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Abstract 

The human primary motor cortex (M1) is the region of the brain responsible for control and 

execution of voluntary movement. Within M1, gamma-aminobutyric acid (GABA)-mediated 

inhibition regulates neuronal plasticity that underlies motor skill acquisition. Modified 

GABAergic inhibition with advancing age may influence the capacity for plasticity and motor 

skill learning in older adults. Modified GABAergic inhibition after stroke may have 

implications for motor learning and recovery in neurorehabilitation contexts. This thesis reports 

the outcomes of six studies that investigated the effects of ageing and stroke on GABA-

mediated inhibition within M1, and the implications these have for motor learning and 

recovery. Magnetic resonance spectroscopy was used to assess GABA concentration. 

Threshold tracking and threshold hunting transcranial magnetic stimulation protocols provided 

valid and reliable assessments of GABAA and GABAB receptor-mediated neurotransmission. 

In the first two studies, there was no effect of age on M1 GABA concentration. However, 

GABA concentration was lower in ipsilesional and contralesional M1 of chronic stroke patients 

compared with healthy age-matched controls. GABAA receptor-mediated inhibition was lower 

in M1 of older adults compared with young. GABAB receptor-mediated inhibition was greater 

in ipsilesional M1 of chronic stroke patients compared with controls, and was excessive in 

patients with greater upper limb impairment and worse function. In another study, GABAB 

receptor-mediated interhemispheric inhibition between bilateral M1 was higher in older adults 

compared with young. Transcranial direct current stimulation (tDCS) and a visuomotor task 

were used to assess how age and stroke influence the modulation of GABAergic inhibition 

with plasticity and motor learning. In two studies, there was reduced GABAA receptor-

mediated inhibition after motor skill acquisition in young and older adults and chronic stroke 

patients. In another study, modulation of GABA-mediated inhibition was correlated with the 

after-effects of tDCS on M1 excitability. However, the application of tDCS during motor skill 
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acquisition did not enhance learning or the modulation of GABA. Together, these studies 

provide evidence that advancing age and stroke affect selective GABA-mediated inhibitory 

networks within M1, and identify inhibitory networks which are modulated by motor skill 

acquisition in older adults and chronic stroke patients. These findings may inform the 

development of adjuvant approaches which aim to augment motor recovery in 

neurorehabilitation contexts. 
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Chapter 1. Introduction 

The primary motor cortex (M1) is the region of the brain concerned with control and execution 

of voluntary movement. During the acquisition of novel motor skills, M1 undergoes functional 

reorganisation (Karni et al. 1995; Pascual-Leone et al. 1995; Shmuelof et al. 2014). 

Reorganisation within M1 is dependent on the induction of plasticity in the form of long-term 

potentiation (LTP) (Rioult-Pedotti et al. 2000; Rioult-Pedotti et al. 1998). Evidence from 

animal studies suggests that reduced activity within gamma-aminobutyric acid (GABA)-

mediated inhibitory networks is required for the induction of LTP-like plasticity (Castro-

Alamancos et al. 1995; Trepel and Racine 2000). In support of this, disinhibition within human 

M1 during motor learning has been reported (Coxon et al. 2014; Floyer-Lea et al. 2006; 

Kolasinski et al. 2018). Therefore, GABAergic inhibition is likely to have an important role in 

mediating plasticity processes underlying motor learning in humans.  

Healthy ageing is accompanied by reduced structural and functional integrity of M1 

(Seidler et al. 2010). Neurodegenerative processes are thought to contribute to age-related 

changes in M1 physiology, including altered activity within GABAergic inhibitory networks 

(Levin et al. 2014). Modified GABA-mediated inhibition within M1 with advancing age may 

influence the capacity for plasticity and motor learning in the elderly. Whether non-invasive 

brain stimulation techniques, such as transcranial direct current stimulation (tDCS), can be used 

to promote plasticity and learning by enhancing GABA modulation in older adults is also 

intriguing. Improved understanding of how healthy ageing affects GABA-mediated inhibition 

and the implications for plasticity and motor learning is relevant for age-related neurological 

conditions such as stroke. 

Stroke is a leading cause of adult death and disability worldwide (Mendis 2013). Of 

those who survive, around 80% will have motor impairment (Rathore et al. 2002a). Recovery 

from upper-limb impairment is crucial for performing activities of daily living and ultimately 
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regaining independence (Langhorne et al. 2009). At the chronic stage of stroke many 

individuals have residual motor impairment. It has been proposed that motor learning 

mechanisms may be relevant in chronic stroke for overcoming persistent motor deficits via 

compensation strategies (Krakauer 2006). However, the neurophysiological mechanisms 

underlying motor learning after stroke, including modulation within GABA-mediated 

inhibitory networks, has received little systematic investigation. Improved understanding of 

how GABAergic inhibition is altered and also modulated after stroke may inform adjuvant 

strategies aimed at augmenting motor learning capabilities of patients in neurorehabilitation 

contexts.  

The main objective of this thesis is to examine the effects of ageing and stroke on 

GABAergic inhibition within M1 and determine the potential implications for motor learning 

and recovery. Chapter 2 presents a review of literature surrounding the central themes of the 

thesis. The first part will provide a detailed explanation of how GABA can be quantified in 

vivo in human M1 using transcranial magnetic stimulation (TMS) and magnetic resonance 

spectroscopy (MRS). The second part will discuss the role of GABAergic inhibition in 

mediating M1 plasticity and motor learning in humans. The third and fourth parts will address 

the effects of ageing and stroke on GABAergic inhibition and the implications this may have 

for M1 plasticity, motor learning and recovery. Chapter 3 provides an overview of the 

techniques used in the experimental chapters. The experimental components of the thesis are 

described in Chapters 4 to 9. The experiments in Chapters 4, 6, 7 and 8 are performed with 

neurologically healthy young and older adults. The experiments in Chapters 5 and 9 are 

performed with chronic stroke patients. All experimental chapters use TMS. MRS is used in 

Chapters 4 and 5, tDCS is used in Chapters 7 and 8 and a visuomotor learning task is used in 

Chapters 8 and 9.  
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Chapters 4 examines the effects of ageing on GABA concentration and 

neurotransmission within M1 using MRS and threshold tracking TMS respectively. Chapter 5 

examines the effects of stroke on GABA concentration and neurotransmission within 

ipsilesional and contralesional M1 using MRS and threshold tracking TMS respectively. The 

relationship between GABAergic inhibition and upper limb impairment and function is also 

determined. In Chapter 6, the effects of ageing on interhemispheric inhibition between bilateral 

M1 is examined using conventional and threshold hunting TMS with posterior-anterior (PA) 

and anterior-posterior (AP) induced current. Chapter 7 examines the after-effects of anodal and 

cathodal tDCS on corticomotor excitability and intracortical inhibition using threshold hunting 

TMS with PA and AP induced current. In Chapter 8, the modulation of corticomotor 

excitability and inhibition after skill acquisition and concurrent anodal tDCS is examined using 

threshold hunting TMS with PA and AP induced current in young and older adults. In Chapter 

9, the modulation of ipsilesional corticomotor excitability and inhibition after skill acquisition 

is examined. Chapter 10 concludes the thesis with a summary of the main findings from the 

experimental chapters and suggestions for future research. 
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Chapter 2. Review of Literature 

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter within primary 

motor cortex (M1). The enzyme glutamic acid decarboxylase (GAD) metabolizes GABA from 

glutamate and has two distinct forms, which tightly regulate GABA stores located in the cytosol 

and presynaptic bouton of inhibitory interneurons (Martin and Rimvall 1993). The cytosolic 

pool is regulated by GAD67, whilst GAD65 regulates the vesicular pool in the presynaptic 

bouton (Martin and Barke 1998; Martin and Rimvall 1993). Release of GABA via inhibitory 

interneurons causes activation of two distinct classes of GABA receptors, each having 

somewhat separate mechanisms of action. The first class are fast-acting inotropic GABAA 

receptors which regulate the selective firing and temporal specificity of neuronal output (Lamsa 

et al. 2005). The second class are slow-acting metabotropic GABAB receptors which comprise 

a more global inhibitory network spanning multiple cortical layers (Deisz 1999). GABA 

dictates the extent of inhibition within M1, acting via mechanistically distinct GABAA and 

GABAB receptors. 

2.1. Quantifying GABA in vivo 

Transcranial magnetic stimulation (TMS) and magnetic resonance spectroscopy (MRS) are 

powerful non-invasive tools for quantifying GABAergic inhibition in human M1. Evidence for 

the utility of each technique in the assessment of GABA is discussed below. 

2.1.1. Transcranial magnetic stimulation 

2.1.1.1. Paired-pulse TMS 

Paired-pulse TMS protocols can be used to probe GABAergic neurotransmission within M1. 

Delivering a subthreshold conditioning stimulus 1-5 ms prior to a suprathreshold test stimulus 

suppresses the motor evoked potential (MEP) amplitude elicited by the test stimulus (Ilić et al. 

2002; Kujirai et al. 1993; Ridding et al. 1995; Roshan et al. 2003). This is referred to as short-
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interval intracortical inhibition (SICI) (Kujirai et al. 1993). Pharmacological studies have 

demonstrated that SICI is mediated by GABAA receptors (Ziemann et al. 1996), specifically 

GABAA receptors bearing α2-, α3- or α5-subunits (Di Lazzaro et al. 2006). There are two peaks 

of SICI observed at interstimulus intervals of 1 ms and 3 ms (Fisher et al. 2002; Roshan et al. 

2003). SICI at 3 ms is known to involve postsynaptic GABAA receptors (Ilić et al. 2002; 

Ziemann et al. 1996). In contrast, the exact mechanism underlying SICI at 1 ms ISI is less clear. 

One proposed mechanism is that the inhibition reflects axonal refractoriness due to activation 

of low threshold excitatory interneurons by the conditioning stimulus (Fisher et al. 2002). 

Alternatively, SICI at 1 ms may reflect GABAergic tone (Stagg et al. 2011b) which 

encompasses GABA acting as a neuromodulator through binding of GABAA receptors 

localised to extrasynaptic sites (Belelli et al. 2009). Paired-pulse TMS protocols can be used to 

assess the SICI peaks at 1 and 3 ms which are mechanistically distinct. 

Paired-pulse TMS protocols can also be used to assess GABAB receptor-mediated 

inhibition within M1 (Cash et al. 2010; Valls-Sole et al. 1992; Wassermann et al. 1996). 

Delivering a suprathreshold conditioning stimulus 100-200 ms prior to a suprathreshold test 

stimulus supresses the MEP amplitude elicited by the test stimulus and is referred to as long-

interval intracortical inhibition (LICI) (Valls-Sole et al. 1992). Pharmacological studies have 

demonstrated that LICI is mediated by postsynaptic GABAB receptors (McDonnell et al. 2006; 

Werhahn et al. 1999). Recently, a period of reduced inhibition lasting for approximately 50 ms 

after the offset of postsynaptic GABAB receptor activity was observed and labelled late cortical 

disinhibition (LCD) (Cash et al. 2010). It has been proposed that LCD is caused by presynaptic 

GABAB receptor activity which limits further GABA release onto the postsynaptic neuron 

(Cash et al., 2010). Paired-pulse TMS protocols can be used to assess LICI and LCD which are 

proposed markers of post- and presynaptic GABAB receptor activity respectively.  
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2.1.1.2. Coil orientation 

Single-pulse TMS with posterior-anterior (PA) induced current evokes a series of descending 

corticospinal volleys termed indirect (I)-waves which can be recorded from electrodes 

implanted in the epidural space (Di Lazzaro et al. 1998a). The early I-wave (I1) is thought to 

originate from monosynaptic inputs to corticospinal neurons (Di Lazzaro et al. 2012). In 

contrast, the origin of the late I-waves (I2-I4) is more complex and may reflect polysynaptic 

inputs to corticospinal neurons from superficial cortical layers (Di Lazzaro et al. 2012). 

Epidural recordings during SICI and LICI protocols have shown that the late I-waves elicited 

by the test stimulus are supressed, whereas the early I-wave is virtually unaffected (Di Lazzaro 

et al. 2002; Di Lazzaro et al. 1998c). Preferential activation of late I-waves can be achieved 

using TMS with anterior-posterior (AP) induced current in the brain (Di Lazzaro et al. 2001) 

and more robust SICI and LICI can be observed using TMS with AP compared with PA 

induced current (Cirillo and Byblow 2016; Sale et al. 2016; Zoghi et al. 2003). Preferential 

activation of late I-waves using TMS with AP induced current can provide a more robust 

assessment of SICI and LICI.  

Inhibitory interactions between bilateral M1 can be measured using dual-coil TMS. 

Delivering a suprathreshold conditioning stimulus to M1 of one hemisphere supresses the MEP 

amplitude elicited by a suprathreshold test stimulus to M1 of the other hemisphere (Ferbert et 

al. 1992). Inhibition is most pronounced at interstimulus intervals of ~10 ms and ~40 ms, which 

are referred to as short- and long-interval interhemispheric inhibition (SIHI and LIHI) 

respectively (Chen et al. 2003). LIHI is mediated by postsynaptic GABAB receptors (Irlbacher 

et al. 2007), however the mechanism pertaining to SIHI remains inconclusive. Although similar 

to SICI and LICI, epidural recordings indicate that the conditioning stimulus giving rise to SIHI 

suppresses the amplitude of late I-waves elicited by the test stimulus (Di Lazzaro et al. 1999a). 

During unimanual contraction both SIHI and LIHI increase from the active to the resting M1, 
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which may prevent the occurrence of mirror activity (Ferbert et al. 1992; Talelli et al. 2008b; 

Vercauteren et al. 2008). Dual-coil TMS can be used to assess SIHI and LIHI between bilateral 

M1 at rest and during unilateral activation. 

Conventional paired-pulse TMS techniques investigate the inhibitory effects of the 

conditioning stimulus by measuring the change in MEP amplitude from a constant test stimulus 

(Ferbert et al. 1992; Kujirai et al. 1993; Valls-Sole et al. 1992). However, conventional 

techniques are subject to certain limitations. First, MEPs are inherently variable (Kiers et al. 

1993), meaning that a large number of trials for each condition are required for reliable 

assessment (Biabani et al. 2018). Second, inhibition may be underestimated in individuals with 

complete suppression of the conditioned MEP and sensitivity to modulation after 

neuromodulatory interventions can be lost (Samusyte et al. 2018). Finally, the test stimulus is 

typically set to elicit a ~1 mV MEP which can be unattainable in neurological conditions such 

as stroke where corticomotor excitability is lower compared with healthy controls (McDonnell 

and Stinear 2017). Alternatives techniques are threshold tracking and adaptive threshold 

hunting which adjust the intensity of the test stimulus to maintain a small target MEP amplitude 

(200 μV) in the presence of the conditioning stimulus (Amandusson et al. 2017; Awiszus et al. 

1999; Fisher et al. 2002). Conventional and threshold tracking/hunting techniques are thought 

to be similar in their mechanism of action (Amandusson et al. 2017), with the latter able to be 

acquired more efficiently and reliably compared with the former (Samusyte et al. 2018). 

Assessment of intracortical and interhemispheric inhibition with threshold tracking and 

threshold hunting techniques may overcome limitations associated with conventional methods. 

2.1.2. Magnetic resonance spectroscopy 

GABA concentration within the brain can be quantified using MRS. Quantification of GABA 

is difficult because it is present in small concentrations and has substantial spectral overlap 

with more prominent metabolites (e.g., creatine). However, the Mescher-Garwood PRESS 
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(MEGA-PRESS) sequence (Mescher et al. 1998) utilises spectral editing to reveal a clear 

GABA peak without the overlying creatine peak (Mullins et al. 2014). The acquired signal 

reflects the total concentration of GABA within the region of interest identified by a 3D voxel. 

A common anatomical feature used to determine voxel placement for quantification of M1 

GABA concentration is the hand-knob (Yousry et al. 1997). The MEGA-PRESS sequence can 

be used to quantify GABA concentration within M1.  

There is mounting interest to understand if and how MRS measures of GABA 

concentration are related to TMS measures of GABAergic inhibition. Whilst there are limited 

studies combining these two techniques (Stagg et al. 2011b; Tremblay et al. 2013b), results 

from the study by Stagg et al. (2011b) provide a promising stepping stone for future studies. In 

their study, the authors observed a positive correlation between M1 GABA concentration and 

SICI at 1 ms and proposed that this could reflect an association between GABA concentration 

and extrasynaptic GABAergic tone (Stagg et al. 2011b). A limitation of MRS is that 

intracellular and extracellular GABA are unable to be differentiated in the acquired signal 

(Stagg 2014). However, evidence from a rodent study also suggests that MRS GABA 

concentration primarily reflects extrasynaptic GABA (Mason et al. 2001). An association 

between MRS and TMS measures may have implications for quantifying GABAergic 

inhibition in individuals who are contraindicated for TMS, or those without a functioning 

corticomotor pathway after stroke. Therefore, MRS could provide a valid measure of 

extrasynaptic GABAergic tone within M1 in individuals who are unable to undergo TMS. 

2.2. A role for GABA in plasticity 

Cortical plasticity is defined as the capacity of the central nervous system to reorganize and 

optimize its activity in response to experience (Doyon and Benali 2005). Evidence from animal 

studies indicates that motor learning induces long-term potentiation (LTP)-like plasticity 



  

9 

within M1 (Rioult-Pedotti et al. 2000; Rioult-Pedotti et al. 1998). Increasing GABA-mediated 

inhibition blocks the induction of LTP (Trepel and Racine 2000), whereas reducing 

GABAergic inhibition facilitates LTP induction (Castro-Alamancos et al. 1995). Evidence 

supporting a role for GABA-mediated inhibition in the induction of M1 plasticity and motor 

learning in humans is discussed below. 

2.2.1. GABA modulation with motor learning 

Motor skill learning refers to the process by which movements are performed proficiently 

through repeated practice (Doyon and Benali 2005). During the acquisition of novel motor 

skills M1 undergoes functional reorganisation (Karni et al. 1995; Pascual-Leone et al. 1995; 

Shmuelof et al. 2014). A reduction in GABAergic inhibition may underlie M1 reorganisation 

by unmasking or potentiating latent horizontal connections (Sanes and Donoghue 2000). In 

support of this, evidence from TMS studies has shown that SICI is reduced during the 

acquisition of simple (Liepert et al. 1998; Rosenkranz et al. 2007) and complex (Cirillo et al. 

2011; Coxon et al. 2014; Perez et al. 2004) motor skills. In their study, Coxon et al. (2014) 

demonstrated that inhibition at both SICI peaks was reduced, which suggests that synaptic and 

extrasynaptic GABAA receptor-mediated inhibition may be released during skill learning. A 

reduction in GABAA receptor activity within M1 may facilitate cortical reorganisation during 

the acquisition of simple and complex novel motor skills. 

In line with TMS evidence of disinhibition, a reduction in GABA concentration has 

also been observed with MRS during motor skill learning (Floyer-Lea et al. 2006; Kolasinski 

et al. 2018; Sampaio-Baptista et al. 2015). In their study, Floyer-Lea et al. (2006) demonstrated 

reduced GABA concentration within M1 for up to 30 min after a single training session. 

Importantly, disinhibition was not observed when non-learning related movements were made, 

suggesting that the reduction in GABA was primarily concerned with learning and not simply 

a result of movement (Floyer-Lea et al. 2006). The authors proposed that reduced GABA 
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concentration may in part be a result of decreased expression of GAD, as it has been shown 

that GAD67 is down-regulated during increased excitatory neuronal firing (Lau and Murthy 

2012). This learning-induced reduction in M1 GABA has since been replicated (Kolasinski et 

al. 2018), and has also been observed in individuals who performed juggling practice over the 

course of 6 weeks (Sampaio-Baptista et al. 2015). Therefore, reduced M1 GABA concentration 

may promote plasticity processes involved in short and long-term motor learning.  

2.2.2. GABA modulation with non-invasive brain stimulation 

Non-invasive brain stimulation techniques can be used to induce plasticity within human M1. 

One such technique is transcranial direct current stimulation (tDCS), which induces plasticity 

akin to LTP or long-term depression (LTD) (Nitsche et al. 2003a). Standard tDCS protocols 

involve passing a weak constant direct electrical current through the brain via two electrodes 

placed on the scalp (Nitsche and Paulus 2000). Although mechanistically tDCS is poorly 

understood, it is proposed that the current flow between the two electrodes imposes a 

polarisation gradient on underlying cortical neurons (Kessler et al. 2013), causing the 

modification of neuronal excitability (Radman et al. 2009). The positively charged anode 

receives current from the negatively charged cathode and the positioning of these electrodes 

determines the underlying effects on corticomotor excitability. For anodal tDCS, the anode is 

positioned over M1 and the cathode is typically over the contralateral supraorbit, whereas the 

electrode placement is reversed for cathodal tDCS (Nitsche and Paulus 2000). Anodal tDCS is 

capable of increasing and cathodal tDCS decreasing M1 excitability for up to an hour after the 

intervention (Nitsche and Paulus 2001). However, there is a large degree of inter-individual 

variability in the direction and magnitude of tDCS after-effects on M1 excitability (Lopez-

Alonso et al. 2014; Wiethoff et al. 2014). 

The after-effects of tDCS on corticomotor excitability are delayed with prior 

administration of a GABAA agonist (Nitsche et al. 2004). This would suggest that the induction 
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of plasticity within M1 by tDCS may be dependent on modulation of GABA-mediated 

inhibition. In support of this, modulation of GABAergic neurotransmission by tDCS has been 

observed using TMS (Cengiz et al. 2013; Nitsche et al. 2005). Using conventional paired-pulse 

TMS, Nitsche et al. (2005) observed an increase and decrease in SICI at 3 ms immediately after 

cathodal and anodal tDCS respectively. A more recent study demonstrated that the same 

polarity specific effects are evident during anodal and cathodal tDCS using threshold tracking 

TMS (Cengiz et al. 2013). Interestingly, Cengiz et al. (2013) observed that tDCS may have 

differential effects on the two peaks of SICI. In contrast to SICI at 3 ms, SICI at 1 ms was 

increased and decreased during anodal and cathodal tDCS respectively. Although the reason 

behind the disparity between SICI peaks is unclear, these findings provide further support they 

are likely mediated by distinct mechanisms (Fisher et al. 2002; Roshan et al. 2003). Modulation 

of GABAA receptor activity within M1 may be a necessary precursor and also a consequence 

of plasticity induction by tDCS. 

There is also evidence that suggests GABA concentration is modulated by tDCS. 

GABA concentration is reduced after anodal tDCS (Bachtiar et al. 2015; Kim et al. 2014a; 

Stagg et al. 2011a; Stagg et al. 2009). Similar to motor learning, disinhibition may in part be 

attributed to decreased expression of GAD following increased excitatory activity during 

anodal tDCS. A similar reduction in GABA concentration has been observed after cathodal 

tDCS (Stagg 2009). However, this effect is likely driven by decreased glutamate from which 

GABA is metabolised (Martin and Rimvall 1993). Interestingly, a recent study observed 

reduced GABA concentration in both the stimulated and non-stimulated M1 following anodal 

and cathodal tDCS (Bachtiar et al. 2018), however the mechanism underlying these effects 

remains unclear. Unilateral anodal and cathodal tDCS are capable of modulating GABA 

concentration in bilateral M1. 
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There may be a link between an individual’s dynamic range for GABA modulation and 

their motor learning capabilities. A previous study observed that the magnitude of the decrease 

in GABA concentration after anodal tDCS was a predictor of performance improvement on a 

subsequent motor learning task (Stagg et al. 2011a). Specifically, individuals with greater 

reductions in GABA exhibited larger online performance gains. In line with this, another study 

demonstrated that modulation of GABA concentration by anodal tDCS is also a predictor of 

motor memory (Kim et al. 2014a), where greater reductions in GABA were associated with 

better memory. Together these findings suggest that a larger dynamic range for GABA 

modulation may be beneficial for motor learning.  

2.2.3. Transcranial direct current stimulation as an adjuvant to motor learning 

Evidence that tDCS can induce plasticity within M1 has promoted its use as an adjuvant to 

motor learning. Previous studies combining anodal tDCS with motor learning have shown 

enhanced performance compared with motor learning alone (Antal et al. 2004; Nitsche et al. 

2003c; Reis et al. 2015; Reis et al. 2009; Stagg et al. 2011c). Whilst the mechanism(s) 

underlying tDCS enhanced learning are yet to be fully elucidated, one possible candidate is the 

promotion of LTP-like plasticity through increased modulation of GABAergic inhibition 

(Zimerman et al. 2013). However, no study has directly addressed this using TMS or MRS. 

Concurrent anodal tDCS may enhance motor learning by promoting the modulation of 

GABAergic inhibition within M1, however this remains to be determined.   

Although the beneficial effects of anodal tDCS on motor learning are well documented 

(Buch et al. 2017), careful consideration is required with regards to the timing of application. 

Whilst concurrent anodal tDCS can enhance motor learning, prior application of anodal tDCS 

slows learning (Stagg et al. 2011c). Because motor learning is an activity-dependent event 

which increases corticomotor excitability (Cirillo et al. 2011), homeostatic mechanisms may 

occur in M1 when anodal tDCS is applied directly before learning. Interestingly, a recent study 
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demonstrated that inhibitory synapses mediated by GABAA receptors within M1 are the likely 

site for this homeostatic interaction (Amadi et al. 2015), highlighting the behavioural relevance 

of GABAA synapses in human motor learning. Anodal tDCS can enhance motor skill learning 

when applied in a timely manner. 

2.3. Ageing and GABAergic inhibition 

Healthy ageing is accompanied by reduced structural and functional integrity of M1 (Seidler 

et al. 2010). Neurodegenerative processes are thought to contribute to age-related changes 

GABAergic inhibition, which may underpin the emergence of motor performance deficits in 

the elderly (Levin et al. 2014). Altered GABA-mediated inhibition within M1 with advancing 

age may also influence the capacity for plasticity and motor learning. Because the incidence of 

neurological conditions (e.g., stroke) is expected to rise in parallel with the rapidly increasing 

elderly population (Rothwell 2001), improved understanding of age-related related effects on 

M1 inhibition is important. Evidence for how M1 inhibitory networks are affected by the 

ageing process and the potential implications for motor learning and plasticity are discussed 

below. 

2.3.1. Intracortical inhibition 

Conventional paired-pulse TMS studies assessing age-related effects on GABAA receptor-

mediated SICI have proven inconclusive. Evidence for higher (Sale et al. 2016), lower (Heise 

et al. 2013; Peinemann et al. 2001) and similar (Oliviero et al. 2006; Smith et al. 2009) SICI in 

older adults compared with young has been presented. Discrepancy between studies suggests 

that if an age-related effect is present it could be subtle and detection may require optimal 

stimulation parameters (Sale et al. 2016). In their study, Sale et al. (2016) observed higher SICI 

at 3 ms in older adults compared with young, however this was only when preferentially 

recruiting late I-wave inputs using TMS with AP induced current. One study has assessed age-
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related effects on SICI using threshold tracking (Shibuya et al. 2016). In their study, Shibuya 

et al. (2016) observed no differences in SICI across a broad age spectrum. However, SICI was 

only assessed at a single conditioning stimulus intensity and was averaged across interstimulus 

intervals, which does not account for inter-individual differences in the profile of the SICI 

curve or the distinct mechanisms underlying inhibition at each interval. Further investigation 

of age-related effects on GABAA receptor-mediated SICI using threshold tracking and 

threshold hunting techniques is warranted.   

Studies assessing age-related effects on GABAB receptor activity are sparse. Evidence 

for higher (McGinley et al. 2010) and lower (Opie and Semmler 2014a) postsynaptic GABAB 

receptor-mediated LICI in older adults compared with young has been presented. The disparate 

findings may be due to different interstimulus intervals used between studies (100 and 150 ms), 

which although reflect comparable underlying mechanisms (Opie et al. 2017) could highlight 

subtle age-related alterations in the dynamics of postsynaptic GABAB receptors. No studies 

have assessed age-related effects on LCD. However, lower presynaptic GABAB receptor-

mediated inhibition in older adults compared with young has been demonstrated using triple-

pulse TMS protocols (Opie et al. 2015a). Limited evidence suggests both pre- and postsynaptic 

GABAB receptor activity may be altered with advancing age. 

The effects of healthy ageing on M1 GABA concentration are unclear. A previous study 

demonstrated that GABA concentration is lower in both frontal and parietal regions with 

advancing age (Gao et al. 2013). Although the study by Gao et al. (2013) presents evidence for 

an age-related decline in GABA concentration, neither the frontal or parietal voxel 

encompassed M1. Because GABA concentration is unlikely to be uniform across the cortex 

(Greenhouse et al. 2016), it is unclear whether GABA concentration is also lower in M1 of 

older adults compared with young. One study did quantify GABA concentration within M1 of 

both young and older adults, however investigating age-related effects was not a primary aim 
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and therefore comparisons between age groups were not made (Stagg et al. 2014). Future 

studies are required to determine whether an age-related decline in GABA concentration 

extends to M1. 

2.3.2. Interhemispheric inhibition 

Functional neuroimaging studies have shown that compared with young adults, older adults 

typically exhibit greater bilateral cortical activation patterns during unilateral movements 

(Naccarato et al. 2006; Ward and Frackowiak 2003). A potential mechanism underlying these 

effects is an age-related alteration in inhibitory interactions between bilateral M1. Previous 

studies have reported no differences in SIHI or LIHI between young and older adults at rest 

(Hinder et al. 2010; Talelli et al. 2008b). However, whilst young adults tend to exhibit increased 

LIHI during contralateral activation, this modulation is less evident and even reversed in older 

adults (Talelli et al. 2008b). Less cortical lateralisation with advancing age may in part be 

attributed to an age-related diminished capacity to modulate interhemispheric inhibition. 

2.3.3. Implications for motor learning and plasticity 

The ability to acquire and retain a novel motor skill is preserved in older adults. Previous 

studies have demonstrated that young and older adults exhibit similar online performance 

improvements and retention of simple and complex motor tasks (Berghuis et al. 2016; Centeno 

et al. 2018; Cirillo et al. 2010; Cirillo et al. 2011; Roig et al. 2014). However, older adults 

typically exhibit lower absolute performance levels at baseline, which persists after a period of 

training (Centeno et al. 2018; Cirillo et al. 2011). Therefore, caution is advised when making 

age-related comparisons between normalised changes in performance as it can appear that older 

adults make similar or even greater performance improvements compared with young adults. 

Older adults can successfully acquire and retain novel motor skills, although absolute 

performance level is typically lower compared with young adults.  
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Previous studies have compared the modulation of neurophysiological measures during 

skill acquisition in young and older adults. A reduced capacity for increased corticomotor 

excitability after training on a ballistic thumb training task in older adults compared with young 

has been reported (Rogasch et al. 2009). However, this age-related difference in corticomotor 

excitability modulation has not been observed in subsequent studies (Centeno et al. 2018; 

Cirillo et al. 2010; Cirillo et al. 2011). Findings from a recent meta-analysis suggest that 

increased corticomotor excitability is observed following training on complex but not simple 

ballistic tasks in both young and older adults (Berghuis et al. 2017). Therefore, modulation of 

corticomotor excitability during skill acquisition may be task but not age-dependent. The 

modulation of GABAergic inhibition also appears to be task-dependent, with reduced SICI 

after training on complex but not simple tasks in both age groups (Berghuis et al. 2017). 

Previous assessments of GABAergic modulation during skill learning in young and older adults 

have been limited to SICI at 3 ms. It is unknown whether inhibitory networks which are 

mechanistically distinct to those mediating SICI at 3 ms are also modulated, such as SICI at 1 

ms or LICI. Future studies could compare the modulation of both SICI peaks and LICI during 

skill acquisition in young and older adults. 

Age-related differences in M1 plasticity induction have also been assessed using tDCS. 

The LTP-like effects of anodal tDCS in older adults appear to be of similar magnitude to those 

observed in young adults (Fujiyama et al. 2014). However, a large degree of inter-individual 

variability in the after-effects is also evident (Puri et al. 2016). Interestingly, Fujiyama et al. 

(2014) observed a delayed increase in corticomotor excitability after anodal tDCS in older 

adults compared with young. Although the mechanisms underlying the delayed response to 

anodal tDCS in older adults are unclear, the similarity with the delayed after-effects observed 

in young adults with prior administration of a GABAA agonist (Nitsche et al. 2004) is 
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intriguing. The magnitude and inter-individual variability of corticomotor excitability 

modulation after anodal tDCS in older adults appears to be similar to young adults. 

The efficacy of anodal tDCS in promoting skill acquisition and retention in the elderly 

population has also been assessed. Similar to findings in young adults, the application of 

concurrent anodal tDCS to M1 can enhance the acquisition and retention of novel motor skills 

in older adults (Zimerman et al. 2013). As proposed in young adults, concurrent anodal tDCS 

may promote the modulation of GABA within M1, facilitating the induction of plasticity 

processes important for skill learning in the elderly. Interestingly, application of anodal tDCS 

to M1 after a period of training enhances skill retention in the elderly. In their study, Rumpf et 

al. (2016) demonstrated that these effects are evident only when tDCS is applied immediately 

after training and not one or two hours post, highlighting the important role of plasticity 

processes within M1 in the early consolidation of newly acquired skills (Muellbacher et al. 

2002). Further studies are required to elucidate the role of GABAergic modulation in the 

enhancement of skill acquisition and retention by anodal tDCS in older adults. 

2.4. GABAergic inhibition after stroke 

Stroke is a leading cause of adult disability worldwide (Mendis 2013). Motor impairment is 

common after stroke, affecting around 80% of patients (Rathore et al. 2002a). Recovery of 

movement in the upper-limb is crucial for performing activities of daily living and ultimately 

regaining independence (Langhorne et al. 2009). Early after stroke, spontaneous biological 

processes are initiated in the brain which promote neural reorganisation and recovery  (Stinear 

and Byblow 2014). Despite early spontaneous motor recovery, many stroke survivors are left 

with residual motor impairment at the chronic stage. It has been proposed that motor learning 

mechanisms may be relevant in chronic stroke for overcoming persistent motor control deficits 

via compensation strategies (Krakauer 2006). Evidence for how inhibitory networks within 
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human M1 are affected by stroke and the implications for motor learning and recovery are 

discussed below. 

2.4.1. Intracortical inhibition 

Paired-pulse TMS studies have assessed changes in GABAA receptor-mediated SICI after 

stroke. Findings from a recent meta-analysis suggest that early after stroke GABAA receptor-

mediated SICI is lower in ipsilesional M1 compared with controls (McDonnell and Stinear 

2017), which may promote cortical reorganisation and recovery (Clarkson et al. 2010). These 

findings are supported by a positron emission tomography study demonstrating that GABAA 

receptor activity is lower in patients at 1 and 3 months post stroke (Kim et al. 2014b). Lower 

SICI in contralesional M1 early after stroke has also been reported (Huynh et al. 2015; 

Manganotti et al. 2002). Contralesional disinhibition is primarily observed in patients with 

large cortical infarcts and severe motor impairment and may reflect recruitment of 

contralesional networks (Ward et al. 2007). At the chronic stage of stroke, SICI within 

ipsilesional and contralesional M1 is similar to controls (McDonnell and Stinear 2017). Lower 

GABAA receptor-mediated SICI within ipsilesional and contralesional M1 early after stroke 

may promote plasticity processes underlying recovery, but returns to control levels at the 

chronic stage.  

In contrast to SICI, studies assessing changes in GABAB receptor-mediated LICI after 

stroke are limited. Lower LICI in ipsilesional M1 compared with controls has been observed 

early after stroke (Swayne et al. 2008). However, findings from a subsequent study suggest 

there is no difference in LICI within ipsilesional or contralesional M1 and controls at the early 

or chronic stage (Schambra et al. 2015). The effects of stroke on GABAB receptor-mediated 

LICI are unclear and requires further investigation. 

Studies utilising MRS to investigate changes in GABA concentration after stroke are 

also sparse. There have been no studies which have assessed changes in GABA concentration 
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early after stroke. However, GABA concentration within ipsilesional M1 of chronic stroke 

patients appears to be lower compared with healthy age-matched controls (Blicher et al. 2015). 

Lower ipsilesional GABA in chronic stroke may support the maintenance of recovered motor 

function as motor deficits re-emerge following the administration of GABA agonists at the 

chronic stage (Lazar et al. 2010). An advantage of MRS is that it provides a means to quantify 

GABA in ipsilesional M1 of patients without MEPs in distal muscles of the paretic upper limb. 

These patients typically exhibit less functional potential than patients with MEPs (Stinear et al. 

2007). However, such gains may occur through mechanisms that do not rely on the lateral 

corticospinal tract including contralesional networks (Bradnam et al. 2012; Ward et al. 2007). 

Whether lower GABA concentration extends to other regions such as contralesional M1 is 

unknown. Future studies could utilise MRS to assess changes in ipsilesional and contralesional 

M1 GABA concentration after stroke. 

2.4.2. Implications for motor learning and recovery 

Motor learning in chronic stroke may be beneficial for improving the execution of 

compensatory strategies to persistent motor control deficits. Previous studies have 

demonstrated that the ability to acquire and retain a novel motor skill with the paretic upper 

limb is preserved at the chronic stage (Fleming et al. 2018; Hardwick et al. 2017; Lefebvre et 

al. 2012; Nepveu et al. 2017). In the study by Hardwick et al. (2017), successful skill 

acquisition was exhibited by patients across a broad range of upper-limb impairment levels. 

However, absolute skill level was proportional to upper-limb impairment. Patients with 

moderate-to-severe impairment had lower absolute skill compared to those with mild 

impairment, who in turn had lower absolute skill levels compared with controls. Importantly, 

these discrepancies in skill persisted after each group had trained at the task. Therefore, chronic 

stroke patients can successfully acquire and retain novel motor skills with their paretic upper 

limb, however absolute skill levels are constrained by motor control deficits. 
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The neurophysiological mechanisms underlying skill acquisition after stroke have only 

begun to be explored. At the chronic stage of stroke, ipsilesional corticomotor excitability is 

not modulated after training on a simple ballistic thumb task (Blicher et al. 2009). In contrast, 

ipsilesional corticomotor excitability is increased after training on a complex visuomotor task 

(Kantak et al. 2018). Therefore similar to healthy controls, the modulation of ipsilesional 

corticomotor excitability during skill acquisition appears to be task-dependent. The modulation 

of GABA-mediated inhibition within ipsilesional M1 during skill learning has not been 

assessed. However, it has been demonstrated that individuals with larger reductions in GABA 

concentration within ipsilesional M1 exhibit greater functional improvements in the paretic 

hand following two weeks of physiotherapy (Blicher et al. 2015). Improved understanding of 

how GABAergic inhibition within ipsilesional M1 is modulated during skill acquisition may 

inform adjuvant strategies aimed at augmenting motor learning capabilities after stroke. 
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Chapter 3. Experimental Techniques 

3.1. Transcranial magnetic stimulation 

Transcranial magnetic stimulation (TMS) non-invasively excites neural tissue in the human 

brain through electromagnetic induction (Barker et al. 1985). The magnetic stimulator 

discharges a rapid high voltage electric current through a wire coil which generates a pulsed 

magnetic field. The magnetic field painlessly penetrates the periencephalic layers and induces 

electrical eddy currents within the underlying neural tissue (Rothwell 1997). When a figure-

of-eight shaped coil is used, maximal current is produced at the centre of the coil where the 

loops intersect allowing for relatively focal stimulation (Cohen et al. 1990). To stimulate 

primary motor cortex (M1), the coil is held tangentially to the scalp approximately 45° to the 

midsagittal plane to direct current approximately perpendicular to the anterior bank of the 

central sulcus. Epidural recordings from the cervical spinal cord of awake humans show TMS 

over M1 evokes a series of synchronous descending volleys (Di Lazzaro et al. 1998a). These 

are termed indirect (I)-waves and are thought to reflect transynaptic activation of corticospinal 

neurons by excitatory interneurons (Di Lazzaro et al. 2012). The descending volleys are 

transmitted via the spinal cord where they summate onto α-motoneurons and elicit a motor 

evoked potential (MEP) in the target muscle(s) measured in electromyography (EMG) traces. 

The size of the MEP is commonly used to infer the net excitability of the corticomotor pathway.  

The descending volleys evoked by TMS can differ depending on the intensity and 

direction of the induced current in the brain. Low-intensity TMS with a posterior-anterior (PA) 

induced current preferentially evokes early I-waves (I1) (Sakai et al. 1997). The I1 wave is 

thought to originate from monosynaptic inputs to corticospinal neurons (Di Lazzaro et al. 

2012). At higher intensities PA induced current can evoke late I-waves (I2-I4) (Di Lazzaro et 

al. 1998b). The origin of late I-waves is likely to be more complex and may reflect polysynaptic 
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inputs to corticospinal neurons from superficial cortical layers II/ III (Di Lazzaro et al. 2012). 

Anterior-posterior (AP) induced current preferentially elicits late I-waves (Di Lazzaro et al. 

2001). However, the late I-waves evoked with AP induced current are more delayed and 

temporally dispersed compared with PA induced current (Di Lazzaro et al. 2001). High-

intensity TMS with lateromedial (LM) induced current readily evokes a direct (D)-wave (Di 

Lazzaro et al. 1998b), which is thought to reflect direct excitation of layer V corticospinal 

neurons (Day et al. 1989). Distinct interneuronal circuits can be activated by manipulating the 

intensity and direction of the TMS induced current in the brain. 

3.1.1. Safety considerations 

TMS is considered safe for healthy and patient populations provided users follow standard 

procedures and recommended guidelines (Rossi et al. 2009; Rossini et al. 2015). The accidental 

induction of a seizure is the most serious adverse effect of TMS, with the crude per-subject risk 

to develop a seizure being 1.4% for repetitive TMS protocols and is even less likely with single- 

or paired-pulse protocols (Rossi et al. 2009). A safety checklist can be used to screen for 

contraindications to TMS (see appendix). The screening checklist is used to identify people 

that may be at higher risk of seizure such as those who have a family history of epilepsy, have 

had previous concussions or are taking certain medications. Individuals with implanted 

electronic devices (e.g., pacemakers) that could malfunction when TMS is discharged are also 

contraindicated for TMS. Discomfort from stimulation of scalp and facial muscles and mild 

headaches are minor adverse effects from TMS delivered to M1. A safety screening checklist 

can be used to ensure TMS is administered to those who are not contraindicated as done in 

Chapters 4 to 9. 
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3.1.2. Single-pulse TMS 

A series of neurophysiological measures can be obtained by delivering single-pulse TMS over 

M1. The single-pulse TMS protocols relevant to this thesis are described below. 

3.1.2.1. Hotspotting 

The cortical representation of a given muscle within M1 can be identified through a process 

known as hotspotting. The optimal coil location, or ‘hotspot’ is found by making slight 

adjustments in coil positioning until consistent MEPs are elicited in the target muscle. The 

TMS hotpot likely represents the area of M1 with the highest concentration of corticomotor 

neurons projecting to the target muscle (Wassermann et al. 1992). For example, stimulation 

over the ‘hand knob’ region of M1 elicits MEPs in intrinsic hand muscles (Yousry et al. 1997). 

The representations of extrinsic hand muscles are slightly smaller and located more medially 

compared with intrinsic hand muscles (Wassermann et al. 1992). Hotspotting is used in 

Chapters 4 to 9 to identify the optimal coil location for the delivery of TMS over M1. 

3.1.2.2. Motor threshold 

The motor threshold is the lowest TMS intensity (quantified as a percentage of maximum 

stimulator output [% MSO]) required to evoke a MEP based on set criteria. Using the relative 

frequency method (Rossini et al. 2015), rest motor threshold (RMT) is defined as the minimum 

stimulus intensity required to elicit an MEP of at least 50 μV (peak-to-peak amplitude) in four 

out of eight trials with the target muscle at rest. Active motor threshold (AMT) is defined as 

the minimum stimulus intensity required to elicit an MEP of at least 100 or 200 μV in four out 

of eight trials with the target muscle pre-activated to ~10% of maximal voluntary contraction 

(Rossini et al. 2015). RMT and AMT can also be estimated using a threshold hunting method 

which utilises parameter estimation by sequential testing (PEST) (Awiszus 2003). PEST is 

based on an S-shaped metric function and uses an adaptive staircase procedure to determine 
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the stimulus intensity that yields a 50% probability of eliciting the target MEP amplitude. The 

relative frequency and threshold hunting methods have excellent agreement (Ah Sen et al. 

2017). Both methods have good intra and inter-session reliability (Dissanayaka et al. 2018), 

however the relative frequency method requires significantly more trials (Silbert et al. 2013). 

The relative frequency method is used in Chapters 4 and 5 and the threshold hunting method 

in Chapters 6 to 9 to obtain estimates of RMT and AMT. 

3.1.2.3. MEP amplitude 

A single suprathreshold TMS pulse over M1 evokes MEPs in muscles of the contralateral limb. 

The peak-to-peak amplitude of the MEP is determined within a fixed window after the stimulus 

and provides an index of corticomotor excitability (Groppa et al. 2012). Corticomotor 

excitability is commonly assessed at a single TMS intensity often set relative to an individual’s 

motor threshold (e.g., 120% RMT), as a proportion of the maximum attainable MEP amplitude 

(e.g., 50% MEP max) or to produce a MEP of a given amplitude (e.g., 1 mV). Due to the 

inherent variability of MEPs (Darling et al. 2006; Kiers et al. 1993), several trials are collected 

(typically >10) and the mean MEP amplitude calculated (Rossini et al. 2015). Changes in 

corticomotor excitability after neuromodulatory interventions can be assessed by comparing 

raw MEP amplitudes, or by using normalised values to account for inter-individual variability 

in baseline excitability. MEP amplitude from suprathreshold single-pulse TMS is used to index 

corticomotor excitability and assess excitability changes after interventions in Chapters 4 to 9. 

3.1.2.4. MEP latency 

The MEP onset latency reflects the corticomotor conduction time. Typically, MEP latency is 

assessed during voluntary activation of the target muscle as the temporal dispersion of the 

descending volleys is reduced (Groppa et al. 2012). The shortest MEP latency is observed using 

TMS with LM induced current as this current direction can evoke a D-wave (Di Lazzaro et al. 
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2012). The MEP onset latency with PA induced current is ~1-1.5 ms later than LM, consistent 

with monosynaptic inputs eliciting I1 waves (Di Lazzaro et al. 1998b). The MEP latency with 

AP induced current is ~3-4 ms later than LM likely reflecting polysynaptic or long range 

cortico-cortical inputs eliciting later I-waves (Di Lazzaro et al. 2012). The MEP onset latency 

has good intra- and inter-session reliability for both intrinsic and extrinsic hand muscles 

(Bastani and Jaberzadeh 2012). The PA-LM and AP-LM MEP latency differences may be used 

as indirect measures of early and late I-wave recruitment respectively (Hamada et al. 2013; 

Wiethoff et al. 2014) as done in Chapters 6 and 7. 

3.1.2.5. Cortical silent period 

A single suprathreshold TMS pulse over M1 during voluntary contraction elicits MEPs 

followed by a period of EMG silence in muscles of the contralateral limb. This is referred to 

as the cortical silent period (CSP) which can last up to 100-300 ms after the MEP (Inghilleri et 

al. 1993). Spinal mechanisms contribute to the initial ~50 ms of the CSP (Fuhr et al. 1991), 

whereas the latter part is likely generated by gamma-aminobutyric acid (GABA)-mediated 

inhibition within M1 (Inghilleri et al. 1993; Werhahn et al. 1999). The duration of the CSP 

increases with the TMS intensity, whilst the strength of the voluntary contraction has minimal 

influence (Orth and Rothwell 2004). The CSP following suprathreshold single-pulse TMS is 

used to index the duration of GABAergic inhibition within M1 in Chapter 4.  

3.1.3. Paired-pulse TMS 

Paired-pulse TMS can be used to provide insight into the activity of cortical connections within 

and between motor cortices. The paired-pulse TMS protocols relevant to this thesis are 

described below. 
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3.1.3.1. Short-interval intracortical inhibition 

Short-interval intracortical inhibition (SICI) can be assessed by delivering a subthreshold 

conditioning stimulus 1-5 ms prior to a suprathreshold test stimulus (Kujirai et al. 1993). There 

are two SICI peaks which are evident at interstimulus intervals of ~1 ms and ~2.5-3 ms (Fisher 

et al. 2002; Roshan et al. 2003). Pharmacological studies suggests that SICI at 3 ms reflects 

postsynaptic GABAA receptor activity (Di Lazzaro et al. 2007; Ziemann et al. 1996). In 

contrast, the physiological basis of SICI at 1 ms is less clear but may in part reflect 

extrasynaptic GABAA receptor activity (Stagg et al. 2011b) and/or neuronal refractoriness 

(Fisher et al. 2002). The conditioning stimulus intensity for SICI protocols can be set relative 

to an individual’s AMT, with maximum SICI typically observed between 70-90% AMT (Orth 

et al. 2003). Using conditioning stimuli above 90% AMT can lead to contamination of SICI by 

facilitatory inputs (Peurala et al. 2008). SICI protocols can be used to probe GABAA-mediated 

inhibition within M1.  

The test stimulus intensity for SICI protocols differs depending on the technique used 

(Samusyte et al. 2018). Conventional techniques use a constant test stimulus set to evoke an 

~1 mV MEP and investigate the effects induced by the conditioning stimulus by measuring the 

change in MEP amplitude (Kujirai et al. 1993). Alternatives are threshold tracking and 

threshold hunting techniques which adjust the intensity of the test stimulus to elicit a small 

target MEP amplitude (200 μV) in the presence of the conditioning stimulus (Amandusson et 

al. 2017; Awiszus et al. 1999; Fisher et al. 2002). For threshold-tracking (Fisher et al. 2002; 

Vucic et al. 2006), the test stimulus intensity is adjusted in small steps until five consecutive 

responses are within the target amplitude bracket (200 ± 40 μV). In contrast, adaptive threshold 

hunting (Amandusson et al. 2017) employs PEST to determine the test stimulus intensity that 

yields a 50% probability of eliciting the target MEP amplitude. Although assessment of SICI 

using the conventional technique shows good inter-session reliability (Schambra et al. 2015), 
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the intra- and inter-session reliability using the threshold tracking technique is better compared 

with the conventional technique (Samusyte et al. 2018). Threshold tracking is used in Chapters 

4 and 5 and threshold hunting in Chapters 7 to 9 to assess SICI. 

3.1.3.2. Long-interval intracortical inhibition 

Long-interval intracortical inhibition (LICI) can be assessed by delivering a suprathreshold 

conditioning stimulus 100-200 ms prior to a suprathreshold test stimulus (Valls-Sole et al. 

1992). Pharmacological studies suggests that LICI likely reflects postsynaptic GABAB receptor 

activity (McDonnell et al. 2006; Werhahn et al. 1999). Although the time course of LICI can 

vary between individuals (Cash et al. 2010), robust LICI is usually observed at interstimulus 

intervals of 100 and 150 ms (Opie et al. 2015b). The conditioning stimulus intensity for LICI 

protocols can be set relative to an individual’s RMT (typically ≥120% RMT) (Opie and 

Semmler 2014b; Sanger et al. 2001). When using the conventional technique the test stimulus 

is set to evoke an ~1 mV MEP (Opie and Semmler 2014b), or adjusted to evoke a smaller target 

MEP amplitude with adaptive threshold hunting (Amandusson et al. 2017). Following LICI a 

period of late cortical disinhibition (LCD) can be observed (Cash et al. 2010; Caux-Dedeystere 

et al. 2014). Disinhibition is proposed to be mediated by presynaptic GABAB receptors 

preventing further GABA release onto the postsynaptic neuron (Cash et al. 2010). Threshold 

tracking is used in Chapters 4 and 5 and threshold hunting in Chapters 7 to 9 to obtain estimates 

of LICI and LCD.  

3.1.3.3. Short-interval intracortical facilitation 

Short-interval intracortical facilitation (SICF) can be assessed by delivering a subthreshold 

stimulus 1-5 ms after a suprathreshold test stimulus (Ziemann et al. 1998a). There are three 

SICF peaks evident at interstimulus intervals of ~1.5 ms, ~2.9 ms and ~4.5 ms (Peurala et al. 

2008; Ziemann et al. 1998a). These intervals are compatible with the latency of successive I-
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waves observed from epidural recordings (Di Lazzaro et al. 2012) which suggests the SICF 

peaks likely reflect summation of I-wave inputs to corticomotor neurons (Di Lazzaro et al. 

1999b). Administration of a GABAA receptor agonist increases SICF which also indicates that 

the circuits responsible for the generation of I-waves are regulated by GABAergic inhibition 

(Ziemann et al. 1998b). Threshold hunting is used to assess SICF in Chapters 8 and 9.  

3.1.3.4. Interhemispheric inhibition 

Interhemispheric inhibition (IHI) can be measured using dual-coil TMS, whereby a 

suprathreshold conditioning stimulus is delivered to M1 of one hemisphere followed by a 

suprathreshold test stimulus to M1 of the other hemisphere (Ferbert et al. 1992). The 

conditioning stimulus is thought to inhibit corticomotor output from the contralateral M1 

through activation of excitatory transcallosal axons which synapse onto local inhibitory 

interneurons (Wahl et al. 2007). Inhibition is most pronounced at interstimulus intervals of ~10 

ms and ~40 ms which are referred to as short- and long-interval interhemispheric inhibition 

(SIHI and LIHI) respectively (Chen et al. 2003). Pharmacological evidence suggest that LIHI 

is mediated by postsynaptic GABAB receptors (Irlbacher et al. 2007), however the mechanism 

pertaining to SIHI remains inconclusive. Conventional and threshold hunting techniques are 

used in Chapter 6 to assess SIHI and LIHI between bilateral M1. 

3.2. Transcranial direct current stimulation 

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

that delivers weak direct electrical current to the brain via electrodes placed on the scalp 

(Nitsche and Paulus 2000). Standard tDCS protocols use two electrodes, with current flowing 

from the negatively charged cathode to the positively charged anode. It is proposed that the 

current flow between the electrodes imposes a voltage gradient on underlying cortical neurons 

(Kessler et al. 2013), which causes the polarisation and modification of neuronal excitability 
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(Fritsch et al. 2010; Radman et al. 2009). To stimulate M1, the ‘active’ electrode can be placed 

over the TMS hotspot and a ‘reference’ electrode over the contralateral supraorbit. For anodal 

tDCS, the anode is positioned over M1 and the cathode over the contralateral supraorbit, 

whereas the electrode placement is reversed for cathodal tDCS (Nitsche and Paulus 2000). 

Anodal and cathodal tDCS are regarded as ‘unilateral’ montages with the former capable of 

increasing and the latter decreasing M1 excitability (Nitsche and Paulus 2000). Unilateral tDCS 

montages are used to modulate M1 excitability in Chapter 7 and concurrently with motor 

learning in Chapter 8. 

3.2.1. Safety considerations 

Standard tDCS protocols are considered safe for healthy and patient populations provided users 

follow standard procedures and recommended guidelines (Poreisz et al. 2007; Woods et al. 

2016). The most common adverse effect of tDCS is mild tingling and itching under the 

electrodes (Poreisz et al. 2007). Headache, nausea, insomnia and fatigue have been reported, 

although these are fairly uncommon (Poreisz et al. 2007). The stimulators used in Chapters 7 

and 8 have built-in safety mechanisms to ensure tDCS is delivered within the safety limits and 

allow electrode impedance at the skin surface to be continuously monitored.  

3.2.2. Electrode preparation 

The most common electrode assembly for tDCS comprises two conductive rubber electrodes. 

The electrode size is typically between 25-35 cm2 for the ‘active’ electrode and slightly larger 

for the ‘reference’ electrode. The terms ‘active’ and ‘reference’ are merely functional 

definitions and does not imply that the ‘reference’ is physiologically inert (Nitsche et al. 2008). 

However, the ‘reference’ electrode is larger to reduce the density of stimulation underneath it 

(Nitsche et al. 2008). Both rubber electrodes can be placed in saline-soaked sponges which act 

as a buffer between the electrodes and the underlying skin (Woods et al. 2016). The saline is 
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applied via a syringe which ensures that the amount is consistent and prevents oversaturation 

of the sponges. Once prepared, both the ‘active’ and ‘reference’ electrodes can be affixed to 

the head using elastic straps. The straps should be positioned and tightened to prevent electrode 

movement, without promoting evacuation of saline from the sponges or upward drift on the 

head (Woods et al. 2016). Adequate preparation of the ‘active’ and ‘reference’ electrode is 

important for facilitating the delivery of current from the stimulator to the scalp.  

3.2.3. Stimulation parameters 

The efficacy of tDCS to modify neuronal membrane polarity depends on current density. The 

current density is determined by dividing the current intensity by electrode size (Nitsche et al. 

2008), with the impact of each parameter likely to be different. For example, modelling studies 

have shown that current intensity primarily influences the depth of stimulation, whereas the 

electrode size affects focality (Datta et al. 2009; Datta et al. 2012). Typical current intensities 

used for tDCS over M1 range between 1 – 2 mA (Woods et al. 2016), which when using 

standard electrode sizes (i.e. 25-35 cm2) correspond to current densities of approximately 0.03-

0.08 mA/cm2. Whilst it was originally proposed that larger current densities might increase the 

efficacy of stimulation due to a larger membrane polarisation shift (Nitsche and Paulus 2000), 

evidence from recent studies suggests that there may be a non-linear relationship between 

current density and modulation of M1 excitability (Batsikadze et al. 2013; Jamil et al. 2017). 

However, these studies used a maximum current intensity of 2 mA, whereas the effects of 

higher current intensities (i.e. 4 mA) have only begun to be assessed (Chhatbar et al. 2017). 

Therefore, the relationship between current density and the efficacy of tDCS remains to be 

fully elucidated. 

The after-effects of tDCS can also be affected by the stimulation duration. A minimum 

of 3 minutes is necessary to induce changes in M1 excitability that outlast the stimulation 

period in order of a few minutes (Nitsche and Paulus 2000). To induce polarity-specific 
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changes in M1 excitability that last up to 1 hour, 13 minutes of anodal and 9 mins of cathodal 

tDCS are sufficient (Nitsche et al. 2003b; Nitsche and Paulus 2001). However, beyond these 

durations the relationship between the stimulation duration and the duration and direction of 

tDCS-induced after-effects is not linear for all protocols. For example, decreased M1 

excitability is observed for 1.5-2 hours after 18 minutes of cathodal tDCS (Monte-Silva et al. 

2010). In contrast, doubling the duration of anodal tDCS to 26 minutes causes a paradoxical 

decrease in M1 excitability (Monte-Silva et al. 2013). The duration and direction of tDCS after-

effects on M1 excitability are influenced by the stimulation duration. 

3.2.4. Sham stimulation and blinding 

The placebo control and participant blinding strategy for tDCS uses a sham protocol. For real 

tDCS, the direct electrical current ramped up to the desired intensity (e.g., 1 mA) during which 

participants may feel an itching/tingling sensation at the electrode site (Woods et al. 2016). 

However, the sensation dissipates after approximately 30 seconds as participants become 

habituated to the stimulation. The protocol for sham tDCS begins exactly the same as for real 

tDCS, however the current is ramped down to 0 mA after stimulating at the target intensity for 

a few seconds (Gandiga et al. 2006). The participant experiences a similar itching/tingling 

sensation to that perceived during real tDCS, but the duration of stimulation is not sufficient to 

induce after-effects. Sham protocols have demonstrated effective blinding of naïve participants 

using common tDCS parameters (i.e. 1 mA current intensity with 25 cm2 electrodes) (Gandiga 

et al. 2006). However, higher current intensities (e.g., 2 mA) typically induce stronger 

sensations which can compromise participant blinding (O'Connell et al. 2012). Blinding the 

experimenter to the tDCS protocol can be accomplished by having an un-blinded experimenter 

apply the stimulation. Effective blinding of participants and the main experimenter can usually 

be achieved using sham tDCS protocols and an additional experimenter as done in Chapters 7 

and 8. 
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3.2.5. Limitations 

There are several limitations to consider when interpreting the after-effects of tDCS on M1 

excitability. First, idiosyncratic properties of head anatomy can influence the extent and 

distribution of current in the brain (Datta et al. 2012). These include skull thickness, 

subcutaneous fat, intracranial structures (i.e. meninges, blood vessels and cerebrospinal fluid), 

gyral anatomy and the orientation of neurons relative to the direction of current flow (Datta et 

al. 2012; Huang et al. 2017; Li et al. 2015; Opitz et al. 2015). Second, standard unilateral 

montages can produce diffuse current distributions and therefore the physiological effects of 

tDCS may not be limited to M1 (Kuo et al. 2013). Third, there is a large degree of inter-

individual variability in direction and magnitude of the tDCS after-effects on M1 excitability 

(Lopez-Alonso et al. 2014; Wiethoff et al. 2014). Therefore, conclusive inferences about the 

efficacy of tDCS in modulating M1 excitability should be made with caution. 

3.3. Magnetic resonance imaging 

Magnetic resonance imaging (MRI) can provide a non-invasive measure of the internal 

structure and neurochemicals within the human brain. MRI is based on the principle of nuclear 

magnetic resonance, whereby nuclei placed within a strong magnetic field absorb and re-emit 

radio frequency (RF) waves at a resonant frequencies which reflect their molecular 

environment (Storey 2006). In this thesis, anatomic MRI and magnetic resonance spectroscopy 

(MRS) protocols are used in Chapters 4 and 5. Therefore, the methodological overview in this 

section will be limited to these techniques. 

3.3.1. Safety considerations 

MRI is a safe technique that poses no health risk given adherence to appropriate safety 

precautions. A general concern for those in the vicinity is the large magnetic field generated 

that by the scanner that can attract ferromagnetic objects making them projectiles. For those 
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participating in experiments using MRI, a safety checklist (see appendix) can be used to screen 

for contraindications. Individuals with certain metallic or electronic implants maybe 

excluded/included depending on the characteristics of the implant. For example, people with 

cardiac pacemakers are excluded to avoid any electrical disturbances the magnetic field may 

cause. In contrast, people with some metal implants such as joint screws in lower extremities 

away from the head can be scanned, however there is the potential for heating to occur. 

Pregnant women are excluded to avoid any unknown effects MRI may have on the foetus. A 

safety checklist can be used to screen individuals for any contraindications to MRI as done in 

Chapters 4 and 5. 

3.3.2. Anatomical MRI 

Anatomical MRI is used to obtain high resolution images of the brain. Hydrogen nuclei, 

contained mostly in water, are abundant in biological tissues. They contain unpaired protons 

and neutrons, which cause nuclear spin and the generation of individual magnetic fields and 

moments. Application of a strong, uniform, external magnetic field (B0) causes the randomly 

orientated magnetic moments of hydrogen nuclei within a tissue to align with B0 (Storey 2006). 

The vector sum of the individual magnetic moments is aligned parallel with B0, termed 

longitudinal magnetisation. Application of a secondary magnetic field, termed the radio 

frequency (RF) pulse or B1, in the transverse plane tips the nuclei out of alignment with B0 

(Storey 2006). As the nuclei realign with B0 they emit energy through a process known as 

relaxation. The T1 relaxation time refers to the time taken for nuclei to return to longitudinal 

magnetisation. The T2 relaxation time refers to the decay of transverse magnetisation. Receiver 

coils detect the release of energy from the nuclei and convert it into signal. Fourier 

transformation is used to translate the signal to corresponding intensities, which can then be 

displayed as shades of grey in an image. MRI sequence parameters can be optimised to create 

high contrast between tissue types with different relaxation times. For example, T1-weighted 
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imaging refers to sequencing parameters that emphasise the T1 relaxation time and is achieved 

by using short repetition (time between each RF pulse) and echo (time between RF pulse and 

peak signal induced in the coil) times (Storey 2006). In a T1-weighted image, lipids in the 

myelinated white matter (WM) appear as light grey, grey matter (GM) appears dark grey and 

cerebrospinal fluid (CSF) appears the darkest.  

3.3.3. Magnetic resonance spectroscopy 

MRS allows the non-invasive quantification of metabolite concentrations within the brain. 

Single-voxel techniques such as point-resolved spectroscopy (PRESS) use magnetic field 

gradients to obtain signal from a 3D voxel within a cortical region of interest (e.g. the hand 

knob region of M1). PRESS employs an initial 90° excitation RF pulse followed by two 180° 

refocusing RF pulses, each of which provides slice-selective magnetisation along a different 

direction (Lei et al. 2013). The combination of these three slice-selective RF pulses reduces the 

sensitive volume to the voxel at their intersection. A receiver coil detects the release of energy 

from hydrogen nuclei within the voxel, which is converted into a frequency spectrum by the 

magnetic resonance spectrometer (Juchem and Rothman 2013). Signals from different 

metabolites are plotted along the spectrum and are separated due to their individual chemical 

shift. The chemical shift reflects the resonance frequency of a hydrogen nucleus as a result of 

its chemical environment and is expressed in parts per million (ppm) (Juchem and Rothman 

2013). The concentration of each metabolite along the spectrum is indexed by the amplitude of 

the respective signal peaks (Naressi et al. 2001).  

The singlet resonances from prominent metabolites such as N-acetylaspartate (NAA) 

and creatine (Cr) typically dominate the frequency spectrum obtained with PRESS. In contrast, 

quantification of GABA is difficult due to its relatively low concentration and spectral overlap 

with other metabolites such as Cr (Mullins et al. 2014). However, quantification of GABA is 

possible using Mescher-Garwood (MEGA)-PRESS (Mescher et al. 1998). MEGA-PRESS 
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takes advantage of scalar coupling between GABA hydrogen nuclei by collecting two 

interleaved datasets (termed ‘ON’ and ‘OFF’) with frequency-selective editing pulses (Mullins 

et al. 2014). For the ‘ON’ dataset, an editing pulse is applied to GABA spins at 1.9 ppm which 

are coupled to the GABA spins at 3 ppm. Subtraction of the ‘ON’ spectrum from the ‘OFF’ 

spectrum reveals an edited spectrum which only retains signals that are selectively affected by 

the editing pulse. These include the GABA peak at 3 ppm, the combined 

glutamate/glutamine/glutathione (Glx) peaks at 3.75 ppm (coupled to the Glx resonances at 2.1 

ppm) and an inverted NAA peak. The use of MEGA-PRESS allows GABA to be separated 

from the overlying signals of prominent metabolites.  

The amplitude of the respective metabolite peaks can be estimated using various 

software packages. One option is Java Magnetic Resonance User Interface (jMRUI) software 

which employs user intervention and prior knowledge to fit Gaussian or Lorentzian curves to 

metabolite peaks in the spectrum (Naressi et al. 2001; Stefan et al. 2009). Estimating GABA 

concentration with jMRUI has been shown to have excellent inter-rater reliability (Stagg et al. 

2009) and good intra-session reproducibility with repeated scans (O'Gorman et al. 2011). The 

amplitude of the GABA peak is usually presented as a ratio to the simultaneously acquired 

NAA or Cr peak (Mullins et al. 2014). The ratio of Glx to GABA can also be calculated to 

determine the excitation-inhibition balance (Shibata et al. 2017). Correcting the GABA 

concentration for variations in tissue-type is important since the majority of GABA is contained 

in GM, with less in WM and negligible amounts present in CSF (Harris et al. 2015). GABA 

concentration can be reliably estimated using jMRUI software and segmented to account for 

variations in tissue-type within the voxel.   
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3.4. Sequential isometric force task 

Visuomotor tasks can be used to assess motor skill learning. One example is the sequential 

isometric force task which is an established laboratory-based task (Coxon et al. 2014; Fujiyama 

et al. 2017; Hardwick et al. 2017; Reis et al. 2009; Saucedo Marquez et al. 2013). Participants 

control the displacement of an on-screen cursor to a series of five ordered targets by producing 

isometric forces. A metronome is used to dictate the task execution speed (Reis et al. 2009), 

which allows accuracy to be compared between groups without the confounding effects of 

differences in voluntary movement speed. Whilst originally implemented with a pinch grip 

configuration (Reis et al. 2009), it has recently been demonstrated that the task can be 

performed with an alternate effector (e.g., elbow flexion) (Hardwick et al. 2017). Altering the 

configuration of the task allows for the assessment of motor learning in individuals with 

varying motor control deficits after stroke who may not be able to perform the task using a 

pinch grip. The sequential isometric force task is used in Chapters 8 and 9 to assess motor skill 

learning.  

3.4.1. Task metrics 

A speed-accuracy function (SAF) for the isometric force task can be established by measuring 

error at fixed execution speeds (Reis et al. 2009). Execution speeds are determined by a 

metronome paced at 24, 30, 38, 45, 60, 80, 100, 110 or 120 bpm, with each metronome beat 

requiring an attempt to move the cursor to a target (Reis et al. 2009). Error can be determined 

using a binary metric which reflects the proportion of targets within a trial which were 

unsuccessfully reached. Alternatively, error can be determined by calculating the sum of the 

Euclidean distances between the five respective force peaks and centre of each target (Coxon 

et al. 2014). Skill can be quantified using the following function (Reis et al. 2009): 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
1 − 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (ln(𝑡𝑡𝑒𝑒𝑆𝑆𝑡𝑡𝑆𝑆 𝑑𝑑𝑑𝑑𝑒𝑒𝑡𝑡𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑)𝑏𝑏)
 

where error is the mean error over a set number of trials, trial duration is determined from 

the fixed execution speed and b is the dimension free parameter. Calculating b values for 

each individual participant accounts for inter-individual differences in the profile of the SAF 

(Fujiyama et al. 2017; Saucedo Marquez et al. 2013). The SAF for the isometric force task 

can be used to quantify skill for each individual.  

3.5. Clinical assessments 

The following section will provide an overview of the clinical assessments used in Chapters 5 

and 9 of this thesis including the National Institutes of Health Stroke Scale (NIHSS), Montreal 

Cognitive Assessment (MoCA), Fugl-Meyer assessment (FM), Action Research Arm Test 

(ARAT) and Modified Ashworth Scale (MAS; see appendix for documentation). These 

assessments are used to screen chronic stroke patients for their participation and to describe the 

patient sample.  

3.5.1. National Institutes of Health Stroke Scale 

The NIHSS is used to assess stroke severity (Lyden et al. 1994). There are 11 items, each scored 

on a 3-5-point scale (depending on the item) with higher numbers indicating greater deficits. 

Items include assessment of consciousness, gaze, vision, facial palsy, upper- and lower-limb 

movement, coordination, sensation, language, speech and inattention (Lyden et al. 1994). 

Because of the requirement of intact language function for several items, the NIHSS can 

overweigh severity in patients with left versus right hemisphere stroke (Woo et al. 1999). 

However, the NIHSS exhibits good inter-rater reliability (Dewey et al. 1999). The NIHSS 

provides a reliable assessment of stroke severity with higher scores generally observed in 

patients with language deficits. 
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3.5.2. Montreal Cognitive Assessment 

The MoCA can be used to index cognitive impairment. The cognitive domains assessed by the 

MoCA include visuospatial/executive function, short-term memory, attention, language and 

orientation to time and place (Nasreddine et al. 2005). The maximum attainable score is 30, 

with scores <26 proposed to reflect cognitive impairment (Nasreddine et al. 2005). The MoCA 

is a feasible tool to assess cognitive impairment across a wide range of stroke severity 

(Cumming et al. 2011), with good inter-rater reliability (Cumming et al. 2018). The MoCA is 

a reliable tool for assessing cognitive impairment after stroke. 

3.5.3. Fugl-Meyer Assessment 

The FM assessment provides an index of sensorimotor impairment after stroke (Fugl-Meyer et 

al. 1975). There are five domains: motor, sensory, balance, range of motion, and joint pain. 

The motor domain can be divided between the upper- and lower-limbs (termed FMUL and 

FMLL) and assess the patient’s ability to isolate and control individual joints whilst performing 

movements not related to functional tasks. There are 33 items for the FMUL (30 for voluntary 

movement, 3 for reflexes) which are scored on a 3-point scale (0 = cannot perform, 1 = 

performs partially, 2 = performs fully), with higher scores indicating less impairment. The 

maximum score is 66 with scores below 25 indicating severe, between 26-45 moderate and 

between 46-66 mild impairment (Gladstone et al. 2002). The FMUL is subject to ceiling effects 

for patients with very mild impairment as finger individuation and precision grip are minimally 

tested. However, the FMUL has excellent intra and inter-rater reliability as well as a low minimal 

detectable change (See et al. 2013). The FM assessment provides a reliable measure of upper-

limb impairment after stroke.  
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3.5.4. Action Research Arm Test 

The ARAT can be used to assess upper-limb function after stroke. It was developed based on 

the assumptions that upper-limb movements used in activities of daily living rely on four 

movement components: grasp, grip, pinch and gross movement at the elbow and shoulder (Lyle 

1981). The ARAT consists of 19 items which are scored on a 4-point scale (0 = no movement 

possible, 1 = movement partially performed, 2 = movement performed but abnormal, 3 = 

normal movement), with a maximum score of 57 indicating normal function. Example items 

include grasping a wooden block, pouring a glass of water, pinching a marble and placing the 

hand on top of the head. The ARAT has high reliability and validity with other established 

measures of upper-limb function after stroke (Hsieh et al. 1998). The ARAT is a valid and 

reliable measure of upper-limb function after stroke.  

3.5.5. Modified Ashworth Scale 

The MAS can be used to assess muscle spasticity. The original Ashworth scale (Ashworth 

1964) grades the level of spasticity on a 5-point scale (0 = no increase in muscle tone, 1 = slight 

increase in tone manifested by a catch and release, 2 = marked increase in tone but affected 

parts easily moved, 3 = considerable increase in tone and passive movement difficult, 4 = 

affected parts rigid). However, the scale was modified to include an additional score (1+) to 

improve sensitivity (Bohannon and Smith 1987). The MAS can be performed about any limb 

joint of the paretic side after stroke and has good intra- and inter-rater reliability (Gregson et 

al. 1999). However, the validity of the MAS has been questioned as scores are poorly associated 

with EMG parameters (Fleuren et al. 2010). Therefore, the MAS can provide an index of 

muscle spasticity after stroke but caution around inferences is advised. 
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Chapter 4. GABA and primary motor cortex inhibition in young 
and older adults: a multimodal reliability study 

This experiment has been reported in Journal of Neurophysiology 2017; 118(1):425-433. 

4.1. Abstract 

The effects of healthy ageing on gamma-aminobutyric acid (GABA) within primary motor 

cortex (M1) remain poorly understood. Studies have reported contrasting results, potentially 

due to limitations with the common assessment technique. The aim of the present study was to 

investigate the effect of healthy ageing on M1 GABA concentration and neurotransmission 

using a multimodal approach. Fifteen young and 16 older adults participated in this study. 

Magnetic resonance spectroscopy (MRS) was used to measure M1 GABA concentration. 

Single-pulse and threshold tracking paired-pulse transcranial magnetic stimulation (TMS) 

protocols were used to examine cortical silent period duration, short- and long-interval 

intracortical inhibition (SICI, LICI) and late cortical disinhibition (LCD). The reliability of 

TMS measures was examined with intra-class correlation coefficient analyses. SICI at 1 ms 

was reduced in older adults compared to young. However, there was no age-related effect for 

cortical silent period duration, SICI at 3 ms, LICI or LCD. The inter-session reliability of 

threshold tracking measures was good-to-excellent for both young and older adults. Our 

findings indicate that extrasynaptic inhibition may be reduced with advancing age, whereas 

GABA concentration and synaptic inhibition are maintained. Furthermore, MRS and threshold 

tracking TMS provide valid and reliable assessment of M1 GABA concentration and 

neurotransmission respectively, in young and older adults. 
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4.2. Introduction 

GABA is the main inhibitory neurotransmitter within M1 and plays an important role in 

optimising corticomotor output during functional tasks (Stinear and Byblow 2003; Zoghi et al. 

2003). Deficits in motor performance accompany advancing age (Bedard et al. 2002; Calautti 

et al. 2001), which may in part be attributed to altered GABAergic neurotransmission (Levin 

et al. 2014). GABA-mediated inhibition is also important in the modulation of cortical 

plasticity (Cash et al. 2016; Ziemann et al. 2001) and may contribute to an age-related 

diminished capacity of processes important for synaptic plasticity (Zimerman and Hummel 

2010). However, the effects of healthy ageing on human M1 GABAergic inhibition remain 

poorly understood, potentially due to limitations with common assessment techniques. 

In humans, GABA concentration can be quantified non-invasively using MRS 

(Mescher et al. 1998), which uses precisely timed radio frequency pulses to excite hydrogen 

nuclei within various neurochemicals (Mullins et al. 2014). Frequency spectra are plotted, with 

individual peaks reflecting the quantity of individual chemicals within the cortical region of 

interest. There is evidence that GABA concentrations are reduced in older adults compared 

with young in frontal and parietal cortices (Gao et al. 2013). This finding indicates that there 

may be a global reduction in cortical GABA concentration with advancing age. However, 

whether an age-related reduction in GABA is present specifically within M1 remains unknown.  

GABA has a distinct affinity for two receptor sub-types, GABAA and GABAB, which 

can be assessed using precisely timed paired-pulse TMS protocols. SICI is examined by 

delivering a sub-threshold conditioning stimulus before a supra-threshold test stimulus at short 

(1-5 ms) interstimulus intervals, and reflects postsynaptic GABAA receptor-mediated M1 

intracortical inhibition (Kujirai et al. 1993). Measures of extrasynaptic (Stagg et al. 2011b) and 

synaptic (Ziemann et al. 1996) GABAA activity are obtained at intervals of 1 (SICI1ms) and 3 

ms (SICI3ms) respectively, and are mechanistically distinct. LICI is examined by delivering two 
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supra-threshold stimuli at longer interstimulus intervals (100–250 ms), and is a marker of 

postsynaptic GABAB activity (McDonnell et al. 2006). LCD may also be evident at the end of 

the LICI period, providing a marker of presynaptic GABAB activity (Cash et al. 2010). 

Therefore, specific conditioning intensities and intervals permit investigation of GABAA and 

GABAB–mediated networks in M1.  

Conventional paired-pulse TMS uses constant stimulation parameters to probe 

GABAergic function. In contrast, the threshold tracking TMS (Fisher et al. 2002; Vucic et al. 

2006) adjusts the stimulator intensity to maintain a target motor evoked potential (MEP) 

amplitude in the presence of the conditioning stimulus. Threshold tracking reduces the 

confound of MEP variability associated with conventional paired-pulse methods (Kiers et al. 

1993). However, both conventional and threshold tracking techniques are similar in their 

modes of action (Cirillo and Byblow 2016; Fisher et al. 2002; Murase et al. 2015; Vucic et al. 

2006). There are contrasting results about the effect of healthy ageing on GABAergic inhibition 

from studies using conventional paired-pulse TMS (Cirillo et al. 2011; McGinley et al. 2010; 

Oliviero et al. 2006; Opie et al. 2015a; Opie and Semmler 2014a; Peinemann et al. 2001; 

Rogasch et al. 2009; Sale et al. 2016; Smith et al. 2009). Motor evoked potentials are more 

variable in older versus younger participants (Pitcher et al. 2003). For this reason, threshold 

tracking may offer a preferable alternative to examine M1 inhibition in the elderly. 

The aims of the present study were two-fold. The first was to investigate the effect of 

healthy ageing on GABA concentration and GABAA- and GABAB-mediated inhibition within 

M1 using MRS and threshold tracking TMS respectively. We hypothesised that overall 

inhibitory tone would be reduced in older adults compared to young. Secondly, we evaluated 

the inter-session reliability of threshold tracking in both young and older adults.  
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4.3. Methods 

4.3.1. Participants 

Fifteen neurologically healthy young (4 females, mean age 25 ± 1 years, range 20 – 31 years) 

and 16 older (7 females, mean age 70 ± 2 years, range 62 – 83 years) adults participated in this 

study. All participants were right-handed as assessed by the short version of the Edinburgh 

Handedness Inventory (Veale 2014), with a mean Laterality Quotient of 89 ± 3 (range 70 – 

100) for young adults and 99 ± 1, (range 92 – 100) for older adults. Participants completed a 

transcranial magnetic stimulation safety screening questionnaire that was developed by our 

institution based on a previous report (Keel et al. 2001), which was screened by a neurologist 

before participation. Each participant provided written informed consent and the study was 

approved by the University of Auckland Human Participants Research Ethics Committee.  

4.3.2. Experimental design 

There were three experimental sessions. In the first session, whole brain structural images and 

M1 metabolite concentrations were acquired using magnetic resonance imaging and MRS 

respectively. In sessions two and three, single- and paired-pulse TMS were used to assess 

measures of corticomotor excitability and the reliability of threshold tracking. The grooved 

pegboard task was used to assess manual dexterity in session two. Sessions one and two were 

separated by a mean of 9 days (range 1 - 23 days) for young adults, and 8 days (range 2 - 15 

days) for the older adults. Sessions two and three were separated by a mean of 6 days (range 2 

- 7 days) for the young adults, and 7 days (range 3 - 16 days) for the older adults. 
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Figure 4.1. MRS voxel and example spectra. (A) T1-weighted anatomical images were 
acquired to manually place an 18x18x18 mm voxel over the hand-knob region of left M1 (A). 
(B) Representative ON, OFF and DIFF spectra from a young participant showing respective 
Cr, NAA, GABA and Glx peaks. 
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4.3.3. Neuroimaging procedures 

4.3.3.1. Magnetic resonance imaging 

A Siemens Magnetom Skyra 3T scanner and 20-channel head coil (Siemens, Germany) were 

used for the neuroimaging session. T1-weighted whole-brain structural images were acquired 

using 1 x 1 x 1 mm voxels and a 256 mm field of view (TR = 1900 ms, TE = 2.07 ms). 

4.3.3.2. Magnetic resonance spectroscopy 

The T1-weighted structural images were used to manually place an 18 x 18 x 18 mm voxel of 

interest over the left precentral hand knob (Figure 4.1A), tangential to the cortical surface. 

Spectral GABA editing and simultaneous water suppression was then performed using the 

MEGA-PRESS sequence (TR = 1500 ms, TE = 68 ms, 96 averages) (Mescher et al. 1998). A 

selective double-banded 180° pulse was created from 20 ms Gaussian pulses. The frequency 

of the first band of this pulse was set to 4.7 ppm for suppression of water. The second band 

was alternated between 1.9 ppm (ON condition) and 7.5 ppm (OFF condition). The difference 

spectra (DIFF) between the ON and OFF conditions reveals an edited GABA spectrum without 

the larger overlapping creatine (Cr) resonance. Representative ON, OFF and DIFF spectra are 

shown in Figure 4.1B. 

4.3.4. Recording and stimulation procedures 

4.3.4.1. Surface electromyography 

Surface electromyography (EMG) was recorded from the first dorsal interosseous (FDI) of the 

dominant right hand using 10 mm diameter Ag-AgCl recording electrodes (Ambu, Ballerup, 

Denmark), arranged in a belly-tendon montage. A 20 mm diameter ground surface electrode 

(3M, Canada Health Care) was positioned on the dorsum of the right hand. EMG signals were 

amplified (1000×) and band-pass filtered (10 – 1000 Hz) using a CED1902 amplifier (CED, 

Cambridge, UK), sampled at 2 kHz using a CED1401 interface (CED, Cambridge, UK) and 
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recorded onto a computer for offline analysis using Signal (Version 5.03, CED, Cambridge, 

UK) software. 

4.3.4.2. Transcranial magnetic stimulation 

A MagPro X100+option magnetic stimulator (MagVenture, Farum, Denmark) connected to a 

figure-of-eight coil (MC-B70, outer wing diameter 97 mm) was used to deliver TMS. The coil 

was held tangentially to the scalp, handle posterior, approximately 45° to the mid-sagittal line, 

to induce posterior-anterior current flow in the brain (Sakai et al. 1997) using a monophasic 

waveform (pulse width = 70 μs). The optimal site to elicit consistent MEPs in the resting right 

FDI muscle was marked on the scalp over the left hemisphere. TMS was delivered at 0.2 Hz, 

with 20% variation between trials, and optimal coil position was continually monitored 

throughout the experiment. 

Rest motor threshold (RMT) was defined as the minimum stimulus intensity required 

for eliciting MEPs of at least 50 µV in amplitude, in four out of eight trials. Active motor 

threshold (AMT) was defined as the minimum stimulus intensity required for eliciting MEPs 

of at least 100 µV in amplitude, in four out of eight trials during a low-level voluntary 

contraction (approximately 10% of maximum voluntary contraction). Measures of cortical 

silent period duration were obtained while the participant maintained a 10% maximum 

voluntary contraction. The stimulation intensity was set to 130% RMT and 16 responses were 

acquired for each participant. 

4.3.5. Protocol 

Threshold tracking a target MEP amplitude of 200 µV (± 20%) was used to quantify the extent 

of inhibition and disinhibition in M1 in line with previous work (Cirillo and Byblow 2016; 

Fisher et al. 2002; Vucic et al. 2006). Similar to RMT and AMT, the threshold tracking target 

(TTT) was defined as the minimum stimulus intensity required for eliciting MEPs of at least 
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160 µV in amplitude, in four out of eight trials (Cirillo and Byblow 2016). The TTT was 

determined before and after each paired-pulse protocol. 

 

Figure 4.2. Example EMG traces depict MEPs from an individual young participant during 
threshold tracking TMS. (A) TMS intensity required to elicit a fixed MEP amplitude (200 μV) 
to the single-pulse test stimulus (TS; TTT). (B and C) SICI (conditioning stimulus [CS] = 50–
95 % AMT, 15% steps) at 1 and 3 ms respectively. (D) LICI (CS = 130% RMT, interstimulus 
interval = 100 ms). (E) LCD (CS = 130 % RMT, interstimulus interval = 160–260 ms, 20 ms 
steps). Threshold tracking requires an increase or decrease in the TS intensity to evoke the 
target response in the presence of conditioning (grey traces in B, C, D and E). 
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4.3.5.1. Short-interval intracortical inhibition 

To investigate SICI1ms and SICI3ms, four conditioning intensities were used ranging from 50–

95% AMT in 15% AMT steps. In the presence of conditioning, the test stimulus intensity was 

increased or decreased in 1% maximum stimulator output steps until the TTT was reached. 

Tracking was deemed successful when the conditioned MEP was above or within 20% of the 

TTT in two out of three consecutive trials (Cirillo and Byblow 2016). Due to the short 

interstimulus interval, a half-sine waveform (pulse width = 70 μs) was used for SICI1ms. Both 

AMT and TTT were independently determined with a half-sine waveform for SICI1ms. 

4.3.5.2. Long-interval intracortical inhibition and late cortical disinhibition 

LICI and LCD were investigated using seven interstimulus intervals (100, 160, 180, 200, 220, 

240, and 260 ms). The conditioning stimulus was set to 130% RMT. Identical to the SICI 

protocol, the test intensity was increased or decreased by 1-2% MSO until the TTT was 

achieved. 

4.3.6. Data analysis 

4.3.6.1. Neuroimaging 

MRS data were processed using the Java Magnetic Resonance User Interface (jMRUI) (Naressi 

et al. 2001). First, the free induction decay signal was corrected for any non-zero DC offset and 

smoothed using a 5 Hz Lorentzian filter (Blicher et al. 2015). Next, the residual water peak 

was filtered using the Hankel-Lanczos singular value decomposition filter. Zero-order phase 

correction was then manually applied to correct for peak distortion.  

Spectral analysis was carried out in the time-domain using AMARES, a non-linear least 

square fitting optimisation algorithm (Vanhamme et al. 1997). The OFF spectrum was analysed 

first, with peak fitting performed using a fixed Gaussian function to obtain linewidths for N-

acetylaspartate (NAA) and Cr. For the DIFF spectrum, a single Gaussian curve was first fitted 
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to the inverted NAA resonance, with the linewidth constrained to that of NAA in the OFF 

spectrum. Peak fitting the GABA resonance was then performed using two Gaussian curves, 

with the linewidths separately constrained to that of the Cr resonance from the OFF spectrum 

(Stagg et al. 2011a). Additionally, peak fitting for the co-edited Glx (glutamate + glutamine) 

resonance was performed in an identical manner. Total amplitude for GABA and Glx was 

obtained by summing the amplitudes of the two GABA and two Glx peaks respectively.  

T1-weighted structural images were extracted using the Brain Extraction Tool, and 

segmented using FMRIB’s Automated Segmentation Tool. The relative quantities of grey 

matter (GM), white matter (WM) and cerebrospinal fluid within the voxel were then calculated 

for each participant. The NAA and Cr amplitudes were corrected for the proportion of total 

brain tissue volume (GM + WM) within the voxel, and the GABA and Glx amplitudes 

corrected for the proportion of GM volume within the voxel (Stagg et al. 2011a). GABA and 

Glx concentrations were then calculated as ratios, using the corrected GABA and Glx 

amplitudes relative to the corrected Cr amplitude, and the simultaneously acquired and 

corrected NAA amplitude (Gao et al. 2013). 

4.3.6.2. Neurophysiology 

The amplitude of the first MEP from the LICI/LCD protocol was used as a measure of 

corticomotor excitability. Semi-automated methods were used to measure cortical silent period 

duration. The EMG signal was rectified and cortical silent period duration was assessed from 

the point of stimulation until the resumption of EMG activity levels equal to or greater than 

pre-trigger root mean squared (rms) EMG (pre-trigger rmsEMG window of 50 ms; 5 to 55 ms 

before the stimulus). Trials in which participants were not able to maintain the contraction 

through the perturbation of the stimulus were excluded. 

For threshold tracking, trials that were contaminated by pre-stimulus EMG activity 

(rmsEMG >10 μV; 50 ms before stimulation) were rejected online and repeated immediately. 



  

50 

SICI1ms, SICI3ms, LICI and LCD induced by the conditioning stimulus were quantified as the 

percentage increase or decrease in test stimulus intensity required to evoke the TTT (Fisher et 

al. 2002):  

𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑟𝑟ℎ𝑒𝑒𝑆𝑆𝑑𝑑 𝑐𝑐ℎ𝑡𝑡𝑑𝑑𝑎𝑎𝑒𝑒 (%) =
(𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝐼𝐼𝑑𝑑𝑡𝑡𝑒𝑒𝑑𝑑𝑟𝑟𝑆𝑆𝑡𝑡𝐼𝐼 − 𝑇𝑇𝑒𝑒𝑟𝑟𝑡𝑡 𝐼𝐼𝑑𝑑𝑡𝑡𝑒𝑒𝑑𝑑𝑟𝑟𝑆𝑆𝑡𝑡𝐼𝐼)

𝑇𝑇𝑒𝑒𝑟𝑟𝑡𝑡 𝐼𝐼𝑑𝑑𝑡𝑡𝑒𝑒𝑑𝑑𝑟𝑟𝑆𝑆𝑡𝑡𝐼𝐼
 𝑥𝑥 100 

where positive values indicate inhibition and negative values indicate disinhibition. For both 

SICI1ms and SICI3ms, the largest threshold change value amongst conditioned stimulus 

intensities was determined as maximum inhibition for each participant. Inhibition at an 

interstimulus interval of 100 ms was selected for LICI, whereas the maximum disinhibition 

observed between the interstimulus intervals of 160 and 260 ms was used to index LCD. 

4.3.7. Statistical analysis 

Normality was assessed using the Shapiro-Wilk's test and homoscedasticity of variance using 

the Levene’s test of equality and Mauchly’s test of sphericity. Non-normal data were log 

transformed. Independent samples t-tests were used to analyse the effect of AGE (Young, 

Older) on voxel GM%, WM%, GABA and Glx concentrations and grooved pegboard task 

completion times.  

A two-way mixed effects repeated measures ANOVA was performed to determine the 

effect of AGE (Young, Older) and TMS SESSION (One, Two) on RMT, AMT, TTT, MEP 

amplitude, cortical silent period duration, SICI1ms, SICI3ms, LICI, and LCD. Additional one-

sample t-tests (hypothesized mean = 0) were performed for SICI1ms, SICI3ms, LICI, and LCD 

to confirm significant inhibition/disinhibition for both age groups.  

Inter-session reliability of threshold tracking TMS was assessed using intra-class 

correlation coefficients (ICC). Reliability estimates were judged as either fair (0.40 – 0.58), 

good (0.59 – 0.74) or excellent (>0.75) (Cicchetti and Sparrow 1981).  



  

51 

Pearson correlation analyses were used to investigate the relationship between 

metabolite concentrations, MEP amplitude, inhibition measures and manual dexterity. The 

significance level was set at P < 0.05 and group data are presented as mean ± SEM in the text. 

4.4. Results 

Participants completed all three experimental sessions, with no adverse events. MEPs could 

not be elicited in the right FDI muscle of one older adult. Analysis of the grooved pegboard 

task data revealed that time to complete a single trial was slower in older adults (78.76 ± 3.27s) 

compared to young (60.63 ± 2.27s, P < 0.001). 

4.4.1. Magnetic resonance spectroscopy 

No differences in voxel GM% and WM%, GABA:Cr, GABA:NAA, Glx:Cr or Glx:NAA were 

observed between young and older adults (all P > 0.10; Table 4.1). 

Table 4.1. Participant characteristics, MRS and single-pulse TMS data. 
 Age group P-value 
 Young Older  
Number of participants 15 (4F) 16 (7F)  
Age (yrs) 24.6 (1.1) 70.3 (1.7) <0.001 

Magnetic resonance spectroscopy    
Voxel GM% 35.36 (2.00) 32.66 (1.12) 0.25 
Voxel WM% 55.65 (2.85) 49.34 (2.32) 0.10 
GABA:Cr 0.102 (0.008) 0.114 (0.008) 0.29 
GABA:NAA 0.050 (0.005) 0.061 (0.005) 0.10 
Glx:Cr 0.094 (0.008) 0.088 (0.007) 0.59 
Glx:NAA 0.045 (0.004) 0.048 (0.005) 0.68 

Transcranial magnetic stimulation    
RMT (%MSO) 49.2 (2.4) 50.7 (2.9) 0.70 
AMT (%MSO) 38.8 (2.1) 39.9 (2.3) 0.73 
TTT (%MSO) 53.1 (2.7) 54.7 (3.5) 0.72 
MEP amplitude (log10 mV) 0.19 (0.07) 0.15 (0.11) 0.77 
Cortical silent period duration (ms) 180.1 (6.0) 176.2 (7.9) 0.70 
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4.4.2. Transcranial magnetic stimulation 

There were no main effects of AGE or TMS SESSION, and no interaction for RMT, AMT, 

TTT, MEP amplitude and cortical silent period duration (all P > 0.12). For max SICI1ms, data 

from one young participant was deemed an outlier (2 SD outside of the mean) and excluded 

from analysis. There was a main effect of AGE (F1, 27 = 12.14, P = 0.002) for SICI1ms, revealing 

the extent of inhibition was reduced in older adults compared to young (Figure 4.3A). There 

was no main effect of TMS SESSION and no interaction (both P > 0.57). No main effects of 

AGE or TMS SESSION, and no interactions were observed for SICI3ms, LICI and LCD (all P 

> 0.13; Figure 4.3B-D). One-sample t-tests showed that inhibition/disinhibition was present 

for all paired-pulse TMS protocols in both young (all P < 0.008) and older (all P < 0.037) 

adults. 

ICC values for threshold tracking SICI1ms, SICI3ms, LICI and LCD are displayed in 

Table 4.2. There was good-to-excellent inter-session reliability for all paired-pulse TMS 

measures in both young (range 0.75 – 0.96) and older adults (range 0.88 – 0.93). 

Table 4.2. Intraclass correlation coefficients. 
 Age group 
Protocol Young Older 
SICI1ms 0.75 0.89 
SICI3ms 0.93 0.92 
LICI 0.96 0.88 
LCD 0.89 0.93 
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Figure 4.3. Threshold tracking values obtained from each paired-pulse protocol. (A) SICI at 1 
ms was reduced in older adults compared to young in both TMS sessions. No differences in 
SICI at 3 ms (B), LICI (C) or LCD (D) were observed between young and older adults in either 
session. In panels A-C greater inhibition is indicated upward. In panel D greater disinhibition 
is indicated downward. Data are presented as mean + SEM. N = 15 young and 15 older adults. 

4.4.3. Linear regression 

A negative correlation was observed between GABA concentration and max SICI1ms for young 

adults (Figure 4.4A and C), where individuals with higher GABA concentration exhibited 

lower SICI1ms (GABA:Cr r = -0.55, P = 0.043; GABA:NAA r = -0.65, P = 0.012). There was 

a positive correlation between GM quantity and GABA concentration (GABA:Cr r = 0.98, P 

< 0.001; GABA:NAA r = 0.93, P < 0.001) and a trend for an association between GM quantity 

and max SICI1ms (r = -0.52, P = 0.06). Partial correlation analyses with GM quantity as a 

controlling variable revealed no association between GABA concentration and max SICI1ms 

(GABA:Cr r = -0.17, P = 0.59; GABA:NAA r = -0.51, P = 0.08). No other correlations between 
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GABA or Glx concentrations and single- or paired-pulse TMS measures were observed for 

young (all P > 0.12) or older adults (all P > 0.11). Similarly, there were no associations between 

manual dexterity and metabolite concentrations or paired-pulse TMS measures for either age 

group (all P > 0.26). 

 

Figure 4.4. Correlations between SICI at 1 ms and MRS GABA concentration. There was a 
negative relationship in young adults (A and C), with higher GABA concentration associated 
with less SICI. Greater inhibition is indicated upward. No relationship was observed in older 
adults (B and D). N = 14 young and 15 older adults. 
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4.5. Discussion 

The present study investigated the effect of healthy ageing on M1 GABA concentration and 

GABAergic neurotransmission, and the reliability of threshold tracking. Overall, SICI1ms was 

reduced in older adults compared to young, but GABA concentration and other measures of 

GABAergic neurotransmission were not significantly different between age groups. GABA 

concentration was negatively correlated with SICI1ms in young but not older adults. Threshold 

tracking had good-to-excellent inter-session reliability in both young and older adults. These 

findings indicate that M1 GABA concentration and synaptic GABAA and GABAB activity are 

maintained with advancing age, whereas extrasynaptic GABAA activity is reduced. 

4.5.1. M1 GABA concentration is maintained with advancing age 

GABA concentration within M1 were similar between young and older adults. This finding is 

in contrast with a previous study which observed lower GABA in the frontal and parietal 

cortices with advancing age (Gao et al. 2013). This discrepancy between the current study and 

Gao et al. (2013) may highlight the non-uniform distribution of GABA concentration across 

the human cortex (Greenhouse et al. 2016). Alternatively, methodological differences in 

scanning parameters that influence the observed signal, such as the number of averages 

collected and voxel size (Mullins et al. 2014), may contribute to the disparate findings. A 

limitation of the present study is a small voxel (18 mm3) was used to optimise the recorded 

signal for the hand knob region of M1. Reducing voxel size can be detrimental to the inherently 

low signal-to-noise ratio associated with quantifying GABA (Mullins et al. 2014). Therefore, 

scanning parameters and regional variations in metabolite concentrations should be carefully 

considered in future MRS studies investigating age-related effects. 
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4.5.2. Healthy ageing influences GABAergic neurotransmission differentially 

The extent of age-related changes in M1 intracortical inhibition with TMS are unclear. The 

current study showed that SICI1ms was reduced in older adults using threshold tracking, which 

supports a previous conventional TMS study (Peinemann et al. 2001). However, this finding 

contrasts recent studies investigating SICI1ms in older adults (Shibuya et al. 2016; Smith et al. 

2009). Shibuya et al. (2016) assessed SICI1ms with threshold tracking, across a broad age 

spectrum (20 – 83 years), and demonstrated that extent of inhibition was not altered with 

advancing age. A key difference between the current study and Shibuya et al. (2016) was the 

intensity of the conditioning stimulus. Shibuya and colleagues (2016) used a single 

conditioning stimulus intensity (70% of TTT), whereas the current study determined maximum 

SICI1ms for each participant over a range of conditioning stimulus intensities (50–95% AMT; 

steps of 15%). It is advantageous to use multiple conditioning intensities because the profile of 

the SICI1ms curve may differ between individuals (Smith et al. 2009). Interestingly, Smith et al. 

(2009) observed more SICI1ms in older adults with a conditioning intensity set to 5% maximum 

stimulator output below AMT. However, AMT was higher in older adults compared with 

young and when conditioning stimulus intensities were set relative to AMT for both groups, 

the age-related increase in inhibition was not evident (Smith et al. 2009). Therefore, utilising 

multiple conditioning intensities that are set relative to the threshold of an individual, is likely 

to be advantageous in detecting age-related changes in SICI.  

The interpretation of SICI1ms can be somewhat controversial. One proposition is that 

the inhibition reflects neuronal refractoriness due to activation of low threshold interneurons 

by the conditioning (Fisher et al. 2002). However, increasing the conditioning intensity reduces 

SICI1ms, eventually leading to facilitation (Vucic et al. 2009). If neuronal refractoriness was 

solely responsible for SICI1ms, then greater inhibition would be expected with higher 

conditioning intensities due to subliminal activation of a larger population of interneurons 
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(Vucic et al. 2009). Alternatively, SICI1ms may reflect extrasynaptic GABAA activity (Stagg et 

al. 2011b; Vucic et al. 2009). Extrasynaptic GABAA receptors have high sensitivity to ambient 

extracellular GABA (Belelli et al. 2009), and regulate cortical excitability through tonically 

active inhibition (Walker and Semyanov 2008). The level of tonic inhibition is likely to be a 

key factor in neurorehabilitation, with animal models showing reduced inhibition in the 

subacute phase after stroke promotes motor recovery (Clarkson et al. 2010). Therefore, a better 

understanding of the mechanism(s) underlying SICI1ms and identifying how healthy ageing 

effects inhibitory tone within M1 may have key implications in older adults, typical of the age 

requiring neurorehabilitation after stroke. 

While older adults exhibited reduced extrasynaptic GABAA activity, threshold tracking 

TMS of synaptic GABAA and GABAB activity were similar between young and older adults. 

This finding coincides with the majority of previous studies investigating age-related effects 

using conventional TMS (Cirillo et al. 2010; Cirillo et al. 2011; Oliviero et al. 2006; Rogasch 

et al. 2009; Smith et al. 2009). However, an increase (McGinley et al. 2010; Sale et al. 2016) 

and decrease (Heise et al. 2013; Opie and Semmler 2014a; Peinemann et al. 2001) in synaptic 

GABAergic neurotransmission has also been reported in older adults. Interestingly, Sale et al. 

(2016) showed that SICI3ms was greater in older adults than young when using anterior-

posterior current flow in M1, but not posterior-anterior. Although not utilized in the present 

study, threshold tracking with an anterior-posterior induced current may provide a more robust 

and sensitive measure of SICI3ms than with a posterior-anterior current (Cirillo and Byblow 

2016). It has been shown previously SICI at 3 ms is more robust than 2 ms when using 

threshold-tracking (Murase et al. 2015). In the present study, the conditioning intensities used 

to assess SICI3ms were below the level where short-interval intracortical facilitation has been 

shown to interact with SICI3ms (Peurala et al. 2008). For these reasons, there is no reason to 

suspect that the absence of an age-related effect for SICI3ms is due to contamination from 
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facilitatory inputs. Whether the target muscle is voluntarily activated may help differentiate 

age-related changes in inhibition. For example, reduced SICI3ms in older adults was observed 

during voluntary activation but not resting conditions, whereas LICI was less in older adults at 

rest but not during muscle contraction (Opie and Semmler 2014a). Future studies are required 

to investigate age-related changes in intracortical inhibition using threshold tracking with 

different induced currents, and during voluntary activation. 

Here we present evidence that LCD is maintained with healthy ageing. To our 

knowledge, this study is the first to examine age-related effects on LCD, a proposed marker of 

presynaptic GABAB activity (Cash et al. 2010). We extend findings from previous studies 

assessing LCD in young adults using conventional TMS (Cash et al. 2010; Cash et al. 2011; 

Caux-Dedeystere et al. 2015; Caux-Dedeystere et al. 2014) by demonstrating LCD in both 

young and older adults using threshold tracking. The presence of LCD is not always consistent 

at rest, and appears to be more prominent during voluntary activation of the target muscle 

(Caux-Dedeystere et al. 2015; Caux-Dedeystere et al. 2014). Although LCD was not assessed 

during voluntary activation in the present study, LCD was observed using threshold tracking 

by selecting the ISI where maximum disinhibition occurred for each participant. We suggest 

that LCD may be examined in future studies by using threshold tracking TMS and multiple 

ISIs.  

Assessment of SICI3ms with threshold tracking shows good-to-excellent intra- and inter-

session reliability in young adults (Samusyte et al. 2015). We extend these findings by showing 

that threshold tracking SICI1ms, SICI3ms, LICI and LCD have good-to-excellent inter-session 

reliability in both young and older adults. Conventional TMS also demonstrates good inter-

session reliability for both SICI3ms and LICI in older adults (Schambra et al. 2015). Overall, 

Samusyte et al. (2015) found that intra- and inter-session reliability was better with threshold 

tracking than conventional TMS. The two techniques are presumed to reflect activity within 
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the same cortical networks, and differ only in the extent to which they are effected by MEP 

variability. Our results demonstrate that threshold tracking is a valid and reliable technique to 

investigate M1 GABAergic neurotransmission in young and older adults. 

4.5.3. GABA concentration and paired-pulse TMS measures 

There was a negative association between GABA concentration and SICI1ms in young, but not 

older adults (i.e. young participants with higher GABA concentration exhibited less inhibition). 

Interestingly, this association was not observed when controlling for the proportion of GM 

within the voxel and therefore this finding must be interpreted with caution. Our finding in 

young adults, and a recent similar finding (Dyke et al. 2017), contrast with a previous study 

demonstrating a positive relationship between MRS GABA and SICI1ms (Stagg et al. 2011b). 

Different paradigms to assess SICI1ms between the current study (maximum inhibition using 

threshold tracking) and Stagg et al. (2011b; slope of inhibition curve using conventional TMS) 

may explain the discrepant results. While SICI1ms was reduced in older adults, no age-related 

differences in GABA concentration within M1 was found. It is possible that age-related 

changes in intracellular GABA levels masks a decline in extrasynaptic GABA, which may 

account for the lack of relationship between SICI1ms and GABA concentration in older adults.  

There were no associations between GABA concentration and TMS surrogate measures 

of synaptic GABAA (SICI3ms) or GABAB (LICI and LCD) in young and old adults. These 

findings are consistent with previous studies focussing on healthy young cohorts (Stagg et al. 

2011b; Tremblay et al. 2013b). Limited sensitivity of MRS to synaptic GABA may account 

for the lack of a relationship between GABA concentration and paired-pulse TMS measures of 

synaptic GABA activity. GABA stores within the presynaptic bouton of inhibitory interneurons 

comprise approximately 30% of cortical GABA concentration (Petroff 2002), with the amount 

of GABA directly related to vesicular release (Golan et al. 1996). Improving the specificity of 
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MRS assessments of GABA concentration will aid interpretation of data from combined MRS 

and paired-pulse TMS studies.  

In summary, threshold tracking demonstrated that extrasynaptic GABAA activity may 

be reduced as a consequence of ageing. Conversely, GABA concentration and synaptic 

GABAergic activity may be maintained with ageing. Furthermore, threshold tracking with 

paired-pulse TMS is a reliable technique for assessing M1 GABAergic function. These findings 

may have implications for age-related conditions, such as stroke, where tonic inhibition plays 

an important role in motor recovery. 
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Chapter 5. The influence of primary motor cortex inhibition on 
upper limb impairment and function in chronic stroke: a 
multimodal study 

This experiment has been submitted to Neurorehabilitation and Neural Repair. 

5.1. Abstract 

Stroke is a leading cause of adult disability owing largely to motor impairment and loss of 

function. After stroke, there may be abnormalities in gamma-aminobutyric acid (GABA)-

mediated inhibitory function within primary motor cortex (M1), which may have implications 

for residual motor impairment and the potential for functional improvements at the chronic 

stage. The aim of the present study was to quantify GABA neurotransmission and 

concentration within ipsilesional and contralesional M1 and determine if they relate to upper 

limb impairment and function at the chronic stage of stroke.  Twelve chronic stroke patients 

and 16 age-similar controls were recruited for the study. Upper limb impairment and function 

were assessed with the Fugl-Meyer Upper Limb Scale (FMUL) and Action Research Arm Test 

(ARAT). Threshold tracking paired-pulse transcranial magnetic stimulation (TMS) protocols 

were used to examine short- and long-interval intracortical inhibition (SICI and LICI) and late 

cortical disinhibition (LCD). Magnetic resonance spectroscopy (MRS) was used to evaluate 

GABA concentration. SICI was similar between patients and controls. LICI was greater in 

ipsilesional M1 compared with controls. Patients who did not exhibit LCD in ipsilesional M1 

were those with greater upper limb impairment and worse function. GABA concentration was 

lower within ipsilesional and contralesional M1 compared with controls, resulting in an 

elevated excitation-inhibition ratio for patients. These findings indicate that ipsilesional and 

contralesional M1 GABAergic inhibition are altered in this small cohort of chronic stroke 

patients. Further study is warranted to determine how M1 inhibitory networks might be targeted 

to improve motor function. 
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5.2. Introduction 

Stroke is the second leading cause of death and the third leading cause of disability among 

adults worldwide (Krishnamurthi et al. 2013; Mendis 2013). Motor impairment is common 

after stroke, affecting around 80% of patients and recovery of movement is important for 

regaining independence (Langhorne et al. 2009). In human M1, the main inhibitory 

neurotransmitter GABA plays a critical role in shaping corticomotor output (Stinear and 

Byblow 2003) and the induction of plasticity (Ziemann et al. 2001). Early after stroke, 

GABAergic activity may be lower in ipsilesional M1 (McDonnell and Stinear 2017) which 

may support cortical reorganization and recovery (Murphy and Corbett 2009). Down-

regulation of GABAergic inhibition within ipsilesional M1 at the chronic stage may have 

implications for residual motor impairment and the potential for functional improvements. 

Disinhibition within contralesional M1 may facilitate upper-limb functional outcomes in 

patients with more severe residual impairment (Bradnam et al. 2012; Cramer et al. 1997; 

Stinear et al. 2008; Ward et al. 2007; Ward et al. 2006). 

Paired-pulse TMS protocols can be used to assess GABA-mediated neurotransmission 

within M1. Specifically, SICI, LICI and LCD are proposed markers of postsynaptic GABAA 

(Ziemann et al. 1996), postsynaptic GABAB (McDonnell et al. 2006) and presynaptic GABAB 

(Cash et al. 2010) receptor activity respectively. Conventional TMS protocols use constant 

conditioning and test stimulation parameters, and inhibition is quantified as the decrease in 

motor evoked potential (MEP) amplitude elicited by the conditioned test stimulus relative to 

the test stimulus alone (Kujirai et al. 1993). However, conventional stimulation parameters 

(i.e., 1 mV MEP) can be difficult to obtain in some patients as corticomotor excitability is lower 

in ipsilesional M1 (McDonnell and Stinear 2017). An alternative approach is threshold tracking 

paired-pulse TMS, whereby inhibition is quantified as the increase in test stimulus intensity 

required to maintain a small, more achievable, target MEP amplitude (200 μV) in the presence 
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of the conditioning stimulus (Fisher et al. 2002; Vucic et al. 2006). Threshold-based 

quantification of inhibition reduces the confound of MEP variability associated with 

amplitude-based methods (Kiers et al. 1993). MEP variability may be greater at ages typical of 

stroke incidence (Pitcher et al. 2003) and following damage to the corticomotor pathway 

(Potter-Baker et al. 2018). Therefore, threshold tracking may offer advantages for assessing 

GABA-mediated neurotransmission within ipsilesional M1 after stroke.  

GABA concentration within M1 can be quantified non-invasively using MRS (Mescher 

et al. 1998). MRS provides a means to quantify GABA in ipsilesional M1 of patients without 

MEPs in distal muscles of the paretic upper limb. These patients typically exhibit less potential 

for further gains in upper limb function than patients with MEPs (Stinear et al. 2007). However, 

such gains may occur through mechanisms that do not rely on the lateral corticospinal tract. 

Previous studies have shown that GABA concentration may be lower in ipsilesional M1 of 

chronic stroke patients compared with controls (Blicher et al. 2015; O'Shea et al. 2014). It is 

unknown whether stroke effects on GABA concentration are specific to ipsilesional M1, or 

extend to other brain regions such as contralesional M1. 

The primary aim of this study was to investigate GABA neurotransmission and 

concentration within ipsilesional and contralesional M1 using threshold tracking paired-pulse 

TMS and MRS. We hypothesized that GABA-mediated neurotransmission and concentration 

would be altered in ipsilesional, but not contralesional M1, compared with age-similar controls. 

A secondary aim was to determine if GABAergic inhibition within M1 relates to upper limb 

impairment and function at the chronic stage.   
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5.3. Methods 

5.3.1. Participants 

Twelve people with first ever mono-hemispheric stroke at least six months earlier participated 

in the study (Table 5.1). Participants were excluded if they had contraindications to TMS or 

magnetic resonance imaging, or had significant aphasia or impaired cognition precluding 

informed consent. These data were compared with data from 16 neurologically healthy age-

similar controls reported previously (Mooney et al. 2017). Each participant provided written 

informed consent and the study was approved by the University of Auckland Human 

Participants Research Ethics Committee. 

5.3.2. Clinical assessments 

Stroke severity was evaluated with the National Institutes of Health Stroke Scale (NIHSS). 

Upper limb impairment was assessed with the FMUL (maximum 66). Upper limb function was 

assessed with the ARAT (maximum 57). Spasticity in the biceps, triceps, wrist flexors and 

finger flexors was assessed with the Modified Ashworth Scale. Assessments were carried out 

by a clinical assessor trained in the administration of these tests. 
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5.3.3. Recording and stimulation procedures 

5.3.3.1. Surface electromyography 

Surface electromyography (EMG) was recorded from the first dorsal interosseous (FDI) 

muscle of each hand, using 10 mm diameter Ag-AgCl recording electrodes (Ambu, Ballerup, 

Denmark) arranged in a belly-tendon montage, with a 20 mm diameter ground electrode (3M 

Health Care, Canada) positioned on the dorsum of each hand. EMG signals were amplified 

(1000×) and band-pass filtered (10 – 1000 Hz) using a CED1902 amplifier (Cambridge 

Electronic Design Ltd, UK), sampled at 2 kHz using a CED1401 interface and recorded onto a 

computer for offline analysis using Signal software (Cambridge Electronic Design Ltd, UK). 

5.3.3.2. Transcranial magnetic stimulation 

Single- and paired-pulse TMS was delivered to ipsilesional and contralesional M1 using a 

figure-of-eight coil (70 mm wing diameter) connected to two monophasic Magstim 2002 

magnetic stimulators via a Bistim module (Magstim, Whitland, Wales, UK). The coil was held 

tangentially to the scalp, handle posterior, approximately 45° to the mid-sagittal line, to induce 

posterior-anterior current flow in the brain (Sakai et al. 1997) using a monophasic waveform. 

The optimal site to elicit a consistent MEP in the resting FDI muscle was marked on the scalp. 

TMS was delivered at 0.2 Hz, with ~20% variation between trials, and optimal coil position 

was continually monitored throughout the experiment. 

Rest motor threshold (RMT) was defined as the minimum stimulus intensity required 

for eliciting MEPs of ≥ 50 µV in amplitude (Rossini et al. 2015). Active motor threshold 

(AMT) was defined as the minimum stimulus intensity required for eliciting MEPs of ≥ 100 

µV in amplitude, with FDI pre-activated to approximately 10% of maximum voluntary 

contraction. 
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5.3.3.3. Threshold tracking 

Threshold tracking a target MEP amplitude of 200 µV was used to quantify the extent of 

inhibition and disinhibition in M1 in line with previous work (Cirillo and Byblow 2016; Fisher 

et al. 2002; Mooney et al. 2017; Vucic et al. 2006). First, a non-conditioned threshold tracking 

target (TTT) was obtained (Figure 5.1). The TTT was defined as the minimum stimulus 

intensity required for eliciting MEPs of 200 µV (± 20%) in amplitude in four out of eight trials 

(Cirillo and Byblow 2016; Mooney et al. 2017). The non-conditioned TTT was determined 

before and after each paired-pulse protocol and the average value obtained. 

To investigate SICI, a subthreshold conditioning stimulus was delivered 1 (SICI1ms) 

and 3 (SICI3ms) ms prior to the test stimulus. SICI1ms and SICI3ms are proposed to reflect 

extrasynaptic (Stagg et al. 2011b) and synaptic (Ziemann et al. 1996) GABAA receptor activity 

respectively. In the presence of the conditioning stimulus, the test stimulus intensity was 

increased or decreased in 1% maximum stimulator output (MSO) steps until the TTT was 

reached. Tracking was deemed successful when the conditioned MEP amplitude was above or 

within 20% of the TTT in two out of three consecutive trials. If the target amplitude could not 

be attained at maximum stimulation intensity, then 100% MSO was noted as the TTT. Four 

conditioning intensities were used ranging from 50–95% AMT (15% AMT steps) in a 

sequential order. 

Five interstimulus intervals (150, 175, 200, 225 and 250 ms) were used to investigate 

LICI and LCD in line with previous work (Cash et al. 2010). The conditioning stimulus was 

set to 130% RMT and the test stimulus intensity was increased or decreased in 1% MSO steps 

until the TTT was achieved for each interstimulus interval in a sequential order. 
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Figure 5.1. Example EMG traces depict MEPs from the paretic FDI muscle during threshold 
tracking TMS. (A) Stimulation intensity required to elicit a fixed MEP amplitude (200 μV) to 
the single-pulse test stimulus (TTT). (B and C) SICI at 1 and 3 ms respectively. (D and E) LICI 
and LCD respectively. Threshold tracking requires an increase or decrease in the test stimulus 
intensity to evoke the target response in the presence of the conditioning stimulus (grey traces 
in B-E). 
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5.3.3.4. Magnetic resonance imaging 

A Siemens Magnetom Skyra 3T scanner and 20-channel head coil (Siemens, Germany) were 

used for the neuroimaging session. T1-weighted whole-brain structural images were acquired 

using 1 x 1 x 1 mm voxels and a 256 mm field of view (TR = 1900 ms, TE = 2.07 ms). 

5.3.3.5. Magnetic resonance spectroscopy 

The T1-weighted structural images were used to visually identify and manually place an 18 x 

18 x 18 mm voxel of interest over the ipsilesional and contralesional precentral hand knobs 

(Supplementary Figure 5.1). As described previously (Mooney et al. 2017), spectral GABA 

editing and simultaneous water suppression were then performed using the MEGA-PRESS 

sequence (TR = 1500 ms, TE = 68 ms, 96 averages) (Mescher et al. 1998). Shimming was 

performed prior to the acquisition of each voxel to correct for inhomogeneity in the applied 

magnetic field (achieved linewidth of the water peak <15 Hz). Outer volume suppression bands 

were used to prevent contamination from lipid signals. 

5.3.4. Data analysis 

5.3.4.1. Neurophysiology 

For the threshold tracking protocols, trials that were contaminated by pre-stimulus EMG 

activity (root mean squared EMG > 10 μV; 50 ms before stimulation) were rejected online 

and repeated immediately. The amplitude of the first MEP from the LICI/LCD protocol was 

used as a measure of corticomotor excitability. SICI1ms, SICI3ms, LICI and LCD induced by 

the conditioning stimulus were quantified as the percentage increase or decrease in test 

stimulus intensity required to evoke the TTT (Fisher et al. 2002): 

𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑟𝑟ℎ𝑒𝑒𝑆𝑆𝑑𝑑 𝑐𝑐ℎ𝑡𝑡𝑑𝑑𝑎𝑎𝑒𝑒 (%) =
(𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑁𝑁𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇)

𝑁𝑁𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇
 𝑥𝑥 100 
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where positive values indicate inhibition and negative values indicate disinhibition. For both 

SICI1ms and SICI3ms, the largest threshold change value amongst conditioning stimulus 

intensities was determined as maximum inhibition for each participant. Maximum inhibition 

and disinhibition observed between the interstimulus intervals of 150-250 ms were used to 

index LICI and LCD respectively. 

5.3.4.2. Neuroimaging 

MRS data were processed using the Java Magnetic Resonance User Interface (jMRUI) 

(Naressi et al. 2001). Quantification of M1 GABA concentration using MEGA-PRESS and 

jMRUI has good intra- and inter-individual reproducibility (Bogner et al. 2010). As described 

previously (Mooney et al. 2017), spectral analysis for both the ipsilesional and contralesional 

voxels was carried out in the time-domain using AMARES. A fixed Gaussian function was 

used to obtain a linewidth for the reference metabolite creatine (Cr). Peak fitting the GABA 

resonance was performed using two Gaussian curves with the linewidths constrained to that 

of the Cr resonance. Total amplitude of GABA was obtained by summing the two peaks. 

Additional peak fitting for the co-edited glutamate + glutamine (Glx) resonance was also 

performed in an identical manner. All spectra were included as the Cr linewidths were < 3 

SDs from the mean Cr linewidth (Bogner et al. 2010). 

T1-weighted structural images were used to determine the relative quantities of grey 

matter (GM), white matter (WM) and cerebrospinal fluid within each voxel. The amplitude of 

the Cr peak was corrected for the proportion of total brain tissue volume (GM + WM) within 

the voxel and the GABA and Glx amplitudes corrected for the proportion of GM volume 

(Stagg et al. 2011a). GABA and Glx amplitudes were then expressed as ratios relative to the 

Cr amplitude (GABA:Cr and Glx:Cr). The Glx amplitude was expressed relative to the 

GABA amplitude (Glx:GABA) to determine the excitation-inhibition ratio (Shibata et al. 

2017).  
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5.3.5. Statistical analysis 

Normality was assessed using the Shapiro-Wilk's test and homoscedasticity of variance using 

the Levene’s test of equality and Mauchly’s test of sphericity. Non-normal data (MEP 

amplitude) were log transformed for statistical analysis, however, non-transformed data are 

reported for clarity. One-sample t-tests (hypothesized mean = 0) were performed for SICI1ms, 

SICI3ms, LICI, and LCD to confirm significant inhibition/disinhibition for each hemisphere. 

Bonferroni corrected two-tailed independent samples t-tests and paired t-tests were used to 

compare neurophysiological (RMT, AMT, TTT, MEP amplitude, SICI1ms, SICI3ms, LICI, and 

LCD) and neuroimaging (GABA:Cr, Glx:Cr and Glx:GABA) variables between groups and 

within groups respectively. Spearman correlation analyses were used to investigate the 

relationship between TMS measures of inhibition, metabolite concentrations, and clinical 

scores. The significance level was set at P < 0.05 and group data are presented as mean ± SEM 

in the text. 

5.4. Results 

Twelve participants (mean [range] age = 71 [55-88] years; 11 men) with first ever mono-

hemispheric ischemic stroke at least six months earlier were studied (Table 5.1). These 

participants were compared with 16 neurologically healthy age-similar controls (mean [range] 

age 70 [62-83] years; 9 men). TMS data were unable to be obtained from ipsilesional M1 in 

two patients, contralesional M1 in one patient and in one control participant. MRS data from 

contralesional M1 of one patient were unable to be analysed due to a scanning artefact. The 

TMS and MRS session was separated by a mean (range) of 5 (1-9) days for patients and 8 (2-

15) days for controls. 
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5.4.1. Transcranial magnetic stimulation 

RMT, AMT and TTT were similar between ipsilesional M1, contralesional M1 and controls 

(all P > 0.43; Table 5.2). MEP amplitude was lower in ipsilesional M1 compared with 

controls (P = 0.003) and contralesional M1 (P = 0.048), with no difference between 

contralesional M1 and controls (P = 0.59).  

One-sample t-tests revealed that SICI1ms, SICI3ms and LICI were present in controls 

(all P < 0.001), ipsilesional M1 (all P < 0.005) and contralesional M1 (all P < 0.023). LCD 

was only present in controls (P = 0.020), and not ipsilesional or contralesional M1 (both P > 

0.15). SICI1ms and SICI3ms were similar between ipsilesional M1, contralesional M1 and 

controls (all P > 0.09; Figure 5.2A and B). LICI was higher in ipsilesional M1 (31.2 ± 3.8%) 

compared with controls (10.7 ± 1.7%, P < 0.001; Figure 5.2C). There was a trend for higher 

LICI in contralesional M1 (20.0 ± 3.6%) compared with controls (P = 0.06) and no difference 

between ipsilesional and contralesional M1 (P = 0.14). LCD within ipsilesional M1 was not 

present at a group level (9.0 ± 5.8) and was different compared with controls (-4.8 ± 2.4%, P 

= 0.039; Figure 5.2D). There were no differences in LCD between ipsilesional and 

contralesional M1 (P = 0.17) or contralesional M1 and controls (P = 0.26). 

 
 

Table 5.2. Single-pulse TMS data. 
 M1 
 Control Ipsilesional Contralesional 
RMT (% MSO) 50.7 (2.9) 46.9 (3.7) 47.6 (2.8) 
AMT (% MSO) 39.9 (2.3) 41.1 (3.0) 39.5 (2.0) 
TTT (% MSO) 54.7 (3.5) 52.2 (4.3) 52.6 (2.9) 
MEP amplitude (mV) 2.23 (0.64) 0.43 (0.07)*# 1.62 (0.53) 

Note: *P < 0.05 compared with control. #P < 0.05 compared with contralesional.  
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Figure 5.2. Threshold tracking values obtained from each paired-pulse protocol. There were 
no differences in SICI at 1 (A) or 3 ms (B) between control, ipsilesional and contralesional M1. 
(C) LICI was greater in ipsilesional M1 compared with controls. (D) LCD was not present in 
ipsilesional M1. Dashed lines indicate control mean ± SEM. In A-C greater inhibition is 
indicated upward. In D, greater disinhibition is indicated downward. Data are presented as 
mean ± SEM. N = 15 controls, 10 ipsilesional and 11 contralesional. *P < 0.05 compared with 
control. 
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Figure 5.3. MRS data. (A) GABA concentration was lower in ipsilesional and contralesional 
M1 compared with controls. B) There was no difference in Glx concentration between 
ipsilesional, contralesional and control M1. (C) Glx:GABA was higher in ipsilesional and 
contralesional M1 compared with controls. Dashed lines indicate control mean ± SEM. *P < 
0.05.   
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5.4.2. Magnetic resonance spectroscopy 

The linewidths of the Cr peaks from ipsilesional, contralesional and control M1 were 7.83 ± 

0.29 Hz, 7.73 ± 0.42 Hz and 8.05 ± 0.41 Hz respectively. GABA:Cr was lower in ipsilesional 

(0.075 ± 0.009, P = 0.009) and contralesional M1 (0.080 ± 0.009, P = 0.021) compared with 

controls (0.114 ± 0.008; Figure 5.3A), with no difference between ipsilesional and 

contralesional M1 (P = 0.75). Glx:Cr was similar between ipsilesional M1, contralesional M1 

and controls (all P > 0.24; Figure 5.3B). The excitation-inhibition ratio was higher in 

ipsilesional (1.08 ± 0.10, P = 0.037) and contralesional M1 (1.11 ± 0.12, P = 0.039) compared 

with controls (0.80 ± 0.06; Figure 5.3C), with no difference between ipsilesional and 

contralesional M1 (P = 0.98). 

5.4.3. Correlation analyses 

A negative correlation was observed between ipsilesional M1 LCD and FMUL scores (ρ = -

0.86, P = 0.002; Figure 5.4A) and ARAT scores (ρ = -0.73, P = 0.017; Figure 5.4B). Patients 

with disinhibition had less upper limb impairment and better function, whereas patients without 

disinhibition had greater upper limb impairment and worse function.  No other correlations 

between inhibition measures or metabolite concentrations and clinical scores were observed 

(all P > 0.11), or between TMS measures of inhibition and metabolite concentrations (all P > 

0.13). 
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Figure 5.4. Correlations between LCD values from ipsilesional M1 and clinical scores. FMUL 
(A) and ARAT scores (B). Patients who exhibited disinhibition had less impairment and better 
upper limb function, whereas patients who exhibited inhibition had greater impairment and 
worse upper limb function. 

5.5. Discussion 

This study confirms that ipsilesional corticomotor excitability is lower compared with 

contralesional hemisphere and control levels at the chronic stage of stroke. A novel finding 

from paired-pulse TMS was that postsynaptic GABAB receptor-mediated inhibition was 

greater in ipsilesional M1. In contrast, presynaptic GABAB receptor-mediated inhibition was 

lower in ipsilesional M1 and was not present in patients with greater upper limb impairment 

and worse function. There were no differences in postsynaptic GABAA receptor-mediated 

inhibition between patients and controls. A novel finding from MRS was that GABA 

concentration was lower in ipsilesional and contralesional M1, which contributed to a higher 

excitation-inhibition ratio. These findings indicate GABAergic inhibition is altered in 

ipsilesional and contralesional M1, which may be detrimental to motor function and the 

induction of plasticity at the chronic stage of stroke.  
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A recent meta-analysis of conventional paired-pulse TMS studies found less 

ipsilesional SICI compared with contralesional and controls early after stroke (McDonnell and 

Stinear 2017), but no differences at the chronic stage. We corroborate these findings using 

threshold tracking with chronic stroke patients. Only one previous study has assessed SICI after 

stroke using threshold tracking (Huynh et al. 2015). Huynh et al. (2015) observed lower 

ipsilesional and contralesional SICI early after stroke which persisted into the chronic stage. 

Methodological differences in SICI stimulation parameters and data analysis may have 

contributed to the disparate findings between Huynh et al. (2015) and the present study. For 

example, Huynh et al. (2015) used a single conditioning intensity (70% of TTT) and averaged 

SICI across multiple interstimulus intervals (1-7 ms), while maximum SICI was determined 

from a range of conditioning stimulus intensities (50–95% AMT) in our study. The latter may 

offer an advantage because the profile of the SICI curve can differ between individuals (Cirillo 

and Byblow 2016; Mooney et al. 2017; Smith et al. 2009) and after stroke (Butefisch et al. 

2003). Also, the SICI estimates obtained at 1 and 3 ms interstimulus intervals in the present 

study were analysed separately, since the former may reflect, in part, extrasynaptic GABAA 

(Stagg et al. 2011b) whereas the latter is presumed to occur through more purely synaptic 

(Ziemann et al. 1996) GABAA receptor activity. Ipsilesional SICI may be lower early after 

stroke, but our data indicate that it is unlikely to be different to contralesional or controls in the 

chronic stage when optimal stimulation parameters and analyses are used. 

Compared to controls, LICI was elevated in ipsilesional M1 of chronic stroke patients. 

Our findings contrast with previous conventional paired-pulse TMS studies where no 

difference in LICI was observed between controls and patients at the chronic stage (Schambra 

et al. 2015; Swayne et al. 2008). The conventional studies assessed LICI at a single 

interstimulus interval (100 ms). In contrast, we determined maximum LICI over a range of 

interstimulus intervals (150-250 ms), which is advantageous as the time course of LICI varies 
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between individuals (Cash et al. 2010). Previous studies have shown that administration of 

baclofen, a postsynaptic GABAB receptor agonist (McDonnell et al. 2006) and tiagabine, a 

GABA reuptake inhibitor (Werhahn et al. 1999), increases the magnitude of LICI. It is possible 

that exaggerated ipsilesional LICI may be mediated by greater efficacy of postsynaptic GABAB 

receptors and/or deficient GABA reuptake from the synaptic cleft. However, deficient GABA 

reuptake would increase tonic inhibition which was not observed in the present study, making 

it an unlikely contributor to excessive LICI. Future studies are required to determine the 

mechanisms pertaining to excessive ipsilesional postsynaptic GABAB receptor-mediated 

inhibition in chronic stroke.  

A brief period of LCD may be observed after the inhibition phase with the LICI 

protocol. This disinhibition is thought to be mediated by presynaptic GABAB receptors which 

limit further GABA release (Cash et al. 2010). LCD was only present in the ipsilesional M1 

for patients with less upper limb impairment and better function. In contrast, patients who 

exhibited inhibition rather than LCD, had greater upper limb impairment and worse function. 

Excessive postsynaptic GABAB activity may mask presynaptic GABAB activity, ultimately 

degrading motor function.  

Based on these findings, it seems reasonable to ask whether excessive ipsilesional 

postsynaptic GABAB receptor activity is responsible in part for impairment and loss of function 

in chronic stroke, and whether it could be reduced to normative levels. Pharmacological 

intervention with GABA antagonists may be warranted, but their use may be contraindicated 

for many patients. Non-pharmacological interventions such as a bout of aerobic exercise 

(Mooney et al. 2016) and bilateral priming (Byblow et al. 2012) produce transient reductions 

in LICI within M1. Preceding upper limb therapy with bilateral priming can accelerate recovery 

early after stroke (Stinear et al. 2014) and produce greater functional improvements at the 
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chronic stage (Stinear et al. 2008). Future studies could assess the modulation of ipsilesional 

postsynaptic GABAB receptor activity and the implications this has for motor function.  

GABA concentration within ipsilesional and contralesional M1 of chronic stroke 

patients was lower than controls. Lower ipsilesional GABA concentration in the chronic stage 

may support the maintenance of recovered motor function (Blicher et al. 2015), as motor 

deficits re-emerge following the administration of GABA agonists (Lazar et al. 2010). Since 

most patients had subcortical lesions, it seems unlikely that lower ipsilesional GABA 

concentration reflected a loss of GABAergic neurons. Lower contralesional GABA 

concentration may support input from contralesional networks in patients with severely low 

ipsilesional corticomotor integrity (Bradnam et al. 2012; Cramer et al. 1997; Stinear et al. 2008; 

Ward et al. 2007; Ward et al. 2006). However, this study had only two participants without a 

functioning ipsilesional corticomotor pathway and is therefore unlikely to be the only 

explanation for lower contralesional GABA concentration. Because Glx concentration was 

similar between patients and controls, lower GABA concentration contributed to a higher 

Glx:GABA ratio in patients. The Glx:GABA ratio provides an index of the excitation-

inhibition balance within the cortex and is proposed to be a more sensitive proxy for plasticity 

than GABA alone (Shibata et al. 2017). Further studies are warranted to determine if lower 

GABA concentration and higher excitation-inhibition ratio are beneficial for plasticity 

induction and the maintenance of motor function at the chronic stage.  

This study has a number of limitations. First, this is a small sample of heterogeneous 

patients at the chronic stage after stroke. The small sample size prevented comparisons between 

subgroups of patients e.g., mild vs. moderate-severe impairment or cortical vs. subcortical 

stroke, which may influence TMS measures of inhibition (Huynh et al. 2015) and GABA 

concentration (Blicher et al. 2015). Also, ipsilesional and contralesional TMS and MRS data 

were unable to be obtained from a proportion of patients further limiting the small sample. 
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Second, the presence of LCD is not always consistent when assessed at rest in neurologically 

healthy individuals (Caux-Dedeystere et al. 2015; Caux-Dedeystere et al. 2014). However, we 

have recently shown that LCD may be more prominent using threshold tracking and multiple 

interstimulus intervals (Mooney et al. 2017). Finally, it is unclear to what extent 

macromolecules, which have the same resonance frequency as GABA, may contribute to, and 

thus contaminate the observed GABA concentration peak (Mullins et al. 2014).  

In summary, threshold tracking paired-pulse TMS demonstrated that postsynaptic 

GABAB receptor-mediated inhibition was higher in ipsilesional M1. In contrast, presynaptic 

GABAB receptor-mediated inhibition was lower in ipsilesional M1 and was not present in 

patients with greater upper limb impairment and worse function. These results, combined with 

the findings of lower M1 GABA concentration and higher excitation/inhibition ratio, warrant 

further study to identify treatments that might best improve motor function for those at the 

chronic stage of stroke. 
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Chapter 6. Adaptive threshold hunting reveals differences in 
interhemispheric inhibition between young and older adults 

This experiment has been reported in European Journal of Neuroscience 2018; 48(5):2247-

2258. 

6.1. Abstract 

Interhemispheric inhibition (IHI) between bilateral motor cortices is important for the 

performance of unimanual activities and may be compromised with advancing age. 

Conventionally, IHI is assessed using paired-pulse transcranial magnetic stimulation (TMS) 

with constant conditioning and test stimulation parameters. Adaptive threshold hunting TMS, 

whereby a target motor evoked potential (MEP) amplitude is maintained in the presence of the 

conditioning, may provide an alternative means of assessment. Furthermore, IHI may suppress 

late indirect (I)-waves more so than early I-waves which can be preferentially elicited using 

anterior-posterior (AP) and posterior-anterior (PA) induced currents respectively. The aim of 

the present study was to assess age-related effects on IHI using both conventional and threshold 

hunting techniques with PA and AP induced current. In 15 young and 15 older adults, short 

(10 ms) and long (40 ms) interval interhemispheric inhibition (SIHI and LIHI) was examined 

in the nondominant extensor carpi radialis (ECR) muscle at rest and during voluntary 

extension of the contralateral wrist. With the conventional technique, there were no age-related 

differences in SIHI. With threshold hunting and AP induced current, young adults exhibited 

greater SIHI during contralateral activation compared with rest and compared with older adults. 

Furthermore, LIHI was greater in older adults compared with young for both conventional and 

threshold hunting techniques. Age-related differences in IHI are evident with threshold hunting 

using PA and AP induced current.   
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6.2. Introduction 

IHI supports manual activities by suppressing unwanted mirror activity in ipsilateral primary 

motor cortex (M1) during unilateral contractions (Ferbert et al. 1992). It has been proposed that 

this inhibition is likely mediated through excitatory transcallosal axons which terminate 

contralaterally on local gamma-aminobutyric acid (GABA)-mediated inhibitory interneurons 

regulating corticomotor output (Irlbacher et al. 2007). Functional neuroimaging studies have 

shown that older adults typically exhibit increased bilateral cortical activation during unilateral 

movements compared to young adults (Naccarato et al. 2006; Ward and Frackowiak 2003). 

This finding indicates less cortical lateralization with advancing age which may, in part, be 

attributed to an age-related diminished capacity in IHI (Talelli et al. 2008a). 

Paired-pulse TMS can be used to assess IHI by delivering a conditioning stimulus to 

M1 ipsilateral to the target muscle, followed by a test stimulus delivered to contralateral M1 

(Ferbert et al. 1992). With conventional paired-pulse TMS, IHI is quantified as the decrease in 

MEP amplitude elicited by the contralaterally conditioned test stimulus relative to the test 

stimulus alone (Ferbert et al. 1992). Threshold hunting paired-pulse TMS has previously been 

used to assess intracortical inhibition in both young (Amandusson et al. 2017; Awiszus et al. 

1999; Cirillo and Byblow 2016) and older adults (Mooney et al. 2017) and may provide a useful 

alternative for examining IHI. In contrast to the conventional approach, threshold hunting 

maintains a target MEP amplitude in the presence of the conditioning stimulus by adjusting the 

test stimulus intensity (Awiszus et al. 1999). Both conventional and threshold hunting methods 

may be similar in their modes of action (Amandusson et al. 2017). However, threshold hunting 

reduces the confound of MEP variability associated with conventional methods (Kiers et al. 

1993), which may be more prominent with advancing age (Pitcher et al. 2003). Furthermore, 

the use of adaptive threshold hunting may have implications for the assessment of IHI after 

neurological injury such as stroke, where corticomotor excitability may be reduced (Stinear et 
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al. 2015) and conventional stimulation parameters (i.e., 1 mV MEP) are unattainable. 

Therefore, threshold hunting may offer advantages for assessing IHI in neurologically healthy 

young and older adults and age-similar clinical populations.  

Epidural recordings indicate that IHI has little influence on early I-waves elicited by 

the test stimulus, but rather reduces the amplitude of late I-waves (Di Lazzaro et al. 1999a). 

However, previous studies assessing age-related effects have primarily utilized TMS with PA 

induced current (Hinder et al. 2010; Plow et al. 2013; Talelli et al. 2008a; Talelli et al. 2008b), 

that preferentially activates circuits responsible for early I-waves (Di Lazzaro et al. 2012). 

Preferential activation of late I-wave circuitry is achieved by applying TMS over M1 with an 

AP induced current in the brain (Sakai et al. 1997). In young individuals, the magnitude of IHI 

was comparable when the test stimulus was induced with PA and AP current directions (Ghosh 

et al. 2013). However, age-related comparisons may be more sensitive with AP stimulation 

compared with PA. For example, age-related differences in intracortical inhibition that also 

suppresses later I-waves much more so than early I-waves (Di Lazzaro et al. 1998c; Nakamura 

et al. 1997) was only evident with AP, but not PA stimulation (Sale et al. 2016). Therefore, 

assessing IHI with AP induced current may be required to detect age-related effects.  

 The aim of the present study was to assess IHI at rest and during contralateral activation 

in young and older adults using conventional and threshold hunting TMS with PA and AP 

induced current. We hypothesized that age-related differences in IHI would be more evident 

with threshold hunting than conventional TMS and with AP than PA induced current. 
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6.3. Methods 

6.3.1. Participants 

Fifteen neurologically healthy young (9 females, mean age 25 ± 4 years, range 21 – 34 years) 

and fifteen older adults (10 females, mean age 75 ± 7 years, range 66 – 89 years) participated 

in this study. All participants were right-handed as assessed by the short version of the 

Edinburgh Handedness Inventory (Veale 2014), with a mean Laterality Quotient of 95 (range 

67 – 100) for young adults and 98 (range 67 - 100) for older adults. Participants completed a 

TMS safety screening questionnaire, developed by our institution based on a previous report 

(Keel et al. 2001), which was screened and approved by a neurologist before participation. 

Each participant provided written informed consent and the study was approved by the 

University of Auckland Human Participants Research Ethics Committee. 

6.3.2. Recording and stimulation procedures 

6.3.2.1. Surface electromyography 

Surface electromyography (EMG) was recorded from left and right ECR from 10 mm diameter 

Ag-AgCl recording electrodes (Ambu, Ballerup, Denmark), arranged in a belly-tendon 

montage, with 20 mm ground electrodes (3M, Canada Health Care) positioned on the lateral 

epicondyles. EMG signals were amplified (1000×) and band-pass filtered (10 – 1000 Hz) using 

a CED1902 amplifier (CED, Cambridge, UK), sampled at 10 kHz using a CED1401 interface 

(CED, Cambridge, UK) and recorded with Signal (Version 5.03, CED, Cambridge, UK). 

6.3.2.2. Experimental setup 

Participants were seated comfortably with their left and right shoulders abducted ~45º, both 

forearms pronated and palms facing down. Participants either remained at rest, or performed 

isometric right wrist extension to ~10% of maximal voluntary contraction (MVC) which was 
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determined by maximal isometric extension of the right wrist. Visual feedback of right ECR 

EMG was displayed on a computer monitor to assist in maintaining a steady contraction. 

6.3.2.3. Transcranial magnetic stimulation 

Two Magstim 2002 magnetic stimulators (Magstim, Whitland, Wales, UK), each connected to 

a figure-of-eight coil (50 mm for left hemisphere, 70 mm for right hemisphere), were used to 

deliver monophasic TMS. First, the optimal site to elicit consistent MEPs in the right and left 

ECR (coil ~45° to the mid-sagittal line) with PA current was marked on the scalp over the left 

and right hemisphere respectively. TMS was delivered at 0.2 Hz, ± 20%. 

A freeware program (TMS Motor Threshold Assessment Tool; MTAT 2.0, F. Awiszus 

& J. Borckardt) that employs a maximum-likelihood parameter estimation by sequential testing 

(PEST) was used for adaptive threshold hunting. The procedure involves adjusting the stimulus 

intensity up or down as instructed for 12 trials until the target intensity is found within 95% 

confidence intervals. Rest motor threshold (RMT) of the right ECR was defined as the 

minimum intensity required to produce an MEP of at least 50 µV (Rossini et al. 2015) using 

PA induced current. 

6.3.2.4. Short- and long-interval interhemispheric inhibition 

Conventional paired-pulse TMS was used to quantify the extent of SIHI and LIHI. First, the 

intensity required to elicit a ~1 mV MEP in the resting left ECR was determined (Figure 6.1A). 

To elicit SIHI and LIHI respectively a suprathreshold conditioning stimulus set to 120% RMT 

(Perez and Cohen 2008) was delivered to left M1 10 and 40 ms prior to the ~1 mV test stimulus 

delivered to right M1 (Figure 6.1B and C). SIHI and LIHI were assessed using both a PA and 

AP induced current for the test stimulus. For each current direction, the left wrist was always 

at rest, whereas the right wrist was at rest or active (isometric extension ~10% of MVC). 

Conventional data were not obtained from two older adults as an adequate non-conditioned 
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(NC) MEP (at least 0.5 mV) could not be elicited using AP induced current. For the active 

trials, the test stimulus intensity was adjusted, if required, to account for contralateral 

facilitation (Perez and Cohen 2008) so that NC MEP amplitudes were equivalent between rest 

and active conditions (~1 mV). Each block consisted of 16 NC, 16 SIHI and 16 LIHI trials (48 

trials total) delivered in a randomized order. 

Adaptive threshold hunting paired-pulse TMS was then used to quantify the extent of 

SIHI and LIHI. First, using PEST, a NC threshold hunting target (THT) was obtained by 

determining the minimum stimulus intensity required to produce a MEP of 200 µV (Fisher et 

al. 2002) in the resting left ECR (Figure 6.1D). Consistent with conventional IHI, a 

suprathreshold conditioning stimulus, set to 120% RMT, was delivered to left M1 10 (SIHI) 

and 40 (LIHI) ms prior to the test stimulus delivered to right M1. PEST was then used to 

determine the stimulus intensity required to achieve the THT in the presence of the 

conditioning stimulus (Figure 6.1E and F). The NC THT and conditioned THTs were assessed 

sequentially using both PA and AP induced current, whilst each participant was at rest and 

whilst they performed isometric right wrist extension. 

6.3.2.5. MEP latency 

MEP latencies were assessed during a low-level isometric left wrist extension (~10% 

maximum voluntary contraction) (Hamada et al. 2013; Sakai et al. 1997). PEST was used to 

determine active motor threshold (AMT), defined as the minimum stimulus intensity to elicit 

an MEP of at least 100 µV (Rossini et al. 2015), for left ECR with PA, AP and lateromedial 

(LM; coil handle 90° to the midline) induced current. Stimulation intensities of 110% of 

AMTPA and AMTAP were used to target MEP latency from early and late I-waves 

respectively. LM stimulation with a high stimulation intensity (150% of AMTLM) was used to 

preferentially recruit direct-waves. Sixteen MEPs were recorded for each current direction. 
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Figure 6.1. Representative EMG traces from left ECR depict MEPs in a young participant at 
rest with PA induced current for both conventional and adaptive threshold hunting TMS 
protocols. (A) NC MEP (~1 mV) from single-pulse TMS over right M1. (B and C) 
Conventional SIHI and LIHI with a conditioning stimulus delivered over left M1 10 ms and 40 
ms prior to the test stimulus over right M1. (D) TMS intensity required to elicit a fixed MEP 
amplitude (200 μV) to the single-pulse test stimulus (THT). (E and F) Threshold hunting SIHI 
and LIHI with a conditioning stimulus delivered over left M1 10 ms and 40 ms prior to the test 
stimulus over right M1. Adaptive threshold hunting requires an increase in the test stimulus 
intensity to evoke the THT in the presence of conditioning (grey traces in E and F). 
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6.3.3. Data analysis 

For conventional protocols, trials contaminated by pre-stimulus EMG activity (root mean 

squared EMG >10 μV; 50 ms before stimulation) were discarded. 118 trials (4.1% of total 

trials) were discarded for young adults and 343 trials (13.7% of total trials) were discarded 

for older adults. Left ECR MEP amplitude was calculated within a 40 ms window (15-55 ms 

after the test stimulus) for each condition. SIHI and LIHI induced by the conditioning 

stimulus was quantified as the conditioned MEP amplitude relative to NC: 

𝐼𝐼𝑑𝑑ℎ𝑆𝑆𝑖𝑖𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑 (%) = 100 −  �� 
𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑀𝑀𝑀𝑀𝑀𝑀 𝑡𝑡𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑡𝑡𝑑𝑑𝑑𝑑𝑒𝑒

𝑁𝑁𝐶𝐶 𝑀𝑀𝑀𝑀𝑀𝑀 𝑡𝑡𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑡𝑡𝑑𝑑𝑑𝑑𝑒𝑒
 �  𝑥𝑥 100%� 

where larger positive values indicate more inhibition. 

For the adaptive threshold hunting protocols, trials contaminated by pre-stimulus 

EMG activity (root mean squared EMG >10 μV; 50 ms before stimulation) were rejected 

online and repeated immediately. SIHI and LIHI induced by the conditioning stimulus was 

quantified as the percentage increase in test stimulus intensity required to evoke the THT: 

𝐼𝐼𝑑𝑑ℎ𝑆𝑆𝑖𝑖𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑 (%) = � 
(𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑁𝑁𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇)

𝑁𝑁𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇
 �  𝑥𝑥 100% 

where positive values indicate inhibition. The mean and variance of MEP amplitudes during 

adaptive threshold hunting were not determined, as such analysis is outside the scope of the 

present study, but could be addressed in future studies.  

MEP onset latency was determined for each trial and defined as the time point where 

rectified EMG signals following TMS exceeded 2 SD of the mean background EMG (100 ms 

before the stimulus). The MEP latency differences between PA-LM and AP-LM were used as 

measures of early and late I-wave recruitment respectively (Hamada et al. 2013). 
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6.3.4. Statistical analysis 

All statistical analyses were performed using SPSS software (Version 25, IBM, Armonk NY). 

Normality was assessed using the Shapiro-Wilk's test and homoscedasticity of variance using 

the Levene’s test of equality and Mauchly’s test of sphericity.  

One-sample t-tests (hypothesized mean = 0) were performed to confirm inhibition was 

present for all paired-pulse measures (2 states × 2 current directions × 2 intervals = 8 t-tests per 

technique for each age group). A three-way mixed-effects repeated measures ANOVA was 

performed to determine the effect of AGE (Young, Older), STATE (Rest, Active) and 

DIRECTION (PA, AP) on the 1 mV test stimulus intensity, NC MEP amplitude, conventional 

SIHI and LIHI, NC THT and threshold hunting SIHI and LIHI. 

An independent samples t-test was used to determine the effect of AGE on right ECR 

RMT. A two-way mixed-effects repeated measures ANOVA was performed to determine the 

effect of AGE and DIRECTION (PA, AP, LM) on AMT and MEP onset latency. A two-way 

mixed-effects repeated measures ANOVA was also performed to determine the effect of AGE 

and RECRUITMENT (PA-LM, AP-LM) on MEP onset latency difference. Pearson correlation 

analyses were used to investigate the relationship between PA-LM and AP-LM latency 

difference and inhibition measures. 

The significance level was set at P < 0.05. One-sample t-tests, post hoc analyses 

(independent samples t-tests and pairwise comparisons) and Pearson correlation analyses were 

corrected for multiple comparisons using a modified Bonferroni step-up procedure (Rom 

1990), where p-values are ordered from smallest to largest and the significance level adjusted 

sequentially. Group data are presented as mean ± SEM in the text. 
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6.4. Results 

6.4.1. Conventional TMS 

One-sample t-tests indicated that inhibition was present for both groups (Young: all P < 0.016; 

Older: all P < 0.008). For test stimulus intensity, there was no main effect of AGE (F1, 26 = 

2.84, P = 0.10). However, there was a main effect of STATE (F1, 26 = 247.30, P < 0.001) and 

DIRECTION (F1, 26 = 119.64, P < 0.001) and an AGE x DIRECTION interaction (F1, 26 = 8.27, 

P = 0.008). For PA induced current, the intensity was higher in older adults (rest: 57.2 ± 3.0% 

MSO; active: 53.8 ± 3.1% MSO) compared with young (rest: 46.6 ± 2.0% MSO; active: 44.7 

± 2.2, P = 0.022). There were no differences in intensity with AP induced current between 

young (rest: 64.1 ± 3.1% MSO; active: 61.5 ± 3.0% MSO) and older adults (rest: 67.5 ± 3.3% 

MSO; active: 63.5 ± 2.9% MSO, P = 0.52). There were no main effects and no interactions for 

NC MEP amplitude (all P > 0.15; Figure 6.2A and B).  

For conventional SIHI there was a trend toward an effect of STATE (F1, 26 = 4.00, P = 

0.056; Figure 6.2C and D). There was no main effect of AGE (F1, 26 = 0.18, P = 0.68) or 

DIRECTION (F1, 26 < 0.01, P = 0.97) and no interactions (all P > 0.36). For conventional LIHI 

there was a main effect of AGE (F1, 26 = 7.83, P = 0.010) indicating LIHI was greater in older 

adults compared with young (Figure 6.2E and F). There was no main effect of STATE (F1, 26 

= 0.84, P = 0.37) or DIRECTION (F1, 26 = 0.32, P = 0.58) and no interactions (all P > 0.27). 
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Figure 6.2. Values obtained from each IHI protocol with conventional paired-pulse TMS for 
young and older adults. (A and B) Group mean and individual NC MEP amplitudes to the 
single-pulse test stimulus. (C and D) Group mean and individual SIHI data. (E) LIHI was 
greater in older adults compared with young. (F) Individual LIHI data. Data are presented as 
mean + SEM. N = 15 young and 13 older adults. #P < 0.05 compared with young. 
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6.4.2. Adaptive Threshold Hunting 

For the NC THT there was a main effect of AGE (F1, 28 = 8.12, P = 0.008), STATE (F1, 28 = 

56.58, P = 0.010) and DIRECTION (F1, 28 = 154.40, P < 0.001) and an AGE x STATE x 

DIRECTION interaction (F1, 28 = 4.51, P = 0.043). THTPA was higher in older adults during 

rest and contralateral activation compared with young (P = 0.003 & P = 0.008; Figure 6.3A 

and B). In young adults, THTAP was reduced during contralateral activation compared with rest 

(P = 0.009), whereas THTPA was reduced during contralateral activation compared with rest in 

older adults (P = 0.032).  

One-sample t-tests indicated inhibition was present for both groups (Young: all P < 

0.016; Older: all P < 0.032). For SIHI there was no main effect of AGE (F1, 28 = 0.87, P = 0.36), 

STATE (F1, 28 = 0.51, P = 0.48) or DIRECTION (F1, 28 = 1.42, P = 0.24). However, there was 

an AGE x STATE x DIRECTION interaction (F1, 28 = 5.84, P = 0.022). In young adults, SIHIAP 

increased during contralateral activation compared with rest (P = 0.043; Figure 6.3C and D) 

and was greater than SIHIPA (P = 0.042). Also, SIHIAP was greater during contralateral 

activation in young compared with older adults (P = 0.022). For LIHI there was a main effect 

of AGE (F1, 28 = 9.43, P = 0.010) indicating LIHI was greater in older adults compared with 

young (Figure 6.3E and F). There was no main effect of STATE (F1, 28 = 0.13, P = 0.73) or 

DIRECTION (F1, 28 = 0.37, P = 0.85) and no interactions (all P > 0.14). 
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Figure 6.3. Values obtained from each IHI protocol with adaptive threshold hunting for young 
and older adults. (A) The THT with PA induced current was greater in older adults compared 
with young. The THT with AP was reduced during contralateral activation compared with rest 
in young adults. In contrast, the THT with PA induced current was reduced during contralateral 
activation compared with rest in older adults. (B) Individual THT data. (C) SIHI with an AP 
induced current was increased during contralateral activation compared with rest in young 
adults. Additionally, SIHI with AP stimulation during contralateral activation was greater than 
PA stimulation and compared with older adults. (D) Individual SIHI data. (E) LIHI was greater 
in older adults compared with young. (F) Individual LIHI data. Data are presented as mean + 
SEM. N = 15 young and 15 older adults. *P < 0.05, #P < 0.05 compared with young. 
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6.4.3. Additional MEP parameters 

Right ECR RMT was higher in older adults (55.9 ± 2.2% MSO) compared with young (46.8 ± 

2.0% MSO; P = 0.005). Left ECR AMTs and MEP latencies are displayed in Table 6.1. There 

was a main effect of AGE (F1, 28 = 14.00, P = 0.001) indicating AMTs were higher in older 

adults compared with young. There was also a main effect of DIRECTION (F2, 56 = 15.82, P < 

0.001) but no interaction (P = 0.41). AMTPA was lower than AMTLM (P = 0.001) and AMTAP 

(P < 0.001), and AMTLM was lower than AMTAP (P < 0.001). For MEP onset latency there was 

a main effect of AGE (F1, 28 = 10.84, P = 0.003) indicating MEP onset latencies were longer in 

older adults compared with young. There was also a main effect of DIRECTION (F1.5, 142.8 = 

375.05, P < 0.001) but no interaction (P = 0.09). PA MEP latency was longer than LM MEP 

latency (P < 0.001), and AP MEP latency was longer than PA and LM (both P < 0.001). For 

MEP onset latency difference there was a main effect of RECRUITMENT (F1, 28 = 251.99, P 

< 0.001) indicating the AP-LM latency difference was longer than the PA-LM latency 

difference. There was no main effect of AGE (F1, 28 = 2.06, P = 0.16) and no interaction (P = 

0.09). 

Table 6.1. TMS thresholds and MEP latencies for different current directions.  
 Age group 
 Young Older 
Lateromedial   
AMT (% MSO) 35.9 (1.7) 46.5 (2.7) 
MEP latency (ms) 15.90 (0.21) 16.84 (0.27) 

Posterior-anterior   
AMT (% MSO) 31.7 (1.3) 41.3 (1.8) 
MEP latency (ms) 17.38 (0.22) 18.40 (0.23) 
MEP latency difference (ms) 1.48 (0.13) 1.56 (0.15) 

Anterior-posterior   
AMT (% MSO) 44.1 (2.1) 51.8 (2.0) 
MEP latency (ms) 19.41 (0.27) 20.93 (0.39) 
MEP latency difference (ms) 3.50 (0.16) 4.09 (0.30) 
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6.4.4. Correlation analyses 

Correlations between MEP onset latency difference (AP-LM) and magnitude of SIHI are 

shown in Figure 6.4. There was a negative correlation between AP-LM latency difference and 

SIHIAP with conventional TMS (i.e. greater AP-LM latency difference exhibited lower SIHIAP; 

Figure 6.4A) during contralateral activation in young (r = -0.65, P = 0.012) but not older adults 

(r = 0.05, P = 0.98). There was also a negative correlation between AP-LM latency difference 

and SIHIAP with threshold hunting TMS (Figure 6.4B) in young (r = -0.61, P = 0.025), but not 

older adults (r = 0.48, P = 0.11). No other correlations between PA-LM or AP-LM latency 

difference and IHI measures were observed. 

 

Figure 6.4. Correlations between the AP-LM MEP latency difference and SIHI, assessed 
during contralateral activation and with AP induced current, in young and older adults. There 
was a negative relationship in young adults, with a greater MEP latency difference associated 
with less SIHI assessed with both conventional (A) and adaptive threshold hunting (B) paired-
pulse TMS. No relationship was observed in older adults. N = 15 young and 15 (13 for 
conventional) older adults. 

  



  
 

96 

6.5. Discussion 

In support of our hypothesis, additional age-related effects were observed using adaptive 

threshold hunting IHI with PA and AP coil orientation than conventional methods. Young 

adults demonstrated the ability to modulate SIHI during unimanual contractions, however these 

effects were only evident with adaptive threshold hunting TMS with AP induced current. In 

contrast, no modulation of SIHI was observed in older adults or with conventional SIHI. 

Furthermore, LIHI was greater in older adults compared to young which was evident with both 

threshold hunting and conventional methods. Additionally, late I-wave recruitment was 

negatively correlated with SIHI during contralateral activation in young but not older adults. 

The present results have implications for TMS investigations of interhemispheric transfer. 

6.5.1. Age-related effects on SIHI 

We found no effect of age on conventional SIHI assessed at rest with PA or AP induced current. 

This is in line with previous studies which assessed SIHIPA (Hinder et al. 2010; Talelli et al. 

2008b), yet contrasts the age-related increase in SIHIPA reported elsewhere (Plow et al. 2013). 

In their study, Plow et al. (2013) recorded from the biceps brachii muscle with an interstimulus 

interval of 12 ms, whereas the present study examined the ECR muscle with an interstimulus 

interval of 10 ms. However, the degree of SIHI in young adults has been shown to be similar 

between distal and proximal upper limb muscles (Harris-Love et al. 2007), and interstimulus 

intervals of 8-12 ms (De Gennaro et al. 2004; Di Lazzaro et al. 1999a; Ferbert et al. 1992). 

Previous studies have also observed increased SIHI during contralateral contraction in young 

(Perez and Cohen 2008; Vercauteren et al. 2008) and older adults (Hinder et al. 2010). There 

was a trend for increased conventional SIHI during contraction in the present study, but this 

failed to reach significance. In their study, Hinder et al. (2010) did not adjust the test stimulus 

intensity to account for contralateral facilitation which occurs during unimanual contraction 
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(Stinear et al. 2001). However, Vercauteren et al. (2008) observed increased SIHI regardless 

of whether the test stimulus intensity was adjusted or not. The strength of the unimanual 

contraction is another factor that can influence the degree of modulation of SIHI during 

contralateral activation (Perez & Cohen, 2008), although this was similar between studies and 

therefore unlikely to contribute to the disparate findings. Stimulation parameters, target 

muscles and unimanual contraction strength should be carefully considered in future studies 

assessing SIHI with conventional TMS in young and older adults. 

Using adaptive threshold hunting, we observed an increase in SIHI during contralateral 

activation compared with rest in young adults. Interestingly, this modulation was only observed 

when preferentially activating local circuits responsible for the generation of late I-waves using 

AP stimulation. It may be possible that excitatory transcallosal neurons increase activity within 

late I-wave circuits, which are more susceptible to SIHI (Di Lazzaro et al. 1999a), when the 

homologous muscle is voluntarily activated. This is supported in the present study by a reduced 

NC THT for AP but not PA current with contralateral activation in young adults. This late I-

wave effect may in part explain the modulation of conventional SIHI observed in previous 

studies using PA induced current (Hinder et al. 2010; Perez and Cohen 2008; Vercauteren et 

al. 2008). Although PA current preferentially recruits early I-waves, some late I-waves are also 

recruited at higher TMS intensities that are typically used as the test stimulus intensities in 

conventional paired-pulse TMS (Di Lazzaro et al. 2012). While AP induced current 

preferentially recruits late I-waves, it has been shown that at higher TMS intensities some early 

I-waves are also recruited (Di Lazzaro et al. 2001). It may be possible that the non-preferential 

recruitment of early I-wave circuits by the test stimulus contributed to the lack of modulation 

of conventional SIHIAP in the present study. Threshold hunting with AP induced current that 

preferentially recruits late I-waves is effective in detecting modulation of SIHI during 

unimanual contractions in young adults. 
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In contrast to young adults, modulation of SIHI was not observed during contralateral 

activation in older adults. This age-related difference in SIHI modulation may have been 

evident only with threshold hunting because the stimulation strength is quite low relative to 

conventional paired-pulse TMS resulting in a more pure composition of early and late I-waves 

(Di Lazzaro et al. 2012). In contrast to the lower THTAP observed during contralateral 

activation compared with rest in young adults, there was no change in the THTAP in older adults 

suggesting that efficacy of late I-wave recruitment was not modulated revealing age-related 

effects on SIHI not evident at rest. Although the NC THTAP was similar between age groups, 

the NC THTPA was higher in older adults compared with young. This might suggest that older 

adults exhibit reduced excitability in local circuits responsible for the generation of early I-

waves. Interestingly, the THTPA was reduced during contralateral activation compared to rest 

in older adults which could indicate increased efficacy of early I-wave recruitment. However, 

the amplitude of early I-waves are unlikely to be affected by SIHI (Di Lazzaro et al. 1999a). 

Increased activity within early and not late I-wave circuits may contribute to the lack of 

modulation of SIHI during a unimanual contraction in older adults. 

6.5.2. Age-related effects on LIHI 

We observed greater LIHI in older adults than young. This age-related increase in LIHI was 

evident at rest and during contralateral activation for both PA and AP induced current. In 

contrast to our findings, previous studies observed no effect of age on LIHI at rest or during 

contralateral activation (Fujiyama et al. 2016; Hinder et al. 2012; Talelli et al. 2008a; Talelli et 

al. 2008b). Although stimulation parameters were similar between studies, Talelli et al. (2008a 

& 2008b) assessed LIHI across an age spectrum (19-78 years) with only four adults ≥ 60 years 

of age. Furthermore, the authors observed an association between age and the ratio of LIHI 

during contralateral activation and LIHI at rest. Young adults tended to exhibit increased LIHI 

during contralateral activation compared with rest. However, this ratio of LIHI was less evident 
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or even reversed in older adults. Interestingly, Hinder et al. (2012) demonstrated LIHI from the 

resting to the active M1 is released in young and older adults following the presentation of an 

imperative stimulus in a reaction time task. An overall increase in LIHI with advancing age 

may contribute to the lack of modulation during activation of the contralateral limb and slower 

reaction times generally observed in older adults. 

It is unclear what mechanism(s) may contribute to more LIHI in older adults. LIHI is 

thought to be mediated through postsynaptic GABAB receptors (Irlbacher et al. 2007) following 

the activation of local inhibitory interneurons by excitatory transcallosal neurons. Long-

interval intracortical inhibition (LICI) is also a marker of postsynaptic GABAB activity 

(McDonnell et al. 2006) and it has been proposed that LICI and LIHI share common circuity 

(Udupa et al. 2010). Previous studies have shown that LICI is also altered in the elderly 

(McGinley et al. 2010), with older adults exhibiting more LICI than young, lending support to 

the age-related increase in LIHI in the present study. It is also possible that reduced SICI 

(Peinemann et al. 2001) or LICI (Opie and Semmler 2014a) within conditioning M1 of older 

adults may increase the excitability of transcallosal projections causing greater activation of 

local inhibitory interneurons mediating LIHI (Lee et al. 2007). Further research is required to 

determine the underlying mechanism(s) of greater GABAB-mediated LIHI with advancing age.  

6.5.3. SIHI during contralateral activation is associated with AP-LM latency difference 

in young but not older adults 

Another novel finding in this study was that SIHIAP during contralateral activation was 

negatively associated with AP-LM latency difference in young adults. One potential 

explanation for the observed relationship is that the excitatory influence of transcallosal axons 

on late I-waves is greater in individuals who do not preferentially recruit late I-waves (smaller 

AP-LM latency difference) leading to greater SIHI. In contrast, the efficacy of late I-wave 

activity may reach a ceiling effect in preferential late I-wave recruiters (larger AP-LM latency 
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difference). However, this does not explain why there would be less SIHI in preferential late I-

wave recruiters as observed in the present study. Interestingly, there was no association 

between late I-wave recruitment and SIHIAP in older adults. Although MEP latencies were 

longer in older adults compared with young, PA-LM and AP-LM latency differences were 

similar between age groups. Therefore, a lack of modulation of SIHIAP during contralateral 

activation rather than differential early and late I-wave recruitment may explain why no 

association was observed in older adults.  

6.5.4. Corticomotor excitability is reduced in older adults 

In the present study, TMS intensities that correspond to RMT, AMT and 1 mV test stimulus 

were higher in older adults compared with young, indicating reduced corticomotor excitability 

with advancing age. Our findings are in line with previous studies which observed higher 

thresholds (Sale et al. 2016) and higher stimulus intensities required to elicit target MEP 

amplitudes (Pitcher et al. 2003) in older adults. This may, in part, be due to reduced excitability 

in the underlying neurons or an increased distance between the TMS coil and underlying neural 

tissue due to cortical atrophy with advancing age (Fjell et al. 2013). Future studies are required 

to elucidate the factors contributing to reduced corticomotor excitability in the elderly. 

6.5.5. Conclusion 

In summary, adaptive threshold hunting can be used to detect differences in IHI between young 

and older adults. Older adults showed less modulation of SIHI during unimanual contractions. 

This effect was evident only with threshold hunting and AP induced current. In contrast, older 

adults had more LIHI compared with young. These findings may have implications for using 

adaptive threshold hunting for the assessment of IHI in age-related neurological conditions 

such as stroke. 
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Chapter 7. Adaptive threshold hunting for the effects of 
transcranial direct current stimulation on primary motor cortex 
inhibition 

This experiment has been reported in Experimental Brain Research 2018; 236(6):1651-1663. 

7.1. Abstract 

Primary motor cortex (M1) excitability can be modulated by anodal and cathodal transcranial 

direct current stimulation (tDCS). These neuromodulatory effects may, in part, be dependent 

on modulation within gamma-aminobutyric acid (GABA)-mediated inhibitory networks. 

GABAergic function can be quantified non-invasively using adaptive threshold hunting paired-

pulse transcranial magnetic stimulation (TMS). Previous studies have used TMS with 

posterior-anterior (PA) induced current to assess tDCS effects on inhibition. However, TMS 

with anterior-posterior (AP) induced current in the brain provides a more robust measure of 

GABA-mediated inhibition. The aim of the present study was to assess the modulation of 

corticomotor excitability and inhibition after anodal and cathodal tDCS using TMS with PA 

and AP induced current. In 16 young adults, we investigated the response to anodal, cathodal 

and sham tDCS in a repeated measures double-blinded crossover design. Adaptive threshold 

hunting paired-pulse TMS with PA and AP induced current was used to examine separate 

interneuronal populations within M1 and their influence on corticomotor excitability and short- 

and long-interval inhibition (SICI and LICI) for up to 60 min after tDCS. Unexpectedly, 

cathodal tDCS increased corticomotor excitability assessed with AP but not PA stimulation. 

SICIAP was reduced after anodal tDCS compared with sham. Pearson correlations indicated 

SICIAP and LICIAP modulation was associated with corticomotor excitability after anodal and 

cathodal tDCS. The after-effects of tDCS on corticomotor excitability may depend on the 

direction of the TMS induced current used to make assessments, and on modulation within 

GABA-mediated inhibitory circuits.  
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7.2. Introduction 

Non-invasive brain stimulation can be used to modulate M1 excitability. One such technique 

is tDCS, which induces plasticity akin to long-term potentiation or depression in an N-methyl-

D-aspartate receptor-dependent manner (Nitsche et al. 2003a). For example, M1 excitability 

increases after tDCS is applied with the anode placed over M1 and cathode over the 

contralateral supraorbit (anodal tDCS), and decreases if the electrode placement is reversed 

(cathodal tDCS) (Nitsche and Paulus 2000). However, recent studies have identified a large 

degree of inter-individual variability in terms of the direction and magnitude of the response to 

tDCS (Ammann et al. 2017; Fujiyama et al. 2014; Lopez-Alonso et al. 2014; McCambridge et 

al. 2015; Tremblay et al. 2016; Wiethoff et al. 2014). This variability must be addressed if 

tDCS is to be used as an effective neuromodulation technique.  

Endogenous levels of the main inhibitory neurotransmitter GABA may, in part, mediate 

tDCS effects on corticomotor excitability. For example, the observed increase in motor evoked 

potential (MEP) amplitude after anodal tDCS is delayed with prior administration of a GABAA 

receptor agonist (Nitsche et al. 2004).  

Paired-pulse TMS protocols are used to examine SICI and LICI, which are markers of 

GABAA (Ilić et al. 2002; Ziemann et al. 1996) and GABAB (McDonnell et al. 2006) receptor 

activity respectively. The majority of studies utilise conventional paired-pulse TMS to quantify 

inhibition, where the conditioned MEP is expressed relative to the non-conditioned MEP 

(Kujirai et al. 1993; Valls-Sole et al. 1992). However, the modulation of SICI and LICI after 

tDCS has been inconsistent (Batsikadze et al. 2013; Heise et al. 2014; Kidgell et al. 2013; 

Lopez-Alonso et al. 2015; Nitsche et al. 2005; Sasaki et al. 2016; Zhang et al. 2014), which 

may be attributed to the fact MEP amplitude is an inherently variable measure (Darling et al. 

2006; Kiers et al. 1993). An alternative approach is adaptive threshold hunting (Awiszus 2003) 

which eliminates the confound of non-conditioned MEP variability. With threshold hunting, 
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inhibition is measured as the percent increase in test stimulus intensity required to maintain a 

target threshold MEP amplitude (e.g., 200 μV) in the presence of the conditioning stimulus. 

Both methods are thought to be similar in their mechanisms of action (Amandusson et al. 2017). 

Adaptive threshold hunting may be a preferable method for assessing tDCS effects by 

overcoming MEP amplitude confounds introduced by natural variability. 

GABA-mediated inhibition before and after tDCS is usually examined with TMS using 

a PA induced current in the brain. PA stimulation preferentially activates early indirect (I)-

waves arising from transynaptic activation of pyramidal neurons (Sakai et al. 1997). However, 

the conditioning stimulus from SICI and LICI supresses later I-waves more so than early (Di 

Lazzaro et al. 1998c; Nakamura et al. 1997). AP stimulation preferentially activates circuits 

responsible for late I-waves (Di Lazzaro et al. 2001; Sakai et al. 1997) and more robust SICI 

and LICI has been shown with AP stimulation than PA (Cirillo and Byblow 2016; Sale et al. 

2016; Zoghi et al. 2003). Furthermore, individuals who preferentially recruit late I-waves 

exhibit greater SICI and LICI than early I-wave recruiters (Cirillo and Byblow 2016) and are 

less susceptible to tDCS effects on corticomotor excitability (McCambridge et al. 2015; 

Wiethoff et al. 2014). It is unknown how tDCS after-effects on corticomotor excitability and 

inhibition differ between PA and AP induced current.  

The aim of this study was to examine the after-effects of tDCS on M1 corticomotor 

excitability and GABA-mediated intracortical inhibition (SICI and LICI) using single-pulse 

and adaptive threshold hunting paired-pulse TMS with PA and AP induced current. We 

hypothesised that the after-effects of tDCS would differ between PA and AP induced current 

due to the preferential recruitment of early and late I-waves respectively. We also sought to 

determine whether the modulation of intracortical inhibition was associated with the extent of 

corticomotor excitability modulation after tDCS.  
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7.3. Methods 

7.3.1. Participants 

Sixteen neurologically healthy young adults (9 females, mean age 26 ± 1 years, range 21 – 33 

years) participated in this study. All participants were right-handed as assessed by the short 

version of the Edinburgh Handedness Inventory (Veale 2014), with a mean Laterality Quotient 

of 93 ± 3 (range 75 – 100). Participants were screened for contraindications to TMS before 

participation using a safety screening questionnaire, developed by our institution based on a 

previous report (Keel et al. 2001). Each participant provided written informed consent and the 

study was approved by the University of Auckland Human Participants Research Ethics 

Committee. 

7.3.2. Experimental Design 

There were 3 experimental sessions. In each session, participants were pseudorandomly 

allocated to receive either 13 minutes of anodal (Nitsche and Paulus 2001), 9 minutes of 

cathodal (Nitsche et al. 2003b) or sham tDCS (Gandiga et al. 2006), in a repeated measures 

double-blinded crossover design. There were 6 possible tDCS sequences with either two or 

three participants assigned to each. Measures of corticomotor excitability and inhibition were 

investigated at two time points before (B1 and B2; time interval of ~5 min) and at four time 

points after (P0, P20, P40 and P60) tDCS using TMS (Figure 7.1). Sessions one and two were 

separated by a mean of 11 days (range 7 - 37 days). Sessions two and three were separated by 

a mean of 16 days (range 5 - 44 days). All sessions were completed after midday and at the 

same time of day for each participant, to control for the influence of diurnal variations in 

cortisol levels on neuroplasticity (Sale et al. 2008).  
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Figure 7.1. Schematic illustration of the experimental design. Participants completed three 
sessions where TMS with PA and AP induced current was used to assess the THT, SICI and 
LICI before (B1 and B2) and after (P0-P60) anodal, cathodal and sham tDCS. 

7.3.3. Recording and stimulation procedures 

7.3.3.1. Surface electromyography 

Surface electromyography (EMG) was recorded from the first dorsal interosseous (FDI) of the 

dominant right hand using 10 mm diameter Ag-AgCl recording electrodes (Ambu, Ballerup, 

Denmark) arranged in a belly-tendon montage, with a 20 mm diameter ground surface 

electrode (3M, Canada Health Care) positioned on the dorsum of the right hand. EMG signals 

were amplified (1000×) and band-pass filtered (10 – 1000 Hz) using a CED1902 amplifier 

(CED, Cambridge, UK), sampled at 2 kHz using a CED1401 interface (CED, Cambridge, UK) 
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and recorded onto a computer for offline analysis using Signal (Version 5.03, CED, Cambridge, 

UK) software. 

7.3.3.2. Transcranial magnetic stimulation 

A MagPro X100+option magnetic stimulator (MagVenture, Farum, Denmark) connected to a 

figure-of-eight coil (MC-B70, outer wing diameter 97 mm) was used to deliver TMS using a 

monophasic waveform (pulse width = 70 μs). Descending volleys were preferentially activated 

via early or late I-waves by alternating current flow through M1 (Sakai et al. 1997). PA 

stimulation (coil ~ 45° to the mid-sagittal line) preferentially elicits early I-waves, whereas AP 

(coil angle same as PA, but current reversed) preferentially elicits late I-waves. The optimal 

site to elicit consistent MEPs in the resting right FDI muscle with PA induced current was 

marked on the scalp over the left hemisphere. The same scalp position was confirmed as the 

optimal scalp position for AP induced current. Current direction order was pseudorandomised 

between participants and kept constant within participants. TMS was delivered at 0.2 Hz, with 

20% variation between trials, and optimal coil position was continually monitored using visual 

inspection throughout the experiment. 

7.3.3.3. Motor threshold 

A freeware program (TMS Motor Threshold Assessment Tool; MTAT 2.0, F. Awiszus & J. 

Borckardt) that employs a maximum-likelihood parameter estimation by sequential testing 

(PEST) was used for adaptive threshold hunting to determine rest motor threshold (RMT) and 

active motor threshold (AMT). The procedure involves adjusting the stimulus intensity up or 

down as required based on an MEP amplitude criterion for 12 trials (approximate duration of 

procedure is 1 min) until the target intensity is found within 95% confidence intervals. Two 

operators were involved in the TMS procedures. One experimenter held the coil, while the 

other manually entered data into PEST software and adjusted stimulator intensity according to 
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PEST output. For RMT, a trial was deemed successful if the stimulus intensity elicited a MEP 

of at least 50 µV in amplitude. For AMT, a trial was deemed successful if the stimulus intensity 

elicited a MEP of at least 100 µV in amplitude, with FDI pre-activated to approximately 10% 

of the participant’s perceived maximum voluntary contraction. RMT and AMT were only 

measured at baseline as they were not expected to be modulated by tDCS (Nitsche et al. 2005) 

and they exhibit very low intraday variability using PEST (Silbert et al. 2013). At each time 

point a threshold hunting target (THT) was obtained similar to RMT and AMT, whereby the 

MEP amplitude criterion for a successful trial was 200 µV (Figure 7.2). 

 

Figure 7.2. Threshold hunting TMS with PA and AP induced current. Example EMG traces 
depict MEPs from an individual participant during adaptive threshold hunting. First the TMS 
intensity required to elicit a fixed MEP amplitude (200 μV) to the single-pulse test stimulus 
(THT) is determined. Dashed lines indicate MEP onset latencies for TMS with PA and AP 
induced current. For both SICI and LICI, adaptive threshold hunting requires an increase in the 
test stimulus intensity to evoke the target response in the presence of conditioning (grey traces). 
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7.3.3.4. Short- and long-interval intracortical inhibition 

Adaptive threshold hunting paired-pulse TMS was used to quantify the extent of SICI and LICI 

within M1 in line with previous work (Amandusson et al. 2017; Awiszus et al. 1999; Cirillo 

and Byblow 2016; Mooney et al. 2017). To elicit SICI, a subthreshold conditioning stimulus, 

set to 90% AMT, was delivered 3 ms prior to a test stimulus (Kujirai et al. 1993). To elicit 

LICI, a suprathreshold conditioning stimulus set to 120% RMT was delivered 100 ms prior to 

a test stimulus (Valls-Sole et al. 1992). For both SICI and LICI procedures, PEST was used to 

determine the test stimulus intensity required to achieve the THT (200 µV MEP) in the presence 

of the conditioning stimulus. There was approximately 1 min between the end of one estimation 

of the THT and the start of the next. 

7.3.3.5. Transcranial direct current stimulation 

A NeuroConn DC stimulator (NeuroConn, Ilmenau, Germany) was used to administer tDCS 

through two rubber electrodes inserted into saline soaked sponges. The active electrode (25 

cm2) was placed over the left M1 hotspot and the reference electrode (35 cm2) was placed over 

the right supraorbital ridge. For anodal tDCS (anode over M1) and cathodal tDCS (cathode 

over M1) the current was ramped up for 30 s and then maintained at a constant 1 mA current 

for 13 and 9 minutes respectively. For sham tDCS, the current was ramped up to 1 mA and 

immediately ramped down to 0 mA within 30 s. In each session, participants were instructed 

to sit quietly by the tDCS administrator for 14 min throughout the stimulation. TMS and tDCS 

were carried out by different operators, with the TMS operator blinded to each tDCS protocol.  

7.3.3.6. MEP Latency 

At the end of the third session, MEP latencies were assessed while the participant maintained 

a low-level voluntary contraction by isometrically abducting the index finger (Hamada et al. 

2013; Sakai et al. 1997). Stimulation intensities of 110% of AMTPA and AMTAP were used to 
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target MEP latency from early and late I-waves respectively. Lateromedial (LM) stimulation 

(coil handle 90° to the midline) with a high stimulation intensity (150% of AMTLM) was used 

to preferentially recruit D-waves. Sixteen MEPs were recorded for each current direction. 

7.3.4. Data analysis 

During threshold hunting, any trials that were contaminated by pre-stimulus EMG activity (root 

mean squared EMG >10 μV; 50 ms before stimulation) were rejected online and repeated 

immediately. The peak-to-peak amplitude of the 16 MEPs elicited by the suprathreshold 

conditioning stimulus from the LICI protocol were used to index corticomotor excitability at 

each time point. SICI and LICI induced by the conditioning stimulus were quantified as the 

ratio of the conditioned and non-conditioned stimulation intensity required to evoke the THT: 

𝐼𝐼𝑑𝑑ℎ𝑆𝑆𝑖𝑖𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑 =
𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇

 𝑁𝑁𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇
 

where values greater than 1 indicate inhibition. MEP amplitude, THT, SICI and LICI values 

obtained at each post time point were normalised to the baseline values (average of B1 and B2) 

where values greater than 1 reflect an increase and those less than 1 a decrease. 

MEP latency was determined using a semi-automated method and defined as the time 

point where the rectified EMG after TMS exceeded 2 SD of the mean background EMG (100 

ms before the stimulus). The MEP latency differences between PA-LM and AP-LM were used 

as measures of early and late I-wave recruitment respectively (Hamada et al. 2013). 

7.3.5. Statistical analysis 

Normality was assessed using the Shapiro-Wilk's test and homoscedasticity of variance using 

the Levene’s test of equality and Mauchly’s test of sphericity. Non-normal data were log 

transformed.  



  
 

110 

RMT and AMT were analysed with a two-way repeated measures ANOVA with factors 

SESSION (anodal, cathodal, and sham) and CURRENT DIRECTION (PA and AP). Baseline 

MEP amplitude, THT, SICI and LICI were analysed with a three-way repeated measures 

ANOVA with factors SESSION, CURRENT DIRECTION and TIME (B1 and B2). Reliability 

of threshold hunting TMS was assessed using intraclass correlation coefficients. Intraday 

reliability (two-way random model, absolute agreement type and single [2, 1] and averaged [2, 

k] measures) was determined using B1 and B2 data obtained in session 1. Interday reliability 

(two-way random model, absolute agreement type and single [2, 1] and averaged [2, k] 

measures) was determined using the average of B1 and B2 data obtained in each session. 

Reliability estimates were judged as either fair (0.40 – 0.58), good (0.59 – 0.74) or excellent 

(>0.75) (Cicchetti and Sparrow 1981). Although the intraclass correlation coefficient is an 

index of how well individuals can be distinguished from one another with repeated testing, it 

provides no information on the absolute differences between repeated measurements. 

Therefore, we also calculated the smallest detectable change (SDC), derived from the 

measurement error, which indicates a true change beyond measurement noise (Schuck and 

Zwingmann 2003). The SDC for an individual participant was calculated for intraday and 

interday measures using the following formula (Schuck and Zwingmann 2003): 

𝑆𝑆𝑆𝑆𝐶𝐶(𝐼𝐼𝑑𝑑𝑑𝑑𝑆𝑆𝐼𝐼𝑆𝑆𝑑𝑑𝑑𝑑𝑡𝑡𝑆𝑆) = 𝑆𝑆𝑀𝑀𝑀𝑀𝑒𝑒𝑡𝑡𝑟𝑟 ×  √𝑎𝑎  ×  1.96 

where the standard error of the measurement (SEMeas) was calculated by taking the square 

root of the within-subject variance partitioned by a one-way ANOVA with SUBJECT as a 

factor (Bartlett and Frost 2008), ‘m’ is the number of measurements made per participant and 

1.96 represents a 95% confidence interval. The SDC for the group was then calculated for 

intraday and interday measures using the following formula (Terwee et al. 2007): 

    𝑆𝑆𝑆𝑆𝐶𝐶(𝐺𝐺𝑒𝑒𝑒𝑒𝑑𝑑𝑎𝑎) = 𝑆𝑆𝑆𝑆𝑆𝑆(𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)
√𝐼𝐼
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After tDCS, normalised MEP amplitude, THT, SICI and LICI were analysed with a 

three-way repeated measures ANOVA with factors SESSION, CURRENT DIRECTION and 

TIME (P0, P20, P40 and P60). Pearson correlation analyses were used to investigate the 

relationship between normalised SICI and LICI and MEP amplitude for PA and AP stimulation 

at each post time point.  

AMT and MEP latency were analysed with a one-way repeated measures ANOVA with 

the factor CURRENT DIRECTION (PA, AP and LM). A paired t-test was performed to 

compare PA-LM and AP-LM latency differences. Pearson correlation analyses were used to 

investigate the relationship between PA-LM and AP-LM latency difference and grand 

normalised MEP amplitude for PA and AP stimulation in the anodal and cathodal tDCS 

sessions. 

The significance level was set at P < 0.05. Post hoc analyses and Pearson correlation 

analyses were corrected for multiple comparisons (Rom 1990). Group data are presented as 

mean ± SEM in the text. 
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7.4. Results 

Participants completed all three experimental sessions, with no adverse events.  

7.4.1. Baseline 

Baseline neurophysiological measures for each session are reported in Table 7.1 and ANOVA 

results in Table 7.2. RMT, AMT and THT were higher for AP stimulation compared to PA. 

There were no differences in baseline MEP amplitude or LICI. However, SICI was greater with 

AP induced current compared to PA. 

Table 7.1. Baseline neurophysiological measures. 
 Session 
 Anodal Cathodal Sham 
Posterior-Anterior    
RMT (% MSO) 40.8 ± 1.4 41.4 ± 1.2 41.4 ± 1.4 
AMT (% MSO) 32.1 ± 1.4 32.1 ± 1.2 30.9 ± 0.9 
MEP amplitude (log10mV) -0.003 ± 0.058 0.122 ± 0.050 0.024 ± 0.088 
THT (% MSO) 44.9 ± 1.3 44.9 ± 1.3 45.7 ± 1.5 
SICI (C/NC) 1.09 ± 0.02 1.08 ± 0.02 1.08 ± 0.02 
LICI (C/NC) 1.15 ± 0.02 1.15 ± 0.02 1.15 ± 0.02 

Anterior-Posterior    
RMT (% MSO) 56.9 ± 1.9 56.4 ± 1.9 57.1 ± 1.8 
AMT (% MSO) 45.1 ± 1.4 44.1 ± 1.3 45.4 ± 1.7 
MEP amplitude (log10mV) 0.007 ± 0.077 0.005 ± 0.075 -0.060 ± 0.077 
THT (% MSO) 62.1 ± 2.1 61.4 ± 1.4 64.0 ± 2.2 
SICI (C/NC) 1.29 ± 0.02 1.28 ± 0.02 1.27 ± 0.02 
LICI (C/NC) 1.19 ± 0.02 1.17 ± 0.03 1.18 ± 0.02 
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Table 7.2. Results of baseline ANOVAs. 
 Factor F P 
RMT SESSION 0.21 0.81 
 CURRENT DIRECTION 201.82 <0.001 
 SESSION x CURRENT DIRECTION 0.52 0.60 

AMT SESSION 0.90 0.42 
 CURRENT DIRECTION 145.38 <0.001 
 SESSION x CURRENT DIRECTION 2.08 0.14 

MEP amplitude SESSION 1.21 0.31 
 CURRENT DIRECTION 1.78 0.20 
 TIME <0.01 0.97 
 SESSION x CURRENT DIRECTION 0.93 0.41 
 SESSION x TIME 0.84 0.44 
 CURRENT DIRECTION x TIME 1.98 0.18 
 SESSION x CURRENT DIRECTION x TIME 0.53 0.59 

THT SESSION 2.89 0.07 
 CURRENT DIRECTION 159.61 <0.001 
 TIME 3.61 0.08 
 SESSION x CURRENT DIRECTION 1.85 0.17 
 SESSION x TIME 0.21 0.81 
 CURRENT DIRECTION x TIME 1.32 0.27 
 SESSION x CURRENT DIRECTION x TIME 3.42 0.08 

SICI SESSION 0.98 0.39 
 CURRENT DIRECTION 68.78 <0.001 
 TIME 0.01 0.91 
 SESSION x CURRENT DIRECTION 0.47 0.63 
 SESSION x TIME 0.26 0.77 
 CURRENT DIRECTION x TIME 0.50 0.49 
 SESSION x CURRENT DIRECTION x TIME 0.12 0.89 

LICI SESSION 0.54 0.59 
 CURRENT DIRECTION 2.31 0.15 
 TIME 0.27 0.61 
 SESSION x CURRENT DIRECTION 0.63 0.54 
 SESSION x TIME 0.15 0.86 
 CURRENT DIRECTION x TIME 1.72 0.21 
 SESSION x CURRENT DIRECTION x TIME 1.82 0.18 
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Intraclass correlation coefficients and SDC values for RMT, AMT, THT, SICI and LICI 

assessed using adaptive threshold hunting are displayed in Table 7.3. There was good-to-

excellent intraday and interday reliability for all measures using both PA and AP stimulation. 

Table 7.3. Reliability of adaptive threshold hunting measures. 
 Intraclass correlation coefficient Smallest detectable change 
 Intraday Interday Intraday Interday 
 Single Averaged Single Averaged Individual Group Individual Group 
PA         
RMT - - 0.896 0.963  - - 5.9 1.5 
AMT - - 0.820 0.932 - - 6.9 1.7 
THT 0.938 0.968 0.851 0.945 3.9 1.0 7.0 1.7 
SICI 0.836 0.911 0.815 0.930 0.09 0.02 0.11 0.03 
LICI 0.841 0.914 0.827 0.935 0.09 0.02 0.11 0.03 

AP         
RMT - - 0.819 0.931 - - 10.6 2.7 
AMT - - 0.797 0.922 - - 8.9 2.2 
THT 0.981 0.990 0.871 0.953 3.3 0.8 10.5 2.6 
SICI 0.879 0.936 0.730 0.890 0.09 0.02 0.15 0.04 
LICI 0.832 0.908 0.776 0.912 0.09 0.02 0.15 0.04 

 

7.4.2. Post tDCS 

Results of the ANOVAs are displayed in Table 7.4. After cathodal tDCS, normalised MEP 

amplitude was greater with AP stimulation than PA stimulation (P = 0.010; Figure 7.3C). One-

sample t-tests indicated that after cathodal tDCS, MEP amplitude was facilitated with AP (P = 

0.047) but not PA induced current (P = 0.74). After anodal tDCS, there was a trend towards an 

increase in MEP amplitude elicited with PA and AP stimulation (both P > 0.06).  
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Table 7.4. Results of post tDCS ANOVAs. 
 Factor F P 
MEP amplitude SESSION 0.21 0.81 
 CURRENT DIRECTION 0.67 0.43 
 TIME 1.12 0.35 
 SESSION x CURRENT DIRECTION 3.97 0.030 
 SESSION x TIME 0.69 0.66 
 CURRENT DIRECTION x TIME 2.79 0.05 
 SESSION x CURRENT DIRECTION x TIME 1.57 0.17 

THT SESSION 3.52 0.042 
 CURRENT DIRECTION 0.43 0.52 
 TIME 2.70 0.06 
 SESSION x CURRENT DIRECTION 0.96 0.40 
 SESSION x TIME 0.74 0.55 
 CURRENT DIRECTION x TIME 1.28 0.29 
 SESSION x CURRENT DIRECTION x TIME 3.34 0.005 

SICI SESSION 0.93 0.38 
 CURRENT DIRECTION 0.68 0.42 
 TIME 0.83 0.49 
 SESSION x CURRENT DIRECTION 1.34 0.28 
 SESSION x TIME 0.75 0.61 
 CURRENT DIRECTION x TIME 0.37 0.78 
 SESSION x CURRENT DIRECTION x TIME 3.49 0.004 

LICI SESSION 1.69 0.20 
 CURRENT DIRECTION 4.14 0.06 
 TIME 3.09 0.08 
 SESSION x CURRENT DIRECTION 2.83 0.08 
 SESSION x TIME 0.97 0.45 
 CURRENT DIRECTION x TIME 1.30 0.29 
 SESSION x CURRENT DIRECTION x TIME 0.96 0.46 

 

Normalised THTPA was greater at P20 after cathodal tDCS compared with sham (P = 

0.032; Figure 7.4A). Furthermore, normalised THTAP was greater at P20 and P40 after anodal 

tDCS compared with sham (P = 0.046 and P = 0.013; Figure 7.4B). 

Normalised SICIAP was lower at P0 after anodal tDCS compared with sham (P = 0.04; 

Figure 7.4D). However, there were no differences for normalised SICIPA or LICI (Figures 7.4C, 

E and F). 
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Figure 7.3. MEP amplitudes at each post time point after anodal, cathodal and sham tDCS 
assessed with PA (A) and AP (B) induced current. Grand mean normalised MEP amplitude (C) 
was greater with AP compared with PA after cathodal tDCS. Data are presented as mean ± 
SEM. N = 16. *P < 0.05.  
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Figure 7.4. Threshold hunting values. THT (A and B), SICI (C and D) and LICI (E and F) at 
each post time point (P0-P60) after anodal, cathodal and sham tDCS assessed with PA and AP 
induced current. Normalised THT with PA induced current was greater at P20 after cathodal 
compared with sham and normalised THT with AP induced current was greater at P20 and P40 
after anodal compared with sham. Normalised SICI with AP induced current was reduced at 
P0 after anodal compared with sham. Data are presented as mean ± SEM. N = 16. *P < 0.05. 
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Anodal tDCS led to a negative correlation between MEP amplitude with PA induced 

current and SICIAP at P0 (r = -0.68, P = 0.016) and P20 (r = -0.65, P = 0.027; Table 7.5). 

Participants with the largest decrease in SICIAP tended to show largest MEP amplitude 

increases after anodal tDCS. In contrast, cathodal tDCS led to a positive correlation between 

MEP amplitude with PA induced current and SICIAP and LICIAP at P0 (SICIAP: r = 0.73, P = 

0.006; LICIAP: r = 0.62, P = 0.042). Participants with the largest increase in SICIAP or LICIAP 

exhibited the largest increase in MEP amplitude after cathodal tDCS. There were no other 

associations between SICI or LICI and MEP amplitude modulation after tDCS (all P > 0.07). 

Table 7.5. Correlation coefficients. 
   Time 
   P0 P20 P40 P60 

Anodal 

MEPPA 

SICIPA 0.48 -0.02 0.43 0.23 
LICIPA 0.40 0.41 0.56 0.25 
SICIAP -0.68* -0.65* 0.21 0.17 
LICIAP -0.11 0.02 0.36 0.26 

MEPAP 

SICIPA 0.20 -0.43 0.06 -0.57 
LICIPA 0.23 -0.01 0.03 0.22 
SICIAP -0.40 0.10 -0.25 -0.20 
LICIAP 0.10 0.15 -0.12 -0.08 

Cathodal 

MEPPA 

SICIPA -0.16 -0.39 -0.58 0.18 
LICIPA 0.44 0.06 0.01 0.35 
SICIAP 0.73* 0.07 -0.13 0.33 
LICIAP 0.62* 0.31 0.24 -0.02 

MEPAP 

SICIPA -0.48 -0.29 -0.03 -0.23 
LICIPA 0.05 0.17 0.20 0.51 
SICIAP 0.28 0.43 0.53 0.01 
LICIAP 0.18 0.21 0.28 0.18 

 

7.4.3. MEP latency 

There was a main effect of CURRENT DIRECTION for AMT (F2, 30 = 46.32, P < 0.001). Post 

hoc comparisons revealed that AMTPA (32.1 ± 1.3 % MSO) was lower than AMTLM (36.5 ± 

1.5 % MSO, P = 0.014) and AMTAP (43.8 ± 1.4 % MSO, P < 0.001), and that AMTLM was 

lower than AMTAP (P < 0.001). There was a main effect of CURRENT DIRECTION for MEP 
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latency (F2, 30 = 353.80, P < 0.001). Post hoc comparisons revealed that PA MEP latency (22.62 

± 0.46 ms) was longer than LM MEP latency (21.36 ± 0.43 ms, P < 0.001), and AP MEP 

latency (25.20 ± 0.44 ms) was longer than PA (P < 0.001) and LM (P < 0.001). For MEP 

latency differences indicative of I-wave recruitment, AP-LM (3.83 ± 0.13 ms) was greater than 

PA-LM (1.25 ± 0.15 ms, P < 0.001). There were no associations between AP-LM or PA-LM 

latency difference and grand normalised MEP amplitude with PA or AP stimulation in the 

anodal and cathodal tDCS sessions (all P > 0.11).  

7.5. Discussion 

In support of our hypothesis, tDCS after-effects on corticomotor excitability and intracortical 

inhibition differed between PA and AP induced current. Cathodal tDCS increased corticomotor 

excitability assessed with AP but not PA stimulation. However, anodal tDCS had no effect on 

corticomotor excitability with either current direction. GABAA-mediated inhibition was 

reduced immediately after anodal tDCS and the modulation of GABAA- and GABAB-mediated 

inhibition was associated with the modulation of corticomotor excitability after anodal and 

cathodal tDCS. These findings indicate that utilising both PA and AP stimulation activate 

separate M1 interneuronal populations, which may be advantageous when assessing tDCS 

effects on corticomotor excitability and inhibition. Furthermore, modulation within GABA-

mediated inhibitory circuits may contribute to the variable inter-individual effects of tDCS. 

7.5.1. Modulation of corticomotor excitability after tDCS 

There was a large degree of inter-individual variability after tDCS which is consistent with 

recent reports (Fujiyama et al. 2014; Lopez-Alonso et al. 2015; McCambridge et al. 2015; 

Tremblay et al. 2016; Wiethoff et al. 2014). The mechanism(s) underlying tDCS modulation 

of MEP amplitude is unclear. In vitro studies have shown that tDCS establishes a polarisation 

gradient along pyramidal neurons (Kronberg et al. 2017; Radman et al. 2009; Rahman et al. 
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2013). For example, anodal tDCS depolarises the soma and initial axonal segment in distal 

compartments, whereas apical dendrites within superficial compartments are hyperpolarised 

(Kronberg et al. 2017; Rahman et al. 2013). It is conceivable that anodal tDCS may increase 

the efficacy of early I-wave inputs which synapse close to the soma, but decrease those of late 

I-wave inputs within superficial compartments (Di Lazzaro and Ziemann 2013). Preferential 

recruitment of early I-waves has been associated with increased MEP amplitude using PA 

stimulation after anodal tDCS, whereas preferential recruitment of late I-waves has not 

(McCambridge et al. 2015; Wiethoff et al. 2014). Interestingly, preferential I-wave recruitment 

was not associated with MEP modulation after cathodal tDCS (Wiethoff et al. 2014). The 

implications of I-wave recruitment on MEP amplitude modulation after tDCS remains to be 

fully elucidated.  

To our knowledge, this is the first study that has used both PA and AP induced current 

to examine MEP modulation after anodal and cathodal tDCS. Surprisingly, cathodal tDCS 

facilitated MEPs obtained with AP but not PA stimulation. This increased MEP amplitude may 

reflect enhanced synaptic activity from late I-wave inputs to the superficial dendritic 

compartments of pyramidal neurons that are not detectable with PA induced current, due to its 

preferential activation of early I-wave inputs to distal pyramidal compartments (Di Lazzaro 

and Ziemann 2013). Batsikadze et al. (2013) also found a paradoxical increase in MEP 

amplitude after cathodal tDCS. However, they used PA induced current and facilitation was 

only evident with a 2 mA (but not 1 mA) intensity, which they suggested may have been due 

to increased depolarisation within superficial dendritic compartments. These effects are likely 

also evident after 1 mA cathodal tDCS, but only revealed using AP induced current through 

preferential recruitment of late I-wave inputs to these superficial compartments. Comparing 

tDCS after-effects with PA and AP induced currents should be considered in future studies.    
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The non-conditioned THT was increased after both anodal and cathodal tDCS. The 

THT corresponds to approximately 110% RMT (Cirillo and Byblow 2016) and tDCS does not 

normally modulate MEP amplitude at such low stimulation intensities (Nitsche et al. 2005). 

However, the use of threshold rather than MEP amplitude eliminates the confounding influence 

of MEP amplitude variability which is often highest at stimulation intensities near threshold 

(Darling et al. 2006; Kiers et al. 1993). The use of adaptive threshold hunting may also have 

implications after neurological injury such as stroke, where ipsilesional corticomotor output 

may be reduced (Stinear et al. 2015), and typical stimulation parameters (i.e. 1 mV MEP) are 

unattainable. Future studies should consider assessing changes in the THT alongside MEP 

amplitude-based measures.  

7.5.2. Modulation of intracortical inhibition after tDCS 

There were no effects of tDCS on SICIPA assessed with adaptive threshold hunting. Previous 

studies with conventional TMS have found that anodal tDCS may decrease SICIPA and cathodal 

tDCS may increase SICIPA respectively (Batsikadze et al. 2013; Kidgell et al. 2013; Nitsche et 

al. 2005; Zhang et al. 2014), although these polarity dependent effects are not always consistent 

(Lopez-Alonso et al. 2014; Lopez-Alonso et al. 2015; Sasaki et al. 2016). Although a 

comparison between techniques would be interesting, this was not feasible for the present study 

due to time constraints. Threshold hunting with PA induced current may be suboptimal for 

assessing SICI due to the limited late I-wave recruitment with this induced current direction. 

MEPs derived from paired-pulse TMS with AP induced current in the brain may provide a 

more robust measure of SICI than those derived from PA induced current (Cirillo and Byblow 

2016; Sale et al. 2016; Zoghi et al. 2003). Indeed, we observed a reduction in SICIAP 

immediately after anodal tDCS, which may reflect decreased activity within GABAA receptor-

mediated inhibitory networks within superficial layers of M1 (Di Lazzaro and Ziemann 2013). 

Alternatively, reduced activity within all synapses in superficial dendritic compartments after 
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anodal tDCS may decrease the size and number of late I-waves, accounting for a reduction in 

SICIAP (Rahman et al. 2013). However, the latter possibility seems unlikely because epidural 

recordings have shown that anodal tDCS increases the amplitude of both early and late I-waves 

(Di Lazzaro et al. 2013). In summary, tDCS effects on SICI may only be evident when 

threshold hunting with AP and not PA induced current due to the preferential activation of late 

I-waves.  

With adaptive threshold hunting we found that that LICIPA and LICIAP were not 

modulated by tDCS, which corroborates findings from conventional paired-pulse TMS studies 

(Antal et al. 2010; Tremblay et al. 2013a). Interestingly, Tremblay et al. (2013) observed a 

reduction in cortical silent period duration after anodal tDCS. However, LICI and cortical silent 

period duration reflect distinct GABAB receptor-mediated processes (McDonnell et al. 2006). 

The effect of tDCS may be isolated to GABAB processes which underlie the cortical silent 

period only.  

7.5.3. Association between inhibition and corticomotor excitability after tDCS 

There was an association between the modulation of SICI and corticomotor excitability 

following tDCS. After anodal tDCS, participants with reduced SICIAP had an increase in MEP 

amplitude with PA induced current. In contrast, after cathodal tDCS, both those with reduced 

SICIAP and those with reduced LICIAP exhibited a decrease in MEP amplitude with PA induced 

current. These associations were only observed early (0 and 20 min) but not long (40 and 60 

min) after tDCS. It is likely that early disinhibition after tDCS may be necessary for 

corticomotor excitability modulation. This notion is supported by a pharmacological study 

showing that administration of a GABAA agonist prior to anodal tDCS delays the increased 

MEP amplitude after-effect (Nitsche et al. 2004). Our findings also indicate that GABAB 

receptor-mediated LICI is associated with MEP amplitude modulation after cathodal tDCS. 

However, pharmacological interventions targeting GABAB receptors and their influence on 
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tDCS effects remain unknown. Altered GABAA and GABAB receptor-mediated inhibition may 

contribute to tDCS after-effects on corticomotor excitability.    

Modulation of intracortical inhibition may contribute to the inter-individual variability 

of tDCS effects on MEP amplitude, alongside factors such as basal corticomotor excitability 

(Tremblay et al. 2016; Wiethoff et al. 2014), I-wave recruitment (McCambridge et al. 2015; 

Wiethoff et al. 2014) and sensorimotor functional connectivity (Hordacre et al. 2017). For 

example, Hordacre et al. (2017) observed that participants with high resting-state functional 

connectivity between M1 and ipsilateral parietal or premotor regions exhibited an expected 

increase in corticomotor excitability after anodal tDCS, but those with low functional 

connectivity did not. Functional connectivity between sensory and motor cortical regions is 

related to GABA-mediated inhibitory tone (Antonenko et al. 2017; Stagg et al. 2014), both of 

which are susceptible to modulation by tDCS (Antonenko et al. 2017; Bachtiar et al. 2015). It 

is becoming increasingly evident that multiple neurophysiological factors may contribute to 

the inter-individual variability of tDCS after-effects. 

7.5.4. Limitations 

The present study has some limitations. First, a small sample size may lead to false positives 

from an inflated effect size. Second, the physiological effects of tDCS can be relatively 

widespread and therefore not limited to M1 (Kuo et al. 2013). Third, I-wave recruitment was 

only assessed in the final session and may account for the absence of association with tDCS-

induced effects (McCambridge et al. 2015; Wiethoff et al. 2014), although this is not a great 

concern because MEP latency has good intersession reliability (Hamada et al. 2013). Finally, 

we did not screen female participants for their menstrual cycle which can influence cortical 

excitability (Smith et al. 1999), nor did we screen all participants for prior exercise history 

which can influence responsiveness to neuroplasticity paradigms (Cirillo et al. 2009). 
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7.5.5. Conclusion 

In summary, tDCS effects on corticomotor excitability and intracortical inhibition may depend 

on the direction of the TMS induced current. Furthermore, modulation of GABAA and GABAB 

receptor-mediated inhibition may contribute to the inter-individual variability of tDCS after-

effects. Future neurorehabilitation studies could consider adopting threshold hunting 

techniques to examine tDCS after-effects with clinical groups that express high variability. 
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Chapter 8. Neurophysiological mechanisms underlying motor 
skill learning in young and older adults  

This experiment has been submitted to Neurobiology of Aging. 

8.1. Abstract 

Despite the emergence of motor performance deficits with advancing age, the ability to acquire 

and retain novel motor skills is preserved in older adults. However, the neurophysiological 

mechanisms underlying skill acquisition in the elderly has received little systematic 

investigation. The aim of the present study was to assess the modulation of primary motor 

cortex (M1) excitability and inhibition after skill acquisition in young and older adults. 

Fourteen young and twelve older adults trained on a sequential visual isometric wrist extension 

task. Each participant’s speed-accuracy function (SAF) was determined to quantify skill before, 

immediately after, 24 hours and 7 days post-training. Anodal and sham transcranial direct 

current stimulation (tDCS) was delivered during training in a repeated measures double-

blinded crossover design. Threshold-hunting paired-pulse transcranial magnetic stimulation 

(TMS) protocols were used to examine corticomotor excitability, short- and long-interval 

intracortical inhibition (SICI and LICI) and short-interval intracortical facilitation (SICF) pre- 

and post-training. Both age groups exhibited successful skill acquisition and retention. 

However, absolute skill was lower in older adults compared with young. Corticomotor 

excitability increased and SICI decreased after training in both age groups. There was no 

modulation of LICI or SICF. Anodal tDCS had no effect on skill acquisition or retention, or 

the modulation of neurophysiological variables. These findings suggest that skill acquisition is 

accompanied by an increase in corticomotor excitability and decrease in SICI in both young 

and older adults, in a manner which is not modified by concurrent anodal tDCS.  
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8.2. Introduction 

Reduced motor performance typically accompanies advancing age (Seidler et al. 2010). These 

effects may in part be attributed to neurophysiological changes within M1 in older adults 

(Levin et al. 2014). Despite the emergence of motor deficits in the elderly, the ability to acquire 

and retain novel motor skills is preserved (Berghuis et al. 2016; Cirillo et al. 2011). However, 

the effects of healthy ageing on the neurophysiological mechanisms within M1 underlying skill 

acquisition has received little systematic investigation. 

Corticomotor excitability indexed by motor evoked potential (MEP) amplitude from 

TMS over M1 is increased during skill acquisition in young and older adults (Berghuis et al. 

2016; Cirillo et al. 2011). Animal studies suggest that these effects are attributed to long-term 

potentiation (LTP) of synaptic efficacy (Rioult-Pedotti et al. 2000; Rioult-Pedotti et al. 1998), 

which requires a reduction in gamma-aminobutyric acid (GABA)-mediated inhibition (Hess et 

al. 1996). Paired-pulse TMS can be used to assess GABAergic neurotransmission in human 

M1 (Kujirai et al. 1993). SICI at 1 and 3 ms (SICI1 and SICI3), which may reflect extrasynaptic 

(Stagg et al. 2011b) and synaptic (Ziemann et al. 1996) GABAA receptor activity respectively, 

is reduced after skill acquisition in young adults (Coxon et al. 2014). Older adults exhibit 

similar reductions in SICI3 during skill acquisition as young adults (Cirillo et al. 2011). 

However, SICI1 may be lower in older adults compared with young (Mooney et al. 2017; 

Peinemann et al. 2001) which may preclude modulation during skill learning. LICI, a marker 

of GABAB receptor activity (McDonnell et al. 2006), may also be lower in older adults (Opie 

and Semmler 2014a) and modulation during learning has not been assessed. It is unknown 

whether reduced GABA-mediated inhibition during skill acquisition is receptor specific and/or 

age-dependent.  

Typically, GABAergic neurotransmission within M1 is examined using paired-pulse 

TMS that induces posterior-anterior (PA) current in the brain. However, previous studies have 
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shown that more robust SICI and LICI is usually observed with anterior-posterior (AP) induced 

current than PA (Cirillo and Byblow 2016; Cirillo et al. 2018; Mooney et al. 2018; Sale et al. 

2016; Zoghi et al. 2003). Therefore, the modulation of GABAergic inhibition during skill 

acquisition may be more evident with AP induced current. 

The concurrent application of anodal tDCS to M1 presents a promising approach to 

enhance skill acquisition in young and older adults (for a review see Buch et al. 2017). Anodal 

tDCS induces LTP-like plasticity within M1 by modulating N-methyl-D-aspartate receptor 

activity (Nitsche et al. 2003a) and GABAergic neurotransmission (Mooney et al. 2018; Nitsche 

et al. 2004). Whilst the behavioural effects of concurrent tDCS and motor learning have been 

routinely assessed (Buch et al. 2017), the underlying neurophysiological effects induced in 

young and older adults are incompletely understood. 

The primary aim of the present study was to assess the modulation of corticomotor 

excitability and inhibition after skill acquisition in young and older adults using TMS with PA 

and AP induced current. We hypothesized that corticomotor excitability would increase after 

skill acquisition in both age groups. However, reduced inhibition after skill acquisition would 

only be observed in young adults as older adults would exhibit overall lower inhibitory tone. 

We also sought to determine whether concurrent anodal tDCS would enhance skill acquisition 

and retention and promote the modulation of neurophysiological measures. 

8.3. Methods 

8.3.1. Participants 

Fourteen neurologically healthy young (mean [range] age 23 [19-34] years, 6 males) and 

twelve older adults (mean [range] age 77 [69-86] years, 6 males) participated in this study. 

Handedness was assessed using the short version of the Edinburgh Handedness Inventory 

(Veale 2014) (Young: 12 right, 2 left; Older: 11 right, 1 left). Participants were screened for 
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contraindications to TMS before participation using a safety screening questionnaire. Each 

participant provided written informed consent and the study was approved by the University 

of Auckland Human Participants Research Ethics Committee. 

8.3.2. Experimental Design 

Participants completed six sessions in total, with an acquisition session and two retention 

sessions in each arm of the experiment (Figure 8.1A). In the acquisition session, a SAF for a 

sequential isometric force task was obtained for each participant as a measure of skill. 

Participants then trained (9 blocks of 12 trials) at the task, during which they received either 

anodal or sham tDCS in a pseudorandomized double-blinded crossover design. After training, 

the SAF was reassessed. Measures of corticomotor excitability and inhibition were assessed 

before and after the training using TMS. The SAF was reassessed 24 hours and 7 days post-

training to determine skill retention. All sessions were completed at the same time of day for 

each participant. There was at least 14 days between the day 7 retention session of the first arm 

and the acquisition session of the second arm. 

8.3.4. Sequential isometric force task 

Participants sat in front of a computer screen with their elbows and forearms positioned on a 

table directly in front of their chair. The dorsum of the non-dominant hand was placed beneath 

a platform embedded with a MLP-100 force transducer (Transducer Techniques, Temecula, 

CA). The height of the platform was adjusted to accommodate each participant’s hand size and 

then fixed in place. Extending the wrist against the platform generated vertical displacement of 

a cursor on the screen. The goal was to produce five individual force peaks by moving the 

cursor to five targets on the screen in a specific colour sequence (red-blue-green-yellow-white) 

and returning to the home position between each colour (Coxon et al. 2014). The furthest target 

was set at 45% of the participant’s maximum voluntary extension strength, determined from a 
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brief maximal isometric wrist extension against the platform. Logarithmic and exponential 

transformations were applied to the relationship between applied force and cursor movement, 

in the first and second arms of the experiment respectively, to increase task difficulty. Different 

colour positions were used for the logarithmic and exponential transforms (Figure 8.1B), but 

sequence order was the same. 

8.3.4.1. Skill assessment 

Skill was determined by measuring error at fixed execution speeds to compute the SAF (Figure 

8.2A-D) (Reis et al. 2009). Participants were instructed to move the cursor to each of the targets 

in time with a metronome, with the aim of being at the centre of a target on the beep. The 

assessment comprised completing a single block of 3 trials at 9 different tempos, 

24/30/38/45/60/80/100/110/120 bpm, corresponding to approximate trial durations of 

12.5/10.0/7.9/6.7/5.0/3.8/3.0/2.7/2.5 seconds respectively. Blocks were completed in a random 

order. 

8.3.4.2. Training 

For the training intervention, participants completed 9 blocks of 12 trials. Participants were 

instructed to complete the training trials at a self-selected pace, with the aim of completing 

each trial as quickly and as accurately as possible (Reis et al. 2009). To prevent fatigue, 

participants rested for 1 minute between blocks. During the rest periods, participants received 

visual feedback of their mean skill for the completed block along with one of two performance-

dependent messages: (1) Well done! Your skill has improved compared with the previous 

block; and (2) Try harder! Your skill has decreased compared with the previous block. 
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Figure 8.1. Experimental design. (A) Participants completed six sessions in total, with an 
acquisition session and two retention sessions in each arm of the experiment. The SAF for the 
force task was used to index skill by determining error at each trial duration set by an auditory 
metronome (indicated by tempo in beats per minute). TMS with PA and AP induced current 
was used to assess the THT, SICI, LICI and SICF. Skill and neurophysiological measures were 
assessed pre- and post-training with additional skill retention assessments completed 24 hours 
and 7 days later. Anodal or sham tDCS was applied during training in a double-blinded 
crossover design. (B) Relationship between applied force and cursor movement and the on-
screen display for the logarithmic (LOG) and exponential (EXP) transforms of the sequential 
isometric force task. Each trial involved navigating the cursor through the sequence red-blue-
green-yellow-white by performing isometric wrist extension against a force transducer. The 
LOG and EXP transforms were used in the first and second arms of the experiment 
respectively. 

8.3.5. Recording and stimulation procedures 

8.3.5.1. Surface electromyography 

Surface electromyography (EMG) was recorded from the non-dominant extensor carpi radialis 

(ECR) using 10 mm diameter Ag-AgCl recording electrodes (Ambu, Ballerup, Denmark), 

arranged in a belly-tendon montage, with a 20 mm ground electrode (3M, Canada Health Care) 

positioned on the lateral epicondyle. EMG signals were amplified (1000×) and band-pass 

filtered (10 – 1000 Hz) using a CED1902 amplifier (Cambridge Electronic Design Ltd, UK), 
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sampled at 10 kHz using a CED1401 interface and recorded with Signal software (CED, 

Version 5.03). 

8.3.5.2. Transcranial magnetic stimulation 

Single- and paired-pulse TMS was delivered using a figure-of-eight coil (70 mm wing 

diameter) connected to two monophasic Magstim 2002 magnetic stimulators via a Bistim 

module (Magstim, Whitland, Wales, UK). Descending volleys with an early or late onset were 

preferentially activated by alternating current flow through M1 (Sakai et al. 1997). PA 

stimulation (coil ~ 45° to the mid-sagittal line) preferentially elicits early I-waves, whereas AP 

(coil angle same as PA, but current reversed) preferentially elicits I-waves that have a later 

onset latency. The optimal site to elicit consistent MEPs in the non-dominant ECR with PA 

current was marked on the scalp. The same scalp position was used for AP induced current and 

was continually monitored using visual inspection throughout the experiment. Current 

direction order was pseudorandomized between participants and kept constant within 

participants. TMS was delivered at 0.2 Hz ± 20%.  

8.3.5.3. Motor thresholds 

A freeware program (TMS Motor Threshold Assessment Tool; MTAT 2.0, F. Awiszus & J. 

Borckardt) that employs a maximum-likelihood parameter estimation by sequential testing 

(PEST) was used for adaptive threshold hunting. The procedure involves adjusting the stimulus 

intensity up or down as required based on a MEP amplitude criterion for 12 trials (approximate 

duration of procedure is 1 min) until the target intensity is determined. Two operators were 

involved in the TMS procedures. One experimenter held the coil, while the other manually 

entered data into PEST software and adjusted stimulator intensity according to PEST output. 

For rest motor threshold (RMT), a trial was deemed successful if the stimulus intensity elicited 

a MEP of at least 50 µV in amplitude (Rossini et al. 2015). For active motor threshold (AMT), 
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a trial was deemed successful if the stimulus intensity elicited a MEP of at least 200 µV in 

amplitude, with ECR pre-activated to approximately 10% of the participant’s perceived 

maximum voluntary contraction.  

8.3.5.4. Intracortical inhibition and facilitation 

Adaptive threshold hunting paired-pulse TMS was used to quantify the extent of SICI, LICI 

and short-interval intracortical facilitation (SICF) within M1 in line with previous work 

(Amandusson et al. 2017; Awiszus et al. 1999; Cirillo et al. 2018; Mooney et al. 2018). A non-

conditioned threshold hunting target (THT), whereby the MEP amplitude criterion for a 

successful trial was 200 µV, was obtained at the beginning and end of the paired-pulse 

measures and the average value calculated. To elicit SICI, a subthreshold conditioning stimulus 

set to 90% AMT was delivered 1 and 3 ms prior to a test stimulus (Kujirai et al. 1993). To elicit 

LICI, a suprathreshold conditioning stimulus set to 120% RMT was delivered 100 and 150 ms 

prior to a test stimulus (Valls-Sole et al. 1992). To elicit SICF, a subthreshold stimulus set to 

90% RMT was delivered 1.5 ms after a test stimulus (Ziemann et al. 1998a). For SICI, LICI 

and SICF procedures, PEST was used to determine the test stimulus intensity required to 

achieve the THT (200 µV MEP) in the presence of the conditioning stimulus.  

8.3.5.5. Transcranial direct current stimulation 

A NeuroConn DC stimulator (NeuroConn, Ilmenau, Germany) was used to administer tDCS 

through two rubber electrodes inserted into saline soaked sponges. The active electrode (25 

cm2) was placed over the non-dominant M1 hotspot and the reference electrode (35 cm2) was 

placed over the dominant supraorbital ridge. For anodal tDCS (anode over M1) the current was 

ramped up for 30 s and then maintained at a constant 1 mA current for 20 minutes. For sham 

tDCS, the current was ramped up to 1 mA and immediately ramped down to 0 mA within 30 

s. 
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8.3.6. Data analysis 

8.3.6.1. Sequential isometric force task 

For each trial in the SAF assessment, an error value was calculated as the sum of differences 

between the centre of each target and the five respective force peaks (Coxon et al. 2014). To 

quantify skill for each individual participant at each time point we used the following function 

(Reis et al. 2009): 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
1 − 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (ln(𝑡𝑡𝑒𝑒𝑆𝑆𝑡𝑡𝑆𝑆 𝑑𝑑𝑑𝑑𝑒𝑒𝑡𝑡𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑)𝑏𝑏)
 

where error is the mean error for the respective trial duration and b is the dimension free 

parameter. Although Reis et al. (2009) used a constant b value of 5.42 based on results from a 

small control group, we calculated b values for each individual participant at each time point 

to account for inter-individual differences in the profile of the SAF (Fujiyama et al. 2017; 

Saucedo Marquez et al. 2013).  

For the training trials, skill was quantified using the same equation above, where trial 

duration was calculated from onset of the first force peak to the last force peak and b was set 

to the b value calculated from the pre-training SAF for each participant. Mean block skill was 

presented as visual feedback during rest periods. 

8.3.6.2. Neurophysiology 

During threshold hunting, any trials that were contaminated by pre-stimulus EMG activity (root 

mean squared EMG >10 μV; 50 ms before stimulation) were rejected online and repeated 

immediately. The peak-to-peak amplitude of the 24 MEPs elicited by the suprathreshold 

conditioning stimulus from the LICI protocols were used to index corticomotor excitability 

(Figure 8.3). Mean MEP amplitude was calculated after trimming the upper and lower 10% of 
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trials. SICI, LICI and SICF induced by the conditioning stimulus were quantified as the relative 

percent increase or decrease in the test stimulus intensity required to evoke the THT: 

𝐼𝐼𝑑𝑑ℎ𝑆𝑆𝑖𝑖𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑 𝑒𝑒𝑒𝑒 𝐹𝐹𝑡𝑡𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑 =
(𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑁𝑁𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇)

 𝑁𝑁𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇
 × 100 

where positive values indicate inhibition and negatives values facilitation. 

8.3.7. Statistical analysis 

Normality was assessed using the Shapiro-Wilk's test and homoscedasticity of variance using 

the Levene’s test of equality and Mauchly’s test of sphericity. Non-normal data (MEP 

amplitude) were log transformed for statistical analysis, however non-transformed data are 

reported for clarity. Skill determined from the SAF assessment was analysed with a three-way 

repeated measures ANOVA with factors AGE (young and older), TDCS (anodal and sham) 

and TIME (pre, post, 24 h and 7d). One-sample t-tests (hypothesized mean = 0) were performed 

for SICI1, SICI3, LICI100, LICI150 and SICF to confirm significant inhibition/facilitation at 

baseline for both age groups. Pre-training neurophysiological variables (RMT, AMT, MEP 

amplitude, THT, SICI1, SICI3, LICI100, LICI150 and SICF) were analysed with a three-way 

repeated measures ANOVA with factors AGE, TDCS and CURRENT DIRECTION (PA and 

AP). Pre- and post-training neurophysiological variables (MEP amplitude, THT, SICI1, SICI3, 

LICI100, LICI150 and SICF) were analysed with a three-way repeated measures ANOVA with 

factors AGE, TDCS, and TIME (pre and post) for each current direction. The significance level 

was set at P < 0.05. Group data are presented as mean ± SEM in the text. 
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Figure 8.2. SAF data obtained at each time point (pre, post, 24 hours, 7 days) for young (A 
and C) and older adults (B and D) and the corresponding skill values (E). Data are presented 
as mean ± SEM. N = 14 young and 12 older. *P < 0.05 compared with pre. 
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8.4. Results 

8.4.1. SAF assessment 

There were main effects of AGE (F1, 24 = 17.06, P < 0.001) and TIME (F3, 72 = 33.83, P < 

0.001) with no main effect of TDCS (F1, 24 = 2.16, P = 0.16) and no interactions (all P > 0.09). 

Overall, skill was higher in young compared with older adults (Figure 8.2E). For both age 

groups, skill was greater post-training and at each retention time point compared with pre-

training (all P < 0.001). 

8.4.2. Neurophysiology 

Neurophysiological variables are displayed in Table 8.1 and the results of the pre-training 

ANOVAs are displayed in Table 8.2. RMT, AMT and non-conditioned THT were higher and 

MEP amplitude lower for AP induced current compared with PA. One-sample t-tests showed 

that inhibition/facilitation was present at baseline for all paired-pulse TMS protocols in both 

young (all P < 0.023) and older (all P < 0.015) adults. SICI3, LICI100 and LICI150 were higher 

and SICF lower with AP induced current compared with PA. 

Results of the post-training ANOVAs are displayed in Table 8.3. SICI1 with PA induced 

current was lower in older adults compared with young. LICI100 was greater and there was a 

trend for greater SICF with AP induced current in older adults compared with young. After 

training, MEP amplitude with PA and AP induced current increased in both age groups. SICI1 

and SICI3 decreased in both age groups (Figure 8.4A and B), however this was only for PA 

induced current. There was no modulation of LICI100, LICI150 or SICF for either current 

direction. 
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Table 8.2. Results of pre-training neurophysiology ANOVAs. 
 Factor F P 
RMT AGE 0.20 0.66 
 TDCS 0.73 0.40 
 CURRENT DIRECTION 178.79 <0.001 

 AGE x TDCS 0.04 0.84 
 AGE x CURRENT DIRECTION 4.14 0.05 
 TDCS x CURRENT DIRECTION 0.01 0.91 
 AGE x TDCS x CURRENT DIRECTION 0.17 0.68 

AMT AGE 0.36 0.56 
 TDCS 1.26 0.27 
 CURRENT DIRECTION 200.24 <0.001 

 AGE x TDCS 0.27 0.61 
 AGE x CURRENT DIRECTION 9.73 0.005 
 TDCS x CURRENT DIRECTION 2.21 0.15 
 AGE x TDCS x CURRENT DIRECTION 0.99 0.33 

MEP amplitude AGE 2.17 0.15 
 TDCS 1.19 0.29 
 CURRENT DIRECTION 6.58 0.017 

 AGE x TDCS 0.02 0.88 
 AGE x CURRENT DIRECTION 1.26 0.27 
 TDCS x CURRENT DIRECTION 0.05 0.82 
 AGE x TDCS x CURRENT DIRECTION 0.10 0.75 

THT AGE 0.54 0.47 
 TDCS 1.14 0.30 
 CURRENT DIRECTION 140.18 <0.001 

 AGE x TDCS 0.80 0.38 
 AGE x CURRENT DIRECTION 4.81 0.038 
 TDCS x CURRENT DIRECTION <0.01 0.94 
 AGE x TDCS x CURRENT DIRECTION 5.49 0.028 

SICI1 AGE 2.17 0.15 
 TDCS 0.76 0.39 
 CURRENT DIRECTION 0.55 0.47 
 AGE x TDCS 0.74 0.40 
 AGE x CURRENT DIRECTION 3.58 0.07 
 TDCS x CURRENT DIRECTION 0.06 0.81 
 AGE x TDCS x CURRENT DIRECTION <0.01 0.97 
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SICI3 AGE <0.01 0.99 
 TDCS 0.67 0.42 
 CURRENT DIRECTION 44.24 <0.001 
 AGE x TDCS 0.70 0.41 
 AGE x CURRENT DIRECTION 0.01 0.92 
 TDCS x CURRENT DIRECTION 0.73 0.40 
 AGE x TDCS x CURRENT DIRECTION 1.47 0.24 

LICI100 AGE 4.60 0.042 
 TDCS 0.43 0.52 
 CURRENT DIRECTION 6.09 0.021 
 AGE x TDCS 0.85 0.37 
 AGE x CURRENT DIRECTION 1.29 0.27 
 TDCS x CURRENT DIRECTION 0.03 0.87 
 AGE x TDCS x CURRENT DIRECTION 0.32 0.57 

LICI150 AGE 0.24 0.63 
 TDCS 0.06 0.80 
 CURRENT DIRECTION 6.43 0.018 
 AGE x TDCS 1.30 0.27 
 AGE x CURRENT DIRECTION 2.70 0.11 
 TDCS x CURRENT DIRECTION 0.61 0.44 
 AGE x TDCS x CURRENT DIRECTION 0.32 0.58 

SICF AGE 2.97 0.10 
 TDCS 2.67 0.12 
 CURRENT DIRECTION 8.65 0.007 

 AGE x TDCS 0.22 0.64 
 AGE x CURRENT DIRECTION 0.88 0.36 
 TDCS x CURRENT DIRECTION 1.19 0.29 
 AGE x TDCS x CURRENT DIRECTION 0.09 0.77 
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Table 8.3. Results of post-training neurophysiology ANOVAs.  
  Posterior-anterior Anterior-posterior 
 Factor F P F P 
MEP amplitude AGE 2.13 0.16 0.56 0.46 
 TDCS 1.12 0.30 0.17 0.69 
 TIME 14.31 0.001 16.98 <0.001 

 AGE x TDCS 0.11 0.74 0.05 0.82 
 AGE x TIME 1.07 0.31 0.36 0.55 
 TDCS x TIME 0.75 0.40 3.27 0.08 
 AGE x TDCS x TIME 1.10 0.31 0.07 0.80 

THT AGE 2.05 0.17 0.03 0.87 
 TDCS 0.04 0.85 0.08 0.78 
 TIME 3.97 0.06 4.02 0.06 
 AGE x TDCS 0.11 0.74 2.76 0.11 
 AGE x TIME 0.02 0.91 0.04 0.84 
 TDCS x TIME 2.54 0.12 1.63 0.21 
 AGE x TDCS x TIME 0.60 0.45 0.03 0.87 

SICI1 AGE 4.75 0.039 0.16 0.69 
 TDCS 0.09 0.77 1.03 0.32 
 TIME 8.84 0.007 2.58 0.12 
 AGE x TDCS 1.11 0.30 1.67 0.21 
 AGE x TIME 0.96 0.34 0.21 0.65 
 TDCS x TIME 0.29 0.60 0.63 0.44 
 AGE x TDCS x TIME 0.54 0.47 0.72 0.40 

SICI3 AGE 0.08 0.78 0.06 0.81 
 TDCS 0.98 0.33 <0.01 0.98 
 TIME 6.62 0.017 <0.01 0.95 
 AGE x TDCS 2.49 0.13 0.14 0.71 
 AGE x TIME 0.66 0.43 0.59 0.45 
 TDCS x TIME 1.29 0.27 0.85 0.37 
 AGE x TDCS x TIME 0.10 0.75 0.24 0.63 

LICI100 AGE 2.48 0.13 4.43 0.046 

 TDCS 0.29 0.59 0.02 0.89 
 TIME 0.16 0.69 0.53 0.47 
 AGE x TDCS 0.11 0.74 2.10 0.16 
 AGE x TIME 0.39 0.54 1.03 0.32 
 TDCS x TIME 2.42 0.13 0.12 0.74 
 AGE x TDCS x TIME 0.04 0.85 0.02 0.90 
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LICI150 AGE 0.03 0.88 1.39 0.25 
 TDCS 1.65 0.21 0.04 0.84 
 TIME 3.01 0.10 0.75 0.40 
 AGE x TDCS 0.52 0.48 1.55 0.23 
 AGE x TIME 0.65 0.43 0.05 0.83 
 TDCS x TIME 0.31 0.59 0.05 0.82 
 AGE x TDCS x TIME 0.07 0.80 <0.01 0.93 

SICF AGE <0.01 0.96 4.14 0.05 
 TDCS 0.11 0.74 1.56 0.22 
 TIME 1.89 0.18 1.48 0.24 
 AGE x TDCS 0.88 0.36 0.73 0.40 
 AGE x TIME 1.28 0.27 <0.01 0.99 
 TDCS x TIME 0.76 0.39 1.90 0.18 
 AGE x TDCS x TIME 0.03 0.86 0.94 0.34 

 

 

Figure 8.3. Example EMG traces depict MEPs elicited using TMS with PA and AP induced 
current from an individual young and older participant pre- and post-training. 
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Figure 8.4. SICI data. Group mean values for SICI with an interstimulus interval of 1 (A) 
and 3 ms (B) with PA induced current for young and older adults pre- and post-training. Data 
are collapsed across tDCS sessions and are presented as mean + SEM. N = 14 young and 12 
older. *P < 0.05 compared with pre. 

8.5. Discussion 

The present study investigated the neurophysiological mechanisms underlying motor skill 

learning in young and older adults. In support of our hypothesis, inhibitory tone was lower in 

older adults. Despite this age-related difference, both young and older adults exhibited 

increased corticomotor excitability and reduced GABAA receptor-mediated inhibition after 

skill acquisition. The application of anodal tDCS during training had no effect on skill 

acquisition or the modulation of neurophysiological variables in either age group. A down-

regulation of GABAA receptor-mediated inhibition may promote plasticity within M1 during 

skill learning and may have relevance for neurorehabilitation of age-similar individuals after 

stroke. 

Older adults exhibited lower absolute skill level compared with the younger cohort, 

although both groups displayed successful skill acquisition and retention. Previous studies with 

older adults have typically quantified learning as the reduction in error or improvement in 

accuracy after training (Berghuis et al. 2016; Cirillo et al. 2011; Goodwill et al. 2013; Roig et 

al. 2014; Zimerman et al. 2014; Zimerman et al. 2013). In contrast, the present study quantified 
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learning as an increase in skill by determining the SAF for a sequential isometric force task 

(Fujiyama et al. 2017; Reis et al. 2009; Saucedo Marquez et al. 2013). Because speed and 

accuracy are inherently linked (Fitts 1954), our approach controlled for the tendency of older 

adults to make slower movements compared to young in order to maintain a similar level of 

accuracy (Lamb et al. 2016). Furthermore, because of differences in baseline skill, we 

compared absolute skill levels between age groups and did not make any comparisons of 

normalized changes as such analyses are viewed to be conceptually fraught (Hardwick et al. 

2017). Our findings demonstrate that despite a lower absolute skill level, older adults maintain 

the ability to acquire and retain a novel motor skill. 

Corticomotor excitability indexed from MEP amplitude increased immediately after 

skill acquisition in both young and older adults. These findings coincide with previous studies 

(Berghuis et al. 2016; Cirillo et al. 2011) and may be attributed to LTP of synaptic inputs to 

corticomotor neurons (Hess and Donoghue 1994). Interestingly, these effects were observed 

using TMS with both PA and AP induced current which are thought to activate different 

excitatory inputs to corticomotor neurons (Di Lazzaro et al. 2012). PA induced current 

preferentially recruits early I-wave inputs (Di Lazzaro et al. 1998b), which likely synapse close 

to the soma (Di Lazzaro and Ziemann 2013). In contrast, AP induced current preferentially 

recruits less synchronized I-wave inputs which have a later onset latency (Di Lazzaro et al. 

2001) and may synapse with dendritic compartments (Di Lazzaro and Ziemann 2013). 

Therefore, LTP of early and late I-wave inputs to corticomotor neurons may contribute to 

increased MEP amplitude after skill acquisition in young and older adults. 

Increased corticomotor excitability after skill acquisition was accompanied by reduced 

GABAA receptor-mediated SICI within M1. Reduced SICI was evident at interstimulus 

intervals of 1 and 3 ms in both age groups, corroborating the findings from a previous study in 

young adults (Coxon et al. 2014). SICI1 may in part reflect extrasynaptic GABAA receptor 
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activity (Stagg et al. 2011b), which regulates cortical excitability through tonic inhibition 

(Belelli et al. 2009). In contrast, SICI3 reflects synaptic GABAA receptor activity (Ziemann et 

al. 1996), which mediates phasic inhibitory currents. Despite lower SICI1 in older adults 

compared with young (Mooney et al. 2017; Peinemann et al. 2001), both age groups exhibited 

a reduction after skill acquisition. Interestingly, reducing tonic inhibition mediated by 

extrasynaptic GABAA receptors promotes functional recovery after experimental stroke in 

rodents (Clarkson et al. 2010). In humans, motor learning mechanisms are operative during 

motor recovery after stroke (Krakauer 2006), during which GABAA receptor activity may be 

lower in ipsilesional M1 (McDonnell and Stinear 2017). Reduced GABAA receptor-mediated 

inhibition may promote plasticity within M1 during motor learning and may have relevance 

for motor recovery after stroke. 

Reduced SICI after skill acquisition was evident with PA but not AP induced current. 

The conditioning stimulus giving rise to SICI suppresses the amplitude of late I-waves, whereas 

early I-waves are virtually unaffected (Di Lazzaro et al. 1998c). AP induced current 

preferentially recruits I-wave inputs which have a later onset latency (Di Lazzaro et al. 2001) 

and more robust SICI is usually observed with AP compared with PA stimulation (Cirillo and 

Byblow 2016; Cirillo et al. 2018; Mooney et al. 2018; Sale et al. 2016; Zoghi et al. 2003). 

Although PA stimulation preferentially recruits early I-wave inputs, late I-wave inputs are also 

evoked (Di Lazzaro et al. 1998b) but are likely distinct to those evoked with AP stimulation 

(Di Lazzaro et al. 2012). It seems unlikely that contamination of SICI by facilitatory inputs 

contributed to the observed results because the conditioning intensity for SICI was below the 

threshold for facilitatory contamination (Peurala et al. 2008) and SICF was not modulated after 

skill acquisition for either current direction. Reduced SICI after skill acquisition may be 

specific to inhibitory networks targeting late I-wave inputs evoked with PA induced current.  
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In contrast to SICI, LICI was not modulated after skill acquisition with either current 

direction. Inhibitory interneurons mediating LICI primarily exert their effects via postsynaptic 

GABAB receptors (McDonnell et al. 2006). In the present study, two interstimulus intervals 

(100 and 150 ms) were used to assess LICI as age-related alterations have been observed using 

the former (McGinley et al. 2010) and latter (Opie and Semmler 2014a) respectively. We 

observed greater LICI at 100 ms in older compared with young adults, however LICI was not 

modulated after acquisition at either interval. Interestingly, intracortical circuits mediating 

LICI can interact with those mediating SICI. SICI is reduced in the presence of LICI (Sanger 

et al. 2001), with the disinhibition likely mediated by presynaptic blockade of GABA release 

onto GABAA receptors (Cash et al. 2010). Although not assessed in the present study, increased 

presynaptic GABAB receptor activity may in part mediate reduced SICI observed after skill 

acquisition. Future studies could assess the interaction between LICI and SICI during motor 

skill learning.   

The application of anodal tDCS during training had no effect on skill acquisition or 

retention in young or older adults. Our findings coincide with a recent review showing mixed 

efficacy of anodal tDCS in enhancing skill learning (Buch et al. 2017). Previous studies have 

shown that the beneficial effects of concurrent anodal tDCS and motor skill learning are 

increasingly evident over multiple training sessions (Saucedo Marquez et al. 2013; Schambra 

et al. 2011), primarily through an enhancement of offline consolidation (Reis et al. 2015; Reis 

et al. 2009). However, the present study was limited to a single training session. Therefore, the 

effects of concurrent anodal tDCS on skill learning in young and older adults may be dependent 

on the duration of training and requires further investigation. 

The present study has some further limitations. Participants were not assessed across 

cognitive domains that may influence motor skill (Schaefer et al. 2015). Interleaved practice 

structures lead to better skill retention compared to repetitive practice in young and older adults 
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(Pauwels et al. 2018), although the latter may promote greater disinhibition within M1 during 

skill acquisition compared with the former (Coxon et al. 2014). Finally, using a fixed duration 

of tDCS meant that stimulation could have ended at different stages during training for each 

individual since trials were self-paced. 

In summary, although older adults exhibited lower absolute skill level compared with 

the younger cohort, both groups displayed successful skill acquisition and retention. 

Corticomotor excitability increased and GABAA receptor-mediated inhibition decreased after 

skill acquisition. However, these effects were in part dependent on the interneuronal networks 

activated by TMS. Our findings indicate potential neurophysiological mechanisms relevant for 

motor learning in neurorehabilitation contexts that involve older adults, such as after stroke. 
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Chapter 9. Neurophysiological mechanisms underlying motor 
skill learning in chronic stroke: a pilot study 

9.1. Abstract 

Despite early motor recovery, many stroke survivors are left with residual upper limb 

impairment at the chronic stage. Motor learning is relevant in chronic stroke for acquiring and 

improving the execution of compensatory strategies to motor deficits. However, the 

neurophysiological mechanisms underlying motor skill acquisition with the affected upper 

limb after stroke have received little systematic investigation. The aim of this pilot study was 

to assess the modulation of corticomotor excitability and inhibition within ipsilesional primary 

motor cortex (M1) by skill acquisition in chronic stroke patients. Nine patients and twelve 

neurologically healthy controls trained on a sequential visual isometric wrist extension task. 

Each participant’s speed-accuracy function (SAF) was determined to quantify skill before, 

immediately after, 24 hours and 7 days post-training. Threshold-hunting paired-pulse 

transcranial magnetic stimulation (TMS) protocols were used to examine corticomotor 

excitability, short- and long-interval intracortical inhibition (SICI and LICI) and short-interval 

intracortical facilitation (SICF) pre- and post-training. Chronic stroke patients exhibited 

successful skill acquisition and retention, although absolute skill level was lower compared 

with controls. In contrast to controls, ipsilesional corticomotor excitability was not altered by 

skill acquisition which may in part be attributed to heightened LICI. SICI within ipsilesional 

M1 decreased after training similar to controls. Our preliminary findings indicate 

neurophysiological mechanisms relevant for motor learning in neurorehabilitation contexts 

after stroke, which could inform the design of larger studies aimed at augmenting learning in 

patients. 
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9.2. Introduction 

Stroke is a leading cause of adult disability worldwide (Mendis 2013) with around 80% of 

patients burdened by motor impairment (Rathore et al. 2002b). Recovery from upper-limb 

impairment is crucial for performing activities of daily living and ultimately regaining 

independence (Langhorne et al. 2009). In the initial days and weeks after stroke onset, 

spontaneous recovery processes promote neural reorganisation and recovery (Stinear and 

Byblow 2014). Despite early motor recovery, many stroke survivors are left with residual 

motor deficits in the upper limb at the chronic stage.  

Motor learning is relevant in chronic stroke for acquiring and improving the execution 

of compensatory strategies to residual motor impairment (Kitago and Krakauer 2013). Patients 

may be able to compensate better for their motor deficit(s) by practising particular tasks using 

intact neural resources. Previous studies have demonstrated that chronic stroke patients across 

a wide range of impairment levels have the ability to acquire and retain novel motor skills with 

the paretic upper limb (Fleming et al. 2018; Hardwick et al. 2017; Kantak et al. 2018). 

Therefore, despite impaired motor control the capacity for motor skill learning appears to be 

preserved in chronic stroke. 

Contralateral M1 undergoes functional reorganisation during the acquisition of novel 

motor skills (Karni et al. 1995; Shmuelof et al. 2014). Evidence from animal studies suggests 

that reorganisation is dependent on the induction of long-term potentiation (LTP)-like plasticity 

(Rioult-Pedotti et al. 2000), which requires a reduction in gamma-aminobutyric acid (GABA)-

mediated inhibition (Hess et al. 1996). Motor evoked potential (MEP) amplitude elicited by 

single-pulse TMS over human M1 can be used to index corticomotor excitability. Paired-pulse 

TMS can be used to assess GABA-mediated inhibition within M1. Specifically, SICI and LICI 

protocols are markers of GABAA and GABAB receptor-mediated inhibition respectively 

(McDonnell et al. 2006; Ziemann et al. 1996). In neurologically healthy adults, MEP amplitude 
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is increased and GABA-mediated inhibition decreased after skill acquisition (Berghuis et al. 

2016; Cirillo et al. 2011; Coxon et al. 2014). A recent study observed increased ipsilesional 

corticomotor excitability after skill acquisition in a chronic stroke group (Kantak et al. 2018). 

However, whether modulation of GABA-mediated inhibition within ipsilesional M1 also 

occurs is unknown. Improved understanding of neurophysiological mechanisms underlying 

skill acquisition may inform adjuvant strategies aimed at augmenting learning after stroke. 

The aim of this pilot study was to assess the modulation of ipsilesional corticomotor 

excitability and inhibition after skill acquisition in chronic stroke patients. We hypothesised 

that corticomotor excitability would increase and intracortical inhibition would decrease 

immediately after skill acquisition. 

9.3. Methods 

9.3.1. Participants 

Nine people with first ever mono-hemispheric stroke at least six months earlier participated in 

the pilot study (Table 9.1). Exclusion criteria were: cerebellar stroke, significant aphasia or 

impaired cognition precluding informed consent, contraindications to TMS, or if MEPs were 

unable to be elicited in the extensor carpi radialis (ECR) muscle of the paretic arm. Patient 

data were compared with data from 12 neurologically healthy age-similar controls. Each 

participant provided written informed consent and the study was approved by the University 

of Auckland Human Participants Research Ethics Committee. 

9.3.2. Clinical assessments 

Cognition was evaluated with the Montreal Cognitive Assessment (MoCA, maximum 30). 

Stroke severity was evaluated with the National Institutes of Health Stroke Scale (NIHSS). 

Upper limb impairment was assessed with the upper limb section of the Fugl-Meyer Scale 

(FMUL, maximum 66). Upper limb function was assessed with the Action Research Arm Test 
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(ARAT, maximum 57). Assessments were carried out by a clinical assessor trained in the 

administration of these tests. 

9.3.3. Experimental Design 

Participants completed one acquisition session and two retention sessions (Figure 9.1A). In the 

acquisition session, a SAF was obtained as a measure of skill from a sequential isometric force 

task. Participants then trained (9 blocks x 12 trials per block) on the task. After training, the 

SAF was reassessed and a new measure of skill obtained. Measures of corticomotor excitability 

and inhibition were assessed before and after the training using TMS. The SAF was reassessed 

24 hours and 7 days post-training to determine skill retention. All sessions were completed at 

the same time of day for each participant. 

 

Figure 9.1. Experimental design. (A) Participants completed three sessions in total including 
one acquisition session and two retention sessions. The SAF for the force task was used to 
index skill by determining error at each trial duration set by an auditory metronome (indicated 
by tempo in beats per minute). TMS was used to assess the THT, SICI, LICI and SICF. Skill 
and neurophysiological measures were assessed pre- and post-training with additional skill 
retention assessments completed 24 hours and 7 days later. (B) The on-screen display for the 
sequential isometric force task. Each trial involved navigating the cursor through the sequence 
red-blue-green-yellow-white by performing isometric wrist extension against a force 
transducer. 
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9.3.4. Sequential isometric force task 

Participants sat in front of a computer screen with their elbows and forearms positioned on a 

table directly in front of their chair. The dorsum of the paretic hand for patients and the non-

dominant hand for controls was placed beneath a platform embedded with a MLP-100 force 

transducer (Transducer Techniques, Temecula, CA). The height of the platform was adjusted 

to accommodate each participant’s hand size and then fixed in place. Performing isometric 

wrist extension against the platform generated vertical displacement of a cursor on the screen. 

The goal was to produce five individual force peaks by moving the cursor to five targets on the 

screen in a specific colour sequence (red-blue-green-yellow-white; Figure 9.1B) and returning 

to the home position between each colour (Coxon et al. 2014). The furthest target was set at 

45% of the participant’s maximum voluntary extension force, determined from a brief maximal 

isometric wrist extension against the platform. A logarithmic transformation was applied to the 

relationship between applied force and cursor movement to increase task difficulty (Reis et al. 

2009). 

9.3.4.1. Skill assessment 

Skill was determined by measuring error at fixed execution speeds to compute the SAF (Figure 

9.2A & B) (Reis et al. 2009). Participants were instructed to move the cursor to each of the 

targets in time with a metronome, with the aim of being at the centre of a target on each 

metronome beat. The assessment comprised completing a single block of 3 trials at 9 different 

tempos, 24/30/38/45/60/80/100/110/120 bpm, corresponding to approximate trial durations of 

12.5/10.0/7.9/6.7/5.0/3.8/3.0/2.7/2.5 seconds respectively. Blocks were completed in a random 

order. 
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9.3.4.2. Training 

For the training intervention, participants completed 9 blocks of 12 trials. Participants were 

instructed to complete the training trials at a self-selected pace, with the aim of completing 

each trial as quickly and as accurately as possible (Reis et al. 2009). To prevent fatigue, 

participants rested for 1 minute between blocks. During the rest periods, participants received 

visual feedback of their mean skill for the completed block along with one of two performance-

dependent messages: (1) Well done! Your skill has improved compared with the previous 

block; and (2) Try harder! Your skill has decreased compared with the previous block. 

9.3.5. Recording and stimulation procedures 

Surface electromyography (EMG) was recorded from the extensor carpi radialis (ECR) of the 

paretic arm, using 10 mm diameter Ag-AgCl recording electrodes (Ambu, Ballerup, Denmark) 

arranged in a belly-tendon montage with a 20 mm ground electrode (3M, Canada Health Care) 

positioned on the lateral epicondyle. EMG signals were amplified (1000×) and band-pass 

filtered (10 – 1000 Hz) using a CED1902 amplifier (Cambridge Electronic Design Ltd, UK), 

sampled at 10 kHz using a CED1401 interface and recorded with Signal software (CED, 

Version 5.03). 

9.3.5.1. Transcranial magnetic stimulation 

Single- and paired-pulse TMS was delivered to ipsilesional M1 for patients and non-dominant 

M1 for controls using a figure-of-eight coil (70 mm wing diameter) connected to two 

monophasic Magstim 2002 magnetic stimulators via a Bistim module (Magstim, Whitland, 

Wales, UK). The coil was held tangentially to the scalp, handle posterior (~45° to the mid-

sagittal line), to induce posterior-anterior current in the brain. The optimal site to elicit 

consistent MEPs in the ECR was marked on the scalp and was continually monitored using 

visual inspection throughout the experiment. TMS was delivered at 0.2 Hz ± 20%.  
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9.3.5.2. Motor thresholds 

A freeware program (TMS Motor Threshold Assessment Tool; MTAT 2.0, F. Awiszus & J. 

Borckardt) that employs a maximum-likelihood parameter estimation by sequential testing 

(PEST) was used for adaptive threshold hunting. The procedure involves adjusting the stimulus 

intensity up or down as required based on a MEP amplitude criterion for 12 trials (approximate 

duration of procedure is 1 min) until the target intensity (as a % maximum stimulator output 

[MSO]) is determined. Two operators were involved in the TMS procedures. One experimenter 

held the coil, while the other manually entered data into PEST software and adjusted stimulator 

intensity according to PEST output. For rest motor threshold (RMT), a trial was deemed 

successful if the stimulus intensity elicited a MEP of at least 50 µV in amplitude (Rossini et al. 

2015). For active motor threshold (AMT), a trial was deemed successful if the stimulus 

intensity elicited a MEP of at least 200 µV in amplitude, with ECR pre-activated to 

approximately 10% of the participant’s perceived maximum voluntary contraction.  

9.3.5.3. Intracortical inhibition and facilitation 

Adaptive threshold hunting paired-pulse TMS was used to quantify the extent of SICI, LICI 

and SICF within M1 in line with previous work (Amandusson et al. 2017; Awiszus et al. 1999; 

Cirillo et al. 2018; Mooney et al. 2018). A non-conditioned threshold hunting target (THT), 

whereby the MEP amplitude criterion for a successful trial was 200 µV, was obtained at the 

beginning and end of the paired-pulse measures and the average value calculated. To elicit 

SICI, a subthreshold conditioning stimulus set to 90% AMT was delivered 1 or 3 ms prior to a 

test stimulus (Kujirai et al. 1993). To elicit LICI, a suprathreshold conditioning stimulus set to 

120% RMT was delivered 100 or 150 ms prior to a test stimulus (Opie et al. 2015a). To elicit 

SICF, a subthreshold stimulus set to 90% RMT was delivered 1.5 ms after a test stimulus 

(Ziemann et al. 1998a). For SICI, LICI and SICF procedures, PEST was used to determine the 
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test stimulus intensity required to achieve the THT (200 µV MEP) in the presence of the 

conditioning stimulus. 

9.3.6. Data analysis 

9.3.6.1. Sequential isometric force task 

For each trial in the SAF assessment, an error value was calculated as the sum of differences 

between the center of each target and the five respective force peaks (Coxon et al. 2014). To 

quantify skill for each individual participant at each time point we used the following function 

(Reis et al. 2009): 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
1 − 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (ln(𝑡𝑡𝑒𝑒𝑆𝑆𝑡𝑡𝑆𝑆 𝑑𝑑𝑑𝑑𝑒𝑒𝑡𝑡𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑)𝑏𝑏)
 

where error is the mean error for the respective trial duration and b is the dimension free 

parameter. Although Reis et al. (2009) used a constant b value of 5.42 based on results from a 

small control group, we calculated b values for each individual participant at each time point 

to account for inter-individual differences in the profile of the SAF (Fujiyama et al. 2017; 

Saucedo Marquez et al. 2013).  

For the training trials, skill was quantified using the same equation above, where trial 

duration was calculated from onset of the first force peak to the last force peak and b was set 

to the b value calculated from the pre-training SAF for each participant. Mean block skill was 

presented as visual feedback during rest periods. 

9.3.6.2. Neurophysiology 

During threshold hunting, any trials that were contaminated by pre-stimulus EMG activity (root 

mean squared EMG >10 μV; 50 ms before stimulation) were rejected online and repeated 

immediately. The mean peak-to-peak amplitude of the 24 MEPs elicited by the suprathreshold 

conditioning stimulus from the LICI protocols was used to index corticomotor excitability. 
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Mean MEP amplitude was calculated after trimming the upper and lower 10% of trials. SICI, 

LICI and SICF induced by the conditioning stimulus were quantified as the relative percent 

increase or decrease in the test stimulus intensity required to evoke the THT: 

𝐼𝐼𝑑𝑑ℎ𝑆𝑆𝑖𝑖𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑 𝑒𝑒𝑒𝑒 𝐹𝐹𝑡𝑡𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑 =
(𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑁𝑁𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇)

 𝑁𝑁𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑡𝑡𝑆𝑆𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑 𝑇𝑇𝑇𝑇𝑇𝑇
 × 100 

where positive values indicate inhibition and negatives values facilitation. 

9.3.7. Statistical analysis 

Normality was assessed using the Shapiro-Wilk's test. Non-normal data were log transformed 

for statistical analysis. Linear mixed effects model analysis with repeated measures was used 

to investigate the effects of GROUP (stroke, control) and TIME (pre, post, 24 h, 7d) on skill 

determined from the SAF assessment. RMT and AMT were analysed with independent samples 

t-tests. Linear mixed effects model analyses with repeated measures were also used to 

investigate the effects of GROUP and TIME (pre, post) on MEP amplitude, THT, SICI1, SICI3, 

LICI100, LICI150 and SICF). For all linear mixed effects models, subject was included as a 

random effect. Post hoc analyses (paired and independent samples t-tests) were Bonferroni-

corrected for multiple comparisons (Rom 1990). The significance level was set at P < 0.05. 

Group data are presented as mean ± SEM in the text. 
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9.4. Results 

Nine people with chronic stroke (mean [range] age = 77 [58-90] years; 7 men; Table 9.1) and 

12 neurologically healthy age-similar controls (mean [range] age 77 [69-86] years, 6 men) 

completed the pilot study. Neurophysiological data were unable to be obtained from one 

participant with stroke due to contraindications. 

9.4.1. Skill assessment 

Results from the linear mixed model analyses are displayed in Table 9.2. Skill was higher in 

the control group compared to the stroke group at each time point (all P < 0.029; Figure 9.2C). 

For both groups, skill was greater post-training and at each retention time point compared with 

pre-training (all P < 0.023). There were no differences in skill at the post-training or retention 

time points for the control (all P > 0.13) or stroke group (all P > 0.22). 

9.4.2. Neurophysiology 

There was no difference in RMT (stroke: 51.6 ± 3.0% MSO, control: 54.1 ± 2.2% MSO, P = 

0.52), AMT (stroke: 45.6 ± 3.5% MSO, control: 45.2 ± 2.1% MSO, P = 0.91) or THT (stroke: 

60.6 ± 4.7% MSO, control: 58.6 ± 3.0, P = 0.73) between groups. Overall MEP amplitudes 

were smaller in the stroke group (0.34 ± 0.05 mV) compared to controls (1.02 ± 0.18 mV, P = 

0.007). LICI150 was greater in the stroke group (23.0 ± 4.1% INH) compared with controls 

(12.0 ± 3.0% INH, P = 0.040; Figure 9.3D). There were no between-group differences for any 

other paired-pulse measures. After training, MEP amplitude increased in the control (pre: 0.83 

± 0.15 mV, post: 1.20 ± 0.22 mV, P = 0.014) but not the stroke group (pre: 0.33 ± 0.07 mV, 

post: 0.35 ± 0.04 mV, P = 0.75). In contrast, SICI1 and SICI3 decreased after training in both 

groups (both P < 0.024; Figure 9.3A and B). No other variables were modulated by training in 

either group.



  
 

157 
 

T
ab

le
 9

.1
. P

at
ie

nt
 c

ha
ra

ct
er

is
tic

s. 

A
R

A
T 

52
 

54
 

46
 

57
 

51
 

50
 

50
 

57
 

57
 

53
 

46
-5

7 

N
ot

e:
 C

R 
– 

co
ro

na
 ra

di
at

a,
 IC

P –
in

te
rn

al
 c

ap
su

le
 p

os
te

rio
r l

im
b,

 T
h 

– 
th

al
am

us
, P

ar
 –

 p
ar

ie
ta

l c
or

te
x,

 O
cc

 –
 o

cc
ip

ita
l c

or
te

x,
 B

G
 –

 b
as

al
 

ga
ng

lia
, B

S 
– 

br
ai

ns
te

m
, L

N
 –

 le
nt

ifo
rm

 n
uc

le
us

. 
a  N

o 
ne

ur
op

hy
si

ol
og

ic
al

 d
at

a,
 b 

N
on

-d
om

in
an

t h
em

is
ph

er
e.

 

FM
U

L 

58
 

60
 

62
 

66
 

61
 

52
 

56
 

55
 

65
 

59
 

52
-6

6 

N
IH

SS
 

2 1 4 1 1 4 3 2 2 2 1-
4 

M
oC

A
 

18
 

26
 

15
 

27
 

25
 

14
 

30
 

27
 

26
 

23
 

14
-3

0 

A
ff

ec
te

d 
st

ru
ct

ur
es

 

C
R

, I
C

P 

Th
 

Pa
r, 

O
cc

 

B
G

, C
R

 

Th
, I

C
P 

C
R

 

B
S 

C
R

 

C
R

, T
h,

 L
N

 

- - 

H
em

is
ph

er
e 

L L R
b  

L L L R
b  

Lb  R
b  

- - 

C
hr

on
ic

ity
 (m

on
th

s)
 

13
7 

35
 

10
4 

57
 

43
 

82
 

32
 

25
 

52
 

63
 

25
-1

37
 

G
en

de
r 

M
 

M
 

M
 

F M
 

M
 

F M
 

M
 

- - 

A
ge

 (y
ea

rs
) 

75
 

78
 

90
 

76
 

77
 

82
 

84
 

75
 

58
 

77
 

58
-9

0 

Pa
tie

nt
 

1 2 3 4 5 6 7 8 9a  M
ea

n 
R

an
ge

 



  
 

158 
 

 
  

Table 9.2. Results of linear mixed effects model analyses. 
 Model term df F P 
Skill GROUP 1,19 11.59 0.003 

 TIME 3,19 21.83 <0.001 
 GROUP x TIME 3,19 3.78 0.028 

MEP amplitude GROUP 1,18 9.20 0.007 
 TIME 1,18 5.45 0.031 
 GROUP x TIME 1,18 4.87 0.041 

THT GROUP 1,18 0.19 0.67 
 TIME 1,18 0.63 0.44 
 GROUP x TIME 1,18 0.11 0.74 

SICI1 GROUP 1,18 0.63 0.44 
 TIME 1,18 6.07 0.024 

 GROUP x TIME 1,18 0.01 0.94 

SICI3 GROUP 1,18 2.97 0.10 
 TIME 1,18 12.63 0.002 

 GROUP x TIME 1,18 0.18 0.68 

LICI100 GROUP 1,18 1.88 0.19 
 TIME 1,18 0.93 0.35 
 GROUP x TIME 1,18 1.03 0.33 

LICI150 GROUP 1,18 4.90 0.040 

 TIME 1,18 1.73 0.21 
 GROUP x TIME 1,18 0.14 0.72 

SICF GROUP 1,18 0.61 0.45 
 TIME 1,18 0.30 0.59 
 GROUP x TIME 1,18 1.43 0.25 
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Figure 9.2. SAF data obtained at each time point (pre, post, 24 hours, 7 days) for controls (A) 
and chronic stroke (B) and the corresponding skill values (C). Data are presented as mean ± 
SEM. N = 12 controls and 9 stroke. #P < 0.05 compared with stroke, *P < 0.05 compared with 
pre. 
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Figure 9.3. Threshold hunting values obtained from each paired-pulse protocol. SICI at 1 (A) 
and 3 ms (B) was reduced after training in both groups. (C) LICI at 100 ms. (D) LICI at 150 
was greater in ipsilesional M1 compared with controls. (E) SICF. Data are presented as mean 
± SEM. N = 12 controls and 8 stroke. *P < 0.05. 
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9.5. Discussion 

The present study constitutes a pilot investigation of the neurophysiological measures obtained 

using adaptive threshold hunting procedures of single- and paired-pulse TMS in the context of 

motor skill learning in chronic stroke. Chronic stroke patients exhibited successful skill 

acquisition and retention, although absolute skill level was lower compared with controls. In 

contrast to our hypothesis and to controls, ipsilesional corticomotor excitability did not increase 

after skill acquisition. These effects may in part be attributed to greater GABAB receptor 

activity within ipsilesional M1. GABAA receptor-mediated inhibition was reduced after skill 

acquisition in both groups. These preliminary findings indicate neurophysiological 

mechanisms relevant for skill acquisition with the paretic upper limb, which may inform future 

studies aimed at augmenting learning after stroke using adjuvant strategies. 

Chronic stroke patients displayed successful skill acquisition and retention, although 

absolute skill level was lower compared with controls. In the present study, skill was quantified 

by determining the SAF for a sequential isometric force task (Reis et al. 2009). Determining 

the SAF controlled for the tendency of stroke patients to make slower voluntary movements 

with the paretic limb compared to controls. It also allowed us to disambiguate whether patients 

improved task performance after training or sacrificed speed for improved accuracy. Lower 

absolute skill in the stroke group is likely attributed to persistent motor control deficits, which 

may constrain motor performance without restricting skill learning capabilities (Hardwick et 

al. 2017; Kantak et al. 2018). Because of between-group differences in baseline skill, absolute 

skill levels were compared at each time point and comparisons of normalised skill changes 

were not performed. Such comparisons are conceptually fraught without matched baseline 

performance and may falsely infer between-group differences in learning capacity (Kitago and 

Krakauer 2013). The results provide further evidence that chronic stroke patients can 
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successfully acquire and retain a novel motor skill with the paretic upper limb. However, due 

to motor control deficits absolute skill is lower in patients compared with controls. 

Ipsilesional corticomotor excitability indexed from MEP amplitude was not modulated 

after skill acquisition. This contrasts with increased corticomotor excitability after training 

observed in healthy age-matched controls in the present study and previously (Berghuis et al. 

2016; Cirillo et al. 2011), which is likely attributed to LTP of synaptic inputs to corticomotor 

neurons (Hess and Donoghue 1994). A recent study observed increased ipsilesional 

corticomotor excitability after skill acquisition in a chronic stroke cohort (Kantak et al. 2018) 

In their study, Kantak et al. (2018) assessed changes in the stimulus-response curve after 

training by measuring MEP amplitude at a range of TMS intensities. Their approach may have 

captured excitability changes in high threshold corticomotor neurons which may have been 

part of a subliminal fringe before skill acquisition. The single TMS intensity of 120% RMT 

used in our study may have been sensitive to excitability changes in higher threshold 

corticomotor neurons in the control group, but not in the chronic stroke group who typically 

exhibit lower corticomotor excitability (McDonnell and Stinear 2017). Future studies should 

consider using multiple TMS intensities to assess changes in ipsilesional corticomotor 

excitability during skill acquisition.  

GABAA receptor-mediated SICI within ipsilesional M1 was reduced after skill 

acquisition. Reduced SICI was evident at interstimulus intervals of 1 and 3 ms and consistent 

with controls. SICI at 1 ms may in part reflect extrasynaptic GABAA receptor activity (Stagg 

et al. 2011b) which regulates cortical excitability through tonic inhibition (Belelli et al. 2009). 

In contrast, SICI at 3 ms reflects synaptic GABAA receptor activity (Ziemann et al. 1996) which 

mediates phasic inhibitory currents. Reduced GABAA receptor activity may promote the 

unmasking of horizontal connections for cortical reorganisation (Sanes and Donoghue 2000), 

or drive increased signal-to-noise in existing motor cortical representations during skill 
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acquisition. It has been demonstrated that the intracortical circuits mediating SICF are 

regulated by GABAA receptor-mediated inhibition (Ziemann et al. 1998b). However, reduced 

SICI was not accompanied by modulation of SICF in either group. GABAA receptor activity is 

lower in ipsilesional M1 compared with controls early after stroke (McDonnell and Stinear 

2017) which may promote spontaneous motor recovery (Clarkson et al. 2010). Whether 

GABAA receptor networks are subject to further modulation with motor training during the 

recovery period is yet to be determined. Reduced GABAA receptor-mediated inhibition may 

promote plasticity within ipsilesional M1 during motor skill learning and recovery. 

GABAB receptor-mediated LICI was greater in ipsilesional M1 compared with 

controls. Two interstimulus intervals (100 and 150 ms) were used to assess LICI, which have 

been shown to reflect comparable underlying mechanisms (Opie et al. 2017). Disparity 

between groups was observed with an interstimulus interval of 150 ms but not 100 ms, which 

might suggest that the duration rather than the magnitude of postsynaptic GABAB receptor 

activity is greater in ipsilesional M1 compared with controls. Administration of a GABAB 

receptor agonist increases LICI (McDonnell et al. 2006) and suppresses the LTP-like increase 

in corticomotor excitability after paired associative stimulation (McDonnell et al. 2007). 

Excessive GABAB receptor activity within ipsilesional M1 may have contributed to the lack of 

corticomotor excitability modulation after skill acquisition in the stroke group. It is important 

to note that despite having higher LICI within ipsilesional M1 compared with controls, patients 

were still able to learn. However, preceding learning with interventions that may reduce 

GABAB receptor activity such as an acute bout of exercise (Mooney et al. 2016) has been 

shown to enhance learning in healthy adults (Statton et al. 2015) and after stroke (Nepveu et 

al. 2017). Reducing excessive GABAB receptor-mediated inhibition within ipsilesional M1 

may promote motor skill learning in chronic stroke patients.  
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The present pilot study has some limitations. The major limitation is that this study is 

comprised of a small sample of mildly impaired chronic stroke patients, including one patient 

with maximum FMUL score at the time of testing. However, the FMUL is subject to ceiling 

effects for patients with very mild impairment. Therefore, assessing skill learning in well 

recovered patients is still important as they may have motor impairments to which the FMUL is 

not sensitive (Hardwick et al. 2017). Patients with cognitive deficits (MoCA score < 26) were 

included in the study which may have confounded learning. However, attaining a score MoCA 

score > 26 after stroke is uncommon (Cumming et al. 2011) and therefore excluding patients 

based on this cut off may not be feasible.  

In summary, chronic stroke patients exhibited successful skill acquisition and retention 

in the presence of lower absolute skill level compared with controls. Ipsilesional corticomotor 

excitability was not modulated after skill acquisition which may in part be attributed to 

excessive GABAB receptor activity noted in patients but not controls. In contrast, GABAA 

receptor-mediated inhibition within ipsilesional M1 decreased after skill acquisition similar to 

controls. Our preliminary findings indicate neurophysiological mechanisms relevant for motor 

learning in neurorehabilitation contexts after stroke, which could inform the design of larger 

studies aimed at augmenting learning in patients. 
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Chapter 10. General Discussion 

The main objective of this body of research was to examine the effects of ageing and stroke on 

gamma-aminobutyric acid (GABA)-mediated inhibition within primary motor cortex (M1) and 

determine the potential implications for motor learning and recovery. The experiments in this 

thesis used magnetic resonance spectroscopy (MRS) and transcranial magnetic stimulation 

(TMS) to quantify GABA concentration and neurotransmission within M1 of young and older 

adults and chronic stroke patients. Transcranial direct current stimulation (tDCS) and a 

visuomotor task were used to assess the modulation of GABAergic inhibition with plasticity 

induction and motor learning. 

Summary of main findings 

There were a number of interesting observations from MRS assessments of metabolite 

concentrations within M1. In Chapter 4, GABA concentration within M1 was similar between 

young and older adults. An age-related decline in GABA concentration within frontal and 

parietal regions has been demonstrated previously (Gao et al. 2013). However, a caveat with 

the interpretation of these findings is the selected tissue correction strategy (Porges et al. 2017). 

In the study by Porges et al. (2017), an age-related decline in GABA was evident with or 

without correcting for the fraction of total tissue within the voxel. However, this relationship 

was not observed when applying the α-correction which accounts for differences in GABA 

concentration within grey and white matter (Harris et al. 2015). A similar tissue correction 

strategy was used in Chapter 4 (Stagg et al. 2011a) and the findings coincide with recent 

evidence demonstrating no age-related effect on M1 GABA levels using the α-correction 

(Hermans et al. 2018). Together, these findings suggest that M1 GABA concentration is similar 

between young and older adults when appropriate tissue correction strategies are used. 

In Chapter 5, GABA concentration was lower in ipsilesional and contralesional M1 

compared with M1 of healthy age-matched controls. Lower GABA concentration within 
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ipsilesional M1 may support the maintenance of recovered motor function (Blicher et al. 2015), 

whereas lower GABA concentration within contralesional M1 may support input from 

contralesional networks in patients with more severe residual impairment (Bradnam et al. 2012; 

Ward et al. 2007). The small sample size in Chapter 5 prevented comparisons between 

subgroups of patients e.g., mild vs. moderate-severe impairment, however this could be 

addressed in future studies with larger samples. The concentration of glutamate + glutamine 

(Glx) was similar between patients and controls. This meant that lower GABA concentration 

in patients contributed to a higher Glx:GABA ratio than controls. The Glx:GABA ratio 

provides an index of the excitation-inhibition balance, and modulation of this balance may be 

a more sensitive proxy for plasticity than modulation of GABA or Glx alone (Shibata et al. 

2017). Lower GABA concentration within ipsilesional and contralesional M1 in chronic stroke 

shifts the Glx:GABA ratio towards excitation, which may have implications for plasticity.  

At the time of writing, these have been the first studies to examine the effects of ageing 

and stroke across a range of inhibition measures within human M1 using threshold tracking 

and threshold hunting procedures. In Chapter 4, threshold tracking TMS exhibited good-to-

excellent intersession reliability in young and older adults. In Chapter 7, adaptive threshold 

hunting TMS exhibited good-to-excellent intra- and inter-session reliability with posterior-

anterior (PA) and anterior-posterior (AP) induced current. Threshold tracking and threshold 

hunting techniques are likely to be similar in their mechanism of action to conventional 

techniques (Cirillo et al. 2018; Samusyte et al. 2018). However, the former can be obtained 

more efficiently and has greater reliability compared with the latter (Samusyte et al. 2018). 

Such advantages hold particular relevance for the assessment of GABAergic 

neurotransmission in clinical settings (Huynh et al. 2015; Menon et al. 2015). These findings 

provide further evidence that threshold tracking and adaptive threshold hunting are valid and 

reliable techniques for assessing GABAergic neurotransmission within human M1. 
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Effects of ageing on intracortical inhibition within M1 were noted. In Chapters 4 and 

8, short-interval intracortical inhibition (SICI) was lower within M1 of older adults compared 

with young. Two SICI peaks can be observed using interstimulus intervals of 1 and 3 ms (Fisher 

et al. 2002; Roshan et al. 2003), however an age-related decline was only observed for SICI1. 

In contrast to SICI3 which is proposed to reflect postsynaptic GABAA receptor activity 

(Ziemann et al. 1996), the mechanism(s) underlying SICI1 remains unclear. It has been 

proposed that SICI1 reflects axonal refractoriness due to activation of low threshold excitatory 

interneurons by the subthreshold conditioning stimulus (Fisher et al. 2002). Alternatively, 

SICI1 may reflect extrasynaptic GABAA receptor activity which regulates cortical excitability 

through tonic inhibition (Belelli et al. 2009). Support for the latter stems from a study in which 

a positive association between M1 GABA concentration and SICI1 was observed (Stagg et al. 

2011b). However, this relationship was not replicated in young or older adults in Chapter 4, 

which is consistent with subsequent multimodal studies (Dyke et al. 2017; Hermans et al. 

2018). SICI1 is lower in older adults compared with young, however its underlying mechanism 

remains to be fully elucidated. 

Effects of ageing on interhemispheric inhibition between bilateral M1 were also noted. 

In Chapter 6, adaptive threshold hunting TMS revealed age-related differences in short- and 

long-interval interhemispheric inhibition (SIHI and LIHI). SIHI was increased from the active 

to the resting M1 during unilateral contraction in young but not older adults. Age-related 

absence of SIHI modulation was only evident when preferentially eliciting indirect (I)-waves 

with a late onset using TMS with AP induced current. Epidural recordings have demonstrated 

that the conditioning stimulus giving rise to SIHI supresses the amplitude of late but not early 

I-waves elicited by the test stimulus (Di Lazzaro et al. 1999a). Therefore, preferentially 

eliciting late I-waves using AP induced current may have been more sensitive to age-related 

effects than PA induced current which preferentially elicits early I-waves (Di Lazzaro et al. 
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1998a). In contrast to SIHI, LIHI was greater overall in older adults compared with young. 

Alterations in SIHI and LIHI may together contribute to increased bilateral activation patterns 

during unimanual movements in older adults compared with young (Ward and Frackowiak 

2003). However, whether this is due to dedifferentiation (Riecker et al. 2006) or reflects 

compensation for age-related structural declination (Mattay et al. 2002) is unclear. The 

functional implications of altered SIHI and LIHI between bilateral M1 with advancing age 

remain to be determined. 

Effects of stroke on intracortical inhibition within ipsilesional M1 were noted. In 

Chapters 5 and 9, postsynaptic GABAB receptor-mediated long-interval intracortical inhibition 

(LICI) was higher in ipsilesional M1 compared with controls. In Chapter 5, excessive 

ipsilesional LICI masked presynaptic GABAB receptor-mediated late cortical disinhibition 

(LCD) at a group level. However, patients who did exhibit LCD tended to be those with less 

upper limb impairment and better function. Whether reducing excessive LICI within 

ipsilesional M1 to normative levels promotes functional improvements in chronic stroke is 

worth exploring. The caveat however, is that causality cannot be inferred from correlation and 

two variables which are correlated at baseline will not necessarily continue to co-vary when 

one of them is changed (Moreau and Conway 2014). 

With practice, older adults and chronic stroke patients successfully acquired and 

retained a novel visuomotor skill. However, absolute skill level was lower in older adults 

compared with young and in chronic stroke patients compared with healthy age-matched 

controls. Because of between-group differences in baseline skill, absolute skill levels were 

compared at each time point and comparisons of normalised skill changes were not performed. 

Such comparisons are conceptually fraught without matched baseline performance and may 

falsely infer between-group differences in learning capacity (Kitago and Krakauer 2013). 

Currently, the only resolution to this confound is matching baseline performance between 
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groups. However, matching baseline performance between young and older adults and between 

stroke patients and controls is not always feasible because of motor performance deficits which 

typically accompany advancing age and stroke (Langhorne et al. 2009; Seidler et al. 2010). 

Future studies should consider confound associated with comparing learning between groups 

with unmatched baseline performance. 

Modulation of intracortical inhibition within M1 was evident after skill acquisition. In 

Chapters 8 and 9 respectively, GABAA receptor-mediated SICI within M1 was reduced after 

skill acquisition in young and older adults and chronic stroke patients. Reductions were 

observed for both SICI1 and SICI3 corroborating the findings from a previous study in young 

adults (Coxon et al. 2014). Down-regulation of synaptic GABAA receptor activity and 

extrasynaptic GABAA receptor activity, indexed by SICI3 (Ziemann et al. 1996) and SICI1 

(Stagg et al. 2011b) respectively, may facilitate the unmasking of horizontal connections and 

cortical reorganisation during learning (Sanes and Donoghue 2000). These findings suggest 

that the capacity for GABAA receptor-mediated inhibitory networks to be modulated during 

motor skill learning is preserved in older adults and after stroke. 

Non-invasive brain stimulation techniques such as tDCS can be used to modulate 

corticomotor excitability. However, the after-effects of tDCS are subject to a large degree of 

inter-individual variability (Lopez-Alonso et al. 2014; Wiethoff et al. 2014). In Chapter 7, 

modulation of GABA-mediated inhibition was correlated with the after-effects of tDCS on 

corticomotor excitability. Specifically, individuals with reduced SICI exhibited increased 

corticomotor excitability after anodal tDCS, whereas individuals with reduced SICI and LICI 

exhibited decreased corticomotor excitability after cathodal tDCS. These associations were 

only observed early after tDCS and using TMS with AP induced current. Early disinhibition 

may facilitate the induction of plasticity processes underlying corticomotor excitability 

modulation and may be specific to synaptic inputs preferentially elicited using AP induced 
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current (Di Lazzaro et al. 2012). The findings from Chapter 7 extend those from previous 

studies which have identified other neurophysiological factors contributing to the inter-

individual variability of tDCS including basal corticomotor excitability (Labruna et al. 2016), 

I-wave recruitment (McCambridge et al. 2015; Wiethoff et al. 2014) and sensorimotor 

functional connectivity (Hordacre et al. 2017). Therefore, modulation within M1 intracortical 

inhibitory networks is another factor that contributes to the inter-individual variability of tDCS 

after-effects on corticomotor excitability. 

In Chapter 8, the application of concurrent anodal tDCS had no effect on skill 

acquisition or retention in young or older adults. These findings coincide with a recent review 

showing mixed efficacy of anodal tDCS in enhancing motor skill learning in a single training 

session (Buch et al. 2017). Although tDCS was not applied concurrently with learning in 

Chapter 9, previous studies have shown anodal tDCS can enhance skill acquisition and 

retention after stroke (Lefebvre et al. 2015; Lefebvre et al. 2012). However, replicating these 

findings is also difficult (Fleming et al. 2017; Lefebvre et al. 2017).  

Future directions 

Previous studies have demonstrated that GABA concentration within M1 is reduced during the 

acquisition of novel motor skills (Floyer-Lea et al. 2006; Kolasinski et al. 2018). However, 

these studies have been limited to healthy young adults. Whether modulation of GABA 

concentration within M1 of healthy older adults is also observed is unknown. Modulation of 

GABA concentration within ipsilesional and contralesional M1 during motor skill learning 

could also be assessed. Reduced ipsilesional GABA learning may have implications for 

patients with the potential for functional improvements in the paretic upper limb. Reduced 

contralesional GABA during learning may have implications for patients with severe residual 

impairment who recruit contralesional networks, or are required to acquire skills with their 

non-paretic upper limb. However, lower GABA concentration in patients may alter the 
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dynamic range for GABA modulation during skill learning. Future studies should investigate 

the responsiveness of GABA within M1 of healthy older adults and stroke patients to 

modification during skill acquisition. 

The Glx:GABA ratio provides an index of the excitation-inhibition balance within the 

region of interest. It has been proposed that modulation of this balance may be a more sensitive 

proxy for plasticity than modulation of GABA or Glx alone (Shibata et al. 2017). During visual 

perceptual learning, the Glx:GABA ratio within the visual cortex shifts towards excitation after 

an initial training block exhibiting large performance improvements (Shibata et al. 2017). 

However, the Glx:GABA ratio shifts towards inhibition if training is prolonged once 

performance levels have plateaued. This training duration-dependent modulation of the 

excitation-inhibition balance likely promotes plasticity and reorganisation during acquisition 

and the subsequent stabilisation of the learned task. Whether similar changes in the excitation-

inhibition balance are observed within M1 of healthy individuals and stroke patients during 

motor skill learning remains to be determined. 

To date, reliability assessments of threshold tracking and threshold hunting procedures 

have been limited to healthy young adults. The studies in this thesis have extended reliability 

assessment of these techniques to include healthy older adults and different TMS induced 

current directions. However, the reliability of these techniques for the assessment of M1 

inhibition in stroke patients is yet to be determined. A previous study demonstrated that the 

reliability of the conventional TMS technique for the assessment of M1 inhibition may differ 

between stroke patients and healthy controls (Schambra et al. 2015). Therefore, future studies 

should assess the reliability of threshold tracking and threshold hunting procedures in the 

assessment of M1 inhibition after stroke. 

Currently, the mechanism underlying SICI1 remains unclear. The studies in this thesis 

provide evidence suggesting that SICI1 is lower in older adults compared with young, which 
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coincides with previous work (Hermans et al. 2018; Peinemann et al. 2001). It has been 

proposed that SICI1 may reflect axonal refractoriness (Fisher et al. 2002) or extrasynaptic 

GABAA receptor activity (Stagg et al. 2011b), however this remains to be fully elucidated. A 

recent study demonstrated that corticomotor excitability is increased following administration 

of a selective extrasynaptic GABAA receptor antagonist (Darmani et al. 2016). Future studies 

using pharmacological agents which target extrasynaptic GABAA receptors may elucidate the 

mechanism underlying lower SICI1 in older adults compared with young.  

The large degree of variability in the efficacy of anodal tDCS for enhancing motor 

learning deters its utility as an adjuvant in neurorehabilitation contexts. A recent study 

demonstrated that prior application of cathodal tDCS to M1 leads to greater online skill 

improvements and increases in corticomotor excitability after a single session of concurrent 

anodal tDCS and motor training in both young and older adults (Fujiyama et al. 2017). The 

positive effect of priming cathodal tDCS on concurrent anodal tDCS and motor skill learning 

is likely to be mediated by homeostatic mechanisms within M1, which may include modulation 

of GABAA receptor-mediated inhibition (Amadi et al. 2015). Whether priming protocols are 

able to enhance the efficacy of concurrent anodal tDCS on motor skill learning in stroke 

patients is worth exploring.  

In summary, these studies provide evidence that advancing age and stroke affect 

selective GABA-mediated inhibitory networks within M1, and identify inhibitory networks 

which are modulated by motor skill acquisition in older adults and chronic stroke patients. 

These findings may inform the development of adjuvant approaches which aim to augment 

motor recovery in neurorehabilitation contexts. 
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Appendix 1. Supplementary figure to Chapter 5 

 

Supplementary Figure 5.1. Neuroimaging procedures. (A) T1-weighted anatomic images 
were acquired to manually place an 18 × 18 × 18 mm voxel over the hand knob region of 
ipsilesional and contralesional M1. (B) Representative ON, OFF and difference (DIFF) spectra 
from ipsilesional M1 of a stroke patient showing respective Cr, NAA, GABA and Glx peaks. 
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Appendix 2. Participant information sheet (UAHPEC 013392) 

 
 
 
 
 
 
 
 
 

 
 
 
 

Participant Information Sheet 
 
Title of Project: The role of inhibition in personalised neuromodulation 
 
Researchers: 
 
Professor Winston Byblow, Dept. of Exercise Sciences 
A/Professor Cathy Stinear, Faculty of Medical & Health Science 
Dr Suzanne Ackerley, Faculty of Medical & Health Science 
Professor Alan Barber, Faculty of Medical & Health Science 
Dr John Cirillo, Dept. of Exercise Sciences 
Ronan Mooney, PhD Student, Dept. of Exercise Sciences 
April Ren, Research Technician, Dept. of Exercise Sciences 
 
 
Dear Participant, 
 
We are conducting research that examines the effect of non-invasive brain stimulation 
on inhibition in the brain. It is anticipated that this study will reveal underlying 
mechanisms related to recovery after stroke. Please take your time to think about the 
information provided below, and feel free to discuss it with your whanau, family or 
significant other support people. If you are Māori, and on request, we will arrange for 
you to discuss your role in this study with a member of the office of the Pro Vice-
Chancellor (Māori), at the University of Auckland. Taking part is completely voluntary 
(your choice). If you decline the offer to participate, your continuing health care will not 
be affected in any way. 
 
What does the study involve? 
 
If you agree, and are eligible to participate you will be asked to attend; 
 

• Three sessions at the Movement Neuroscience Laboratory, 731.134 Tamaki 
Campus. Each session will take up to 2 hours. 

• One session at the Centre for Advanced MRI, Grafton Campus, University of 
Auckland. This session will take up to 1 hour. 

Building 731-134, Tamaki Campus 
Morrin Road, Glen Innes 
Auckland, New Zealand 
Telephone 64 9 373 7599 ext. 84897 
Facsimile 64 9 373 7043 
 
The University of Auckland 
Private Bag 92019 
Auckland, New Zealand 

 

DEPARTMENT OF EXERCISE SCIENCES 
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In this study, you will be asked to: 
 
 Complete two questionnaires that will ensure you can safely participate in the 

procedures (approx. 5 minutes). 
 Complete a questionnaire that will be used to determine your handedness 

(approx. 5 minutes). 
 Undergo transcranial magnetic brain stimulation with a special device that 

induces a very weak stimulating current in the neural tissue in the part of the 
brain associated with movement. This is non-invasive and painless. (approx. 2 
hours). 

 Receive 20 minutes of brain polarisation from a device that delivers a weak 
current to the neural tissues in the motor area of the brain controlling your arm 
movement. This is non-invasive and painless.  

 Undergo clinical assessments of arm function with a trained investigator. This 
will include performing various movements with your arms.  

 Undergo a magnetic resonance imaging brain scan (approx. 60 minutes). 
 
Am I eligible to participate? 
 
You are eligible to participate in this study if you:  
 

• are aged between 18-35 years or 60 years and older 
• are able to give informed consent. 
• have no pre-existing neurological conditions 
• do not have contraindications to TMS or MRI 

 
If you volunteer for this study, you will be asked to complete a safety checklist, to 
ensure that you are eligible to participate. If you aren’t eligible to participate, then any 
materials relating to you, such as the safety checklist and handedness questionnaire, 
will be immediately destroyed. 
 
The study will use the following procedures: 
 
Electromyography recording  
 
We will record the electrical activity of your hand and arm muscles. This electrical 
activity will be recorded by sensors positioned on the skin over the muscles of interest. 
The skin must first be prepared by shaving any hair and mild abrasion of a small patch 
of skin. This can result in a mild and transient irritation of the skin in some people that 
does not require treatment. 
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Transcranial magnetic stimulation 
 
Transcranial magnetic stimulation (TMS) involves gently holding a plastic device 
against your scalp. This device produces a very brief magnetic field.  Occasionally, 
some people experience mild, transient scalp discomfort, due to the activation of the 
scalp muscles by the magnetic field. If you feel uncomfortable at any time during the 
experiment, please notify the experimenter. There are no other specific risks 
associated with the procedures and the equipment used in the study. 
 
Brain Polarisation using Transcranial Direct Current Stimulation (tDCS) 
 
We will use Transcranial Direct Current Stimulation (tDCS), which is a safe, painless 
and non-invasive technique. It induces brain polarisation with a low-intensity direct 
current, delivered to the scalp using a small, battery-powered device. Brain 
polarization can be used to temporarily increase or decrease the activity of the motor 
areas of the cortex, depending on the location of electrode placement over the scalp, 
and the protocol used. This stimulation is usually imperceptible due to the low current 
involved. 
 
TDCS involves delivering a low-intensity current with two damp sponge electrodes 
placed on your scalp. One electrode will be positioned over motor areas on your brain. 
You will experience a slight tingling sensation under the electrodes for up to 2 minutes, 
after which the sensation diminishes and may become imperceptible. There is no need 
to shave your head and the area under the electrode on your forehead will be cleaned 
using an alcohol wipe. The stimulation period will be up to 20 minutes. This protocol 
has been shown to induce after-effects that last for 30 – 60 minutes. You will be asked 
to sit quietly during the period of stimulation, and for 5 minutes afterwards to 
consolidate effects. If you feel uncomfortable at any time during the stimulation, please 
notify the experimenter.  
 
There are no risks associated with the use of TMS and tDCS in the same experimental 
session. Effects of TMS and tDCS are transient and will not affect your ability to drive 
home, or return to study or work after participation.  
 
Magnetic Resonance Imaging (MRI) 
 
We will obtain images of your brain, using magnetic resonance imaging (MRI) MRI is 
a widely used, safe, non-invasive imaging technique. Some people experience mild 
anxiety in the scanner as it is an enclosed space. You will be provided with a safety 
buzzer in one hand, so that if you want to stop the scanning at any time, you can use 
this device to alert the radiographers.  
 
In the event that a condition which is assessed to be a clinical abnormality is detected 
through performing a scan on you, you will be informed of this and will be advised to 
consult your general practitioner or other health professional of your choice. Because 
the images are not routinely reviewed by a radiologist we are unable to perform 
diagnostic scans for medical purposes of areas where you have known abnormalities. 
If you do not wish to be informed of any abnormalities detected, then you should not 
participate in this project.  
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Risks and Benefits 
 
There are no specific benefits to participants taking part in this research. As outlined 
above, you may experience mild, transient discomfort during skin preparation for 
surface electromyography. You may also experience mild, short-lasting discomfort 
during direct current stimulation and transcranial magnetic stimulation. These 
experiments will use single and paired-pulse TMS protocols (NOT repetitive TMS). 
TMS is safe and non-invasive and carries minimal risk. It can cause mild, transient 
discomfort due to the contraction of scalp musculature underneath the stimulating coil. 
This can be minimized by slight alterations to the coil position and orientation. TDCS 
can produce a transient itching or tingling sensation. Most participants report little 
sensation under the electrodes once this dissipates (usually 1 – 2 minutes). There are 
no lasting effects. 
 
The risk of adverse effects of TMS and tDCS will be minimized by the use of the TMS 
safety screening checklist, which will be completed by all volunteers and screened by 
a neurologist (Professor PA Barber, Dept. of Medicine – Neurology Research Unit) 
prior to their participation. 
 
Confidentiality 
 
No material that could personally identify you will be used in any reports in this study. 
The information and data collected from you will be stored securely, in locked cabinets 
and on secure computer networks. Only the investigators will have access to this 
information, and your data will be de-identified by assigning a unique code to it 
 
Participation 
 
Your participation is voluntary and you may withdraw from participating at any time 
during the experiment without stating a reason, and at your request we will stop the 
experiment. You have the right to withdraw your data from this study up to 3 months 
after you complete the study. Withdrawal or non-participation will not affect your 
relationship with the University. If felt that this assurance has been breached you can 
contact Associate Professor Greg Anson (contact details below). You will be assigned 
and identified by a code. The data obtained from this experiment will be stored to disk 
for a period of up to six years and will be used for publication in a scientific journal. 
After six years, your data will be deleted from disk and your consent form and all 
related paperwork put through a shredder. No material that could personally identify 
you will be used in any reports in this study.  The information and data collected from 
you will be stored securely, in locked cabinets and on secure computer networks.  Only 
the investigators will have access to this information, and your data will be de-identified 
by assigning a unique code to it. You can request a summary of the study’s results, 
which we can send to you once the project is complete. 
 
You will also be offered reimbursement for your travel expenses in the form of petrol 
or taxi vouchers.  
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Summary of Your Rights 
 

• Your participation is entirely voluntary. 
• You may withdraw from the project at any time without stating a reason. 
• You may have your data withdrawn from the study within three months of your 

participation. 
• You may obtain results regarding the outcome of the project from the 

experimenters upon completion of the study. 
• Your identity will be kept strictly confidential, and no identification of you or 

your data will be made at any time during collection of the data or in 
subsequent publication of the research findings. 

• After six years, your data will be deleted from disk and your consent form and 
all related paperwork put through a shredder 

• Discomfort or incapacity have not been reported from any of the procedures 
that will be used in this project, however, if the procedures cause you 
concern, you may withdraw from the project at any time. 

• You are encouraged to consult with your whanau/family, hapu or iwi regarding 
participation in this project. 

 
Compensation 
 
In the unlikely event of a physical injury as a result of your participation in this study, 
you may be covered by ACC under the Injury Prevention, Rehabilitation, and 
Compensation Act 2001. ACC cover is not automatic, and your case will need to be 
assessed by ACC according to the provisions of the Injury Prevention, Rehabilitation, 
and Compensation Act 2001. If your claim is accepted by ACC, you still might not get 
any compensation. This depends on a number of factors, such as whether you are an 
earner or non-earner. ACC usually provides only partial reimbursement of costs and 
expenses, and there may be no lump sum compensation payable. There is no cover 
for mental injury unless it is a result of physical injury. If you have ACC cover, generally 
this will affect your right to sue the investigators. 
 
If you have any questions about ACC, contact your nearest ACC office or the 
investigator. 
 
  



 

 
180 

Who should I contact if I have further questions? 
 
Please feel free to ask any questions as we proceed.  
If you have any further questions please feel free to contact either: 
 
Professor Winston Byblow 
Building 731, Tamaki Campus 
Phone 373-7599 ext. 86844  
w.byblow@auckland.ac.nz  
 
Ronan Mooney 
Building 731, Tamaki Campus 
Phone 373-7599 ext. 84897 
r.mooney@auckland.ac.nz 
 
You may contact: 
 
Head of Department of Exercise Sciences,  
Associate Professor Greg Anson on 373-7599 ext. 82975 or email 
g.anson@auckland.ac.nz 
 
For any queries regarding ethical concerns please contact the Chair, the University of 
Auckland Human Participants Ethics Committee, at the University of Auckland, 
Research Office, Private Bag 92019, Auckland 1142. Telephone 09 373-7599 ext. 
83711. Email: ro-ethics@auckland.ac.nz 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS 
ETHICS COMMITTEE ON 17/03/2015 for a period of 3 years. Reference number 
UAHPEC 013392.

mailto:w.byblow@auckland.ac.nz
mailto:g.anson@auckland.ac.nz
mailto:ro-ethics@auckland.ac.nz
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Appendix 3. Participant consent form (UAHPEC 013392) 
 
  
 
 
 
 
 
 
 
 
 

Consent Form 
 

THIS CONSENT FORM WILL BE HELD FOR A PERIOD OF SIX YEARS 
 

Title of Project: The role of inhibition in personalised neuromodulation 
 
Researchers: 
 
Professor Winston Byblow, Dept. of Exercise Sciences 
A/Professor Cathy Stinear, Faculty of Medical & Health Science 
Dr Suzanne Ackerley, Faculty of Medical & Health Science 
Professor Alan Barber, Faculty of Medical & Health Science 
Dr John Cirillo, Dept. of Exercise Sciences 
Ronan Mooney, PhD Student, Dept. of Exercise Sciences 
April Ren, Research Technician, Dept. of Exercise Sciences 
 
By signing this consent form, you are making the following statements: 
 
1. I have read and I understand the information sheet for volunteers taking part in 

the study, which explores the link between inhibition in the brain and how non-
invasive brain stimulation may improve hand and arm recovery after stroke. 

2. I have had the opportunity to discuss this study.  
3. I am satisfied with the answers I have been given. 
4. I have had sufficient time and the opportunity to discuss this project with 

Family/Whanau, or with a friend to help me ask questions and understand the 
study. 

5. I understand that taking part in this study is voluntary (my choice). 
6. I understand that the information obtained from my medical files will be used to 

assess eligibility (stroke participants only). 
7. I understand I may withdraw from the study at any time without giving a reason. 
8. I understand that I can withdraw any information traceable to me from this study, 

up until three months after I have completed this study. 
9. I understand my participation and my medical information used in this study is 

confidential and no material that could identify me will be used in reports of this 
study. 

  

Building 731, Tamaki Campus 
Morrin Road, Glen Innes 
Auckland, New Zealand 
Telephone 64 9 373 7599 ext. 84897 
Facsimile 64 9 373 7043 
 
The University of Auckland 
Private Bag 92019 
Auckland, New Zealand 
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10. I understand that the investigation will be stopped if it should appear harmful to 
me.  

11. I understand the compensation provisions for this study.  
12. I understand that after six years, my data will be deleted from disk and this consent 

form and all associated paperwork will be destroyed 
13. I understand that any incidental findings and an appropriate course of action will 

be explained to me by the researchers. If I do not wish to be informed of incidental 
findings I will be excluded from participating. 

14. I have had time to consider whether to take part. 
15. I know whom to contact if I have any side effects to the study. 
16. I know whom to contact if I have any questions about the study. 
 
I agree to take part in this research during which I will be asked to: 
 

 Complete questionnaires that will ensure I can safely participate in the 
procedures. 

 Complete a questionnaire that will be used to determine the extent of my 
handedness. 

 Undergo magnetic brain stimulation with a special device that will induce a 
weak stimulating current in the neural tissue in the part of the brain associated 
with movement. 

 Undergo brain polarisation using a device that delivers a weak current to the 
neural tissues in the brain associated with movement. 

 Have an MRI scan of my brain 
 Notify the experimenter if at any time I feel uncomfortable or unsure of the 

stimulation being applied. 
 
 

The total time required for the study is 7 hours, spread over four sessions. For the MRI 
scan, the session will last 60 minutes. The other experimental sessions at the 
Movement Neuroscience Lab may last up to 2 hours each. 
 
I would like the researchers to send me a summary of the study results  
(please circle)  YES   NO 
 
If YES: my address is ________________________________________________ 
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I hereby consent to take part in this study. 
 
Signed: ____________________________________ 
 
Name:______________________________________Date:  __________________ 
           (please print in full) 
 
Project explained by: ________________________________________________                                                                       
 
Signature:  __________________________________ 
 
Date:  _______________________ 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMANS PARTICIPANTS 
ETHICS COMMITTEE ON 17/03/2015 for a period of 3 years. Reference Number 
013392. 
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Department of Medicine 
Room 12.065, Support Building 

Auckland City Hospital 
Private Bag 92019 

Auckland 1142 
Telephone (09) 92 33 779 

 

Appendix 4. Participant information sheet (UAHPEC 014522) 

 
 
 
 
 
 
 
 

 
PARTICIPANT INFORMATION SHEET 

 
Title of Project: The relationship between inhibition and motor recovery 
in chronic stroke  
 
Researchers: 
 
A/Professor Cathy Stinear, Faculty of Medical & Health Sciences 
Dr Suzanne Ackerley, Faculty of Medical & Health Sciences 
Dr Deshan Kumar Rajeswaran, Faculty of Medical & Health Sciences 
 
 
You are invited to take part in a study on recovery of movement after stroke. 
 
We are conducting research that explores the mechanisms of movement recovery 
after stroke, using advanced neurophysiological and neuroimaging techniques. Please 
take your time to think about the information provided below, and feel free to discuss 
it with your whanau, family or significant other support people. Taking part is 
completely voluntary (your choice). If you decline the offer to participate, your 
continuing health care will not be affected in any way. 
 
What does the study involve? 
 
If you agree, and are eligible to participate you will complete three research sessions 
that will last 1 - 2 hours each. Sessions will be held at the Clinical Neuroscience 
Laboratory at the Grafton Campus of the University of Auckland. The magnetic 
resonance imaging (MRI) scan will take place at the Centre for Advanced MRI on the 
Grafton Campus at the University of Auckland.  
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In this study, you will be asked to: 
 
 complete two questionnaires that will ensure you can safely participate in the 

procedures (approx. 5 minutes). 
 complete clinical assessments of arm and hand function. This will include 

performing various movements with your arms, on two occasions (approx. 60 
minutes each). 

 have transcranial magnetic stimulation (TMS) with a device that activates cells 
in the part of the brain associated with movement. This is non-invasive and 
painless (approx. 2 hours). 

 have a magnetic resonance imaging (MRI) brain scan (approx. 60 minutes). 
 
Am I eligible to participate? 
 
You may be eligible to participate if you are: 

• at least 18 years old 
• have experienced a first stroke at least 6 months ago 
• have arm and/or hand weakness on one side of your body, but are able to move 

your fingers a little bit  
 

You may not be eligible to participate if: 
• you have experienced seizures  
• take certain types of medication 

 
You are not eligible to participate if: 

• you have a cardiac pacemaker, or metal implants in your brain  
• you are pregnant 
• you have metallic fragments in your eyes  
• you have ferromagnetic implants in your body or head 
• the stroke has severely affected your ability to communicate or understand the 

study 
 
If you volunteer for this study, you will be asked to complete a safety checklist, to 
ensure that you are eligible to participate. If you aren’t eligible to participate, then any 
documents relating to you, such as the safety checklist, will be immediately 
destroyed. 
 
The study will use the following procedures: 
 
Surface electromyography recording  
 
We will record the electrical activity of your hand and arm muscles. This electrical 
activity will be recorded by sensors positioned on the skin over the muscles of interest. 
The skin must first be prepared by shaving any hair and mild abrasion of a small patch 
of skin. This can result in a mild and transient irritation of the skin in some people that 
does not require treatment.   
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Transcranial magnetic stimulation 
  
Transcranial magnetic stimulation (TMS) involves gently holding a plastic device 
against your scalp. This device produces a very brief magnetic field. Occasionally, 
some people experience mild, transient scalp discomfort, due to the activation of the 
scalp muscles by the magnetic field.  If you feel uncomfortable at any time during the 
experiment, please notify the experimenter. There are no other specific risks 
associated with the procedures and the equipment used in this part of the study. 
 
Magnetic Resonance Imaging (MRI)  
 
We will obtain images of your brain, using magnetic resonance imaging (MRI). MRI is 
a widely used, safe, non-invasive imaging technique. Some people experience mild 
anxiety while in the scanner as it is an enclosed space. You will be provided with a 
safety buzzer in one hand, so that if you want to stop the scanning at any time, you 
can use this device to alert the radiographers.  
 
In the event that a condition which is assessed to be a clinical abnormality is detected 
through performing a scan on you, you will be informed of this and will be advised to 
consult your general practitioner or other health professional of your choice. Because 
the images are not routinely reviewed by a radiologist we are unable to perform 
diagnostic scans for medical purposes of areas where you have known abnormalities. 
If you do not wish to be informed of any abnormalities detected, then you should not 
participate in this project.   
 
Risks and Benefits 
 
There are no specific benefits of taking part in this research. As outlined above, you 
may experience mild, transient discomfort during skin preparation for surface 
electromyography. You may also experience mild, short-lasting discomfort during 
transcranial magnetic stimulation. These experiments will use single and paired-pulse 
TMS protocols (not repetitive TMS). These TMS protocols are safe and non-invasive 
and carry minimal risk. TMS can cause mild, transient discomfort due to the 
contraction of scalp muscles underneath the stimulating coil. This can be minimized 
by slight alterations to the coil position and orientation. There are no lasting effects. 
 
The risk of adverse effects of TMS will be minimized by the use of the TMS safety 
screening checklist, which will be completed by all volunteers and screened by a 
neurologist (Professor PA Barber, Dept. of Medicine – Neurology Research Unit) prior 
to their participation. 
Confidentiality 
 
No material that could personally identify you will be used in any reports in this study. 
The information and data collected from you will be stored securely, in locked cabinets 
and on secure computer networks for six years. Only the researchers will have access 
to this information, and your data will be de-identified by assigning a unique code to 
it. After six years, your data will be deleted from electronic file and your consent form 
and all related paperwork will be securely disposed of. 
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Compensation 
 
In the unlikely event of a physical injury as a result of your participation in this study, 
you may be covered by ACC under the Injury Prevention, Rehabilitation, and 
Compensation Act 2001.  ACC cover is not automatic, and your case will need to be 
assessed by ACC according to the provisions of the Injury Prevention, Rehabilitation, 
and Compensation Act 2001.  If your claim is accepted by ACC, you still might not get 
any compensation.  This depends on a number of factors, such as whether you are an 
earner or non-earner.  ACC usually provides only partial reimbursement of costs and 
expenses, and there may be no lump sum compensation payable.  There is no cover 
for mental injury unless it is a result of physical injury.  If you have ACC cover, generally 
this will affect your right to sue the investigators. 
 
If you have any questions about ACC, contact your nearest ACC office or the 
investigator. 
 
Participation 
 
Your participation is voluntary (your choice). You may withdraw from participating at 
any time without stating a reason, and we will stop the experiment. You have the right 
to withdraw your data from this study up to 3 months after you complete the study. 
Withdrawal or non-participation will not affect your relationship with the University. 
Your agreement to participate will be obtained in writing on a Consent Form. If you 
cannot sign your name another adult (not involved in the research) can sign the form 
on your behalf, as a witness to your verbal consent. You can request a summary of 
the study’s results, which we can send to you once the project is complete. You will 
also be offered reimbursement for your travel expenses in the form of petrol or taxi 
vouchers.  
 
Summary of Your Rights 
 

• Your participation is entirely voluntary. 
• You may withdraw from the project at any time without stating a reason. 
• You may have your data withdrawn from the study within three months of your 

completion. 
• You may obtain results regarding the outcome of the project from the 

experimenters upon completion of the study. 
• Your identity will be kept strictly confidential, and no identification of you or 

your data will be made at any time during collection of the data or in 
subsequent publication of the research findings. 

• After six years, your data will be deleted from electronic file and your consent 
form and all related paperwork will be securely disposed of. 

• Discomfort or incapacity have not been reported from any of the procedures 
that will be used in this project, however, if the procedures cause you 
concern, you may withdraw from the project at any time. 

• You are encouraged to consult with your whanau/family, hapu or iwi regarding 
participation in this project. 
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Who should I contact if I have further questions? 
 
If you have any further questions about the study, or would like to participate in this 
study, please contact: 
 
Dr Deshan Kumar Rajeswaran 
Clinical Neuroscience Laboratory 
P: 09 923 1660 
E: deshan.kumar@auckland.ac.nz 
 

Associate Professor Cathy Stinear 
Department of Medicine 
P: 09 923 3779 
E: c.stinear@auckland.ac.nz

You may contact: 
 
Head of Department of Medicine 
Professor Phillippa Poole 
Department of Medicine, University of Auckland 
P: 09 923 6440  
E: p.poole@auckland.ac.nz 
 
For any queries regarding ethical concerns you may contact the Chair: 
University of Auckland Human Participants Ethics Committee, The University of 
Auckland, office of the Vice Chancellor, Private Bag 92019, Auckland 1142. 
P: 373 7599 ext. 87830 or 83761   E: humanethics@auckland.ac.nz 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS 
ETHICS COMMITTEE ON 4 May 2015 for 3 years, Reference Number: 014522. 
  

mailto:deshan.kumar@auckland.ac.nz
mailto:p.poole@auckland.ac.nz
mailto:humanethics@auckland.ac.nz
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Department of Medicine 
Room 12.065, Support Building 

Auckland City Hospital 
Private Bag 92019 

Auckland 1142 
Telephone (09) 92 33 779 

 

Appendix 5. Participant consent form (UAHPEC 014522) 

 
 
 
 
 
 
 
 
 
 
 

CONSENT FORM 
 

THIS CONSENT FORM WILL BE HELD FOR A PERIOD OF SIX YEARS 
 

Title of Project: The relationship between inhibition and motor recovery 
in chronic stroke  
 
Researchers: 
 
A/Professor Cathy Stinear, Faculty of Medical & Health Science 
Dr Suzanne Ackerley, Faculty of Medical & Health Sciences 
Dr Deshan Kumar Rajeswaran, Faculty of Medical & Health Sciences 
 
 
By signing this consent form, you are making the following statements: 
 
1. I have read and I understand the information sheet for volunteers taking part in 

the study, which explores the underlying mechanisms related to movement 
recovery after stroke. 

2. I have had the opportunity to discuss this study, and am satisfied with the 
answers I have been given. 

3. I have had sufficient time and the opportunity to discuss this project with 
Family/Whanau, or with a friend to help me ask questions and understand the 
study. 

4. I understand that taking part in this study is voluntary (my choice). 
5. I understand I may withdraw from the study at any time without giving a reason. 
6. I understand that I can withdraw any information traceable to me from this study, 

up until three months after I have completed this study. 
7. I give my consent for the researchers to obtain medical information relevant to my 

stroke from my GP and/or other clinical providers. 
8. I understand my participation and my medical information used in this study is 

confidential and no material that could identify me will be used in reports of this 
study. 

9. I understand that the investigation will be stopped if it should appear harmful to 
me.  
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10. I understand the compensation provisions for this study.  
11. I understand that after six years, my data will be deleted from electronic file and 

this consent form and all associated paperwork will be securely disposed of. 
12. I understand that any incidental findings and an appropriate course of action will 

be explained to me by the researchers. If I do not wish to be informed of incidental 
findings I will be excluded from participating. 

13. I have had time to consider whether to take part. 
14. I know whom to contact if I have any side effects from the study. 
15. I know whom to contact if I have any questions about the study. 
 
I agree to take part in this research during which I will be asked to: 
 Complete questionnaires that will ensure I can safely participate in the procedures. 
 Undergo transcranial magnetic stimulation (TMS) of the brain with a special device 

that will induce a weak stimulating current in the neural tissue in the part of the 
brain associated with movement. 

 Have a magnetic resonance imaging (MRI) scan of my brain 
 Notify the experimenter if at any time I feel uncomfortable or unsure of the 

stimulation being applied. 
 

The total time required for the study is 5 hours, spread over three sessions. Sessions 
may last up to 2 hours each.  The MRI scan will take 60 minutes.  
 
I would like the researchers to inform my GP of my participation in this study 
(please circle) YES   NO 
 
If YES: GP name and Clinic ___________________________________________ 
 
I would like the researchers to send me a summary of the study results  
(please circle) YES   NO 
 
If YES: My address is _________________________________________________ 
   

 My phone number is_____________________________________________ 
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I hereby consent to take part in this study. 
 
Signed: ____________________________________ 
 
Name:______________________________________Date:  __________________ 
           (please print in full) 
 
This section is to be completed for patients who are unable to sign their name: 
 
____________________________ is unable to sign their name. 
 
I am not associated with the research project, or the researchers.  I have witnessed 
the subject give their verbal consent to participation in this project, and have been 
authorised by the subject to sign this consent form on their behalf. 
 
Witness name: 
__________________________________________________________ 
 
Witness signature: ___________________________  Date: ________________ 
(The witness may be any adult other than the researchers involved in this study) 
 
Project explained by: ________________________________________________                                                                       
 
Signature:  __________________________________ 
 
Date:  _______________________ 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS 
ETHICS COMMITTEE ON 4 May 2015 for 3 years, Reference Number: 014522. 
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Appendix 6. Participant information sheet (UAHPEC 010457) 

 

 
 
 
 
 
 
 
 

 
 

Participant Information Sheet 
 
Title of Project: Individualised neuromodulation for motor recovery after 
stroke 
 
Researchers: 
 
Professor Winston Byblow, Dept. of Exercise Sciences 
April Ren, Lab Manager, Dept. of Exercise Sciences 
Associate Professor Cathy Stinear, Dept. of Medicine 
Professor Alan Barber, Dept. of Medicine 
Ronan Mooney (PhD Student), Dept. of Exercise Sciences 
Dr. John Cirillo, Dept. of Exercise Sciences 
 
 
Dear Participant, 
 
We are conducting research that examines whether it is possible to improve 
coordination of arm muscles using non-invasive brain stimulation. Please take your 
time to think about the information provided below, and feel free to discuss it with your 
whanau, family or significant other support people. If you are Māori, and on request, 
we will arrange for you to discuss your role in this study with a member of the office of 
the Pro Vice-Chancellor (Māori), at the University of Auckland. Taking part is 
completely voluntary (your choice). If you decline the offer to participate, your 
continuing health care will not be affected in any way. 
 
 
What does the study involve? 
 
If you agree, and are eligible to participate you will be asked to attend;  
 

• Up to four experimental sessions at the Movement Neuroscience Laboratory, 
731.134 Tamaki Campus. Each session will take up to 2.5 hours.  

• One session at the Centre for Advanced MRI, Grafton Campus, University of 
Auckland. This session will take up to 60 minutes. 

  

DEPARTMENT OF EXERCISE SCIENCES 

Building 731-134, Tamaki Campus 
Morrin Road, Glen Innes 
Auckland, New Zealand 
Telephone 64 9 373 7599 ext. 84897 
Facsimile 64 9 373 7043 
 
The University of Auckland 
Private Bag 92019 
Auckland, New Zealand 
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In this study, you will be asked to: 
 
 Complete two questionnaires that will ensure you can safely participate in the 

procedures.(approx. 5 minutes). 
 Complete a questionnaire that will be used to determine your handedness 

(approx. 5 minutes). 
 Undergo transcranial magnetic brain stimulation with a special device that 

induces a very weak stimulating current in the neural tissue in the part of the 
brain associated with movement. This is non-invasive and painless. This 
technique will also be conducted in conjunction with peripheral nerve 
stimulation (approx. 2.5 hours). 

 Undergo brief electrical stimulation over nerves in your arm using a weak 
current and short duration pulse that may cause some mild, short lasting 
discomfort but has no after effects.  

 Receive 20 minutes of brain polarisation from a device that delivers a weak 
current to the neural tissues in the motor area of the brain controlling your arm 
movement. This is non-invasive and painless.  

 Undergo clinical assessments of arm function with a trained investigator. This 
will include performing various movements with your arms.  

 Undergo Magnetic Resonance Imaging to obtain an anatomical scan of your 
brain (approx. 60 minutes). 

 Perform repeated reaching movements while your arm is partially supported by 
a brace. 

 
Am I eligible to participate? 
 
You are eligible to participate in this study if you:  
 

• have experienced one stroke more than 6 months ago 
• have hand or arm weakness or impairment from your stroke 
• are able to give informed consent 

 
If you volunteer for this study, you will be asked to complete a safety checklist, to 
ensure that you are eligible to participate. We will also ask you to give your consent 
for us to obtain limited medical information from your family doctor or neurologist that 
will allow our consulting neurologist to make a decision regarding your suitability and 
your safety to be a participant in this study. 
 
If you aren’t eligible to participate, then any materials relating to you, such as the safety 
checklist and handedness questionnaire, will be immediately destroyed. 
 
You are not eligible to participate if you: 
 

• are currently undergoing rehabilitation (i.e. part of a rehabilitation programme) 
• have participated in an interventional research study less than 6 weeks prior 
• have a history of neurological problems other than stroke 
• have a cardiac pacemaker, or other metal implants that prevent you from having 

an MRI scan 
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• experience seizures  
• take certain types of medication 
• have other impairments deemed unsuitable by the investigators that may affect 

task protocols (e.g. hemianopia or neglect) 
 
The study will use the following procedures: 
 
Electromyography recording  
 
We will record the electrical activity of your hand, arm, and shoulder muscles. This 
electrical activity will be recorded by sensors positioned on the skin over the muscles 
of interest. The skin must first be prepared by shaving any hair and mild abrasion of a 
small patch of skin. This can result in a mild and transient irritation of the skin in some 
people that does not require treatment.   
 
Transcranial magnetic stimulation 
  
Transcranial magnetic stimulation (TMS) involves gently holding a plastic device 
against your scalp.  This device produces a very brief magnetic field.  Occasionally, 
some people experience mild, transient scalp discomfort, due to the activation of the 
scalp muscles by the magnetic field.  If you feel uncomfortable at any time during the 
experiment, please notify the experimenter.  There are no other specific risks 
associated with the procedures and the equipment used in the study. 
 
Peripheral nerve stimulation (PNS)  
 
Peripheral nerve stimulation will be used to activate specific motor pathways to the 
arm. Two stimulating electrodes will be placed on the skin of your elbow through which 
a weak current will be delivered. The stimulation will feel like a mild pricking sensation 
that should not be painful. Each pulse is very brief (1 ms) and may produce a pin-prick 
sensation. The strength of the stimulus will be adjusted so it is comfortable for you and 
time will be taken for you to get used to the sensation. You will be given regular rest 
periods during the experiment, however if you feel uncomfortable at any time during 
the experiment, please notify the experimenter. 
 
Brain Polarisation using Transcranial Direct Current Stimulation (tDCS) 
 
We will use Transcranial Direct Current Stimulation (tDCS), which is a safe, painless 
and non-invasive technique.  It induces brain polarisation with a low-intensity direct 
current, delivered to the scalp using a small, battery-powered device. Brain 
polarization can be used to temporarily increase or decrease the activity of the motor 
areas of the cortex, depending on the location of electrode placement over the scalp, 
and the protocol used.  This stimulation is usually imperceptible due to the low current 
involved.  
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TDCS involves delivering a low-intensity current with two damp sponge electrodes 
placed on your scalp. One electrode will be positioned over motor areas on your brain. 
You will experience a slight tingling sensation under the electrodes for up to 2 minutes, 
after which the sensation diminishes and may become imperceptible. There is no need 
to shave your head and the area under the electrode on your forehead will be cleaned 
using an alcohol wipe. The stimulation period will be up to 20 minutes. This protocol 
has been shown to induce after-effects that last for 30 – 60 minutes. You will be asked 
to sit quietly during the period of stimulation, and for 5 minutes afterwards to 
consolidate effects. If you feel uncomfortable at any time during the stimulation, please 
notify the experimenter.   
 
There are no risks associated with the use of TMS, PNS and tDCS in the same 
experimental session. Effects of TMS and tDCS are transient and will not affect your 
ability to drive home, or return to study or work after participation.  
 
Assessments of arm function  
 
We will use commonly used clinical assessments to measure various aspects of your 
arm function. These will be performed with a trained investigator. You will be asked, 
if possible, to perform various movements with your arms (e.g. place a block on a 
target). These tests will determine how well you can control your arm muscles and 
whether your muscles are stiff.  
 
We will assess arm co-ordination using a circle drawing task. You will be asked to 
draw large circles on a device while paced to an auditory metronome. 
  
Movement task 
 
You will be asked to perform a series of reaching movements with your arm. These 
movements will consist of reaching forward to a target. You will also be asked to 
position your arm in a variety of postures that are related to daily living activities. The 
weight of your arm will be partially supported by a brace attached to a spring 
counterbalance system. In total, you may perform approximately 100 reaching 
movements per arm. Frequent rest breaks will be provided. 
 
Kinematic recording 
 
We will record the motion of your arm using special cameras that track reflective 
markers. These are small, lightweight plastic balls that are attached to your arm using 
velcro straps. The cameras only record the position of the plastic markers, you will not 
be videotaped or photographed. 
 
Magnetic Resonance Imaging (MRI) 
 
We will obtain a structural image of your brain, using magnetic resonance imaging 
(MRI). MRI is a widely used, safe, non-invasive imaging technique. Some people 
experience mild anxiety during magnetic resonance imaging, as the scanner is an 
enclosed space.  You will be provided with a safety buzzer in one hand, so that if you 
want to stop the scanning at any time, you can use this device to alert the 
radiographers. 
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In the event that a condition which is assessed to be a clinical abnormality is detected 
through performing a scan on you, you will be informed of this and will be advised to 
consult your general practitioner or other health professional of your choice. Because 
the images are not routinely reviewed by a radiologist, we are unable to perform 
diagnostic scans for medical purposes of areas where you have known abnormalities. 
If you do not wish to be informed of any abnormalities detected, then you should not 
participate in this project.   
 
Risks and Benefits 
 
There are no specific benefits to participants taking part in this research. As outlined 
above, you may experience mild, transient discomfort during skin preparation for 
surface electromyography. You may also experience mild, short-lasting discomfort 
during direct current stimulation, peripheral nerve stimulation and transcranial 
magnetic stimulation. These experiments will use single-pulse TMS protocols (NOT 
repetitive TMS). TMS is safe and non-invasive and carry minimal risk. It can cause 
mild, transient discomfort due the contraction of scalp musculature underneath the 
stimulating coil. This can be minimized by slight alterations to the coil position and 
orientation. TDCS can produce a transient itching or tingling sensation. Most 
participants report little sensation under the electrodes once this dissipates (usually 1 
– 2 minutes). Peripheral nerve stimulation will feel like a mild pricking sensation that 
should not be painful. Each pulse is very brief and may produce a pin-prick sensation. 
There are no lasting effects. 
 
The risk of adverse effects of TMS and tDCS will be minimized by the use of the TMS 
safety screening checklist, which will be completed by all volunteers and screened by 
a neurologist (Professor PA Barber, Dept. of Medicine – Neurology Research Unit) 
prior to their participation. 
 
Confidentiality 
 
No material that could personally identify you will be used in any reports in this study. 
The information and data collected from you will be stored securely, in locked cabinets 
and on secure computer networks. Only the investigators will have access to this 
information, and your data will be de-identified by assigning a unique code to it 
 
Participation 
 
Your participation is voluntary and you may withdraw from participating at any time 
during the experiment without stating a reason, and at your request we will stop the 
experiment. You have the right to withdraw your data from this study up to 3 months 
after you complete the study. Withdrawal or non-participation will not affect your 
relationship with the University, Centre for Brain Research (CBR) or Brain Recovery 
Clinic. If felt that this assurance has been breached you can contact Associate 
Professor Greg Anson (contact details below). You will be assigned and identified by 
a code. The data obtained from this experiment will be stored to disk for a period of up 
to six years and will be used for publication in a scientific journal. After six years, your 
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data will be deleted from disk and your consent form and all related paperwork put 
through a shredder. No material that could personally identify you will be used in any 
reports in this study.  The information and data collected from you will be stored 
securely, in locked cabinets and on secure computer networks.  Only the investigators 
will have access to this information, and your data will be de-identified by assigning a 
unique code to it.  You can request a summary of the study’s results, which we can 
send to you once the project is complete. 
 
You will also be offered reimbursement for your travel expenses in the form of petrol 
or taxi vouchers.  
 
The study does not include therapeutic procedures and therefore the study protocols 
cannot be offered to you as a treatment. 
 
Summary of Your Rights 
 

• Your participation is entirely voluntary. 
• You may withdraw from the project at any time without stating a reason. 
• You may have your data withdrawn from the study within three months of your 

participation. 
• You may obtain results regarding the outcome of the project from the 

experimenters upon completion of the study. 
• Your identity will be kept strictly confidential, and no identification of you or 

your data will be made at any time during collection of the data or in 
subsequent publication of the research findings. 

• After six years, your data will be deleted from disk and your consent form and 
all related paperwork put through a shredder. 

• Discomfort or incapacity have not been reported from any of the procedures 
that will be used in this project, however, if the procedures cause you 
concern, you may withdraw from the project at any time. 

• You are encouraged to consult with your whanau/family, hapu or iwi regarding 
participation in this project. 

 
Compensation 
 
In the unlikely event of a physical injury as a result of your participation in this study, 
you may be covered by ACC under the Injury Prevention, Rehabilitation, and 
Compensation Act 2001. ACC cover is not automatic, and your case will need to be 
assessed by ACC according to the provisions of the Injury Prevention, Rehabilitation, 
and Compensation Act 2001.  If your claim is accepted by ACC, you still might not get 
any compensation. This depends on a number of factors, such as whether you are an 
earner or non-earner. ACC usually provides only partial reimbursement of costs and 
expenses, and there may be no lump sum compensation payable. There is no cover 
for mental injury unless it is a result of physical injury.  If you have ACC cover, generally 
this will affect your right to sue the investigators. 
 
If you have any questions about ACC, contact your nearest ACC office or the 
investigator. 
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Who should I contact if I have further questions? 
 
Please feel free to ask any questions as we proceed.  
If you have any further questions please feel free to contact either: 
 
Professor Winston Byblow 
Building 731, Tamaki Campus 
Phone 373-7599 ext. 86844  
w.byblow@auckland.ac.nz  
 
April Ren, Research Technician 
Building 731, Tamaki Campus 
Phone 373-7599 ext. 84897 
a.ren@auckland.ac.nz 
 
You may contact either: 
 
Head of Department of Exercise Sciences,  
Associate Professor Greg Anson on 373-7599 ext. 82975 or email 
g.anson@auckland.ac.nz 
 
Associate Professor Cathy Stinear, Research Director for the Brain Research Clinic, 
on +64 9 373 7599 ext. 83779 or email c.stinear@auckland.ac.nz 
 
For any queries regarding ethical concerns please contact the Chair, the University of 
Auckland Human Participants Ethics Committee, at the University of Auckland, 
Research Office, Private Bag 92019, Auckland 1142. Telephone 09 373-7599 ext. 
83711. Email: ro-ethics@auckland.ac.nz 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS 
ETHICS COMMITTEE ON 15/01/2014 for a period of 6 years. Reference number 
UAHPEC 10457.

mailto:w.byblow@auckland.ac.nz
mailto:a.ren@auckland.ac.nz
mailto:g.anson@auckland.ac.nz
mailto:ro-ethics@auckland.ac.nz
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Appendix 7. Participant consent form (UAHPEC 010457) 
 
 
 
 
 
 
 
 
 
 
 

Consent Form 
 

THIS CONSENT FORM WILL BE HELD FOR A PERIOD OF SIX YEARS 
 

Title of Project: Individualised neuromodulation for motor recovery after 
stroke 
 
Researchers: 
 
Professor Winston Byblow, Dept. of Exercise Sciences 
April Ren, Lab Manager, Dept. of Exercise Sciences 
Associate Professor Cathy Stinear, Dept. of Medicine 
Professor Alan Barber, Dept. of Medicine 
Ronan Mooney (PhD Student), Dept. of Exercise Sciences 
Dr. John Cirillo, Dept. of Exercise Sciences 
 
 
By signing this consent form, you are making the following statements: 
 
1. I have read and I understand the information sheet for volunteers taking part in 

the study, which explores whether non-invasive brain stimulation improves arm 
function. 

2. I have had the opportunity to discuss this study.  
3. I am satisfied with the answers I have been given. 
4. I have had sufficient time and the opportunity to discuss this project with 

Family/Whanau, or with a friend to help me ask questions and understand the 
study. 

5. I understand that taking part in this study is voluntary (my choice). 
6. I understand that the information obtained from my medical files will be used to 

assess eligibility (stroke participants only). 
7. I understand I may withdraw from the study at any time without giving a reason. 
8. I understand that I can withdraw any information traceable to me from this study, 

up until three months after I have completed this study. 
9. I understand my participation and my medical information used in this study is 

confidential and no material that could identify me will be used in reports of this 
study. 

Building 731-134, Tamaki Campus 
Morrin Road, Glen Innes 
Auckland, New Zealand 
Telephone 64 9 373 7599 ext. 84897 
Facsimile 64 9 373 7043 
 
The University of Auckland 
Private Bag 92019 
Auckland, New Zealand 
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10. I understand that the investigation will be stopped if it should appear harmful to 
me.  

11. I understand the compensation provisions for this study.  
12. I understand that after six years, my data will be deleted from disk and this consent 

form and all associated paperwork will be destroyed 
13. I understand that any incidental findings and an appropriate course of action will 

be explained to me by the researchers. If I do not wish to be informed of incidental 
findings I will be excluded from participating. 

14. I have had time to consider whether to take part. 
15. I know whom to contact if I have any side effects to the study. 
16. I know whom to contact if I have any questions about the study. 
 
I agree to take part in this research during which I will be asked to: 
 

 Complete questionnaires that will ensure I can safely participate in the 
procedures. 

 Complete a questionnaire that will be used to determine the extent of my 
handedness. 

 Undergo magnetic brain stimulation with a special device that will induce a 
weak stimulating current in the neural tissue in the part of the brain associated 
with movement. 

 Undergo brain polarisation using a device that delivers a weak current to the 
neural tissues in the brain associated with movement. 

 Undergo weak peripheral nerve stimulation over nerves in my arm 
 Undergo clinical assessments of my arm function/ability 
 Perform a circle drawing task 
 Perform repeated reaching movements while my arm is partially supported 

by a brace 
 Have an MRI scan of my brain 
 Notify the experimenter if at any time I feel uncomfortable or unsure of the 

stimulation being applied. 
 

The total time required for the study is up to 10 hours, spread over four sessions. For 
the MRI scan, the session will last 45 - 60 minutes. The three experimental sessions 
at the Movement Neuroscience Lab may last up to 2.5 hours each. 
 
I would like the researchers to send me a summary of the study results  
(please circle) YES   NO 
 
If YES: my address is ________________________________________________ 
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I hereby consent to take part in this study. 
 
Signed: ____________________________________ 
 
Name:______________________________________Date:  __________________ 
           (please print in full) 
 
Project explained by: ________________________________________________                                                                       
 
Signature:  __________________________________ 
 
Date:  _______________________ 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS 
ETHICS COMMITTEE ON 15/01/2014 for a period of 6 years. Reference number 
UAHPEC 10457. 
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Appendix 8. Transcranial Magnetic Stimulation screening checklist 
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Appendix 9. Transcranial Magnetic Stimulation interview guidelines 
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Appendix 10. Magnetic Resonance Imaging safety and consent form 
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Appendix 11. Edinburgh Handedness Inventory (short version) 

EDINBURGH HANDEDNESS INVENTORY 
 
 
Last name: ________________________________ 
 
First names: ________________________________ 
 
Date of birth: _________________ Gender:  ________________ 
 
Please indicate your preference for the use of the left or right hand in the following tasks by 
placing a “+” in the appropriate column.  If you have such a strong preference for one hand 
that you would never try to use the other unless forced to, place a “++” in the column.  If 
you would perform the task with either hand place a “+” in both columns. 
 
Please try to answer all of the questions.  Only leave a blank if you have no experience of 
the task or object. 
 

  LEFT RIGHT 
1 Writing 

 
  

2 Throwing 
 

  

3 Toothbrush 
 

  

4 Spoon 
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Appendix 12. National Institutes of Health Stroke Scale 

NIH STROKE SCALE 

1a  Level of Consciousness (Responsive?) 

The investigator must choose a response if a full evaluation is prevented by such obstacles as an 
endotracheal tube, language barrier, orotracheal trauma/bandages. A 3 is scored only if the patient 
makes no movement (other than reflexive posturing) in response to noxious stimulation. 

0 = Alert; keenly responsive. 
1 = Not alert; but arousable by minor stimulation to obey, answer, or respond. 
2 = Not alert; requires repeated stimulation to attend, or is obtunded and requires strong or painful 
stimulation to make movements (not stereotyped). 
3 = Responds only with reflex motor or autonomic effects or totally unresponsive, flaccid, and 
areflexic. 
 

1b Level of Consciousness (Questions – month and age) 

The patient is asked the month and his/her age. The answer must be correct - there is no partial credit 
for being close. Aphasic and stuporous patients who do not comprehend the questions will score 2. 
Patients unable to speak because of endotracheal intubation, orotracheal trauma, severe dysarthria 
from any cause, language barrier, or any other problem not secondary to aphasia are given a 1. It is 
important that only the initial answer be graded and that the examiner not "help" the patient with 
verbal or non-verbal cues. 
 
0 = Answers both questions correctly. 
1 = Answers one question correctly. 
2 = Answers neither question correctly. 
 

1c Level of Consciousness (Commands – close eyes, make fist) 

The patient is asked to open and close the eyes and then to grip and release the non-paretic hand. 
Substitute another one step command if the hands cannot be used. Credit is given if an unequivocal 
attempt is made but not completed due to weakness. If the patient does not respond to command, 
the task should be demonstrated to him or her (pantomime), and the result scored (i.e., follows 
none, one or two commands). Patients with trauma, amputation, or other physical impediments 
should be given suitable one-step commands. Only the first attempt is scored. 
 
0 = Performs both tasks correctly. 
1 = Performs one task correctly. 
2 = Performs neither task correctly. 
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2  Best Gaze (Keep your head still, follow this pen with your eyes only) 

Only horizontal eye movements will be tested. Voluntary or reflexive (oculocephalic) eye movements 
will be scored, but caloric testing is not done. If the patient has a conjugate deviation of the eyes that 
can be overcome by voluntary or reflexive activity, the score will be 1. If a patient has an isolated 
peripheral nerve paresis (CN III, IV or VI), score a 1. Gaze is testable in all aphasic patients. Patients 
with ocular trauma, bandages, pre-existing blindness, or other disorder of visual acuity or fields should 
be tested with reflexive movements, and a choice made by the investigator. Establishing eye contact 
and then moving about the patient from side to side will occasionally clarify the presence of a partial 
gaze palsy. 
 
0 = Normal. 
1 = Partial gaze palsy; gaze is abnormal in one or both eyes, but forced deviation or total gaze paresis 
is not present. 
2 = Forced deviation, or total gaze paresis not overcome by the oculocephalic manoeuvre. 
 

 3 Visual Fields (Look at my nose, tell me which finger is moving. (Test all  
four quadrants and also double simultaneous stimulation) 

Visual fields (upper and lower quadrants) are tested by confrontation, using finger counting or visual 
threat, as appropriate. Patients may be encouraged, but if they look at the side of the moving fingers 
appropriately, this can be scored as normal. If there is unilateral blindness or enucleation, visual fields 
in the remaining eye are scored. Score 1 only if a clear-cut asymmetry, including quadrantanopia, is 
found. If patient is blind from any cause, score 3. Double simultaneous stimulation is performed at 
this point. If there is extinction, patient receives a 1, and the results are used to respond to item 11. 
 
0 = No visual loss. 
1 = Partial hemianopia. 
2 = Complete hemianopia. 
3 = Bilateral hemianopia (blind including cortical blindness). 
 
4 Facial Palsy (Show teeth, raise eyebrows, close eyes tight – symmetry) 

Ask – or use pantomime to encourage – the patient to show teeth or raise eyebrows and close eyes. 
Score symmetry of grimace in response to noxious stimuli in the poorly responsive or non-
comprehending patient. If facial trauma/bandages, orotracheal tube, tape or other physical barriers 
obscure the face, these should be removed to the extent possible. 
 
0 = Normal symmetrical movements. 
1 = Minor paralysis (flattened nasolabial fold, asymmetry on smiling). 
2 = Partial paralysis (total or near-total paralysis of lower face). 
3 = Complete paralysis of one or both sides (absence of facial movement in the upper and lower face). 
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5a Motor Arm LEFT (extend arm to 90°, hold position, count to 10) 

5b Motor Arm RIGHT (bring arm up to 90°, hold position, count to 10) 

The limb is placed in the appropriate position: extend the arms (palms down) 90 degrees (if sitting) or 
45 degrees (if supine). Drift is scored if the arm falls before 10 seconds. The aphasic patient is 
encouraged using urgency in the voice and pantomime, but not noxious stimulation. Each limb is 
tested in turn, beginning with the non-paretic arm. Only in the case of amputation or joint fusion at 
the shoulder, the examiner should record the score as untestable (UN), and clearly write the 
explanation for this choice. 
 
0 = No drift; limb holds 90 (or 45) degrees for full 10 seconds. 
1 = Drift; limb holds 90 (or 45) degrees, but drifts down before full 10 seconds; does not hit bed or 
other support. 
2 = Some effort against gravity; limb cannot get to or maintain (if cued) 90 (or 45) degrees, drifts down 
to bed, but has some effort against gravity. 
3 = No effort against gravity; limb falls. 
4 = No movement. 
UN = Amputation or joint fusion, explain 
 
6a Motor Leg LEFT (lie back, lift leg up to 30°, hold position, count to 5) 

6b Motor Leg RIGHT (lie back, lift leg up to 30°, hold position, count to 5) 

The limb is placed in the appropriate position: hold the leg at 30 degrees (always tested supine). Drift 
is scored if the leg falls before 5 seconds. The aphasic patient is encouraged using urgency in the voice 
and pantomime, but not noxious stimulation. Each limb is tested in turn, beginning with the non-
paretic leg. Only in the case of amputation or joint fusion at the hip, the examiner should record the 
score as untestable (UN), and clearly write the explanation for this choice. 
 
0 = No drift; leg holds 30-degree position for full 5 seconds. 
1 = Drift; leg falls by the end of the 5-second period but does not hit bed. 
2 = Some effort against gravity; leg falls to bed by 5 seconds, but has some effort against gravity. 
3 = No effort against gravity; leg falls to bed immediately. 
4 = No movement. 
UN = Amputation or joint fusion, explain 
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7 Limb Ataxia (glasses? eyes open, finger-nose-finger, heel-shin, both sides) 

This item is aimed at finding evidence of a unilateral cerebellar lesion. Test with eyes open. In case of 
visual defect, ensure testing is done in intact visual field. The finger-nose-finger and heel-shin tests 
are performed on both sides, and ataxia is scored only if present out of proportion to weakness. Ataxia 
is absent in the patient who cannot understand or is paralysed. Only in the case of amputation or joint 
fusion, the examiner should record the score as untestable (UN), and clearly write the explanation for 
this choice. In case of blindness, test by having the patient touch nose from extended arm position. 
 
0 = Absent. 
1 = Present in one limb. 
2 = Present in two limbs. 
 

8 Sensory (Can you feel this? Sharp or dull? Is it sharper on one side? 
 Test face, forearm, and shin 

Sensation or grimace to pinprick when tested, or withdrawal from noxious stimulus in the obtunded 
or aphasic patient. Only sensory loss attributed to stroke is scored as abnormal and the examiner 
should test as many body areas (arms [not hands], legs, trunk, face) as needed to accurately check for 
hemisensory loss. A score of 2, “severe or total sensory loss,” should only be given when a severe or 
total loss of sensation can be clearly demonstrated. Stuporous and aphasic patients will, therefore, 
probably score 1 or 0. The patient with brainstem stroke who has bilateral loss of sensation is scored 
2. If the patient does not respond and is quadriplegic, score 2. Patients in a coma (item 1a=3) are 
automatically given a 2 on this item. 
 
0 = Normal; no sensory loss. 
1 = Mild-to-moderate sensory loss; patient feels pinprick is less sharp or is dull on the affected side; 
or there is a loss of superficial pain with pinprick, but patient is aware of being touched. 
2 = Severe to total sensory loss; patient is not aware of being touched in the face, arm, and leg. 
 
9* Best Language (glasses? Describe what is happening in this picture,  

Name the item that I point to, Read these sentences for me) 

A great deal of information about comprehension will be obtained during the preceding sections of 
the examination. For this scale item, the patient is asked to describe what is happening in the attached 
picture, to name the items on the attached naming sheet and to read from the attached list of 
sentences. Comprehension is judged from responses here, as well as to all of the commands in the 
preceding general neurological exam. If visual loss interferes with the tests, ask the patient to identify 
objects placed in the hand, repeat, and produce speech. The intubated patient should be asked to 
write. The patient in a coma (item 1a=3) will automatically score 3 on this item. The examiner must 
choose a score for the patient with stupor or limited cooperation, but a score of 3 should be used only 
if the patient is mute and follows no one-step commands. 
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0 = No aphasia; normal. 
1 = Mild-to-moderate aphasia; some obvious loss of fluency or facility of comprehension, without 
significant limitation on ideas expressed or form of expression. Reduction of speech and/or 
comprehension, however, makes conversation about provided materials difficult or impossible. For 
example, in conversation about provided materials, examiner can identify picture or naming card 
content from patient’s response. 
2 = Severe aphasia; all communication is through fragmentary expression; great need for inference, 
questioning, and guessing by the listener. Range of information that can be exchanged is limited; 
listener carries burden of communication. Examiner cannot identify materials provided from patient 
response. 
3 = Mute, global aphasia; no usable speech or auditory comprehension. 

Ask patient to describe what is happening in this picture 
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Ask patient to name the following items: 
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Ask patient to read the following sentences: 

You know how. 
 
Down to earth. 
 
I got home from work. 
 
Near the table in the dining 
room. 
 
They heard him speak on the 
radio last night. 
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10** Dysarthria (glasses? Read or repeat these words) 

If patient is thought to be normal, an adequate sample of speech must be obtained by asking patient 
to read or repeat words from the attached list. If the patient has severe aphasia, the clarity of 
articulation of spontaneous speech can be rated. Only if the patient is intubated or has other physical 
barriers to producing speech, the examiner should record the score as untestable (UN), and clearly 
write an explanation for this choice. Do not tell the patient why he or she is being tested. 
 
0 = Normal. 
1 = Mild-to-moderate dysarthria; patient slurs at least some words and, at worst, can be understood 
with some difficulty. 
2 = Severe dysarthria; patient's speech is so slurred as to be unintelligible in the absence of or out of 
proportion to any dysphasia, or is mute/anarthric. 
UN = Intubated or other physical barrier, explain. 
 

Ask patient to read or repeat these words: 

MAMA 

TIP – TOP 

FIFTY – FIFTY 

THANKS 

HUCKLEBERRY 

BASEBALL PLAYER 
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11 Extinction and Inattention (visual double simultaneous stimulation,  
 also test bilateral sensory stimulation – close eyes, left, right, or both)  

(Formerly neglect): Sufficient information to identify neglect may be obtained during the prior testing. 
If the patient has a severe visual loss preventing visual double simultaneous stimulation, and the 
cutaneous stimuli are normal, the score is normal. If the patient has aphasia but does appear to attend 
to both sides, the score is normal. The presence of visual spatial neglect or anosagnosia may also be 
taken as evidence of abnormality. Since the abnormality is scored only if present, the item is never 
untestable. 
 
0 = No abnormality. 
1 = Visual, tactile, auditory, spatial, or personal inattention or extinction to bilateral simultaneous 
stimulation in one of the sensory modalities. 
2 = Profound hemi-inattention or extinction to more than one modality; does not recognize own hand 
or orients to only one side of space. 
 
                                                                                                                

         TOTAL: 
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Appendix 13. Montreal Cognitive Assessment 
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Appendix 14. Fugl-Meyer Upper Limb Scale 

FUGL-MEYER UPPER LIMB SCALE  

Section A. Shoulder/Elbow/Forearm  SECTION SCORE 
 
1. Normal reflex activity, biceps/triceps.  
 0 = no reflex activity, 1 = some reflex activity, 2 = reflex activity present 
 
2. Abnormal reflex activity. Biceps/triceps/finger flexor.  

0 = two or three reflexes are markedly hyperactive 
1 = one reflex markedly hyperactive or at least 2 reflexes lively 
2 = no more than one reflex lively and no reflexes markedly hyperactive 

 
 
 
 
 
 
 
 
 
3. Flexion synergy. With the elbow fully flexed and forearm fully supinated, ask the patient to raise 

their elbow out to the side.   
For each component of synergy: 
0 = no movement, 1 = movement partially performed, 2 = movement performed normally 

 
       elbow flexion 

forearm supination 
scapular elevation 
scapular retraction 
shoulder abduction to 90 
shoulder lateral rotation 

 
4. Extension Synergy. With elbow extension and pronation, ask the patient to cross their arm in 

front of their body toward the opposite hip.   
Score each component of synergy as for flexion synergy above.  

 
        elbow extension  
        forearm pronation 
        shoulder adduction 
        shoulder internal rotation 
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5. Hand to lumbar spine.  
 0 = no movement, 1 = movement partially performed, 2 = full range of movement   
 
6. Shoulder flexion 0 to 90 with elbow extension 
 0 = at start arm is immediately abducted or elbow flexed 
 1 = in later movement arm abducts or elbow flexes 
 2 = movement performed normally 
 
7. Shoulder flexion 90 – 180 with elbow extension 
 Score as above for item 6 
 
8. Shoulder abduction 0 to 90 with elbow extension & forearm pronation  
 0 = any attempt at abduction is preceded by elbow flexion and/or forearm supination 
 1 = abduction partially performed or elbow flexes/ forearm supinates during movement 
 2 = movement performed normally 
 
9. Forearm pronation-supination with shoulder 0 & elbow 90 
 0 =shoulder and elbow position not maintained and/or no pronation/supination 

1 = with shoulder & elbow correctly positioned, active pronation/supination even in limited ROM 
2 = movement performed normally 
 

10. Forearm pronation/supination with shoulder flexed 30 - 90 & elbow extended 
Score as above for item 9 
 

 
 
Section B. Wrist  SECTION SCORE 

Wrist can be lightly supported to maintain shoulder/elbow position if required 
1. Wrist stability  

Shoulder at 0, elbow at 90, forearm fully pronated. Wrist raised to 15 dorsiflexion.  
0 = the patient cannot dorsiflex; 1 = dorsiflexion without resistance; 2 = dorsiflexion with slight 
resistance. 

 
2. Wrist stability  

Shoulder flexed, elbow at 0. Wrist dorsiflexed to 15.  
Score as for item 1.  

 
3. Rhythmical wrist movement  

Repeated smooth alternating dorsiflexion-palmarflexion, with fingers partly flexed.  
Arm in position as for item 1.  
0 = no movements; 1 = movement is not smooth and full; 2 = movement is smooth and full.  

 
4. Rhythmical wrist movement  

Arm in position as for item 2. Movement and scoring as in item 3. 
 
5. Wrist circumduction  

0 = no circumduction; 1 = jerky or incomplete circumduction; 2 = good circumduction. 
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Section C. Hand  SECTION SCORE 

1. Finger flexion (mass)  

0 = no flexion; 1 = some but not full flexion; 2 = full active flexion. 
 
2. Finger extension (mass). Score as in item 1. 

 
3. Grasp A (“no thumb”). Start with metacarpophalangeal joints (digits 2-5) extended. 

Flex fingers maintaining metacarpophalangeal extension and thumb extension. 
0 = position cannot be acquired; 1 = weak grasp; 2 = grasp maintained against  
resistance. 
 

4. Grasp B (“paper”). Adduct thumb to index metacarpophalangeal which is held at 0 deg.  

0 = adduction not performed; 1 = paper between thumb and index finger can be held but not 
when tugged; 2 = paper held against a moderate tug. 

 
5. Grasp C. Patient holds pencil between pad of thumb opposed to index finger 

Scores: as for 4. 
 
6. Grasp D. Patient grasps a drink can 

Scores: as for 4. 
 
7. Grasp E. Patient grasps a tennis ball (overhand grasp)  

Scores: as for 4. 
 

 

 

 

 

Grasp A “no thumb” 

 

 

Grasp B “paper” 
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Section D. Coordination/speed  SECTION SCORE 

Finger-to-nose test. Eyes shut. Ask the patient to touch their own nose then point out to the side 
and back to nose (extend elbow as much as possible and touch chest if nose cannot be reached). 
Assess quality and measure time to complete five rapid movements, out and back.   Complete the 
non-paretic side and then paretic side. 

 
Tremor   
0 – marked tremor; 1 – slight tremor; 2 – no tremor. 
 
Dysmetria   
0 – unsystematic dysmetria; 1 – slight dysmetria; 2 – no dysmetria. 
        
Speed   
0 = affected side 6 seconds or more slower than unaffected side 
1 = between 2 and 6 seconds slower 
2 = less than 2 seconds slower  

 

Full elbow extension, touch nose, repeat five times. 

 

If more impaired, can touch chest and extend as far as possible. 

FUGL-MEYER TOTAL SCORE   Shoulder 
Out of 66     Wrist 
      Hand 
      Coordination ____________ 

 

 

 

 

 

Aff. (s) 

Unaff. (s) 
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Appendix 15. Action Research Arm Test 

ACTION RESEARCH ARM TEST 

Set up Remove items from box, put it upright, with handle up and align board 
  Position patient in chair, with back against the back of the chair 
  Fingertips of patient's hand passively extended, palm down 
  Unaffected arm should reach the top of the box when upright (handle up) 

 

 

 

 

 

 

 

Script  Always start and finish each task with your AFFECTED hand palm down, on the table
 I’ll count you down by saying “3, 2, 1, Go” 
 Wait until I say GO to start each task, and put your hand back down when you finish 
 Try to move at your normal speed 
 Try to keep your back against the chair 

Timing Start the stopwatch as you say GO 
 Stop the stopwatch when their hand returns and touches table 

Scale   0 = no movement possible 
 1 = movement partially performed 
  task goal not achieved 
 2 = movement performed, but abnormally 
  task goal achieved, BUT 
  time limit exceeded, and/or 
  patient loses contact with back of chair 
 3 = movement performed normally 
  task goal achieved 
  within time limit 
  contacted maintained with back of chair 
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Task Materials 
Hand Movement Components Arm Movement Components 

and Details 
 
Blocks: displace Hand voluntarily opens to the size 

of the block. Any type of grasp 
involving the thumb and fingers 
in opposition is acceptable. 

a. Forearm is between 
midposition and pronation. 
 
b. Elbow flexed when first 
grasping object and then 
extends to reach top of shelf.  
 
c. Shoulder flexion to reach top  
of the shelf, and shoulder  
stabilization to maintain  
position as object is released  
onto shelf.  
 
d. Thumb and finger extension  
to release the object.  

vertically to shelf 
 
 
 
Cricket ball: displace 

 
Spherical grasp; fingers and  
thumb slightly flexed and  
abducted to the size  
of the ball.  

vertically to shelf 
 
 
 
Sharpening stone: 

 
Lateral grip; sharpening stone is  
between the pad of thumb and the  
radial side of the index finger at or  
near interphalangeal joints.  

displace vertically 
to shelf 
 
2 cups: pour water Cylindrical grasp around cup  a. Forearm pronation to pour, then  

forearm supination to return cup  
to table.  
 
b. Thumb and finger extension to  
release the cup.  

from one cup to another  
  
  

  

 
Alloy tubes: displace Any type of grasp, such as  

3 jaw-chuck pinch, involving  
the pads of the thumb opposed  
with pads of any number of  
fingers in order to grasp the  
alloy tube. 
  
Pincer or 3 jaw-chuck grasp, with 
pads of the thumb and fingers in 
opposition, in order to grasp the 
washer  

 
a. Forearm is between midposition  
and pronation.  
 
b. Elbow is sufficiently extended to  
reach the distal target plank.  
 
c. Shoulder movement and  
stabilization to maintain position  
as object is released. d. Thumb and 
finger extension to release 
tube/washer.  

from starting plank 
to target plank 
 
 
 

Washer: displace 
distally from tin to 
target plank 

Ball bearing, from tin on 
table, vertically 
displaced to tin on shelf  
 
Marble, from tin on 
table, displace vertically 
to tin on shelf 

Opposition of pads of ring finger 
and thumb, middle finger and 
thumb, and index finger and 
thumb, respectively  
 
Opposition of pads of index finger 
and thumb, ring finger and thumb 
and middle finger and thumb, 
respectively  

a. Forearm is between midposition 
and pronation.  
 
b. Elbow flexed when first grasping 
object, then extends to reach top of 
shelf.  
 
c. Shoulder flexion to reach top of 
shelf and shoulder stabilization to 
maintain position as object is 
released.  

Hand from lap to 
various pericranial 
positions 

Palmer side of hand (hand does 
not need to be open) reaches to 
back side of head, to top of head, 
and to mouth, respectively  

a. Forearm pronation and supination.  
 
b. Full elbow flexion  
 
c. Shoulder abduction, flexion, and 
external rotation.  
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Grasp Time limit (sec) Actual time (sec) Score  
Each item must be picked up and placed on the coaster on the shelf 
Hand must start and finish palm down on the table 
10 cm block 4.2   If 3, total = 18, go 

to grip 
2.5 cm block 3.6   If 0, total = 0, go 

to grip 
5 cm block 
 

3.5    

7.5 cm block 
 

3.9   

Ball 
 

3.8   

Stone 
 

3.6   

 
 
 

Grip Time limit (sec) Actual time (sec) Score  
Fill one cup with water to the lower indent to be poured into the other cup  
Each tube and the washer must be picked up and placed on the target peg 
Hand must start and finish palm down on the table 
Pour water cup 
to cup 

7.9   If 3, total = 12, go 
to pinch 

2.25 cm tube 4.2   If 0, total = 0, go 
to pinch 

1 cm tube 
 

4.3    

Place washer 
over bolt 

4.0   
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Pinch Time limit (sec) Actual time (sec) Score  
Each bead must be picked up with the specified finger and thumb 
The bead is dropped or placed into the lid on the coaster 
Hand must start and finish palm down on the table 
Small, ring and 
thumb 

4.4   If 3, total = 18, go 
to gross 

Large, index 
and thumb 

3.8   If 0, total = 0, go 
to gross 

Small, middle 
and thumb 

4.1    

Small, index 
and thumb 

4.0   

Large, middle 
and thumb 

3.8   

Large, ring and 
thumb 

4.1   

 

 
 

Gross Time limit (sec) Actual time (sec) Score  
Hand must start and finish palm down on their lap 

Hand behind 
head 

2.7   If 3, total = 9 

Hand on top of 
head 

2.7   If 0, total = 0 

Hand to mouth 
 

2.4    

 
 
       TOTAL 
       out of 57 
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Appendix 16. Modified Ashworth Scale 
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