinal strength to active target 

hand muscles, which observed significant increases in force production but with no significant 

effect on MEP amplitudes (Kidgell and Pearce, 2010). It could be inferred that enhancement of 

suprathreshold MEP responses in the active hand muscle may simply reflect increases in 

corticomotor drive related to activity rather than skills learning. 

To our knowledge the current study is the first to have assessed time-dependent changes in 

corticomotor excitability due to anodal tDCS. Persisting significant increases in suprathreshold 

corticomotor excitability compared to baseline were observed in mDelt of the active group. A 

highly significant, non-group dependent reduction in motor thresholds was also found. Each 

single trial of the MSRT included multiple abduction repetitions of the left-side gleno-humeral 

joint of the shoulder from rest, over up to 150 trials of practise in a single session. Because the 

physical dimensions of the MSRT task are fixed, faster mean movement rates between fixed 
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points must have been underpinned by greater repetitive angular accelerations of the upper 

limb load from rest. Power production in proximal upper limb muscles has been shown to be 

maximal under low loading conditions from rest (Newton et al., 1997). High-velocity ballistic 

exercises in the low-loading state are a highly effective means of short-term strength training 

(Cronin, McNair and Marshall, 2001) and intent, whereby voluntary drive appears to be as 

important a component as the muscle contraction rate in determining the behavioural and 

physiological effects of high-velocity training (Behm and Sale, 1993), which suggests that some 

experience-dependent refinement of the movement takes place over time. There are recent 

findings that, converse to the findings in respect of non-skilled training in the hand muscle 

(Kidgell and Pearce, 2010), MEP amplitudes at motor threshold and all stimulation intensities 

up to saturation are significantly increased concurrent with short term strength training of 

proximal upper limb muscles over repeated sessions, suggestive of a neurophysiological 

adaption dependent upon the conditioning behaviour (Kidgell et al., 2010).  

The ensemble activation of proximal and distal muscles in reaching and hand rotation to 

targets, in an activity similar to the MSRT sequence of movements, seems to rely on the 

activity of a common population of motor cortical neurons in M1 (Wang et al., 2010; Graziano, 

Taylor and Moore, 2002). Error-based corrections in response to systematic environmental 

perturbations, which may be internal or external, are involved in the development of 

persisting, use-dependent movement solutions which are both implicit and persistent 

(Diedrichsen et al., 2010). Studies in primates demonstrate the exponential reduction in the 

spatial variability of movement trajectories with practise as the main determinant factor in skill 

improvement in aimed tasks (Georgopoulos, Kalaska and Massey, 1981). This finding has 

recently been repeated in humans, and thought to be driven mainly by changes in motor and 

sensory representations that increase the neural signal-to-noise ratio, as distinct from the 

model-based mechanisms in cerebellum that quickly reduce systematic sources of error 

(Shmuelof, Krakauer and Mazzoni, 2012).  

In summary, the significant persisting group-dependent increase in the cortical projections to 

the resting APB muscle suggest that learning took place relating to improved target matching 

in the SHAM group. The significant increases in suprathreshold MEP responses compared to 

baseline evoked from the active APB of both groups may reflect common levels of activity, 

while the group-dependent increase in MEP responses gathered from the active mDelt at low 

intensity is indicative of activity-dependent corticomotor conditioning associated with greater 

proximal muscle activation to attain the behavioural goal. 
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5.7.5 Indicators of training-induced cortical plasticity  

Short-interval intracortical inhibition (SICI) conditioning and test responses were gathered at 

2ms paired pulse interstimulus interval from the resting thumb muscle APB during gathering of 

the SRc for this muscle state. We found that both groups experienced highly significant 

reductions in SICI between baseline measurement and the measurement immediately 

following the 2nd training session. However there was no group-specific effect.  

SICI at 2ms is thought to reflect the net state of inhibition in intracortical circuits in M1, 

depending upon synaptic interactions likely to be mediated by GABAergic inhibition (Roshan, 

Paradiso and Chen, 2003). Reductions in SICI have been related specifically to the learning of a 

motor skill involving the target muscle (Smyth, Summers and Garry, 2010), which could 

represent a training-induced adaptation of corticospinal modulation related to enhanced 

dexterity (Rosenkranz et al., 2005). Learning in the motor cortex is thought to depend upon 

synaptic plasticity (Baraduc et al., 2004; Muellbacher et al., 2001). A strong determinant of 

synaptic strength which remodels neural network activity in learning is use-dependence 

(Raineteau and Schwab, 2001).Post-synaptically induced NMDA-dependent, GABAA-mediated 

long-term potentiation (LTP) is a key mechanism in formation of experience-dependent 

synaptic plastic (Rebola, Srikumar and Mulle, 2010). But focal application of anodal tDCS at rest 

can also give rise to increases in GABAA modulation (Stagg, Bachtiar and Johansen-Berg, 2011) 

and energy expenditure (Binkofski et al., 2011) within M1, which might underlie behavioural 

gains in time-sensitive practical outcome measures such as the JTHFT or serial reaction time 

task (SRTT) as a secondary effect of relatively prolonged cortical activation (Stagg et al., 2009).  

Thus, natural and synthetic processes driving motor activity and learning may interact at the 

synaptic level, with the material difference being that the natural process is task-specific while 

the synthetic process is not. It is possible that, while SICI decreases in the resting thumb 

muscle in the SHAM group were directly due to task practise, application of anodal tDCS acted 

to reduce cortical inhibition in a non-specific fashion (and without the associated skill increase) 

resulting in the matching of SICI quotients at the measurement interval immediately following 

the second session, but via differing mechanisms. Perhaps anodal tDCS could interfere in some 

fashion with the laying down of motor memory in M1. In fact, SICI is reduced in those suffering 

dystonia of the hand, indicating that extant states of generalised cortical disinhibition in M1 

might affect plasticity processes associated with motor learning (Quartarone et al., 2005). 
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It has been proposed that regulatory metaplastic mechanisms operate in order to prevent LTP-

driven destabilisation of the cortical networks involved in prior learning activity (Abbott and 

Nelson, 2000). Thus, metaplastic effects are timing-dependent (Bienenstock, Cooper and 

Munro, 1982). This mechanism has been demonstrated experimentally whereby subsequent 

cortical stimulation with repetitive TMS can reverse the effects on cortical excitability usually 

found after anodal and cathodal tDCS (Siebner et al., 2004; Lang et al., 2004). Indeed, 

application of anodal tDCS prior to motor task training might interfere with subsequent 

learning (Stagg et al., 2011; Kuo et al., 2008), or perhaps vice versa. But because we applied 

anodal tDCS concurrently during MSRT practise from the naïve state, we controlled for the 

possibility that order effects might interfere with acquisition of skill. Furthermore, in sampling 

directly from motor practise we also observed that the mean group-dependent differences in 

learning were not only practise-dependent but also consistent. Thus, while anodal tDCS might 

interact directly with processes involved in the laying down of motor memory we have no 

evidence that metaplastic mechanisms operated in the present study. 

5.7.6 The chronology of intervention-dependent effects on 

behavioural and neurophysiological outcomes 

The current findings concur with those from Study 2, which suggested that the lasting effects 

of anodal tDCS might be unrelated to the enhancement of motor skill. In fact, we found that 

the intervention of anodal tDCS caused a relatively poorer retention of spatial motor skill 

which was chronologically associated with an early disruption of motor control. The effect of 

group allocation over task practise during the first session, followed by 48 hours rest, resulted 

in significantly better skilled performance in the healthy subjects receiving SHAM stimulation 

at the start of the 2nd session (Figure 5.2). By the follow-up session observed motor skill was 

essentially the same across both groups. Likewise, there was no lasting effect of the 

intervention over the 9-day period of the study with respect to the secondary measure of 

manual dexterity, the JTHFT. 

The time-dependent, systematic state of co-regulation were analysed over successive sampling 

intervals, and found that at baseline and follow-up sessions both intervention groups 

implemented similar relationships between task completion time and error rate. SHAM mean 

group behaviour was characterised by a consistent weak positive association between 

completion time and error rate over the entire training period. Conversely, over the mid and 

final 30 MSRT trials of Session 1 a weak negative association was present between the skill 
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parameters in the behaviour of the ACTIVE group. The difference between the group mean co-

regulation behaviours was found to be significant over the final sampling interval of Session 1, 

which was interpreted as a significant disruption of behaviour from the norm control 

condition.  

The implication in relation to the online effect on motor behaviour is that a significant group-

dependent disruption of co-regulation between motor enactment and observation of spatial 

error may have contributed to the significant between-groups difference in motor 

performance. This could have been related to the effect of the active intervention upon co-

regulation of the skill parameters towards the end of Session 1. The addition implication of the 

results in relation to offline motor learning is that there might have been a lasting detrimental 

effect on performance by the ACTIVE group at the first sampling interval of the second practise 

session 48 hours later. The net combined online and offline effect of active anodal stimulation 

upon skill learning from the naïve state impaired subsequent performance of the motor skill 

during the first sampling interval at Session 2, resulting in a significant relative impairment in 

the TPR outcome. 

In the interests of practicality we did not measure relative changes in corticomotor excitability 

over the duration of individual sessions. Corticomotor excitability measures collected 

immediately following Session 2 training probably represent cumulative effects which are at 

least partially long-term in nature, by virtue of the plasticity of M1 cortical representations 

which are thought to underlie lasting motor skill improvements. We can be more confident 

that the group mean measures gathered at the follow-up session prior to training capture 

systematic, lasting effects which are sufficiently stable to be detected at 7 days post-training. 

Thus, the TMS-evoked measures in the current study in the main represent the outcome of the 

history of interaction between the non-focal intervention and motor practise i.e. systematic 

effects upon motor memory. Significant group-specific TMS response enhancements 

compared to baseline were found following training and persisted at follow-up in the resting 

APB representation in favour of the SHAM group, while again persistently increased excitability 

was evoked at the active mDelt in favour of the ACTIVE group.  

In summary, ACTIVE application of anodal tDCS to M1 was found to be associated with lasting 

plasticity in brain areas projecting to the shoulder muscle, following observation of a 

significant short-lasting disruptive effect on the co-regulation of skill parameters and 

subsequently impaired performance of spatial motor skill. Conversely, more rapid skill learning 

and superior retention under the SHAM condition, was followed by superior lasting cortical 
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plasticity in the hand muscle representation. Taken together, this evidence suggests a lasting 

disassociation of plasticity associated with the short term, group-specific effects upon 

behaviour. Both of the effects on corticomotor excitability were seen at low applied TMS levels 

indicating that, depending upon the modality of brain stimulation significantly different 

responses to threshold activation emerged at muscles involved in distinct elements of the 

sequential prehension task. 

5.7.7 Effects of anodal tDCS on motor control and learning 

The co-regulation data(Figure 5.4) showed increasing group-dependent differences in co-

regulation over session 1 which culminated in a mean systematic disruption in stimulus-

response behaviour by the ACTIVE group volunteers. The findings of Study 1 suggested that a 

significant variation in the co-regulation of skill parameters could signal a disruption in the the 

stimulus-response strategy required during early motor learning. In fact, in respect of the 

analysis of control strategy in Fitts’ type tasks, this finding has some prior precedents. 

The relative behavioural emphasis towards movement rate or spatial variability in a task has 

been referred to as behavioural bias (Guiard and Olafsdottir, 2011)and has been the subject of 

recent experimental research (Elliott, Hansen and Grierson, 2009; MacKenzie and Isokoski, 

2008; Bootsma, Fernandez and Mottet, 2004). Human motor control and adaption to 

environmental perturbations are contingent upon ongoing matching of internal forward 

models based upon previous sensory experiences of variability in relation to behavioural goals 

(Shadmehr, Smith and Krakauer, 2010). Fluent, rapid motor control is known to depend upon 

the accuracy of internally generated, predictive forward models which, through experience of 

motor behaviours can account for sensorimotor noise (random effects) and the systematic 

effects of changes in the internal and external environment (Shadmehr, Smith and Krakauer, 

2010; Todorov, 2004). Thus, motor output and sensory experience are intimately associated in 

optimisation of goal-centric motor performance (van Beers, 2009) and the development of 

more sophisticated motor engrams(Novick and Vaadia, 2011).  

The literature suggests that both healthy and cognitively-impaired patient groups can produce 

comparable skilled outcomes based upon indexes of performance IP -a parameter upon which 

our TPR is directly based. But pathological groups may only able to achieve this by increasing 

movement rates to compensate for a significantly higher net spatial error rate (Simmons et al., 

2011). In the presence of significantly more spatial errors in performance of cyclic motor tasks, 

faster end-point velocities between fixed points suggest that increased movement rates can be 
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a viable strategy to maintain information transfer rates in compensating for innate deficits in 

spatial accuracy (Simmons et al., 2011; Smits-Engelsman et al., 2003) albeit a more energetic 

strategy.  

In general, effective motor control strategies balance the balance between muscle properties, 

delays in sensorimotor transmission and the requirement for stability (Todorov, 2004). In 

healthy persons, kinetic and kinematic refinement in upper limb functionality is a viable 

strategy for the preservation of goal success in fatigued states (Missenard, Mottet and Perrey, 

2009), perhaps because reductions in movement rate allow more time for address the effects 

of random motor noise upon reaching actions (van Beers, 2009).In pathological states 

characterised by deficits in visuomotor integration and coordination disorder (Simmons et al., 

2011; Smits-Engelsman et al., 2003; Wilson et al., 2001)the pattern of behaviour towards 

increased movement rates appears driven by the impairment of predictive open-loop internal 

models, a feed-forward discrepancy between the expected and actual reaching endpoints 

arising from an difficulty in processing sensory information (Wilson et al., 2001). Such 

individuals, who are subject to greater levels of net spatial end-point error, appear able to 

implicitly apply effective alternate systematic strategies to return motor skill outcomes to 

healthy norm levels despite the occurrence of more targeting errors (Smits-Engelsman et al., 

2003). Thus, even substantially impaired sensorimotor systems can develop effective 

strategies for modulating movement rates, in order to deal with spatial error optimally. 

These empirically-derived insights, in the current context suggest that disruption of regulation 

between the stimulus (spatial error) and response (motor output) might precipitate the 

formation of successful compensatory adaptions in behaviour. The current analysis of linear 

co-regulation suggests that at the follow-up session both groups appeared to fall back on a 

direct, on-line stimulus response mechanism for effective motor control (Figure 5.4) to achieve 

an effectively identical level of learned success in skilled performance. The ability to achieve 

the same behavioural outcome using alternate kinematic strategies is entirely consistent with 

the theory of motor abundance, whereby the many redundant degrees of freedom available in 

upper limb motion can be recruited to solve changing internal and external environmental 

conditions to achieve the same behavioural goal (Latash, 2012).  

5.7.8 Possible underlying mechanisms 

Taken together, the current results suggest that the disruption of stimulus-response behaviour 

in Session 1 may have affected the formation of action-dependent forward models, resulting in 
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a significant relative deficit in skill outcome at the beginning of Session 2 and with later, lasting 

divergences in the pattern of corticomotor plasticity. The intervention of anodal tDCS acts in a 

non-focal way, with the electrode pads overlying large areas of the sensorimotor cortex. 

Anodal tDCS, when applied in the current configuration has been shown to modulate neuronal 

activity across widespread areas of the brain, including the sensorimotor cortex and premotor 

cortices (Lang et al., 2005) and so we cannot discount that mechanisms acting across multiple 

brain areas might give rise to such complex effects.  

Modulation of the excitability of different cortical areas can differentially affect the ability to 

perform and learn motor skills. Enhancement of activity in M1 with anodal tDCS could drive 

increases in muscle contraction in a directly mechanistic way, because M1 has been shown to 

be important in the processing of temporal, rather than spatial aspects of skilled activity (Lin et 

al., 2009). Activity in M1, both at the level of the individual neuron and the network, codes for 

the kinematic and kinetic attributes of changing position and joint moment over time, rather 

than spatial mapping (Schwartz, 2007). M1 is known to be particularly active in the intertrial 

interval during practise of skilled motor tasks (Lin et al., 2010) suggesting a learning process 

subserving the laying down of lasting motor memories involved in subsequent skilled 

performance (Monfils, Plautz and Kleim, 2005). But perturbation of M1 excitability with 

inhibitory theta burst TMS, either during the early stages of learning or the consolidation of 

the motor memory did not affect subsequent performance (Platz et al., 2012a; Platz et al., 

2012b) supporting the notion that, although neurons in M1 encode for position and movement 

the processes underlying the laying down of memory in this area of the brain do not occur in 

M1 (Shemmell et al., 2007).  

Modulating the excitability of these or other areas of the brain could potentially have a 

number of effects on motor planning and control. For example, the closely adjacent S1 area of 

the brain may be important both for spatial mapping and the formation of motor skill. 

Anatomical studies in the macaque suggest that the area 3a of S1 acts as an integration centre 

for multisensory information and feedback from the motor system (Jones and Porter, 1980; 

Huffman and Krubitzer, 2001a; Heath, Hore and Phillips, 1976) suggesting that this area is 

important in generating a common frame of reference for accurate prehension (Huffman and 

Krubitzer, 2001a). In the non-dominant upper limb, following a prolonged skill training 

protocol, performance was not contingent upon activity of M1, the primary S1, the premotor 

cortex or the sensorimotor associative area (Platz et al., 2012b). In contrast, after a period of 

training from the naïve state, whereas activity in M1 region was only specifically engaged 
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during enactment of rapid movements, S1 was important for motor performance and learning, 

(Platz et al., 2012a).  

While consolidation of motor learning was not disrupted by perturbation of M1 (Baraduc et al., 

2004), perturbation of the S1region with inhibitory TMS during motor practise was shown to 

have a detrimental impact on the capacity to learn practical manual (Platz et al., 2012a) and 

spatial tracking tasks (Vidoni et al., 2010) which may be attributable to the impaired capacity 

to construct accurate forward models (Vidoni et al., 2010). Whether any effect on learning in 

the current study could have been attributable to increased excitability of S1 is not possible to 

state, as behavioural experimental study designs evaluate the net effect of interventions 

rather than the underlying mechanisms (Kendall, 2003). But, because anodal tDCS is a non-

focal intervention it is possible that simultaneously increasing the excitability of S1 and M1 

non-focally with anodal tDCS during skill learning could have dual effects. While increases in 

excitability in M1 may enhance motor force output, the concurrent effect upon S1 might be to 

disrupt the formation of forward models which underpin improvements in motor performance 

(Krakauer and Shadmehr, 2006).  

Another area, the excitability of which could directly be affected by anodal tDCS stimulation is 

the premotor cortex (PMC). The PMC is a region of the brain which lies in the frontal cortex 

immediately rostral to M1. It has been associated with processing of sensory and cognitive 

information from the parietal cortex, supplementary motor areas (SMA) and dorsolateral 

prefrontal cortex (DLPFC) respectively, and is known to have direct projections to the spinal 

cord as well as outputs to M1 (Kantak et al., 2012). While dorsal PMC neurons integrate 

information relating to the hand and the target during planning of movement (Pesaran, Nelson 

and Andersen, 2006), the ventral premotor cortex (PMv) is important in the planning of grasp 

and manipulation with the hand. Plasticity in the PMv is thought to be important in recovery of 

function following stroke and brain injury (Dancause et al., 2005). This area is strongly 

interconnected with frontal areas including the SMA, the sensory cortex, the parietal areas and 

the hand area of M1, learning through action observation as part of the mirror neuron system 

(Vogt et al., 2007)) and, furthermore the caudal area closest to M1 is particularly associated 

with movement (Simon et al., 2002).  

Perturbation of the PMv with rTMS affected the capacity to form a matching grasp pattern on 

an object (Fogassi et al., 2001) and the grip force on an object previously established through 

experience (Dafotakis et al., 2008) while PMv exerts on-line control over M1 during 

reprogramming of movement (Buch et al., 2010). Thus, PMv is thought to be an important 
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node for processing of the properties important in grasp patterning and force, both prior to 

and during actioning of the command via M1 (Kantak et al., 2012). Moreover, inhibition of this 

area with rTMS during a motor learning impaired aiming and placement of large objects, 

suggesting that the PMC is important for ballistic hand movements in extra-personal space 

specifically during early skill learning (Platz et al., 2012a) rather than following learning of the 

task (Platz et al., 2012b).  

But is it plausible, that a short-term disruption of performance could determine lasting 

patterns of cortical plasticity and behaviour? In the absence of internal or external 

environmental perturbations, computational models and empirical findings predict that the 

extent of spatial accuracy in reaching is contingent upon the management of motor noise (van 

Beers, 2009; Van Beers, Haggard and Wolpert, 2004). It has been suggested that the variability 

of reaching movements is proportional to the magnitude and duration of the force output 

from the muscle(s) (Sternad et al., 2011; Van Beers, Haggard and Wolpert, 2004; Harris and 

Wolpert, 1998). The outcome of noise upon reaching trajectory which arises in central 

planning of the movement (Churchland, Afshar and Shenoy, 2006)is essentially stochastic 

(Todorov and Jordan, 2002), but the motor noise component can be managed through the 

optimisation of sub-movements for trajectory correction (Meyer et al., 1988).Thus, the effect 

of random motor noise alone (as distinct from systematic error which is solved in planning (van 

Beers, 2009) on reaching error is thought to be proportional to the velocity of the movement 

(Sternad et al., 2011). But empirically it was found that variability was not directly velocity-

dependent, suggestive that there was management of motor noise in a way that optimised 

error tolerance (Sternad et al., 2011).  

An important goal of movement control is to minimise the likelihood of missing the target in 

the presence of signal-dependent noise (Harris and Wolpert, 1998). It has been suggested that 

in the presence of perturbations, sensory noise becomes the primary factor in determining the 

variability of reaching trajectories (Guigon, Baraduc and Desmurget, 2008). Intrusive levels of 

sensory noise will detrimentally affect the utility of pre-existing forward models (Shadmehr, 

Smith and Krakauer, 2010). But, with the solution manifold bounded by the composition of 

stochastic noise, task tolerance and task-specific co-variances, it is possible to produce a net 

reduction in the extent of dispersion about the idealised target over a succession of 

movements (Müller and Sternad, 2004). Therefore, there could actually be a behavioural 

advantage to increasing the movement rate in the presence of sensory noise. Matching the 

effects of sensory and motor noise through velocity management, to create a synergistic 
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coupling of the two sources of variance, could result in the best accuracy outcome (Müller and 

Sternad, 2004; Todorov and Jordan, 2002). Furthermore, alternative strategies may develop to 

adapt to conditions of poor sensory reliability. In conditions of high quality sensory feedback it 

has been found that adaption of reaching commands was driven strongly by observation of 

sensory error, but as sensory feedback degraded, reward prediction became more important 

to the outcome where adaption of motor commands could also occur through anticipation of 

the reward (Izawa and Shadmehr, 2011). That is, in conditions of insufficient sensory 

information the potential for spatial accuracy is limited but the ultimate object of the 

behaviour, of producing movements that maximise reward, is preserved (Izawa and Shadmehr, 

2011).  

Modulation of movement rate, through the impedance of successive muscle contractions 

(Guigon, Baraduc and Desmurget, 2008) must be achieved through sensory observation, 

utilising observation-based adaption mechanisms. The incorporation of these observations 

into lasting motor memories (Larssen, Ong and Hodges, 2012) can give rise to persisting 

differences in the corticomotor connectivity which is thought to underpin use-dependent 

adaptation (Boroojerdi et al., 2001b). Thus, the experience-dependent model will reflect the 

sensory observation made during the original compensatory strategy (Novick and Vaadia, 

2011). In this fashion it is possible for short-term adaptations to sources of noise during 

learning to inform lasting motor memories and subsequent behavioural strategies. Such a 

learning mechanism could support the chronological implications of the current data, whereby 

the strategies adopted to achieve the goal were divergent and hence resulted in group-specific 

differences in cortico-spinal excitability to target muscles but both groups appeared equally 

adept at the behavioural goal of target matching at the follow-up session. 

5.8 Limitations of the study 

In background TMS studies (VII.2.12.1) we established results confirming previous findings that 

the excitability of representative proximal muscles (medial deltoid and biceps brachii) is low 

(Devanne et al., 2006; Wassermann et al., 1992), and concluded that it was not practicable or 

in the interests of participant comfort to gather resting state SRc from proximal muscles. We 

therefore rely on the excitability characteristics gathered from cortical representations of the 

non-dominant medial deltoid muscle when the muscle was in a state of standardised 

activation. As a general finding, activated muscle states to 20% of MVC, as in the current study 

have been found to minimise the value of the motor threshold while moderately facilitating 
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the gain of TMS-evoked MEP responses (Devanne, Lavoie and Capaday, 1997). Higher intensity 

TMS stimuli evoke responses from cumulatively greater areas of the cortex and so if the largest 

proportional change in excitability is over the area topographically close to the coil then 

relatively large changes in response would be seen at lower TMS intensities as we have seen. 

However, in the current study we used a single 90mm coil for TMS stimulation, which though 

valid for use in measurement studies applies a relatively non-focal locus of excitation to brain 

tissues (Badawy et al., 2011). Hence we must interpret our results as suggesting simply that 

net excitability increased across the muscle representation, or that a new population of 

cortico-spinal synaptic connections became available for excitation. TMS mapping or other 

imaging methods are required in order to gather information relating to changes in 

topography of corticomotor representations. 

Recent work has suggested that anodal tDCS has a secondary short-lasting effect on the 

activity of spinal motor circuits, including those disynaptic circuits at the cervical level 

necessary for antagonistic activity in the hand (Roche et al., 2009) and lumbar spinal circuits 

necessary for co-contraction in the tibialis anterior and soleus muscles of the leg (Roche et al., 

2011). As the spinal circuits are known sites of training-induced adaption both in health 

(Duchateau, Semmler and Enoka, 2006) and post-spinal injury (Musienko et al., 2012), there is 

a potential for the interaction of practise with anodal-tDCS induced excitability modulation at 

this level. 

5.9 Conclusions 

No evidence was found to support the alternate hypothesis that anodal tDCS significantly 

modulated lasting motor skill learning at the follow-up measurement interval 7 days beyond 

the end of the training period. Likewise, no lasting modulation of corticospinal strength in 

relation to the resting hand muscle was established at the follow-up interval. 

However, the results also revealed that during the training period the learning rate in a 

complex sequential target matching skill was significantly impaired in healthy persons 

receiving anodal tDCS compared to the sham control condition. This was preceded by an 

apparent underlying disruption in the ability to regulate stimulus-response behaviour early in 

learning. The implications of these findings are that the selection of compensatory behaviours 

over the short term could have lasting effects upon the lasting plasticity of corticomotor 

circuits important in the task, thereby influencing future movement strategies. The 

mechanisms underlying the selection of compensatory behaviours may be the consequence of 
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increasing the excitability of wide areas of the cortex in a non-focal fashion, and the 

interaction with the behavioural goal in the specific motor task. 
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Chapter 6. General Discussion and Conclusions 

6.1 General Discussion 

The mode of action and observations on the particular characteristics of those subjects whom, 

in the literature have obtained most benefit led us to question whether a chronic patient 

group with a remote CNS injury might also gain lasting benefit when anodal tDCS was applied 

adjunctive to training, whereby tetraplegic spinal cord injured persons might benefit from 

adjunctive application of this intervention. The data presented is the first to investigate the 

effect of anodal tDCS on motor learning in an SCI population, and one of a small number of 

studies suggesting that this intervention might have any effect upon behaviour lasting for a 

period of days following application. 

In general terms, the primary aim of neurorehabilitation is to make a lasting improvement in 

the acquisition or re-learning of skills following injury (Starkey et al., 2011). Over the decade to 

date, quite extensive clinical research has questioned the effect of anodal tDCS on motor 

performance and brain activity in animal models, healthy and neurologically impaired adults 

following stroke injury to the brain (Bastani and Jaberzadeh, 2012; Nitsche et al., 2008). Anodal 

tDCS has previously been shown to improve motor skill performance time and response time 

outcomes in healthy persons and stroke patients, with a general interpretation that an 

enhancement of aspects of motor learning has taken place (Nitsche et al., 2008; Reis et al., 

2008). But the evidence in favour of anodal tDCS as means of improving lasting clinically 

relevant outcomes in patients or healthy persons is somewhat equivocal (review, Section 

VII.1.7) and, furthermore does not, in the main, extend beyond an hour past the intervention 

period (Bastani and Jaberzadeh, 2012). The level of skill attained during rehabilitation training 

is thought to be an important factor in the lasting benefit following intervention (Merians et 

al., 2002) and retention of spatial motor skill depends upon implicit motor sequence learning 

(Ghilardi et al., 2009). The behavioural changes involved in recovery are underpinned by use-

dependent neural plasticity within the CNS (Kleim, 2011).  

The limitations of existing behavioural outcome-based clinical measurement systems need to 

be considered (see discussion, Section VIII.5.7.2) because the outcomes of current clinical tests 

used in human behavioural studies are not compatible with a definition for spatial motor skill 

based upon a long history of previous findings in motor control research (VII.1.11). Skilled 

motor performance takes place within the dimensions of time and space, and fundamentally 
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concerns the capacity to transfer information accurately in achieving spatial behavioural goals. 

A systematic approach was taken to the development and refinement of measurement 

systems. It is notable that several research groups have derived measures similar to the TPR 

outcom, albeit using different terminology – IP (Fitts, 1954), throughput (MacKenzie and 

Isokoski, 2008) and the quantity ‘q’ (Guiard and Olafsdottir, 2011). But to our knowledge, the 

work presented in Study 1 is the first to recognise the relevance of this parameter as a means 

of quantifying motor skill states as a univariate outcome, by summarising the relationship 

between movement and accuracy in terms of goal success. This method might allow 

researchers to evaluate the outcome of interventions upon motor control and success in the 

behavioural goal, in a simple but bias-resistant fashion.  

In Study 2 a pilot study showed the potential benefit of anodal tDCS to enhance motor 

function a week following training, though inconsistencies and caveats in the possible effect on 

outcome measures were highlighted. Notwithstanding the small size and evident 

heterogeneity of the study sample, these suggested that the effects of the intervention might 

impart an overall benefit primarily due to improvements in generalizable aspects of activity 

rather than enhancement of target matching dexterity, which was the central feature of the 

training task as reflected in the TPR outcome.  

In order to investigate the above novel findings while controlling for the problems of 

recruitment and selection bias outlined above, these findings were further investigated in a 

relatively homogenous population, by applying a similar experimental protocol in healthy 

adults. The results of that study determined that there was no significant effect of the 

intervention on skilled performance at the 7-day follow-up session. As a subsidiary finding, 

divergent patterns of behaviour and cortical plasticity over time were observed which 

effectively compensated for intervention-dependent disruption in motor skill outcomes, with 

the effect of attaining the behavioural performance level several days of memory 

consolidation time. Comparing these finding back to those of the pilot study where the 

population was free of brain injury but impaired sensory and motor function, substantial 

improvements were made in the task-dependent skill outcome measure but which did not 

emerge until several days following training, compared to gradual improvements during 

training in a measure not requiring accurate spatial goal attainment (i.e. movement rate in the 

JTHFT).  

The present results only suggest that both intervention groups in both studies were good at 

learning the skill but that the lasting effect of the experience, coupled with the nature of the 
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extant sensory and motor capacities in the patient group included in Study 2, had a 

significantly different effect on the behavioural outcomes following several intervening days. 

But the finding that, in healthy persons following training and a 48 hour rest period anodal 

tDCS was shown to have a significant effect upon learning of behaviour hints at a quite 

profound effect upon the development of forward models involved in learning of the skill. The 

formation of internal models is explicitly required for development of motor skills in healthy 

persons (Kawato, 1999) and perhaps even more so following injury to spinal sensory tracts, as 

the information carrying capacity of the sensory tracts for stimulus-response control is 

impaired (Darian-Smith, Burman and Darian-Smith, 1999). A number of studies have shown a 

causal link between upregulation of neural activity by anodal tDCS and BDNF-dependent 

synaptic plasticity (Antal et al., 2010; Fritsch et al., 2010) thought to underlie motor learning (Li 

Voti et al., 2011) which are not at all contradicted by the current findings. Rather, it might be 

that the corticomotor plasticity found in Study 3, and the behavioural plasticity suggested by 

the results of Study 2, are both the result of interactions between short-term behavioural 

adaption and memory formation. 

If it might be assumed that the same primary effects of anodal tDCS upon cortical excitability 

operate in both study populations, as brain structures are fully preserved in both groups, then 

taking the results together it may be that the short-term inhibitory effect of anodal tDCS found 

during skill training in the healthy population are followed by compensations for disruption of 

sensorimotor interaction with the behavioural goal. This theory would be supported by the 

results in the patient population because the predictive or contributory factor underling the 

lasting enhancement of skilled function in the clinical population studied lies in the severity of 

the deficit because those already suffering sensorimotor deficits of fine motor control may be 

less sensitive to the transient disruption of control induced by application of anodal tDCS. 

The results of the pilot study showed that the pinprick sensory outcome factor was a 

significant independent predictor of learning in the TPR skill outcome over the period of study 

inclusion. Thus, although there were some serious issues which could contribute to bias in the 

results from that study, the effect of anodal tDCS acted independently of the prevailing net 

level of sensory uncertainty (or noise) due to the sensory deficit. That is not to say that anodal 

tDCS may not interact with the sensory deficit to alter the net extent of spatial variability at 

the target. Because the sum of interacting variances can be less than the contribution of 

individual variances (Müller and Sternad, 2004) there may actually be a behavioural advantage 

to matching the sources of sensory and motor noise in order to improve the the goal success 
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rate in accordance with the motivation instruction (Müller and Sternad, 2004). Hence a 

combined result of pre-existing and induced sensorimotor noise in the SCI study population 

could be an increased probability of target matching in the task. 

Considering the deficits experienced by the incomplete tetraplegic SCI population with lower 

cervical lesions, functional control of the shoulder is universally well-preserved while sensory 

and motor functions of the hand, wrist and elbow can be impaired to varying degrees 

(Hoffmann et al., 2006). The population is therefore better disposed to improvement in skilled 

outcomes based upon improved reaching activity, independent of changes in net spatial 

accuracy at the endpoint of the movement. Notable are findings in stroke and traumatic brain 

injury patients, kinematic analysis showing that the lasting benefit at 1 year in patients who 

received dosage of the Arm Ability Training (AAT) modular rehabilitation protocol was mainly 

attributable to significant increases in the speed of the primary, ballistic phase of reaching 

without significant changes in the secondary, terminal phase of reaching or task accuracy 

(Platz et al., 2001). And, as previously discussed, the adoption of high movement-rate 

strategies to compensate for sensorimotor integration issues has been noted in other 

pathological groups presenting with cognitive disorder (VII.1.8.5). Taken together with the 

present findings, enhancement of reaching behaviour may well be a valid means of improving 

behavioural outcomes in populations demonstrating deficits of target matching (Platz et al., 

2001) as long as spatial accuracy is not a critical aspect of the activity. But only detailed 

kinematic studies would be able to successfully investigate intervention-dependent changes in 

reaching and grasping strategies (Karl, Schneider and Whishaw, 2013).  

The significant improvement in the SCI group receiving active anodal tDCS at follow-up may 

also be related to conditioning factors as well as motor-learning. The notion that anodal tDCS 

might support extended strength and endurance in motor practise is supported by the 

literature suggesting short term enhancement of muscle force and stamina independent of 

experience (Tanaka et al., 2011; Tanaka et al., 2009; Cogiamanian et al., 2007), and our 

interpretation of the behavioural outcome measures utilised in studies to date (VIII.5.7.2). In 

healthy functioning, the human motor system is thought to solve prehension problems in the 

most energy-conservative way through the application of simple rules aided by the smooth 

progression of kinematics through the end-effector pathway (Yarrow, Brown and Krakauer, 

2009; Berret et al., 2011). Kinematic studies confirm that increasing movement rates to 

achieve shorter reaching times in reaching is underpinned by greater positive and negative 

joint accelerations, driven by increasing actuating muscle activations involved in the 
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standardised sequence (Park and Kim, 2008). It is known that acceleration under light, 

concentric loading conditions demands amongst the highest requirements for muscle 

activation (Newton et al., 1997), and modulation of motor unit discharge rate to drive muscle 

force production is also known to be important in sub-maximal motor unit activation 

(Duchateau, Semmler and Enoka, 2006). Substantial chemical-mechanical energy conversion is 

necessary for muscle fibre activation (Walsh et al., 2006). Because one of the major aims of 

skilful movement is thought to be energy efficiency, or achieving the behavioural goal at the 

lowest cost (Yarrow, Brown and Krakauer, 2009), the implication is that the legacy of the active 

intervention was towards increased energy expenditure in meeting the same behavioural 

goals. This could be seen as a net task-specific reduction in energy efficiency. But upper limb 

task endurance has been shown to be improved by anodal tDCS (Cogiamanian et al., 2007) a 

benefit which could be useful in reversing fatigue, which is is influenced by factors intrinsic to 

the CNS (Taylor and Gandevia, 2008) and which is known to limit the basic capacity to 

undertake activity following spinal cord injury (Hammell et al., 2009). Moreover, strength 

training in isolation might not improve all aspects of functional performance in daily activities 

but can improve physical capacity to undertake rehabilitation activities (Hicks et al., 2011) a 

factor which might be considered in treatment planning as a benefit of the application of 

anodal tDCS.  

The findings of Study 2 suggested a lasting albeit delayed benefit when sensory deficits were 

factored in, while those from Study 3 represented a relative delay in the rate of motor learning 

by healthy persons receiving anodal tDCS during training with no effect on lasting retention of 

the skill at a week beyond training. Taken together, the findings of the current project suggest 

that there are limitations to the utility of tDCS as an adjunctive rehabilitation intervention. 

Furthermore, both the nature of the task and the deficits imparted by the presenting 

pathology may dictate the net advantage conferred by utilisation of the adjunctive therapy in 

motor rehabilitation, which could have long-lasting consequences. Other studies have also 

suggested that the benefit imparted by tDCS may not be ubiquitous across clinical populations. 

For example, the intervention may be less useful in those who suffer primary impairments of 

activation where the goal of the activity in terms of spatial acuity is vital, such as focal 

occupational dystonia (Rosenkranz et al., 2009). As an exemplar, a recent study looking at the 

effect of tDCS modalities on task-dependent sensorimotor retraining in trained pianists found 

no beneficial effect (Buttkus et al., 2011). Additionally, where gait outcomes are representative 

of skilled lower limb utilisation, the adjunctive application of anodal tDCS to M1 had no 
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additional positive effect on functional outcomes, compared to robot-assisted gait training 

alone (Geroin et al., 2011). Crucially, these activities require acuity of motor control for which 

simple increases in activity would not be an acceptable compensation. 

The positive effects of anodal tDCS revealed by previous studies utilising temporal outcome 

dimensions alone (discussions: Sections VII.1.7, VIII.5.7.2) might be reconsidered in light of the 

findings of Study 1, where it was shown that Fitts Law can apply to complex motor tasks, that 

spatial accuracy is an important factor in spatial skill outcomes and that consideration of task 

completion time alone may not provide an accurate reflection of skill improvements over time. 

Factors considered important for the elucidation of the effects of tDCS modalities on spatial 

motor control include, for example, great care over the use of mechanical interfaces in motor 

control research. Secondly, when using dependent measures such as reaction time, 

consideration of effects on the temporal parameter alone could lead to the misattribution of 

findings otherwise considered representative of learning parameters (Robertson, 2007) when 

applied to this particular intervention modality.  

In summary, researchers and clinicians might consider the limitations and effects of anodal 

tDCS over different time-scales, the interaction of effects upon the functionality of the 

participant group of interest over different time scales and perhaps most importantly the 

dimensions of skilled motor function being captured by measurement instruments tracking the 

true benefit of the intervention in the dimensions relevant to the study aims. 
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6.2 General Conclusions 

Taken separately and together, the current interventional studies did not provide conclusive 

evidence that anodal tDCS was effective as a means of modulating the retention of spatial 

motor tasks, or underlying corticomotor connectivity, at a week beyond the period of training. 

The main finding of this thesis is that there is insufficient evidence to support anodal tDCS as 

an effective adjunctive intervention in producing lasting rehabilitation of spatial motor skill 

from incomplete tetraplegic spinal cord injury. 

Previous studies have investigated the effect of anodal tDCS upon limited parameters of motor 

skill, with improvements in the temporal parameter alone taken as enhancements of motor 

performance or skill. The current project presents original work showing that it is possible to 

design integrated task-dependent motor learning and measurement protocols which directly 

reflect use-dependent changes in task-specific spatial skill and may be less subject to external 

biases.  

To our knowledge this work is also the first to apply and experimentally investigate anodal 

tDCS as an experimental intervention in rehabilitation of upper limb motor learning in 

incomplete SCI tetraplegia. The pilot study in a small clinical sample revealed very large effect 

sizes in favour of the intervention, but which only reached significance when measures of 

sensory sparing were considered as co-factors. The effects of the intervention were delayed 

until a week beyond the training period suggesting that there might have been an interaction 

of short-term inhibitory and longer-term facilitatory effects.  

Following up those findings in the relatively homogenous healthy population revealed no 

lasting effect of anodal tDCS upon learning, although significant between-groups effects upon 

behaviour were observed at specific intervals during the training period suggesting that the 

active intervention effectively modified task experience and subsequent learning. 

Further research in healthy humans should include larger sample sizes in order to elucidate the 

extent and time-dependence of the effects of this intervention on behaviour and associated 

neuroplasticity. Studies in the incomplete tetraplegic SCI population in particular should also 

include much larger participant samples with more restrictive inclusion criteria where possible, 

particularly if TMS-evoked outcome measures are to be applied. Study designs in this patient 

group should also consider factoring in known important predictors of learning. Multicentre 

trial planning may be required in order to gain access to a sufficiently large population pool of 

SCI subjects. 



 

240 

 

The data in the healthy population suggested that plastic time-dependent changes in 

corticomotor connectivity to proximal and distal muscles took place over, and persisted 

beyond the period of training. Because such changes may be use-dependent, future studies 

should investigate the effect of anodal tDCS upon the path and variability of upper limb 

kinematics involved in reaching and orientation of the grasped object in relation to the target.  

Finally, the current studies focused on motor learning in relation to use of the non-dominant 

upper limb. It is of interest to apply these techniques to investigate learning of skilled tasks in 

relation to the dominant hand. 
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6.3 Hypotheses: accepted or rejected 

6.3.1.1 H11 

In tetraplegic iSCI persons, significant task-dependent changes in the primary end-points of the 

skill-based outcome measure are attributable solely to the adjunctive application of anodal 

tDCS. 

 Alternate hypothesis rejected. 

6.3.1.2 H12 

In healthy persons, significant task-dependent changes in the primary behavioural end-points 

of the study occur and are due to the adjunctive application of anodal tDCS. 

 Alternate hypothesis rejected. 

6.3.1.3 H13 

In healthy persons, significant lasting changes in TMS-evoked outcome measures occur and are 

due to the adjunctive application of anodal tDCS. 

 Alternate hypothesis rejected. 
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Appendix A. CX-6650 DC stimulator unit datasheet. 

  



 

298 

 

  



 

299 

 

Appendix B. Administration instructions for the Motor Skill 

Rehabilitation Task (MSRT) 

Refer to MSRT task illustration Figure 2.2. 

Preparation and instructions to participants 

The board is placed on a desk table with the front of the board aligned with the edge of the 

table and the midline of the board aligned with the centre of the left shoulder joint (acromion 

process). If necessary adjust the height of the participant so that, with the body in a 

comfortable sitting position and the shoulder neutrally aligned, the acromion process of the 

elbow is aligned approximately level with the table top. Ensure that the start/stop button, peg 

tray and rail array are easily accessible to the participants. The participant selects 5 pegs from 

a selection and places them in the dish tray. 

The investigator sits to the right of the participant, close enough to reach the rail board and 

with a computer to the front running the stopwatch timer function. A team of investigators 

may share these administration tasks. 

The examiner explains the task activity as follows, indicating each component of the apparatus: 

“This task is designed to be carried out using your left arm and hand only. Please keep your 

right arm and hand clear of the board.” 

“These are the 5 rails mounted towards the back of the board, which as you can see are placed 

at different angles and are numbered 1 to 5. (Indicate). 

 “This is the peg dish and these are the pegs. All of the pegs are the same.”  

“This is the stopwatch button. Press this button to begin and end each trial. The button 

operates a stopwatch function on the computer” (indicate the red button). 

“Once you have pressed the button with your left hand to start the task, as quickly as you can 

pick up a single peg and, starting with the leftmost rail 1 and working to the right, place it in 

the groove across both the raised supports (investigator demonstrates). “Then pick up a 

further peg from the tray; place it across the next rail along and so on without skipping any, 

from left to right in the order 1 2 3 4 5 until all the pegs are placed on all the rails.” (The 
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investigator should demonstrate a full trial, making clear that the pegs are to be placed from 

subject’s left to right in the correct order and using the left hand only). 

“If you drop a peg or make a mistake during a rail attempt, for example at number 2 then leave 

that rail empty. You have one attempt only at each rail. Don’t attempt to correct any errors as 

you will lose time in completing the task. Pick up a new peg from the dish and move on to the 

next rail (in this example, number 3). As soon as you place the last peg, press the button again 

with your left hand to end the task.” (Demonstrate). 

 “It will take a few seconds for me to reset the task. Once it is reset, I will say “Ready” and you 

can then begin the task again when you feel ready. Once you have completed the task N times 

we can have a short rest”. 

“Always try and complete the task as quickly and accurately/accurately and quickly as you 

can.” 

Start when you are ready, by pressing the timer button.” 

Give each participant at least 1 practise trial before commencing data collection. This is to 

ensure that a) he/she understands the sequential activity; b) that during ‘live’ trials, the pegs 

have been replaced in the dish only by tilting the rail board, so ensuring that pegs fall into a 

semi-randomised pattern. Discourage participants from interfering with peg arrangements in 

the tray as this could bias the difficulty of the task.  

During task trials 

Make sure the stopwatch has been triggered at the start of the trial 

Watch out for ‘dependent’ errors. The design of the rails generally results in correctly placed 

pegs remaining secure once released. If a peg is inadvertently dislodged later in the trial, by 

vibration or by contact with the moving upper limb for example, this should not be marked as 

an error. 

Scoring 

Task completion time: The start/end button is linked to a computer-based stopwatch function 

and automatically records the task completion time. This is tabulated in Excel for later analysis. 
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Error is recorded on a Session Proforma sheet each time the participant fails to correctly place 

a peg: either by dropping the peg, placing the peg so that it rests on one support only or 

placing the peg insecurely so that it immediately falls.  

Error may be recorded in successive Motor Error Log trial boxes either as a numeral 

representing the number of errors per trial, or as dots representing the location of the error as 

per the task layout. This allows for more in-depth analysis of task parameters over time. 

Resetting the task 

Once a task trial has been completed, carry out the following operations: 

1. Zero the stopwatch 

2. Always record the position of ERRORS on the spatial error log form. Even though the 

TPR outcome measure is calculated from (time/number of accurate placements) 

formula you will find it easier to record error position as these are usually less frequent 

than accurate placements! 

3. Reach across and tilt the rail board up smartly, in order to release the pegs back into 

the blue peg dish. 
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Appendix C. MSRT generic error log sheet 
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Appendix D. Ethical approvals 

Explanatory note 

Ethical approvals were separately sought and granted for all research studies. Studies 1and 3 

were carried out on the Brunel University campus, involved healthy staff and/or students and 

so required a single stage ethical approval from the School of Health Sciences and Social Care 

Research Ethics Committee (REC). Study 2 was carried out on a NHS hospital site and involved 

NHS patients. For this study, additional approvals were sought from, and granted by NHS Local 

RECs and the NHS site Research and Development Department.   
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Study 1 
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Study 2 
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Study 3 
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Appendix E. Assessment, health screening and consent 

proforma 

Explanatory note 

Study 2 involved the recruitment and characterisation of incomplete tetraplegic SCI patients 

and additional proforma are presented as follows. In some cases these are exemplars of 

proforma used in other studies, as indicated. 

 

* Exemplar of participant information sheet format adopted for all studies. 
ǂ Adopted for assessment, studies 1, 3 and 4. 
# Adopted for studies 3 and 4. 

  

 Invitation letter 

 Participant information sheet * 

 Pilot study participant assessment checklist 

 Edinburgh handedness inventory (modified) 
ǂ
 

 GPCOG Screening Test (step 1) 

 ASIA impairment scale classification format 

 Pilot study health questionnaire 

 Consent form 

 Subjectives questionnaire# 
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Study 1 

Health Screening and Consent Form 

 

 

Study title: Investigating the properties of a novel 

upper limb motor skill rehabilitation task 

This study has been approved by the School of Health Sciences and Social Care 

Research Ethics Committee 

General Health Screening Questionnaire 

 

Subject:  Gender: Age:  Date:   

Confidential 

Please answer the following health related questions.  

If you answer yes to any of these questions then you should not participate in the study. 

Please circle your responses 

Question Response 
 
I feel unwell today.   

 
Yes   No 

 
I suffer from dizziness.            

 
Yes   No 

 
I suffer from balance disturbances.    

 
Yes   No 

 
I have a problem affecting the movement of my arms or hands 

 
Yes   No 

 
I have had a neurosurgical procedure (operation to the skull). 

 
Yes   No 

 
I have a neurological condition (including epilepsy). 

 
Yes   No 

 
I have an severe, uncorrected visual impairment 

 
Yes   No 

 

If you have answered “no” to all of the above questions then you may participate in the 

research using these techniques. Your participation is entirely voluntary. You may 
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withdraw at any time from any session for any or no reason. Should you choose not to 

participate or to withdraw from a session, your status as a student or staff of Brunel 

University will in no way be affected.  

If at any time during the session you wish to take a rest, or withdraw your consent to 

continue, inform the investigator verbally: the procedure will be paused or stopped 

immediately.  

If you have any concerns please feel free to ask for further information. 

 

Risk and Discomfort 

 

Brunel University’s health and safety practices are observed in our laboratory and 

participant safety is of paramount importance at all times.  

During this study we will ask you to undertake a simple training task and carry out several 

validated tests of upper limb performance. All motor task and measurement procedures 

are entirely non-intrusive and safe to apply healthy adults. No hazards have been detected 

in relation to appropriately supervised study activity and no side-effects of participation 

are expected to arise over any time frame. 

Prior to commencement, participants will be asked to complete the above questionnaire 

and if any answers are positive they will be excluded from the study. All participants will 

be asked to sign the consent form. In the case of reported discomfort or mild headache the 

procedure will be stopped and the participant will be withdrawn from the study.  
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Part 2: Consent Form 

Study Title: Validation of a new motor skill 

rehabilitation task 

 

Chief Investigator: Jim Ashworth-Beaumont 

James.ashworth-beaumont@brunel.ac.uk 

Tel: 07723 053199 

Consent Form – Archive Copy 

Please read this form carefully. Please voice any questions or concerns you may have. 

Remember that you are free to withdraw your consent at any time before or during the 

session. Please indicate your agreement to each statement by initialing the corresponding 

box. 

 

1. I have had the opportunity to ask questions and my questions have been 

answered to my satisfaction 

2. I understand that my participation in this study is entirely voluntary.  

3. I understand that I am free to withdraw my consent to take part, before of 

during participation in this study at any time without giving any reason, 

without my current or future status as a member of staff or student being detrimentally 

affected in any way. 

4. I understand that my identity will not be referred to or revealed in any 

published documentation arising from this study. 

5. I agree to the anonymised data arising from this study being stored beyond 

the completion date, for use in further research and educational studies. 

I understand the information contained in the Research Participant Information 

Sheet and this Consent Form. I give my consent to participate in this study. 

____________________  ______________  _______________________ 

Name of participant    Date    Signature 

 

 

 

 

 

mailto:James.ashworth-beaumont@brunel.ac.uk


 

318 

 

____________________  ______________  _______________________ 

Name of person taking consent Date    Signature 

A duplicate copy was provided to the participant.  
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Study 2 

Invitation letter 

 

       

 

 

 

Dear 

I am a Post-graduate Researcher studying for a PhD in Health Studies at Brunel University. I am 

currently planning an experimental study which is running at the Mary Seacole Building, Brunel 

University and which will be open to participants until the end of June 2011. The aim of this 

study is to investigate the effect of a novel intervention; anodal transcranial direct current 

stimulation (tDCS) which previous research indicates may help to enhance the rehabilitation of 

upper limb function in incomplete spinal cord injured persons.  

In order to carry out this scientific study properly, we need to include a group of people who 

are similar in a number of ways. You are being invited to participate because your medical 

history, based on the records of the Spinal Cord Injury Centre, RNOH indicates that you may be 

suitable. If the following inclusion criteria apply to you, you may be able to take place in this 

study: 

Inclusion criteria 

 You are a man or woman, aged 18 to 70 years inclusive; 

 The spinal cord injury happened more than 12 months ago; 

 This injury is incomplete and classified C or D, at ASIA level C5, C6 or C7; 

 you were right-hand dominant prior to your spinal injury; 

 You are able, using the left hand only, to pick up a small, light object (such as a pen 
top) from a table surface; 

 Your medical condition is stable 

 

although we regret that if the following exclusion criteria apply to you, we will be unable to 

invite you to take part in this study:  

  



 

320 

 

 

If you think you will be eligible, and able to take part in this study at any time between now 

and the 30th of June 2011, please read through the Participant Information Sheet included with 

this letter. This document provides full details of the study including the purpose, duration, 

potential risks and benefits to you. The study has been reviewed and approved on ethical 

grounds in accordance with the Declaration of Helsinki, by the Research Ethics Committees of 

the School of Health Sciences and Social Care, Brunel University and the NHS North London 

Research Ethics Committees 2 and 3.  

Please be assured that you are under no obligation to participate. If you do consent to take 

part in the study, you may withdraw at any time without any negative consequences. Your 

status as a patient would not be affected in any way. In any event, your confidentiality will be 

respected at all time. 

If you wish to part in this study, or simply have a question please do not hesitate to contact me 

by telephone, e-mail or post. My contact details can be found below. 

Alternatively you may wish to contact the Academic Supervisor for this study, Dr Alexander 

Nowicky, by telephone on 0189 526 8813, by e-mail at alexander.nowicky@brunel.ac.uk or by 

post at the above address. 

Yours sincerely, 
James Ashworth-Beaumont, 
 
Post-graduate Researcher, 
School of Health Sciences and Social Care, 
Brunel University of West London, 
Kingston Lane, 
Uxbridge, 
Middlesex UB8 3PH 
Tel:  07723 053199 
E-mail: James.ashworth-beaumont@brunel.ac.uk 
  

Exclusion critera 

 You have a severe, uncorrected visual impairment; 

 You have previously suffered a head injury or seizures or had surgery to the head; 

 You have a currently unstable medical condition and/or are symptomatic for 
autonomic dysreflexia ; 

 You have previously had surgery to the left hand to improve its function; 

 You are pregnant 

mailto:alexander.nowicky@brunel.ac.uk
mailto:James.ashworth-beaumont@brunel.ac.uk
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Participant information sheet 

 

PARTICIPANT INFORMATION SHEET 

 

Study title 

Effects of anodal transcranial direct current stimulation (tDCS) on skill learning, in relation to 

the non-dominant upper limb of incomplete cervical spinal cord injured subjects: a pilot study 

 

Invitation paragraph 

We would like to invite you to take part in this research study. Before you decide whether to 

participate, it is important for you to understand why the research is being done and what it 

will involve. Please take time to read the following information carefully and discuss it with 

others if you wish. Ask us if there is anything that is not clear or if you would like more 

information. Take time to decide whether or not you wish to take part.  

 Part 1 tells you the purpose of this study and what will happen to you if you decide to take 

part. Part 2 gives you more detailed information about how the study will be carried out. 

Information sheet part 1 

What is the purpose of the study? 

This is a pilot study forming part of a PhD project.  

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

Previous experimental studies have demonstrated the potential of this safe and painless 

technique, when applied during the learning of motor skills, to induce significant changes in 

brain excitability, improving learning effects and skill performance. 

The aim of the present project is to explore the extent of benefit to functionally incomplete 

cervical spinal cord injured (SCI) participants in improving functioning of the left hand. We 
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hope to establish whether tDCS might enhance function both over the short term and in a 

lasting fashion. 

What is Transcranial Direct Current Stimulation (tDCS)? 

tDCS is a simple and painless technique where electrode pads are dampened with a mild salt 

water solution, then arranged onto specific areas of the head and gently held in place with 

straps (fig 1). You will need to wear the electrodes during each of the 3 training sessions. This 

will not impair your vision or hearing in any way. There is no restriction on hair length or style, 

although the straps and pads will tend to flatten the hair to the head.  

 

 

The electrode pads will be connected to a battery-driven electrical stimulator (fig 2). A small 

current is then passed between the electrodes to temporarily alter the activity of the 

underlying areas of the brain. This sometimes causes mild sensations underneath the 

electrode pads for a few seconds, as the stimulator is switched on or off. 
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Why have I been invited? 

You have been invited because we think you fit the initial inclusion criteria of this study. Two 

groups, each of up to 12 individuals will participate in this study. People that do not meet the 

inclusion criteria, or to whom the exclusion criteria apply, will not be included in the study. The 

inclusion and exclusion criteria are summarised in the tables below. 
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Inclusion criteria 

 You are a man or woman, aged 18 to 70 years inclusive; 

 The spinal cord injury happened more than 12 months ago; 

 This injury is incomplete and classified C or D, at ASIA level C5, C6 or C7; 

 you were right-hand dominant prior to your spinal injury; 

 You are able, using the left hand only, to pick up a small, light object (such as a pen 
top) from a table surface; 

 Your medical condition is stable 

 

Exclusion critera 

 You have a severe, uncorrected visual impairment; 

 You have previously suffered a head injury or seizures or had surgery to the head; 

 You have a currently unstable medical condition and/or are symptomatic for 
autonomic dysreflexia; 

 You have previously had surgery to the left hand to improve its function. 

 You are pregnant 

 

Do I have to take part? 

It is entirely up to you to decide whether or not to take part. If you do decide to take part you 

will be given this information sheet to keep and be asked to sign a consent form. If you decide 

to take part you are still free to withdraw at any time and without giving a reason. A decision 

to withdraw at any time, or a decision not to take part, will not affect your status as a patient 

in any way. 

What is involved in the study? 

All study activities will take place at the London Spinal Cord Injury Centre, The Royal National 

Orthopaedic Hospital NHS Trust, Brockley Hill, Stanmore, Middx HA7 4LP. 

If you wish to take part in this study you will be invited to take part in a preliminary screening 

and briefing session at the study site. Those participants who pass the screening process will, 

over several days undergo training in a skill task specially designed to challenge dexterity of 

grip in the left hand. During part of each session, either active or placebo stimulation will be 

applied to the head. Immediately before and after each skill session, participants will be asked 

to carry out some brief manual tests to give us information we can use to determine the 

extent of changes in functional performance over time.  
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The study does not require any dietary or life style restrictions. If you are a wheelchair user or 

have special seating requirements, please bring these with you as all training and testing will 

take place in a seated position. 

Length of the study and what will happen 

First we require you to attend a preliminary Assessment session, either a few days before the 

study proper begins, or on the same day as the study begins if this is more convenient for you. 

The aims of this session are firstly to carry out some further assessment and screening to 

ensure you are suitable for inclusion. Secondly, during this session we can demonstrate the 

activities taking place during the study, to further help you decide whether you still wish to 

take part. The Assessment Session will take a maximum of 60 minutes to complete. 

Attendance at the Assessment session does not commit you in any way to taking part in the 

study. 

The study itself will take place over 3 consecutive days, with a follow-up session 5-7 days after 

that. All these sessions are important in order to determine whether the effects of tDCS are 

cumulative and whether the effects are lasting. 

Each session and the follow-up session will consist of the following activities: 
10 minutes†:  Complete health questionnaire and provide consent; 
 5 minutes:  Prepare tDCS equipment; 
12 minutes:  Functional testing; 
 
45 minutes*:  Skill training, during which active or sham/placebo tDCS is applied; 
5 minutes:  Remove tDCS equipment; 
12 minutes:  Functional testing; 
5 minutes:  Subjective questionnaire. 

 

(† The study consent form will also be signed during the first session; * During the follow-up 

session, task training will be for a shorter period of time and tDCS will not be applied). 

We expect each session to last a maximum of 1 hour and 45 minutes. 

Research methods 

Sometimes we don‘t know which way of treating patients is best. To find out, we need to 

compare different treatments. We put people into groups and give each group a different 

treatment. The results are compared to see if one is better. To try to make sure the groups are 

the same to start with, each individual is allocated to a group. 
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In the present study you will have an equal 50/50 chance of receiving the active brain 

stimulation or a sham substitute. 

This is a ‘blinded trial’ study. This means that you will not know in which treatment group you 

are (although, if your doctor needs to find out he/she can do so). 

Expenses and payments 

Our funds are very limited, and so in general we are only able to offer modest reimbursement 

of travel expenses up to a maximum of £30 per participant. Any reimbursement will be 

payable after the study is finished. 

 

What are the possible risks or side effects?  

     The evidence from previous studies is that many participants do not feel any effects of tDCS. 

Some people have reported slight itching, tingling and burning sensation under the electrodes 

during and after stimulation. The reported incidence is very low, with any effects being short-

lasting. Rare occurrences of minor skin burns under electrodes have been reported and have 

resulted in no permanent harm to participants. These effects have only occurred when 

established application procedures have not been followed. 

  

What are the side-effects of the treatment? 

The level of tDCS intensity, the number of and period between stimulation sessions to be used 

in the present study is well within the limits established as safe in numerous studies.  

The itching, tingling or burning sensations which some people experience during the procedure 

are mild and short-lasting. No long-lasting adverse effect of anodal tDCS has ever been 

reported, in the configurations to be used in the present study. 

What are the possible benefits of taking part? 

We cannot promise that the study will help you.  

We are investigating weak direct current brain stimulation (tDCS) as a potentially beneficial 

intervention, but we may find that applying this intervention reduces, or has no effect on 

upper limb function.  
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But the information we get will be of great importance: it will give us more insight to how tDCS 

affects the human brain while evoking functional changes when applied in conjunction with 

manual rehabilitation techniques. This knowledge will be invaluable in designing the protocols 

for future studies and interventions for SCI clients. The outcomes of this study will also inform 

future rehabilitation techniques for the wider population of individuals affected by 

neurological disorders.  

What happens when the research stops? 

We must make it clear that tDCS remains an experimental intervention at this time, so will not 

be available as a treatment after the study is completed. 

What if there is a problem? 

Any complaint about the way you have been dealt with during the study, or any possible 

discomfort you might feel, will be addressed. Detailed information on this is given in Part 2.  

Will my taking part in the study be kept confidential? 

Yes. We will follow ethical and legal practice and all information about you will be handled in 

confidence. The details are included in Part 2. 

 

If the information in Part 1 has interested you and you are considering participation, please 

read the additional information in Part 2 before making any decision. 

 

Information sheet part 2 

 

What if relevant new information becomes available? 

Sometimes, during the course of a research project, new information becomes available about 

the intervention that is being studied. If this happens, the researchers will tell you about it and 

discuss whether or not you want to continue in the study. If you decide not to carry on, your 

status as a patient/client will not be affected in any way. If you decide to continue in the study, 

you will be asked to sign an updated consent form. 

What will happen if I don’t want to carry on with the study? 



 

328 

 

Your participation in this trial is entirely voluntary. You are free to decline to enter or to 

withdraw from the study any time without having to give a reason. If you choose not to enter 

the trial, or to withdraw once entered, this will in no way affect your future status as a 

patient/client.  

  

What if I am unable to complete the study? 

 In the event that once enrolled you are unable to complete the study or take part in 

one or more of the sessions, we would still like to include any information collected to help 

analyse the study outcomes. You are free to withdraw consent for us to do so, without 

affecting your future status as a patient/client. 

What if there is a problem? 

Complaints 

If you have a concern about any aspect of this study, feel free to speak with the researchers 

who will do their best to answer all of your questions. If you remain unhappy and wish to 

complain more formally, you can do this by contacting the academic supervisor of this study. 

The contact numbers are at the end of this information sheet. 

You may also complain formally by contacting the Project Sponsor via:  

David Anderson-Ford, 

Chair of the University Research Ethics Committee, 

Mary Seacole Building, 

Brunel University of West London, 

UXBRIDGE, Middx UB8 3PH 

Tel: 01895 268731 

 

Alternatively, you may wish to lodge a complaint using the NHS Trust Complaints Procedure 

via: 

The Customer Care Manager, 

Royal National Orthopaedic Hospital NHS Trust, 

Brockley Hill, Stanmore, 

Middlesex, HA7 4LP 
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Tel: 020 8909 5717 

Email: customercare@rnoh.nhs.uk 

 

Harm 

In the unlikely event that something does go wrong and you are harmed during the research 

study there are no special compensation arrangements. If you are harmed and this is due to 

someone’s negligence then you may have grounds for a legal action for compensation, but you 

may have to pay your legal costs.  

Will my taking part in this study be kept confidential? 

All information which is collected about you during the course of the research will be secured 

and kept strictly confidential. Any information about you which leaves the study facility at The 

Royal National Orthopaedic Hospital NHS Trust, Stanmore Site will have your name and 

address, date of birth and all identifiable information removed so that you cannot be identified 

from it. All information regarding your personal details will be treated as strictly confidential, 

will only be used for audit purposes and will be destroyed after 6 months. The trial results may 

be inspected by competent authorities and properly authorised persons, but if any information 

is released this will be done in a coded form so that confidentiality is strictly maintained.  

For 5 years after the conclusion of the study, the anonymised data will be secured at Brunel 

University, West London under the custodianship of the Academic Supervisor. 

Involvement of the Family Doctor (GP) 

In the best interests of your health it is important that your doctor is aware of any therapeutic 

intervention you are having, even though your standard treatment may not be affected. We 

will ask you to provide consent for us to write a brief letter explaining your inclusion in the 

study. No other information personal to you will be exchanged.  

 

What will happen to the results of the research study? 

The results of this study will be included as part of a PhD Thesis. Additionally, it is intended to 

present the findings for peer review. On completion of the study, an abstract summarising the 

study findings will be sent to you. You will not be identified in any report/publication. 

Who is organising and funding the research? 

mailto:customercare@rnoh.nhs.uk
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The research is organised and funded by the School of Health Sciences and Social Care, Brunel 

University. No conflicts of interest, financial or otherwise exist with respect to the study 

researchers or collaborating organisations. 

Who has reviewed the study? 

All research in the NHS is looked at by independent group of people, called a Research Ethics 

Committee, to protect your interests. This study has been reviewed and given a favourable 

opinion by the NHS North London Research Ethics Committee 2. 

Contacts for further information  

For further information, please do not hesitate to contact: 

Project Researcher: Jim Ashworth-Beaumont 

Postgraduate Researcher, Brunel University School of Health Science & Social Care, 

E-mail: james.ashworth-beaumont@brunel.ac.uk 

Tel: 0772 305 3199 

Project Academic Supervisor: 

Dr Alexander Nowicky, 

Brunel University, School of Health Science & Social Care 

E-mail: alexander.nowicky@brunel.ac.uk  

Tel: 0189 526 8813  

  

If you wish to speak to someone about this research project, but who is independent of the 

research team, contact: 

Dr Iva Hauptmannova, 

Research and Development Manager 

R&D Office 

Royal National Orthopaedic Hospital NHS Trust 

UCL Institute of Orthopaedics and Musculoskeletal Science 

Brockley Hill 

Stanmore 

HA7 4LP 

E-mail: iva.hauptmannova@rnoh.nhs.uk; Tel: 020 8909 5529  

mailto:james.ashworth-beaumont@brunel.ac.uk
mailto:alexander.nowicky@brunel.ac.uk
mailto:iva.hauptmannova@rnoh.nhs.uk
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Passed suitable for study inclusion? (Y or N) 

 

Pilot study participant assessment checklist 

Participant Name _______________________   

Assessment date___________________  

Project Title 

Effects of anodal tDCS on skill learning in relation to the non-

dominant upper limb of incomplete cervical spinal cord 

injured subjects: a pilot study 

Participant assessment proforma 

Confirm criterion pass as suitable with √   or fail with  X  

 

Inclusion criteria - checklist 
Age range 18-70, male or female (declaration); 
 
>12 months post-injury (history); 
 
Can converse in English and understand materials written in English language 
(demonstrated); 
Right-hand dominance prior to spinal cord injury (declaration); 
 
Ability to grasp small objects using the non-dominant (left) hand, including the use of 
tenodesis grip or an existing wrist orthosis if necessary (demonstrated); 
Stable medical condition (based on history and questionnaire); 
 
Incomplete SCI classification C/D, ASIA level of impairment C5-C7 (assess); 
Exclusion criteria 
Cognitive impairment, as detected by General Practitioner Cognitive (GPCOG) assessment 
tool; 
 
Positive declaration for health issues - see health questionnaire. 
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Edinburgh handedness inventory (modified) 

------ Analysis: Investigator use only------------------------------------------------------------------------------- 

Response weighting: In accordance with the original version of the Edinburgh Handedness 
Inventory (Oldfield, 1971), do not score “no preference” responses and total right and left 
responses separately, counting “usually scores singly and “always” responses as double scores.  
 

Left score Right score 

 
 

 

 
With two totals R and L, the Laterality Quotient (LQ) is defined :- 

LQ = 
   

   
*100  =   *100 =  

 
 
This is not an exclusion criterion for the study. 

Note: 

In the event of the inability to write, drawing could still be used as a substitute for writing. 

These two activities are very highly correlated (Dragovic, 2004). 

 

  

Edinburgh Handedness Inventory (revised) 
(Dragovic, 2004b) 

Please mark the box that best describes which hand you use for the activity in question 

 
Always left Usually left No 

preference 
Usually right Always right 

Writing      

Throwing      

Scissors      

Toothbrush      

Knife (without fork)      

Spoon      

Match (striking)      

Computer mouse      

LQ  
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ASIA sensory motor assessment sheet 
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Pilot study health questionnaire 

Participant Primary Health Questionnaire 

(for use at start of session 1) 

 

Project Title 

Effects of anodal tDCS on skill learning in relation to the non-

dominant upper limb of incomplete cervical spinal cord 

injured subjects: a pilot study 

 

Ethical approval 

This study has received ethical approval from the Research Ethics Committee of Brunel 

University School of Health Sciences and Social Care and the NHS North London Research 

Ethics Committee 2. 

 

Confidential Health Screening Questionnaire 

Please provide your answers to the following questions, which relate toaspects of your health. 

We wish to ensure that you are fit and healthy to take part in this study. Indicate your 

responses by circling ‘Yes’ or ‘No’. 

If you answer ‘yes’ to any of the questions or are unsure of your answer, you should not 

continue to participate in this study. 

(Questionnaire developed from Keel et al (2001)) 

Question Response 

1 I feel unwell today Yes No 

2 I have a respiratory condition other than asthma Yes No 

3 I have a diagnosed skin condition (e.g. severe eczema) Yes No 

4 I have a currently unstable medical condition and/or am symptomatic for Yes No 
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autonomic dysreflexia 

5 I have an orthopaedic condition affecting the arms or hands Yes No 

6 I have a heart condition and/or have a heart pacemaker Yes No 

7 I have suffered a head injury requiring hospital admission Yes No 

8 I have suffered a stroke or TIA* Yes No 

9 I have undergone surgery to the skull (neurosurgery) Yes No 

10 I have an aneurysm clip or other device in my head Yes No 

11 I have previously suffered an epileptic fit or seizure Yes No 

12 I have a diagnosed neurological condition affecting brain function Yes No 

13 I suffer regular headaches (e.g. migraine) Yes No 

14 I am pregnant Yes No 

15 I have some other concern about my health Yes No 

* Transient Ischaemic Attack – a short lasting, stroke-like event 

 

If you have been able to answer ‘No’ to all of the above questions then you may continue to 

participate in this study. 

Please be advised that brain stimulation techniques may have unpredictable effects if applied 

in conjunction with recreational drugs which affect brain function, including alcohol. 

 

Please remember that your participation is entirely voluntary. If you have any concerns at 

any time please feel free to voice them immediately. You may withdraw your consent to 

continue at any time before or during any sessions. You do not have to provide a reason for 

doing so. If you are a patient, please be assured that your status as such will not be affected in 

any way, if you do choose to withdraw from this study. 

 

Risks and Discomfort 
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This study will involve non-invasive stimulation of the brain with a low-intensity direct current 

(tDCS) technique. This brain stimulation technique has been shown to be safe and without 

long-term risk to study participants. Some short lasting side-effects have been reported by 

some participants. These side-effects include mild tingling, itching or burning sensations. 

Symptoms of mild headache, fatigue and difficulty in concentrating have also occasionally 

been reported.  

Your safety and comfort is paramount. Before the testing sessions take place you will be asked 

to check and sign the consent form overleaf, ensuring that you still meet the health screening 

criteria for inclusion in this study. Additionally, in the event of any pain or discomfort during 

the session please report this and the session will be terminated immediately. 

For further information, please do not hesitate to contact: 

Chief Investigator 

Jim Ashworth-Beaumont      

Postgraduate Researcher,  

Brunel University, School of Health Science & Social Care     

E-mail: james.ashworth-beaumont@brunel.ac.uk     

Tel: 0772 305 3199       

 

Academic Supervisor 

Dr Alexander Nowicky 

Brunel University, School of Health Science & Social Care 

E-mail: Alexander.nowicky@brunel.ac.uk 

Tel: 0189 526 8753 

 

 

Reference: 

 

mailto:james.ashworth-beaumont@brunel.ac.uk
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Consent Form 

Project title: Effects of anodal tDCS on skill learning in 

relation to the non-dominant upper limb of 

incomplete cervical spinal cord injured subjects: a 

pilot study 

Chief Investigator: Jim Ashworth-Beaumont 

James.ashworth-beaumont@brunel.ac.uk 

Tel: 07723 053199 

Consent Form – Archive copy for Research Site file 

Participant Statement 

Please read this form carefully. Please voice any questions or concerns you may have. 

Remember that you are free to withdraw your consent at any time before or during each 

session. Please indicate your agreement to each statement by initialling the corresponding 

box. 

 
1. I have read the Research Participant Information Sheet  
 
2. I consent to my GP and Consultant being informed about my inclusion in 
this study. 
 
3. I understand that my participation in this study is entirely voluntary.  
 
4. I understand that I am free to withdraw from participation in this study at 
any time without giving any reason, without my medical care or legal rights 
being affected. 
 
5. I understand that my identity will not be referred to or revealed in any published 
documentation arising from this study. 
 
6. I agree to the anonymised data arising from this study being stored beyond 
the completion date, for use in further research and educational studies. 
 

 

 

 

 

 

 

mailto:James.ashworth-beaumont@brunel.ac.uk
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I understand the information contained in the Research Participant Information 
Sheet and this Consent Form. I give my consent to participate in this study. 
 
____________________  ______________  _______________________ 
Name of participant    Date    Signature 
 
____________________  ______________  _______________________ 
Name of person taking consent Date    Signature 

Duplicate copies were provided to participant 
and inserted to medical notes  
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Subjectives Questionnaire 

 
For administration directly after each training/stimulation session 
Study title: The lasting effect of adjunctive tDCS on non-dominant skill learning and 
associated cortical excitability in healthy adults 
 
Subjective Questionnaire 
 
Subject no: 
Day 1 2  
 
 

 
Please answer the following questions in relation to the session you just completed 

Indicate your selections by circling the appropriate response  
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Were you aware of any unusual TINGLING sensation during the session? 

NO 

YES 

 If YES, rate the intensity of TINGLING you felt: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 

Were you aware of any unusual ITCHING sensation during the session? 

NO 

YES 

 If YES, rate the intensity of ITCHING you felt: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 

Were you aware of any unusual BURNING sensation during the session? 

NO 

YES 

 If YES, rate the intensity of BURNING you felt: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 
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Were you aware of any unusual PAIN sensation during the session? 

NO 

YES 

 If YES, rate the intensity of PAIN you felt: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 

Were you aware of any unusual HEADACHE during the session? 

NO 

YES 

 If YES, rate the intensity of HEADACHE you felt: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 

Were you aware of any unusual FATIGUE during the session? 

NO 

YES 

 If YES, rate the intensity of FATIGUE you felt: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 
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Were you aware of any DIFFICULTY CONCENTRATING during the session? 

NO 

YES 

 If YES, rate the intensity of DIFFICULTY CONCENTRATING you felt by circling the 
appropriate number: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 

Were you aware of any unusual NERVOUSNESS during the session? 

NO 

YES 

 If YES, rate the intensity of NERVOUSNESS you felt by circling the appropriate 
number: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 

Were you aware of any unusual CHANGES IN VISUAL PERCEPTION during the 
session? 

NO 

YES 

 If YES, rate the intensity of CHANGES IN VISUAL PERCEPTION you felt by circling the 
appropriate number: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 
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Were you aware of any UNPLEASANT SENSATION during the session? 

NO 

YES 

 If YES, rate the intensity of the UNPLEASANT SENSATION you felt: 
very mild    moderate    very severe 

1 2 3 4 5 

and state the location: 
…………………………………………………………………………………………. 

Were you aware of ANY OTHER PERCEPTIONS during the session? 

NO 

YES 

 If YES, rate the intensity of ANY OTHER PERCEPTIONS you felt: 
very mild    moderate    very severe 

1 2 3 4 5 

Please describe what you felt and where: 
…………………………………………………………………………………………. 

Finally, based on your experiences, can you guess whether you received active or 
sham/placebo tDCS stimulation today?  
Please rate your judgement below: 
Placebo stimulation        unsure        Active stimulation 

1 2 3 4 5 

 
 

Thank you for completing this questionnaire  
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Study 3 

 

Participant Primary Health Questionnaire 

(for use at start of session 1) 

Study title 

The lasting effect of adjunctive tDCS on non-dominant skill 

learning and associated cortical excitability in healthy adults 

 

Ethical approval 

This study has received ethical approval from the Research Ethics Committee of Brunel 

University School of Health Sciences and Social Care, Brunel University. 

 

Confidential Health Screening Questionnaire 

Please provide your answers to the following questions, which relate toaspects of your health. 

We wish to ensure that you are fit and healthy to take part in this study. Indicate your 

responses by circling ‘Yes’ or ‘No’. 

If you answer ‘yes’ to any of the questions or are unsure of your answer, please discuss this 

with the investigator conducting the session. 

 

(Questionnaire developed from Keel et al (2001)) 

Question Response 

1 I feel unwell today Yes No 

2 I have a diagnosed skin condition (e.g. severe eczema) Yes No 

3 I have an orthopaedic condition affecting my arm joints Yes No 

4 I have a heart condition and/or have a heart pacemaker Yes No 

5 I have suffered a head injury requiring hospital admission Yes No 

6 I have suffered a stroke or TIA* Yes No 
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7 I have undergone surgery to the skull (neurosurgery) Yes No 

8 I have an aneurysm clip or other device in my head Yes No 

9 I have previously suffered an epileptic fit or seizure Yes No 

10 I have a diagnosed neurological condition affecting brain function Yes No 

11 I suffer regular headaches (e.g. migraine) Yes No 

12 I am pregnant Yes No 

13 I have some other concern about my health Yes No 

* Transient Ischaemic Attack – a short lasting, stroke-like event 

If you answer ‘yes’ to any of the questions or are unsure of your answer, please discuss this 

with the investigator conducting the session. 

Please be advised that brain stimulation techniques may have unpredictable effects if applied 

in conjunction with recreational drugs which affect brain function, including alcohol. 

Please remember that your participation is entirely voluntary. If you have any concerns at 

any time please feel free to voice them immediately. You may withdraw your consent to 

continue at any time before or during any sessions. You do not have to provide a reason for 

doing so. If you are a patient, please be assured that your status as such will not be affected in 

any way, if you do choose to withdraw from this study. 

Risks and potential for discomfort 

This study involves non-invasive stimulation of the brain with a low-intensity direct current 

(tDCS) technique. This brain stimulation technique has been shown to be safe and without 

long-term risk to study participants. Some short lasting side-effects have been reported by 

some participants. These side-effects include mild tingling, itching or burning sensations. 

Symptoms of mild headache, fatigue and difficulty in concentrating have also been reported 

on rare occasions.  

We are also using transcranial magnetic stimulation (TMS) as a means of measuring the 

strength of connections between the brain and arm muscles. All the published evidence shows 

that the technique to be used in this study causes no adverse effects, and is safe and painless 

to apply in healthy adults who meet the health criteria laid out in the questionnaire you have 

just completed.  
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Your safety and comfort is paramount. Before this study begins we ask you to check and sign 

the consent form which follows. Always remember that, in the event of any pain or discomfort 

during your participation in this study, you should report this to the investigator conducting the 

session. The session will be halted immediately. 

Reference: 
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Primary Consent Forms 

Study title: The lasting effect of adjunctive tDCS on non-

dominant skill learning and associated cortical excitability 

in healthy adults 

Chief Investigator: Jim Ashworth-Beaumont 

James.ashworth-beaumont@brunel.ac.uk 

Tel: 07723 053199 

Consent Form – Archive copy for Research Site file 

Participant Statement 

Please read this form carefully. Please voice any questions or concerns you may have. Remember 

that you are free to withdraw your consent at any time before or during each session. Please 

indicate your agreement to each statement by initialling the corresponding box. 

 

1. I have read the Research Participant Information Sheet  
 
2. I consent to my GP and Consultant being informed about my inclusion in this 
study. 
 
3. I understand that my participation in this study is entirely voluntary.  
 
4. I understand that I am free to withdraw from participation in this study at any 
time without giving any reason, without my medical care or legal rights being 
affected. 
 
5. I understand that my identity will not be referred to or revealed in any published documentation 
arising from this study. 
 
6. I agree to the anonymised data arising from this study being stored beyond the 
completion date, for use in further research and educational studies. 
 
7. I understand that the reward of £35 is payable only after completion of the full 3 day study 
protocol. 
 
I understand the information contained in the Research Participant Information Sheet and 
this Consent Form. I give my consent to participate in this study. 
 
____________________  ______________  _______________________ 
Name of participant    Date    Signature 
 
____________________  ______________  _______________________ 
Name of person taking consent  Date    Signature 
This Consent Form copy is to be retained at the study site 

 
A duplicate copy was provided to the participant. 

 

 

 

 

 

 

 

 

mailto:James.ashworth-beaumont@brunel.ac.uk
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Appendix F. Study 3Experimental protocol 

 

  
Day  Activity  Time (minutes)  

 

1   Screening and consent   20  
 

Participant preparation   10  
 

Determination of MVC, resting and active 

motor thresholds, recruitment and 

facilitation curves  

 35  
 

JTHFT behavioural measure 

administration x 2  

 10  
 

Anodal tDCS preparation   10  
 

MSRT training/tDCS administration   45  
 

Subjective questionnaire   10  
 

Day total  140  
 

2   Screening and consent   10  
 

Anodal tDCS preparation   10  
 

MSRT training/tDCS administration   45  
 

Determination of MVC, resting and active 

motor thresholds, recruitment and 

facilitation curves 

 35  
 

Subjective questionnaire   10  
 

Day total  110  
 

3   Screening and consent   10  
 

Participant preparation   10  
 

Determination of MVC, resting and active 

motor thresholds, recruitment and 

facilitation curves 

 35  
 

JTHFT behavioural measure 

administration x 2  

 10  
 

MSRT administration 4 x 10 trials   15  
 

Day total  80  
 

Grand total  320 = 5 hours 30 minutes  
 



 

351 

 

Appendix G. Study 3 TMS measurement protocol subroutines 

 

Preparation:   

Clean skin – apply electrodes to APB and mDelt 

 

EMG at MVC – calibrate lightbox 

EMG at MVC – run config file MVC RECORDING ONLY 1 SEC 

CYCLE.SGC and record minimum 6 frames. Save separately for each muscle 

 

Measure vertex 

TMS 90mm single round coil PN 9784-00 – apply to vertex 

 

Determine RMT and AMT for APB 

Determine RMT and AMT for mDelt 

During 1
st
 session: 

Enter values to INTENSITY RECORD EXCEL template and print off 

 

Measures: 

Recruitment curve – resting APB 

Load NEW HEALTHY TDCS RECRUITMENT CURVE APB.SGC 

At baseline, enter stim intensity values from INTENSITY RECORD EXCEL 

template. Autosave setting to subject file. DDMMYYxx00. 

Save configuration file to subject folder for reuse at repeat measure intervals. 

Apply coil and run program. 

Finish file/enter comment. 

 

Facilitated curve – active APB 20% MVC EMG 

Load NEW HEALTHY TDCS APB FACILITATED recruitment curve.SGC 

At baseline, enter stim intensity values from INTENSITY RECORD EXCEL 

template. Autosave setting to subject file. DDMMYYxx00. 

Save configuration file to subject folder for reuse at repeat measure intervals. 

Apply coil and run program. 

Finish file/enter comment. 

 

Facilitated curve – active mDelt 20% MVC EMG 

Load NEW HEALTHY TDCS mDelt FACILITATED recruitment curves.SGC 

At baseline, enter stim intensity values from INTENSITY RECORD EXCEL 

template. Autosave setting to subject file. DDMMYYxx00. 

Save configuration file to subject folder for reuse at repeat measure intervals. 

Apply coil and run program. 

Finish file/enter comment. 

 

FOR FOLLOW-UP MEASURES, LOAD THE CONFIG FILES WITHIN SUBJECT 

FILES SAVED FROM BASELINE MEASURES 
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“Success is never final, failure is never 

fatal. It's courage that counts.” 

 

 

- John Wooden  

 

 


