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Abstract 

Corticospinal excitability (CSE) increases prior to a voluntary contraction; however the 

relative contributions of cortical and spinal mechanisms are not well understood. It is also 

unknown whether the intended voluntary contractile rate affects the change in CSE. 

Therefore, the purpose was to assess cortical and spinal contributions to premotor CSE prior 

to fast (ballistic) and slow (ramp) contractions.  

Eighteen young, healthy participants (9F) completed isometric elbow flexion contractions 

targeting 50% maximal voluntary contraction (MVC) force, at fast (as fast as possible) and 

slow (25% MVC/s) contractile rates. Participants were cued to contract with warning (red) 

and “GO” (green) visual signals. Magnetic and electric stimulations were applied to elicit 

motor evoked potentials (MEPs), cervicomedullary evoked potentials (CMEPs), and M-

waves, respectively, in the surface electromyogram (EMG) recorded over the biceps brachii. 

MEPs and CMEPs were collected at 0, 25, 50 and 75% of premotor reaction time (RT) 

following the “GO” signal and compared to a resting baseline.  

MEP amplitude demonstrated a 45% increase from baseline at 75% RT (p = 0.009). CMEP 

amplitude was already 49% larger than baseline at 0% RT (p<0.001) and increased 

progressively closer to EMG onset of the contraction. However, there were no differences in 

MEP and CMEP amplitudes when compared between contractile conditions (all p>0.05). 

Normalized to the CMEP, there was no difference in MEP amplitude from baseline in either 

contractile condition (all p>0.05). 

These results indicate that increases in premotor CSE are predominantly spinally mediated. 

Furthermore, the increase in premotor CSE is not influenced by the intended voluntary 

contractile rate.  

Keywords 

Corticospinal tract, magnetic stimulation, electric stimulation, contractile rate, isometric 

contractions, reaction time. 
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Summary for Lay Audience 

In preparation for a voluntary muscular contraction, there is an increase of excitability in 

connections made between the brain, spinal cord, and active muscles. However, it is not well 

understood whether this increase of excitability arises at the level of the brain or spinal cord. 

Additionally, it is unknown whether the rate of contraction to be performed (fast or slow) 

influences preparatory activity in the brain and spinal cord. This study investigated the 

factors influencing increased excitability before voluntary muscle contractions, and whether 

brain or spinal cord mechanisms play a more significant role when compared between fast 

and slow contractions.  

Eighteen healthy (9 female) young adults participated in the study, completing elbow flexion 

contractions at both fast (as fast as possible) and slow ramp (2s) rates. Participants received 

visual cues indicating when to begin their contractions. Magnetic and electrical stimulation 

were used to elicit responses recorded from surface electrodes placed on the skin over the 

biceps brachii muscle. Magnetic stimulation was used to excite the motor cortex of the brain 

resulting in motor evoked potentials (MEP), whereas electrical stimulation was used to excite 

the spinal cord and brachial plexus, resulting in cervicomedullary evoked potentials (CMEP) 

and M-waves in the biceps muscle. 

Results showed that the brain evoked response (MEP) increased from baseline before 

voluntary contractions, however this excitatory response was not different when compared 

between fast and slow contractions. The CMEP also increased significantly before the onset 

of contraction, indicating greater excitability at the spinal level, but this response was not 

different between fast and slow contractions either. When comparing MEP and CMEP 

responses, these findings revealed that spinal mechanisms play a more significant role to 

increase excitability in preparation for voluntary contractions. Although, this increase of 

excitability is not dependent on the rate of voluntary contraction to be performed.  
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Chapter 1  

1 Literature Review 

1.1 General Introduction 

Voluntary movement requires coordinated activity within the motor system, as 

descending signals from the motor cortex must be transmitted to the spinal cord and 

skeletal muscle to ultimately initiate a contraction. Synaptic connections made along the 

corticospinal tract are required to transmit motor signals from the cortex, and the efficacy 

in relaying these descending neural signals to generate action potentials within the 

motoneuron pool is termed corticospinal excitability (CSE). The influence of CSE on 

voluntary movement has been investigated previously using numerous paradigms and 

demonstrated to increase from a resting level prior to movement (Chen et al., 1998; 

Leocani et al., 2000; Cirillo et al., 2021; Baudry & Duchateau, 2021), indicating that 

premovement motor preparatory activity is occurring along the corticospinal pathway and 

resulting in an increase of premotor CSE. Therefore, just prior to initiating a voluntary 

contraction there is an increase of CSE to relay descending synaptic input to the 

motoneuron pool, however the relative influence of cortical and spinal contributions to 

premotor CSE is poorly understood. Developing a better understanding of this 

relationship would highlight the role of motor preparation on subsequent motor output, as 

cortical and spinal mechanisms concurrently influence premotor CSE and provide 

descending neural drive to the motoneuron pool to facilitate effective voluntary 

contractions. 

1.2 Rate of Force Development 

During voluntary contractions, rate of force development (RFD) is fundamentally 

dependent on two neural determinants related to motor unit (MU) structure and function: 

MU recruitment and MU discharge rate (MUDR) (Enoka & Duchateau. 2017). The first 

is the degree or speed of MU recruitment and the second is the frequency of action 

potential discharges reaching the active muscle. A motor unit consists of an individual 

motor neuron, and all the muscle fibres that the motor neuron innervates. Traditionally, 
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MU recruitment across most contractile modalities is governed by the “Henneman size 

principle” (Ducheateau & Enoka., 2011). This principle states that the order of 

recruitment is dependent on the size of motor neurons, as small, low-threshold motor 

neurons are recruited first for actions requiring small increases in force, whereas large 

increases in force would be achieved by the additional recruitment of larger, high-

threshold motor neurons (Henneman. 1957). MUDR refers to the rate at which motor 

neurons discharge action potentials, and is proportional to the synaptic input (descending 

neural drive) that they receive in relation to other excitatory and inhibitory inputs (Enoka 

& Duchateau., 2017). Greater relative excitatory synaptic input to the motor neurons 

should increase the frequency (often measured in Hertz or Hz) of action potentials 

discharged by the individual motor units and facilitate an increase of contractile RFD.  

1.3 Ballistic and Ramp Contraction 

MUDR is also quite task-dependent, relevant to the contractile modality and how quickly 

a muscle may be required to increase force output. A gradual increase in muscle force 

during slow (ramp) contractions requires small, lower threshold MUs to be recruited first 

and then larger, higher threshold MUs to be additionally recruited as force increases to an 

upper limit reaching 80-90% MVC in many muscles (Kukulka & Clamann. 1981; De 

Luca et al., 1982), with a maximal MUDR of about 30-60Hz in a variety of limb muscles 

(Duchateau & Enoka., 2011). In contrast, MUs are recruited at much lower recruitment 

thresholds at the onset of rapid (ballistic) contractions, resulting in a much higher initial 

MUDR at the onset of muscle activation and subsequent decline during successive 

discharges to achieve a much faster increase in force production. Although this 

contractile modality has been tested in fewer muscles, MUDRs in rapid contractions can 

reach 60-120Hz in healthy individuals (Desmedt and Godaux., 1977) theoretically 

indicating greater excitatory synaptic input to the motoneuron pool. Therefore, although 

the discharge rate increases progressively to recruit larger, higher-threshold MUs during a 

slow-ramp contraction, ballistic contractions are characterized by a high initial discharge 

rate at the onset of rapid muscle activation, in order to recruit MUs as fast as possible and 

result in a much higher instantaneous MUDR.  
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1.4 Motor Preparation 

To facilitate voluntary contractions, specific neural adjustments should precede the onset 

of movement stemming from an increase of excitability along the corticospinal tract and 

providing excitatory synaptic input to the motoneuron pool within a premovement, or 

motor preparatory phase, of voluntary contraction (i.e., <500ms prior to contraction). 

Prior studies in humans using TMS of the motor cortex (Chen et al., 1998; Leocani et al., 

2000; Cirillo et al., 2021; Baudry & Duchateau, 2021), reported an increased amplitude 

of motor evoked potential (MEP) prior to a voluntary contraction, reflecting an increase 

of CSE before the onset of agonist muscle activation. CSE has also been shown to 

increase from a resting level after a warning signal is provided during a simple reaction 

time (RT) task, facilitating a motor preparatory phase in anticipation of the upcoming 

“GO” cue (Kennefick et al., 2014) and suggesting that the motor system is preparing to 

execute a movement (Deeke, 1996). Contrarily, if an individual is at rest with no 

intention to initiate a movement, then an increase of corticospinal excitability relative to a 

resting baseline should not be expected (Kalmar. 2018). Greater excitatory synaptic input 

to the pool of motoneurons should increase the frequency of action potentials discharged 

by the individual motor units, and subsequently facilitate the initiation of a voluntary 

contraction.  

1.5 Corticospinal Tract 

The corticospinal tract (CST) is a major neuronal pathway of the CNS, responsible for 

facilitating voluntary movement. The CST connects the cortex with the spinal cord, 

sending descending motor signals through bundles of motor fibers from cortical regions 

to the spinal cord, in order to initiate and modulate movement of the distal extremities. 

75-90% of the fibers will decussate to the contralateral side through the pyramidal 

decussation (border between the medulla oblongata and the spinal cord), crossing the 

midline and continuing to the spinal cord through the lateral corticospinal tract (Welniarz 

et al., 2017). The lateral corticospinal tract sends fibers primarily to the extremity 

muscles and the innervation is contralateral, meaning that the left motor cortex controls 

extremities on the right side of the body, and vice versa. 5 to 15% of fibers that do not 

decussate within the pyramidal decussation make up the anterior corticospinal tract (Jang. 
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2014). This tract extends into the spinal cord, but only travels down to the level of the 

lower thoracic cord to control trunk or axial muscles. 

The corticospinal pathway also contains both upper motor neurons (UMN) and lower 

motor neurons (LMN). UMN have nerve fibers responsible for communication between 

the brain and spinal cord, whereas LMN have nerve fibers that communicate between the 

spinal cord and muscle. When a motor impulse is generated from the primary motor 

cortex, UMN in the cortex transmit the impulse along the corticospinal tract to the 

anterior horn of the spinal cord, at which point the UMN will synapse with LMN in the 

spinal cord. The impulse from the LMN will then leave the spinal cord and reach the 

neuromuscular junction, transmitting the motor impulse to the active muscle fibers and 

resulting in a contraction.  

1.6 Corticospinal Excitability 

Voluntary movement requires coordinated activity from many parts of the motor system, 

as descending motor signals from cortical regions will be transmitted by the 

corticocortical and corticospinal (upper) motor neurons, which ultimately synapse with 

the spinal (lower) motor neurons at the spinal cord to activate the skeletal muscle 

(Kalmar. 2018). The efficacy of the corticospinal pathway to relay motor signals from the 

cortex, generate action potentials within the motoneuron pool at the spinal cord and 

transmit them down to the muscle reflects the overall “excitability” of the corticospinal 

pathway (Weavil & Amann., 2018).  

At a cortical level, the response to a depolarizing stimulus is dependent upon synaptic 

efficacy of the corticocortical neurons which input to the corticospinal neurons, the 

intrinsic excitability of the corticospinal motor neurons and the net excitatory/inhibitory 

input to the corticospinal motor neurons. The efficacy of these connections collectively 

determines the strength of the descending volley transmitted to the spinal motor neurons 

(Kalmar. 2018). At a spinal level, the descending volley will activate the spinal motor 

neurons; with activation depending on corticospinal synaptic efficacy, intrinsic 

excitability of the spinal motor neurons and net excitatory/inhibitory input that the spinal 

motor neurons receive. Cortical and spinal transmission of a descending volley represent 
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more “central” mechanisms contributing to CSE. Transmission of the descending volley 

can also be impacted by various mechanisms at the “peripheral” level. Strength of the 

volley may be altered at the neuromuscular junction, along the sarcolemma, or even 

between a muscle and recording electrode (used for measuring CSE). Therefore, in this 

context CSE represents activity along the entire corticospinal pathway: encompassing the 

motor cortex, upper and lower motor neurons at the cortical and spinal level, 

neuromuscular junction and all the muscle fibers innervated by the motor 

neurons. Cortical, spinal, and peripheral mechanisms all provide an overall contribution 

to CSE, making it difficult to attribute changes in CSE to one particular level on the 

corticospinal pathway. Rather, to comprehensively assess CSE one can perform 

measurements which attempt to reflect the excitability of cortical, spinal, and peripheral 

mechanisms individually, and evaluate modulations at each level in concert with any 

changes in overall CSE.   

1.7 Surface Electromyography 

The electrical activity associated with the contraction of muscle fibers in motor units can 

be recorded non-invasively using surface electromyography (EMG). Surface electrodes 

can be positioned on the skin overlying a muscle to obtain a recording of generally non-

selective electric activity across multiple active motor units during a contraction. 

However, given that surface EMG is percutaneous (no direct contact with the active 

muscles), the surface-detected signal can be attenuated by skin and subcutaneous adipose 

thickness, resulting in poor spatial selectivity with an inability to track small changes in 

individual motor unit activity (Duchateau et al., 2006). Additionally surface EMG often 

provides worse signal-to-noise ratios compared to intramuscular EMG, limiting the 

ability to interpret muscular activity.  

1.8 Transcranial Magnetic Stimulation 

Transcranial magnetic stimulation (TMS) was introduced by Barker et al. (1985), used to 

non-invasively stimulate the human brain by depolarizing neurons in the cortex to 

generate action potentials through electromagnetic induction. A simple TMS device 

consists of a few circular turns of copper wire connected to the terminals of a large 
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electrical capacitor through a switch. The device produces pulses of current which 

generate brief magnetic fields to penetrate into the brain without attenuation by the scalp 

or skull. When a circular TMS coil is placed on the scalp, the site of stimulation will 

cover a large area of the brain but the depth of penetration into the brain is small.  

Changes in CSE are often evaluated with TMS of the motor cortex, measured through the 

size of motor evoked potentials (MEPs) recorded at the muscle with surface 

electromyography (EMG). A single high-intensity TMS pulse of the motor cortex will 

evoke a series of descending excitatory corticospinal volleys which travel along the 

corticospinal tract and descend to the motoneuron pool. The peak-to-peak MEP 

amplitude represents descending excitatory drive to the entire motoneuron pool, which 

can be subject to change based on both extrinsic factors (i.e., TMS intensity) as well as 

intrinsic factors (i.e., mental activity, level of muscle activation) and collectively used as 

a measure of CSE. Although, because the corticospinal pathway involves synaptic 

activation at both a cortical and spinal level, the size of the MEP depends on excitability 

of both cortical neurons and spinal motoneurons (Taylor. 2006). Therefore, MEPs 

provide a general representation of CSE along the corticospinal pathway, but they cannot 

effectively distinguish between cortical and spinal contributions to CSE, making it 

difficult to interpret changes in CSE using MEPs alone.  

1.9 Transmastoid Electrical Stimulation 

Transmastoid electrical stimulation (TMES) is another non-invasive method employed to 

assess spinal excitability, which involves passing a brief (100 - 500us) high-voltage 

electric pulse between adhesive electrodes fixed near the mastoid processes. Given the 

positioning of the electrodes, TMES evokes a short-latency excitatory response in 

descending axons located at the level of the cervicomedullary junction near the pyramidal 

decussation; producing recordings of electrical activity known as cervicomedullary motor 

evoked potentials (CMEPs) which can be recorded from the muscle with EMG (Taylor. 

2006). TMES activates many of the same descending axons as TMS through the 

corticospinal pathway, however the CMEP is a result of motor neuron activation by a 

single descending volley, elicited through excitation of the corticospinal axons at a sub-

cortical level (McNeil et al., 2013). 
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Whereas MEPs (elicited by TMS) represent synaptic activation at both a cortical and 

spinal level, the large monosynaptic component of CMEPs are evoked without synaptic 

activation in the cortex (Petersen et al., 2002) and hence often are used to interpret 

changes in MEPs by isolating for spinal motor neuron excitability. Using this method, it 

is generally easier to elicit CMEPs in the proximal upper limb muscles (i.e., biceps 

brachii) compared to distal upper limb muscles (i.e., FDI). Additionally, responses in the 

lower limb muscles (i.e., tibialis anterior) to TMES usually require higher intensities of 

stimulation and may not even evoke CMEPs in all individuals. The CMEP currently 

represents the most direct assessment of motoneuron excitability at the spinal level 

(McNeil et al., 2013), as the single excitatory descending volley and monosynaptic 

component underlying the CMEP helps discern between cortical and spinal contributions 

to overall CSE.   

1.10 Compound Muscle Action Potential 

Electrical stimulation of the peripheral nerve is an effective technique to elicit muscular 

contractions without voluntarily generated neural drive, enabling direct control over 

stimulation strength and frequency to the muscle. Electric stimulation can also be used to 

determine the maximal compound muscle action potential (maximal CMAP) recorded by 

EMG over the active muscle belly, and achieved through percutaneous stimulation of the 

nerve innervating a muscle of interest. The maximal CMAP represents a summation of all 

MU action potentials within the muscle, typically measured by peak-to-peak amplitude of 

the M-wave elicited by electric stimulation (Mmax). For a more generalized 

representation of neural activation, recordings are often made with a monopolar electrode 

configuration: active electrode positioned over the muscle belly and reference electrode 

positioned over the nearest tendon. To determine the maximal CMAP, percutaneous 

electrical stimulation over the designated muscle-innervating nerve is gradually increased 

in intensity until the size of the EMG recorded M-wave reaches a maximal peak-to-peak 

amplitude (Mmax). 
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1.11 Biceps Brachii 

The biceps brachii is a large, bi-articular muscle on the ventral portion of the arm, 

composed of a short head and a long head. The short head originates from the coracoid 

process, whereas the long head originates from the supraglenoid tubercle. Both the long 

and short heads of the biceps insert on the posterior aspect of the radial tuberosity.  The 

main arterial blood supply for biceps brachii is via the muscular branches of the brachial 

artery, and the nerve supply to the biceps is provided by the musculocutaneous nerve 

(root C5, C6) (Pacha Vicente et al., 2005). The primary function of the biceps brachii is 

to supinate the forearm, flex the elbow, and play a small role in flexion of the shoulder 

(Landin et al., 2017). Biceps brachii is a fusiform muscle, meaning the muscle belly 

fibers are arranged in parallel to each other, and composed of similar proportions of type 

1 and type 2 muscle fibers (Bellemare et al., 1983).  

1.12 Isometric Contractions 

During isometric contractions, an individual contracts against a force transducer which is 

locked in a set position. Force is produced by the active muscles but although there is 

some internal shortening, the joint angle does not change. Isometric contractions have 

utility for electromyographical studies, as there is generally a greater signal-to-noise ratio 

and the recording area over the active muscle is more constant (minimal electrode 

displacement with no changes in muscle length) compared to dynamic contractions, 

which facilitate large changes in muscle length.  

1.13 Purpose and Hypothesis 

Limited work has investigated the potential difference in cortical and spinal contributions 

to premotor CSE prior to voluntary contractions, and the integration of these mechanisms 

functioning to increase premotor CSE is still poorly understood. Additionally, very few 

studies have attempted to investigate changes in CSE in concert with anticipated 

contractile rate, specifically to highlight differences in premotor CSE that may occur 

prior to voluntary contractions performed at fast (ballistic) and slow (ramp) contractile 

rates. Developing a better understanding of this relationship will provide unique and 

novel insights into the role of corticospinal mechanisms on subsequent voluntary 
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contractile activity, by assessing the effects of potentially different cortical and spinal 

contributions influencing CSE in preparation for both fast and slow voluntary 

contractions. Therefore, the purpose of this thesis was to investigate differences in 

cortical and spinal contributions to premotor CSE measured in the premotor reaction time 

(RT) period prior to initiating isometric fast (ballistic) and slow (ramp) contractions 

voluntarily. Preparing to initiate a voluntary contraction should facilitate an increase of 

premotor CSE within the premotor RT period, producing greater excitatory synaptic input 

through both cortical and spinal mechanisms prior to the onset of contraction compared 

to resting baseline values. Additionally, a greater increase in premotor CSE relative to 

baseline should be expected prior to initiating ballistic contractions compared to ramp 

contractions.  
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Chapter 2  

2 Premotor corticospinal excitability in fast and slow voluntary 
contractions of the elbow flexors 

2.1 Introduction 

Rate of force development (RFD) is the ability to rapidly increase force output from a 

resting level at the onset of a contraction, and represents an important factor in 

determining the explosive strength of individuals as they perform successful movements 

(Maffiuletti et al., 2016). RFD is principally determined by two neural mechanisms 

related to motor unit (MU) structure and function: MU recruitment and MU discharge 

rate (MUDR). The first is the degree or speed of MU recruitment and the second is the 

frequency of action potential discharges reaching the active muscle. To produce slow 

graded (ramp) contractions in many skeletal muscles, MU recruitment proceeds until 

approximately 80% MVC (Kukulka & Clamann. 1981; De Luca et al., 1982), with 

MUDR achieving 30-60Hz at MVC (Duchateau & Enoka., 2011). In contrast, MUs are 

recruited at much lower recruitment thresholds at the onset of rapid (ballistic) 

contractions with much higher initial MUDRs reaching approximately 60-120Hz in 

healthy individuals (Desmedt and Godaux., 1977), functioning to achieve much faster 

RFD. Therefore, modulations in MUDR are often task-dependent and relevant to the 

contractile rate required; fundamentally driven by corticospinal input strength to the 

spinal motor neurons prior to discharge (Del Vecchio et al., 2019).  

Initiating any voluntary movement requires synaptic connections along the corticospinal 

tract to transmit motor signals from the cortex, and the efficacy in relaying these 

descending neural signals to generate action potentials within the motoneuron pool is 

termed corticospinal excitability (CSE). CSE is often assessed using transcranial 

magnetic stimulation (TMS), by stimulating the primary motor cortex (M1) and inducing 

an electromagnetic current throughout a pool of motoneurons. Single-pulse TMS is used 

to evoke a series of descending excitatory volleys in the motoneurons, which travel along 

the corticospinal pathway to the active muscle and can be recorded as a motor evoked 

potential (MEP) using surface electromyography (Reis et al., 2008). However, when 
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delivered in the preparation or premovement phase prior to a voluntary contraction (prior 

to muscle activation), TMS measures have demonstrated a premotor increase in MEP 

amplitude, likely reflecting an increase of CSE in preparation for the upcoming 

movement (Chen et al., 1998; Leocani et al., 2000; Cirillo et al., 2021; Baudry & 

Duchateau, 2021). For example, prior findings have demonstrated that CSE (evaluated 

with MEPs) can increase from a resting level after a warning signal is provided during a 

simple reaction time (RT) task, facilitating a motor preparatory phase in anticipation of 

the upcoming imperative cue (Kennefick et al., 2014) and suggesting that the motor 

system is preparing to execute a movement (Deecke. 1996). However, using TMS to 

assess CSE through MEPs only represents excitability along the entire corticospinal 

pathway, making it difficult to correctly attribute changes in CSE to one particular level 

(cortical, spinal, peripheral) of the corticospinal pathway. 

Changes at the spinal level have also been demonstrated in preparation for voluntary 

contractions when tested in the dorsiflexors (Kagamihara et al., 1992; Baudry and 

Duchateau., 2021), as these prior studies utilized the H-reflex and F-wave test, 

respectively, to evaluate spinal excitability. However, the H-reflex test is subject to 

presynaptic inhibition of the 1a afferents (McNeil et al., 2013) and axonal 

hyperpolarization in sensory and motor axons with fatigue (Vagg et al., 1998), which can 

alter the size of the H-reflex response and potentially misrepresent spinal motoneuron 

excitability. Additionally, the F-wave test can be relatively insensitive to changes in 

motoneuron excitability, as the motoneurons which generate F-waves are often limited to 

large motoneurons (Espiritu et al., 2003). Using transmastoid electrical stimulation 

(TMES) to elicit a cervicomedullary evoked potential (CMEP) currently represents the 

most direct method to assess spinal excitability (McNeil et al., 2013), as the CMEP is 

primarily the result of motoneuron activation by a single descending volley elicited by 

excitation of corticospinal axons (Ugawa et al., 1991; Gandevia et al., 1999). Hence, they 

can be effectively used to interpret changes in MEPs by isolating for spinal motoneuron 

excitability. Kennefick et al. (2019) previously assessed cortical and spinal changes to the 

MEP with a movement complexity task, however very limited work has investigated the 

potential difference in cortical and spinal contributions to premotor CSE with voluntary 
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contractions performed at different contractile rates, and the integration of these 

mechanisms functioning to increase premotor CSE is still poorly understood. 

Therefore, using a simple RT task, this study will investigate differences in cortical and 

spinal contributions to premotor CSE measured in the premotor RT period prior to 

initiating isometric ballistic and ramp contractions voluntarily. Facilitating a motor 

preparatory phase with a warning signal should initiate an increase of premotor CSE, 

producing greater excitatory synaptic input through both cortical and spinal mechanisms 

prior to the onset of contraction compared to resting baseline. Additionally, a greater 

increase in premotor CSE relative to baseline should be expected prior to initiating 

ballistic contractions compared to ramp contractions.  

2.2 Methods 

Participants 

Young (18-30 years), healthy males (n=9) and females (n=9) visited the lab on two 

occasions (1st: familiarization with TMS and various electrical stimulations, as well as 

practicing ballistic and ramp contractions) and 2nd: the experimental protocol). 

Completion of both sessions took approximately 2.5 hours total for each participant. 

Exclusion criteria included the presence of any neuromuscular disorders, discomfort 

lying down supine for extended periods of time, and TMS exclusion criteria. All 

participants gave informed consent, and the experimental protocol was approved by the 

institutional ethics review board. 

Experimental Set-Up 

Participants were situated in a supine position on a custom-built experimental table, with 

their left arm secured in an isometric force transducer at an angle of ∼90 deg. flexion at 

the elbow joint, while restricting any motion of the shoulder joint to isolate the action of 

the elbow flexors. The forearm was in a neutral grip position and a strap at the wrist 

firmly secured the forearm to the force transducer. Elbow flexor force was measured with 

a linear strain gauge. Surface EMG of the biceps brachii was recorded via adhesive Ag–

AgCl electrodes (20 mm diameter) arranged in a monopolar configuration. The active 
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recording electrode was positioned over the belly of the biceps muscle, and the reference 

electrode was placed over the distal tendon for the biceps.  

In all experiments, force and EMG data were recorded to the computer using a 12-bit 

A/D converter (CED 1401 Plus; Cambridge Electronic Design Ltd, Cambridge, UK) in 

conjunction with Spike2 software (v. 6.06; Cambridge Electronic Design). The force and 

EMG signals were sampled at 2000 and 5000 Hz, respectively. EMG data were amplified 

(×100) and bandpass filtered (16–1000 Hz) using a NeuroLog system (Digitimer Ltd.). 

EMG of the biceps was also displayed on a computer monitor in real time for participants 

to receive visual feedback.  

Brachial Plexus Stimulation  

A constant current stimulator (DS7A, Digitimer) was used to deliver single electrical 

stimuli (200μs pulse width; 400 V) to the brachial plexus at Erb's point to record the 

maximal compound muscle action potential in the biceps. The cathode and anode 

(Cardinal Health™ adhesive Ag–AgCl electrodes, 20mm diameter) were placed in the 

supraclavicular fossa and over the acromion, respectively. Experimental stimulus 

intensity (i.e., 60-125mA) was gradually increased until the M-wave amplitude reached a 

plateau indicating a maximal M-wave response (Mmax) obtained at the active muscle in a 

rested state.  

Transcranial Magnetic Stimulation (TMS) 

To elicit a MEP from the biceps brachii, stimulation of the motor cortex was delivered 

over the vertex using a circular coil (13.5 cm outside diameter) attached via a BiStim unit 

to two Magstim 200 stimulators (Magstim, Dyfed, UK). The experimental stimulus 

intensity (i.e., 50-100%) was set to evoke a MEP in the biceps of ∼10% Mmax in a rested 

state. 
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Transmastoid Electric Stimulation (TMES) 

To elicit a CMEP from the biceps brachii, a brief high-voltage electrical current (200μs 

duration, Digitimer DS7A) was passed between adhesive electrodes (Cleartrace) fixed to 

the skin approximately ∼1cm superior and medial to the mastoid processes (Gandevia et 

al., 1999). The cathode was placed above the mastoid on the right side, and the anode was 

placed above the mastoid on the left side. The stimulation intensity (i.e., 125-325mA) 

was set to evoke a CMEP in the biceps of ∼10% Mmax in a rested state. 

Experimental Protocol  

Session 1 - Familiarization 

The familiarization session began by determining each participant’s MVC, using the 

interpolated twitch technique (ITT) to determine voluntary activation (VA, Herbert & 

Gandevia. 1999). The required ITT current was achieved with percutaneous electric 

stimulation, with the cathode and anode (Cardinal Health™ adhesive Ag–AgCl 

electrodes, 20mm diameter) placed approximately ~5cm apart upon the muscle belly of 

the biceps brachii. Participants were familiarized with making isometric elbow flexion 

contractions and performed approximately 10 ballistic and 10 ramp practice trials to get 

accustomed with completing these contractions to ~50% MVC. Ballistic practice 

contractions were used to establish the mean premotor RT for each participant, defined as 

the time between presentation of the imperative “GO” cue and the onset of EMG activity. 

Given that RTs differ between participants, assessing CSE at time points relative to 

premotor RT ensures that the same preparatory processes are being measured across all 

participants when the stimulation is delivered (Kennefick et al., 2019). The Mmax was 

then determined in the relaxed biceps brachii, by increasing the electrical stimulation 

current incrementally until the amplitude of the M-wave reached a plateau. Participants 

were familiarized with TMS and TMES that elicited a MEP and CMEP amplitude 

equivalent to ~10% of the Mmax, to ensure participants were responsive to these 

measures in a rested state and comfortable with the associated physical sensations. 
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Session 2 – Experimental  

The experimental session began by completing the same measures as the familiarization 

session, except for the premotor RT test. This was performed to account for any changes 

in MVC and peripheral excitability that may occur between sessions. Participants also 

performed approximately 10 practice trials of ballistic and ramp contractions to ~50% 

MVC, prior to beginning the protocol. The subsequent experimental protocol consisted of 

a simple RT task, meaning participants completed a pre-determined contraction as fast as 

possible after a visual imperative “GO” cue (green light) was provided. All experimental 

trials were separated by a 15s time interval, and included a visual warning cue (red light) 

provided 1000ms prior to the imperative “GO” cue to facilitate a motor preparatory 

phase. TMS and TMES were delivered at 4 separate time intervals relative to the 

imperative “GO” cue: 0%, 25%, 50%, and 75% RT (participant RTs determined in 

session 1) to assess cortical and spinal contributions to premotor CSE, respectively. Each 

time interval represented 1 individual trial, and 12 trials collectively represented 1 block 

of trials (Figure 1). When prompted with the “GO” cue, each participant performed either 

a ballistic or ramp, isometric elbow flexion of their biceps brachii muscle to ~50% MVC 

(contraction to be performed determined before beginning the block). With no prompt 

from visual cues, 2 TMS and 1 TMES were delivered in each block at random to 

determine a resting baseline for CSE, indicated by an absence of background EMG 

activity in the biceps muscle. Thus, changes in MEP and CMEP amplitudes at each time 

interval within the block were referenced to resting baseline. The order of experimental 

trials was randomized and counterbalanced, ensuring each participant ultimately 

completed an equal number of ballistic and ramp contractions throughout the protocol. 

Participants were instructed to react “as fast as possible” after the imperative “GO” cue 

appeared and initiate the ballistic or ramp contraction.  Finally, all participants received 

visual feedback of their force output in real-time from a monitor placed ~1 m away. 
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Figure 1 Experimental protocol schematic with visual representation of TMS and TMES stimulation points 

relative to the “GO” cue. Arrows pointing upwards indicate the timing of TMS and TMES stimulations.  
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Data Analyses  

All analyses were performed off-line using Spike2. The amplitude of each evoked 

potential (Mmax, MEP, and CMEP) was measured between cursors marking the initial 

deflection from baseline EMG activity to the second crossing of the horizontal axis 

(Martin et al., 2006). MEP and CMEP amplitudes at baseline were normalized to 10% of 

each participant’s Mmax amplitude, and changes in MEP and CMEP amplitudes over 

time were expressed relative to baseline values. MEP amplitude was used to assess CSE 

in each condition and CMEP amplitude was used to evaluate the spinal contribution to 

any changes in CSE. To assess the cortical contribution to any changes in CSE, MEP 

amplitude was normalized to CMEP amplitude obtained under the same conditions and 

time points (i.e., MEP at 0% RT/CMEP at 0% RT). Evoked potentials with an amplitude 

greater than 2 SDs from the overall mean of each participant were discarded from 

analysis (Kennefick et al., 2019). To assess voluntary EMG onset, the root mean square 

(RMS) of the background EMG activity was measured in the 100ms period before each 

TMS or TMES pulse was delivered. If background RMS-EMG activity was 2 SDs or 

more above baseline levels prior to stimulation (indicating agonist muscle pre-activation), 

the entire trial was removed from the analysis (Kennefick et al., 2019). Approximately 

5% of all experimental trials were removed from analysis due to pre-activation of the 

agonist muscle.   

Statistical Analysis 

All statistical analysis was performed in R (version 4.1.2; R Foundation for Statistical 

Computing, Vienna, Austria). The main dependent variables were MEP amplitude 

(corticospinal excitability), CMEP amplitude (spinal excitability), and MEP/CMEP ratio 

values (cortical excitability). The independent variables included: Type (ballistic or ramp 

conditions) as a within-subjects factor, time (baseline, 0%, 25%, 50%, 75% premotor RT) 

as a within-subjects factor, and sex (male and female) as a between-subjects factor. 

Evoked potentials were assessed for normality using the Shapiro-Wilk’s test. Both MEP 

and CMEP amplitudes were significantly non-normal (p < 0.05), so MEP and CMEP data 

were subjected to a logarithmic transformation (Manikandan, 2010). Log-transformed 
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MEP and CMEP data were analyzed with a three-way repeated measures analysis of 

variance (RM-ANOVAs), using TYPE (2 levels - ballistic and ramp) x TIME (5 levels - 

baseline, 0%, 25%, 50%, 75% RT) x SEX (2 levels - male and female) variables. If main 

effects were significant, post hoc Dunnett’s test and Bonferroni-corrected unpaired 

samples Student’s t-tests were performed, where appropriate. MVC (in Newtons) and VA 

(%) pre-and-post experimental protocol was analyzed using paired sample Student’s t-

tests, to compare the difference in values pre-post protocol. Significant differences in the 

data were defined as p < 0.05. All data are presented as mean ± SD.   

 

2.3 Results 

Control Measures 

Mmax was measured pre- and post-protocol at rest, with the participant’s arm secured in 

the force transducer as described in the “Methods” section. Across all participants, mean 

peak-to-peak amplitude of Mmax in the biceps brachii was 22.0 ± 6.4 mV pre-protocol, 

and 21.9 ± 6.2 mV post-protocol. Mean baseline absolute MEP and CMEP amplitudes 

were 2.44 ± 1.32 mV (11.0% Mmax) and 2.29 ± 1.28 mV (10.4% Mmax), respectively. 

The mean premotor RT was 252.8 ± 27 milliseconds. Mean pre-protocol MVC pooled 

across all participants was 72.6 ± 29.1 Newtons, and post-protocol MVC was 71.2 ± 28.7 

Newtons, indicating that the protocol did not induce any substantial neuromuscular 

fatigue which was corroborated with no significant change in VA (93.6% ± 1.7% pre-

protocol and 93.1% ± 1.8% post-protocol). Mean values for all data in absolute units are 

summarized in Table 1.   
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Table 1 Participant demographics, control measures, MEP and CMEP data. Control 

measures, MEP and CMEP data are presented in absolute units as mean ± SD. 
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MEP 

The three-way RM-ANOVA revealed a significant main effect of time (p = 0.0009), with 

no effect of type (p = 0.097), sex (p = 0.105) or interactions for MEP amplitude. This 

indicates that MEP amplitude significantly increased from baseline across RT points, but 

there was no difference in MEP amplitude between the ballistic and ramp conditions, as 

well as no difference between male and female participants. Post hoc Dunnett’s test was 

used to inform the effect of time, revealing a significant difference in MEP amplitude 

(pooled ballistic and ramp data) at 75% RT (p = 0.009) compared to baseline (Figure 2).  

CMEP 

There was a significant main effect of time (p = <0.0001) and sex (p= 0.038), with a 

significant interaction between time:sex (p = 0.011), but no effect of type (p = 0.379). 

This indicates that CMEP amplitude increased significantly from baseline across RT 

points irrespective of contraction type, and there was a significant difference in amplitude 

between male and female participants. However, CMEP amplitude was not different 

between the ballistic and ramp conditions, and therefore post hoc Dunnett’s test was used 

to inform the effect of time, revealing a significant difference in CMEP amplitude 

(pooled ballistic and ramp data) at all RT points compared to baseline (all p = <0.0001) 

(Figure 3). Bonferroni-corrected post-hoc unpaired t-tests were used to inform the 

interaction effect of time:sex, revealing a significant difference in CMEP amplitude 

between male and female participants at 25% RT (p = 0.009) and 75% RT (p = 0.002). 

(Figure 4). 

MEP/CMEP 

For the ratio of MEP/CMEP, the analysis revealed no significant main effect of type (p = 

0.220), time (p = 0.264), or sex (p = 0.873). This indicates that there were no significant 

differences in cortical excitability between the ballistic and ramp conditions, cortical 

excitability did not change significantly from baseline across RT points, and there was no 

difference in cortical excitability responses between male and female participants  

(Figure 5). 
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Figure 2 Individual participant ballistic (filled circles) and ramp (open circles) changes in MEP 

amplitude (%) relative to baseline. Solid horizontal lines in each box represent the median value, and  

the box outlines represent the upper (top, Q3) and lower (bottom, Q1) quartile range of the data. “X” 

represents the mean value for pooled data between ballistic and ramp conditions at each RT point. 

*Significant differences in MEP amplitude from baseline (p < 0.05). 
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Figure 3 Individual participant ballistic (filled circles) and ramp (open circles) changes in CMEP 

amplitude (%) relative to baseline. Solid horizontal lines in each box represent the median value, and 

the box outlines represent the upper (top, Q3) and lower (bottom, Q1) quartile range of the data. “X” 

represents the mean value for pooled data between ballistic and ramp conditions at each RT point. 

*Significant differences in CMEP amplitude from baseline (p < 0.05).  
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Figure 4 Pooled male (filled triangles) and female (filled circles) changes in CMEP amplitude (%) 

relative to baseline. Data points displayed represent the mean value at each RT point and error bars 

represent SD. *Significant differences between males and females in CMEP amplitude (p < 0.05).   
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Figure 5 Individual participant ballistic (filled circles) and ramp (open circles) changes in MEP/CMEP 

ratio values (%) relative to baseline. Solid horizontal lines in each box represent the median value, and  

the box outlines represent the upper (top, Q3) and lower (bottom, Q1) quartile range of the data. “X” 

represents the mean value for pooled data between ballistic and ramp conditions at each RT point. No 

significant differences in MEP/CMEP ratio from baseline (p > 0.05).  
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3 Discussion and Summary 

3.1 Discussion 

Premotor CSE  

The goal of this study was to investigate the modulation of CSE in the premotor RT 

period prior to movement (EMG) onset, and to delineate between cortical and spinal 

contributions to any changes in CSE. Additionally, these premotor CSE responses (MEP, 

CMEP, MEP/CMEP) were compared between ballistic and ramp contractile conditions. 

The first major finding of this study was an increase in MEP (Figure 2) and CMEP 

(Figure 3) amplitudes during the premotor RT period, which occurred before the onset of 

voluntary EMG. This change in excitability (relative to resting baseline levels) occurred 

with minimal background EMG activity prior to stimulation, indicating that the muscle 

was effectively relaxed before receiving TMS and TMES. There was also a lack of 

differences in premotor MEP amplitude, CMEP amplitude and MEP/CMEP ratio 

responses with ballistic compared to ramp contractions, indicating that premotor CSE 

was not specific to the intended RFD of the ensuing contraction.  

An increase of MEP amplitude prior to movement (EMG onset) has been demonstrated 

with simple RT task paradigms in prior studies to assess premotor CSE in the abductor 

pollicis brevis (Chen et al., 1998; Cirillo et al., 2021), extensor pollicis brevis (Leocani et 

al., 2000), and flexor digitorum superficialis (Kennefick et al., 2014). A few studies have 

also reported an inhibitory effect on MEPs with a simple RT task (Touge et al., 1998; 

Ibanez et al., 2018), although this finding could be due to the timing of stimulation. That 

is, Touge et al. (1998) and Ibanez et al. (2018) delivered TMS prior to the presentation of 

an imperative ”GO” signal, while the participants were still waiting to receive their cue to 

contract. It has been suggested that inhibition on CSE may serve as a “braking” 

mechanism to counter premature motor output (Duque & Ivry., 2009), and prevent 

participants from initiating a contraction too early. However, in the present study all 

measures were taken in the premotor RT period occurring after the presentation of an 

imperative “GO” cue to contract, therefore it is unlikely that our participants would have 

demonstrated a similar inhibitory effect.  Although these earlier findings reported a 
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change in CSE prior to movement (occurring approximately 50-1500ms before EMG 

onset) the use of TMS alone to assess CSE did not allow the researchers to distinguish 

between cortical and spinal mechanisms contributing to the overall MEP. 

The present study assessed spinal excitability contributions to the changes in MEP 

amplitude, and demonstrated an increase in CMEP amplitude prior to initiating both 

ballistic and ramp contractions, which occurred at all time points within the premotor RT 

period relative to resting baseline (Figure 3). Whereas MEP amplitude represents 

excitability along the entire corticospinal pathway, CMEP amplitude is influenced by 

descending neural drive from the cortex (Martin et al., 2006), and represents motoneuron 

activation from a single descending volley elicited by excitation of corticospinal axons 

(Ugawa et al., 1991). Thus a change in spinal excitability, as assessed by an increase in 

CMEP amplitude, should be facilitated from excitatory drive in higher cortical centers. 

However, the CMEP test is delivered below the level of the cortex and does not reflect 

cortical excitability modulations contributing to the MEP. Normalizing the MEP to the 

CMEP (MEP/CMEP ratio, matched at the same time point/conditions) facilitates the 

assessment of cortical excitability by accounting for any changes in the MEP which may 

have occurred in the cortex, although the present data reported no significant differences 

from baseline in MEP/CMEP responses over time (Figure 5). The increase in MEP 

(corticospinal excitability) and CMEP (spinal excitability) amplitude occurred without a 

concomitant increase in MEP/CMEP (cortical excitability), suggesting that cortical 

excitability was not strongly affected by movement preparation for the simple RT task 

when measured within the premotor RT period. Therefore, the increase in premotor CSE 

from resting baseline during the premotor RT period was mediated at the spinal level.   

Few studies have attempted to assess spinal excitability in concert with premotor CSE. 

Notably, Kennefick et al. (2019) assessed premotor CSE with a movement complexity 

task and demonstrated an increase in MEP and CMEP amplitude without a concomitant 

increase in cortical excitability (MEP/CMEP), concluding that the increase in CSE 

associated with greater movement complexity was attributable to spinal excitability. 

However, that study made no attempt to compare premotor CSE responses between 

different voluntary contractile rates (i.e., ballistic versus ramp). Using a reaction time task 
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Mackinnon and Rothwell (2000) found an increase in premotor CSE without an increase 

in spinal excitability, attributing the increase in CSE to cortical excitability mechanisms. 

Although, Mackinnon and Rothwell (2000) used the H-reflex to investigate spinal 

excitability, which can be influenced by presynaptic inhibition (McNeil et al., 2013). 

Therefore, any changes in spinal excitability could have been diminished by presynaptic 

inhibition in the premotor period and contributed to the discrepant results. 

Ballistic versus Ramp Contractions  

The present study also demonstrated a lack of differences in MEP, CMEP and 

MEP/CMEP responses when compared between contractile conditions (i.e., MEP at 0% 

RT in ballistic vs. MEP at 0% RT in ramp), indicating that the increase in premotor CSE 

from baseline is not specific to the RFD of the upcoming contraction (Figures 2, 3, and 

5).  To our knowledge, only one study previously has investigated the differences in 

premotor CSE between ballistic and ramp contractions (Duchateau and Baudry, 2021). 

Relative to EMG onset, they reported an increase of premotor CSE that occurred 

approximately 100ms earlier in the ramp compared to ballistic condition, with larger 

increases in MEP amplitude prior to the ramp compared to ballistic condition. They also 

reported an increase in spinal excitability, as measured by the F-wave test, prior to the 

ramp contraction but not ballistic, indicating differences in cortical and spinal-mediated 

contributions to premotor CSE between ballistic and ramp contractions. These findings 

conflict with those of the present study, which may be explained by methodological 

differences in the experimental protocol. Duchateau and Baudry (2021) required 

participants to self-initiate their ballistic and ramp contractions, whereas the present study 

used a visual imperative ”GO” cue to initiate the intended contraction. Thus, assessing an 

individual in preparation for a self-initiated contraction may facilitate differences in 

cognitive and motor preparatory processes compared to preparation for a simple RT task 

(Chen et al., 1998), which could explain the temporal difference of increased CSE 

reported between ballistic and ramp conditions. The present study also demonstrated a 

significant increase in spinal excitability from baseline prior to completing both ballistic 

and ramp contractions, whereas Duchateau and Baudry (2021) only reported an increase 

in spinal excitability prior to ramp contractions in a small subset of participants (n=4). 
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However, Duchateau and Baudry (2021) used the F-wave test to measure spinal 

excitability, which reflects the excitability of motoneurons reactivated by antidromic 

impulses following supramaximal stimulation of a peripheral nerve (McNeil et al., 2013). 

The F-wave measure has been challenged as a flawed assessment of spinal excitability 

given that F-waves generated are often limited to large motoneurons, thereby making the 

test relatively insensitive to changes in spinal excitability (Espiritu et al., 2003). The 

present study used the CMEP test which is considered a very direct method to assess 

spinal excitability (McNeil et al., 2013), as it has demonstrated a large monosynaptic 

component in the upper limb (Petersen et al., 2002) without being affected by presynaptic 

inhibition like the H-reflex (Nielsen and Petersen, 1994). The CMEP is more sensitive to 

any changes in motoneuronal excitability than the F-wave measure, which could have 

contributed to the discrepancy in spinal excitability results between studies.  

Sex-Based Differences 

Lastly, the findings here demonstrated a sex-based difference in CMEP responses at 25% 

and 75% premotor RT with pooled ballistic and ramp data. Specifically, female 

participants had a larger CMEP amplitude than male participants at 25% and 75% RT, 

(23% and 27% larger, respectively) (Figure 4). To our knowledge, this is the first study to 

report sex-based differences in premotor spinal excitability, and the findings might be 

explained by differences in neuromodulatory input to the motoneuron pool. The release 

of neuromodulators such as serotonin and norepinephrine do not directly activate 

motoneurons within the pool, but rather modify the properties of voltage-sensitive ion 

channels and increases the intrinsic electrical excitation of the target neuron, thereby 

making the motoneurons more sensitive to excitatory ionotropic input (Heckman et al., 

2009). A recent study by Jenz et al. (2023) demonstrated a larger PIC estimate in females 

compared to males when investigating motoneurons of the lower limb, suggesting the 

differences were partly attributable to differences in neuromodulatory drive between the 

sexes. Females generally have greater circulating levels of sex hormones such as 

progesterone and estradiol than males, which pose effects on the release of brainstem-

derived monoamines; most notably serotonin (Jenz et al., 2023). Taken together, an 

increased circulating concentration of progesterone and estradiol may have contributed to 
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greater neuromodulatory drive in female participants primarily through the release of 

serotonin, facilitating an enhanced intrinsic excitation of the motoneuron pool and 

resulting in a sex-based difference of spinal excitability noted at a few time points within 

the premotor RT period.  

3.2  Considerations and Limitations 

Investigating the modulation of premotor CSE using single-pulse TMS and TMES with a 

simple RT paradigm presents some limitations. Specifically, we did not investigate any 

inhibitory mechanisms (i.e., using paired-pulse TMS) which could have influenced the 

time course of change in CSE (Duque & Ivry. 2009), however our methodology and 

results support the role of excitatory mechanisms facilitating an increase in CSE during 

the premotor RT period. Our findings with a simple RT task demonstrate enhanced CSE 

predominantly mediated at the spinal level, although these findings may not be 

generalizable to movement preparation for daily functional tasks which are more often 

self-paced (not initiated by an imperative ”GO” cue). However, previous work 

investigating premotor CSE with self-paced movements (Chen et al., 1998; Duchateau 

and Baudry. 2021) also demonstrated an increase of CSE prior to EMG onset (evaluated 

through MEPs), but the previous studies did not delineate between cortical and spinal 

contributions to premotor CSE (Chen et al., 1998) and used a different method to assess 

spinal excitability (Duchateau and Baudry. 2021). Lastly, we evaluated sex-based 

differences in premotor CSE between participants although we did not control for 

specific potential affects within the menstrual cycle among the female participants. 

Indeed, the limited prior work on sex-based differences in CSE have primarily focused on 

evaluating neural responses to fatigue (Yacyshyn & McNeil, 2020), or evaluating CSE 

within clinical populations such as concussion (Pauhl et al., 2022); demonstrating no 

evidence to suggest that CSE would vary among female participants depending on phase 

within the menstrual cycle.  
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3.3  Conclusions 

The current findings support the role of excitatory mechanisms facilitating an increase of 

CSE from baseline in the premotor RT period, which is predominantly a spinally 

mediated response. Additionally, there was no difference in premotor CSE prior to 

initiating ballistic and ramp contractions, suggesting that the increase in premotor CSE is 

not specific to the intended RFD of the ensuing contraction. Spinal excitability response 

level may be influenced by sex, with differences in CMEP amplitude between males and 

females demonstrated within the premotor RT period. 

3.4  Future Directions 

CSE is often assessed during simple isometric tasks (no joint movement), with the 

assumption that results can be extrapolated to functional movements outside a laboratory 

setting (Kalmar. 2018). However, limited work has been conducted to investigate CSE 

mechanisms in dynamic contractions (Clos et al., 2022), or further attempt to discern 

between cortical and spinal mechanisms functioning to control CSE during concentric 

(muscle shortening) and eccentric (muscle lengthening) contractions. Additionally, motor 

unit properties fundamentally are driven by corticospinal input strength (neural drive) to 

the spinal motor neurons prior to MU discharge (Del Vecchio et al., 2019), although MU 

firing rates are also investigated far more often during isometric contractions. The 

isometric modality provides a simpler model to record single motor units with minimal 

electrode displacement, and without the influence of ongoing changes in joint position or 

velocity. However, dynamic contractions represent a more functional modality relevant to 

daily movements, as concentric and eccentric contractions are necessary to facilitate 

wider degrees of purposeful movement. There are few studies describing MU firing rate 

changes during dynamic contractions in human models, (Del Valle & Thomas., 2005; 

Harwood et al. 2011; Kirk et al., 2021) although given the differences in MU firing rates 

between concentric and eccentric movements (Del Valle & Thomas., 2005), integrating 

CSE responses with MUDR in both concentric and eccentric contractions may elucidate 

different neural control mechanisms originating from cortical and spinal contributions to 

neural drive.  
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Further work could also determine whether the relationship between CSE and MU firing 

rates is altered in older individuals who, for example, have slowed movements 

contributing to trips and falls, which may be related to impairments in CSE (Oliviero et 

al., 2006) and/or intrinsically lower MU firing rates (Klass et al., 2008). Thus, creating a 

foundation of understanding and methodology for investigating corticospinal input with 

MU activity, particularly during dynamic contractions, would provide greater insight on 

integrated neuromuscular control during dynamic functional movements. 
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