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Lay Abstract 
 
The brain plays an important role in collecting sensory information from the environment 

and using that information to guide the movement of our limbs in space. The key structures 

within the brain that are important for this process to occur correctly include the primary 

motor cortex and primary somatosensory cortex. The primary motor cortex is responsible 

for executing movements, while the primary somatosensory cortex is responsible for 

processing tactile information. The connectivity between these two areas is thought to be 

important for integrating incoming sensory information with plans for movement 

execution. This thesis explores how we can accurately assess the activity of these 

sensorimotor connections and why these connections are important for normal human 

function. Therefore, the findings of this dissertation will contribute to our understanding of 

motor control. 
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Abstract 
 
Afferent inhibition is a phenomenon observed when an afferent volley evoked by peripheral 

nerve stimulation inhibits descending corticospinal output. Notably, this phenomenon is 

not observed in special populations exhibiting impairments in cognitive and/or 

sensorimotor function, suggesting that it plays an important role in normal human function. 

The overall goal of this thesis was to contribute new knowledge to the understanding of 

afferent inhibition. This was achieved by investigating the functional relevance of afferent 

inhibition and exploring methods for improving data acquisition. In study 1, I examined 

the relationship between long-latency afferent inhibition (LAI) and sensory afference, and 

determined the optimal stimulation parameters that would evoke maximal LAI. In study 2, 

I sought to determine the underlying neurotransmitter basis of afferent inhibition. The 

results showed that both LAI and short-latency afferent inhibition (SAI) are modulated by 

GABAA receptor activity but not GABAB receptor activity. Study 3 showed that these 

measures of afferent inhibition have poor-to-moderate reliability with moderately high 

levels of within-subject variability. In study 4, I investigated the relationship between 

afferent inhibition and glucose function. I found that ingestion of a glucose bolus does not 

modulate the magnitude or variability of afferent inhibition. In study 5, I explored the role 

of afferent inhibition in motor cortex organization. The results suggest that afferent 

inhibition may not be a mediator of motor cortex reorganization that occurs following 

sensory enrichment. Finally, I proposed a model of the neural pathways underlying SAI 

and LAI that would lead to inhibition of corticospinal output. The findings from this thesis 
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contribute new knowledge to the afferent inhibition literature that will be useful for 

improving future study methodologies and understanding the linkage to human function. 
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 Literature Review 
 
1.1 Sensorimotor Integration 

1.1.1 What is sensorimotor integration? 

Activities of daily living are highly dependent upon the ability to extract relevant sensory 

information from the environment to shape motor output. This process of sensorimotor 

integration takes place across different sensory modalities and neuroanatomical structures 

at cortical, subcortical, and spinal levels (Flanders 2011). Notably, the integration of tactile 

input with corticospinal output is important for generating and executing skilled 

movements (Rabin and Gordon 2004). Blockade of tactile feedback at the fingers with 

anesthesia impairs a range of movements including reach to grasp (Gentilucci et al. 1997), 

typing (Rabin and Gordon 2004), and precision grip (Fisher et al. 2002).  

 

Abnormalities in tactile-motor integration are described in various neurological conditions 

including Parkinson’s disease (PD) (Abbruzzese and Berardelli 2003), Alzheimer’s disease 

(AD) (Terranova et al. 2013), dystonia (Abbruzzese and Berardelli 2003), and stroke 

(Veldman et al. 2015). Therefore, understanding the neurophysiological mechanisms 

underlying sensorimotor interactions is required to learn how its disturbance leads to motor 

impairments. As such, this thesis will be primarily focused on the integration of 

somatosensory input with output from the primary motor cortex (M1).   

 

1.1.2 Overview of the literature review 
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This chapter will begin by reviewing the neuroanatomical pathways that convey afferent 

input to S1 and efferent output from M1, and the non-invasive methods that can be used to 

probe the integrity of these pathways. Next, the non-invasive protocol and indirect 

assessment of sensorimotor integration known as afferent inhibition will be introduced. 

Finally, I will examine the current knowledge surrounding the acquisition of afferent 

inhibition, the underlying neural mechanisms, usefulness in practice and its relevance to 

function. 

 

1.2 Organization of the Sensorimotor System 

1.2.1 Overview of the Cerebral Cortex 

The cerebral cortex is divided into six horizontal layers (Kandel et al. 2007) and is 

functionally regulated by a balance of excitation and inhibition. Excitatory glutamatergic 

pyramidal neurons are located within layers III, V, and VI. Non-pyramidal neurons diverge 

through horizontal projections within the cortex (Molnár and Cheung 2006), and can be 

further subdivided into spiny and smooth stellate cells. Spiny stellate cells, found in layer 

IV, are excitatory glutamatergic neurons (DeFelipe 1997; Jones 1993). Smooth stellate cells 

are inhibitory interneurons that release gamma-aminobutyric acid (GABA) and are found 

within all layers of the cortex but are most abundant in layer II/III (DeFelipe 1997; Jones 

1993). These GABAergic interneurons play a major role in controlling the timing of 

pyramidal neuron firing (Rudy et al. 2011).  
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There are two major types of inhibitory GABA receptors. GABAA receptors are ionotropic, 

meaning they directly open chloride ion channels in response to the binding of GABA 

(McCormick 1989). GABAB receptors are metabotropic, meaning they indirectly open 

potassium channels through a second messenger system (McCormick 1989). Therefore, 

GABAA receptors cause fast-acting inhibitory post-synaptic potentials (IPSPs; ~30 ms) 

while GABAB receptors evoke slower IPSPs (~140 ms) (McCormick 1989).  

 

Acetylcholine (ACh) is also a modulator of GABA and glutamate synaptic transmission 

within the cortex (Metherate and Ashe 1995). ACh binds to muscarinic and nicotinic 

receptors, which are found in neurons that synapse onto pyramidal neurons and 

interneurons (Xiang et al. 1998). It is important to understand the different 

neurotransmitters that interact within the motor and somatosensory cortices because it 

provides insight into how neuronal circuits within the cortex function and eventually 

regulate movement. 

 

1.2.2 The Somatosensory System 

There are four primary mechanoreceptors within the skin, each relaying distinct tactile 

information through mechanically gated ion channels. Slowly adapting mechanoreceptors, 

including Ruffini endings and Merkel cells, convey perception of texture and skin stretch 

(Johnson 2001). Rapidly adapting mechanoreceptors, including Meissner and Pacinian 

corpuscles, respond to skin indentation and vibration (Johnson 2001).  
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These mechanoreceptors are innervated by A𝛽 afferent fiber types, while A𝛼 fibers carry 

proprioceptive information. Transmission of electrical potentials along afferent fibers can 

be quantified through the sensory nerve action potential (SNAP). The SNAP is acquired by 

electrically stimulating a peripheral nerve and recording potentials at a point further along 

the nerve. The amplitude of the SNAP increases with the application of stronger currents, 

reflecting the recruitment of more afferent fibers. Weak stimuli that are barely perceptible 

activate A𝛼 fibers, with progressively increasing stimulation intensities activating A𝛽 

fibers (Kandel et al. 2007). With stronger painful electrical stimulation, A𝛿 and eventually 

unmyelinated C fibers are recruited, which innervate thermoreceptors and nociceptors 

(Kandel et al. 2007).  

 

Afferent fibers from the upper body relay information to the central nervous system through 

the dorsal root ganglion and toward the brain through the cuneate nucleus of the spinal 

dorsal column. Neurons within the dorsal column form the medial lemniscus that 

decussates in the medulla, which then ascends to the ventral posterior nucleus (VPN) of the 

thalamus. Cutaneous input enters the medial and lateral portions of the VPN, painful 

sensory input is processed in the inferior portion, and proprioceptive input enters the 

superior portion. Neurons within the VPN project onto layer IV cells within the primary 

somatosensory cortex (S1), ascending through the internal capsule (Kandel et al. 2007). 

 

S1 contains four cytoarchitectonic areas: Brodmann areas 1, 2, 3a and 3b. Areas 3a and 3b 

receive projections from the lateral and medial zones of the VPN and send projections to 
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areas 2 and 1. Area 3a receives proprioceptive information from muscle spindle afferents 

and area 2 from joint receptors, while 3b and 1 receive afferent input from 

mechanoreceptors (Kaas 1984).  

 

The somatosensory cortex is arranged in a vertical array of cells, or columns, as first 

described by Mountcastle et al. (1957). These columns process discrete thalamic input, 

responding to a specific area of the body. These columns are therefore somatotopically 

organized roughly according to the body’s dermatomes, making up the somatosensory 

homunculus (Mountcastle 1997). Cortical magnification is a defining feature of the 

somatosensory homunculus, as areas of the body with higher tactile acuity (i.e. smaller 

peripheral receptive fields) occupy more space within the homunculus. Intra- and inter-

columnar projections underlie somatosensory processing. Thalamic input is relayed to 

pyramidal and stellate cells of layer IV in S1, which project dorsally to layers II/III. Cells 

within layers II/III have horizontal connections with neighboring columns and send intra-

columnar projections to layer V. Axons within layer V then project out to subcortical areas 

including the basal ganglia, the brainstem and the spinal cord (Kandel et al. 2007).  

 

S1 activity can be non-invasively quantified with electroencephalography (EEG). 

Specifically, the somatosensory evoked potential (SEP) is the electrical activity within S1 

that results from peripheral stimulation. The N20 component of the SEP signals the arrival 

of an afferent volley within S1, and the amplitude of the N20-P25 potential increases with 

greater peripheral nerve stimulation intensities. SEPs evoked by cutaneous nerve 
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stimulation increase until all cutaneous fibers are recruited (Gandevia and Burke 1984). 

However, with progressively stronger mixed nerve stimulation, the N20-P25 potential 

increases and plateaus when 50% of fibers within a mixed nerve bundle are recruited. That 

is, all sensory afferent fibers recruited at this point, corresponding to 50% of the maximum 

SNAP (SNAPmax) amplitude (Gandevia and Burke 1984). 

 

1.2.3 The Motor System 

Early research had suggested that M1, similar to S1, is organized in a columnar fashion that 

results in topographically organized representations of the contralateral side of the body. 

Muscles used for finer motor control occupy greater areas within M1, leading to the 

formation of the motor homunculus (Penfield and Boldrey 1937). However, in more recent 

years, intracortical microstimulation has made it clear that the organization of M1 is more 

complex than previously thought. Representations of adjacent body parts within M1 show 

extensive overlap (Rathelot and Strick 2006). Rather than a map of individual muscles, M1 

is more likely to be a map of synergistic muscle movements (Rathelot and Strick 2006). 

 

Another defining feature of M1 is it’s agranular structure, wherein layer IV is essentially 

non-existent. Unlike other cortical sensory areas, M1 is majorly responsible for output 

rather than processing of sensory input from the thalamus. The lack of a granular layer IV 

in M1 reflects the absence of a major ascending pathway from the periphery (Shipp 2005). 

However, recent evidence does suggest that M1 receives excitatory input from direct 
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thalamocortical inputs onto pyramidal neurons in the border of layer V and layer III, 

reminiscent of layer IV in other sensory cortical areas (Yamawaki et al. 2014).  

 

M1 receives afferent input from intercortical connections through layers II/III and layer VA 

(described in more detail below) (Mao et al. 2011). In the rat motor cortex, intracortical 

microstimulation experiments have revealed that cells within layers II/III show excitatory, 

reciprocal connections to layer V pyramidal cells (Otsuka and Kawaguchi 2008). Further, 

layer V pyramidal cells show reciprocal intralaminar connections to fast-spiking inhibitory 

interneurons, thought to shape the output from M1 (Otsuka and Kawaguchi 2009). 

 

Pyramidal tract neurons in layer V, or upper motor neurons, form the beginning of the 

descending corticospinal tract. These upper motor neurons descend ipsilaterally through 

the internal capsule, the cerebral peduncles of the midbrain, the pons, and medulla. At the 

pyramidal decussation of the caudal medulla, most fibers cross the midline to form the 

lateral corticospinal tract, while the rest remain uncrossed to form the anterior corticospinal 

tract. The lateral corticospinal tract is responsible for motor control of the extremities while 

the anterior corticospinal tract controls axial muscles. Upper motor neurons of the lateral 

corticospinal tract synapse on lower motor neurons within the ventral horn of the spinal 

cord. These lower motor neurons exit the spinal cord ventrally through the spinal root, 

sending impulses peripherally to the neuromuscular junction which are transmitted to 

muscle fibers, resulting is muscle contraction (Kandel et al. 2007). 
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The seminal work by Barker et al. (1985) introduced the technique of Transcranial 

magnetic stimulation (TMS) to non-invasively probe the corticospinal tract. When 

performing TMS, an electric current is passed through a conducting coil that is placed over 

the scalp which in turn, induces a magnetic field perpendicular to the coil. A secondary 

electric field is then induced perpendicularly to this magnetic field, which causes the 

depolarization of cortical neurons (Hallett 2007).  

 

Evidence of the neural populations activated by TMS comes from epidural recordings. 

Following a pulse of TMS to M1, two types of action potential volleys descending through 

the corticospinal tract can be measured in the epidural space: direct waves (D-waves) and 

indirect waves (I-waves). At low-moderate stimulation intensities, TMS is only able to 

depolarize superficial cortical layers, which results in the occurrence of I-waves. I-waves 

reflect the indirect, trans-synaptic activation of pyramidal neurons through superficial 

intracortical interneurons (Di Lazzaro et al. 2012b). As the TMS intensity increases, more 

I-waves are observed (I1-I4), indicating the activation of more intracortical interneurons 

before activation of the corticospinal tract (Di Lazzaro et al. 2012b). At very high TMS 

intensities, the magnetic field can penetrate deeper into the cortex and directly activate the 

pyramidal output neurons in M1, reflected by a D-wave in the epidural space (Di Lazzaro 

et al. 2012b). 

 

Overall, TMS can be used to assess the excitability of the corticospinal tract. Following a 

single pulse of TMS to M1, the upper and lower motor neurons in the corticospinal tract 
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will be depolarized, leading to a twitch in the muscle of interest. This muscle response is 

known as a motor-evoked potential (MEP), and the amplitude of this response can be 

recorded using electromyography (EMG). The lowest TMS intensity that can evoke a MEP 

of ³50 µV in 5 out of 10 trials is known as the resting motor threshold (RMT). RMT is an 

indicator of the excitability of the lowest threshold neurons within M1. The amplitude of 

the MEP is an indicator of corticospinal excitability. At a set TMS intensity, greater MEP 

amplitudes reflects greater corticospinal excitability. Increasing TMS intensity will lead to 

an increase in MEP amplitudes in a sigmoidal fashion (Devanne et al. 1997), and the 

sigmoidal relationship reflects the recruitment profile of motor neurons within the 

corticospinal tract. TMS has been used extensively over the past three decades to study the 

neuronal circuitry within the cortex, to induce neuroplasticity, and to understand the 

pathophysiology of neurological injury and disease.  
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Figure 1.1: TMS schematic 
A transcranial magnetic stimulation (TMS) coil is held over the left primary motor cortex 
(M1), eliciting a motor-evoked potential (MEP) that is recorded from the right first dorsal 
interosseous (FDI) muscle with surface electromyography (EMG). 
 
 
1.2.4 Integration of the two anatomical systems (M1-S1 connectivity) 

Multiple lines of evidence have shown that M1 and S1 are extensively interconnected. 

Optogenetic studies in rodents show that reciprocal connections exist between M1 and S1. 

S1 primarily projects to M1 through layers II/III and layer VA (Mao et al. 2011) while M1 

projects to S1 through layer 1 and layers V/VI (Veinante and Deschênes 2003). These 

connections are organized in a somatotopic fashion, such that the same body part 

representations are connected between M1 and S1 (Izraeli and Porter 1995; Kaneko et al. 

1994). 
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Electrical stimulation of infragranular S1 evokes excitatory post-synaptic potentials 

(EPSPs) in M1 measured through whole-cell recordings (Rocco-Donovan et al. 2011). 

These projections innervate both pyramidal neurons and inhibitory neurons in M1 (Caria 

et al. 1997; Rocco-Donovan et al. 2011; Rosén and Asanuma 1972). S1 may also have an 

inhibitory influence over M1, as lesions of S1 have subsequently led to increased 

excitability within M1 (Domenech et al. 2013; Harrison et al. 2013).  

 

Modulation of S1 activity also induces neuroplasticity within M1. For example, lesions of 

monkey S1 in the forelimb or hindlimb areas induces degeneration of the corresponding 

representation in M1 (Jones and Powell 1969). Alternatively, upregulation of activity 

through tetanic stimulation of S1 induces long-term potentiation (LTP) within layers II/III 

of M1 (Keller et al. 1990).  

 

The neural connections between M1 and S1 are important for motor control and learning. 

In animal models, induced lesions to S1 impair motor learning (Pavlides et al. 1993), gross 

(Gerlai et al. 2000; Kleim et al. 2007) and fine motor function (Brinkman et al. 1985; 

Hikosaka et al. 1985). In humans, excitatory repetitive TMS (rTMS) applied to S1 improves 

motor learning in individuals with chronic stroke (Brodie et al. 2014) and inhibitory rTMS 

over S1 impairs motor learning in healthy individuals (Vidoni et al. 2010). Further, 

prolonged electrical stimulation of peripheral nerves within the hand enhances motor skill 

acquisition in healthy individuals (Veldman et al. 2015, 2016) and in individuals with 

stroke (Celnik et al. 2007; Conforto et al. 2007; Wu et al. 2006). 
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Sensorimotor interactions can be observed through the process of afferent inhibition. 

Afferent inhibition is a phenomenon whereby a sensory afferent volley inhibits the motor 

output to a given muscle. This is observed when peripheral nerve stimulation is delivered 

prior to a pulse of TMS delivered to M1, resulting in inhibition of the MEP. This inhibitory 

phenomenon is observed at short interstimulus intervals (ISIs) of ~20-25 ms (Tokimura et 

al. 2000) and long ISIs of 200-1000 ms (Chen et al. 1999) between peripheral nerve 

stimulation and TMS. These time-dependent phases are known as short-latency afferent 

inhibition (SAI) and long-latency afferent inhibition (LAI), respectively. SAI is the result 

of afferent input suppressing late I2- and I3-waves (Tokimura et al. 2000), whereas the I-

wave modulation underlying LAI has yet to be investigated. 
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Figure 1.2: Schematic of afferent inhibition 
A) Short-latency afferent inhibition (SAI) and long-latency afferent inhibition (LAI) are 
evoked by delivering peripheral nerve stimulation prior to transcranial magnetic 
stimulation (TMS) of the primary motor cortex (M1). The magnitude of inhibition is 
calculated as the ratio between the amplitude of the conditioned motor-evoked potential 
(MEPconditioned; evoked by paired nerve stimulation and TMS) and the amplitude of the 
unconditioned MEP (MEPunconditioned; evoked by TMS alone). B) Graph shows the afferent 
inhibition ratio as a function of interstimulus interval (ISI). SAI is observed at ISIs of ~20-
25 ms and LAI is observed at ISIs of ~200-1000ms. Inhibition corresponds to data below 
the dotted line. This graph is based off of data from Tokimura et al. (2000), Devanne et al. 
(2009), and Chen et al. (1999). 
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There are a number of notable gaps in the literature that limits the usefulness of SAI and 

LAI in a practical setting. In the following sections of this literature review, I will discuss 

the past two decades of research surrounding SAI and LAI, and highlight the gaps that 

should be addressed in future research. 

 

1.3 Afferent Inhibition 

1.3.1 Methodological parameters of afferent inhibition 

The magnitude of both SAI (Ni et al. 2011; Udupa et al. 2009) and LAI (Kukaswadia et al. 

2005) decrease as a function of increasing TMS intensity. As TMS intensity is increased, a 

larger volume of cortical pyramidal neurons is activated, as shown by an increase in the 

MEP amplitude (Devanne et al. 1997). Therefore, the afferent volley evoked by nerve 

stimulation would be less capable of exerting an inhibitory influence over a larger 

population of corticospinal neurons targeted by increasing TMS intensity. 

 

Mixed nerve bundles contain both afferent and efferent fibers, including afferents 

originating from muscle spindles, joint receptors, and cutaneous mechanoreceptors. 

However, cutaneous nerves originate solely from cutaneous mechanoreceptors. Stimulation 

of mixed versus cutaneous nerves actives different cytoarchitectonic areas. Despite these 

differences, stimulation of mixed or cutaneous nerves yields similar magnitudes of SAI 

(Bailey et al. 2016; Tamburin et al. 2005) and LAI (Abbruzzese et al. 2001; Chen et al. 

1999).  
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The magnitude of SAI increases as nerve stimulation intensity is increased. However, the 

relationship between SAI and afferent fiber recruitment is dependent upon the type of nerve 

stimulated. Specifically, as nerve stimulation intensity is increased, SAI increases 

concomitantly with the SNAP amplitude recorded from the median nerve at the elbow and 

plateaus when presumably all sensory afferents have been recruited. For the cutaneous 

digital nerve, SAI acquired from the first dorsal interosseous (FDI) muscle increases until 

the 50% SNAPmax (i.e. when 50% of the cutaneous nerve bundle is recruited) (Bailey et al. 

2016). The SNAP evoked by mixed median nerve stimulation reflects activation of both 

afferents and efferent fibers. Growth in the SNAP amplitude beyond 50% SNAPmax (i.e. 

when 50% of the median nerve bundle is recruited) reflects antidromic activation of motor 

efferents (Bailey et al. 2016). As such, SAI evoked by mixed nerve stimulation increases 

as the SNAP amplitude increases, but plateaus once 50% SNAPmax is reached (Bailey et al. 

2016). Therefore, for both mixed and cutaneous nerve types, maximal SAI is achieved at 

nerve stimulation intensities corresponding to 50% SNAPmax. Notably, the relationship 

between LAI and afferent fiber recruitment has yet to be investigated. 

 

1.3.2 Pharmacology of afferent inhibition 

The use of pharmacology in TMS literature has provided considerable knowledge of the 

neural mechanisms that underlie various TMS measures. In these studies, known as 

pharmaco-TMS studies, a TMS measure is assessed before and after the administration of 

a drug with a known mode of action within the central nervous system. Changes in the TMS 
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measure following drug administrated would indicate that the neural circuit being probed 

is mediated by the neurotransmitter or neurotransmitter receptor targeted by the drug. 

 

Pharmaco-TMS studies have led to the discovery that MEPs are regulated by glutamate and 

GABA as ketamine, an N-methyl-D-aspartate (NMDA) antagonist, increases MEP 

amplitudes (Di Lazzaro et al. 2003) and benzodiazepines, positive allosteric modulators of 

the GABAA receptor, decrease MEP amplitudes (Boroojerdi et al. 2001). Furthermore, 

noradrenaline and serotonin agonists both increase MEP amplitudes, suggesting that these 

neurotransmitters are also involved in the modulation of corticospinal output (Boroojerdi 

et al. 2001; Ilić et al. 2003). 

 

It is well known that ACh plays an important role in the generation of SAI. In their seminal 

paper, Di Lazzaro et al. (2000b) found that intravenous injection of scopolamine, a 

muscarinic antagonist, reduces SAI. A subsequent investigation found that 

acetylcholinesterase inhibitors increase SAI (Di Lazzaro et al. 2005c). Nicotine, a 

neuromodulator of cholinergic activity, has also been found to modulate SAI. In non-

smoking individuals, administration of nicotine increases SAI (Grundey et al. 2013). 

Further, SAI is greater in smoking compared to non-smoking individuals (Lang et al. 2008). 

 

Di Lazzaro et al. (2007a) investigated the role of the GABAA receptor in SAI through the 

administration of various benzodiazepines. Benzodiazepines upregulate GABAA receptor 

activity through the benzodiazepine binding site (Sieghart 1995). Diazepam had no effect 
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on SAI, while lorazepam and zolpidem reduced SAI (Di Lazzaro et al. 2007a). Diazepam 

binds non-selectively to GABAA receptors containing 𝛼1, 𝛼2, 𝛼3, or 𝛼5 subunits (Möhler 

2002; Möhler et al. 2004). Alternatively, zolpidem has high affinity for the 𝛼1 subunit, 

while the affinity profile of lorazepam is unknown (Möhler 2002; Möhler et al. 2004). 

Therefore, the results by Di Lazzaro et al. (2007a) suggest that SAI is mediated by GABAA 

receptors containing the 𝛼1 subunit.  

 

Finally, recent research has shown that SAI is reduced following acute or chronic 

administration of reboxetine, a noradrenaline reuptake inhibitor (Kuo et al. 2017). In human 

cortical slices, noradrenaline has been shown to inhibit the release of ACh (Vizi and Pasztor 

1981). This may suggest that the reduction in SAI following reboxetine administration is 

the result of noradrenergic-induced suppression of cholinergic activity. 

 

Importantly, the neurotransmitter or neurotransmitter receptors that underlie LAI are 

unknown. Only one study to date has investigated the neurotransmitter basis of LAI. This 

study found that administration of lorazepam had no effect on LAI (Teo et al. 2009). 

However, this study acquired LAI at the ISI of 100 ms rather than 200 ms, when LAI is 

maximal (Chen et al. 1999) and consistently present (Sailer et al. 2002). Therefore, an 

additional investigation is warranted to determine if LAI is modulated by GABAA receptor 

activity.  
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Other TMS research suggests that LAI is modulated by GABAB receptor activity. 

Specifically, LAI inhibits long-interval intracortical inhibition (LICI) (Sailer et al. 2002, 

2003). LICI is a TMS measure that is acquired when two suprathreshold pulses of TMS are 

delivered to M1 with a temporal separation of 50-200 ms (Valls-Solé et al. 1992). 

Administration of baclofen, a GABAB receptor agonist, increases LICI (McDonnell et al. 

2006). This suggests that LICI is mediated by GABAB receptor activity. This is likely since 

GABAB receptors result in slower IPSPs, corresponding to the longer ISIs used for LICI 

(Douglas and Martin 1991). Therefore, a future study should investigate whether LAI is 

reflective of GABAB receptor activity. 

 

1.3.3 Is afferent inhibition useful in practice? 

SAI and LAI are abnormally reduced in various clinical populations. SAI is typically 

reduced in cognitively impaired populations such as AD (Di Lazzaro et al. 2004, 2006, 

2007b, 2008; Marra et al. 2012; Martorana et al. 2009; Nardone et al. 2006), vascular 

dementia (Nardone et al. 2008b, 2011), dementia with Lewy bodies (Marra et al. 2012), 

and mild cognitive impairment (Nardone et al. 2012a; Tsutsumi et al. 2012a). Further, SAI 

is reduced in movement disorders such as PD (Lim et al. 2017; Pelosin et al. 2016; 

Rochester et al. 2012) and dystonia (Avanzino et al. 2008) and following neurological 

injury including stroke (Oliviero et al. 2005) and spinal cord injury (Bailey et al. 2015). 

LAI is also impaired in movement disorders such as PD (Sailer et al. 2003) and dystonia 

(Richardson et al. 2009), although it is unknown if LAI is also reduced in cognitively 

impaired populations. For a comprehensive list of studies investigating SAI and LAI in 
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clinical populations, see Table 2 in Turco et al. (2018b). Overall, these findings suggest 

that measures of afferent inhibition may prove to be useful biomarkers of function. Indeed, 

recent studies have shown the potential of SAI as a tool for differential diagnosis of various 

forms of dementia (Benussi et al. 2017) and mild cognitive impairment (Padovani et al. 

2018) subtypes.  

 

In order to achieve greater utility of SAI/LAI in both basic and clinical neuroscience 

settings, further information regarding the reliability and confounding factors that 

contribute to the variability in these measures is required. Importantly, rigorous reliability 

testing within the field is sparse. This is concerning, considering that the validity of a testing 

technique is dependent on the outcome measure being characterized by low systematic and 

random error. Only one study has assessed the test-retest reliability of median nerve-evoked 

SAI and reported a moderate reliability with an Intraclass Correlation Coefficient of 0.67 

(Brown et al. 2017). However, as discussed earlier, mixed versus cutaneous nerve 

stimulation leads to activation of different Brodmann areas within S1. It is unknown if the 

test-retest reliability of SAI is dependent upon the type of nerve stimulated. Further, the 

reliability of LAI has yet to be investigated. 

 

In order to improve the reliability of these measurement techniques, confounding factors 

should be controlled to minimize measurement error. One factor that may contribute to 

quality of TMS research is diet. Despite comprising only 2% of body mass, the brain 

consumes 20% of the body’s glucose-derived energy (Mergenthaler et al. 2013). Glucose 
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is required for many aspects of neurotransmission including generation of action potentials, 

maintenance of ionic gradients, and neurotransmitter synthesis (Mergenthaler et al. 2013). 

However, despite the importance of glucose in neural function, its role in sensorimotor 

integration is unclear.  

 

Several studies have investigated the influence of glucose and carbohydrates on TMS 

measurements. Specterman et al. (2005) assessed MEPs before and after ingestion of 

Lucozade, an energy drink containing 68 g of glucose and 46 mg of caffeine. Participants 

were also administered control solutions in three additional sessions, which includes a 

caffeine only drink, a glucose only drink, and water. MEP area increased following 

ingestion of Lucozade, caffeine and glucose ingestion. However, only the glucose condition 

induced an increase in MEP area that persisted for as long as two hours, and this increase 

was correlated with the rise in blood glucose levels (Specterman et al. 2005). 

 

In healthy controls, Badawy et al. (2013) assessed changes in cortical and corticospinal 

excitability following ingestion of a meal, which induced a significant rise in blood glucose 

levels. Meal ingestion reduced LICI, with no change in the resting motor threshold 

(Badawy et al. 2013). These results suggest that feeding induces an reduction in 

intracortical inhibition. Finally, Gant et al. (2010) assessed active MEPs (i.e. MEPs 

acquired during voluntary contraction) before and after ingestion of a carbohydrate solution 

in a placebo-controlled, double-blinded protocol. Active MEP amplitudes increased by 
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~30% following ingestion of the carbohydrate solution compared to the placebo (Gant et 

al. 2010).  

 

It is unknown whether glucose levels modulate afferent inhibition. Research in the rat 

cortex has shown that glucose upregulates the activity of the GABAA receptor (Anju et al. 

2010). Given that upregulated GABAA receptor activity reduces SAI (Di Lazzaro et al. 

2005b, 2005a, 2007a), this may suggest that elevated glucose levels have an inhibitory 

effect on SAI. Further, populations that exhibit impaired afferent inhibition also 

demonstrate abnormal glucose metabolism. For example, those with AD display reduced 

cerebral glucose metabolism, and those with PD show cortical hypometabolism with 

subcortical hypermetabolism of glucose (Mergenthaler et al. 2013). It is important to 

explore the influence of confounding factors such as diet and glucose levels on afferent 

inhibition so as to minimize both inter- and intra-individual variability in these measures. 

This will ultimately optimize the acquisition of these measures and aid in their clinical 

utility as diagnostic tools and biomarkers of function.  

 

1.3.4 Relationship between afferent inhibition and sensorimotor function 

The relationship between afferent inhibition and motor function remains unclear. Afferent 

inhibition is reflective of the inhibitory control that the somatosensory system has on the 

corticospinal tract and as such, it can be used as a proxy for understanding the role of 

sensory input on modulating motor output (Turco et al. 2018b). However, the nature of this 
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modulation is unclear. Afferent circuits are hypothesized to exert their inhibitory effects on 

motor output via GABAergic mechanisms (Di Lazzaro et al. 2007a; Turco et al. 2018a).  

 

Evidence suggests that afferent inhibition modulates motor output at the cortical level in a 

centre-surround fashion. For example, afferent inhibition in the hand is stronger following 

homotopic stimulation (stimulation near target muscle) versus heterotopic stimulation 

(stimulation distant from target muscle) (Classen et al. 2000; Tamburin et al. 2001; Voller 

et al. 2005, 2006). One recent investigation showed that electrical stimulation shapes 

corticospinal output by inducing centre-inhibition and surround-facilitation, such that the 

location where TMS evoked the strongest SAI corresponded to the representation of the 

hand muscle that was homotopic to the nerve that was electrically stimulated (Dubbioso et 

al. 2017). Indeed, neuroimaging studies in humans have shown that long-range projections 

from S1 innervate M1 in a somatotopic manner (Izraeli and Porter 1995; Kaneko et al. 

1994). 

 

It is unknown if afferent inhibition modulates motor cortex organization. Previous work 

suggests that cortical representations are under GABAergic control (Jacobs and Donoghue 

1991). Temporary deafferentation of the forearm with ischemic nerve blocks induce an 

enlargement of M1 representations for muscles proximal to the nerve block (Brasil-Neto et 

al. 1992, 1993; Ridding and Rothwell 1995; Werhahn et al. 2002). This is accompanied by 

a decrease in the amplitude of the N20 (Hayashi et al. 2019) and P25 (Mercier et al. 2018) 

SEP potentials and a rapid increase in sensorimotor cortical GABA levels (Levy et al. 
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2002). Given that SAI is directly related to the amplitude of the N20-P25 potential  (Bailey 

et al. 2016) and is reduced by GABAA receptor agonists (Di Lazzaro et al. 2007a), this may 

indicate that the resulting enlargement of muscle representations following ischemic nerve 

block is mediated by a release of afferent inhibition (Vallence et al. 2012b).  

 

Evidence that afferent inhibition plays a role in M1 organization may also be speculated 

from studies in PD. Individuals with PD display impaired SAI and LAI (Dubbioso et al. 

2019; Sailer et al. 2003) and, interestingly, shifted and enlarged representations of hand 

muscles compared to healthy controls (Filippi et al. 2001; Thickbroom et al. 2006). It is 

possible that the neurodegenerative changes that accompany this disease may impair 

inhibitory sensorimotor circuitry, leading to dynamic reorganisation in M1 and overactivity 

of motor cortical circuitry (Thobois et al. 2000; Valls-Solé et al. 1994).  

 

Finally, the relationship between afferent inhibition and cutaneous function remains 

unclear. Cutaneous sensory enrichment is achievable using somatosensory electrical 

stimulation (SES) applied to the digits. SES refers to the prolonged stimulation of a 

peripheral nerve via electrical or mechanical stimulation (Lesemann et al. 2015). SES 

enhances temporal (Erro et al. 2016; Rocchi et al. 2017) and spatial tactile acuity of the 

digit (Lesemann et al. 2015) and increases the size of the digit representation in S1 (Hodzic 

et al. 2004; Pleger et al. 2003). Further, SES increases paired-pulse inhibition of SEPs and 

short-interval intracortical inhibition (SICI), suggesting an increase in inhibition within S1 

and M1 (Rocchi et al. 2017).  Kojima et al. (2018, 2019) found that 20 minutes repetitive 
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mechanical stimulation of the entire index fingertip temporarily decreases MEPs within the 

FDI muscle of the same hand. Therefore, mechanical stimulation of the digit tip can induce 

an inhibitory influence over the corticospinal tract. Overall, this research demonstrates that 

manipulation of sensory afferents through cutaneous sensory enrichment is capable of 

inducing neuroplastic changes in the somatosensory and motor pathways. However, no 

study has investigated the impact of cutaneous sensory enrichment on M1 organization. 

Further, it is unknown if cutaneous sensory enrichment modulates afferent inhibition. 
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 Thesis Overview 
 

2.1 Goals and impact of the thesis 

Afferent inhibition is a phenomenon that can be observed when pairing peripheral nerve 

stimulation with Transcranial magnetic stimulation (TMS). Depending on the latency 

between these two stimuli, short-latency afferent inhibition (SAI) or long-latency afferent 

inhibition (LAI) can be observed.  

 

Multiple studies over the past two decades have shown that the magnitude of inhibition is 

significantly reduced in various populations with cognitive and sensorimotor impairments, 

most notably in Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Turco et al. 

2018b). Therefore, afferent inhibition may have potential clinical utility such that it can be 

used as a biomarker for sensorimotor and/or cognitive function, to further understand the 

pathophysiology of these conditions, and to develop new therapeutic strategies. However, 

before this clinical utility can be achieved, there are several unanswered questions at the 

basic neuroscience level that must be addressed.  

 

The overall goal of the thesis is to further our knowledge of afferent inhibition by 

addressing two main questions: (1) What is the functional relevance of afferent inhibition, 

and (2) How can the acquisition of afferent inhibition be optimized? I address these 

questions through a series of experiments that explore the neurophysiological, 

neurometabolic, and neuroplastic mechanisms that interact with afferent inhibition. The 
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studies within the thesis have additional implications in providing insight into the neural 

pathways that underly afferent inhibition. 

 

2.2 Summary of studies 

Chapter 3 (Study 1) will investigate the relationship between LAI and the sensory nerve 

action potential. As discussed in the previous chapter, SAI scales with the volume of 

sensory afference recruited by peripheral nerve stimulation (Bailey et al. 2016). However, 

it is unknown if the magnitude of LAI is also dependent on the volume of sensory afference.  

 

Chapter 4 (Study 2) will address the pharmacology of afferent inhibition. As discussed in 

the previous chapter, SAI is modulated by GABAA receptor activity (Di Lazzaro et al. 

2005b, 2005a, 2007a). However, it is unknown if (1) LAI is also modulated by GABAA 

receptor activity, or (2) if SAI/LAI are modulated by GABAB receptor activity. 

 

Chapter 5 (Study 3) will quantify the test-retest reliability of afferent inhibition. One 

previous study found that SAI has moderate relative reliability (Brown et al. 2017). 

However, the test-retest reliability of LAI in a healthy population remains unknown. 

Further, it is unknown if the reliability of SAI and LAI differs when evoked by stimulating 

different nerve types. 

 

Chapter 6 (Study 4) will investigate the role of glucose in afferent inhibition. Given the 

significant amount of inter- and intra-individual variability in afferent inhibition, it is 
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unknown if factors such as diet or glucose levels contribute to this variability. Therefore, 

this study will determine whether or not afferent inhibition is modulated by glucose, and if 

glucose levels should be accounted for prior to experimental sessions.  

 

Chapter 7 (Study 5) will address the role of afferent inhibition in sensorimotor 

neuroplasticity. Somatosensory electrical stimulation (SES) is a neuroplasticity-inducing 

protocol that has been shown to temporarily enlarge muscle representations within M1. 

This study will investigate the change in afferent inhibition following SES and assess the 

relationship between afferent inhibition and M1 reorganization. This study will also 

provide valuable information regarding the somatosensory system’s role in governing M1 

organization and the cortical mechanisms underlying sensorimotor integration. 
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 Study 1 
 

Modulation of Long-Latency Afferent Inhibition by the Amplitude of 
the Sensory Afferent Volley 

 
Turco, C.V., El-Sayes, J., Fassett, H.J, Chen, R., & Nelson, A.J. (2017). Modulation of 
long-latency afferent inhibition by the amplitude of sensory afferent volley. Journal of 
Neurophysiology, 118, 610-618. 
 
3.1 Introduction 

Sensorimotor integration may be investigated by quantifying the influence of peripheral 

somatosensory inputs on corticospinal excitability using transcranial magnetic stimulation 

(TMS) paired with preceding nerve stimulation. A single pulse of TMS delivered to the 

primary motor cortex (M1) results in a motor evoked potential (MEP) in the muscle of 

interest, which reflects the integrity of the corticospinal tract (Bestmann and Krakauer 

2015). Peripheral nerve stimulation applied at specific interstimulus intervals (ISIs) prior 

to the TMS pulse results in MEP inhibition or facilitation. Short-latency afferent inhibition 

(SAI), a circuit mediated by GABAA and acetylcholine receptors (Di Lazzaro et al. 2000b, 

2007a), occurs when the TMS pulse follows median or digital nerve stimulation by ~19-21 

ms (Tokimura et al. 2000). Median nerve afferent facilitation is observed at ISIs ranging 

from 45-70 ms (Devanne et al. 2009). However, at longer ISIs ranging from ~200-1000 

ms, both median and digital nerve stimulation inhibit MEPs, a circuit called long-latency 

afferent inhibition (LAI) (Chen et al. 1999). 

 

LAI occurs through the conditioning of corticospinal output by stimulation of the cutaneous 

digital nerve (DN) or the mixed median nerve (MN) (Chen et al. 1999; Sailer et al. 2003). 
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Peripheral nerve stimulation activates the primary somatosensory (S1), bilateral secondary 

somatosensory (S2), and contralateral posterior parietal (PPC) cortices (Boakye et al. 2000; 

Korvenoja et al. 1999). Therefore, the sensory afferent volley is thought to indirectly inhibit 

M1 through mechanisms involving the widespread activation of sensory areas (Chen 2004; 

Sailer et al. 2002, 2003). LAI is altered in clinical populations with sensory deficiencies 

including Parkinson’s disease (Sailer et al. 2003, 2007) and focal hand dystonia 

(Abbruzzese et al. 2001; Richardson et al. 2009) further implicating the involvement of 

sensory areas in the genesis of LAI. LAI is also reduced following the resolution of pain 

(Burns et al. 2016) and in those with complex regional pain syndrome (Morgante et al. 

2017). In healthy individuals, LAI has been shown to enhance surround inhibition, a 

process that may contribute to movement accuracy through the suppression of non-moving 

muscles (Voller et al. 2005). Further research is required to explore the functional 

significance of the LAI circuit. It is speculated that LAI is of cortical origin since spinal F-

waves are unchanged during the acquisition of median nerve LAI (Chen et al. 1999). 

However, the precise neural mechanism and pharmacological basis of the LAI circuit 

remains unknown.  

 

Little is known about the relationship between the magnitude of the sensory afferent volley 

and the depth of LAI. For DN, LAI is greatest at a stimulation intensity of three times the 

sensory threshold (ST) for detection of the electrical stimulus and plateaus at higher nerve 

stimulation intensities (Chen et al. 1999). However, it remains unclear how the depth of 

LAI relates to the sensory afferent volley, a measure that is achievable by recording the 
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peripheral sensory nerve action potential (SNAP) that follows nerve stimulation. To date, 

no studies have examined the relationship between the SNAP amplitude and the magnitude 

of LAI for either the DN or MN. In contrast, the SAI circuit evoked by DN and MN is 

reported to increase until full recruitment of sensory afferent fibers (Bailey et al. 2016). 

 

The magnitude of LAI may also be influenced by the intensity of TMS delivered to M1. 

LAI decreases when the TMS intensity is increased from 1 mV to 4 mV (Kukaswadia et al. 

2005; Sailer et al. 2002). However, the magnitude of LAI does not change with TMS 

intensities ranging from 0.2 mV to 1 mV (Kukaswadia et al. 2005; Sailer et al. 2002). Two 

TMS intensities were used in this study, 0.5 mV and 1 mV. Therefore, while the magnitude 

of LAI should not differ between these two TMS intensities, the influence of the sensory 

afferent volley on MEP amplitude may be dependent on the TMS intensity and therefore 

impact the relationship between SNAP and LAI magnitude. 

 

The present study explores the relationship between the sensory afferent volley and LAI 

for the cutaneous DN and the mixed MN at two TMS intensities. One study has 

demonstrated ipsilateral MN evoked LAI (Chen et al. 1999), yet it remains unclear whether 

ipsilateral DN evoked LAI exists, and whether the magnitude of LAI reflects the sensory 

afferent volley. Therefore, we also investigated the relationship between DN and MN LAI 

and SNAPs when nerve stimulation was delivered to the ipsilateral limb (i.e. ipsilateral to 

the delivery of the TMS pulse). Our results indicate that the magnitude of contralateral MN 

LAI increases until all sensory fibers are presumably recruited as assessed with the SNAP 
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(i.e. ~ 50% SNAPmax) (Bailey et al. 2016) and follows a U-shaped function, a relationship 

that is contingent on the TMS intensity. In contrast, contralateral DN LAI first appears, is 

maximum and plateaus by ~50% SNAPmax, and this relationship is unaltered by the TMS 

intensities tested. LAI was evoked following ipsilateral MN but not DN stimulation. This 

study provides insight about the neural mechanisms mediating LAI and offers practical 

implications for studies assessing sensorimotor integration using this circuit. 

 

3.2 Methods 

Participants 

Young, right-handed individuals participated in one (Experiment 1: n = 20; 15 females; 

23.4 ± 5.2 years) or two (Experiment 2: n =18; 14 females; 23.2 ± 5.5 years) experiments. 

All individuals were screened for contraindications to TMS, completed a modified 

handedness questionnaire (Oldfield 1971), and provided written consent prior to 

participation. The research was approved by the McMaster Research Ethics Board and 

conformed to the declaration of Helsinki. 

 

Electromyography 

In experiment 1, surface electrodes (9 mm Ag-AgCl electrodes) were used to record EMG 

from the right limb including the first dorsal interosseous (FDI) and abductor pollicis brevis 

(APB) muscles, and SNAP from the MN at the elbow proximal to the medial epicondyle. 

In experiment 2, EMG was recorded from the right FDI muscle and SNAP from the MN 

on the left arm. A wet ground was secured around the forearm, distal to the elbow. EMG 
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recordings were amplified 1000x (Intronix Technologies Corporation Model 2024F, 

Bolton, Canada) and band-pass filtered between 20 Hz and 2.5 kHz. Using an analog-to-

digital interface (Power1401, Cambridge Electronics Design, Cambridge, UK), data were 

digitized at 5 kHz and analyzed using commercial software (Signal v6.02, Cambridge 

Electronics Design, Cambridge, UK).  

 

TMS Parameters 

TMS was performed using a customized figure-of-eight “branding iron” coil (50 mm 

diameter), connected to a Magstim 2002 stimulator (Magstim, UK) and delivered to the left 

hemisphere. Specifically, the coil was positioned over the motor hotspot of the right FDI 

muscle. The motor hotspot was identified as the location that elicited the largest MEP in 

the relaxed FDI with the coil orientated at a 45-degree angle from the sagittal plane to 

induce a posterior-anterior current. The location of the motor hotspot was registered 

digitally using the Brainsight Neuronavigation system (Rogue Research, Canada). The ISI 

between the nerve stimulus (NS) and TMS pulse was set to 200 ms (Chen et al. 1999). 

 

Sensory Nerve Action Potentials (SNAPs) 

SNAPs were recorded from the MN at the elbow (described above) from the right 

(Experiment 1) or left (Experiment 2) limb. For MN stimulation, SNAPs were elicited using 

a bar electrode placed over the MN at the wrist with cathode proximal using a constant 

current stimulator (Digitimer DS7AH; square wave pulses 0.5 ms, 2 Hz). To determine 

SNAPmax, the starting nerve stimulation intensity was set to the motor threshold (MT) for 
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the APB muscle. MT was defined as the minimum intensity (in mA) required to evoke a 

visible twitch in the APB muscle belly. Fifty stimuli were delivered and the peak-to-peak 

amplitude of the averaged SNAP was quantified. This procedure continued in stepwise 

increments of 2 mA until SNAPmax was achieved. The SNAPmax was defined as the intensity 

(in mA) at which the SNAP ceased to increase by 10% in three consecutive blocks of fifty 

trials. Following the acquisition of SNAPmax, the current was lowered until the following 

amplitudes of SNAP were found: 25%, 50%, and 75% SNAPmax (i.e. until the averaged 

SNAP amplitude after fifty trials matched the amplitude corresponding to approximately 

25%, 50%, or 75% SNAPmax). Following this procedure, participants rated the sensation of 

the nerve stimulus on a scale of mild, moderate, strong, or painful for each of the four 

intensities (25%, 50%, 75%, 100% SNAPmax). If the sensation was deemed painful, they 

were asked to rate the pain on a scale of 0 to 10 according to the Numeric Rating Scale 

(NRS) (Hawker et al. 2011). If participants rated pain greater than 7 on the scale then the 

stimulation intensity was not increased further. This ensured that participants never 

received painful stimulation since LAI is reduced 15 minutes following the resolution of a 

painful stimulus (Burns et al. 2016). 

 

For DN stimulation, SNAPs were elicited using ring electrodes placed around the proximal 

and middle segments of digit 2 (index finger) with the cathode proximal (Digitimer 

DS7AH; square wave pulses 0.5 ms, 2 Hz). To determine SNAPmax, the starting nerve 

stimulus intensity was set to sensory threshold (ST) defined as the minimum current (in 

mA) required for the participant to detect the presence of the electrical stimulus. The peak-



PhD. Thesis – C. Turco; McMaster University - Kinesiology 

 34 

to-peak SNAP was quantified as the average of the 100 stimuli and this procedure was 

repeated at stepwise increments of 1 mA until SNAPmax was achieved (as defined above). 

Again, following the acquisition of SNAPmax, the current was lowered until the following 

amplitudes of SNAP were found: 25%, 50%, and 75% SNAPmax. The aforementioned pain 

rating was performed as described above.  

 

Experiment 1: Contralateral LAI 

LAI was tested at two TMS intensities whereby the TMS intensity was set to elicit an 

averaged MEP with peak-to-peak amplitude of ~1 mV or 0.5 mV in the right FDI muscle. 

EMG was recorded from the FDI and APB muscles. For each TMS intensity, twenty 

unconditioned MEPs (i.e. TMS only) and twenty conditioned MEPs were acquired (i.e. 

nerve stimulation – TMS) for each SNAP percentage (25%, 50%, 75%, 100% SNAPmax). 

The order of SNAP percentage delivery was randomized using a William’s square design 

for each nerve. The orders of TMS intensity (1 mV, 0.5 mV) and nerve stimulated (MN, 

DN) were pseudo-randomized across participants.  

 

Experiment 2: Ipsilateral LAI 

TMS intensity was maintained to evoke an unconditioned MEP of 1 mV. The TMS coil 

was positioned over the FDI motor hotspot in the left hemisphere for acquiring MEPs from 

the FDI muscle of the right hand. The ipsilateral (left) arm received DN or MN stimulation 

in an order pseudo-randomized across participants. EMG recordings were recorded from 

the FDI muscle. SNAPs were acquired as outlined above to obtain 25%, 50%, 75%, and 
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100% SNAPmax. Twenty unconditioned MEPs were acquired (i.e. TMS alone), and for each 

SNAP amplitude, twenty conditioned MEPs were acquired.  

 

Statistical Analyses 

All MEP data were visually inspected and any trials that were contaminated with EMG 

activity prior to the TMS artefact were discarded. Specifically, a trial was discarded if the 

peak-to-peak EMG signal within a 160 ms window between the nerve and TMS stimuli 

was greater than twice the peak-to-peak EMG signal in a 20 ms window prior to the nerve 

stimulus. Data for a given participant at a particular SNAP percentage was only included if 

more than 75% of trials remained following visual inspection. Table 1 shows the number 

of participants whose data sets were included in the analyses for each SNAP percentage. 

Group level analysis included outlier analysis and normality testing via Shapiro-Wilk test. 

For all normally distributed data, an ANOVA was performed and post-hoc tests used 

Tukey’s tests. For non-normally distributed data, the data were ranked data and a Conover’s 

ANOVA was performed whereby post-hoc testing used Wilcoxon-signed ranks tests 

(WSRT) (Conover and Iman 1982). The following statistical analyses were based on the 

results of the above normality tests. For the analysis of SNAPs, first, the actual SNAP 

amplitudes recorded corresponding to the intended 25%, 50%, 75% and 100% SNAPmax 

bins were computed. The group-averaged SNAP amplitude at each percentage of SNAPmax 

was compared against neighbouring SNAP percentages via WSRT. This analysis was used 

to determine whether SNAP amplitudes within each percentage bin were statistically 

different from their neighbouring bins. Next, the absolute amplitude of SNAPmax (in µV) 
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was compared between the MN and DN using a two-tailed paired t-test to confirm the larger 

SNAPs associated with MN as shown previously (Bailey et al. 2016). Finally, the 

percentage growth of SNAPs was calculated for each bin (25-50%, 50-75% and 75-100% 

SNAPmax) and subject to a two-way Conover’s ANOVA using within-subjects factor 

INTERVAL (3 levels: 25-50%, 50-75%, 75-100%) and NERVE (2 levels; DN, MN).  

 

For Experiment 1, a three-way repeated measures Conover’s ANOVA was performed using 

within-subjects factors NERVE (2 levels: DN, MN), MUSCLE (2 levels: FDI, APB), and 

SNAP (5 levels: TMS alone, 25%, 50%, 75%, 100% SNAPmax) for each of TMS intensity 

1 mV and 0.5 mV. Separate ANOVAs were performed for each TMS intensity (0.5 mV 

and 1 mV) in order to assess the LAI and SNAP relationship within a specific TMS 

intensity. No statistical comparisons were made between TMS intensities. For Experiment 

2, a two-way repeated measure Conover’s ANOVA was performed using within-subjects 

factors NERVE (2 levels: DN, MN) and SNAP (5 levels: TMS alone, 25%, 50%, 75%, 

100% SNAPmax). 

 

Finally, the unconditioned and conditioned MEP amplitudes from the contralateral 0.5 mV 

TMS condition were plotted and a second-order polynomial trend line was fitted to the data. 

For all analyses, significance was set to α < 0.05. Table 1.2 provides the results of all 

statistical analyses. 
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3.3 Results  

Experiment 1: Contralateral LAI 

In total, data from twenty and nineteen participants were collected for the MN and DN, 

respectively. One individual opted to not partake in the DN component of this experiment. 

The precise number of data sets included in the analyses (following trials discarded due to 

excessive EMG) is listed in Table 3.1. The actual group-averaged SNAP percentages (± 

standard deviation) for MN were 25% (± 2.2%), 49% (± 1.9%), 75% (± 2.4%), and 100% 

SNAPmax and for DN were 29% (± 6.9%), 51% (± 4.3%), 73% (± 4.5%), and 100% 

SNAPmax, and each SNAP amplitude was significantly different from neighbouring 

percentages (WSRT, all p < 0.001). For simplicity, we have used the labels of 25%, 50%, 

75% and 100% on the plots and in our discussion of the results. Three participants for both 

MN and DN rated the 100% SNAPmax as mild according to the NRS pain scale (NRS 

average 3.3). No participant rated nerve stimulation as severe (i.e. greater than 7 on the 

NRS scale). Sample SNAPs from one individual are shown in Figure 3.1A following MN 

(left) and DN (right) stimulation. The MN SNAPmax was significantly greater than DN 

SNAPmax as shown in Figure 3.1B (two-tailed paired t-test, p < 0.001). Figure 3.1C displays 

the percentage change in SNAP amplitude with nerve stimulation intensities. A two-way 

Conover’s ANOVA revealed a main effect of INTERVAL (F (2,30) 72.33 p < 0.001) and 

NERVE (F (1,15) = 5.20, p = 0.038). However, post-hoc tests indicate no significant 

difference between nerves (WSRT, p = 0.195). For the main effect of INTERVAL, the 

largest growth in the SNAP occurred between ~25-50% of SNAPmax (WSRT, p < 0.001). 

The change in SNAP amplitude, while still significant, was much less between 50% and 
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75% SNAPmax (WSRT, p < 0.001). Similarly, the change in SNAP amplitude between 75% 

and 100% SNAPmax was significantly less than the change between 50% and 75% SNAPmax 

(WSRT, p < 0.001). Therefore, despite the difference in the absolute amplitude of the DN 

versus MN evoked SNAP, both nerve types display similar growth patterns with the largest 

changes occurring between 25% and 50% SNAPmax. 

 

Table 3.1: Data sets included within each condition. 

Condition 

FDI APB 
TMS 
alone 25% 50% 75% 100% 

TMS 
alone 25% 50% 75% 100% 

Contralateral           
 1 mV MN 20 20 20 19 20 19 18 17 18 18 
 1 mV DN 19 19 19 19 17 18 18 18 18 18 
 0.5 mV MN 20 20 20 20 20 19 19 18 19 19 
 0.5 mV DN 19 19 19 19 19 19 18 19 18 19 
Ipsilateral           
 MN 16 16 16 16 16      
 DN 15 15 15 15 15      

FDI, first dorsal interosseous muscle; APB: abductor pollicis brevis muscle; TMS, transcranial magnetic 
stimulation; MN, median nerve; DN, digital nerve. 
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Figure 3.1: Contralateral Sensory Nerve Action Potential  
A) Average sensory nerve action potential (SNAP) recorded from one participant at each 
percentage of SNAPmax following MN (left) or DN (right) stimulation. The percentages of 
SNAPmax correspond to that individual’s data and are not the group-averaged percentages 
of SNAPmax. B) The absolute values (in µV) of group-averaged 100% SNAPmax recorded 
from the median nerve and digital nerve. * indicates a significant difference between nerves 
(Cohen’s d = 2.08). C) The group-averaged percent change of the SNAP for each interval 
of % SNAPmax. * indicates a significant difference between intervals of % SNAPmax. A 
significantly greater change in SNAP was seen between 25-50% SNAPmax compared to 50-
75% SNAPmax (Cohen’s d = 1.89). Additionally, the change in SNAP amplitude between 
50-75% SNAPmax was significantly greater than the change between 75-100% SNAPmax 
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(Cohen’s d = 1.54). Furthermore, the SNAP grows similarly for each increment of change 
between both nerves. 
 

TMS 1 mV 

Table 3.2 shows the complete statistical analyses. Figure 3.2A (left) shows the group-

averaged MEPs (with standard errors) for each nerve and muscle. Conover’s ANOVA 

revealed a main effect of NERVE (F (1,13) = 5.81, p = 0.031), MUSCLE (F (1,13) = 5.04, p = 

0.043), SNAP (F (4,52) = 21.12, p < 0.001) and a NERVE*SNAP interaction (F (4,52) = 8.74, 

p < 0.001) as plotted in Figure 3.2A (right). The main effect of muscle revealed that the 

MEP amplitude from the APB muscle was greater than that of the FDI muscle (WSRT, p 

< 0.001). The interaction revealed differences between the two nerves at 25% SNAPmax 

(shown as #, WSRT, p < 0.001). Other than at 25% SNAPmax, there was no difference in 

the magnitude of LAI obtained between nerves. Further, for the MN, LAI existed at all 

percentages of SNAPmax (shown as *, WSRT, all p < 0.001) and the maximum depth of 

LAI was observed by 25% SNAPmax. For the DN, LAI was present at 50%, 75%, and 100% 

SNAPmax (shown as *, WSRT, all p < 0.01) and was not increased beyond 50% SNAPmax. 

Therefore, for both nerve types, once LAI was present it did not increase significantly with 

additional gains in the SNAP amplitude. Collectively, the data obtained at a TMS intensity 

of 1 mV indicate that MN and DN LAI do not continue to increase despite the increase in 

the amplitude of the SNAP. 
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Table 3.2: Conover’s ANOVA statistics. 

Condition Degrees of freedom F-statistic P value Effect size (partial h2) 
Contralateral TMS 1mV* 
    Nerve 
    Muscle 
    SNAP 
    Nerve × Muscle  
    Nerve x SNAP 
    Muscle x SNAP 
    Nerve x Muscle x SNAP 

 
1, 13 
1, 13 
4, 52 
1, 13 
4, 52 
4, 52 
4, 52 

 
5.81 
5.04 
21.12 
0.28 
8.74 
1.07 
1.12 

 
0.031 
0.043 

<0.001 
0.604 

<0.001 
0.361 
0.354 

 
0.31 
0.28 
0.62 
0.02 
0.40 
0.07 
0.08 

Contralateral TMS 0.5mV* 
    Nerve 
    Muscle 
    SNAP 
    Nerve x Muscle  
    Nerve x SNAP 
    Muscle x SNAP 
    Nerve x Muscle x SNAP 

 
1, 15 
1, 15 
4, 60 
1, 15 
4, 60 
4, 60 
4, 60 

 
0.78 
5.64 
11.16 
2.12 
3.45 
0.86 
0.41 

 
0.390 
0.031 

>0.001 
0.16 
0.013 
0.439 
0.718 

 
0.07 
0.27 
0.43 
0.12 
0.19 
0.05 
0.03 

Ipsilateral** 
    Nerve 
    SNAP 
    Nerve x SNAP 

 
1, 13 
4, 52 
4, 52 

 
4.72 
2.86 
0.89 

 
0.049 
0.032 
0.476 

 
0.267 
0.181 
0.064 

DN ipsilateral*** 
    SNAP 

 
4, 56 

 
1.51 

 
0.228 

 
0.098 

MN ipsilateral*** 
    SNAP 

 
4, 60 

 
2.61 

 
0.044 

 
0.149 

SNAP, sensory nerve action potential. * Three-way Conover’s ANOVA (ranked data). ** Two-way 
Conover’s ANOVA (ranked data). *** One-way Conover’s ANOVA (ranked data). Bolded values indicate 
significance as shown. 
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Figure 3.2: Contralateral LAI.  
A) TMS 1 mV condition: three-way Conover’s ANOVA plot (left) and the NERVE*SNAP 
interaction (right). Both graphs show the group-averaged MEP amplitude (± standard error) 
in each condition. # indicates that the conditioned MEP amplitude is greater for DN than 
MN (Cohen’s d = 0.78). * indicates the presence of LAI (i.e. significance difference from 
TMS alone). $ indicates inhibition greater than that seen at 25% SNAPmax. For the MN, 
LAI was present at all percentages of SNAPmax (Cohen’s d = 0.85, 0.82, 0.79, 0.89, 
respectively). For the DN, LAI was present at 50%, 75%, and 100% SNAPmax (Cohen’s d 
= 0.26, 0.62, 0.38, respectively). For the DN, LAI observed at 25% SNAPmax is significantly 
smaller than at 50%, 75%, and 100% SNAPmax (Cohen’s d = 0.41, 0.71, 0.51, respectively). 
B) TMS 0.5 mV condition: three-way ANOVA plot (left) and the NERVE*SNAP 
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interaction (right). Both graphs show the group-averaged MEP amplitude (± standard error) 
in each condition. # indicates that the conditioned MEP amplitude is greater for DN than 
MN (Cohen’s d = 0.55). * indicates the presence of LAI (i.e. significant difference from 
TMS alone). $ indicates inhibition greater than that seen at 25% SNAPmax. The ‘&’ indicates 
that, for the MN, the conditioned MEP amplitude at 100% SNAPmax is greater than at 75% 
SNAPmax (Cohen’s d = 0.49). For the MN, LAI was present at all percentages of SNAPmax 
(Cohen’s d = 0.59, 1.12, 1.15, 0.74, respectively). For the DN, LAI was present at 50%, 
75%, and 100%SNAPmax (Cohen’s d = 0.42, 0.43, 0.46, respectively). For the MN, LAI 
observed at 25% SNAPmax is significantly smaller than at 50% and 75% SNAPmax (Cohen’s 
d = 0.49, 0.52, respectively). For the DN, LAI observed at 25% SNAPmax is significantly 
smaller than at 50%, 75%, and 100% SNAPmax (Cohen’s d = 0.57, 0.59, 0.59, respectively). 
 

TMS 0.5 mV 

Figure 3.2B (left) plots the group-averaged MEPs (with standard errors) for each nerve and 

muscle. Conover’s ANOVA revealed main effects of MUSCLE (F (1,15) = 5.64, p = 0.031), 

and SNAP (F (3,60) = 11.16, p <0.001) and a NERVE*SNAP interaction (F (4,60) = 3.45, p = 

0.013) shown in Figure 3.2B (right). The main effect of muscle revealed that the MEP 

amplitude from the FDI muscle was greater than that of the APB muscle (WSRT, p < 

0.001). The interaction revealed differences between the two nerves at 25% SNAPmax 

(shown as #, WSRT, p < 0.01). Other than at 25% SNAPmax, there were no differences in 

between the nerves. For MN, the interaction revealed that LAI existed at all percentages of 

SNAPmax (shown as *, WSRT, all p < 0.001) similar to the TMS 1 mV data described 

above. Additionally, the maximum depth of LAI was observed at 50% SNAPmax and LAI 

did not grow beyond this intensity. However, in contrast to the TMS 1 mV data above, the 

depth of MN LAI increased from 25% to 50% SNAPmax (different from 25% shown as $, 

WSRT, p < 0.01) indicating that the additional contribution of sensory fibers leads to 

further increases in the magnitude of LAI in this range. Last, for MN stimulation, we note 

that LAI is decreased from 75% to 100% SNAPmax (shown as &, WSRT, p < 0.01). For DN 
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LAI, the results were similar to the TMS 1 mV data. Specifically, LAI was present at 50%, 

75%, and 100% SNAPmax (shown as *, WSRT, all p < 0.01) with no further increases in 

LAI beyond 50% SNAPmax.  

 

To examine the trend in LAI as a function of current intensity and percentage of SNAPmax, 

second-order polynomial trend lines were plotted (Figure 3.3) for each nerve. Polynomial 

trends lines were made for the 0.5 mV TMS intensity only since MN LAI in this condition 

showed a dose-dependent relationship. MT and multiples of ST commonly used in the 

literature are plotted for comparison. For the MN, MT corresponds with ~50% SNAPmax 

while for DN, ST corresponds to ~25% SNAPmax. Two and three times ST correspond to 

~50% and 75% SNAPmax.  
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Figure 3.3: Contralateral Polynomial Trends (TMS intensity 0.5 mV). 
A) Data averaged across muscles for LAI following contralateral nerve stimulation. 
Second-order polynomial trend lines show the conditioned MEP amplitude changes 
following increases in SNAP for each nerve. The conditioned MEP amplitude decreases 
(i.e. more inhibition) and trends towards a maximum at 50% SNAPmax for both MN and 
DN. Shown on this graph is the average motor threshold (MT), sensory threshold (ST), 2 x 
ST and 3 x ST. 
 

Experiment 2: Ipsilateral LAI 

Data from seventeen participants was collected in Experiment 2. One participant opted not 

to partake in the MN component and another did not partake in the DN component of this 

experiment. Therefore, in total, sixteen data sets were collected for each nerve. However, 

Table 3.1 displays the precise number of data sets included in each level of the analyses 

following exclusion of trials based on the inclusion criteria. The actual group-averaged 
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SNAP percentages for MN were 25% (± 1.8%), 51% (± 2.0%), 75% (± 2.5%), and 100% 

SNAPmax and for DN were 28% (± 5.7%), 49% (± 4.7%), 75% (± 4.5%), and 100% 

SNAPmax. Each SNAP amplitude was significantly different from neighbouring 

percentages (WSRT, all p < 0.001). Two and three participants rated MN and DN 100% 

SNAPmax as moderate on the NRS pain scale, respectively (NRS average 5.9). No 

participants rated nerve stimulation as severe (i.e .> 7 on the NRS scale). 

 

Figure 3.4 plots the group-averaged MEP amplitudes (with standard errors) at each 

percentage of SNAPmax. Conover’s ANOVA revealed a main effect of NERVE (F (1,13) = 

4.72, p = 0.049) such that the MEP amplitude averaged across stimulus intensities for DN 

was greater than that observed for MN (WSRT, p = 0.041). Therefore, one-way Conover’s 

ANOVAs were performed for each nerve separately. For the MN, there was a main effect 

of SNAP (F (4,60) = 2.61, p = 0.044) such that LAI occurs at 50%, 75%, and 100% SNAPmax 

(WSRT, all p < 0.05). However, the magnitude of inhibition is smaller following ipsilateral 

stimulation compared to contralateral stimulation (~15% ipsilateral versus ~40% 

contralateral). For the DN, there was no effect of SNAP indicating that LAI does not occur 

following ipsilateral DN stimulation.  
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Figure 3.4: Ipsilateral stimulation (FDI only).  
Graph of both one-way Conover’s ANOVAs, one for each nerve. Group-averaged MEP 
amplitude (± standard error) for each nerve at each percentage of SNAPmax. * indicates the 
presence of LAI (i.e. significance difference from TMS alone) for ipsilateral MN 
stimulation at 50%, 75%, and 100% SNAPmax (Cohen’s d = 0.35, 1.07, 0.39, respectively). 
LAI was not present at any SNAP amplitude following ipsilateral DN stimulation. 
 

3.4 Discussion 

This study examined the relationship between the sensory afferent volley and the depth of 

LAI. Novel findings include the observation that LAI reflects increases in the volume of 

the afferent volley up until ~50% SNAPmax for the mixed MN, indicating that LAI increases 

until presumably all sensory fibers are recruited (see below). Notably, this was only 

observed for the TMS intensity of 0.5 mV. For the DN, LAI appeared at ~50% SNAPmax 

and further increases in SNAP did not yield changes in LAI. We also observed that 

ipsilateral MN but not DN stimulation evokes LAI, although the magnitude of inhibition is 

quite small compared to the contralateral stimulation (MN: ~15% ipsilateral versus ~40% 
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contralateral). We discuss these findings and their practical implications to basic and 

clinical research below. 

 

Median Nerve LAI  

The MN is a mixed nerve bundle containing both motor efferent and sensory afferent nerve 

fibers. A previous study examining SNAPs and somatosensory evoked potentials (SEPs) 

showed that SEPs plateaued at 50% of the MN SNAPmax but continued to increase until 

100% of the DN SNAPmax (Bailey et al. 2016). It was speculated that for MN, all sensory 

afferent fibers were recruited by 50% SNAPmax and subsequent increases in SNAP were 

contributed by motor efferents (Bailey et al. 2016). Therefore, in this study we speculate 

that sensory afferents contribute to the MN SNAP until ~50% of the SNAPmax, after which 

further increases in SNAP may result from the addition of antidromic efferent fibers. 

Following MN stimulation, we observed LAI at all percentages of SNAPmax, irrespective 

of TMS intensity. For the TMS intensity of 0.5 mV, the depth of LAI grew from 25% to 

50% SNAPmax. It is notable that it is within this range of 25% to 50% SNAPmax when the 

SNAP itself demonstrated the largest increase (Figure 1.1C). That is, where the contribution 

of sensory afferents was greatest, an increase in LAI was observed. Therefore, we conclude 

that the magnitude of LAI increases with the added recruitment of sensory afferent fibers. 

Of note, we did not observe this effect using the stronger 1 mV TMS protocol, which may 

have masked the subtle effects of the sensory afferent volley that are observable at lower 

TMS intensities. One explanation is that a TMS intensity that evoked ~1 mV MEP would 

activate a larger number of corticospinal neurons compared to an intensity that evoked MEP 
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of 0.5 mV. The afferent volley at a set nerve intensity will activate a given population of 

neurons within M1. Therefore, for 25% SNAPmax, TMS set to 1 mV may result in the 

activation of a larger number of neurons that are influenced by the peripheral afferent volley 

compared to 0.5 mV, thereby leading to maximum LAI for the 1 mV intensity. Increasing 

TMS intensity from 0.5 mV to 1 mV would lead to the recruitment of late I-waves but also 

increase the amplitude of early I waves (Di Lazzaro et al. 2012b). While SAI predominately 

inhibits late I-waves (Di Lazzaro et al. 2012b; Ni et al. 2011), it is not known whether LAI 

predominately inhibits early or late I-waves. How the effects of LAI on different I waves 

influence the effects of TMS intensity requires further study. Collectively, these data 

suggest that maximal MN LAI occurs via 1) a TMS intensity to recruit a large population 

of neurons that are influenced by the sensory afferent volley (i.e. ~1 mV MEP), and by 2) 

increasing the volume of sensory afferents to achieve the maximum influence on a set 

population of motor neurons, which may explain the increase in LAI from 25% to 50% for 

TMS at 0.5 mV. 

 

We observed that the conditioned MEP increased from 75% to 100% SNAPmax (i.e. less 

inhibition). One explanation for this change may relate to the ascending re-afferent signal 

that occurs following the muscle twitch in APB. Such input may have interfered with the 

opportunity to observe inhibition. In support of this idea, LAI in the APB muscle is reduced 

immediately following 15 minutes of muscle vibration (Lapole and Tindel 2015). It is 

notable that this occurred for the MN but not the DN stimulation that did not produce 

muscle twitch. Therefore, the relationship between MN LAI and the sensory afferent volley 
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appears to be very similar to that reported for the SAI circuit whereby SAI increases to 

~50% SNAPmax and demonstrates a U-shaped function with modest decreases in SAI 

beyond 75% SNAPmax (Bailey et al. 2016). Further, we observed that MN stimulation leads 

to ~40% inhibition of the MEP for LAI circuit and this is similar to the maximum 

magnitude of MN SAI (Bailey et al. 2016).   

 

Finally, we observed that LAI occurs following stimulation of the ipsilateral MN at 50% 

SNAPmax and greater. This is consistent with previous research that showed ipsilateral MN 

stimulation set to MT is able to elicit LAI (Chen et al. 1999), and in our study 50% SNAPmax 

aligned with MT (Figure 3.4). Chen et al. (1999) showed ~20% inhibition in the FDI muscle 

at this ipsilateral nerve stimulation intensity and our data demonstrates ~10% inhibition at 

50% SNAPmax. Slight differences in the amount of inhibition may be attributed to the 

muscle hotspot targeted (FDI here versus APB in Chen et al. (1999)). 

 

Digital Nerve LAI 

DN is composed of purely sensory fibers that determine the SNAP amplitude until 

presumably SNAPmax is achieved (Bailey et al. 2016). Following DN stimulation, LAI was 

present at ~50% SNAPmax and beyond for both TMS intensities tested. It is notable that 

~50% of SNAPmax equated with 2 x ST (Figure 3.4), and one study demonstrated that 2 x 

ST was the minimum intensity to observe DN LAI  (Chen et al. 1999). Activation of nerve 

fibers is dependent on stimulation intensity, such that larger diameter fibers have lower 

activation threshold (Hennings et al. 2005). Lower stimulation intensities activate large 
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diameter fibers such as the Aα and Aβ afferent fibers, and smaller diameter fibers, such as 

the sensory Aδ and C fibers, are recruited with increasing stimulus intensities (Boyd and 

Kalu 1979). It is likely that DN stimulation causes activation of lower threshold (i.e. larger 

diameter) sensory fibers, leading to DN LAI mediated by these fibers. 

 

Despite the growth in SNAP that was contributed by the recruitment of sensory afferent 

fibers up to 100% SNAPmax, the depth of LAI did not increase beyond its first appearance 

at ~50% SNAPmax, a finding that occurred irrespective of TMS intensity. These data 

indicate that the sensory afferent volley dictates the appearance of LAI such that a certain 

volume of sensory afferent fibers is required to evoke the circuit (i.e. ~50% SNAPmax and 

2 x ST). Therefore, the addition of sensory fibers does not yield concomitant changes in 

the magnitude of LAI beyond its first appearance. However, we note that DN LAI is 

reported to be maximum at 3 x ST (Chen et al. 1999), which corresponds to ~75% SNAPmax 

in our study. Therefore, we conclude that DN LAI is maximum in the range of 2-3 x ST 

and is not impacted by further recruitment of sensory fibers that act to increase the 

amplitude of the SNAP. We also note that DN LAI has a different relationship with the 

sensory afferent volley compared to the DN SAI circuit. DN SAI increases until 100% 

SNAPmax is achieved (i.e. all cutaneous afferent fibers are recruited) (Bailey et al. 2016). 

Our data indicates that DN LAI is less reliant on the sensory afferent volley once a 

minimum afferent volley to activate the circuit is achieved. We did not observe LAI 

following ipsilateral DN stimulation at any SNAP percentage.  
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Comparison of LAI between Nerves 

For contralateral nerve stimulation, we did not observe a difference in the magnitude of 

LAI between the nerve types. That is, when LAI existed for DN, its depth was not different 

for the MN. This was somewhat surprising since the stimulated MN includes proprioceptive 

afferents and is responsible for the cutaneous innervation of digits 1, 2 and 3 while our DN 

stimulation was selective for the cutaneous innervation of digit 2 only (Tubbs et al. 2011). 

However, there were differences between nerves that may indeed be attributed to the 

difference in sensory afferent volume. First, MN LAI was observed at 25% SNAPmax while 

a greater afferent volley was required of the DN to reach the threshold for LAI appearance 

(~50% SNAPmax). Differences in the induction of LAI between the nerves may also be 

attributed to differences in the composition of the nerve fibers, such as the contributions of 

muscle spindle afferent fibers in the MN but not in the DN. Muscle spindle afferents 

provide proprioceptive input that projects directly to M1 from the thalamus or relayed 

through area 3a (Huffman and Krubitzer 2001). It is likely that this proprioceptive 

information will reach M1 quicker than the sensory information obtained by the DN that 

first project to S1. The differences in timing or path traversed between the nerve types may 

account for the observation that DN does not demonstrate LAI at 25% SNAPmax. We 

studied four increments of SNAPmax, and it is possible that smaller increments may have 

exposed the stimulus-response relationship more precisely for the DN LAI between 25% 

and 50% SNAPmax (i.e. 35% and 45% SNAPmax). Second, once present, DN LAI does not 

demonstrate evidence of a response contingent on the sensory afferent volley while MN 

LAI is increased from 25% to 50% SNAPmax (as described above). Last, we observed 
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ipsilateral MN LAI but not DN LAI, a finding that may be explained by the wider spread 

cortical termination of the MN versus DN afferent volley whereby the MN activates 

somatosensory loci responsive to inputs derived from cutaneous and proprioceptive 

sources, and their combination.  

 

Practical Implications 

This study provides practical methodological implications for future studies aiming to 

evoke LAI. The first implication of this research stems from the stimulus-response 

relationship between the depth of LAI and the SNAP amplitude. For MN stimulation, LAI 

grew up until 50% SNAPmax, which equated to the stimulus intensity required to obtain MT 

in the APB muscle (Figure 1.3). Therefore, stimulation at MT would be expected to evoke 

the maximum LAI. Furthermore, studies using DN stimulation to evoke LAI would benefit 

from nerve stimulation intensities at 50% SNAPmax or greater, as no LAI was observed at 

25% SNAPmax in this study. Therefore, based on our results, stimulation at the ST in the 

index finger would not be expected to evoke LAI. Rather, stimulation at 2-3 xST would be 

expected to evoke maximum LAI. A second implication is the use of LAI as marker for 

recovery following neurological disease or injury. To reveal changes in the magnitude of 

MN LAI, MN stimulation should be set between 25% and 50% SNAPmax, with a TMS 

intensity adjusted to a 0.5 mV MEP. For DN LAI, one might consider delivering smaller 

incremental changes in nerve intensity to achieve SNAPs between 25% and 50%, or 

alternatively, test both 25% SNAPmax and 50% SNAPmax. In a healthy young population, 

this would demonstrate the emergence of LAI.  
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Limitations 

We studied LAI using an ISI of 200 ms since this was previously shown to evoke the 

maximum amount and most consistent magnitude of LAI in the FDI muscle (Chen et al. 

1999; Sailer et al. 2002). However, LAI can be evoked from ISIs ranging from 200-1000 

ms (Chen et al. 1999). Therefore, these findings may or may not extend to other ISIs. Next, 

our population tested consisted of healthy young adults, and it is unclear whether the same 

results would exist in older or special populations. Finally, the majority of our participants 

were females. While the effects of biological sex on LAI are unknown, it is possible that 

our observations are driven largely by the female population. 

 



PhD. Thesis – C. Turco; McMaster University - Kinesiology 

 55 

3.5 Rationale for Study 2 

Prior to the initiation of this thesis, it was clear that there was a large volume of research in 

this field attempting to optimize SAI acquisition and understand the pharmacology 

underlying this TMS measure. However, there was a notable paucity of research dedicated 

to LAI. In Study #1, I was able to address this gap in the field by characterizing the 

relationship between LAI and sensory afference. However, there is a lack of research 

investigating the pharmacology of LAI. Therefore, the purpose of Study #2 was to address 

another large gap of knowledge in the field by determining whether LAI was also related 

to GABAergic neurotransmission. 
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 Study 2 
 
Effects of Lorazepam and Baclofen on Short- and Long-latency Afferent 

Inhibition 
 

Turco, C.V., El-Sayes, J., Locke, M.B., Chen, R., Baker, S., & Nelson, A.J. (2018). Effects 
of lorazepam and baclofen on short- and long-latency afferent inhibition. Journal of 
Physiology, 529(21), 5267-5280. 
 
4.1 Introduction 

The afferent volley evoked by peripheral nerve stimulation is capable of modifying the 

neural output of the primary motor cortex (M1), as assessed using transcranial magnetic 

stimulation (TMS). This phenomenon, known as afferent inhibition, occurs at short (i.e. 

short-latency afferent inhibition, SAI) and long latencies (i.e. long-latency afferent 

inhibition, LAI). SAI occurs when the nerve stimulus precedes a TMS pulse by an interval 

approximately equal to the time required for the sensory afferent input to reach the 

somatosensory cortex (~20-25 ms) (Tokimura et al. 2000), while LAI occurs between 200-

1000 ms (Chen et al. 1999). SAI is reduced in populations with cognitive deficits such as 

Alzheimer’s disease (Nardone et al. 2006, 2008a) and mild cognitive impairment (Nardone 

et al. 2012a; Yarnall et al. 2013). Abnormal LAI is seen in individuals with sensorimotor 

deficits including Parkinson’s disease (Sailer et al. 2003) and complex regional pain 

syndrome (Morgante et al. 2017). Further, the magnitude of SAI and LAI decline with age 

(Bhandari et al. 2016; Young-Bernier et al. 2012, 2014, 2015), possibly reflecting an age-

related decline in sensorimotor function (He et al. 2017). Therefore, measures of afferent 

inhibition can be used to assess the integrity of the sensorimotor system and probe 

sensorimotor function. For a detailed review of this topic, see Turco et al. (2018b). 
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Pharmacological studies have provided insight into the neural genesis of SAI (Ziemann et 

al. 2015). SAI is reduced following intravenous injection of scopolamine, a muscarinic 

antagonist (Di Lazzaro et al. 2000b), leading to the conclusion that SAI is mediated by 

cholinergic transmission. This is further supported by findings of reduced SAI in disorders 

of cognition, which have underlying cholinergic deficits (Nardone et al. 2006, 2008a). SAI 

is also reduced by lorazepam, a positive allosteric modulator of the GABAA receptor, 

indicating a role for GABAergic neurotransmission in the genesis of SAI (Di Lazzaro et al. 

2005a, 2005b, 2007a). In contrast to SAI, the neural mechanisms that mediate LAI are less 

understood. LAI was unaltered by GABAA agonists lorazepam and zolpidem in a double-

blinded, non-placebo-controlled study (Teo et al. 2009). However, in this study LAI was 

tested with the interstimulus interval of 100 ms when inhibition is not always present (Chen 

et al. 1999). 

 

The present study aimed to explore the role of GABAergic neurotransmission in the genesis 

of LAI. In a double-blinded, placebo-controlled study, we assessed LAI in response to 

lorazepam (positive allosteric modulator of the GABAA receptor) and baclofen (GABAB 

agonist), and investigated SAI for comparison with other reports. Our novel findings 

indicate that LAI was reduced in the presence of lorazepam, which enhanced GABAA 

transmission, but not by the GABAB agonist, baclofen. Consistent with previous findings, 

SAI was also reduced in the presence of lorazepam (Di Lazzaro et al. 2005a, 2005b, 2007a). 
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4.2 Methods 

Ethical Approval 

This study was approved by the Hamilton Integrated Research Ethics Board (HIREB 2731). 

The research conformed to the standards set by the latest revision of the declaration of 

Helsinki, except for registration in a database. After explanation of the study protocol, the 

usual action and potential side-effects of lorazepam and baclofen, all participants provided 

written informed consent prior to participation.  

 

Participants 

Fourteen healthy, right-handed males (mean age: 22.7 ± 1.9 years) participated in 

Experiment 1 and ten of these individuals (mean age: 23.1 ± 1.7 years) returned to 

participate in Experiment 2. All participants were screened for contraindications to TMS, 

lorazepam and baclofen. Right-hand dominance was confirmed by a modified handedness 

questionnaire (Oldfield 1971). All pharmaceuticals and the randomization schedules were 

prepared by the McMaster University Medical Centre (MUMC) pharmacy. All experiments 

and data analyses were performed by experimenters blinded to the drug administered (CT, 

JE, ML).  

 

Electromyography 

Electromyography (EMG) was recorded with surface electrodes (9 mm Ag-AgCl) placed 

over the first dorsal interosseous (FDI) muscle of the right hand. A wet ground was secured 

around the forearm. All EMG recordings were amplified 1000x (Intronix Technologies 
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Corporation Model 2024F, Bolton, Canada) and band-pass filtered between 20 Hz and 2.5 

kHz. Data was digitized at 5 kHz using an analog-to-digital interface (Power 1401; 

Cambridge Electronics Design, Cambridge, UK) and analyzed using commercial software 

(Signal v6.02; Cambridge Electronics Design). 

 

Transcranial Magnetic Stimulation 

TMS was performed with a customized figure-of-eight branding iron style coil (50 mm 

diameter) connected to a Magstim 2002 stimulator (Magstim, Whitland, UK). The TMS 

coil was positioned over the left M1 at the optimal location to elicit a motor-evoked 

potential (MEP) in the right FDI muscle (i.e. motor hotspot). The coil was oriented at a 45-

degree angle from the sagittal plane to induce a posterior-anterior current in the cortex. The 

location and orientation of the coil was digitally registered using Brainsight 

Neuronavigation (Rogue Research, Montreal, Canada). Resting motor threshold (RMT) 

was taken as a measure of baseline cortical excitability (Siebner and Rothwell 2003) before 

and after drug administration. RMT was determined using ML-PEST, a systematic 

predictive algorithm that determines the next TMS intensity predicted to yield a 50% 

probability of generating a MEP (TMS Motor Threshold Assessment Tool (MTAT 2.0), 

http://www.clinicalresearcher.org/software.html). A priori information was selected, and 

the starting TMS intensity was set to 37%. Twenty stimuli were delivered to accurately 

determine RMT (Ah Sen et al. 2017; Siebner and Rothwell 2003). 

 

Short- and Long-latency Afferent Inhibition 
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The latency of the N20 component of the somatosensory evoked potential (SEP) was first 

obtained in each individual. To record SEPs, electroencephalography (EEG) electrodes 

were positioned on the scalp over the primary somatosensory cortex (S1) at C3’ located 2 

cm posterior to C3 and referenced to Fz (International 10-20 system). Nerve stimulation 

was performed with a surface bar electrode positioned over the median nerve at the wrist 

(cathode proximal). A constant current stimulator (Digitimer DS7AH) delivered square 

wave pulses (200 µs pulse width) at the minimum intensity to evoke a visible twitch in the 

right abductor pollicis brevis (APB) muscle. Five hundred stimuli were delivered at a rate 

of 3 Hz, and time-locked averaged to determine the latency of the N20. 

 

SAI was measured using two interstimulus intervals (ISIs) between nerve stimulation and 

the TMS pulse based on the latency of the N20 potential: N20 + 4 ms and N20 + 6 ms. 

Fifteen unconditioned MEPs were recorded (i.e. TMS alone) and randomized among fifteen 

conditioned MEPs (nerve stimulation-TMS) for each ISI with a 6 second inter-trial interval. 

LAI was obtained at ISIs of 200, 400 or 600 ms. Similar to SAI, fifteen unconditioned 

MEPs were randomized among 45 conditioned MEPs (15 each for ISI) and 6 seconds 

elapsed between trials. Trial sweeps recorded through Signal software were 0.3 seconds 

and 1 second long for collection of SAI and LAI data, respectively. SAI and LAI were 

assessed pre- and post-drug administration (Figure 4.1). The intensity of TMS was set to 

evoke a MEP of ~1 mV peak-to-peak amplitude prior to the collection of data before and 

after drug administration. For the collection of SAI and LAI, the nerve stimulation intensity 

was maintained at the minimum intensity to evoke a visible twitch in the right APB muscle. 
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Figure 4.1: Experimental design 
Study design for (A) Experiment 1 and (B) Experiment 2. Timeline for experimental 
sessions with two time points corresponding to baseline (T0) and peak plasma 
concentration of baclofen/lorazepam (T1). 
 
Experimental Design 

Experiment 1 (Figure 4.1A) was double-blinded and placebo-controlled. Participants were 

tested in three sessions, each separated by a minimum of one week. Within a session, 

participants were administered either 2.5 mg of lorazepam, 20 mg of baclofen or a placebo. 

The dosage of lorazepam was chosen because it has been previously shown to reduce SAI 

(Di Lazzaro et al. 2005a, 2005b, 2007a). The dosage for baclofen that has been previously 

shown to alter TMS measures of intracortical inhibition is 50 mg (McDonnell et al. 2006). 

However, to minimize possible risks associated with this dosage, we delivered 20 mg in 

Experiment 1. Dependent measures were acquired prior to (T0) and at 1 hour and 45 



PhD. Thesis – C. Turco; McMaster University - Kinesiology 

 62 

minutes (T1) following drug administration. The timing of T1 was based on the peak 

plasma concentrations of both lorazepam (1.5-2.5 hours) and baclofen (1-2 hours) 

(Kyriakopoulos et al. 1978; Ziemann et al. 1996).  

 

In Experiment 1, we did not observe any influence of baclofen on sedation levels or 

physiological measures. We considered that our dosage of baclofen may have been 

insufficient to observe an effect. Therefore, in Experiment 2 (Figure 4.1B) (double-blinded 

and placebo-controlled), participants were administered either 40 mg of baclofen or a 

placebo, in two sessions separated by a minimum of one week. All TMS measures were 

acquired prior to (T0) and at 1 hour and 30 minutes (T1) following drug administration, 

based on the timing of the peak concentration of baclofen (1-2 hours) (Kyriakopoulos et al. 

1978; Ziemann et al. 1996). 

 

For both experiments, the order of dependent measures (SAI, LAI) was pseudo-randomized 

across participants using a William’s square design. To evaluate the sedative effects of 

lorazepam and baclofen, a measure of sedation was performed independently by both 

experimenters present at T1 using a Visual Analogue Scale (VAS) (Di Lazzaro et al. 2005a, 

2005b). This scale consisted of a 100 mm line, with 0 mm indicating that the participant 

was “alert” and 100 mm indicated “very sedated”. 

 

Data and Statistical Analyses 
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To avoid contamination of the MEP by background muscle activity, EMG trials were 

discarded if the peak-to-peak amplitude of the signal 50 ms before the TMS artefact was 

greater than 50 µV. 

 

The following analyses were performed on data obtained from both Experiment 1 and 

Experiment 2. Normality for all variables was assessed using the Shapiro-Wilks test. If 

normality was not reached, a square root transformation was applied to the data.  

 

Paired t-tests were used to assess changes in RMT following drug administration. For SAI 

and LAI, the mean peak-to-peak MEP amplitude was obtained for the conditioned and 

unconditioned stimuli separately. Two-tailed paired t-tests were used to compare the 

conditioned MEP amplitude to the unconditioned MEP amplitude to determine if 

significant SAI and LAI were obtained at T0 and T1. Next, inhibition was calculated as a 

ratio of the mean conditioned to mean unconditioned MEP.  

SAI/LAI=
MEPnerve-TMS

MEPTMS
=

MEPconditioned

MEPunconditioned
 

 

A two-way ANOVA was performed on SAI and LAI data separately for each drug 

condition using the within-subject factors TIME (2 levels: T0, T1) and ISI (N20 + 4 ms, 

N20 + 6 ms for SAI or 200, 400, 600 ms for LAI). Post-hoc testing was performed with 

Tukey’s HSD. 
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The Mann-Whitney U test was used to compare VAS scores between raters, and the 

Wilcoxon signed-rank test was used to compare VAS scores between drugs. To determine 

if changes in afferent inhibition were related to changes in sedation, the percent change in 

SAI/LAI was correlated with the VAS scores using Spearman’s rho. For all analyses, 

significance was set to p < 0.05. Effect sizes were calculated using Cohen’s d. 

 

4.3 Results 

Experiment 1 

No serious adverse events were observed following administration of any drug. One 

participant experienced nausea and vomiting approximately 2.5 hours following lorazepam 

ingestion but recovered fully by the next morning. For SAI and LAI, <1% of the total 

number of trials were removed due to excessive EMG activity. Table 4.1 displays all group-

averaged data from Experiment 1. 
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Table 4.1: Experiment 1 group-averaged measures (with standard deviations) 
Measure Placebo Baclofen Lorazepam 

T0 T1 T0 T1 T0 T1 
RMT (%MSO) 41.6 ± 7.1 42.4 ± 7.6 40.6 ± 6.3 40.6 ± 6.6 41.9 ± 7.6 40.0 ± 7.2 
Somatosensory evoked potentials       
     APB motor threshold (mA) 12.6 ± 3.3  11.3 ± 2.6  11.3 ± 3.3  
     N20 latency (ms) 19.4 ± 0.7  19.7 ± 0.6  19.5 ± 0.6  
Short-latency afferent inhibition      
     APB motor threshold (mA) 12.2 ± 3.4 11.9 ± 2.7 12.0 ± 3.1 11.9 ± 2.9 11.4 ± 3.3 11.0 ± 2.9 
     1 mV MEP (%MSO) 51.9 ± 8.9 53.3 ± 9.7 52.1 ± 10.2 50.3 ± 8.7 54.8 ± 7.6 53.2 ± 9.8 
     N20 + 4 ms 0.63 ± 0.18 0.59 ± 0.24 0.58 ± 0.24 0.64 ± 0.39 0.62 ± 0.20 0.71 ± 0.24 
     N20 + 6 ms 0.80 ± 0.26 0.84 ± 0.31 0.82 ± 0.26 0.94 ± 0.43 0.75 ± 0.26 0.92 ± 0.30 
     Averaged ISI 0.71 ± 0.21 0.71 ± 0.25 0.70 ± 0.23 0.79 ± 0.39 0.69 ± 0.22 0.81 ± 0.23 
Long-latency afferent inhibition      
     APB motor threshold (mA) 12.3 ± 3.6 12.2 ± 2.9 11.9 ± 2.8 12.0 ± 2.7 11.5 ± 3.3 11.0 ± 3.1 
     1 mV MEP (%MSO) 52.7 ± 8.6 52.4 ± 9.5 53.2 ± 11.2 50.2 ± 9.7 54.4 ± 9.5 53.3 ± 8.6 
     200 ms 0.57 ± 0.22 0.76 ± 0.55 0.56 ± 0.31 0.55 ± 0.34 0.60 ± 0.31 0.86 ± 0.38 
     400 ms 0.58 ± 0.22 0.66 ± 0.30 0.60 ± 0.31 0.60 ± 0.29 0.55 ± 0.28 0.77 ± 0.30 
     600 ms 0.66 ± 0.22 0.72 ± 0.32 0.70 ± 0.28 0.63 ± 0.26 0.62 ± 0.24 0.85 ± 0.47 
     Averaged ISI 0.61 ± 0.19 0.72 ± 0.35 0.62 ± 0.27 0.60 ± 0.25 0.59 ± 0.25 0.83 ± 0.33 

 
 

RMT was not significantly modified by lorazepam, baclofen or placebo (two-tailed paired 

t-tests, all p > 0.05), as reported elsewhere (Di Lazzaro et al. 2005a, 2005b, 2007a; 

McDonnell et al. 2006; Teo et al. 2009). VAS rating of sedation was not different between 

raters following baclofen, lorazepam or placebo (Mann-Whitney U, p > 0.05), therefore the 

VAS score was averaged across raters. The mean VAS score was significantly greater 

following lorazepam (60.8 ± 16.5) compared to baclofen (23.5 ± 17.7) and placebo (26.2 ± 

11.6) (Wilcoxon signed-rank test, all p < 0.05).  

 

Table 4.2 displays the statistics from the ANOVAs performed on normalized LAI and SAI 

data from Experiment 1. A two-way ANOVA using within-subject factors of ISI and TIME 

revealed a main effect of TIME (F(1,13) = 6.190, p = 0.027) for LAI in the lorazepam 

condition, such that LAI was significantly reduced by lorazepam (40.40% reduction) 

(Figure 4.2A, 4.2B). Two-way ANOVAs for the baclofen and placebo conditioned revealed 
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no main effects or interactions for LAI (Figure 4.2C, 4.2D). No correlation between VAS 

scores and percent change in LAI following lorazepam was observed (Spearman’s rho, r = 

0.297, p > 0.05), indicating that sedation was not associated with the reduction in LAI. 

Individual effects of lorazepam on LAI are shown in Figure 4.3A. Ten individuals (shown 

with asterisk) demonstrate a reduction of LAI following lorazepam while the remainder 

show an increase (n = 3) or no LAI at baseline (n = 1). Figures 4.3B and 4.3C show 

individual responses to baclofen and placebo, respectively. For all drug conditions, LAI 

was present at T0 (MEPconditioned vs MEPunconditioned, two-tailed paired t-test, all p < 0.001) 

and T1 (MEPconditioned vs MEPunconditioned, two-tailed paired t-test, all p < 0.05). In summary, 

the data indicates that LAI is reduced by lorazepam and not baclofen.  
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Table 4.2: Experiment 1 two-way ANOVA statistics 
Dependent Measure ANOVA 

Long-latency afferent inhibition  
     Lorazepam ISI(2,26) = 0.769, p = 0.474 

TIME(1,13) = 6.190, p = 0.027 
ISI ´ TIME(2,26) = 0.118, p = 0.889 
 

     Baclofen ISI(2,26) = 2.435, p = 0.107 
TIME(1,13) = 0.110, p = 0.745 
ISI ´ TIME(2,26) = 0.273, p = 0.763 
 

     Placebo ISI(2,26) = 0.793, p = 0.463 
TIME(1,13) = 1.252, p = 0.283 
ISI ´ TIME(2,26) = 0.638, p = 0.536 

 
Short-latency afferent inhibition 

 

     Lorazepam ISI(1,13) = 20.634, p = 0.001 
TIME(1,13) = 5.233, p = 0.040 
ISI ´ TIME(1,13) = 0.495, p = 0.494 
 

     Baclofen ISI(1,13) = 41.920, p < 0.001 
TIME(1,13) = 1.116, p = 0.310 
ISI ´ TIME(1,13) = 0.532, p = 0.479 
 

     Placebo ISI(1,13) = 19.710, p = 0.001 
TIME(1,13) = 0.000, p = 0.989 
ISI ´ TIME(1,13) = 1.713, p = 0.213 
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Figure 4.2: Experiment 1, LAI.  
(A) Mean LAI (± SD) expressed as a ratio of the conditioned MEP (nerve stimulation 
preceding TMS) to the unconditioned MEP (TMS alone) before (T0) and after (T1) 
administration of lorazepam. A main effect of TIME is shown on the right, where LAI was 
significantly reduced following lorazepam administration (significance denoted by 
asterisk). (B) LAI in one participant before (T0, solid line) and after (T1, dashed line) 
administration of placebo, lorazepam or baclofen. Traces show the time-locked averaged 
conditioned MEP for participant 14. (C) Mean LAI (± SD) before and after administration 
of baclofen. (D) Mean LAI (± SD) before and after administration of placebo. 
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Figure 4.3: Experiment 1, individual LAI.  
LAI (averaged across ISIs) in individual participants before (T0) and after (T1) (A) 
lorazepam intake, (B) baclofen intake, or (C) placebo intake. Asterisks indicate individuals 
who demonstrated reduction in LAI following lorazepam intake, reflecting the TIME main 
effect found in the two-way ANOVA. 
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For SAI in the lorazepam condition (Figure 4.4A, 4.4B), a two-way repeated measures 

ANOVA revealed a main effect of ISI (F(1,13) = 20.634, p = 0.001), such that the magnitude 

of SAI (± SD) was stronger at N20 + 4 ms (0.67 ± 0.20) than N20 + 6 ms (0.84 ± 0.22). A 

main effect of TIME was also revealed (F(1,13) = 5.233, p = 0.040), such that SAI was 

significantly reduced by lorazepam (18.73% reduction). For SAI in the baclofen condition 

(Figure 4.4C), a two-way ANOVA showed a main effect of ISI (F(1,13) = 41.920, p < 0.001), 

such that the magnitude of SAI (± SD) was stronger at N20 + 4 ms (0.61 ± 0.26) than N20 

+ 6 ms (0.88 ± 0.32). Finally, for SAI in the placebo condition (Figure 4.4D), a two-way 

ANOVA revealed a main effect of ISI (F(1,13) = 19.710, p = 0.001), such that the magnitude 

of SAI (± SD) was stronger at N20 + 4 ms (0.61 ± 0.18) than N20 + 6 ms (0.82 ± 0.25). 

The reduction of SAI was unrelated to sedation caused by lorazepam (Spearman’s rho, r = 

0.024, p > 0.05). Individual data for lorazepam effects show that at N20 + 4 ms (Figure 

4.5A, left), ten individuals showed a reduction following lorazepam, while others showed 

no change (n = 1) or an increase (n = 3). SAI at N20 + 6 ms (Figure 4.5A, right) was reduced 

in eight participants (shown with asterisk) while others showed no change (n = 1), an 

increase (n = 3) or no SAI at baseline (n = 2). Figures 4.5B and 4.5C show individual 

responses to baclofen and placebo, respectively. For all drug conditions, SAI was present 

at T0 (MEPconditioned vs MEPunconditioned, two-tailed paired t-test, all p < 0.001). At T1, SAI 

was present following lorazepam (MEPconditioned vs MEPunconditioned, two-tailed paired t-test, 

p < 0.01) and placebo (MEPconditioned vs MEPunconditioned, two-tailed paired t-test, p < 0.001), 

but not following baclofen (MEPconditioned vs MEPunconditioned, two-tailed paired t-test, p = 

0.06). Of note, although the unconditioned MEP is not different from the conditioned MEP 
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at T1 following baclofen, the ANOVA shows no main effect of TIME indicating that SAI 

is not significantly modulated by baclofen. In summary, the data indicates that SAI is 

reduced by lorazepam and not baclofen. 
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Figure 4.4: Experiment 1, SAI.  
(A) Mean SAI (± SD) expressed as a ratio of the conditioned MEP (nerve stimulation 
preceding TMS) to the unconditioned MEP (TMS alone) before (T0) and after (T1) 



PhD. Thesis – C. Turco; McMaster University - Kinesiology 

 73 

administration of lorazepam. Main effects of ISI and TIME are shown on the right, where 
SAI was stronger for N20 + 4 ms compared to N20 + 6 ms, and SAI was reduced by 
lorazepam (significance denoted by asterisk). (B) SAI in one participant before (T0, solid 
line) and after (T1, dashed line) administration of placebo, lorazepam or baclofen. Traces 
show the time-locked averaged conditioned MEP for a participant 9. (C) Mean SAI (± SD) 
before and after administration of baclofen. A main effect of ISI is shown on the right, 
where SAI was significantly stronger for N20 + 4 ms compared to N20 + 6 ms. (D) Mean 
SAI (± SD) before and after administration of placebo. A main effect of ISI is shown on 
the right, where SAI was significantly stronger for N20 + 4 ms compared to N20 + 6 ms.  
 



PhD. Thesis – C. Turco; McMaster University - Kinesiology 

 74 

 
Figure 4.5: Experiment 1, SAI individual 
SAI at N20 + 4 ms (left) and N20 + 6 ms (right) observed in individual participants before 
(T0) and after (T1) (A) lorazepam intake, (B) baclofen intake, or (C) placebo intake. 
Asterisks indicate individuals who demonstrated reduction in SAI following lorazepam 
intake, reflecting the TIME main effect found in the two-way ANOVA.  
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Experiment 2 

No serious adverse events were observed following administration of 40 mg of baclofen. 

For SAI and LAI, <1% of trials were removed due to excessive EMG activity. Table 4.3 

displays all group-averaged data from experiment 2. RMT was not significantly modified 

by baclofen or the placebo (two-tailed paired t-test, both p > 0.05). VAS rating of sedation 

was not different between raters (Mann-Whitney U, p > 0.05) and the mean VAS scores 

did not differ following baclofen (23.4 ± 9.9) and placebo (24.5 ± 12.5) (Wilcoxon signed-

rank test, p > 0.05).  

 
Table 4.3: Experiment 2 group-averaged measures (with standard deviations) 

Measure Placebo Baclofen 
T0 T1 T0 T1 

RMT (%MSO) 43.3 ± 7.7 41.6 ± 8.0 44 ± 9.2 43.4 ± 9.7 
Somatosensory evoked potentials     
     APB motor threshold (mA) 8.8 ± 2.4  9.3 ± 3.1  
     N20 latency (ms) 19.3 ± 1.1  19.5 ± 0.9  
Short-latency afferent inhibition     
     APB motor threshold (mA) 9.4 ± 2.5 9.7 ± 3.2 9.1 ± 3.2 9.0 ± 3.1 
     1 mV MEP (%MSO) 54.0 ± 12.7 55.1 ± 12.5 57.2 ± 14.0 52.2 ± 10.4 
     N20 + 4 ms 0.80 ± 0.46 0.72 ± 0.35 0.75 ± 0.37 0.66 ± 0.46 
     N20 + 6 ms 0.79 ± 0.36 0.81 ± 0.30 0.84 ± 0.23 0.82 ± 0.39 
     Averaged ISI 0.79 ± 0.39 0.77 ± 0.31 0.79 ± 0.28 0.74 ± 0.32 
Long-latency afferent inhibition     
     APB motor threshold (mA) 9.6 ± 2.4 9.9 ± 3.3 9.1 ± 3.2 9.2 ± 3.0 
     1 mV MEP (%MSO) 55.6 ± 12.6 55.4 ± 13.1 54.6 ± 13.2 53.5 ± 10.7 
     200 ms 0.81 ± 0.47 0.73± 0.58 0.60 ± 0.30 0.66 ± 0.45 
     400 ms 0.78 ± 0.54 0.58 ± 0.30 0.51 ± 0.26 0.56 ± 0.26 
     600 ms 0.75 ± 0.29 0.73 ± 0.26 0.53 ± 0.24 0.68 ± 0.28 
     Averaged ISI 0.78 ± 0.39 0.68 ± 0.28 0.55 ± 0.22 0.64 ± 0.27 
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Table 4.4 displays the statistics from the ANOVAs performed on the normalized LAI and 

SAI data from experiment 2. Two-way ANOVAs with factors of ISI and TIME were 

performed on LAI data separately for each drug, and no main effects or interactions were 

found (Figure 4.6A). For SAI, two-way ANOVAs with factors of ISI and TIME were 

performed for each drug separately and showed no main effects or interactions (Figure 

4.6B). 

 
Table 4.4: Experiment 2 ANOVA statistics 

Dependent Measure ANOVA 
Long-latency afferent inhibition  
     Baclofen ISI(1,9) = 0.631, p = 0.543 

TIME(2,18) = 1.497, p = 0.252 
ISI ´ TIME(2,18) = 1.125, p = 0.346 
 

     Placebo ISI(1,9) = 0.509, p = 0.610 
TIME(2,18) = 0.896, p = 0.369 
ISI ´ TIME(2,18) = 0.548, p = 0.588 

 
Short-latency afferent inhibition 

 

     Baclofen ISI(1,9) = 1.299, p = 0.284 
TIME(1,9) = 0.884, p = 0.372 
ISI ´ TIME(1,9) = 0.279, p = 0.610 
 

     Placebo ISI(1,9) = 0.297, p = 0.599 
TIME(1,9) = 0.093, p = 0.767 
ISI ´ TIME(1,9) = 2.557, p = 0.144 
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Figure 4.6: Experiment 2, LAI and SAI.  
(A) Mean LAI (± SD) expressed as a ratio of the conditioned MEP (nerve stimulation 
preceding TMS) to the unconditioned MEP (TMS alone). LAI was not significantly 
modified by baclofen (left) or placebo (right). (B) Mean SAI (± SD) expressed as a ratio of 
the conditioned MEP (nerve stimulation preceding TMS) to the unconditioned MEP (TMS 
alone). SAI was not significantly modified by baclofen (left) or placebo (right). 
 

4.4 Discussion 

The present study examined the pharmacological influence of GABAA and GABAB 

receptor modulators on SAI and LAI. We report the novel finding that LAI is reduced by 

lorazepam but not by baclofen, suggesting that LAI is GABAA but not GABAB receptor-

modulated. We support previous research indicating that SAI is reduced by 
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benzodiazepines that are positive allosteric modulators of the GABAA receptor (Di Lazzaro 

et al. 2005a, 2005b, 2007a; Teo et al. 2009), and extend this knowledge to indicate that SAI 

is not modulated by the GABAB agonist baclofen. We discuss these findings and their 

putative neural mechanisms below. 

 

In this study, we observed a ~40% decrease in LAI following administration of lorazepam. 

One study examined the effect of 2.5 mg of lorazepam and 10 mg of zolpidem (a 

benzodiazepine) and observed no change in LAI (Teo et al. 2009). Of note, we did not test 

LAI at the same ISI (100 ms) used by Teo et al. (2009), due to the low level of inhibition 

they observed at baseline (~15%). Our LAI data revealed ~41% inhibition at baseline in 

line with previous work (Chen et al. 1999), allowing for a greater opportunity for the 

reduction in LAI should it occur following drug ingestion. Next, we observed a ~19% 

decrease in SAI following lorazepam. This reduction is consistent with previous findings 

that range from ~15 to 40% SAI reduction following lorazepam or zolpidem administration 

(Di Lazzaro et al. 2005a, 2005b, 2007a; Teo et al. 2009). SAI is only modulated by 

benzodiazepines that target GABAA receptors bearing the a1 subunit, including zolpidem 

and lorazepam (Di Lazzaro et al. 2007a).  

 

How does lorazepam reduce SAI and LAI? 

Lorazepam appears to reduce inhibition in S1 while increasing inhibition in neighbouring 

M1. Lorazepam reduces inhibition in S1 as evidenced by a decrease in the paired pulse 

suppression of the SEP components recorded from S1 (Huttunen et al. 2008; Stude et al. 
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2016). In contrast, lorazepam reduces late I-waves recorded epidurally following TMS over 

M1 (Di Lazzaro et al. 2000a), an outcome consistent with increasing the inhibitory effect 

of GABAergic interneurons within M1. The opposing effects of lorazepam observed in S1 

versus M1 may be due simply to the differing composition of these two cortical areas. 

Inhibition plays a large role in S1 to modulate receptor response profiles, where networks 

of inhibitory interneurons shape the spatial and temporal profiles of excitatory pyramidal 

neurons (DiCarlo and Johnson 2000; Wood et al. 2017). M1 is governed by a balance of 

excitation and inhibition, with excitation mainly governing motor output (Werhahn et al. 

2007). 

 

What then, are the potential mechanisms by which SAI and LAI are reduced by lorazepam? 

While lorazepam acts globally within the cortex, lorazepam may increase GABAA receptor 

transmission on the dense inhibitory interneuron population within S1 that ultimately act 

to disinhibit pyramidal neurons (DiCarlo and Johnson 2000; Wood et al. 2017). 

Disinhibition of S1 pyramidal neurons would allow for excitation of M1 pyramidal neurons 

via long-range connections throughout layers II/III (Amassian et al. 1987) and V (Aronoff 

et al. 2010; Ferezou et al. 2007). In M1, however, we would expect that lorazepam would 

inhibit MEPs relative to baseline by increasing the inhibitory influence of GABAergic 

interneurons, and although this may be the case, the net influence from the arrival of the 

afferent volley in M1 is to increase the output of corticospinal pyramidal neurons. 
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This is the first report to examine the effect of the GABAB agonist baclofen on LAI and 

SAI and we did not observe any induced effects using a single 20 mg or 40 mg dose. 

Although SAI and LAI are not influenced by baclofen, other TMS evoked circuits are 

modulated by baclofen. Baclofen increases long-interval intracortical inhibition (LICI) 

(McDonnell et al. 2006; Müller-Dahlhaus et al. 2008) and reduces intracortical facilitation 

(ICF) (Ziemann et al. 1996). For short-interval intracortical inhibition (SICI), baclofen does 

not change (McDonnell et al. 2007), reduces (McDonnell et al. 2006) or increases (Ziemann 

et al. 1996) inhibition. Although it is unclear why GABAB receptors are modulators of the 

aforementioned circuits but not SAI and LAI, the obvious difference relates to the 

transmission of the afferent volley that is essential for afferent inhibition.  

 

Functional relevance of afferent inhibition 

The reduction of both SAI and LAI by lorazepam provides evidence that they are more 

similar than originally thought. This is consistent with a study showing that chronic 

subthalamic nucleus deep brain stimulation normalized both SAI and LAI in Parkinson’s 

disease (Wagle Shukla et al. 2013). However, the functional relevance of these two 

phenomena may be entirely different. SAI is impaired in a variety of clinical populations 

(for review, see Turco et al. 2018). Most often shown is reduced SAI in disorders of 

cognition such as Alzheimer’s disease (Celebi et al. 2012; Di Lazzaro et al. 2002, 2006, 

2007b, 2008; Di Lorenzo et al. 2013; Marra et al. 2012; Martorana et al. 2009; Nardone et 

al. 2013, 2006, 2008a; Sakuma et al. 2007; Terranova et al. 2013; Yarnall et al. 2013) and 

in those with mild cognitive impairment (Nardone et al. 2012a; Tsutsumi et al. 2012a). In 
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those with REM sleep behavior disorder, SAI is positively correlated with greater executive 

function, verbal memory, and visuospatial abilities (Nardone et al. 2012b, 2013). Further, 

in healthy individuals, SAI has been shown to be enhanced only during the retrieval phase 

and not encoding or consolidation phase of memory (Bonnì et al. 2017). Therefore, it is 

clear that SAI plays a role in various aspects of human cognition. Previous work also shows 

that SAI can be used to quantify neurophysiological changes. SAI is reduced in those with 

chronic incomplete spinal cord injury, reflecting impaired transmission of afferent input to 

M1 (Bailey et al. 2015). Further, following ischemic stroke, those showing greater 

reductions in SAI also show greater improvement in symptoms 6 months post-injury (Di 

Lazzaro et al. 2012a). Therefore, SAI may potentially be used as a biomarker of functional 

recovery following neurological injury, however further research is necessary to confirm 

this notion. 

 

There is a paucity of research investigating LAI in relation to human behavior. In clinical 

populations, LAI is most often abnormal in those displaying deficits in sensorimotor 

abilities such as Parkinson’s disease (Sailer et al. 2003), complex regional pain syndrome 

(Morgante et al. 2017), and focal hand dystonia (Richardson et al. 2009). It is unknown if, 

similar to SAI, LAI is also related to human cognition. Next, it is unknown if afferent 

inhibition is related to basic aspects of sensation and movement. However, it is commonly 

assumed that both SAI and LAI are indirect assessments of sensorimotor integration based 

on the cortical loci that are targeted by the afferent signal, mainly S1 and M1, and reports 

that afferent inhibition is modulated during movement and movement planning (Asmussen 
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et al. 2013, 2014; Cho et al. 2016; Ni et al. 2011; Richardson et al. 2008; Voller et al. 2005, 

2006). We recently reported that there is no significant relationship between afferent 

inhibition and tactile or motor performance (Turco et al. 2018c). Further research is needed 

to expose behavioral correlates of afferent inhibition, in order to improve our understanding 

of this phenomenon. 

 

Limitations & Future Considerations 

Our sample size was determined based on estimates from previous literature (Di Lazzaro 

et al. 2005a, 2005b, 2007a). However, we note that post-hoc power analyses of our data 

reveal a power of 0.64 and 0.51 for the reduction in LAI and SAI by lorazepam, 

respectively. Therefore, to achieve a higher power of 0.8, we would need to test 26 

participants. Baclofen did not demonstrate significant sedative effects as assessed with the 

VAS at either the 20 mg or 40 mg dosages. It is possible that a higher baclofen dosage 

would induce sedative effects and alter SAI/LAI, although higher dosages were beyond the 

safety limitations of the research. We only examined the effect of GABAergic modulators 

on afferent inhibition. Future studies should consider other neuromodulators that may play 

a role in shaping afferent inhibition. SAI is modulated by cholinergic drugs (Di Lazzaro et 

al. 2000b), however the role of acetylcholine in LAI is unknown. Serotonin, a 

neuromodulator that excites GABAergic interneurons (Abi-Saab et al. 1999) and reduces 

the responsiveness of neurons in the somatosensory cortex to afferent input (Waterhouse et 

al. 1986), may also modulate afferent inhibition.  
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Conclusions 

We have shown for the first time that LAI is modulated by GABAA receptor activity. SAI 

was reduced by lorazepam, confirming previous studies that GABAA receptors modulate 

SAI. Further, LAI and SAI are not influenced by baclofen, suggesting that GABAB receptor 

activity does not modulate these phenomena. These findings advance our understanding of 

the pharmacological basis of afferent inhibition in humans. 
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4.5 Rational for Study 3 

Although the stimulation parameters and pharmacology for evoking maximal SAI and LAI 

have been determined, it is important to investigate whether these stimulation parameters 

allow for a reliable assessment of these variables. Evidence about the reliability of afferent 

inhibition is sparse. However, reliability metrics provide insights on the ability for an 

outcome to detect differences between groups or to track change within an individual or 

group. As such, reliability metrics help improve the interpretation of studies using within 

and between-group experimental designs. Therefore, the purpose of Study #3 is to provide 

a comprehensive reliability analysis of SAI and LAI to quantify the relative and absolute 

reliability of these measures. 
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 Study 3 
 

Reliability of Transcranial Magnetic Stimulation Measures of Afferent 
Inhibition 

 
Turco, C.V., Pesevski, A., McNicholas, P.D., Beaulieu, L.D., & Nelson, A.J. (2019). 
Reliability of transcranial magnetic stimulation measures of afferent inhibition. Brain 
Research, 1723(146394). 
 
5.1 Introduction 

Afferent inhibition is a phenomenon whereby the motor evoked potential (MEP) elicited 

by transcranial magnetic stimulation (TMS) is suppressed when preceded by peripheral 

nerve stimulation. The resulting suppression is known as short-latency afferent inhibition 

(SAI) when the interstimulus interval (ISI) is ~20-25 ms (Tokimura et al. 2000), and known 

as long-latency afferent inhibition (LAI) at longer ISIs of 200-1000 ms (Chen et al. 1999; 

Turco et al. 2018b). SAI is modulated by cholinergic activity (Di Lazzaro et al. 2000b), and 

both SAI and LAI are reduced by administration of gamma-aminobutyric acid type A 

(GABAA) receptor allosteric modulators (Di Lazzaro et al. 2005b, 2005a, 2007a; Turco et 

al. 2018a). Both LAI and SAI are reduced in populations with disorders of the sensorimotor 

system including Parkinson’s disease (Dubbioso et al. 2019; Sailer et al. 2003), while SAI 

is reduced in disorders of cognition (Cantone et al. 2014; Di Lazzaro et al. 2002; Nardone 

et al. 2006, 2008a). 

 

Both SAI and LAI may be evoked by stimulation of cutaneous and mixed nerves when 

recorded from muscles innervated by those nerves or in close spatial proximity to those 

nerves (Classen et al. 2000; Tamburin et al. 2001). While stimulation of mixed versus 
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cutaneous nerves leads to activation of different cytoarchitectonic areas within the primary 

somatosensory cortex (S1) (Kaukoranta et al. 1986), the magnitude of afferent inhibition 

does not appear to be influenced by the type of nerve stimulated (Bailey et al. 2016; Chen 

et al. 1999; Tamburin et al. 2005; Turco et al. 2018b). However, the depth of inhibition 

varies as a function of nerve stimulation intensity. Both SAI and LAI reach maximal depth 

at intensities that evoke at least 50% of the maximum sensory nerve action potential 

(SNAPmax) in both the mixed median or cutaneous digital nerve (Turco et al. 2017). Further, 

a somatotopic effect of SAI (heterotopic vs homotopic stimulation) emerges when 

cutaneous nerve stimulation intensity is increased from sensory threshold to 3x sensory 

threshold (Dubbioso et al. 2017; Tamburin et al. 2001).  

 

Information regarding the reliability of SAI and LAI is required if these measures are to 

achieve greater utility in basic and clinical neuroscience. First, TMS measures are prone to 

significant variability due to methodological and biological factors (van der Kamp et al. 

1996; Kiers et al. 1993; Maeda et al. 2002; Orth et al. 2003; Wassermann 2002). Therefore, 

reliability testing is essential to validate whether or not, despite these sources of variability, 

TMS procedures can provide accurate measurements. Reliability can be classified into two 

types: relative and absolute (Beaulieu et al. 2017a). Relative reliability refers to the extent 

to which individuals or groups are distinguishable from one another with repeated testing 

(Bruton et al. 2000; Schambra et al. 2015). Relative reliability is best assessed via the 

intraclass correlation coefficient (ICC), which indicates the agreement or consistency 

among repeated measures by considering both random and systematic errors (Atkinson and 
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Nevill 1998; Koo and Li 2016; Weir 2005). High values of the ICCs indicate greater relative 

reliability, suggesting that the measurement has a better ability to detect differences 

between groups or individuals. High relative reliability would be needed for diagnostic 

purposes (e.g. the ability to differentiate between a healthy individual versus one with 

neurological injury/disease, or between groups of these individuals). One multi-site study 

examined SAI in a test-retest paradigm by stimulating the median nerve and recording 

inhibition in the abductor pollicis brevis (APB) muscle (Brown et al. 2017). SAI achieved 

an ICC of 0.67 (no confidence intervals reported), indicating moderate relative reliability 

(Brown et al. 2017). Relative reliability has yet to be assessed for SAI evoked by cutaneous 

nerve stimulation and has not been assessed for any measurement of LAI. Further, while 

SAI has been assessed at pre-determined ISIs ranging from 20-25 ms (Ni et al. 2011; 

Tamburin et al. 2001, 2002, 2005), an alternative method is to individualize the ISI 

according to the latency of the N20 component of the somatosensory-evoked potential 

(SEP) (Bailey et al. 2016; Fischer and Orth 2011; Guerra et al. 2016; Di Lazzaro et al. 

2000b, 2005a, 2005b, 2007a; Tsang et al. 2014; Udupa et al. 2009, 2014). It is unknown 

whether the adjustment of the ISI to the N20 latency improves the reliability of SAI 

assessment. 

 

Absolute reliability refers to the measurement error obtained with repeated measurements 

in stable individuals (Bruton et al. 2000; Hopkins 2000), and is typically assessed using the 

standard error of measurement (SEMeas) (Weir 2005). The SEMeas can be used to calculate 

the smallest detectable change (SDCindividual), which represents the minimum amount of 
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change in a variable that is above the measurement error in an individual (Beckerman et al. 

2001; Weir 2005). An amount of change below the SDCindividual is assumed to be due to 

measurement error (Beckerman et al. 2001; Weir 2005). SDC can also be expressed in 

terms of a group of participants (SDCgroup), indicating the amount of change needed in the 

group-average to be considered above the error, providing a complementary method to 

hypothesis testing (Schambra et al. 2015). No studies have examined the absolute reliability 

of SAI and LAI, yet this information is important if these measures are to be used to monitor 

changes within an individual or group over time such as during the course of an intervention 

or treatment.  

 

In the present study, we investigated the relative reliability, absolute reliability, and SDC 

of SAI and LAI evoked by stimulation of the median nerve and digital nerve across two 

separate sessions in thirty healthy, young individuals. These obtained results have 

important implications for the application of SAI and LAI in basic and clinical 

neuroscience. 

 

5.2 Methods 

Participants 

Thirty healthy, right-hand dominant individuals participated (15 females; age = 20.9 ± 2.5 

years) in two sessions separated by an average of 7 ± 4 days. Both sessions took place at 

the same time of day to account for circadian variations that may influence LAI (Bocquillon 

et al. 2017). Participants were screened for contraindications to TMS (Rossi et al. 2009), 
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and handedness was confirmed using a modified handedness questionnaire (Oldfield 1971) 

(http://www.brainmapping.org/shared/Edinburgh.php). All individuals provided informed 

written consent prior to participation. This research was approved by the McMaster 

Research Ethics Board and conformed to the declaration of Helsinki. 

 

Electromyography 

Electromyography (EMG) was recorded with surface disposable electrodes (9 mm Ag-

AgCl) placed over the right first dorsal interosseous (FDI) muscle. A wet ground was 

placed around the forearm, distal to the elbow. EMG recordings were amplified 1000x 

(Intronix Technologies Corporation Model 2024F, Bolton, Canada) and band-pass filtered 

between 20 Hz and 2.5 kHz. Data was digitized using an analog-to-digital interface at 5 

kHz (Power1401, Cambridge Electronics Design, Cambridge, UK) and stored on a secure 

computer for offline analysis (Signal v6.02, Cambridge Electronics Design, Cambridge, 

UK). 

 

Electroencephalography  

SEPs were acquired by positioning electroencephalography (EEG) electrodes over S1 at 

C3’ (2 cm posterior to C3) and referenced to Fz (International 10-20 system). Electrical 

stimulation (Digitimer DS7AH, 200 µs square wave pulses) was delivered over the median 

nerve at the wrist using a bar electrode, or over the digital nerve of the index finger using 

ring electrodes (cathode proximal). For median nerve (MN) stimulation, the minimum 

intensity to evoke a twitch in the APB muscle was used (Bailey et al. 2016; Turco et al. 
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2017). For digital nerve (DN) stimulation, the minimum intensity that elicited a perceived 

stimulus as reported by the participant was defined as sensory threshold. To assess sensory 

threshold, a suprathreshold stimulus was first applied and participants were queried to 

report the presence of absence of sensation. The stimulus intensity was subsequently 

reduced in increments of 1 mA until sensation was no longer perceived. The stimulus 

intensity was then increased and decreased in increments of 0.1 mA to determine the 

minimal stimulus intensity at which the stimulus was perceived. The intensity of DN 

stimulation was set to 2×sensory threshold (Bailey et al. 2016; Turco et al. 2017). The 

intensities of MN (motor threshold) and DN (2×sensory threshold) stimulation were chosen 

because they correspond to 50% SNAPmax in both nerves (Bailey et al. 2016; Turco et al. 

2017). One study observed DN-evoked SAI at 3×sensory threshold only, however it is 

unclear whether the current (in mA) used in that study corresponds to the current used 

presently for 2×sensory threshold (Dubbioso et al. 2017). Five hundred stimuli were 

delivered at a rate of 2 Hz, and time-locked averaged to determine the latency of the N20 

following both MN and DN stimulation. 

 

Transcranial Magnetic Stimulation 

Single-pulse TMS was delivered using a monophasic waveform to the left primary motor 

cortex (M1) using a figure-of-eight branding coil (50 mm diameter) connected to a Magstim 

2002 stimulator (Magstim, UK). The coil was oriented at a 45-degree angle to induce a 

posterior to anterior current and positioned over the motor hotspot that was digitally 

registered using Brainsight Neuronavigation (Rogue Research, Canada). The motor hotspot 
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was defined as the location that elicited the largest MEP in the right FDI muscle (Rossini 

et al. 2015).  

 

Afferent Inhibition 

The intensity of TMS was adjusted to evoke a MEP of ~1 mV peak-to-peak amplitude. 

Both SAI and LAI were assessed following stimulation of the median (SAIMN, LAIMN) and 

digital (SAIDN, LAIDN) nerves. To assess SAI, the ISI between nerve stimulation and TMS 

was set to 24 ms (referred to as SAI24) (Classen et al. 2000; Helmich et al. 2005; Ni et al. 

2011; Tamburin et al. 2001, 2005; Tokimura et al. 2000; Tsutsumi et al. 2012b) or relative 

to the latency of the N20 component of the SEP (N20 + 4 ms, referred to as SAIN20) 

(Helmich et al. 2005; Ni et al. 2011; Tamburin et al. 2005; Tokimura et al. 2000). To assess 

LAI, nerve stimulation preceded the TMS pulse by 200 ms (Chen et al. 1999). All measures 

of afferent inhibition included 12 conditioned MEPs (nerve stimulation and TMS) and 12 

unconditioned MEPs (TMS alone), in line with previous studies investigating afferent 

inhibition (Helmich et al. 2005; Di Lazzaro et al. 2007a; Udupa et al. 2014). The order of 

nerve stimulation intensity was randomized across participants using a William’s square 

design but held constant for the two sessions within individuals. 

 

Statistical Analyses 

EMG trials were discarded if the peak-to-peak amplitude of the signal 100 ms before the 

TMS artefact was greater than 100 µV, similar to the analyses of previous work (Schambra 

et al. 2015). The average EMG area within this 100 ms window was compared across 
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sessions for each acquisition of afferent inhibition using paired t-tests to ensure that 

baseline noise was consistent. For SAI and LAI, inhibition was calculated as a ratio of the 

mean conditioned to mean unconditioned MEP for each individual: SAI/LAI = 

(MEPconditioned/MEPunconditioned)´100%. Outliers were identified using Grubb’s test and were 

removed from all analyses. Normality was assessed using the Shapiro-Wilks test and visual 

screening of box-and-whiskers and histogram plots, while heteroscedasticity was assessed 

using Bland-Altman plots in accordance with previous work (Damron et al. 2008; 

Schambra et al. 2015). Two-tailed paired t-tests were used to compare the means of each 

measure between sessions in order to determine whether systematic error was present 

between test and retest. However, SAI data was analyzed with a repeated measures 

ANOVA using the factors ISI (2 levels: 24ms and N20+4ms) and SESSION (2 levels: 

Session 1 and Session 2). The significance level was set to 5% so that a result is considered 

statistically significant when p < 0.05, while Bonferroni correction was used for multiple 

comparisons. 

 

Reliability Assessment 

Relative reliability was evaluated using estimates of the ICC (2, k). A two-way random 

effects model was used because all participants were tested by the same experimenter, 

assumed to be representative of a population of well-trained TMS experimenters (Weir 

2005). There are no absolute guidelines for interpreting the ICC; however, previous sources 

have suggested that ICC values with 95% confidence intervals above 0.9 indicate excellent 

relative reliability, 0.75-0.9 is considered strong, 0.5 to 0.75 is considered moderate, and 
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values below 0.5 is considered poor (Koo and Li 2016; Portney and Watkins 2009). 

Interpretation of the ICC strictly based on these cutoffs is problematic as the magnitude of 

the ICC is dependent upon the heterogeneity of the sample tested. Therefore, to aid in the 

interpretation of the ICC, the coefficient of variation (CV) was obtained for each measure. 

The CV is defined with the following formula: CV = SD/mean´100, where SD is the 

standard deviation of the measure. 

 

Absolute reliability describes the amount of variability within an individual as a result of 

repeated testing. This was quantified using the SEMeas, which is expressed in the same units 

as the measure evaluated (MEPconditioned/MEPunconditioned´100%). SEMeas was calculated as: 

𝑆𝐸𝑀!"# = √𝑀𝑆𝐸, where MSE is mean square error term from a repeated measures 

ANOVA (Weir 2005). Measurement error was also expressed as a percentage of the mean 

using the following formula: %SEMeas = SEMeas/mean´100% (Weir 2005). %SEMeas was 

provided because it is independent of the units of the original measurement and so is more 

easily interpreted and comparable to other studies. A cutoff of %SEMeas <10% was used as 

an indication of low measurement error, consistent with previous studies (Beaulieu et al. 

2017b; Flansbjer et al. 2005; Schambra et al. 2015). The SEMeas was also used to calculate 

the SDCindividual with the following formula: 𝑆𝐷𝐶$%&$'$&(") = 𝑆𝐸𝑀𝑒𝑎𝑠´√2´1.96. The 

SDCindividual provides the minimum amount of change in the dependent variable that is 

needed to be considered a real change with 95% confidence and that is not due to 

measurement error (Beckerman et al. 2001). Estimations of SDC for different group sizes 
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(from 1 to 100) were then calculated as 𝑆𝐷𝐶*+,(- = 𝑆𝐷𝐶/√𝑛	 where n is the sample size. 

Similar to SEMeas, the SDC is expressed in the same units of the original measurement. 

 

5.3 Results 

Procedures were well tolerated with no adverse events or attrition. Paired t-tests, with 

Bonferroni corrections, confirmed that EMG area prior to the stimulation artefacts was not 

significantly different across sessions for each permutation of SAI/LAI acquired (all p > 

0.01, Bonferroni corrected for six comparisons). A DN-evoked N20 was not observed for 

one individual on both sessions due to artefacts in the EEG trace, suggesting that this 

participant could not relax during DN stimulation. Therefore, the data from this individual 

was removed from all DN analyses (LAIDN, SAI24,DN, SAIN20+4,DN). Next, a DN-evoked 

N20 was not clearly observed for one individual in Session 2 due to electrical noise. 

Therefore, the data from this individual was removed from the SAIN20+4,DN condition. 

Following Grubb’s test, one outlier was removed from LAIMN, LAIDN, SAI24,MN, and 

SAIN20+4,MN. Therefore, LAIMN, SAI24,MN, SAI24,DN, and SAIN20+4,MN reflects n = 29 while 

LAIDN and SAIN20+4,DN reflects n = 28. Importantly, all SAI and LAI data were 

homoscedastic and normally distributed. The intensity of nerve stimulation, the amplitude 

of the unconditioned MEP, and the latency of the N20 was not significantly different 

between sessions (Table 5.1). Importantly, the current (in mA) used to stimulate the MN 

and DN were similar across sessions and showed high relative reliability (ICC of 0.88 and 

0.82, respectively) and high absolute reliability (SEMeas of 0.10 and 0.13, respectively). 
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Table 5.1: Group-averaged data. 
 Session 1 

Mean ± SD (CV) 
Session 2 
Mean ± SD (CV) % change Statistics 

MN stimulation (mA) 8.73 ± 2.16 8.76 ± 1.96 0.38% p=0.91* 
DN stimulation (mA) 3.74 ± 0.79 3.79 ± 0.85 1.43% p=0.59* 
MN N20 latency (ms) 18.35 ± 1.16 18.25 ± 1.01 -0.28% p=0.64* 
DN N20 latency (ms) 21.50 ± 1.89 21.26 ± 1.31 -0.74% p=0.54* 
Unconditioned MEP (mV)     
     SAI24,MN 1.12 ± 0.17 1.12 ± 0.27 0.49% p=0.93* 
     SAIN20+4,MN 1.14 ± 0.17 1.12 ± 0.27 -1.20% p=0.82* 
     SAI24,DN 1.09 ± 0.20 1.08 ± 0.21 -0.97% p=0.89* 
     SAIN20+4,DN 1.09 ± 0.21 1.08 ± 0.22 -1.48% p=0.69* 
     LAIMN 1.12 ±  0.17 1.12 ± 0.27 -0.08% p=0.99* 
     LAIDN 1.10 ± 0.21 1.09 ± 0.21 -0.74% p=0.84* 
% of unconditioned MEP     
     SAI24,MN 78.12 ± 22.97 (28.86%) 79.17 ± 24.72 (31.23%) 1.34% ISI(1,28)=18.30, p<0.001 

Session(1,28)=0.10, p=0.78 
ISI*Session(1,28)=0.85, p=0.37 
 

     SAIN20+4,MN 63.73 ± 22.37 (35.11%) 60.27 ± 25.44 (42.20%) -5.42% 

     SAI24,DN 73.27 ± 23.44 (32.60%) 85.07 ± 27.99 (32.90%) 16.10% ISI(1,27)=0.25, p=0.62 
Session(1,27)=2.93, p=0.10 
ISI*Session(1,27)=0.35, p=0.56 
 

     SAIN20+4,DN 74.30 ± 22.98 (30.75%) 81.48 ± 24.42 (29.97%) 9.66% 

     LAIMN 60.29 ± 31.42 (52.11%) 61.20 ± 38.33 (66.54%) 1.50% p=0.90* 
     LAIDN 68.84 ± 34.11 (50.52%) 68.34 ± 34.86 (51.01%) -0.73% p=0.93* 

*indicates that P values reflect two-tailed paired t-tests comparing Session 1 and Session 2.  
CV: coefficient of variation, DN: digital nerve, LAI: long-latency afferent inhibition, MEP: motor-evoked potential; MN: median 
nerve, SAI24: SAI acquired at an interstimulus interval of 24 ms, SAIN20+4: SAI acquired at an interstimulus interval of N20 + 4 ms, 
SD: standard deviation 
 

 
Short-latency Afferent Inhibition 

Table 5.1 shows the group-averaged SAI data. A two-way repeated measure ANOVA on 

SAI evoked by MN stimulation showed a main effect of ISI (F(1,28)=18.299, p<0.001), such 

that the magnitude of SAIN20+4,MN was greater than SAI24,MN (Figure 5.1). This ANOVA 

revealed no main effects or interaction on SAI evoked by DN stimulation (Figure 5.2). 

Therefore, we conclude that SAI was not different between sessions, regardless of ISI used 

or nerve stimulated.  
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Figure 5.1: Group-averaged MN-evoked SAI data.  
(A) SAI (expressed as a percentage of the unconditioned MEP), with standard error, evoked 
at the ISI of 24ms (SAI24) or N20+4ms (SAIN20+4) in Session 1 and Session 2. *indicates a 
significant difference between ISIs. (B) The distribution of the differences between Session 
1 and Session 2 for SAIMN evoked at the ISI of 24ms or N20+4ms. Shown is the median 
with whiskers spanning 1.5 x the interquartile range, and circles are values outside 1.5 x 
the interquartile range. (C) and (D) shows the individual magnitude of SAI24,MN and 
SAIN20+4,MN, respectively. (E) and (F) shows the smallest detectable change for the group 
(SDCgroup) as a function of sample size (n) (calculated as SDC./012 = SDC3453635178/√n). 
(E) For SAI24,MN stimulation, at least 25 participants are required to reduce SDCgroup below 
10% of the unconditioned MEP. (F) For SAIN20+4,MN, at least 22 participants are required 
to reduced SDCgroup below 10% of the unconditioned MEP. 
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Figure 5.2: Group-averaged DN-evoked SAI data.  
(A) SAI (expressed as a percentage of the unconditioned MEP), with standard error, evoked 
at the ISI of 24ms (SAI24) or N20+4ms (SAIN20+4) in Session 1 and Session 2. (B) The 
distribution of the differences between Session 1 and Session 2 for SAIDN evoked at the ISI 
of 24ms or N20+4ms. Shown is the median with whiskers spanning 1.5 x the interquartile 
range, and circles are values outside 1.5 x the interquartile range. (C) and (D) shows the 
individual magnitude of SAI24,DN and SAIN20+4,DN, respectively. (E) and (F) shows the 
smallest detectable change for the group (SDCgroup) as a function of sample size (n) 
(calculated as SDC./012 = SDC3453635178/√n). (E) For SAI24,DN stimulation, at least 39 
participants are required to reduce SDCgroup below 10% of the unconditioned MEP. (F) For 
SAIN20+4,DN, at least 41 participants are required to reduced SDCgroup below 10% of the 
unconditioned MEP. 
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The reliability statistics for SAI data are shown in Table 5.2. SAI evoked by MN 

stimulation had moderate relative reliability (ICC = 0.61). In contrast, SAI evoked by DN 

stimulation had poor relative reliability (ICC < 0.5). SAI evoked by MN stimulation had 

an SEMeas of ~18% of the mean unconditioned MEP, while SAI evoked by DN stimulation 

had an SEMeas of ~22% of the mean unconditioned MEP. %SEMeas was >10% for all 

measures of SAI, indicating large measurement error. SDCindividual was ~50% (of the mean 

unconditioned MEP) for SAI evoked by MN stimulation, and ~62% (of the mean 

unconditioned MEP) for SAI evoked DN stimulation. Our estimations of SDCgroup based 

on our sample size is below 10% (of the mean unconditioned MEP) for SAI evoked by MN 

stimulation, indicating that our sample size was sufficient to obtain SAIN20+4,MN (Figure 

5.1E) and SAI24,MN (Figure 5.2E) with an accuracy of <10% of mean unconditioned MEP. 

~40 participants would be required to achieve an SDCgroup below 10% for SAIN20+4,DN 

(Figure 5.1F) and SAI24,DN (Figure 5.2F). 

 

Table 5.2: Reliability statistics. 
 ICC (95% CI) SEMeas SEMeas% SDCindividual SDCgroup 
SAI24,MN 0.61 (0.16 to 0.82) 18.00% 22.90% 49.91% 9.27% 
SAIN20+4,MN 0.68 (0.32, 0.85) 16.73% 26.99% 46.37% 8.61% 
SAI24,DN 0.38 (0 to 0.70) 22.26% 28.12% 61.71% 11.46% 
SAIN20+4,DN 0.13 (0, 0.59) 22.88% 29.38% 63.43% 11.99% 
LAIMN 0.59 (0.10 to 0.81) 27.00% 44.45% 74.84% 13.90% 
LAIDN 0.74 (0.44 to 0.88) 22.27% 32.47% 61.73% 11.67% 

SEMeas, SDCindividual, and SDCgroup are expressed as a percentage of the unconditioned MEP, while %SEMeas expresses the SEMeas as a 
percentage of the mean.  
CI: confidence interval, DN: digital nerve, ICC: intraclass correlation coefficient, LAI: long-latency afferent inhibition, MN: median 
nerve, SAI24: SAI acquired at an interstimulus interval of 24 ms, SAIN20+4: SAI acquired at an interstimulus interval of N20 + 4 ms, 
SD: standard deviation, SDC: smallest detectable change, SEMeas: standard error of measurement, SEMeas%: relative SEMeas 
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Long-latency Afferent Inhibition 

Table 5.1 shows the group-averaged LAI data with corresponding t-tests. LAIMN and LAIDN 

were not different across sessions (two-tailed paired t-tests, both p > 0.05). Figure 5.3A 

plots the magnitude of LAI evoked by median and digital nerve stimulation, while Figure 

5.3B plots the distribution of differences between Session 1 and Session 2. Individual LAI 

data are shown in Figure 5.3C and 5.3D. 
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Figure 5.3: Group-averaged LAI data.  
(A) LAI (expressed as a percentage of the unconditioned MEP), with standard error, evoked 
by MN or DN stimulation in Session 1 and Session 2. (B) The distribution of the differences 
between Session 1 and Session 2 for LAI evoked by MN or DN stimulation. (C) Individual 
LAIMN, and (D) individual LAIDN are shown. The smallest detectable change for the group 
(SDCgroup) as a function of sample size (n) is shown for (E) LAIMN and (F) LAIDN. For 
LAIMN, at least 57 participants are required to reduced SDCgroup below 10% of the 
unconditioned MEP. For LAIDN, at least 39 participants are required to reduced SDCgroup 
below 10% of the unconditioned MEP. 
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Reliability statistics for LAI data are shown in Table 5.2. LAIMN and LAIDN had moderate 

reliability of an ICC of 0.59 and 0.74, respectively. SEMeas for LAIMN was 27.00% of the 

mean unconditioned MEP amplitude and for LAIDN was 22.27% of mean unconditioned 

MEP amplitude. %SEMeas was above 10% for both LAIMN and LAIDN (i.e., 44.45% and 

32.46%, respectively). SDCindividual for LAIMN was 74.84% of mean unconditioned MEP 

amplitude and for LAIDN was 61.73% of mean unconditioned MEP amplitude, respectively. 

Therefore, individuals must show ~60-75% change in LAIMN, for example, in order to 

attribute such change to a real neurophysiological event rather than measurement error. Our 

estimations show that to achieve an SDCgroup below 10%, 57 participants would be required 

for LAIMN (Figure 5.3E) and 39 participants would be needed for LAIDN (Figure 5.3F). 

 

Intersession interval 

The interval between Sessions 1 and 2 was 7 ± 4 days to allow flexible scheduling and 

promote retention. We then questioned whether the individual’s with longer intersession 

intervals showed greater changes in afferent inhibition between Sessions 1 and 2. To 

address this, we performed correlations between the percent change in SAI/LAI between 

Session 1 and Session 2 with the intersession interval (in days). None of these correlations 

were significant (all p > 0.1), indicating no relationship between the interval and the change 

in SAI/LAI. 
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5.4 Discussion 

To our knowledge, this is the first study to provide a comprehensive reliability assessment 

of SAI and LAI. Reliability was evaluated through multiple approaches. Relative reliability 

was quantified using the ICC, providing an indication of the ability to discriminate between 

subjects or groups with repeated testing. The SEMeas and SDC, indices of absolute 

reliability and responsiveness to change, respectively, were calculated to determine if SAI 

and LAI could be used as reliable neurophysiological biomarkers across multiple sessions 

within an individual and within a group. 

 

Relative Reliability of SAI and LAI 

A critical aspect of interpreting the ICC is an understanding of the confidence interval. The 

ICC and its corresponding 95% confidence interval should agree in the determination of 

the strength of reliability. ICC scores ranged between 0.13 and 0.74 for all measures of 

afferent inhibition but the 95% confidence intervals were quite large, hence precluding any 

valid qualitative interpretation. For example, our ICC data suggest that SAIDN shows poor 

relative reliability while SAIMN and LAIMN show moderate relative reliability. However, the 

large confidence intervals do not support this conclusion. It is more appropriate to conclude 

that SAIMN and LAIDN have poor-to-moderate relative reliability. These results are 

comparable to the relative reliability of intracortical facilitation (ICF), a paired-pulse TMS 

paradigm that reports ICCs below 0.5 with large confidence interval ranges in 21 healthy, 

elderly individuals (Schambra et al. 2015). Interestingly, recent research shows that the 

reliability of conventional short-interval intracortical inhibition (SICI) (poor relative 
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reliability, ICC 0.37-0.51) was enhanced by the use of threshold-tracking (moderate-to-

excellent relative reliability, ICC 0.61-0.88) (Samusyte et al. 2018). It is unknown if a 

similar technique would improve the reliability of SAI. One previous study assessed the 

test-retest reliability of SAIMN and reported moderate reliability with an ICC of 0.67 (Brown 

et al. 2017). However, since the 95% confidence interval was not reported, it is unclear if 

the ICC agrees with the confidence interval in that study. Additionally, the sample 

distribution for SAI in that study was more variable (CV of ~49%) (Brown et al. 2017) 

compared to the present work (~30% for SAI) making comparisons between studies 

difficult. Notably, the between-subject variability in SAI obtained within this study is less 

than that obtained in previous work by Fischer & Orth (2011) (CV of ~50%) – this may be 

a consequence the smaller sample size (17 participants) used in that study. 

 

Only LAIDN showed a 95% confidence interval that was extended around the moderate 

reliability range. In this case, both the absolute ICC of 0.74 and the confidence interval of 

0.44-0.88 allow us to conclude that LAIDN is moderately reliable. From a quantitative point 

of view, these results underscore that between 44% and 88% of the total variance is likely 

due to inter-individual differences and the remaining result from intra-individual variations 

between sessions (Weir 2005). Therefore, based on our methods and sample, LAIDN is 

better able to reliably differentiate between individuals, highlighting its potential diagnostic 

or prognostic value as suggested elsewhere (Beaulieu et al. 2017a). 

 

Absolute Reliability and Smallest Detectable Change of SAI and LAI 
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The SEMeas was obtained to provide an understanding of absolute reliability. %SEMeas was 

>10% for all measures of afferent inhibition, indicating high measurement noise (Beaulieu 

et al. 2017b; Flansbjer et al. 2005; Schambra et al. 2015). Comparatively, measurement 

noise was greater for LAI (~38%) compared to SAI (~27%). Although the explanation for 

this difference is unclear, the differing pharmacological profile of SAI and LAI may be a 

contributing factor. Previous work has shown that both SAI and LAI are modulated by 

activity of the GABAA receptor (Di Lazzaro et al. 2005a, 2005b, 2007a; Turco et al. 2018a). 

However, while SAI is modulated by cholinergic activity (Di Lazzaro et al. 2000b), it is 

unknown if LAI is also cholinergic in nature. We also show that measurement noise is 

similar for afferent inhibition evoked by MN (~31%) and DN (~30%) stimulation, 

suggesting that the composition of the nerve stimulated is not an influencing factor of 

absolute reliability. 

 

Notably, we tested two different approaches to achieve our SAI measures. SAI was 

assessed using a standard ISI of 24 ms and an ISI relative to the latency of the N20 

component of the SEP (N20 + 4 ms). Both methods have been used in the literature to 

evoke SAI (Classen et al. 2000; Helmich et al. 2005; Di Lazzaro et al. 2005b, 2005a, 2007a; 

Ni et al. 2011; Tamburin et al. 2001, 2005; Tokimura et al. 2000). Our results show that 

measurement error is similar between these two approaches, indicating that absolute 

reliability is not influenced by the experimental approach used to quantify SAI. However, 

use of the N20 latency led to significantly stronger SAIMN in both sessions. Therefore, if 

future studies are seeking to reliably evoke SAI, our results suggest that the use of the N20 
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latency is not necessary. However, if the goal of a future study is to evoke maximal SAI 

via median nerve stimulation, the ISI relative to the N20 latency should be used rather than 

a standard ISI. 

 

Both SAI and LAI had high values for SDCindividual ranging from 46-75% of the 

unconditioned MEP. LAIMN had an SDCindividual of ~75%, indicating that an individual must 

display a change of more than 75% of the unconditioned MEP to exceed measurement 

error. This high level of measurement error leads us to conclude that both SAI and LAI are 

insensitive to changes within an individual. Similarly, large SDCindividual values have been 

reported for other TMS measures including SICI (~40%) and ICF (~60%) (Schambra et al. 

2015). Importantly, SDCindividual is reduced exponentially when expressed relative to the 

sample size (e.g. see Figure 5.1E). For example, the SDCgroup for SAIMN is ~9% of the 

unconditioned MEP. Therefore, a change greater than ~9% of the unconditioned MEP in 

the group mean is needed to exceed measurement noise in the group. Collectively, our data 

suggests that SAI and LAI reliably detect changes within a group but not within an 

individual.  

 

Although there is no gold standard for the preferred value of SDCgroup, one study has 

recommended to achieve a value less than or equal to 10% for SICI (Schambra et al. 2015). 

Using our data, we calculated the sample required to achieve SDCgroup £10% of the 

unconditioned MEP and show that more participants are required for SAIDN compared to 

SAIMN. Further, LAIMN required more participants than LAIDN to achieve this threshold. 
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This analysis approach could be used in future research to determine the appropriate sample 

size to achieve an appropriately low SDCgroup. 

 

Sources of Variability That Contribute to Reliability 

Potential sources of inter-subject variability that contribute to reliability may include but 

are not limited to biological sex, ovarian hormones, fitness level, wellness, diet, personality 

and intelligence quotient (IQ). While our sample included an equal number of males and 

females, we were underpowered to perform analyses comparing the reliability of afferent 

inhibition between sexes. Future studies with larger sample sizes may consider whether 

afferent inhibition is influenced by biological sex. Further, there are many potential sources 

of inter-session variability. These include the intensity of TMS or nerve stimulation and 

baseline cortical excitability, although we found no statistically significant difference in 

TMS intensity or nerve stimulation intensity between sessions. Importantly, we obtained 

SAI and LAI with 12 trials only, similar to previous work investigating afferent inhibition 

(Helmich et al. 2005; Di Lazzaro et al. 2007a; Udupa et al. 2014). Future studies will be 

needed to investigate if a larger number of trials ensures higher measurement reliability. 

Interestingly, recent evidence indicates that SAI is reduced during the retrieval of negative 

memories, with no modulation of LAI suggesting that thought processes impact the 

magnitude of SAI (Mineo et al. 2018). In our study, we did not control the focus of attention 

or thought processes through the use of a task intended to distract or maintain focus. 

Therefore, it is possible that shifting of attentional focus throughout the experiment 



PhD. Thesis – C. Turco; McMaster University - Kinesiology 

 107 

contributed to the variability in SAI. This consideration would be particularly important 

when assessing SAI in populations experiencing altered cognition.  

 

Significance of Afferent Inhibition 

Importantly, this study only examined young, healthy adults and, therefore, the results are 

limited to this population and do not extend to aging and clinical populations. The results 

of this study will be beneficial for future basic science studies acquiring SAI and LAI in a 

similar population to that studied herein. Future studies should examine the reliability of 

SAI and LAI in aging and clinical populations. 

 

Previous work shows that SAI is reduced in those with spinal cord injury (Bailey et al. 

2015) and Alzheimer’s disease (Nardone et al. 2008a), whereas LAI is abolished in 

Parkinson’s disease (Sailer et al. 2003). This indicates that SAI and LAI have potential 

diagnostic value. Future studies should investigate the diagnostic potential of SAI and LAI 

by assessing relative reliability in clinical populations and individuals presenting with 

different severity levels of a particular neurological pathology, particularly in Alzheimer’s 

and Parkinson’s disease. If the goal of future reliability studies is to establish a TMS 

measure for diagnostic purposes, an effort should be made to ensure that the sample 

dispersion of the recruited participants is approximately representative of the population it 

is intended to be used for. That is, the ICC should be tested in a sample of individuals that 

are sufficiently different from one another (e.g. different pathologies, ages, genders, etc.). 
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However, if the goal is to find and reduce potential factors affected the variability of TMS 

outcomes, the recruited sample should be stable and homogenous.  

 

Limitations 

First, we note that the intersession interval ranged was, on average, 7 ± 4 days. We allowed 

this flexibility to accommodate personal schedules, thereby promoting participant 

retention. However, there was no correlation between the intersession interval and the 

change in SAI/LAI across sessions. This suggests that any variance in the intersession 

interval did not contribute to variability in afferent inhibition across sessions. In addition, 

because the purpose of this study was to assess intra-rater test-retest reliability, the data 

were acquired by a single experimenter (i.e. CVT delivered TMS in all sessions). However, 

future studies may include multiple experimenters to assess inter-rater reliability, which is 

a useful metric for study of clinical populations. Next, we note that SAI was acquired only 

at the ISIs of 24ms and N20+4ms, while LAI was only acquired with an ISI of 200ms. 

Previous research has shown that SAI and LAI can be acquired at ISIs ranging from ~20-

25ms (Tokimura et al. 2000) and 200-1000ms (Chen et al. 1999; Turco et al. 2018b), 

respectively. Future studies should investigate whether the reliability of SAI and LAI is 

influenced by the precise ISI used to evoke these circuits.  

 

Conclusions & Future Considerations 

This study investigated the reliability of SAI and LAI in a healthy, young population. The 

ICCs indicate that LAIDN has moderate relative reliability, SAIMN and LAIMN has poor-to-
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moderate relative reliability, while SAIDN has poor relative reliability. Based on the SEMeas 

and SDCindividual values obtained, we advise against using SAI and LAI as biomarkers to 

detect individual neurophysiological change. However, as shown by SDCgroup, SAI and LAI 

can be used to reliably detect change within the group given an appropriate sample size. 

Future TMS studies should consider using the SDC as a compliment analysis in 

intervention studies to determine (1) if the change in the TMS measurement within an 

individual is real using SDCindividual and (2) if sample size is sufficient to reduce SDCgroup 

to an acceptable value to detect real group-level changes. We recommend measures of 

absolute reliability for all future studies of afferent inhibition to more accurately interpret 

meaningful change versus experimental error. 
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5.5 Rationale for Study 4 

Following Study #3, it wa clear that there was a large amount of variability that was present 

within SAI and LAI data. Therefore, in Study #4 I considered factors that may contribute 

to this variability. Specifically, glucose is a precursor to GABA, and previous animal work 

has shown that glucose upregulates activity of the GABAA receptor. This may suggest that 

glucose administration would reduce afferent inhibition. Therefore, the purpose of Study 

#4 was to determine whether administration of glucose would influence the magnitude of 

SAI and/or LAI. 
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 Study 4 

The Effect of Glucose Levels on Afferent Inhibition 

A version of this manuscript is published in: Toepp, S. L., Turco, C.V., Locke, M.B., 
Nicolini, C., Ravi, R., & Nelson, A.J. (2019). The Impact of Glucose on Corticospinal 
Excitability. Brain Sciences, 9, 339. 
 
6.1 Introduction 

Glucose is the main source of energy for the brain. It is required for the maintenance of 

membrane potentials and ionic gradients, generation of action potentials, neurotransmitter 

synthesis, and neurotransmission (Mergenthaler et al. 2013). Therefore, normal circulating 

blood glucose levels are essential for proper brain function. Currently, it is unknown how 

the sensorimotor system is influenced by glucose.  

 

The sensorimotor system can be probed by pairing peripheral nerve stimulation with 

transcranial magnetic stimulation (TMS). This evokes a phenomenon known as afferent 

inhibition, which occurs at both short and long interstimulus intervals (ISIs), also known 

as short-latency afferent inhibition (SAI) and long-latency afferent inhibition (LAI). We 

have recently shown that there is considerably between- and within-subject variability 

associated with SAI and LAI in a healthy, young population (Turco et al. 2019a). It is 

unknown how factors of daily living such as diet, specifically levels of circulating glucose, 

modulate afferent inhibition and contribute to this variability. However, this is especially 

important to establish because SAI and LAI are impaired in multiple neurodegenerative 

conditions such as Alzheimer’s disease (Nardone et al. 2008a) and Parkinson’s disease 

(Dubbioso et al. 2019; Sailer et al. 2003) and could therefore potentially be used as 
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diagnostic tools or biomarkers of neurophysiological change. Further, there is evidence 

showing that those with Parkinson’s disease demonstrate cortical hypometabolism and 

subcortical hypermetabolism of glucose while those with Alzheimer’s disease show 

cerebral hypometabolism of glucose (Borghammer 2012; Kapogiannis and Mattson 2011). 

It is unknown if the weakening of SAI/LAI in these populations reflects the impairment in 

glucose metabolism. 

 

The effect of acute elevations in blood glucose on SAI and LAI has yet to be investigated. 

Previous TMS research has shown that resting corticospinal excitability is increased 60 

minutes following ingestion of 68 g glucose drink (Specterman et al. 2005). Further, both 

carbohydrate solution intake (Gant et al. 2010) and carbohydrate mouth rinse (Bailey et al. 

2019) are capable of increasing motor-evoked potentials (MEPs) acquired from upper 

(Gant et al. 2010) and lower-limb muscles (Bailey et al. 2019) during active contraction. 

Finally, Badawy et al. (2013) has shown using paired-pulse TMS that long-interval 

intracortical inhibition (LICI) within the primary motor cortex (M1) is reduced following 

a postprandial increase in glucose. This also suggests that M1 excitability is increased 

acutely with elevated blood glucose levels.  

 

Afferent inhibition is modulated by activity of the gamma-aminobutyric acid type A 

(GABAA) receptor, such that administration of lorazepam (a positive allosteric modulator 

of the GABAA receptor) reduces both SAI (Di Lazzaro et al. 2005a, 2005b, 2007a) and LAI 

(Turco et al. 2018a). GABA is a major inhibitory neurotransmitter that is responsible for 
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regulating excitation within the brain. Hyperglycemia is associated higher human cortical 

GABA levels (Van Bussel et al. 2016), and glucose administration in neonatal rats increases 

GABAA receptor activity (Anju et al. 2010).  

 

The present study investigated the effects of a glucose drink on afferent inhibition in a 

double-blinded, placebo-controlled, three-way crossover design. Based on the evidence of 

glucose-induced increases in M1 excitability and GABAergic neurotransmission, it was 

hypothesized that afferent inhibition was modulated by glucose levels. Based on this 

hypothesis, we predicted that an acute increase blood glucose would reduce the magnitude 

of SAI and LAI. 

 
6.2 Methods 

Participants 

Eighteen recreationally active, right-handed, healthy male subjects (mean age = 22.8 ± 2.4 

years) participated in this study. Right-hand dominance was confirmed using a modified 

handedness questionnaire (Oldfield 1971). Participants were eligible for the study if they 

scored ‘moderate’ or ‘high’ on the International Physical Activity Questionnaire (IPAQ) or 

complete a minimum of 600 metabolic equivalents (MET)-min/week of physical activity. 

Inactive individuals were excluded to reduce the risk of influence from prediabetic 

impairment of glucose metabolism which is inversely correlated with physical activity level 

(Hu and Gu 2019). All individuals were screened for contraindications to TMS and 

provided written, informed consent prior to participation. This research was approved by 
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the Hamilton Integrated Research Ethics Board (HIREB) and conformed to the Declaration 

of Helsinki. 

 

Electromyography 

Surface electrodes (9 mm Ag-AgCl) were used to record electromyography (EMG) from 

the right first dorsal interosseous (FDI) muscle. EMG signals were band-pass filtered (20-

2.5 kHz) (Intronix Technologies Corporation Model 2024F, Bolton, Canada), amplified 

(´1000) and then digitized (5 kHz) using an analog-to-digital interface (Power1401; 

Cambridge Electronics Design, Cambridge, UK). Data was analyzed using commercial 

software (Signal v6.02, Cambridge Electronics Design, Cambridge, UK) and stored for 

offline analysis.  

 

Electroencephalography 

Electroencephalography (EEG) electrodes were positioned over C3’ (located 2 cm 

posterior to C3) and referenced to Fz (International 10-20 system). A bar electrode was 

positioned over the median nerve at the wrist (cathode proximal) to deliver square wave 

electrical pulses (200 µs pulse width) using a constant current stimulator (DS7AH; 

Digitimer, Welwyn Garden City, UK). Nerve stimulation was delivered at the minimum 

intensity that evoked a visible twitch in the abductor pollicis brevis (APB) muscle. Time-

locked averaging of five hundred stimuli delivered at 3 Hz was used to determine the 

latency of the N20 peak of the somatosensory-evoked potential (SEP). 
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Transcranial Magnetic Stimulation 

TMS was delivered using a customized figure-of-eight “branding iron” coil (50 mm 

diameter), connected to a Magstim 2002 stimulator (Magstim, Whitland, UK). The TMS 

coil was positioned over the left M1 at the location that elicited the largest and consistent 

MEPs in the right FDI muscle. The coil was oriented 45 degrees to the midsagittal plane to 

induce a posterior to anterior current. The location and orientation of the TMS coil was 

digitally registered on a standard magnetic resonance imaging (MRI) image with Brainsight 

Neuronavigation (Rogue Research, Montreal, QC, Canada). Resting motor threshold 

(RMT) was determined using the maximum-likelihood parameter estimation by sequential 

testing (ML-PEST) method, a predictive algorithm that determines the TMS intensity that 

yields a 50% probability of evoking a MEP with a peak-to-peak amplitude of 50 µV (TMS 

Motor Threshold Assessment Tool, MTAT 2.0, 

(http://www.clinicalresearcher.org/software.html). A priori was selected and the starting 

TMS intensity was set to 37% of the maximum stimulator output (MSO). The ML-PEST 

algorithm was stopped after 20 stimuli (Ah Sen et al. 2017).  

 

To acquire afferent inhibition, the TMS intensity was set to evoke a MEP of ~1 mV in the 

right FDI muscle. Electrical stimulation was delivered to the median nerve at the wrist 

(cathode proximal) at the minimum intensity that evoked a visible twitch in the APB 

muscle. To acquire SAI, the ISI between peripheral nerve stimulation and TMS was 4 ms 

longer than the N20 latency (i.e. N20 + 4 ms). An ISI of 200 ms was used to acquire LAI. 

Twelve unconditioned stimuli (TMS alone) were randomly presented among 36 
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conditioned stimuli (nerve stimulation following by TMS, twelve stimuli per ISI), with a 5 

s inter-trial interval. Inhibition was expressed as the ratio of the conditioned MEP amplitude 

to the unconditioned MEP amplitude: 

𝑆𝐴𝐼/𝐿𝐴𝐼 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑀𝐸𝑃9,%&$:$,%!&
𝑎𝑣𝑒𝑎𝑔𝑒	𝑀𝐸𝑃(%9,%&$:$,%!&

 

 

Blood Glucose and Blood Pressure  

Capillary blood glucose measurements were performed via the glucose oxidase method 

using a hand-held diabetes monitoring device (Abbott MediSense FreeStyle Precision Neo 

Blood Glucose and Ketone Monitoring System, Abbott). Mean arterial blood pressure was 

also measured throughout the experimental session using an automated blood pressure 

monitor (OMRON Blood Pressure Monitor, OMRON Healthcare) because previous 

research has indicated that blood pressure may be elevated by ingestion of a large glucose 

bolus (Rebello et al. 1983; Synowski et al. 2013), The mean arterial pressure (MAP) was 

calculated from the systolic (SBP) and diastolic blood pressure (DBP) as indicated below: 

𝑀𝐴𝑃 =
2𝐷𝐵𝑃 + 𝑆𝐵𝑃

3  

 

Experimental Protocol 

This experiment consisted of four visits in total. Participants fasted for 10 hours prior to 

each visit. Visit 1 was a preliminary testing session, used to assess a time-course for glucose 

metabolism. Participants ingested a 75 g glucose bolus in 300 mL of solution and finger-

prick blood samples were collected and analyzed at 10-minute intervals as indicated in 
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Figure 6.1A. The latency at which peak blood glucose occurred was used to ensure that 

TMS tests are conducted during a period of high circulating glucose for each individual. 

 

 
Figure 6.1: Experimental design.  
The latency of peak blood glucose was obtained in Visit 1 by acquiring finger-prick blood 
samples every 10 min after ingestion of a 75 g glucose drink. Visits 2-4 involved the 
collection of dependent measures (RMT, SAI, LAI) at three time-points corresponding to 
baseline (T0), the participant’s latency of peak blood glucose (T1), and the rise of glucose 
in the cerebrospinal fluid (T2, ~60 min after drink ingestion). 
 

A minimum inter-session interval of 48 hours was imposed between Visits 2, 3, and 4.  This 

study implemented a double-blinded, three-way crossover design in which TMS 

measurements were assessed before and after ingestion of water, a sucralose-flavored 

placebo (5 g Splenda®) or a 75 g glucose bolus (Figure 6.1B). All solutions were 300 mL. 

Sucralose-sweetened water was delivered to control for the sweet taste of glucose, and 
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water was delivered to control for drink ingestion. The order of delivery was randomized 

across the three sessions by the McMaster University Medical Center (MUMC) pharmacy. 

All treatment solutions were provided in uniform, shrouded bottles with a letter code 

corresponding to the order of delivery. The MUMC pharmacy held the drink randomization 

(i.e. drink identity) key until collection was complete to ensure that the experimenters were 

blind to the identity of the drink. Subjective ratings of perceived likeness and sweetness 

were obtained using a 10 cm Visual Analogue Scale (VAS). This scale that ranged from 

“dislike extremely” to “like extremely for the likeness rating and “not at all sweet” to 

“extremely sweet” for the sweetness rating. Blood glucose, blood pressure, perceived 

likeness and sweetness measurements were recorded by an unblinded researcher who did 

not otherwise take part in data collection or analysis. The sucralose-sweetened placebo was 

taste-matched with the 75 g glucose solution by MUMC pharmacy. Participants were 

explicitly asked not to comment on the taste of the drink to the researchers and it was made 

clear that this was very important to the integrity of the study. The participants were blind 

to the identity of the drink to the degree that they could not distinguish between the 

sucralose placebo and the glucose solutions.  

 

TMS measures were acquired before (T0) and after the intervention at two time points (T1 

and T2). The timing of T1 was based off of each individual’s latency of peak blood glucose 

determined in Visit 1. The timing of T2 was based off of the estimated latency of peak 

glucose levels in the cerebrospinal fluid (CSF), which occurs ~30 min after the peak of 

glucose in the blood plasma (Shestov et al. 2011). Blood samples via finger prick and blood 
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pressure were collected at baseline, 5 minutes prior to T1 and T2 measurements, and 

immediately following T2 measurements (termed T3). 

 

Statistical Analyses 

For all analyses, outliers were identified with SPSS and normality was assessed with the 

Shapiro-Wilks test. Trials were discarded if the EMG activity was ³100 µV in the 100 ms 

preceding the stimulation artefacts (Turco et al. 2019a). First, to confirm that inhibition was 

observed for measures of SAI and LAI, two-way ANOVAs with the factors PATTERN (2 

levels: unconditioned MEP and conditioned MEP) and TIME (3 levels: T0, T1, T2) were 

performed. The SAI and LAI ratios were subsequently analyzed using repeated-measure 

ANOVAs with factors TREATMENT (3 levels: glucose, sucralose, water) and TIME (3 

levels: T0, T1, T2). Capillary blood glucose and MAP were assessed using two-way 

repeated measures ANOVA with four levels of TIME (T0, T1, T2, T3) and three levels of 

TREATMENT (glucose, sucralose, water). Degree of likeness and sweetness were assessed 

with a one-way ANOVA with three levels of TREATMENT (glucose, sucralose, water). 

Post-hoc testing of parametric ANOVAs was performed with Bonferroni-corrected two-

tailed paired t-tests. A Conover’s ANOVA (Conover and Iman 1982) was performed in lieu 

of a parametric ANOVA in cases where the data was not normally distributed (even after 

attempted transformations), with the Wilcoxon-signed rank test (WSRT) used for post-hoc 

testing. 
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Further analyses were performed to assess the influence of glucose on the variability and 

reliability of SAI and LAI. Correlation analyses were performed on data obtained within 

the glucose condition only, to assess the relationship between glucose levels and variability 

in SAI/LAI. First, the correlation between glucose levels and SAI/LAI at T0 was computed. 

Second, the change in SAI/LAI from T0 to T1 was correlated with the change in glucose 

levels from T0 to T1, and the change in SAI/LAI from T0 to T2 was correlated with the 

change in glucose levels from T0 to T2 . This analysis explored the relationship between 

the variability in SAI/LAI across time with glucose levels at the approximate peak plasma 

(i.e. T1) and peak CSF (i.e. T2) concentrations of glucose. Next, the absolute reliability in 

SAI and LAI were assessed with the Standard Error of Measurement (SEMeas). Absolute 

reliability refers to the variability of repeated measures within a stable individual and is 

quantified with the SEMeas (Weir 2005). SEMeas was calculated using the following 

formula:  

𝑆𝐸𝑀𝑒𝑎𝑠 = √𝑀𝑆𝐸 

where the MSE is the mean square error term obtained from a one-way repeated measure 

ANOVA with three levels of TIME (T0, T1, T2). For all statistical analyses, significance 

was set at p < 0.05 and effect sizes were calculated with Cohen’s d.  

 
6.3 Results 

On Visit 1, fasting glucose concentration was 4.8 ± 0.4 mmol/L and peaked at 9.5 ± 1.0 

mmol/L after ingestion of the glucose bolus. Ten participants had glucose peak latencies of 

40 min (n=10), six had a peak latency of 30 min, one peaked at 20 min and one peaked at 

50 min.  
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A Conover’s ANOVA on glucose levels revealed a TIME*TREATMENT interaction 

[F(6,17) = 29.722, p < 0.001] (Figure 6.2A). Glucose concentration was significant higher 

following ingestion of glucose at T1, T2, and T3 (WSRT, all p < 0.001). Further, glucose 

concentration at T1 was slightly elevated following ingestion of the sucralose-sweetened 

placebo (WSRT, p < 0.001), but returned to fasting levels at T2 and T3. There was no 

significant change in glucose concentration following the ingestion of water. A two-way 

ANOVA on MAP revealed a main effect of TIME [F(9,69) = 26.602, p < 0.001] (Figure 

6.2B). MAP at T0 was lower than all other time points (paired t-tests, all p < 0.001). Further, 

MAP at T2 was lower than MAP at T3 (paired t-test, p = 0.001). A one-way Conover’s 

ANOVA on perceived likeness revealed no effect of TREATMENT [F(2,34) = 0.357, p = 

0.703], suggesting that participant’s had a similar affinity for all three treatment solutions 

(glucose VAS score = 3.8 ± 2.6 cm; sucralose VAS score = 4.2 ± 2.7 cm; water VAS score 

= 3.6 ± 2.0 cm). A one-way Conover’s ANOVA on perceived sweetness revealed a main 

effect of TREATMENT [F(2,34) = 79.936, p < 0.001]. The glucose solution was rated as 

sweeter than water (glucose VAS score = 8.1 ± 1.8 cm; water VAS score = 0.7 ± 0.8 cm; 

WSRT, p < 0.001) or the sucralose solution (sucralose VAS score = 6.1 ± 2.2 cm; WSRT, 

p < 0.001). Further, the sucralose solution was rated as sweeter than water (WSRT, p < 

0.001) 
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Figure 6.2: Glucose and blood pressure levels 
Graphs show group-averaged means (± standard error). A) Blood glucose levels. *indicates 
a significant difference from T0 within a treatment condition. B) Mean arterial pressure 
(MAP). *indicates a significant difference from T0 when averaged across treatment 
conditions. 
 

Results of statistical analyses on neurophysiology data are presented in Table 6.1. A two-

way Conover’s ANOVA on RMT revealed a main effect of TIME [F(2,34) = 8.098, p = 

0.001], whereby RMT was significantly higher at T0 compared to T1 (43.6% vs 42.2%, 

WSRT p < 0.001, d = 0.235) and T2 (43.6% vs 42.6%, WSRT p = 0.014, d = 0.162). 

Importantly, it is notable that the change in RMT across time, although significant, was 

very small (~1%MSO change) with small effect sizes. 
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Table 6.1: Statistical Analyses  

*indicates Conover’s ANOVA and post-hoc testing with the Wilcoxon-Signed Rank Test. 
Effect sizes shown are Cohen’s d. 

Measure ANOVA Post-hoc and Effect Size 
RMT* Treatment(2,34) = 0.838, p = 0.441 

Time(2,34) = 8.098, p = 0.001 
Treatment*Time(4,68) = 1.844, p = 0.130 

T0 vs T1: p = 0.001, d = 0.235 
T0 vs T2: p = 0.014, d = 0.162 
T1 vs T2: p = 0.446, d = 0.073 

Testing for the presence of SAI 
     Glucose 
      
 
 
     Sucralose 
 
 
 
     Water 

 
Time(2,34) = 0.477, p = 0.625 
Pattern(1,17) = 24.709, p < 0.001 
Time*Pattern(2,34) = 0.100, p = 0.905 
 
Time(2,34) = 0.778, p = 0.467 
Pattern(1,17) = 51.967, p < 0.001 
Time*Pattern(2,34) = 0.464, p = 0.632 
 
Time(2,32) = 0.002, p = 0.998 
Pattern(1,16) = 49.581, p < 0.001 
Time*Pattern(2,32) = 0.664, p = 0.522 
 

 
 
d = 1.683 
 
 
 
d = 2.079 
 
 
 
d = 2.186 

SAI ratio Treatment(2,30) = 0.059, p = 0.943 
Time(2,30) = 0.118, p = 0.889 
Treatment*Time(4,60) = 0.268, p = 0.897 

 

Testing for the presence of LAI 
     Glucose 
 
 
 
     Sucralose 
 
 
 
     Water 

 
Time(2,34) = 2.978, p = 0.064 
Pattern(1,17) = 8.101, p = 0.011 
Time*Pattern(2,34) = 1.024, p = 0.370 
 
Time(2,34) = 1.763, p = 0.187 
Pattern(1,17) = 34.688, p < 0.001 
Time*Pattern(2,34) = 0.037, p = 0.964 
 
Time(2,32) = 0.214, p = 0.809 
Pattern(1,16) = 16.100, p = 0.001 
Time*Pattern(2,32) = 2.256, p = 0.121 
 

 
 
d = 1.033 
 
 
 
d = 1.596 
 
 
 
d = 1.328 

LAI ratio Treatment(2,32) = 2.663, p = 0.085 
Time(2,32) = 2.813, p = 0.075 
Treatment*Time(4,64) = 0.591, p = 0.679 
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A two-way ANOVA on the conditioned and unconditioned MEPs showed that significant 

SAI was present at all time points as seen by a main effect of PATTERN that was present 

for each condition. Further, a two-way ANOVA on the SAI ratio revealed no main effects 

or interaction, indicating that the magnitude of SAI was similar across all time points and 

treatments (Figure 6.3A). A two-way ANOVA on the conditioned and unconditioned MEPs 

showed that significant LAI was present at all time points as seen by a main effect of 

PATTERN that was present for each condition. Further, a two-way ANOVA revealed no 

main effects or interaction, indicating that the magnitude of LAI was similar across all time 

points and treatments (Figure 6.3B). 

 

 
Figure 6.3: Afferent inhibition.  
Mean (± standard error) SAI (A) and LAI (B) at baseline (T0) and following the ingestion 
of water, sucralose or glucose (T1, T2). Values below the dotted line indicate the presence 
of inhibition. 
 
Correlations were performed on data obtained within the glucose condition. Glucose levels 

at T0 were not correlated with SAI at T0 (r = -0.004, p > 0.05) or with LAI at T0 (r = -

0.202, p > 0.05). The change in glucose levels from T0 to T1 was not correlated with the 

change in SAI and LAI from T0 to T1 (SAI: r = 0.092, p > 0.05; LAI: r = -0.168, p > 0.05). 
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Further, the change in glucose levels from T0 to T2 was not correlated with the change in 

SAI and LAI from T0 to T2 (SAI: r = -0.107, p > 0.05; LAI: r = -0.101, p > 0.05). 

 

The SEMeas was computed for all conditions. The SEMeas was similar for SAI across all 

conditions (Water: SEMeas = 0.29, Sucralose: SEMeas = 0.28, Glucose: SEMeas = 0.28). 

Further, the SEMeas was similar for LAI obtained within the glucose (SEMeas = 0.23) and 

water (SEMeas = 0.24) condition but was slightly higher (SEMeas = 0.32) during the 

sucralose condition, suggesting slightly higher measurement error within this condition. 

These values for the SEMeas are slightly higher than that reported previously for SAI and 

LAI evoked by median nerve stimulation (SEMeas ranged from 0.18-0.22) (Turco et al. 

2019b). However, this is not unexpected given that a smaller sample size was used here (n 

= 18) compared to previous work (n = 30 in (Turco et al. 2019b)).  

 
 
6.4 Discussion 

The present study is the first to examine the effect of glucose on afferent inhibition. Our 

novel findings indicate that acute elevations in blood glucose do not modulate the 

magnitude of SAI or LAI. These results and their implications are discussed below. 

 

There was no change in SAI or LAI observed following intake of water, glucose or 

sucralose solutions. Further, baseline SAI/LAI and the change in SAI/LAI were not 

correlated with glucose levels. We also found that the absolute reliability in SAI was similar 

across all conditions, as assessed with the SEMeas. Further, the absolute reliability in LAI 
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was similar between the water and glucose conditions. These results suggest that an 

elevation in glucose is not a significant contributor to the within-subject variability in 

afferent inhibition that has been previously reported (Turco et al. 2019a). Therefore, this 

suggests that the control of glucose levels do not need to be prioritized in TMS studies 

assessing afferent inhibition.  

 

Importantly, these results are limited to healthy, recreationally active, young males. Future 

research is needed to determine if these results carry over to other populations. Females 

and inactive participants were excluded from the present study to reduce the influence of 

confounding variables on the results. Inactive participants are at a higher risk of showing 

prediabetic impairments in glucose metabolism (Hu and Gu 2019), and glucose metabolism 

is impaired during the luteal phase of the menstrual cycle compared to the follicular phase 

and menstruation (Bennal and Kerure 2013; Diamond et al. 1989; Jarrett and Graver 1968). 

Additionally, we only studied the effects of a 75 g glucose challenge, not in a dose-response 

fashion. It is unknown if this dose of glucose is an insufficient stimulus to change afferent 

inhibition and if higher doses of glucose would have yielded different results.  

 

Previous studies have reported that glucose has a modulatory effect of corticospinal 

excitability (Bailey et al. 2019; Gant et al. 2010; Specterman et al. 2005). In the present 

study, we observed no real change in RMT, an indicator of baseline cortical excitability. 

Gant et al. (Gant et al. 2010) observed increases in MEPs obtained in the biceps brachii 

during maximum contraction following ingestion of glucose and other carbohydrate 
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solutions, and Bailey et al. (Bailey et al. 2019) observed increases in quadricep MEPs 

obtained during 50% maximum contraction following a carbohydrate mouth rinse. 

Corticospinal excitability in these studies was assessed during active conditions to 

determine the influence of carbohydrates on fatiguing muscle function. Prolonged fatiguing 

exercise leads to not only reduced neuronal output to the muscle (Taylor et al. 2006) but 

also hypoglycemia and depletion of muscle glycogen (Coggan and Coyle 1991). Previous 

research has demonstrated that SAI and LAI are reduced during finger movement 

(Asmussen et al. 2013, 2014; Bonassi et al. 2019; Ni et al. 2011; Richardson et al. 2008; 

Voller et al. 2005, 2006). Movement-related reductions in afferent inhibition are greatest 

in the contracted muscle compared to nearby, inactive muscles (Asmussen et al. 2014; 

Voller et al. 2005), suggesting that a release of afferent inhibition would allow for greater 

output to the contracted muscle (Turco et al. 2018b). It is unknown whether acute elevations 

in blood glucose would be more impactful on SAI/LAI if these measures were obtained 

during active muscle contraction. 

 

Afferent inhibition is reduced in multiple neurodegenerative conditions including 

Alzheimer’s and Parkinson’s disease compared to healthy controls (Turco et al. 2018b), 

which also display altered glucose metabolism. There is evidence that those with 

Parkinson’s disease exhibit cortical hypometabolism and subcortical hypermetabolism of 

glucose (Borghammer 2012) while those with Alzheimer’s disease show cerebral 

hypometabolism of glucose (Kapogiannis and Mattson 2011). The results may suggest that 

the weakening of SAI/LAI in these neurodegenerative populations do not reflect the 
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impairment in glucose metabolism. However, the present study should be replicated in 

these populations to more firmly make this conclusion. 

 

It has been repeatedly shown that SAI is reduced in populations with cognitive impairments 

(see (Turco et al. 2018b) for review). In addition, increases in SAI are related to improved 

performance on executive function and visuospatial tasks (Nardone et al. 2012b, 2013) and 

during the retrieval phase of memory tasks (Bonnì et al. 2017), whereas SAI is reduced 

during working memory load (Suzuki and Meehan 2018). These results clearly highlight 

the relationship between SAI and cognition. This is in line with the findings that SAI 

reflects activity of the cholinergic system (Di Lazzaro et al. 2000b), which is thought to 

underlie proper cognitive function (Ballinger et al. 2016; Hampel et al. 2018). Interestingly, 

glucose levels impact several domains of cognitive functioning (see (Feldman and Barshi 

2007) for review) and has been previously labeled as a “cognitive enhancer” (Riby 2004). 

Acute intake of glucose improves cognitive performance in elderly individuals (Kaplan et 

al. 2000) and, in healthy individuals, improves performance on working memory tasks 

(Riby 2004; Smith et al. 2011) but slows sensorimotor processing (Hope et al. 2013). Given 

the impact of glucose on cognitive function and the link between SAI and cognition, it is 

surprising that acute elevations in blood glucose did not lead to a change in SAI depth. 

Future research should investigate if SAI obtained in the context of cognitive tasks is 

modulated by glucose intake. 
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Although the present study did not show an impact of glucose on afferent inhibition, an 

important avenue of future research is to assess the relationship between dietary and 

lifestyle factors on TMS measures. This is especially important if these TMS measures are 

to be used as biological markers of function, as is the case with SAI as seen in recent 

literature (Benussi et al. 2019; Nardone et al. 2019; Snow et al. 2019). Recently, Yamazaki 

et al. (Yamazaki et al. 2019) showed that low-intensity cycling reduces SAI in exercised 

and non-exercised muscles. The impact of aerobic exercise on LAI is currently unknown. 

Future research should continue to investigate the influence of lifestyle factors on afferent 

inhibition. 
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6.5 Rationale for Study 5 

There is a large body of research that reports manipulation of sensory afference leads to 

changes in motor cortex organization. However, the neural mechanisms underlying this 

effect are unknown. Evidence suggests that muscle representations within M1 are under 

GABAergic control. Given that I have shown that afferent inhibition is dependent on 

sensory afference (Study #1) and is reflective of GABAA receptor activity (Study #2), I 

hypothesized that afferent inhibition may play a role in this neuroplastic effect. Therefore, 

in Study #5 it was proposed that afferent inhibition mediates the relationship between 

sensory afference and motor cortex organization.  The findings from this study could also 

be used to determine whether sensory enrichment leads to a change in afferent inhibition, 

and whether motor cortex organization is under the control of afferent inhibition. 
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 Study 5 
 

Cutaneous Modulation of Sensorimotor Function 

7.1 Introduction 

Understanding the interaction between sensory input and motor output is fundamental to 

the exploration of human movement. Evidence from animal literature suggests that sensory 

input continuously modulates the organization of the primary motor cortex (M1). M1 

organization may be assessed by quantifying the location and spatial representation of 

muscles within the cortex. In rats, when sensory inputs are deprived via whisker trimming 

(Keller et al. 1996) or forelimb amputation (Donoghue and Sanes 1988), the representation 

of the denervated area in M1 is reduced while adjacent motor representations become 

enlarged. In primates, the representation of digit movements (i.e. the number of sites that 

evoked digit movement) are reduced following dorsal column transections (Kambi et al. 

2011). In contrast, heightened afferent input through sensorimotor training in skilled 

reaching movements results in the enlargement of digit representations in the rat (Kleim et 

al. 1998) and monkey (Nudo et al. 1996) motor cortices, supporting the suggestion that 

motor cortical organization is influenced by sensory input. 

 

In humans, transcranial magnetic stimulation (TMS) has been used to investigate the 

cortical changes that occur following the manipulation of sensory inputs. TMS studies have 

shown that limb amputation leads to the expansion of the representations of muscles 

proximal to the amputation (Cohen et al. 1991; Irlbacher et al. 2002; Röricht et al. 1999; 

Schwenkreis et al. 2001). Temporary deafferentation can also induce rapid and reversible 
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changes in M1 organization. For example, reversable nerve block with local anesthetic 

reduces motor output of distal muscles (Murphy et al. 2003) while ischaemic nerve block 

increases the excitability and area of representations of muscles proximal to the nerve block 

(Brasil-Neto et al. 1992, 1993; McNulty et al. 2002; Ridding and Rothwell 1995, 1997; 

Vallence et al. 2012b, 2012a; Werhahn et al. 2002; Ziemann et al. 1998a, 1998b). The 

increase in corticospinal excitability due to ischaemic nerve block may be mediated by the 

subsequent rapid increase in cortical gamma-aminobutyric acid (GABA) levels (Levy et al. 

2002).   

 

Neural changes in M1 have also been observed following increased sensory input. Hamdy 

et al. (1998) showed that prolonged electrical stimulation of a peripheral nerve is sufficient 

to drive M1 reorganization, such that 10 min of high-frequency pharyngeal nerve 

stimulation results in enlargement of the pharynx representation and reduction of the upper 

esophagus representation in M1. Two hours of mixed nerve stimulation enlarges the area 

of muscles innervated by the stimulated nerve (Ridding et al. 2000, 2001; Wu et al. 2005) 

and shifts the centre of gravity (CoG) of the motor maps (Ridding et al. 2001). Further, 

prolonged muscle vibration increases corticospinal excitability (Forner-Cordero et al. 2008; 

Rosenkranz et al. 2003; Rosenkranz and Rothwell 2003) and the aerial representation of 

the vibrated muscle in lesioned cortex following stroke (Marconi et al. 2011). Finally, 

heightened afferent input during sensorimotor learning also leads to enlargement of the 

trained muscle’s representation in M1 (Kami et al. 1995; Karni et al. 1998; Pascual-Leone 
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et al. 1993; Tyč and Boyadjian 2006). Collectively, these data demonstrate that 

corticospinal excitability is increased following enhancement of afferent input.  

 

Interestingly, if only cutaneous input is enhanced, as opposed to activation of 

proprioceptive afferents via mixed nerve stimulation or muscle vibration, there appears to 

be an opposite effect on M1 excitability. Kojima et al. (2018) demonstrated that 20 minutes 

of mechanical stimulation of the index fingertip reduces motor-evoked potentials (MEPs) 

in the first dorsal interosseous (FDI) muscle. The influence of prolonged electrical 

stimulation to the digits on corticospinal excitability is less clear. Corticospinal excitability 

was reportedly unchanged following 2 hours of digital nerve (DN) stimulation (Ridding et 

al. 2000) or 30 minutes of lateral antebrachial cutaneous nerve stimulation (Tinazzi et al. 

2005). However, these results were obtained from very small sample sizes of four (Ridding 

et al. 2000) and five participants (Tinazzi et al. 2005), warranting further investigation to 

more clearly understand the effects of prolonged cutaneous input on M1 excitability.  

 

Importantly, while afferent input is capable of driving changes in M1 organization and 

excitability, the mechanisms of such changes are unclear. In this study, it is proposed that 

a TMS-evoked phenomenon known as afferent inhibition may contribute to M1 

organization. Afferent inhibition appears to contribute to the topography within M1, such 

that the greatest inhibition occurs for muscles in close spatial proximity to the nerve 

stimulated (Classen et al. 2000). The neural pathway underlying afferent inhibition is 

proposed to result from the activation of thalamocortical projections to M1 interneurons 
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that inhibit pyramidal output (Di Lazzaro et al. 2012b) and also disinhibition of excitatory 

pyramidal projections from the primary somatosensory cortex (S1) to M1 (Turco et al. 

2018a, 2018b). The magnitude of afferent inhibition is directly related to nerve stimulation 

intensity, such that stronger inhibition is observed with greater recruitment of sensory 

afferent fibers (Bailey et al. 2016; Turco et al. 2017). Previous research has shown that 

neuromuscular electrical stimulation delivered to the ulnar nerve (UN) for 40 minutes 

abolishes short-latency afferent inhibition (SAI) (Mang et al. 2012). The effect of 

prolonged cutaneous nerve stimulation on afferent inhibition is unknown. However, the 

reduction in MEP amplitude following 20 min mechanical stimulation to the digit tip 

(Kojima et al. 2018) may suggest that afferent inhibition is increased, since corticospinal 

excitability is one component of afferent inhibition. However, further investigation is 

required to make this conclusion.  

 

In the present study, sensory enrichment will be achieved with tactile coactivation protocols 

applied via electrical stimulation (termed somatosensory electrical stimulation or SES) 

(Godde et al. 2000; Höffken et al. 2007; Pleger et al. 2001). SES enhances tactile acuity of 

the digit (Godde et al. 2000), increases the size of the digit representation in S1 (Hodzic et 

al. 2004; Pleger et al. 2003), increases inhibition within M1 (Rocchi et al. 2017), and 

increases (Rocchi et al. 2017) or decreases (Höffken et al. 2007) inhibition in S1, depending 

on the stimulation frequency. Together, these findings demonstrate that this protocol is 

capable of driving cortical plasticity. 
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The purpose of this study is to investigate the effects of SES on motor maps within human 

M1 and afferent inhibition. This information is important for understanding the neural 

mechanisms by which sensory input influences motor cortical organization. The 

predictions are as follows: 

1. SES of the UN will enlarge the area of the FDI motor map and reduce the magnitude 

of afferent inhibition. 

2. SES of the index finger digital nerve will decrease the area of the FDI motor map 

and increase the magnitude of afferent inhibition. 

 
 
7.2 Methods 

Participants 

Four right-handed healthy participants were recruited (age 20.5 ± 1.7 years, 3 males). 

Participants were screened for contraindications to TMS (Rossi et al. 2009) and right-

handedness was confirmed using a modified handedness questionnaire (Oldfield 1971). All 

participants provided written informed consent prior to data collection on the dates of 

testing. This research was approved by the Hamilton Integrated Research Ethics Board 

(HiREB) and conformed to the declaration of Helsinki. 

 

Experimental Design 

Individuals participated in three sessions. A minimum inter-session interval of 48 hours 

was imposed to minimize carry-over effects. Figure 7.1 shows a timeline of an experimental 

session. 
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Figure 7.1: Experimental timeline.  
Three 45 min interventions were delivered across three sessions where interventions 
include: rest, digital nerve stimulation, and ulnar nerve stimulation. Before the baseline T0 
block (i.e. Pre-baseline), SAI and LAI were acquired at three nerve stimulation intensities: 
sensory threshold (ST), 2xST, and 3xST. At T0, short- (SAI) and long-latency afferent 
inhibition (LAI) and a map of the first dorsal interosseous (FDI) muscle in the left motor 
cortex was acquired. Immediately after the intervention at T1, SAI, LAI and the FDI map 
was acquired again. Further, the FDI map was acquired twice with two different TMS 
intensities, both adjusted and unadjusted for changes in resting motor threshold (RMT). 
 

The following interventions were implemented on one of three sessions: 

1. Rest condition: 45 min of rest (to control for the passage of time) 

2. DN stimulation condition: 45 min of electrical stimulation to the index finger.  

3. UN stimulation condition: 45 min of electrical stimulation to the UN at the 

wrist.  

The order of sessions was counterbalanced using a Latin square design. The rest session 

involved a 45 min period where no stimulation was delivered. The SES protocol (DN 

stimulation and UN stimulation conditions) involved 20 Hz trains of electrical pulses (200 

µs pulse width) that were delivered for 1 s, with a 5 s rest in between trains (Digitimer 

DS7AH, Hertfordshire, UK) (Ragert et al. 2008; Rocchi et al. 2017). For the DN 

stimulation condition, electrical stimuli were delivered through surface adhesive electrodes 

(9 mm Ag-AgCl electrodes), with the anode placed on the distal phalanx of the index finger 
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and the cathode placed on the proximal phalanx of the index finger. For the UN stimulation 

condition, a bar electrode was placed over the UN on the volar surface of the wrist with the 

cathode directed proximally. The intensity of electrical stimulation ranged from 2 to 3 x 

sensory threshold (ST). Nerve stimulation intensity was initially set at 3 x ST. To ensure 

that high-frequency electrical stimulation was not perceived as painful, since pain reduces 

LAI (Burns et al. 2016), individuals were asked to rate the sensation of the electrical 

stimulus as mild, moderate, strong, or painful. If the sensation was deemed painful, they 

were asked to rate the pain on a scale of 0 to 10 according to the Numeric Rating Scale 

(NRS) (Hawker et al. 2011). If participants rated pain greater than 5, then the stimulation 

intensity was lowered until the sensation is no longer painful. The minimum stimulation 

intensity used during the DN and UN stimulation interventions was 2 x ST.  

 

The dependent measures acquired with TMS included resting motor threshold (RMT), 

short-latency afferent inhibition (SAI), long-latency afferent inhibition (LAI) and a FDI 

map (details of procedures to acquire these measures are described in the Methods below). 

Dependent measures were acquired at baseline (T0) and immediately post-intervention 

(T1). At T1, the FDI map was acquired twice. Once with the same stimulation intensity 

used at T0 (termed T1unadjusted, TMS intensity at 120% of RMT acquired at T0), and once 

with the stimulation intensity adjusted for changes in RMT (termed T1adjusted, TMS intensity 

at 120% of RMT acquired at T1). Further, SAI and LAI were also acquired before T0, at 

“pre-baseline”, using three different nerve stimulation intensities: ST, 2xST, and 3xST. The 

purpose of the pre-baseline assessment was to confirm that the nerve stimulation intensity 
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used to acquire SAI/LAI at T0 and T1 was optimal. 

 

Electromyography (EMG) 

Surface EMG (9 mm Ag-AgCl electrodes) was recorded from the right FDI muscle. EMG 

recordings were band-pass filtered between 20 Hz and 2.5 kHz, amplified 1000x (Intronix 

Technologies Corporation Model 2024F, Bolton, Canada), and then digitized at 5 kHz 

using an analog-to-digital interface (Power1401, Cambridge Electronics Design, 

Cambridge, UK). EMG recordings were collected and analyzed in Signal software (Signal 

v6.02, Cambridge Electronics Design, Cambridge, UK). 

 

Somatosensory Evoked Potentials (SEPs) 

Somatosensory-evoked potentials (SEPs) were recorded using electroencephalography 

(EEG) from electrodes positioned at C3’ and referenced to Fz (International 10-20 system) 

with a ground electrode placed over the clavicle. DN stimulation was delivered at the 

intensity of 2xST. One thousand epochs were averaged to determine the latency of the N20 

component of the SEP. The N20 latency was used to determine the interstimulus interval 

(ISI) between nerve stimulation and TMS pulses in subsequent measures of SAI (described 

below).  

 

Transcranial Magnetic Stimulation (TMS) 

Single-pulse TMS was delivered to the left M1 using a custom figure-of-eight branding 

coil (50 mm diameter) connected to a Magstim Bistim stimulator (Magstim, Whitland, 
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UK). The coil was oriented at a 45° angle to the parasagittal plane to induce a posterior-to-

anterior current in the cortex. The motor hotspot was identified as the optimal location 

whereby TMS elicited consistently large MEPs in the right FDI muscle. This site was 

digitally marked using Brainsight Neuronavigation (Rogue Research, Montreal, Canada). 

 

Resting motor threshold (RMT) was obtained using ML-PEST, a systematic predictive 

algorithm that determines the TMS intensity predicted to yield a 50% probability of 

generating a MEP while the FDI muscle is at rest (TMS Motor Threshold Assessment Tool; 

MTAT, version 2.0 (http://www.clinicalresearcher.org/software.html). A priori 

information was selected, and the starting TMS intensity was set to 37%. Twenty stimuli 

were delivered to accurately determine the RMT (Ah Sen et al. 2017; Siebner and Rothwell 

2003).  

 

Afferent Inhibition 

Two measures of afferent inhibition were acquired: SAI and LAI. DN stimulation was 

delivered prior to the TMS pulse at an interstimulus interval of N20 + 2 ms to acquire SAI 

and 200 ms to acquire LAI. At pre-baseline, SAI and LAI were acquired using DN 

stimulation intensities of ST, 2xST and 3xST. At T0 and T1, DN stimulation was delivered 

at an intensity of 2 x ST only. TMS was delivered at the intensity that evokes a 1 mV MEP 

in peak-peak amplitude. At pre-baseline, 20 unconditioned MEPs (i.e. TMS alone) were 

randomized among 60 conditioned MEPs (i.e. 20 nerve stimulation-TMS pairs per nerve 

stimulation intensity of ST, 2xST and 3xST). This was repeated for the acquisition of both 
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SAI and LAI. At T0 and T1, 20 unconditioned MEPs (i.e. TMS alone) were randomized 

among 40 conditioned MEPs (i.e. 20 nerve stimulation-TMS pairs for SAI, 20 for LAI). 

The magnitude of inhibition was calculated as a ratio of the averaged conditioned MEP 

over the averaged unconditioned MEP: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛	(𝑆𝐴𝐼/𝐿𝐴𝐼) =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑	𝑀𝐸𝑃
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑢𝑛𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑	𝑀𝐸𝑃 

 
FDI Maps 

A map of the FDI muscle representation within M1 was obtained using similar methods 

described by van de Ruit et al. (2015). 100 TMS pulses were delivered to pseudo-random 

locations within a 6x6 cm area centered over the FDI motor hotspot, at the intensity 

corresponding to 120% RMT with an inter-stimulus interval of 2 s. Brainsight 

Neuronavigation was used to identify the 6x6 cm area and provided feedback about stimuli 

and coil position throughout the measure. It was unknown whether the interventions 

delivered would change RMT. Therefore, at T1, maps were acquired with the same TMS 

intensity at T0 (120% of RMT obtained at T0, termed T1unadjusted) and at the TMS intensity 

that corresponds to the change in RMT (120% of RMT obtained at T1, termed T1adjusted). 

 

Responses to individual stimuli were excluded according to established criteria (Van De 

Ruit et al. 2015): (1) if the stimulation was >10 mm outside of the pre-defined grid space, 

(2) if an MEP was greater than the mean MEP ±3 SD, (3) if the root mean square of the 

EMG activity within a 45 ms window (from 50ms to 5ms before the TMS artefact) was not 

within the mean ±2SD of all stimuli, and (4) if angle and translation of the stimulus location 
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fell outside the 99% predication interval of all stimuli (Van De Ruit et al. 2015). A 

MATLAB script was used to construct a map of the FDI muscle representation from the 

peak-peak amplitude of the MEPs and the location of stimulation registered with 

Neuronavigation. The resultant map approximates the MEP size for 2500 partitions within 

the 6x6 cm space. Map area was calculated using the following formula (Van De Ruit et 

al. 2015): 

𝑎𝑟𝑒𝑎 =
𝑁(𝑎𝑀𝐸𝑃;<%)

𝑁:,:")
× 𝑎𝑟𝑒𝑎>"- 

Where N(aMEP10%) is the number of partitions where the approximated MEP is >10% of 

the maximum approximated MEP, Ntotal is the total number of partitions (i.e. 2500 

partitions), and areamap is the total mapped area (i.e. 36 cm2). 

 

Statistical Analyses 

SAI and LAI trials with peak-to-peak EMG activity greater than 100 µV in a 100 ms 

window prior to the TMS artefact were discarded, similar to previous work (Schambra et 

al. 2015; Turco et al. 2019a). To increase clarity of the results, each variable was assigned 

a cut-off value. If the variable showed a change across time that was less than this cut-off 

value, then it was concluded that the variable did not change. For example, the cut-off for 

map area was set to 100 mm2. If the group-averaged map area did not change by more than 

100 mm2, then it was concluded that map area did not change across time. The cut-off value 

for RMT was 1% maximum stimulator output (MSO), for CoG was set to 1 mm and for 

SAI and LAI was set to 0.1. 
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7.3 Results 

FDI Maps 

Rest Condition 

The group averaged RMT decreased within the rest condition (56.8% at T0 vs 55.6% at 

T1). Individual FDI maps obtained within the rest condition can be seen in Figure 7.2. 
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Figure 7.2: Maps obtained within the rest condition.  
A) Individual FDI maps acquired at T0, T1unadjusted, and T1adjusted. The y-axis shows the 
medial-lateral plane (positive values are medial, negative values are lateral) and the x-axis 
shows the anterior-posterior plane (positive values are posterior, negative values are 
anterior). The colour-coded legend can be seen on the right. Red areas on a map correspond 
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to locations that elicited MEPs, whereas blue areas correspond to locations that did not 
elicit MEPs. B) Group-averaged map area, COG in the anterior-posterior plane (COGAP) 
and COG in the medial-lateral plane (COGML). 
 

As expected, the group-averaged map area showed no change across time, both at 

T1unadjusted (T0 = 998.12 mm2 vs T1unadjusted = 1079.13 mm2) and T1adjusted (T0 = 998.12 mm2 

vs T1adjusted = 998.51 mm2). Specifically, three participants showed no change in map area 

at T1unadjusted (P01, P03, P04) while P02 showed an increase. At T1adjusted, two participants 

showed an increase in map area (P01, P04), one showed a decrease (P02) and one showed 

no change (P03). 

 

At T1unadjusted, the group-averaged CoG shifted in the posterior direction (T0 = -6.77 mm vs 

T1unadjusted = -4.41 mm). Three participants showed this posterior shift (P01, P02, P04) while 

P03 showed no shift in the anterior-posterior plane. However, at T1adjusted, the group-

averaged CoG showed no shift in the anterior-posterior plane (T0 = -6.77 mm vs T1adjusted 

= -5.91 mm). Two participants showed a posterior shift (P01, P02), one showed an anterior 

shift (P04), while P03 again showed no shift in the anterior-posterior plane. 

 

Finally, the group-averaged CoG shifted laterally at T1unadjusted (T0 = 0.65 vs T1unadjusted = -

2.40) and T1adjusted (T0 = 0.65 vs T1adjusted = -2.36). Three participants showed this lateral 

shift at both T1unadjusted and T1adjusted (P01, P02, P04) while P03 showed no shift in the 

medial-lateral plane at both time-points.  
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DN Stimulation Condition 

The group averaged RMT increased within the DN stimulation condition (60.0% at T0 vs 

61.5% at T1). Individual motor maps obtained within this condition can be seen in Figure 

7.3. 
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Figure 7.3: Maps obtained within the DN stimulation condition.  
A) Individual FDI maps acquired at T0, T1unadjusted, and T1adjusted. The y-axis shows the 
medial-lateral plane (positive values are medial, negative values are lateral) and the x-axis 
shows the anterior-posterior plane (positive values are posterior, negative values are 
anterior). The colour-coded legend can be seen on the right. Red areas on a map correspond 
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to locations that elicited MEPs, whereas blue areas correspond to locations that did not 
elicit MEPs. B) Group-averaged map area, COG in the anterior-posterior plane (COGAP) 
and COG in the medial-lateral plane (COGML). 
 

The group-averaged map area showed no change at T1unadjusted (T0 = 1023.69 mm2 vs 

T1unadjusted = 1032.57 mm2) but increased when stimulation intensity was adjusted at 

T1adjusted (T0 = 1023.69 mm2 vs T1adjusted = 1318.74 mm2). At T1unadjusted, P02 showed a 

decrease in map area, P03 showed an increase, while P01 and P04 showed no change. At 

T1adjusted, P01, P02 and P04 showed an increase in map area while P03 showed no change. 

 

The group-averaged CoG shifted posteriorly at T1unadjusted (T0 = -5.62 mm vs T1unadjusted = 

-3.85 mm) but shifted anteriorly when stimulation intensity was adjusted for changes in 

RMT at T1adjusted (T0 = -5.62 mm vs T1adjusted = -6.94 mm). At T1unadjusted, P01 showed a 

very large posterior shift, P02 and P03 showed an anterior shift, while P04 showed no shift 

in the anterior-posterior plane. At T1adjusted, P03 showed a posterior shift, P01 showed am 

anterior shift, while P02 and P04 showed no shift in the anterior-posterior plane. 

 

Finally, the group-averaged CoG showed no shift in the medial-lateral plane at T1unadjusted 

(T0 = -2.62 mm vs T1unadjusted = -2.62 mm) or T1adjusted (T0 = -2.62 mm vs T1adjusted = -2.64 

mm). At T1unadjusted, P01 showed a medial shift, P02 showed a lateral shift, while P03 and 

P04 showed no shift in the medial-lateral plane. At T1adjusted, P01 showed a medial shift, 

while P02, P03 and P04 showed a lateral shift. 
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UN Stimulation Condition 

The group averaged RMT decreased within the UN (54.7% at T0 vs 53.0% at T1) 

stimulation conditions. Individual motor maps obtained within this condition can be seen 

in Figure 7.4. 
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Figure 7.4: Maps obtained within the UN stimulation condition.  
A) Individual FDI maps acquired at T0, T1unadjusted, and T1adjusted. The y-axis shows the 
medial-lateral plane (positive values are medial, negative values are lateral) and the x-axis 
shows the anterior-posterior plane (positive values are posterior, negative values are 
anterior). The colour-coded legend can be seen on the right. Red areas on a map correspond 
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to locations that elicited MEPs, whereas blue areas correspond to locations that did not 
elicit MEPs. B) Group-averaged map area, COG in the anterior-posterior plane (COGAP) 
and COG in the medial-lateral plane (COGML). 
 

The group-averaged map area showed no change at T1unadjusted (T0 = 1147.88 mm2 vs 

T1unadjusted = 1115.36 mm2) but decreased at T1adjusted (T0 = 1147.88 mm2 vs T1adjusted = 

1046.89 mm2). At T1unadjusted, P01 showed a decrease in map area, P04 showed an increase, 

while P02 and P03 showed no change. At T1adjusted, P01 and P03 showed a decrease in map 

area while P02 and P04 showed no change. 

 

The group-averaged CoG shifted posteriorly at T1unadjusted (T0 = -1.17 mm vs T1unadjusted = 

0.52 mm) but did not shift in the anterior-posterior plane at T1adjusted (T0 = -1.17 mm vs 

T1adjusted = -1.52 mm). At T1unadjusted, P01 and P04 showed a posterior shift, P03 showed an 

anterior shift, while P02 showed no shift in the anterior-posterior plane. At T1adjusted, P04 

showed a posterior shift, P03 showed an anterior shift, while P01 and P02 showed no shift 

in the anterior-posterior plane. 

 

Finally, the group-averaged CoG showed no shift in the medial-lateral plane at T1unadjusted 

(T0 = -3.40 mm vs T1unadjusted = -4.03 mm) or T1adjusted (T0 = -3.40 mm vs T1adjusted = -3.99 

mm). At T1unadjusted, P02 and P04 showed a medial shift, P01 showed a lateral shift, while 

P03 showed no shift in the medial-lateral plane. At T1adjusted, P02 showed a medial shift, 

P03 showed a lateral shift, while P01 and P04 showed no shift in the medial-lateral plane.  
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Afferent Inhibition 

Figure 7.5 shows pre-baseline SAI and LAI acquired at three nerve stimulation intensities. 

In all conditions, pre-baseline SAI was strongest at stimulation intensities of 2xST and 

3xST, whereas inhibition was not present (DN and UN stimulation conditions) or very 

weak (rest condition) using a stimulation intensity of ST. Pre-baseline LAI was weak (DN 

stimulation condition) or non-existent (UN stimulation and rest conditions) at a low 

stimulation intensity of ST. At a stimulation intensity of 3xST, LAI was present in the rest 

and UN stimulation conditions but was absent in the DN stimulation condition. However, 

LAI acquired with a stimulation intensity of 2xST present in all conditions. Overall, these 

results indicate that SAI and LAI are consistently present at a stimulation intensity of 2xST, 

justifying our decision to use this stimulation intensity to acquire SAI and LAI at T0 and 

T1. 
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Figure 7.5: Pre-baseline SAI and LAI.  
Graphs show group-averaged means ± standard deviations. SAI (A) and LAI (B) were 
acquired at three intensities of DN stimulation corresponding to sensory threshold (ST), 
2xST and 3xST. This was repeated in all three conditions (Rest, DN stimulation, and UN 
stimulation conditions). The y-axis shows the ratio between the amplitude of the averaged 
conditioned MEP versus the average unconditioned MEP. Values above the dotted line 
indicate no inhibition is present, while values below the dotted line indicate inhibition is 
present. 
 

Figure 7.6 shows group-averaged and individual SAI and LAI data acquired at T0 and T1. 

Within the rest condition, the group-averaged SAI showed no change from T0 to T1 (T0 = 

0.83 vs T1 = 0.89). Individually, P01 and P02 showed an increase in SAI while P03 and 

P04 showed a decrease. Within the DN stimulation condition, the group-averaged SAI 

again showed no change from T0 to T1 (T0 = 0.80 vs T1 = 0.87). Individually, similar to 

the rest condition, P01 and P02 showed an increase in SAI while P03 and P04 showed a 
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decrease. Finally, within the UN stimulation condition, the group-averaged SAI decreased 

(T0 = 0.71 vs T1 = 0.88), driven by a decrease in SAI exhibited by P01, P02 and P03. 

Alternatively, P04 did not show SAI at T0 or T1 within this condition. 
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Figure 7.6: SAI and LAI acquired at T0 and T1.  
Figures show group-averaged SAI (A) and LAI (B) ± standard deviations, and individual 
SAI (C) and LAI (D). The y-axis shows the ratio between the amplitude of the averaged 
conditioned MEP versus the average unconditioned MEP. Values above the dotted line 
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indicate no inhibition is present, while values below the dotted line indicate inhibition is 
present. 
 

Within the rest condition, all participants showed no change in LAI from T0 to T1 (group 

average: T0 = 0.73 vs T1 = 0.68). Within the DN stimulation condition, the group-averaged 

LAI decreased (T0 = 0.75 vs T1 = 0.90). This was shown by P01, P02 and P03, while P04 

showed no change in LAI. Finally, within the UN stimulation condition, the group-

averaged LAI also decreased (T0 = 0.63 vs T1 = 0.75). Individually, P02 and P04 showed 

a decrease in LAI, P03 showed an increase, while P01 showed no change in LAI. 

 

 
7.4 Discussion 

The results from this study indicate that 45 min of DN or UN stimulation does not modulate 

afferent inhibition or motor cortex organization in a predictable manner. We will discuss 

changes to the protocol that should be considered to improve the experimental design of 

the research for a future investigation. 

 

Our results are in line with previous studies that have shown no effect of prolonged 

cutaneous nerve stimulation on corticospinal excitability (Ridding et al. 2000; Tinazzi et 

al. 2005). However, similar to the present study, these results were obtained from very 

small sample sizes of four (Ridding et al. 2000) and five participants (Tinazzi et al. 2005). 

With data acquired with from only four participants, it was not appropriate to statistically 

test our outlined predictions. Table 7.1 shows a sampling plan according to each prediction 

along with an accompanying statistical approach for a larger, future investigation. Power 
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analyses were based on results from Ridding et al. (2000), Ridding et al. (2001) and McKay 

et al. (2002) for prediction #1 and from Kojima et al. (2018) and Kojima et al. (2019) for 

prediction #2. Effect sizes were estimated as Cohen’s dz. With the exception of Ridding et 

al (2000) where the reported correlation among repeated measures was r = 0.8, the assumed 

correlation between repeated measures was r = 0.5. This is a conservative estimate given 

that van de Ruit et al. (2015) reported high test-retest reliability of motor map area obtained 

with the fast-mapping approach with an intraclass correlation coefficient (ICC) of 0.74 and 

Bastani et al. (2012) reported that averaged MEP amplitudes (over 10 trials) have ICCs 

ranging from 0.77 to 0.9. Power analyses were conducted in G*Power as two-tailed paired 

t-tests, with a of 0.02 and power of 0.90. The largest returned sample size was 16 

participants. Thus, a sample size of 20 participants should be adequate to test the two stated 

predictions. Further, this sample size would allow for correlations between changes in map 

area and changes in afferent inhibition to be performed, which would uncover whether 

afferent inhibition is associated with motor cortex organization. 
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Table 7.1: Predictions with planned statistical approach and estimated sample sizes 

Prediction Statistical 
approach Previous Study Result 

Estimated 
effect size 
(Cohen’s 
dz) 

Required 
sample size 
Paired 
t-test WSRT 

#1 

Paired t-test or 
WSRT comparing 
FDI map area 
between T0 and T1 
for the UN 
stimulation 
intervention. 

Ridding et al. (2000)* 

­ average MEP 
amplitude after 
2h of UN 
stimulation 

-1.06 15 16 

Ridding et al. (2001) 
­ FDI map area 
after 2h of UN 
stimulation 

-3.38 8 8 

McKay et al. (2002)** 

­ average MEP 
amplitude after 
45min of UN 
stimulation 

-1.52 9 9 

#2 

Paired t-test or 
WSRT comparing 
FDI map area 
between T0 and T1 
for the DN 
stimulation 
intervention. 

Kojima et al. (2018) 

¯ average MEP 
amplitude after 
20min of 
mechanical digit 
stimulation 

5.27 4 5 

Kojima et al. (2019) 

¯ average MEP 
amplitude after 
20min of 
mechanical digit 
stimulation 

2.00 12 13 

DN: digital nerve, FDI: first dorsal interosseous muscle, MEP: motor-evoked potential, UN: ulnar nerve, WSRT: 
Wilcoxon signed-rank test 
*Means and standard deviations were visually estimated from data plotted in Figure 2 (top). 
**Means and standard deviations were visually estimated from data plotted in Figure 1.  
 
The purpose of the rest condition was to assess the reliability of the acquired data. However, 

given the limited sample size, these tests could not be implemented. A future investigation 

with an appropriate sample size should retain this rest condition so that the Smallest 

Detectable Change (SDC) can be calculated. The SDC is the minimum amount of change 

in a variable that is considered a “real” change (Weir 2005). This value should be estimated 

from data obtained before and after a period of rest, where the rest period is similar to the 

length of the intervention used. The SDC is then compared to the change in the dependent 

variable within the other conditions. For example, if the SDC of map area following a rest 

period is 100 mm2, then the map area must increase or decrease by more than 100 mm2 

after an intervention (either DN or UN stimulation) in order for this to be considered a 
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“real” change that exceeds measurement error. This metric should be employed in addition 

to hypothesis testing to increase the validity of the results, especially given the variability 

in the data obtained in the present study within the rest condition. 

 

There are several factors to consider that may explain why no predictable change in map 

area or afferent inhibition was observed in the present study. The first relates to the nerve 

stimulation protocol. The DN and UN were stimulated for 45 minutes in separate sessions. 

However, Ridding et al. (2001) stimulated the UN and radial nerves at the wrist 

simultaneously for a period of two hours to observe an increase in map area. McKay et al. 

(2002) used a similar protocol and observed an increase in MEP amplitude that lasted for 

approximately one hour. We opted to stimulate the DN and UN separately to specifically 

test whether cutaneous enrichment alone was sufficient to evoke changes in sensorimotor 

function (i.e. maps and/or afferent inhibition). Given that SES to the UN did not induce a 

predictable change in map area, this may suggest that the intervention was not potent 

enough to induce physiological change on an individual level. A larger investigation with 

an appropriate sample size is required to determine if stimulation of these targeted nerve 

types can change map area on a group-averaged level. 

 

The pattern of stimulation is another important consideration. In the present study, we chose 

a “burst” stimulation pattern (1 s burst of 20 stimuli every 5 s). This pattern of stimulation 

has been previously shown to improve tactile discrimination performance in as little as 30 

minutes (Ragert et al. 2008) and increase inhibitory processes within S1 and M1 (Rocchi 
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et al. 2017). However, this form of stimulation has not yet been shown to modulate M1 

organization. Studies that have shown an enlargement of muscle representations within M1 

used continuous patterns of stimulation (10 Hz train for 1 ms, delivered every 1 s) (Ridding 

et al. 2000, 2001). A future iteration of the present study may choose to compare different 

patterns of stimulation.  

 

There are a number of limitations of the present study that should be addressed. First, 

attentional drift during the intervention period was not controlled for. It is unknown 

whether attentional focus on the intervention (i.e. focus on the stimulation delivered) must 

be maintained to maximize the neuroplastic effects. However, other protocols such as 

Paired Associative Stimulation (PAS), a neuroplasticity-induced protocol that involves 

prolonged paired delivery of nerve stimulation and TMS, does require participants to focus 

on the intervention to maximize the effects (Stefan et al. 2004). For example, these studies 

usually employ a counting task during the intervention, where participants are required to 

count the number of stimuli, to control for attentional drift (Sale et al. 2008). A future 

iteration of the present study should consider employing a similar task during the 

intervention to control for attentional drift. 

 

A second limitation is the absence of additional data acquired on somatosensory function. 

While the specific burst stimulation protocol has been shown to improve tactile 

performance for up to 24 hours after delivery of the intervention (Ragert et al. 2008), other 

studies have shown that increased corticospinal excitability following 10-30 min of 
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stimulation persists only for 30-60 minutes (Hamdy et al. 1998; Khaslavskaia et al. 2002). 

Therefore, we limited the number of dependent variables to ensure that all post-intervention 

assessments could be acquired within 30 minutes. However, longer periods of stimulation 

have been shown to also have longer duration effects. For example, stimulation for 120 

minutes has been shown to increase corticospinal excitability for 60-120 minutes (Charlton 

et al. 2003; McKay et al. 2002). Therefore, a future iteration of this study may consider 

using a longer intervention period to maximize the time allotted for acquisition of post-

intervention data. This would allow measures such as the SNAP and SEP to be acquired 

after the intervention, which would provide valuable information on whether neuroplastic 

changes are occurring within the somatosensory pathways underlying SAI and LAI.  

 

Finally, a future iteration of this study should consider implementing a second experiment 

investigating the effects of sensory deprivation rather than enrichment. As discussed 

earlier, sensory deprivation via denervation or ischemic nerve block induces changes in 

somatosensory (Nudo et al. 1996; Wang et al. 1995) and motor (Brasil-Neto et al. 1993; 

Sanes et al. 1990) representations within the cortex. One caveat of this research is that they 

include sensory deprivation protocols that affect both cutaneous and proprioceptive afferent 

fibers. Therefore, since both fiber types are altered it is difficult to reconcile the contribution 

from cutaneous inputs alone. The use of anesthetic creams applied to the skin circumvents 

this issue by targeting only cutaneous receptors and creating a cutaneous sensory 

deprivation (Kundu and Achar 2002). For example, cutaneous deprivation via application 

of EMLA to the forearm induces transient reorganization of the somatosensory cortex 
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(Björkman et al. 2009; Rossini et al. 1994; Sens et al. 2012) while simultaneously 

improving sensory and motor performance of the digits in healthy individuals (Petoe et al. 

2013) and those with complex regional pain syndrome (Strauss et al. 2015). Similarly, 

EMLA applied to the skin alters motor cortical function as assessed via TMS (Petoe et al. 

2013; Sehle et al. 2016; Strauss et al. 2015; Yildiz et al. 2004). Specifically, application of 

EMLA on the forearm increased short-interval intracortical inhibition (SICI) within the 

M1, as acquired with EMG from the FDI muscle (Petoe et al. 2013). Therefore, it is possible 

that application of EMLA on the forearm may result in stronger afferent inhibition.   

 

Overall, the results obtained thus far do not show any obvious effect of SES on M1 

organization or afferent inhibition. However, further participants will be recruited to test 

our predictions statistically before definitive conclusions can be made. The results of this 

study may be used to increase our understanding of interactions between the somatosensory 

and motor cortices, and the neural mechanisms underlying tactile-motor integration. Other 

research has shown that SES of peripheral nerves within the hand improves motor skill 

acquisition in both healthy individuals (Veldman et al. 2015, 2016) and individuals with 

stroke (Celnik et al. 2007; Conforto et al. 2007). Therefore, the results of the present study 

will be useful for gleaning the mechanisms underlying this effect. 
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 General Discussion 
 
The main goal of this thesis was to further the understanding of afferent inhibition. To 

achieve this goal, I sought to answer two questions through a series of five experiments. 

First, what is the functional relevance of afferent inhibition? Second, how can the 

acquisition of afferent inhibition be optimized? Figure 8.1 illustrates the studies that 

directly address each of these questions. In the following sections I will provide a summary 

of how the results of these studies address the main questions of the thesis, while also 

discussing limitations of the thesis and directions for future research. 

 

 
Figure 8.1: Schematic of studies that address goals of the thesis.  
This figure depicts which studies address question #1 (red; What is the functional relevance 
of afferent inhibition?) and question #2 (green; How can the acquisition of afferent 
inhibition be optimized?) of the thesis. Further, blue arrows indicate how studies within the 
thesis are interconnected. Study #1: Modulation of long-latency afferent inhibition by the 
amplitude of the sensory afferent volley; Study #2: Effects of lorazepam and baclofen on 
short- and long-latency afferent inhibition; Study #3: Reliability of transcranial magnetic 
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stimulation measures of afferent inhibition; Study #4: The effects of glucose levels on 
afferent inhibition; Study #5: Cutaneous modulation of sensorimotor function. 
 

8.1 Optimization of methodology 

For the past two decades in the TMS literature, afferent inhibition has been interpreted as 

a marker of sensorimotor function. However, there is considerable variability in the 

methodological parameters that are used including stimulation targets, intensities, statistics, 

screening protocols, etc… (Chipchase et al. 2012; Guerra et al. 2020). As such, it is difficult 

to compare results across different studies. The results from Studies #1, #3 and #4 provided 

valuable information that can be used to inform the TMS methodology for future studies.  

 

Previous research determined that maximal SAI is obtained at nerve stimulation intensities 

corresponding to 50% SNAPmax (Bailey et al. 2016), and I extended this knowledge to 

conclude that LAI is also maximal at this stimulation intensity. For the mixed median nerve 

(MN), this corresponds to motor threshold of the APB muscle. For the cutaneous digital 

nerve (DN), this corresponds to 2x sensory threshold. In order accurately acquire LAI and 

show true change in the magnitude of LAI (e.g., across an intervention), it is ideal to probe 

the maximal amount of inhibition possible within an individual. Therefore, these results 

will help guide future research when choosing the stimulation parameters to measure LAI.  

 

After determining the stimulation parameters that evoked maximal LAI, the next step was 

to assess whether these parameters evoked LAI reliably. Rigorous reliability testing in the 

field of TMS is sparse and according to Schambra et al. (2015), there is a widespread 
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misunderstanding of the appropriate statistical assessments of reliability. For example, 

common approaches for evaluating test-retest reliability in TMS research included 

Pearson’s correlation coefficient (Balslev et al. 2007; De Gennaro et al. 2003) and paired 

t-tests (Boroojerdi et al. 2000; Maeda et al. 2002). However, these approaches are 

problematic because they do not directly assess the agreement between repeated measures 

and, therefore, fail to evaluate test-retest reliability accurately. Therefore, when addressing 

the reliability of SAI and LAI, it was important that appropriate reliability statistics were 

used such as the intraclass correlation coefficient (ICC), standard error of measurement 

(SEMeas), and smallest detectable change (SDC). Prior to this dissertation, only one 

previous study had assessed the relative reliability of SAI, reporting a moderate ICC of 

0.67 (Brown et al. 2017). However, the absolute reliability of SAI, quantified with the 

SEMeas and SDC, was unknown and the reliability of LAI had yet to be investigated. This 

area of research is especially important if these measures are to be used in the future within 

a clinical setting as biomarkers of sensorimotor function or tools for diagnosis/prognosis as 

proposed previously (Benussi et al. 2017; Padovani et al. 2018; Snow et al. 2019). 

 

In Study #3, I showed through metrics of the ICC, SEMeas and SDC that afferent inhibition 

cannot reliability track individual neurophysiological change but can be used to detect 

changes at the group-level. Further, I investigated how determination of ISI influenced the 

reliability of SAI outcomes and showed that only SAIMN was impacted by this parameter. 

If future studies are seeking to reliably evoke SAI, then normalization of the ISI to the N20 
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latency is not necessary. However, if the goal of a future study is to evoke maximal SAI, 

then this individualized ISI approach should be used.  

 

Importantly, this reliability analysis applies only to research measuring afferent inhibition 

in a healthy, young population. Therefore, the results are not generalizable to the 

populations that display impaired afferent inhibition. This is because metrics such as the 

ICC are dependent upon heterogeneity of the sample tested. For example, the reliability 

metrics obtained from a sample of healthy individuals would not apply to a stroke 

population, as individuals within this sample would present with different pathologies, and 

therefore, greater between-subject variability. Thus, the results from Study #3 provide a 

control group comparison for future reliability research in clinical populations. Importantly, 

there is still much to be learned from future reliability studies in healthy individuals to 

improve the usefulness of afferent inhibition. Future research should consider investigating 

the inter-rater reliability of afferent inhibition (i.e., comparison between different 

experimenters delivering TMS), the influence of experimenter training, and the minimal 

number of TMS stimuli required for reliable assessments of afferent inhibition. 

 

Having quantified the existing variance in afferent inhibition, it was important to identify 

factors that contribute to this variability in order to optimize the acquisition of this measure. 

The influence of diet is an area of TMS research that has been underexplored. Therefore, 

in Study #4 I sought to investigate the interaction between glucose levels and afferent 

inhibition. Ultimately, I found that acute elevations in blood glucose did not modulate SAI 
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or LAI. This suggests that glucose intake does not need to be controlled for prior to TMS 

testing. This study was an important first step for research investigating the physiological 

factors that influence afferent inhibition, which is important to minimize inter- and intra-

individual variability in the data.  

 

Although acute elevations in glucose did not change afferent inhibition, it is unknown if 

other dietary factors (e.g., proteins, fats) or lifestyles (e.g., Ketogenic diet, Vegan diet) are 

physiological confounds of afferent inhibition. Only one TMS study has investigated the 

influence of high-fat ketogenic diets on M1 function. Compared to baseline, participants 

undergoing two weeks of a ketogenic exhibited an increase in SICI (Cantello et al. 2007), 

a TMS measure reflective of GABAA receptive activity (Di Lazzaro et al. 2005a). Given 

that SAI and LAI are also reflective of GABAA receptor activity (refer to Study 2), this 

may suggest that ketogenic diets would also modulate afferent inhibition. Ultimately, 

furthering this line of research will help improve TMS screening protocols with the goal of 

minimizing variability in the data.  

 

Besides glucose levels, other participant factors such as age (Opie et al. 2015; Shibuya et 

al. 2016), biological sex (Shibuya et al. 2016), hormonal changes (Smith et al. 1999), 

handedness (Hammond et al. 2004), and fitness (Lulic et al. 2017) have all been shown to 

modulate corticospinal and intracortical excitability. However, the influence of these 

factors on afferent inhibition are unknown. For example, there is strong evidence to suggest 

that afferent inhibition is influenced by sex differences and ovarian hormones. Compared 
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to males, females exhibit higher cortical GABA levels (Sanacora et al. 1999) and 

intracortical inhibition within M1 (Shibuya et al. 2016). Further, intracortical inhibition is 

greater in the luteal phase (Smith et al. 1999, 2002). In the somatosensory system, females 

exhibit greater SNAP (Bolton and Carter 1980; Fujimaki et al. 2009; Hasanzadeh et al. 

2008) and N20 amplitudes compared to males (Ikuta and Furuta 1982; Kakigi and 

Shibasaki 1992). This suggests that females would exhibit greater afferent inhibition than 

males, particularly during the luteal phase of the menstrual cycle. 

 

8.1 Functional relevance 

The conditioning of MEPs with peripheral nerve stimulation provides a “snapshot” into the 

excitability of sensorimotor pathways. While measures of afferent inhibition may be used 

as markers of physiological change in these pathways, it is unknown if they are causally 

related to function or human behavior. Through the studies within the thesis, I investigated 

the relevance of afferent inhibition to various forms of function. 

 

In Study #1, I characterized the relationship between LAI and sensory afferent fiber 

recruitment. Median nerve LAI showed a U-shaped relationship with SNAP amplitude, 

whereby maximal LAI was obtained at 50% SNAPmax. This corresponds to the recruitment 

of all sensory afferents within the median nerve bundle. Further, digital nerve LAI first 

appeared and was maximal at 50% SNAPmax. This corresponds to the recruitment of half 

the sensory afferents within the digital nerve bundle.  
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Further research is required to fully elucidate the relationship between LAI and 

somatosensory function. Previous work showed that SAI increases with the N20-P25 

amplitude (Bailey et al. 2016), although the relationship between LAI and the SEP is still 

unknown. In extension, it is unknown if SAI or LAI are related to other cortical potentials 

such as the N30. The N30 potential is linked to activity within the thalamus, premotor areas, 

basal ganglia and M1 (Cebolla et al. 2011; Kaňovský et al. 2003), and is thought to reflect 

sensorimotor integration (Rossi et al. 2003). Finally, intensity-dependent modulation of 

SAI and LAI has only been demonstrated in healthy populations. It is unknown whether 

these relationships would exist in clinical populations that demonstrate impaired afferent 

inhibition. Absence of these relationships may be an indicator of impaired sensory 

afference and sensorimotor integration. 

 

Investigating the intensity-dependent modulation of LAI prompted the question: how does 

sensory afference exert inhibition over M1? Administration of drugs with a clear mode of 

action within the CNS helps uncover the pharmacological properties of TMS measures, 

elucidates their relationship with neurotransmitter function, and provides insight into the 

neural pathways that TMS measures probe. Previous research showed SAI was reflective 

of GABAA receptor activity (Di Lazzaro et al. 2005a), but it was unknown if LAI was also 

reflective of GABAergic neurotransmission. In Study #2, I discovered that both SAI and 

LAI were reduced following lorazepam administration while neither were modulated by 

baclofen. This indicates that LAI is also reflective of GABAA receptor activity, while both 

SAI and LAI are not reflective of GABAB receptor activity. Although this study was 
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conducted in healthy young adults, the results may indicate that instances of impaired 

afferent inhibition within clinical populations are reflective of abnormal GABAergic 

neurotransmission. 

 

Importantly, it is unclear whether SAI and LAI are related to the function of other 

neuromodulators. One major candidate for future research is dopamine. In rodents, D2 

receptor agonists increase the firing rate of M1 pyramidal neurons (Vitrac et al. 2014) 

whereas D2 receptor antagonists reduce the forelimb area in M1 (Hosp et al. 2009). This 

evidence shows that dopamine modulates M1 function. Next, both SAI and LAI are 

impaired in PD (Dubbioso et al. 2019; Sailer et al. 2003), who display a progressive loss of 

nigrostriatal dopaminergic neurons (Dubbioso et al. 2019). This may suggest that dopamine 

plays a major role in afferent inhibition. I had originally planned to conduct a study 

investigating the influence of dopaminergic medication on afferent inhibition and include 

the results within the thesis. The protocol was approved by the Hamilton Integrated 

Research Ethics Board (HiREB) and was registered as a clinical trial with Health Canada. 

However, the study was halted during participant recruitment due to the COVID-19 

pandemic. Another major neuromodulator of M1 activity is acetylcholine. Muscarinic 

antagonists reduce SAI (Di Lazzaro et al. 2000b) and SAI is abnormally reduced in 

populations exhibiting cognitive impairments driven by cholinergic deficits (Mimura et al. 

2020). However, it is unknown if LAI is similarly modulated by cholinergic activity. 

Further, it has yet to be tested whether LAI is also abnormal in cognitively impaired 
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populations such as Alzheimer’s disease. Overall, further pharmaco-TMS studies are 

required to fully elucidate the pharmacophysiology of afferent inhibition. 

 

After determining the relationship between LAI and GABAA receptor function, I wanted 

to test whether modulators of GABAA receptor activity impacted afferent inhibition. One 

such modulator is glucose, which is a precursor to GABA (Mergenthaler et al. 2013) and 

increases GABAA receptor activity (Anju et al. 2010). Prior to this dissertation, the 

relationship between afferent inhibition and glucose function had yet to be investigated, 

despite the fact that glucose is an essential for normal brain function. Upon uptake across 

the blood brain barrier (BBB), glucose fuels neuronal function through the astrocyte-neuron 

lactate shuttle or direct uptake into neurons (Mergenthaler et al. 2013). In both pathways, 

glucose enters glycolysis and the citric acid (TCA) cycle to generate energy in the form of 

adenosine triphosphate (ATP) and provide carbon for neurotransmitter synthesis. 

Neurotransmitters including glutamate, GABA, acetylcholine are all derived from 

intermediates of the glycolytic and TCA cycle pathways (Mergenthaler et al. 2013).  

 

In Study #4, I showed that acute elevations in blood glucose did not change SAI or LAI. It 

is possible that these measures are not sensitive enough to detect change in neuronal 

excitability as a result of acute fluctuations in glucose levels. However, it is unknown 

whether afferent inhibition reflects change in chronic impairments of glucose metabolism. 

For example, Type-1 diabetics exhibit reduced corticospinal excitability (Andersen et al. 
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1995). It is unknown if diabetic or pre-diabetic individuals also demonstrate altered 

excitability of sensorimotor pathways or afferent inhibition. 

 

For Study #5, I returned back to the question: how does sensory afference exert inhibition 

over M1? Animal research suggests that the size of muscle representations are under 

GABAergic control (Jacobs and Donoghue 1991). Given that SAI and LAI are reflective 

of GABAA receptor activity, I wanted to test whether afferent inhibition was important for 

controlling M1 organization. Therefore, I implemented a plasticity-inducing protocol 

known as somatosensory electrical stimulation (SES) that has been shown to enlarge digit 

representations within S1 (Pleger et al. 2003) and muscle representations in M1 (Ridding 

et al. 2001). 

 

The original goal of Study #5 was to test whether SES induced a change in afferent 

inhibition, and if the change in afferent inhibition was related to the change in M1 

organization. This study would have provided novel information regarding the relationship 

between afferent inhibition and M1 function. Further, the results would have elucidated the 

neural mechanisms underlying SES. Unfortunately, participant recruitment was halted 

prematurely due to the COVID-19 pandemic. I was unable to conduct the original statistical 

analysis that aimed to address the relationship between afferent inhibition and M1 

organization. Using the data acquired from four participants, I qualitatively assessed the 

influence of SES on afferent inhibition and motor maps separately. Compared to the rest 

intervention, the results did not show any consistent changes in afferent inhibition or motor 
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maps following SES. Further participant recruitment will be required to fully understand 

the relationship between afferent inhibition and motor cortex function.  

 

Future studies should continue to investigate the relationship between afferent inhibition 

and function. It is unknown if the magnitude of afferent inhibition is causally related to 

human behavior or task performance. I recently showed that both SAI and LAI are not 

related to tactile acuity as assessed by the Temporal Order Judgement (TOJ) task and 

Grating Orientation Task (GOT) or manual dexterity as assessed by the Purdue Pegboard 

Task (Turco et al. 2018c). However, SAI and LAI were acquired outside of task context, 

and it is unknown whether these measures were modulated during task performance. 

Further, the influence of motor training protocols on afferent inhibition remains unclear 

(for review, see (Turco et al. 2021)) and it is unknown whether SAI or LAI are differentially 

modulated in skilled individuals such as athletes or musicians. If there is a relationship 

between afferent inhibition and human behavior, then perhaps training protocols or 

interventions can be implemented to strengthen afferent inhibition and subsequently 

improve behavior. 

 

8.3 Neural pathways underlying afferent inhibition 

As shown in Study #2, lorazepam reduced both SAI and LAI, suggesting that GABAergic 

mechanisms contribute to the genesis of afferent inhibition.  However, the path traversed 

by the afferent volley that leads to inhibition of M1 remains unclear. Possibilities include a 

relay through S1 prior to arriving in M1, or a direct thalamocortical projection to M1. 
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Figure 8.2 shows the proposed model of afferent inhibition, based on the I-wave generating 

microcircuitry proposed by Di Lazzaro et al. (2012b). To aid in the description of the model, 

number superscripts will be used in the following paragraphs to reference specific sections 

of Figure 8.1. 

 

 
Figure 8.2: Proposed model of afferent inhibition.  
This model is a simplified representation of the neural connections within the sensorimotor 
cortex necessary to understand afferent inhibition. IN: inhibitory interneuron, P: pyramidal 
cell; SS: spiny stellate cell. 
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8.3.1 Pathway underlying SAI 

SAI is abolished in individuals with thalamic stroke (Bertolasi et al. 1998; Oliviero et al. 

2005) while the N20 potential remains intact (Oliviero et al. 2005). This suggests that SAI 

may involve direct thalamocortical projections to M11. These projections to synapse on 

pyramidal neurons in layers II/III2 and V3 (Hooks et al. 2013). Stimulation of M1 pyramidal 

neurons via TMS evokes descending corticospinal volleys known as I-waves that can be 

recorded epidurally. Early I1-waves are thought to be generated by activation of superficial 

pyramidal neurons in layers II/III4, which in turn depolarize large pyramidal tract neurons 

in layer V5 (Di Lazzaro et al. 2012b). Later I-waves are then generated by the reciprocal 

connection between pyramidal neurons in layers II/III and V6 (Di Lazzaro et al. 2012b). 

The connections between layers II/III and V are thought to be modulated by disynaptic 

connections with inhibitory GABAergic interneurons7 (Di Lazzaro et al. 2012b; Di Lazzaro 

and Ziemann 2013). Thalamocortical projections to M1 also innervate GABAergic 

interneurons8, and it is here where SAI is proposed to originate. SAI reduces late I2- and 

I3-waves (Tokimura et al. 2000), likely through activation of thalamic projections to the 

inhibitory GABAergic interneurons by the afferent volley, leading to suppression of 

corticospinal excitability (Di Lazzaro and Ziemann 2013). 

 

SAI may also involve a relay through S1, given that SAI is modulated by neuroplasticity-

inducing TMS protocols targeting S1 (Jacobs et al. 2014; Tsang et al. 2014). Afferent input 

is relayed through the thalamus and sent to the spiny stellate cells in layer IV of S19 

(Markram et al. 2004), which have excitatory synapses with layer II/III pyramidal neurons 
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(Feldmeyer et al. 2002) and inhibitory interneurons10 (Feldmeyer et al. 2018; Helmstaedter 

et al. 2008). Networks of inhibitory interneurons exist within S1 to provide in-field 

inhibition of pyramidal neurons for filtering afferent input to process specific stimulus 

properties (DiCarlo and Johnson 2000; Wood et al. 2017). Long-range excitatory 

projections extend from S1 to M1 through layers II/III (Kaneko et al. 1994). These 

projections innervate pyramidal neurons11 and interneurons12 in M1 (Caria et al. 1997; 

Rocco-Donovan et al. 2011; Rosén and Asanuma 1972). Arrival of the afferent volley in 

S1 would increase the inhibitory drive on sensory pyramidal neurons, thereby reducing the 

excitatory influence of the long-range connections to M1 and reducing the excitability of 

M1. 

 

Therefore, SAI may result from a direct thalamocortical project to M1 or a relay through 

S1. Perhaps instead of two mutually exclusive pathways, one may be responsible for the 

genesis of SAI and the other is more of a modulatory pathway. In monkeys, peripheral 

nerve stimulation evokes cortical potentials in M1, and ablation of S1 does not abolish this 

short-latency response (Asanuma et al. 1980). Further, given that SAI is abolished 

following thalamic stroke (Bertolasi et al. 1998; Oliviero et al. 2005), it is likely that a 

thalamocortical projection to M1 is responsible for the genesis of SAI, and the S1 relay is 

the modulatory pathway. 

 

8.3.2 Pathway underlying LAI 
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The neural pathway traversed by the afferent volley to evoke LAI remains unclear. LAI is 

thought to be cortical in origin because median nerve stimulation has no effect on spinal 

reflexes at the timing that corresponds to LAI (i.e. 200 ms) (Chen et al. 1999).  

 

LAI may involve similar neural pathways as SAI. However, LAI occurs at longer ISIs, 

meaning that inhibition occurs following the opportunity for widespread activation of 

various cortical responsive to nerve stimulation. S1, S2 and the posterior parietal cortex are 

activated during the first 200 ms after median nerve stimulation (Allison et al. 1989; 

Boakye et al. 2000; Forss et al. 1994; Korvenoja et al. 1999; Stephen et al. 2006), and S2 

is activated ~100 ms after digital nerve stimulation (Hari et al. 1984). There is dense 

reciprocal connectivity between all cytoarchitectural areas of S1 and S2, particularly in 

layers II/III13 (Aronoff et al. 2010; Krubitzer and Kaas 1990). Therefore, afferent input 

evoking LAI is may pass through cortico-cortical connections between higher-order 

sensory areas. Following arrival of afferent input to M1, LAI may then be under control of 

GABAergic neurons within M1, that then reduce the excitability of the corticospinal tract.  

 

8.5 Limitations 

Measures of spinal excitability (e.g., Hoffman reflex, F-wave) were not assessed within the 

thesis. Although previous work suggested that SAI and LAI are cortical in origin 

(Asmussen et al. 2013, 2014; Chen et al. 1999; Tokimura et al. 2000), the interventions 

used throughout the thesis have a global effect (i.e. lorazepam/baclofen, glucose tolerance 
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test, SES). Therefore, it cannot be ruled out that spinal mechanisms may underlie any 

changes in afferent inhibition that were observed. 

 

The results of the thesis are limited by the parameters used to acquired afferent inhibition. 

Specifically, a restricted set of ISIs were used to evoke SAI and LAI, limiting the 

applicability of the results obtained to other ISIs. For example, Study #1 describes the 

relationship between LAI and the sensory afferent volley. However, LAI was only acquired 

at an ISI of 200 ms even though it exists at ISIs ranging from 200-1000 ms (Chen et al. 

1999). It is unknown whether the neural pathways underlying LAI is similar across this 

large range of ISIs. Therefore, it is unknown whether the relationship between LAI and the 

sensory afferent volley extends to other ISIs.  

 

LAI is stronger in muscles of the hand such as the APB and FDI compared to more proximal 

muscles such as the flexor carpi radialis (FCR) and extensor carpi radialis (ECR) 

(Abbruzzese et al. 2001; Chen et al. 1999). Afferent inhibition was only measured in distal 

hand muscles within the thesis experiments and it is unknown if similar results would be 

obtained if afferent inhibition was measured within more proximal muscles. For example, 

the relationship between LAI and the sensory afferent volley was only quantified for 

muscles of the hand in Study #1. It is unknown whether the magnitude of the afferent volley 

is also a mediator of LAI acquired from more proximal muscles of the upper limb or of 

muscles of the lower limb that do not require such fine motor control as hand muscles.  
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Only male participants were recruited for Study #2 and #4. Within females, the behavioral 

effects of GABAergic drugs are enhanced during the luteal phase of the menstrual cycle 

when progesterone levels are elevated (Babalonis et al. 2011). Further, glucose tolerance 

worsens during the luteal and menstruation phases of the menstrual cycle (Bennal and 

Kerure 2013; Diamond et al. 1989) and glucose concentrations tend to be higher during the 

luteal (Rani 2013). To avoid variability in lorazepam-induced effects and glucose 

metabolism, females were excluded from these studies and thus, the results are only 

applicable to males. 

 

Finally, the data was obtained from healthy, young individuals only in all experiments of 

the thesis. Therefore, the results of the thesis do not extend to older or clinical populations. 

Despite this, my research offers a basis for subsequent clinical investigations by providing 

fundamental insight into the normal neural mechanisms of afferent inhibition. 

 

8.6 Conclusions 

In conclusion, this thesis furthers our understanding of the neurophysiology underlying 

afferent inhibition. I found that SAI and LAI are reflective of sensory afferent fibre 

recruitment and GABAergic neurotransmission, while also identifying optimal stimulation 

parameters to evoke these measures. Further, the research in this thesis provides an 

important step for understanding the reliability of afferent inhibition and exploring methods 

for improving such reliability. The knowledge from this thesis contributed to a model of 

afferent inhibition proposing the neural pathways that ultimately inhibit corticospinal 
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output from M1. Taken together, this thesis highlights the need to determine whether 

afferent inhibition is causally related to human function, which is essential to improve the 

future utility of these measures in a clinical setting where they could be used as markers 

function or diagnostic tools. 
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