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Abstract 

The process of movement execution can be separated into two sections; the foreperiod and 

the response time. The foreperiod represents the time between the warning signal (WS) and 

the presentation of the imperative “go” signal, and the response time incorporates both the 

reaction time (RT) and the movement time (Schmidt & Lee, 2011). Transcranial magnetic 

stimulation (TMS) was used to probe corticospinal excitability (CE) which has been 

measured in a variety of RT tasks during both the foreperiod and the response time periods. 

The purpose of the two studies in this thesis was to measure when and at what rate changes 

in CE occur in both simple and complex tasks. The results of the first experiment indicated 

that CE levels quickly increased from baseline with the presentation of the WS. This was 

followed by a holding period in which CE was held constant until a decline in CE occurred 

prior to the presentation of the IS. This decline was followed by a rapid increase in CE as the 

movement was initiated and released. Importantly, even though levels of CE were decreasing 

relative to the start of the decline, participants were still in a heightened state as they 

prepared to release their movements. Furthermore, it is suggested that selective inhibitory 

control mechanisms were at least partly responsible for the decline prior to the IS. The 

results of the second experiment indicated that MEP amplitudes in a simple task were 

significantly larger compared to those in a complex task relative to both the IS and the onset 

of electromyography. These findings suggest that simple and complex tasks achieve differing 

levels of corticospinal excitability, and it is suggested that the complex requires the use of 

the cerebellum, which suppresses excitatory projections to the thalamus, and consequently to 

the motor cortex.  
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Chapter I: Literature Review 

In the 1970s, Merton and Morton were the first researchers to electrically stimulate 

the brain without opening the skull, by using electrodes in order to penetrate it (Merton & 

Morton, 1980). In the early 1980s, transcranial magnetic stimulation (TMS) of the brain 

appeared and promised to be a major advancement in brain stimulation. Instead of using 

electrodes to generate electrical currents in the brain, TMS stimulates the brain using the 

principles of electromagnetic induction to generate electrical currents non-invasively 

(Barker, Freeston, Jalinous, Merton, & Morton, 1985). The first magnetic stimulation 

experiments were conducted by Polson and colleagues (1982) who used a prototype time-

varying magnetic field machine designed to induce an electrical current in the vicinity of a 

nerve, thereby stimulating it. TMS was touted as the natural progression from transcranial 

electrical stimulation (TES) due in large part to three benefits: The first benefit was its ability 

to penetrate bony structures such as the skull, which has between 8 and 15 times the 

resistance to electricity compared to soft tissue (Adrian & Yamagiwa, 1935), with relative 

ease (Barker & Jalinous, 1985). Second was its ability to stimulate the brain with very little 

discomfort to the participant, which is reflective of the greater stimulation intensity need to 

achieve neural stimulation with TES. The third benefit is that TMS does not require any kind 

of physical or electrical contact with the body; stimulation can be achieved with the coil tens 

of millimetres from the body (Barker, Freeston, Jalinous, & Jarratt, 1987). 

 TMS has the ability to evoke descending corticospinal activity in response to 

stimulation of the motor cortex. Magnetic stimulation is thought to actively initiate an action 

potential by depolarizing cortical neurons and/or altering the level of neural excitability. 

Furthermore, TMS may also manifest its effects through the induced modification of 
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membrane resting potentials and thresholds (Wagner, Rushmore, Eden, & Valero-Cabre, 

2009). 

1. Corticospinal Activation 

Experiments using both electrical and magnetic stimulation have led to a greatly 

improved knowledge of the human motor system (Di Lazzaro, Ziemann, & Lemon, 2008). 

For example, experiments on monkeys from the early 1950s demonstrated that a single 

electric pulse on the surface of the brain recruited corticospinal (output) neurons by 

activating the axons of the pyramidal tract neurons directly or indirectly. Output from 

directly activated axons are known as D-waves, while that from indirectly activated axons 

are known as I-waves, which are activated transsynaptically via delay chains of interneurons. 

These waves can be distinguished from one another based on their latencies. The D-wave 

represents the earliest descending volley, while the I-wave represents the later volley (Patton 

& Amassian, 1954). The D-wave evoked by a posterior to anterior TMS coil orientation has 

the shortest latency. It is therefore believed to originate from the activation of corticospinal 

axons in the subcortical white matter at some distance from the cell body. Lower intensity 

TMS stimulation with a posterior to anterior induced current evokes a single descending 

wave that is thought to originate from monosynaptic corticospinal connections projecting 

onto corticospinal neurons. This descending wave, indirectly activated via corticospinal cells, 

is termed the I1-wave. At higher intensities, later I-wave (I2,I3, etc.) volleys appear and are 

thought to originate from a more complex circuit whose activation produces a repetitive 

discharge of pyramidal tract neurons (Di Lazzaro, et al., 2008). 

2. Motor Evoked Potentials 



Running head: CORTICOSPINAL EXCITABILITY IN SIMPLE RT TASKS  4 

 

TMS can induce a muscular response, measured using electromyography (EMG), 

called a motor-evoked potential (MEP). A variety of parameters relating to the MEP can be 

examined, such as latency, size, threshold, and silent period, amongst others. There are three 

basic physiological mechanisms that may influence the size of the MEP: the number of 

recruited motor neurons in the spinal cord, the number of motor neurons discharging more 

than one stimulus, and the synchronization of the TMS-induced motor neuron discharges. A 

MEP increases with an increasing stimulus intensity, which suggests that stronger stimuli 

may also recruit more corticospinal neurons, more spinal motor neurons, or both (Rosler & 

Magistris, 2008). 

3. TMS Techniques 

A variety of TMS techniques exist, including single-pulse as well as paired or multi-

pulse protocols. Single-pulse TMS provides a measure of corticospinal excitability (CE) and 

can be used to map muscle representation in the motor cortex. Techniques include 

stimulation at motor threshold, subthreshold, and suprathreshold stimulation methods for 

single-pulse TMS (explained in more detail below). In contrast, paired or multi-pulse 

protocols involve methods known as short-interval intracortical inhibition (SICI), long-

interval intracortical facilitation, short-interval cortical facilitation, intracortical facilitation, 

and repetitive TMS (rTMS). For the purposes of this proposal, only the single-pulse 

techniques will be discussed.  

3.1. Motor threshold 

Motor threshold is a measure of the TMS intensity necessary to evoke a peripheral 

motor response. It is generally lower for distal compared to proximal muscles (Rossini et al., 
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1994), highly variable across individuals, but remarkably constant for a given individual 

(Ziemann & Hallett, 2000). Because of this variability, most TMS researchers attempt to 

correct for this by dosing TMS intensity as a proportion of each individual’s motor threshold 

(McConnell et al., 2001). Motor threshold can be measured while the participant is at rest, 

known as the resting motor threshold (RMT), or when the participant is slightly contracting 

the target muscle, known as the active motor threshold (AMT). RMT is typically ~10% of 

maximum stimulator output higher than AMT, produces lower amplitude MEPs, and is 

typically used as a reference to set the stimulation intensity during subsequent MEP 

recordings. AMT is less commonly used, used as an alternative measure, or used as an 

additional value. Furthermore, AMT can be useful if the participants are unable to remain at 

rest, or if attempting to measure MEPs in lower extremity muscles (Sandbrink, 2008). Motor 

threshold is found by determining the minimum TMS intensity that is sufficient to elicit an 

MEP in 50% of trials; known as the Rossini-Rothwell method (Rossini et al., 1999). 

Furthermore, it is suggested that 50% of trials represents a total of 5 out of 10 trials with a 

minimal EMG response amplitude of 50μV while measuring RMT (Ziemann, Corwell, & 

Cohen, 1998) and ~200-300 μV while measuring AMT since distinguishing a MEP from 

background muscle activity is difficult (Rossini, et al., 1994).  

3.2 Subthreshold and Suprathreshold TMS  

Two TMS techniques that are used in research are subthreshold and suprathreshold 

TMS, commonly measured as an intensity that is a relative percentage of the participant’s 

resting or active motor threshold. Subthreshold TMS refers to a stimulus intensity that is 

lower than the participants previously measured RMT and does not produce a MEP at rest, 

while suprathreshold TMS refers to a stimulus intensity that is higher than the measured 
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RMT and does produce a MEP. A subthreshold TMS pulse could potentially behave very 

differently in relation to the RMT or AMT. For example, a TMS pulse whose intensity would 

be considered “subthreshold” with respect to RMT might be considered “suprathreshold” 

with respect to AMT. Due to the fact that the current proposed experiments will require the 

participant to begin each trial at rest, suprathreshold TMS intensities will be used that are a 

percentage of each participant’s RMT.  

4. Corticospinal excitability in simple reaction time tasks 

4.1 Foreperiod excitability 

Studies that have previously been performed on monkeys have shown that 

instructions regarding an upcoming movement results in anticipatory activity in the motor 

cortex. These changes in activity persist for several seconds as the monkey awaits the cue to 

begin the movement. During the interval between the warning stimulus and the IS (i.e. the 

foreperiod), 61% of pyramidal tract neurons modulated their discharge patterns according to 

the nature of the instruction. For example, if the upcoming movement was a push movement, 

activity in the neurons that usually discharge during push movements increased. Conversely, 

activity in the neurons that usually discharge during pull movements decreased (Tanji & 

Evarts, 1976).  

4.2 Post-movement excitability 

Chen and colleagues (1998) used TMS to examine the specific time course of CE 

before and after the IS in a simple RT task as well as a self-paced movement task. In the 

study, participants were instructed to abduct their right thumbs as fast as possible following 

the IS. TMS was delivered at both subthreshold (90% RMT) and suprathreshold (110% 
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RMT) levels for simple RT as well as self-paced movement conditions at pseudorandomized 

time points between 30 and 600ms following the IS. The subthreshold stimulus was adjusted 

such that it did not normally produce a MEP; however a minimal increase in the excitability 

of the motor cortex would lead to a recordable MEP. EMG data were collected from the right 

abductor pollicis brevis and MEPs were identified within the EMG. Results indicated that 

CE increased before EMG onset for simple RT and self-paced movements in response to 

subthreshold TMS. There was an increase in CE 80ms before EMG onset, which continued 

for 160ms following EMG offset in the simple RT task. CE for self-paced movements 

increased 100ms before EMG onset and is therefore increased for 20ms longer than the 

simple RT task. Post-hoc analysis showed a significant increase in CE beginning at 50ms 

before EMG onset, and a trend of increased CE 150ms after EMG offset in response to 

suprathreshold TMS; similar to that of subthreshold TMS. 

5. Inhibition during the process of movement execution  

First described by Kujirai and colleagues (1993), SICI is a paired-pulse TMS 

technique that uses a subthreshold conditioning stimulus, followed by a suprathreshold test 

stimulus, which suppresses MEP amplitudes. Reynolds and Ashby (1999) used SICI in order 

to probe inhibition in the motor cortex during the generation of voluntary movements. 

Results indicated that inhibition of the agonist muscle preceded the onset of movement. 

Similarly, Ridding and colleagues (1995) showed a reduction of inhibition during the 

maintenance of a tonic muscular contraction, which suggested that voluntary drive reduced 

the excitability of inhibitory circuits in the active muscle, increasing the excitability of the 

cortex, and therefore facilitating movement. Taken together, the above mentioned inhibition 

studies demonstrate that prior to voluntary movement, inhibition within the motor cortex is 
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reduced and excitability is increased. Furthermore, these changes are specific to the muscles 

required and are sustained during their activation (Stinear, Coxon, & Byblow, 2009).  

6. Task Complexity 

In their seminal experiment, Henry and Rogers (1960) sought to understand how the 

complexity of a movement affected RT. The experiment consisted of three simple RT tasks, 

each with a varying number of movement components. The first movement (A) involved the 

participant lifting his or her finger from a button only a few millimeters. The second 

movement (B) involved the participant lifting his or her finger from the button and then 

grasping a hanging tennis ball approximately 30cm ahead of the starting position. The third 

movement (C) made use of a second hanging tennis ball mounted 30cm lateral to the first 

tennis ball. The participant lifted his or her finger, reached forward and upward to strike the 

second tennis ball with the back of his or her hand, then reversed direction to touch a second 

button, before striking the first tennis ball. Results demonstrated that RT for the least 

complex of the three movements, movement (A), was faster than the second most complex 

movement, movement B, by 36ms. Furthermore, movement B was faster than the most 

complex movement, (movement C), by an additional 13ms.  

Klapp and colleagues (1974) further investigated these differences in RT by 

manipulating the complexity of the movements, as opposed to altering the number of 

movements, using Morse code “dit” and “dah,” button presses, where “dit” was a short 

(press-release) button press and “dah” was a long (short-hold-release) button press. The 

simple RT task was designed with an emphasis on the participants attending to and utilizing 
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advance information and they were instructed repeatedly to plan ahead in order to shorten 

their RTs. Results revealed that RTs were longer for the more complex “dah” response.  

In a follow up experiment, Klapp and colleagues (1995) compared single and 

multiple element movements, There were four possible response patterns; a short “dit,” a 

long “dah,” or a combination of the short and long sequences (e.g. dit-dah-dah-dit or dah-dit-

dit-dah). Results indicated that on day one of the simple RT experiment, single element 

movements had faster RTs than four element movements. Interestingly, after 8 days of 

practice, the RT of the four element movements decreased dramatically. Klapp and 

colleagues (1995) suggested that with practice, the four element sequences became recoded 

into a single “chunk.” Early in practice, the four element movement was programmed as four 

separate chunks, and by consequence had a slower RT. However, later in practice, both one 

and four component movements were programmed as single chunks, resulting in similar 

RTs. Following these findings, Klapp (2003) added the notion of “INT” and “SEQ”, where 

INT was related to internal programming of a chunk, and can be thought of as the single 

“dit” or “dah” movements. SEQ relates to a sequence of chunks, and could be thought of as a 

series of individual “dit” or “dah” movements. Single-chunk responses require process INT 

but not require process SEQ due to the fact that there is no sequence. INT is assumed to 

occur prior to the IS in a simple RT paradigm because the response is preprogrammed and 

simple RT does not include the time needed to complete INT; however since the response 

cannot be preprogrammed in a choice RT paradigm, INT is assumed to occur following the 

IS. Therefore, if INT required more time for a complex response, then choice RT will depend 

on response complexity, whereas simple RT will not. This RT pattern is known as the 

choice-up-simple-flat pattern. Multiple-chunk movements are more difficult to interpret 
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because both INT and SEQ process are involved. In these movements, simple RT increases 

as a function of the number of chunks, but choice RT does not. This is opposite to what is 

seen in the choice-up-simple-flat pattern, and is thus termed the simple-up-choice-flat 

pattern. Multiple-chunk movements cannot be preprogrammed and both INT and SEQ 

processes occur following the IS. The simple-up-choice-flat pattern can be demonstrated in a 

manual button press task when the number of chunks (dits and dahs) increases. This task 

results in an increase in simple RT, but no increase in choice RT. Therefore, simple RT is 

assumed to depend on the number of chunks, and not on the chunk’s internal complexities. 

 

6.1. TMS and task complexity  

Flament and colleagues (1993) investigated the effects of an isolated index finger 

abduction (simple) versus a variety of static gripping (complex) tasks on CE. For each static 

gripping task, the grip was held at 5% of MVC while TMS was delivered pseudo-randomly 

at intervals ranging between 3.5-7s in blocks of 20-25 stimuli over the optimal spot for 

eliciting MEPs in the tested muscles (at intensities ranging from 35-80% maximum 

stimulator output). Furthermore, TES was utilised in 3 participants at intensities ranging 

from 40-65% of maximum stimulator output. Results indicated that in every subject, MEPs 

were greater in at least one of the complex tasks compared to that of the simple finger 

abduction. Task-related variations in EMG responses were also seen during TES; however, 

the response amplitudes were smaller than with TMS.  

Abbruzzese and colleagues (1996) used sequential finger movements with varying 

complexity levels in a non-RT task to detect if changes in excitability of the motor cortex are 
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under the influence of other cortical areas involved in motor planning. Participants executed 

a variety of tasks in which they were required to execute a simple repetitive or complex 

sequential movement, or mentally simulate the same simple or complex movement. MEPs 

were induced in the bilateral flexor digitorum superficialis (FDS) and opponens policis 

muscles using TMS intensities ranging from 42-65% of maximum stimulator output, which 

corresponded to 1.2-1.3 times RMT. Results indicated that the size of MEPs increased during 

real sequential movements as well as imagined sequential movements. These changes were 

seen in both increased size and decreased latency of MEPs, which demonstrates an enhanced 

excitatory state of corticospinal cells. Gerloff and colleagues (1998) used rTMS to transiently 

disturb the motor cortex. Using an electronic piano, participants played three finger 

sequences of differing complexities with the right hand. In Experiment 1, participants either 

repeatedly pressed a single key with their index finger (simple sequence) or played a scale 

sequence which was comprised of four finger movements (complex sequence). In 

Experiment 2, participants either played the same scale sequence as in Experiment 1 or a 

more complicated sequence consisting of a four finger non-consecutive, non-repetitive 

movement. Results indicated that the motor cortex plays a greater role in the performance of 

complex movement sequences. The authors suggest that the motor cortex may not only be an 

executive motor area; but also a region which functions as a movement sequence organizer. 

7. Safety, application and ethical considerations of TMS and rTMS 

The most severe potential side effect associated with TMS is the risk of seizure; 

however, this risk is very low and has only occurred in a few rare cases. The introduction of 

TMS safety guidelines in 1998 established “safe” stimulation parameters for rTMS, which 

were based on pulse intensity, frequency, and train duration administered to healthy controls 



Running head: CORTICOSPINAL EXCITABILITY IN SIMPLE RT TASKS  12 

 

(see Wassermann, 1998 for details). Since the advent of these guidelines, only eight seizures 

have been reported. Four of these (2 rTMS, 2 single-pulse TMS) were induced by “safe” 

stimulation parameters; however three of the four occurred in patients taking pro-

epileptogenic medications, and two of the four were potential non-epileptic events. Four 

more seizures were reported using parameters that were outside the “safe” stimulation 

parameters (Rossi, Hallett, Rossini, Pascual-Leone, & Safety, 2009). Furthermore, the 

magnetic field generated by TMS produces attractive forces on ferromagnetic objects and 

repulsive forces on non-ferromagnetic conductors. TMS has the potential to result in forces 

on particular head implants that could displace these objects (Rotenberg et al., 2007). 

Jewellery, glasses, and other potential conductors on the head should be removed prior to 

TMS to prevent interactions with the magnetic field (Rossi, et al., 2009).  
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Abstract. The process of movement execution can be separated into two sections; the 

foreperiod and the response time. The foreperiod represents the time between the warning 

signal and the presentation of the imperative “go” signal, and the response time incorporates 

both the reaction time (RT) and the movement time (Schmidt & Lee, 2011). Transcranial 

magnetic stimulation (TMS) was used to probe corticospinal excitability (CE) which has 

been measured in a variety of RT tasks (e.g. simple RT and choice RT) during both the 

foreperiod and the response time periods. In general, CE decreases as the imperative stimulus 

(IS) approaches and increases once the IS has been presented. Even though these two 

separate time frames are well described in the literature, CE during the entirety of the process 

of movement execution (e.g. foreperiod and response time) has not been described. The 

purpose of the present study was to measure when and at what rate changes in CE occur in 

relation to a true baseline level. Participants performed a single button press movement in 

response to a visual warning signal (WS). CE was measured at 21 time points following the 

warning signal, encompassing both a 1500ms fixed foreperiod and the response time. 

Furthermore, a baseline measure was taken when the participant was at rest, prior to the WS. 

The results of the present study indicate that CE levels quickly increase from baseline with 

the presentation of the warning signal. This is followed by a holding period in which CE is 

held constant until a decline in CE occurs prior to the presentation of the IS. This decline is 

followed by a rapid increase in CE as the movement is initiated and released. Importantly, 

even though levels of CE are decreasing relative to the start of the decline, participants are 

still in a heightened state as they prepare to release their movements. Furthermore, it is 

suggested that selective inhibitory control mechanisms are at least partly responsible for the 

decline prior to the IS. 
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Introduction. The process of movement execution can be separated into two 

sections; the foreperiod and the response time. The foreperiod represents the time in which 

movement preparation processes occur, between the WS and the presentation of the IS. The 

response time represents the time in which movement initiation processes occur and 

incorporates both the reaction time (RT) and the movement time (Schmidt & Lee, 2011). As 

a human prepares to perform a voluntary movement, brain activity measured using 

electroencephalography (EEG) can be recorded preceding the movement onset, which 

reflects the preparation for the execution of that movement (Deecke, 1996). Several models 

of activation (Carpenter & Williams, 1995; Hanes & Schall, 1996; Nazir & Jacobs, 1991) 

describing the preparation and initiation processes occurring during the production of 

movement have been proposed, one of which was the “cell assembly model”. This model, 

proposed by Wickens and colleagues (1994), described how the activation level of a group of 

cortical motor neurons related to the performance of a specific action (known as a “cell 

assembly”) is increased to an initial steady state which is held at a level below the threshold 

level for motor response production. Following the IS, the eventual triggering of the response 

results from additional input of activity causing “ignition” of the cell assembly, a spread of 

neural activity that excites movement-related corticospinal neurons. Corticospinal 

excitability (CE) has been measured in a variety of RT tasks (e.g. simple RT and choice RT) 

and these RT tasks can help reveal specific activation differences associated with the 

different paradigms. A relatively small body of literature exists in which CE was examined 

prior to the imperative stimulus (IS). Conversely, many studies have examined excitability 

following the IS. Interestingly however, while CE has been examined separately in both 

stages of movement execution, no studies have examined the time course of excitability 
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throughout the entirety of the process of movement execution. This time course of 

excitability can thus also be compared to existing models of activation.  

Foreperiod excitability. Touge and colleagues (1998) used transcranial magnetic 

stimulation (TMS) to demonstrate that the excitability of motor cortical projections to 

agonist muscles may decrease during the foreperiod. Results showed that in a simple RT 

task, the size of motor evoked potentials (MEPs) elicited in the flexor muscles of the wrist in 

the flexion task decreased compared to control MEPs (which were recorded in trials in which 

no warning signal was presented), as early as 100ms after the warning stimulus and 

continued until the presentation of the IS. It was postulated that this decrease in excitability 

levels was necessary to prevent the response from being released too early. In a follow-up 

experiment, the foreperiod was changed to a fixed 2000ms time interval and the results 

yielded no change in MEP amplitudes, possibly due to the fact that this time interval is more 

difficult to estimate. In this study, the depression of corticospinal excitability was seen only 

in simple RT tasks, and not in the choice RT task.  

Similarly, Hasbroucq and colleagues (1997) also found that MEPs were greater when 

TMS was delivered simultaneously with the warning signal, compared to when TMS was 

delivered simultaneously with the response signal in the short (500ms) foreperiod of a 2-

button press choice RT task. Their study did not reveal any differences in MEP amplitude 

during a long (2500ms) foreperiod. A second experiment in the same study revealed that CE 

decreased progressively, and possibly linearly, during the first 333ms of a short (500ms) 

foreperiod, at which time it remained stable until the IS was presented. It appears that the 

decrease in MEP amplitude could be an adaptive mechanism in which the sensitivity of the 

corticospinal tract to the forthcoming command is increased. A further explanation is that 
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inhibition within the motor cortex may act to prevent the premature release of a response 

during the foreperiod of a RT task (Stinear, et al., 2009). Indeed, using single cell recordings 

in two monkeys, Prut and Fetz (1999) suggested that inhibitory modulations may reflect a 

general “braking” mechanism in which the tendency to initiate a movement during the 

foreperiod is suppressed and that the “brake” is released once the IS appears and movement 

is initiated. 

Reaction time interval excitability. Contrary to the decrease in MEP amplitude during the 

foreperiod, MEPs elicited during the period between the IS and EMG onset (i.e. RT interval) 

have been shown to increase in amplitude. Using TES and TMS, Rossini and colleagues 

(1988) investigated motor unit potential recruitment patterns 150ms prior to EMG onset to 

50ms after EMG onset. Results indicated that MEPs were evoked 100ms prior to the onset of 

EMG, and that the probability of eliciting MEPs gradually increased as the onset of EMG 

approached. Starr and colleagues (1988) used TES to examine the time course of MEP 

facilitation during a thumb opposition movement, in which TES was preceded by an auditory 

click. Similar to Rossini and colleagues (1988), results indicated that anodal scalp 

stimulation elicited MEPs beginning 80ms prior to EMG onset. Leocani and colleagues 

(2000) exclusively used TMS to evaluate CE during various auditory RT paradigms (Simple 

RT, Choice RT, and go/no-go), and demonstrated a gradual facilitation of the agonist muscle 

occurred around 100-120ms before EMG onset in all RT paradigms. Chen and colleagues 

(1998) also exclusively used TMS in various experiments and found that when 

suprathreshold TMS was used in a simple RT paradigm (similar to the current study), CE 

began to increase 50ms prior to EMG onset. 
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In summary, while the excitability of the motor cortex during various periods 

preceding movement onset is relatively well defined (e.g., CE decreases in the ~500ms prior 

to the IS), key pieces of information are missing. Previous studies examining CE levels 

during the foreperiod have typically compared activation to the first measured CE value in 

the foreperiod, or to trials without a WS, rather than to a baseline (i.e., resting) value. This 

comparison may not accurately capture the time course of CE activation relative to a resting 

level as response-related preparatory activity may have already occurred at the first 

measurement point.. As no single study has investigated how CE changes throughout the 

entire process of movement execution (e.g. the foreperiod and the RT interval), the first 

experiment of this thesis will attempt to characterize motor cortex excitability related to the 

prime mover for the duration of the time before movement onset in a simple RT task, and to 

provide a cohesive picture of the entire time course of corticospinal excitability. Specifically, 

the primary purpose was to describe when and at what rate changes in CE occur, allowing for 

a greater understanding of cortical activation related to movement preparation and initiation, 

and how this activation matches with existing models.  

Methods  

Participants  

Nineteen healthy volunteers (10F, 9M; 24 ± 5 years) with normal or corrected to 

normal vision, and with no history of neurological, sensory, or motor disorders participated 

in this study. The data from one participant had to be excluded due to technical issues. All 

participants were classified as right-handed or ambidextrous participants based on the 

Edinburgh Handedness Inventory (Oldfield, 1971). Testing of each participant took place in 
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a single session, and required approximately 1.5 hours to complete. All participants provided 

informed consent, and the experiment was conducted in accordance with ethical guidelines 

approved by the University of Ottawa’s Research Ethics Board. 

Experimental set-up and task  

Participants sat comfortably facing a 17 inch LCD computer monitor with their right 

arm pronated and resting on a flat surface. They completed a simple RT task in which they 

performed a single button-press movement, in response to a visual imperative stimulus (IS). 

This movement required the pressing of a telegraph key (Ameco AM-K4B) and was 

performed by flexing the second finger using the flexor digitorum superficialis (FDS) 

muscle. Participants were instructed to execute this movement as quickly as possible 

following the IS. The presentation of the visual warning signal (WS), which was a blank, 

black outlined box (6cm x 5cm), indicated the start of the trial, followed by a fixed 

foreperiod (1500ms). A fixed foreperiod was utilized to ensure that MEP data collected 

during the foreperiod were time-locked to the same interval across all participants. The 

visual IS consisted of the same blank box located in the center of the screen which turned 

green, prompting the participant to initiate their movement. The presentation of the visual IS 

followed the foreperiod, at which time the participant initiated their movement. Feedback 

was provided on the computer monitor after each trial, consisting of RT. Prior to the start of 

the testing session, each participant performed a practice block consisting of 10 trials. The 

practice trials were identical to that of the testing trials, with the exception that there was no 

TMS.  
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Following the practice session, participants performed 8 blocks of 24 trials each, 

consisting of 22 RT trials and 2 catch trials per block, for a total of 192 testing trials. TMS 

stimulation (see below for details) was applied over the motor cortex at 22 time points with 

respect to the IS. TMS occurred once at -2500ms, which was the baseline measure, 5 

different time points between -1500ms and -500ms, 3 different time points between -400ms 

to -200ms, and 13 different time points between -100ms to +125ms (see figure 1a for visual 

representation). MEPs collected at the first stimulation point (-2500ms) were considered as 

baseline since these occurred during the inter-trial interval, prior to the WS and thus it is 

presumed that the participant was fully at rest. The inter-trial interval was randomly varied 

between 6s and 8s to avoid anticipation of trials onsets by the participant. Catch trials 

consisted of the WS followed by TMS, but without the IS. This ensured that the participant 

reacted only when he or she was meant to. In order to encourage advance preparation, a 

points reward structure was provided to the participant based on RT whereby when 

participants produced a RT below a predetermined criterion, points were awarded. 

Alternatively, executing a movement during catch trials resulted in a loss of points. A visual 

representation of the task can be seen in figure 1b. 
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Figure 1a. Visual representation of the TMS stimulation points, represented by downwards 

pointing arrows. 

 

 

Figure 1b. Visual representation of a single trial in experiment 1.  
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Transcranial magnetic stimulation  

TMS was applied using a figure-8 magnetic coil (70mm; Magstim 200
2
, Magstim 

Company Ltd, UK). Prior to testing, the coil was placed over the optimal location for 

eliciting MEPs from the right flexor digitorum superficialis (FDS) muscle, with the handle of 

the coil pointing backwards at a 45˚ angle. The optimal location was found by first finding 

the midpoint between the nasion and inion, and the left and right preauricular notches. From 

this midpoint, a location 5cm lateral and 1cm posterior was marked on the participant’s scalp 

using a red grease crayon. The optimal location was then found by delivering test pulses at 

various scalp locations around this mark and determining the location that resulted in 

consistently large MEPs. Resting motor threshold (RMT) was determined at rest to the 

nearest 1% of stimulator output using the Rossini-Rothwell method (defined as the minimum 

intensity required to evoke MEPs above 50 µV in at least 5 out of 10 trials). The magnetic 

coil was held stationary over the optimal location by the experimenter and the position was 

maintained by holding the coil in the reference position on the head with the assistance of 

neuronavigation hardware and software (ANT Neuro Visor 2, Madison, WI). Stimulus 

intensity was adjusted to 110% RMT. Similar intensities have been used previously to probe 

changes in CE (Chen, et al., 1998; MacKinnon & Rothwell, 2000). 

Recording equipment  

Surface EMG data was collected from the muscle belly of the right FDS muscle using 

bipolar preamplified (gain=10) surface electrode (Delsys Bagnoli DE-2.1) connected via 

shielded cabling to an external amplifier (Delsys Bagnoli-8). The electrode was placed 

parallel to the muscle fibres, and attached to the skin using double sided adhesive strips. A 
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grounding electrode (Dermatrode HE-R) was placed on the participant’s right lateral 

epicondyle. The site of each electrode was prepared and cleaned using abrasive skin 

prepping gel to ensure minimal electrical impedance. Unfiltered EMG and button data was 

digitally sampled at 1 kHz (National Instruments PCI-6024E) beginning 500ms prior to the 

first stimulation point for a total duration of 3500ms using a custom made program written in 

LabVIEW (National Instrument Inc.) and stored for offline analysis. 

Data reduction  

MEP amplitudes, the time between TMS pulse and EMG onset, and the time of 

movement onset were calculated. Trials in which TMS was delivered during the EMG burst 

were rejected due to the fact that it is inherently difficult to distinguish the MEP from EMG 

activity associated with the actual movement. MEP amplitudes were quantified by 

calculating the peak-to-peak voltages of the evoked responses, expressed as a percentage of 

the baseline MEP amplitudes. EMG burst onsets were defined as the point at which EMG 

activity reached a value of 2 standard deviations above baseline levels and remained at that 

level for more than 20ms. EMG offset was defined as the point at which EMG activity fell 

below a value of 80% of its maximal amplitude (Hodges & Bui, 1996). EMG markers were 

manually adjusted to compensate for any errors due to the strictness of the algorithm used by 

the custom LabVIEW (National Instrument Inc.) program. Movement related EMG activity 

in the FDS muscle was marked for each trial. Peak EMG amplitudes were defined as the 

largest EMG amplitude recorded within an interval of 100ms following EMG burst onset. In 

order to analyze the data relative to EMG onset, the difference in time between the onset of 

agonist EMG and the presentation of TMS was calculated. 
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Statistical Analysis  

Dependent variables were analyzed using a one-way repeated measures analysis of 

variance to determine if differences exist between presentation times of the TMS (e.g. the 22 

time points between -2500ms prior to the IS and +125ms following the IS). Data was 

normalized to baseline values measured at time point 1 in order to account for the variability 

in individuals’ resting CE levels. Preplanned comparisons using uncorrected t-tests were 

administered to determine the exact locus of any significant differences in the overall CE 

time course. Uncorrected t-tests were used due to the large number of comparisons, and 

correcting for all these possible comparisons may lead to an increased probability of 

committing a type II error. Differences with a probability of less than 0.05 were considered 

significant. Secondary post-hoc analyses are described below. 

Results  

Stimulation parameters.  

Across participants, RMT was 47 ± 10% of maximal stimulator output, and the mean 

test stimulus was 52 ± 11% of stimulator output. 

MEP amplitude.  

Analysis of MEP amplitude revealed a significant main effect of time (F(21,357)  = 

4.580, p < 0.001, ƞp
2
 =0.212). T-tests comparing each time point to baseline revealed a 

significant difference between the baseline (time point 1) and every other time point in the 

current study, with the exception of time point 2 (-1500ms) (p=0.1) and time point 18 

(+25ms) (p=0.066). This indicates that there was a significant increase in MEP amplitudes 
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after time point 2, but also there appeared to be a decrease in MEP amplitudes occurring 

around the time of the presentation of the IS (figure 2).   
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Figure 2. Motor-evoked potential (MEP) amplitude relative to the onset of the imperative 

stimulus expressed as a percentage of baseline. Each time point is represented with standard 

error. 
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In order to further characterize the time course of CE, a second post-hoc analysis was 

conducted using the MEP amplitudes measured at the time of the presentation of the WS 

(time point 2) as a baseline. This was undertaken due to the fact that prior studies that have 

used long foreperiods characterized changes in MEP amplitudes with respect to the 

presentation of the WS. MEP amplitudes across these time points (as a percentage of 

baseline measured at time point 2) was analyzed using a one-way repeated measures 

ANOVA. Analysis revealed a significant main effect of time (F(20,340)  = 3.670, p < 0.001, 

ƞp
2
 =0.178). Uncorrected t-tests between time point 2 and all other time points revealed a 

more detailed view of the time course of events (figure 3). A significant difference was 

found between time point 2 and all other time points up to and including time point 11, with 

the exception of time point 7 (p=0.065). However, there was no difference in MEP amplitude 

between time point 2 and time point 12, or between time point 2 and time points 16 - 20 (all 

p values >0.061). Finally, a significant difference was found between time point 2 and time 

point 21(p=0.006) and time point 22 (p < 0.001). These results are presented in figure 3. 
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Figure 3. Motor-evoked potential (MEP) amplitude relative to the onset of the imperative 

stimulus expressed as a percentage of baseline (measure as the WS). Each time point is 

represented with standard error. 
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MEP amplitude breakdown.  

MEP amplitude data shown in figure 2 appears to show different CE “periods” 

throughout the time course. Specifically, there appear to be 3 separate time periods in the 

foreperiod leading up to the IS, and a separate time period following the IS. The first period 

is characterized by a steady increase from baseline levels for approximately 1500ms (from -

2500ms to -1000ms). The end of the first period was chosen to be -1000ms based on 

inspection of the data presented in figure 2. The second phase (which begins at -1000ms) is 

characterized by a 500ms period in which levels of CE are stable. The third time frame (-

500ms to the IS) has been characterized previously in the literature, and typically shows a 

decline in CE. These time periods were analyzed separately from the overall time course to 

protect against making errors associated with a large number of comparisons. 

MEP amplitude during 1
st
 period. In order to detect any differences in MEP 

amplitude during first “increase” period, a one-way (4 time) repeated measures ANOVA was 

undertaken. The results indicated a significant main effect of time (F(3,51)  = 4.580, p < 

0.001, ƞp
2
 =0.316), in addition to a significant linear trend (F(1,17)  = 16.720, p = 0.001, ƞp

2
 

=0.496). Post-hoc analyses using Bonferonni corrected student’s t-tests were used to 

determine the locus of the differences. The results indicated a significant difference between 

time point 1(-2500ms) and time points 3 (-1250ms), and 4 (-1000ms), confirming an increase 

in CE following the beginning of task (figure 4).  
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Figure 4. Motor-evoked potential (MEP) amplitude relative to the onset of the imperative 

stimulus expressed as a percentage of baseline for the time encompassing -2500ms to -

1000ms. Each time point is represented with standard error. Dashed line represents the linear 

relationship (p=0.001) between all points.  
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MEP amplitude during 2
nd

 period. In order to analyse the second phase, a 

subsequent one-way (3 time) repeated measures ANOVA was undertaken to characterize the 

“hold” or stable phase of CE between -1000ms and -500ms. The results indicated a non-

significant main effect of time (F(2,34)  = 0.14, p = 0.986, ƞp
2
 =0.001) as well as a non-

significant linear function (F(1,17)  = 0.045, p = 0.835, ƞp
2
 =0.003) indicating that levels of 

CE did not change. The results are shown in figure 5. 
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Figure 5. Motor-evoked potential (MEP) amplitude relative to the onset of the imperative 

stimulus expressed as a percentage of baseline for the time encompassing -1000ms to -

500ms. Each time point is represented with standard error. Dashed line represents the linear 

relationship (p=0.835) between all points. 
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MEP amplitude during the 3
rd

 period. In order to analyze the third period and 

understand how levels of CE changed as the IS approached, a one-way (12 time) repeated 

measures ANOVA was undertaken to examine the 500ms preceding the IS. This time frame 

was chosen because previous studies (Hasbroucq, et al., 1997; Touge, et al., 1998) have 

examined foreperiod CE during this time frame. The analysis did not show a significant main 

effect of time (F(11,187)  = 0.828, p = 0.612, ƞp
2
 =0.046), and although a linear trend was 

evident (F(1,17)  = 3.589, p = 0.075, ƞp
2
 =0.174), it was not significant. The same previous 

studies that described a decrease in CE levels in the 500ms prior to the IS, however, used raw 

data as opposed to normalized data, and thus a follow-up ANOVA was conducted in order to 

replicate these studies. The results indicated a non-significant main effect of time (F(11,187)  

= 1.444, p = 0.157, ƞp
2
 =0.078), however a significant linear trend was found (F(1,17)  = 

7.006, p = 0.017, ƞp
2
 =0.292) suggesting a decrease in CE as the IS approached, which is 

shown in figure 6.  

  



Running head: CORTICOSPINAL EXCITABILITY IN SIMPLE RT TASKS  35 

 

 

Figure 6. Raw motor-evoked potential (MEP) amplitudes (mV) relative to the onset of the 

imperative stimulus. Each time point is represented with standard error. Grey dashed line 

represents the linear relationship (p=0.017) between all points. 
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MEP amplitude during the 4
th

 period. Figure 1 and 2 both demonstrate a substantial 

increase in CE following the IS as the movement was executed. In order to characterize this 

increase, a one-way repeated measures ANOVA was conducted between all time points 

between the IS and the end of the trials. The results indicated a significant main effect of 

time (F(5,85)  = 9.783, p < 0.001, ƞp
2
 =0.385). A significant linear trend (F(1,17)  = 12.887, 

p =0.002, ƞp
2
 =0.431) and a significant quadratic trend (F(1,17)  = 19.574, p < 0.001, ƞp

2
 

=0.535) were also noted. Post-hoc analyses using Bonferonni corrected student’s t-tests were 

used to determine the locus of the differences. The results indicated a significant difference 

between time point 6 (125ms) and time point 4 (75ms), time point 3 (50ms) and time point 2 

(25ms), as well as a significant difference between time point 5 (100ms) and time point 

2(25ms) confirming the increase in CE following the presentation of the IS (figure 7).  
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Figure 7. Motor-evoked potential (MEP) amplitude relative to the onset of the imperative 

stimulus expressed as a percentage of baseline for the time encompassing 0ms to +125ms. 

Each time point is represented with standard error. 
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MEP amplitude relative to the onset of EMG. Due to the fact that RTs varied among 

participants, a final data analysis investigated the MEP amplitude data time-locked to the 

onset of EMG. For this analysis, similar data reduction techniques from prior studies (Chen, 

et al., 1998) were used. Specifically, MEP amplitudes were expressed as a percentage of 

each participant’s maximal MEP amplitude, and organized by onset time into 7 time bins 

relative to EMG onset by calculating the time difference between the onset of EMG and the 

MEP. These time bins included MEP onsets that occurred either <60 ms prior to EMG onset 

or 10 ms time bins at increasing intervals up to 110 ms prior to EMG onset (see figure 8). 

Participants who did not react within 60ms following the TMS pulse were excluded from this 

analysis, due to the fact that there would be a large number of missing values. This left 11 of 

the original 18 participants. Some participants did not have any values for specific 10ms time 

bins, and thus missing values (4 out of 77) were filled using a linear-based multiple 

imputations procedure in SPSS (IBM Inc.) in order to perform a full factorial analysis. A 

one-way repeated measures ANOVA was conducted between 7 time bins (<60ms, 60-70ms, 

70-80ms, 80-90ms, 90-100ms, 100-110ms, and >110ms) relative to the onset of EMG at 

10ms intervals. The results indicated a significant main effect of time (F(6,60)  = 2.898, p = 

0.015, ƞp
2
 =0.225). Post-hoc analyses using Bonferonni corrected student’s t-tests were used 

to determine the locus of the differences. These results indicated that the only significant 

difference was between the <60ms time bin and the 70-80ms time bin, indicating that CE 

increased approximately 70ms prior to EMG onset, in accordance with previous studies. 

These results are shown in figure 8.  
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Figure 8. Motor-evoked potential (MEP) amplitude relative to the onset of EMG expressed 

as a percentage of Mmax. Each time point is represented with standard error. The number of 

trials making up the mean for each of the time points is represented by columns.  
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Discussion 

 The purpose of this study was to examine the time course of CE encompassing the 

entirety of the process of movement execution. Previous work examined CE in two separate 

sections; the foreperiod and the reaction-time interval, and CE has been shown to decrease 

with the presentation of a warning signal in short foreperiods, while an opposing increase 

occurs during the reaction-time interval, following the IS. A major issue with trying to 

describe the time course of CE is that one cannot simply take the results from two separate 

time intervals and create a time course. Past studies have described increases and decreases 

in CE in relation to CE measured at previous time points, without comparing these to a 

“true” baseline level. For example, some studies used trials in which no warning signal was 

presented as their control or baseline trials, as opposed to the current study which measured 

CE levels 1000ms prior to the presentation of the warning signal. The current study 

examined CE throughout the entirety of the process of movement execution, comparing 

changes in CE throughout the process to baseline values measured while participants were at 

rest.  

The major finding of the study is that CE increases from a resting, baseline level to a 

variety of other levels throughout the entirety of the process of movement execution; 

importantly however, once a heightened level of CE is reached, it never decreased to a level 

lower than 132% (time point 18) of baseline (figure 2). The results of the current study 

(figures 2 and 3) demonstrate a trend in which CE can be described in four periods. Based on 

visual inspection of the data, the first period was arbitrarily set between -2500 and -1000ms. 

The second period begins at -1000ms and ends at -500ms, which is the beginning of a well-

established time frame in the literature between -500ms and the IS (the third period). The 
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first three periods relate to the foreperiod, and the fourth period relates to the reaction time 

interval. In the current study, the fourth period is set between 0ms and +125ms.  

In general, CE increases from a baseline level for the first 1500ms (between -2500ms 

and 1500ms) in the first period that can be described as the “initial increase”, represented in 

figure 4. This increase can be thought of as the time frame in which the participant begins to 

prepare for the upcoming movement. CE levels appear to stabilize for the next 500ms 

(between -1000ms and -500ms) in the period that can be described as the “hold”, represented 

in figure 5. For the next 500ms (between -500ms and 0ms), there is a decrease in excitability 

leading up to the presentation of the IS, in a period than can be described as the “decline”, 

represented in figure 6. As the participant reacts to the IS, excitability increases dramatically, 

in a period than can be considered to be the “final increase”, in figures 7 and 8. 

The results of the current study appear to generally follow those of Touge and 

colleagues (1998) and Hasbroucq and colleagues (1997) in the sense that MEP amplitude 

decreased in the 500ms prior to the IS; however important distinctions must be made. 

Contrary to previous studies, the current study found that there was a decrease in MEP 

amplitude during a long foreperiod, even in a paradigm in which it would be difficult for a 

participant to accurately estimate the timing of the IS. The decrease seen in the decline 

portion of the time course is indeed a suppression of MEP amplitude; however, the MEP 

amplitude at the beginning of this decline is at 150% of baseline values and decreases to 

132% of baseline values at its lowest. Importantly, this indicates that even though levels of 

CE are decreasing relative to the start of the decline, participants are still in a heightened 

state as they prepare to release their movements. In addition, the results of the current study 

also closely follow those of previous studies (Chen, et al., 1998; Rossini, et al., 1988; Starr, 
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et al., 1988) in which MEP amplitude increases roughly 60ms prior to the onset of EMG. The 

differences between the current study and previous studies hinge on the fact that the current 

study examined CE throughout the entirety of the process of movement execution, as 

opposed to measuring CE in snippets either prior to or after the IS, and demonstrates the 

importance of understanding processes in their entirety. 

 Previous studies that have used EEG to investigate self-initiated voluntary 

movements have shown increasing activity over motor areas that can be measured 2000ms to 

1000ms preceding movement onset. This so-called Bereitschaftspotential (BP) or “readiness 

potential” is an indication that the brain is preparing to execute a movement (Deecke, 1996). 

These preparatory properties at the neural level are indicative of an increasing level of neural 

activation related to the process of motor preparation, which in a simple RT paradigm can be 

completed in its entirety prior to the IS, if there is enough time and information available 

between the warning signal and the IS (Carlsen, Maslovat, & Franks, 2012). In order to 

precisely control or modulate the initiation of a response, there must exist some sort of 

mechanism that regulates neural activation to a desired level for a particular motor 

command. First introduced by Hebb (1949), the cell assembly model proposed a neural 

explanation to the much debated concept of a motor program. The underlying assumption of 

Hebb’s work is that when a hypothetical cell A is close enough to a hypothetical cell B and is 

able to excite it repeatedly, a growth or metabolic process occurs in which one or both cells, 

such that cell A’s efficiency, as one of the cells firing B, is increased. Therefore, any systems 

of cells that are repeatedly active at the time become associated to the point where activity in 

one facilitates activity in another. This original concept quickly evolved into what is now 

referred to as long-term potentiation (Summers & Anson, 2009). Some fifty years later, 
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Wickens and colleagues (1994) proposed a model derived from Hebb’s original work. In 

their model, a motor program is stored within the connections between cortical pyramidal 

cells, and the “retrieval” of a motor program occurs with the activation of a cell assembly. 

Preparation for a specific action involves the activation of a particular cell assembly to an 

initial “steady state” which is held to a level below the threshold level, or the “ignition 

point”. The final stage of preparation is the eventual triggering of the response due to 

additional activity of a population of cells that represent the IS to begin movement. The 

eventual “ignition” of the cell assembly results in a spread of neural activity that excites 

movement-related corticospinal neurons. The “retrieval” of a motor program requires a 

specific temporal sequence of corticospinal activity which is determined by the dynamics of 

the cell assembly ignition. Therefore, ideal motor programming raises the level of activation 

of the cell assembly as close as possible to the “ignition point” so that a minimal amount of 

additional input would cause the “ignition” of the cell assembly. However, keeping the level 

of activation below threshold is inherently difficult due to the variability of “noise” within 

the system caused by sensory noise, cellular noise and motor noise (Faisal, Selen, & 

Wolpert, 2008). Inevitably, a certain amount of noise is present within the cell assembly 

which results in the restriction of the level of activation within the cell assembly to ensure 

random noise could not raise the activation level above threshold and cause the premature 

release of a movement (Carlsen, et al., 2012). Carlsen and colleagues (2012) further 

proposed that motor programming can be thought of as the noisy activation of neural 

networks to a threshold level below that required to cause a cascading output. The results of 

the current study appear to fit the cell assembly model as the results indicate that the level of 

corticospinal excitability rises from a resting state to a fluctuating level below the threshold 

level of the “ignition point”. The “ignition point” is reached after the IS is presented which 
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adds sufficient activation to the cell assembly. This results in a steep increase in the level of 

corticospinal excitability as the movement is released. 

 As the results of the current study have indicated, the decline in the level of CE 

occurs prior to the IS, which followed a period of relatively stable CE. It is firstly important 

to note that the current study used a relatively long, 1500ms foreperiod. The length of the 

foreperiod affects the way humans behave, because a longer foreperiod makes it more 

difficult to anticipate the upcoming IS (Requin, Brener, & Ring, 1991). Hasbroucq and 

colleagues (1997) suggested that the decrease in CE prior to the IS could be an adaptive 

mechanism in which the sensitivity of the corticospinal tract to the forthcoming command is 

increased in such a way that afferents unrelated to the motor structures could be filtered out, 

thus reducing signal-to-noise ratio. Prut and Fetz (1999) attribute this decline in the motor 

cortex to inhibition, or a general braking mechanism that suppresses the tendency to initiate a 

response during the foreperiod. A review by Stinear and colleagues (2009) has shown that 

the prevention of prepared voluntary movements involve cortical and subcortical networks 

which include regions of the prefrontal cortex, the basal ganglia, the SMA, and the pre-SMA. 

However, the primary motor cortex appears to be the most likely site of convergence of 

mechanisms relating to the selection, initiation and inhibition of movements.  

Undoubtedly, “inhibition” is a rather large concept, and can be described using 

concepts of neuroscience and psychology (Aron, 2007). Aron (2011) sought to disentangle 

the concept of inhibition by attempting to classify the concept into categories and 

subcategories; the first category being global inhibition and the second being selective 

inhibition. Global inhibition can be thought of as the stopping or cancellation of all actions 

(Aron & Verbruggen, 2008), or as an “emergency” shut down (Aron, 2011). Selective 
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inhibition, as the name implies, can be thought of as a mechanism that allows the suppression 

of specific tendencies, rather than all current tendencies (Aron & Verbruggen, 2008). These 

two stopping mechanisms can be broken down further, into subcategories or types of control. 

The first type of control is reactive, which implies the outright stopping of a response once 

instructed by a signal. The second type of control is proactive, which implies the preparation 

to stop an upcoming response. The difficulty in describing these types of inhibition in 

relation to the current study lies in the fact that most studies use some variation of a selective 

stop signal task, go/no-go or choice RT task, whereas the current study uses a pure simple 

RT task. Even though the current task does not require the participant to stop, the current 

study best reflects a proactive type of control due to the fact that the participant must hold 

their response until the presentation of the IS to ensure they do not prematurely release the 

movement. Since participants are attempting to inhibit a specific response tendency as 

opposed to attempting to shut down all movements, the current study appears to best reflect 

selective proactive inhibition.  

The best evidence describing selective inhibition in relation to the current task comes 

from studies that have looked at inhibition during the foreperiod or preparatory phase of a 

reaction time task. Cai and colleagues (2011) used a cued selective stopping task in which 

the participants were instructed that they might have to “stop left” or “stop right” at the 

beginning of each trial. This is followed by an IS which requires a simultaneous bimanual 

response. Occasionally, a stop signal occurs which requires the participant to stop one 

response, while continuing the other. In their study, TMS was delivered over the left motor 

cortex prior to the IS. Results indicated a suppression of MEP amplitudes when participants 

were presented with the “maybe stop right” cue, but importantly no suppression of MEPs 
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when participants were presented with the “maybe stop left” cue, indicating a degree of 

selectivity at the level of the selected respondent, the first dorsal interosseous muscle. The 

absence of a global stopping or cancellation mechanism can be observed further downstream, 

at the level of the leg. Greenhouse and colleagues (2012) used a conditional stop task to see 

if global suppressive mechanisms were occurring in which MEP amplitudes at the level of 

the tibialis anterior muscle were suppressed as participants prepared for and anticipated a 

movement with either their right index finger or their right 5
th

 digit. Results indicated that 

there was no suppression of MEP amplitudes at the level of the leg during the anticipation 

phase; however there was inhibition of the leg when participants were forced to stop their 

movements. This furthermore demonstrates the absence of a global inhibitory control 

mechanism as a participant prepares to stop a specific upcoming response, but rather 

demonstrates the presence of a selective inhibitory control mechanism. Duque and 

colleagues (2010) used a choice RT task to examine levels of excitability during response 

preparation and movement initiation, in which participants had to make a speeded response 

with one or two fingers, either from the same hand or different hands. Results indicated that 

MEP amplitudes were inhibited only when the target muscle was a potential respondent for 

the forthcoming movement. This mechanism was termed “impulse control”, and is said to 

have a specific effect on selected respondents and that this mechanism ensures that 

movements are not prematurely released. Furthermore, this selective effect fits with previous 

studies that have suggested that the decrease in CE prior to the IS is an adaptive mechanism 

that filters out unrelated afferents to motor structures (Hasbroucq, et al., 1997; Hasbroucq, 

Kaneko, Akamatsu, & Possamai, 1999). The decrease in CE seen prior to the IS in the 

current study fits these description as MEP amplitudes are seen to decrease in the FDS 

muscle prior to the IS in order to prevent the premature release of the movement. 
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The mechanism of action of selective proactive inhibitory control is beyond the scope 

of the current study, however in broad terms, this selective mechanism is postulated to make 

use of the frontostriatal circuit that engages the indirect pathway of the basal ganglia. In this 

circuit, the dorsolateral prefrontal cortex (dlPFC) signals the striatum to inhibit the globus 

pallidus pars externa (GPe), which removes inhibition from the globus pallidus pars interna 

(GPi) directly or via the subthalamic nucleus (STN), which increases the level of inhibition 

of a particular cortical response representation, for example within the motor cortex (Aron, 

2011). Furthermore, Smittenaar and colleagues (2013) have implicated the dlPFC and 

striatum in selective inhibition, as suggested by the Aron model, but also speculate that the 

putamen plays a pivotal role in selective inhibition, and that the putamen and dlPFC are more 

active when speed of inhibition is prioritized over selectivity. The authors have also 

suggested that the STN is more involved in global rather than selective inhibition. 

 Overall, the current study has demonstrated that CE quickly increases from baseline 

values, coinciding with the presentation of the warning signal. This is followed by a holding 

period in which CE is held constant until the “decline” that occurs prior to the presentation of 

the IS. This “decline” is followed by a rapid increase in CE as the movement is initiated and 

released. It is speculated that levels of CE decrease in order to prevent the premature release 

of the programmed movement. Prior to the “ignition point”, the neural system undergoes 

selective proactive inhibition directed at the motor representation of the FDS muscle within 

the motor cortex, which decreases the level of CE until the critical moment where sufficient 

neural input within the system is reached, setting off the “ignition point”. These results are in 

contrast to previous studies that demonstrated an overall decrease or no change in CE during 

the foreperiod of reaction time tasks, however previous studies have failed to look at the 
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entirety of the process of movement execution and did not take into account baseline MEP 

values.   
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Abstract. Increasing the complexity of a movement by adding response components has 

been shown to increase reaction time (RT) (Henry and Rogers, 1960; Klapp, 1995). It has 

been suggested that these differences are due to the requirement to sequence the additional 

components following the imperative stimulus (IS) (Klapp, 1995). However, a portion of the 

RT differences may also be due to differences in corticospinal excitability. For example, 

previous studies (Flament et al., 1993; Abbruzzese et al., 1996) using simple and complex 

non-RT tasks have shown an enhanced excitatory state of corticospinal cells in complex 

tasks. The purpose of the present study was to probe the excitability of the motor system 

following the “go” signal in a simple RT task with differing levels of complexity. 

Participants performed either a single button press response (simple) or a multiple 

component button press sequence (complex) on a telegraph key in response to an IS. 

Suprathreshold (110% of resting motor threshold) transcranial magnetic stimulation (TMS) 

was delivered at 6 time points (0ms, 25ms, 50ms, 75ms, 100ms, 125ms) following the IS 

over the motor representation of the flexor digitorum superficialis muscle. Reaction time data 

indicated that participants responded significantly faster (28.1ms) on average in the simple 

task compared to the complex task. This difference in RT confirmed that adding response 

components was sufficient to alter the complexity of the task. Analysis of the corticospinal 

excitability data indicated that MEP amplitudes in the simple task were significantly larger 

compared to those in the complex task relative to both the IS and the onset of EMG. These 

findings suggest that simple and complex tasks achieve differing levels of corticospinal 

excitability, which may partially explain differences in RT. Furthermore, it is suggested that 

the complex, timing task requires the use of the cerebellum, which suppresses excitatory 

projections to the thalamus, and consequently to the motor cortex. 
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Introduction 

In their seminal experiment, Henry and Rogers (1960) sought to understand how the 

complexity of a movement affected reaction time (RT). They found that increasing the 

complexity of a movement by adding movement components resulted in increased RTs, and 

that the increased RT was due to an increased amount of time required to program the 

movement (Schmidt & Lee, 2011, p. 78). Klapp and colleagues (1974) investigated the 

differences in RT for both simple RT and choice RT tasks in which the button press 

corresponded to the Morse code “dit” and “dah,” where “dit” was a short (press-release) 

button press and “dah” was a long (short-hold-release) button press. Klapp (1995) performed 

a series of experiments that were based on the assumption that responses are composed of a 

sequence of one or more “chunks” (e.g. one or more Morse code key presses). In these 

experiments, Morse code sequences consisted of either a one element movement (single “dit” 

or “dah”) or a four element movement (string of “dit” and “dah” presses). Results indicated 

that simple RT depends primarily on the number of chunks, rather than the complexity or 

duration within a single chunk. In contrast, choice RT appeared to depend primarily on the 

duration or complexity within a single chunk, and less strongly or not at all on the number of 

chunks. The differences between the two paradigms appears to lie in the fact that in a simple 

RT task the participant is able to pre-plan certain aspects of the response prior to the 

imperative signal (IS), while choice RT cannot be pre-planned and can only be initiated once 

the IS has been presented. More specifically, the internal complexity or parameters of a 

single chunk can be programmed prior to the IS, and therefore does not affect RT. However, 

it is presumed that the sequencing of “chunks” is programmed following the presentation of 

the IS, resulting in longer RTs. 
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A variety of neuroimaging techniques have been used to describe the role of the 

motor cortex in the execution of simple and complex finger movements, such as positron 

emission tomography (PET) and electroencephalography (EEG). Shibasaki and colleagues 

(1993) used PET during simple and complex motor tasks, and showed that the motor cortex 

played an important role in the planning and/or execution of complex sequential movements. 

Kitamura and colleagues (1993) used EEG measured scalp-recorded movement-related 

cortical potentials during simple and complex sequential finger movements in a non-RT 

paradigm to determine if there was an effect due to movement complexity. Results indicated 

that both the simple and complex tasks showed increases in movement-related cortical 

potentials, but that there was no difference between the conditions.  

In contrast, transcranial magnetic stimulation (TMS) has not been used to examine 

the effects of complexity in RT tasks; however, the effect of finger movement complexity on 

corticospinal excitability (CE) in static, non-RT tasks have been examined. Flament and 

colleagues (1993) investigated the effects of an isolated index finger abduction (simple) 

versus a variety of static gripping (complex) tasks and demonstrated that MEPs were greater 

in at least one of the complex tasks compared to that of the simple finger abduction. 

Abbruzzese and colleagues (1996) used sequential finger movements with varying 

complexity levels in a non-RT task to detect changes in excitability of the motor cortex. 

Results indicated that the size of motor-evoked potentials (MEPs) increased during real 

sequential movements as well as imagined sequential movements. Furthermore, Roosink and 

Zijdewind (2010) noted that during a complex finger sequence, MEP amplitudes were 

significantly greater compared to the simple finger sequence.  
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In summary, it is clear that MEP amplitude increases as a result of increasing the 

complexity of a static, non-RT based task. However, Klapp and colleagues (1995) have 

shown that complexity in a simple RT based task is determined by the number of chunks or 

movements, and not on the complexity or duration within a single chunk. Thus, manipulating 

the number of chunks in a simple RT paradigm should result in differing levels of CE. To 

date, no studies have looked at CE following the IS in a simple RT task with varying 

complexities. As such it is unclear whether CE increases more slowly following the IS or 

must reach a higher level prior to movement output. Therefore this study was conducted to 

examine if differences in CE exist when complexity is manipulated by using a complex 

button press movement sequence as compared to a simple single button press movement in a 

simple RT task. It was hypothesized that CE would increase prior to the initiation of both 

simple and complex movements; however it was also predicted that CE would need to reach 

a higher level in order to trigger a more complex movement. Differences in MEPs were 

measured and compared to each other in order to determine whether the execution of a 

chunked complex movement results in changes in CE.  

Methods 

Participants.  

Sixteen healthy volunteers (11M, 5F; mean age 25 ± 5 years), with normal or 

corrected to normal vision, and with no history of neurological, sensory, or motor disorders 

participated in this study. All participants were classified as right-handed or ambidextrous 

participants based on the Edinburgh Handedness Inventory (Oldfield, 1971). Testing of each 

participant took place in a single session, and required approximately 1.5 hours to complete. 
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All participants provided informed consent, and the study was conducted in accordance with 

ethical guidelines approved by the University of Ottawa’s Research Ethics Board. 

Experimental set-up and task.  

Participants sat comfortably facing a 17 inch LCD computer monitor with their right 

arm pronated and resting on a flat surface. They were informed that the upcoming task was a 

simple RT task consisting of a button press movement. The presentation of a visual “Ready” 

along with an auditory template WS (described below) indicated the start of the trial, which 

was followed by a random foreperiod (2500-3500ms). The presentation of an auditory IS 

(82dB, 1000Hz) followed the foreperiod, at which time the participant initiated their 

movement. Auditory stimuli were generated using digital to analog hardware (National 

Instruments PCI-6024E) and the signal was amplified and presented via a loudspeaker (MG 

Electronics Model M58-H) located in front the participant.  

Participants completed a simple RT task in which they performed either a simple, 

single button-press movement, or a complex sequence of button presses in response to an 

auditory IS. The movement consisted of pressing a telegraph key (Ameco AM-K4B) and was 

performed by the flexor digitorum superficialis (FDS) muscle by flexing the second finger. 

Similar to Klapp (1974), the simple movement was a single “dit” button press movement 

(150ms), while the complex movement was a sequence of three quick “dit” button press 

movements with the third “dit” separated by a 450ms pause from the first two (dit-dit-pause-

dit). 

Both the simple and complex tasks were accompanied by an on-screen prompt as 

well as an auditory template of the upcoming task, which acted as the WS. The auditory 
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template represented the movement pattern including the amount of time each telegraph key 

should be pressed and time between presses. In the simple task, the on-screen prompt 

showed “dit”, while a 150ms auditory tone was initiated at the same time. In the complex 

task, the on-screen prompt showed “dit dit ___ dit”, while a series of three 150ms auditory 

tones, separated by a 450ms break between the 2
nd

 and 3
rd

 tones was initiated at the same 

time. Participants were instructed to execute this movement as quickly and as accurately as 

possible in response to the IS. Feedback was provided on the computer monitor after each 

trial, consisting of RT and task accuracy. Task accuracy represented the participant’s ability 

to replicate the auditory template played prior to the IS. If the participant pressed the 

telegraph key for an incorrect amount of time, the on-screen feedback would be red, and 

consequently green for a correct telegraph key press. A point system rewarded participants 

for fast RTs as well as successfully completing the task. The amount of points earned by the 

participant was only an incentive, and was not analyzed. Each participant began by 

completing a practice session prior to the testing session, which consisted of 10 simple and 

10 complex movements. The practice trials were identical to that of the testing session, with 

the exception that there was no TMS. Following the practice session, participants performed 

180 trials separated into 5 blocks of 36 trials each, which included 3 trials of each of 12 trial 

types; 2 movements (simple and complex) and 6 TMS timing points (0ms, 25ms, 50ms, 

75ms, 100ms, and 125ms) following the IS. The order of the trials within each block was 

randomized. The task is visually represented in figure 9a and 9b.  
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Figure 9a. Visual representation of the TMS stimulation points, represented by downwards 

pointing arrows. 

 

 

Figure 9b. Visual representation of a single trial in experiment 2.  



Running head: CORTICOSPINAL EXCITABILITY IN SIMPLE RT TASKS  58 

 

Transcranial magnetic stimulation  

TMS was applied using a figure-8 magnetic coil (70mm; Magstim 200
2
, Magstim 

Company Ltd, UK). Prior to testing, the optimal location for stimulation of the right flexor 

digitorum superficialis (FDS) was found by first finding the midpoint between the nasion and 

inion, and the left and right preauriculars. From this midpoint, a location 5cm lateral and 1cm 

posterior was marked on the participant’s scalp using a red grease crayon. The optimal 

location was then found by delivering test pulses a various scalp locations around this mark 

and determining the location that consistently produced the largest MEPs. Resting motor 

threshold (RMT) was determined at rest to the nearest 1% of stimulator output using the 

Rossini-Rothwell method (defined as the minimum intensity required to evoke MEPs above 

50 µV in at least 5 out of 10 trials). The magnetic coil was positioned pointing backwards at 

a 45˚ angle and held stationary by the experimenter while the position was maintained by 

holding the coil in the reference position on the head with the assistance of neuronavigation 

hardware and software (ANT Neuro Visor 2, Madison, WI). Stimulus intensity during testing 

was adjusted to 110% RMT. Similar intensities have been used previously to probe changes 

in CE (Chen, et al., 1998; MacKinnon & Rothwell, 2000). 

Recording equipment  

Surface EMG data was collected from the muscle belly of the right FDS muscle using 

bipolar preamplified (gain=10) surface electrode (Delsys Bagnoli DE-2.1) connected via 

shielded cabling to an external amplifier (Delsys Bagnoli-8). The electrode was placed 

parallel to the muscle fibres, and attached to the skin using double sided adhesive strips. A 

grounding electrode (Dermatrode HE-R) was placed on the participant’s right lateral 
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epicondyle. The site of the electrode was cleaned using abrasive skin prepping gel to ensure 

minimal electrical impedance. Data collection for each trial was initiated by the computer 

500ms prior to the WS and continued for 2000ms. Unfiltered EMG and button data was 

digitally sampled at 1kHz (National Instruments PCI-6024E) using a custom made program 

written in LabVIEW (National Instruments Inc.) and stored for offline analysis. 

Data reduction 

MEP amplitudes, time between TMS pulse and EMG onset, and the beginning and 

end of movements were calculated. Trials in which TMS was delivered during the EMG 

burst were rejected because it is inherently difficult to distinguish the MEP from movement 

related EMG. This resulted in some participants not having a value for certain time points, 

and missing values were filled using a linear-based multiple imputations procedure in SPSS 

(IBM Inc.) in order to perform a full factorial analysis. Six out of 96 cases had to be filled 

using multiple imputations for the simple condition, while 2 out of 96 cases had to be filled 

for the complex condition. MEP amplitudes were quantified by calculating the peak-to-peak 

voltages of the evoked responses and were expressed as a percentage of baseline values 

measured at time point 1 (0ms) for each condition. Agonist EMG burst onsets associated 

with the voluntary movement were defined as the point at which EMG activity reached a 

value of 2 standard deviations above baseline levels and remained at that level for more than 

20ms. EMG offset was defined as the point at which EMG activity fell below a value of 80% 

of its maximal amplitude (Hodges & Bui, 1996). EMG markers were manually adjusted to 

compensate for any errors due to the strictness of the LabVIEW algorithm. Movement 

related EMG activity in the FDS muscle was marked for each trial. Peak EMG amplitudes 

were defined as the largest EMG amplitude recorded within an interval of 100ms following 
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EMG burst onset. In order to analyze the data relative to EMG onset, the difference in time 

between the onset of agonist EMG and the presentation of TMS was calculated. Reaction 

times that were greater than 350ms were excluded from the analysis (Klapp, 2003), as these 

were considered to be bad trials since the participants reacted too slowly to have been 

properly preparing for the task. 

Statistical Analysis 

Dependent variables were analyzed using Repeated Measures Analysis of Variance to 

determine if differences existed between presentation times of the TMS, and between the two 

different conditions (simple vs. complex). Differences with a probability of less than 0.05 

were considered significant. Greenhouse-Geisser corrected values were used if violations in 

sphericity occurred. Post-hoc tests using Bonferonni corrected student’s t-tests were 

conducted to determine the locus of any differences. 

Results 

MEP amplitude  

Peak-to-peak MEP amplitudes measured as a percentage of baseline for both the 

simple and complex conditions were analyzed using a 2 condition (simple and complex) x 6 

time point (0ms, 25ms, 50ms, 75ms, 100ms, 125ms) repeated measures ANOVA. A 

significant main effect was found for both condition (F(1,15)  = 5.613, p =0.032, ƞp
2
 =0.272), 

indicating that MEPs in the simple task were larger than those in the complex task. A 

significant main effect was also found for time (F(5,75)  = 7.822, p =0.002, ƞp
2
 =0.343). 

Post-hoc analysis of the time main effect revealed significant differences in MEP amplitude 

between time point 4(75ms) and time point 1(0ms), 2(25ms), and 3(50ms), as well as 
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between time point 3(50ms) and time point 2(25ms), shown in figure 10. The interaction 

between the factors was found to be non-significant (F(5,75)  = 2.631, p =0.066, ƞp
2
 =0.149), 

however, since a trend can be seen to be emerging, the raw MEP amplitude values at 

baseline (IS onset, 0ms) were compared using a paired samples t-test. Results showed that 

MEP amplitudes for both the simple and complex conditions were not different (0.39mV). 

Finally, the data was also analyzed relative to the onset of EMG – as has been done in past 

studies, (Chen, et al., 1998). The data was binned in 25ms intervals relative to EMG onset by 

calculating the time difference between the onset of EMG and the MEP. These time bins 

included MEP onsets that occurred either <75 ms prior to EMG onset or 25 ms time bins at 

increasing intervals up to >150 ms prior to EMG onset (see figure 11). Bonferonni corrected 

student’s t-tests were used to determine if any differences existed between MEP amplitudes 

at each of the time bins. This analysis revealed a significant (p=0.002) difference between 

the simple and the complex condition only at 75ms prior to EMG onset (figure 11). 
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Figure 10. MEP amplitudes as a percentage of baseline following the imperative signal for 

both the simple and the complex task. Significant main effects were found for both condition 

(black vs. grey) and time point (significant comparisons indicated with *). A non-significant 

condition x time interaction (p=0.066) was found.  
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Figure 11. MEP amplitudes as a percentage of baseline relative to EMG onset for both the 

simple and the complex task. Bonferonni corrected student’s t-tests revealed a significant 

(p=0.002) difference at 75ms prior to EMG onset.  
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Reaction Time 

Displacement reaction time (RT) was analyzed using a paired-samples student’s t-

test. The analysis confirmed that RT in the complex task was significantly different than the 

simple task (T(15) = 5.579, p = 0.01), whereby RTs were 28.1ms longer on average in the 

complex task. Figure 12 depicts this difference using box plots, in which the box represents 

the 25
th

 to 75
th

 percentile range of the data, the horizontal line represents the median, and the 

small square box within the 25
th

-75
th

 percentile range box represents the mean. 
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Figure 12. Box plots representing the reaction times for the simple and the complex tasks. 

For each data point, the small square indicates the mean, the horizontal line within the 

rectangular box indicates the median, boundaries of the rectangular box indicate the 25th- 

and 75th -percentile, and the whiskers indicate one standard deviation from the mean. 
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Discussion 

 The purpose of this study was to probe the excitability of the motor system following 

the imperative “go” signal in a simple RT task with differing levels of complexity. Previous 

work has shown that RTs in a complex task are typically significantly longer than those in a 

simple task (Henry & Rogers, 1960), and that these differences are presumably due to the 

requirement to sequence the additional components following the IS (Klapp, 1995). Data 

from the current study demonstrated similar results, with RTs in the complex task being 

28.1ms longer on average than in the simple task. This difference in RT confirmed that 

adding response components was sufficient to alter the complexity of the task and 

represented the classic simple-up-choice-flat pattern (Klapp, 2003). Of particular interest in 

this study was how differences in CE contribute to these differences in RT.  

 One of the fundamental concepts that revolves around the idea of complexity is that 

longer, or more complex movements are organized into chunks (Klapp, 1995). These chunks 

are programmed in a hierarchical fashion, whereby the programming of the internal 

components within a single chunk are programmed separately to the programming of an 

overall sequence formed by chunks. Therefore, response complexity can be classified as 

either the internal complexities of an individual chunk (INT), or the complexity of the entire 

sequence, determined by the number of chunks (SEQ). Bearing this in mind, the SEQ 

classification of complexity is specifically concerned with multiple component movements 

(Klapp, 2010). In his seminal work, Klapp used a button-press task to demonstrate that 

simple RT does not depend on the complexity of a single chunk, such as a single button-

press (INT), suggesting that single chunk actions can be prepared in advance. However, 

simple RT is affected by the number of chunks that make up a sequence, as in multiple 
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button-presses (SEQ) (Klapp, 1995). Klapp also postulated that unlike INT, SEQ cannot be 

programmed in advance, resulting in the need to carry out this process just prior to the start 

of the response, resulting in longer RTs. Furthermore, Klapp argued that the timing of chunk 

onset may be responsible for the relationship between the number of chunks and simple RT, 

and that a control structure for timing exists, if the precue of the simple RT paradigm 

specifies the number of chunks (Klapp, 2010).  

The current study manipulated complexity by requiring multiple response 

components and thus, an added element of timing. The notion of timing can be broken down 

into two categories relating to task dynamics; event-based and emergent. Spencer and Ivry 

(2013) have described event-based timing as task in which the representation of temporal 

information is an explicit part of the task goal. An example of this would be a finger tapping 

task, in which the participant attempts to align movements with specific events, such as a 

metronome. Furthermore, they defined emergent timing as a task in which temporal 

regularities may arise from the dynamics of a continuous event, for example a repetitive 

circle drawing. Further evidence to support this dissociation was demonstrated by Spencer 

and colleagues (2005) in which participants with cerebellar damage performed three tasks. In 

one task, the participants pressed and immediately released a key, while in the other two 

tasks, participants had to press a key, and after a delay, release the key. Participants with 

cerebellar lesions were impaired on the two conditions requiring the insertion of a temporal 

delay. It has previously been concluded that the cerebellum has a clear role in event-based 

timing, and that the basal ganglia, another proposed area of timing control, appears to be 

involved in emergent timing (Spencer & Ivry, 2005). Therefore, we suggest that the 
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complex, sequenced finger-pressing movement used in the current study is an example of an 

event-based timing task. 

 Previous studies (Abbruzzese, et al., 1996; Flament, et al., 1993) that have used TMS 

to examine the effect of complexity on CE levels in static, non-RT based tasks have shown 

that CE increases as a movement becomes more complex. In contrast, the current study has 

demonstrated a decrease in CE in the complex condition. These differences may due to the 

fact that the current study is a RT based task; however, as noted above, since the event-based 

timing component of the complex condition required the use of the cerebellum, we suggest 

that that input from the cerebellum is ultimately responsible for decreased levels of CE.  

The cerebellum has been long been considered to play a major role in the planning, 

initiation and organization of movement (Allen & Tsukahara, 1974). The seminal work by 

Braitenburg (1967, 1983) examining the organization of Purkinje cells within the cerebellar 

cortex was instrumental for specifying the precise role of the cerebellum, and he 

hypothesized that the cerebellum was involved in the production of coordinated movements. 

The cerebellum, located dorsal to the brain stem, is connected to the brain stem by three 

peduncles, with the superior peduncle acting as the output pathway. Deeper within the 

cerebellum lies the cerebellar cortex, which uniquely connects to the deep cerebellar nuclei 

and to the vestibular nuclei. The neurons in the deep cerebellar nuclei are virtually all of the 

output from the cerebellum. The dentate nucleus, within the deep cerebellar nuclei, has 

connections through the superior peduncle to the ventral lateral nucleus of the thalamus, 

which relays to the cerebral motor cortex (Swenson, 2006). The cerebellum contains a 

greater number of neurons than any other part of the brain. It does however, only contain a 

small number of neuronal types, one of which is the Purkinje cell (Kandel, 2000). The 
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Purkinje cell axons are the only nerve fibres that exit the cerebellar cortex, and they synapse 

on the deep cerebellar nuclei neurons, inhibiting them powerfully using the gamma-

Aminobutyric acid (GABA) inhibitory neurotransmitter. At a deeper level, only two types of 

axons enter the cerebellum; mossy fibres and climbing fibres (Swenson, 2006). Climbing 

fibres arise only from the inferior olivary nucleus, while mossy fibres originate from the 

spinal cord and brain stem, and comprise all of the other cerebellar inputs. Each mossy fibre 

terminal synapses on a group of granule cell dendrites, exciting the granule cell. These 

granule cell axons run along the axis of the cerebellar folia, exciting many Purkinje cells 

(Kandel, 2000). Both of the climbing and mossy fibres synapse on the deep cerebellar 

nucleus neurons. Therefore, the excitatory input that enters the cerebellum with the mossy 

fibre is responsible for exciting the deep nucleus neuron and consequently exciting granule 

cells that stimulate Purkinje cells, which "turn off" the deep nucleus neuron. It is critical that 

the correct amount of inhibition arrive at the deep cerebellar nucleus in order to produce an 

appropriate output, inhibiting unwanted activity in the deep cerebellar nuclei (Swenson, 

2006). Thus it is proposed that due to the involvement of the olivocerebellar system in timing 

based tasks, the inhibitory Purkinje cells lead to a suppression of excitatory output from the 

deep cerebellar nuclei. In the current experiment this suppression led to the observed reduced 

levels of CE. 

A recent, extensive review of the olivocerebellar system by Llinás (2014) concluded 

that this system appears to be a unique control system, in which timing appears to be the 

main purpose. The olivocerebellar system is part of the cerebrocerebellar functional 

subdivision of the cerebellum, which receives its input exclusively from the cerebral cortex, 

and is intimately involved in the planning of complex motor actions (Chez & Thach, 2000). 

Anatomical connections mediating the exchange of information between the cerebrum and 
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the cerebellum remain unknown, as well as if these pathways are direct connections from the 

motor cortex or indirect connections via intermediate relays (Apps & Watson, 2013). The 

olivocerebellar circuit, first described by Ramon y Cajal (1911), comprises three main 

element within the cerebellum; the inferior olive, the Purkinje cell, and deep cerebellar 

nucleus. The basic circuitry of this system relies on the initial activation of Purkinje cells by 

the inferior olive axons via climbing fibres, which then send signals to cerebellar nuclear 

cells that feedback to the inferior olive as well and cerebellar nuclear cells. As mentioned 

prior, the dentate nucleus within the deep cerebellar nucleus relays information from the 

thalamus to the cerebral motor cortex (Swenson, 2006). Early studies of the olivocerebellar 

system sought to understand how it “controlled” movements, for example how the 

cerebellum restrained the nearly infinite number of possible movements, to a select few. It 

has previously been established that the olivary neurons fire in an oscillatory and rhythmic 

manner, and that membrane potentials of these neurons oscillate in the a subthreshold range 

for firing action potentials, which result in a clear cycle of excitability in which synaptic 

inputs are more or less likely to trigger an action potential. The olivocerebellar system 

rhythmically modulates movement and it dynamically reconfigures itself during the 

execution of a more complex movement. The removal of the inferior olive severely disrupts 

the ability to perform complex movements that require synergic activation of muscles 

(Welsh & Llinas, 1997). Therefore, the olivocerebellar circuit appears to mediate and restrain 

descending information from the cerebrum to the cerebellum before forwarding timing 

related information to other structures.  

Interactions between the cerebellum and the cortex in humans were examined by 

Ugawa and colleagues (1995). Using a paired-pulse paradigm, the authors demonstrated that 

magnetic stimulation over the cerebellum with a double-cone coil reduced the size of the first 
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dorsal interosseous EMG response, and that increasing cerebellar stimulation also resulted in 

stronger inhibition. Furthermore, the same protocol was used on participants with cerebellar 

dysfunction.  Results indicated that there was no inhibition, suggesting that the inhibitory 

activity is modulated at the level of the cerebellum. Other TMS studies conducted on patients 

who have suffered strokes have indicated that the cerebellum has a strong influence on motor 

cortex excitability. Liepert and colleagues (2004) showed that patients performing the Nine-

Hole-Peg Test displayed lowered excitability levels, which was said to have been induced by 

a disruption of facilitatory drive from the deep cerebellar nuclei, more specifically the 

interposited nuclei and the dentate nucleus. Furthermore, Battaglia and colleagues (2006) 

found that lesions to the deep cerebellar nuclei, more specifically the dentate nuclei, 

decreased excitability of the contralateral motor cortex, which impaired the patient’s abilities 

to prepare and imagine sequential movements. Studies of the interaction between the 

cerebellum and motor cortex have also been conducted in healthy populations. Pinto and 

Chen (2001) used paired-pulse TMS with the conditioning stimulus over the cerebellum and 

the test stimulus over the motor cortex during a voluntary activation of target muscle as well 

as an arm extension movement and showed a reduction in excitability during the arm 

extension movement, which was hypothesized to be due to decreased excitability of 

cerebellar Purkinje cells or reduced activity of the dentatothalamocortical pathway. 

Daskalakis and colleagues (2004) coined this inhibition as “cerebellar inhibition” as it occurs 

at the level of the cerebellar cortex, and revealed a significant reduction in short-interval 

intracortical inhibition (SICI) in the presence of cerebellar inhibition compared to SICI 

alone. Therefore, the proposed model, which is controlled by inhibitory Purkinje cells, leads 

to a suppression of excitatory output from the deep cerebellar nuclei. The suppression of the 

deep cerebellar nuclei results in the suppression of excitatory output from the ventrolateral 
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nucleus of the thalamus, which consequently leads to a decreased excitatory drive to output 

neurons. This would finally cause a decrease in MEP amplitude (Figure 13). 
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Figure 13. Visual representation of proposed model of corticospinal modulation via the 

cerebellum. 
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The results of the current experiment can alternatively be described using a neural 

activation model. Movement initiation can be thought of as the process of increasing neural 

activation of cortical motor neurons, until an “ignition” threshold level is reached (Carpenter 

& Williams, 1995; Hanes & Schall, 1996; Nazir & Jacobs, 1991). It has been suggested that 

more complex movements may either require a greater threshold (Maslovat, Hodges, Chua, 

& Franks, 2011), begin the activation rise from a lower level of activation (Carlsen, et al., 

2012), or have differences in the rate of activation accumulation (Carpenter & Williams, 

1995), thus requiring greater time to reach initiation threshold, resulting in a delayed RT. The 

results of the current experiment show that at baseline (IS onset, 0 ms), there were no 

differences in excitability levels between the simple and complex tasks. Excitability levels 

remained consistent for the first 25ms, and then began to diverge with excitability in the 

simple task rising at a quicker rate compared to the complex task (Figure 10). When CE was 

normalized to EMG onset, there was also evidence for decreased activation in the complex 

task, as shown by a lower MEP amplitude just prior to movement execution (Figure 11). 

Collectively, these results suggest that it is possible that movement complexity RT 

differences may be due to a decreased rate of neural activation, rather than threshold or 

starting activation levels. 

In conclusion, the results of the current study demonstrated that the requirement to 

perform complex, sequenced movements led to a decrease in corticospinal excitability 

compared to simple, non-sequenced movements. These results initially appear to be in 

contrast to previous studies (Abbruzzese, et al., 1996; Flament, et al., 1993) that have 

examined corticospinal excitability in simple and complex static tasks; however the current 

task is inherently different. None of the previous studies required a sequencing component, 

nor were they tested in a RT paradigm. The sequencing in the current study reflects the 
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increased difficulty of the complex task in a RT paradigm. It is therefore proposed that the 

lower level of corticospinal excitability is due to the increased inhibition at the level of the 

cerebellum required to control the timing of the sequence. Furthermore, due to similar levels 

of CE at the presentation of the go-signal, it is hypothesized that simple and complex 

movement are at least partly programmed in a similar manner. 
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Chapter III: General Discussion 

 The overall goal of this thesis was to gain a better understanding of the processes that 

occur in the brain as humans prepare to make a movement. In the two experiments contained 

in this thesis, transcranial magnetic stimulation (TMS) was used to assess changes in 

corticospinal excitability in the foreperiod as well as the reaction time (RT) interval of a 

simple reaction time task. The first experiment used more robust methods than prior studies 

in an attempt to better describe the time course of excitability in the foreperiod of a simple 

RT button press task, as well describe how levels of corticospinal excitability (CE) changed 

once an imperative stimulus (IS) is presented to participants and they initiate their 

movements. The second experiment sought to understand how CE is affected by task 

complexity in a simple RT paradigm, and how these changes in excitability might affect the 

preparation of complex movements and RTs. 

       Levels of CE have previously been shown to decrease in the 500ms prior to the 

presentation of an IS in simple RT tasks that use short foreperiods. Importantly, these studies 

have also shown that no differences exist in levels of CE in simple RT tasks that use long 

foreperiods. These studies have all described excitability changes in relation to previous time 

points in which participants were presumably already in a heightened state of preparation, 

but not to time points in which the participants were at rest. Experiment 1 described CE 

levels during the entirety of the process of movement execution (e.g. throughout the 

foreperiod and response time) in relation to levels measured while the participant was at rest, 

prior to the presentation of a warning signal (figure 2). The results of Experiment 1 showed 

that humans quickly raise their levels of preparation following the presentation of the 

warning signal (figure 4) in a long foreperiod to a point at which they hold and restrict this 
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sharp increase (figure 5). In the 500ms prior to the presentation of the IS, and in agreement 

with prior short foreperiod studies, levels of corticospinal excitability decreased in 

anticipation of the IS (figure 6). It is proposed that the brain undergoes selective proactive 

inhibition to ensure that the prepared movement is not prematurely released and held until 

the IS is presented, at which point levels of corticospinal excitability quickly increase once 

again as the inhibition is overcome and the movement is released. 

 Levels of CE have previously been shown to increase as a function of increasing task 

complexity in static, non-RT based tasks. However, the effect of increasing complexity on 

corticospinal excitability levels have never been described in relation to reaction time tasks. 

Previous work by Klapp (1995; 2010) has suggested that response complexity can be 

classified as either the internal complexities of an individual movement chunk, or the 

complexity of the entire sequence, determined by the number of chunks. Furthermore, simple 

RT is not affected by the internal complexities single chunk actions, for example a single 

button-press movement, but rather by the number of chunks that make up a sequence seen in 

multiple button-press movements. Importantly, the longer RTs seen in more complex, 

sequenced movements are postulated to occur because the number of chunks in a sequence 

cannot be prepared in advance. Experiment 2 used similar button-press tasks as Klapp to 

show that as participants are presented with the IS, no difference is seen in corticospinal 

excitability levels between the simple and complex task. Whether time locked to the 

presentation of the IS or EMG onset, corticospinal levels in both tasks begin to diverge 

shortly thereafter and ultimately become greater in the simple condition (figures 10 and 11). 

It is postulated that in timing based tasks, the cerebellum and, more specifically, the 

olivocerebellar system is responsible for depressing levels of corticospinal excitability by 
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way of inhibition at the level of the deep cerebellar neuron, which ultimately suppresses 

projections to the motor cortex (figure 13). Furthermore, due to the fact that levels of 

corticospinal excitability were no different in the 75-100ms prior to EMG onset across both 

conditions (figure 11), it appears that both the simple and complex task, both requiring 

different types of programming can at least partly be prepared in a similar manner prior to 

the IS, in contrast to a currently understood model of complexity. 

 Based on Klapp’s work, the current model of complexity states that the internal 

parameters (INT) of a chunk can be preprogrammed during the foreperiod of a simple RT, 

while the sequencing (SEQ) of chunks cannot be preprogrammed, and therefore must occur 

following the IS, during the RT interval. Since single chunk movements do not require a 

sequencing component, they can be entirely preprogrammed during the foreperiod, while 

multiple chunk movements cannot, which leads to longer RTs. In a novel way, the current 

thesis has presented further evidence in support of this model. Whether time locked to the 

presentation of the IS (figure 10) or the onset of EMG (figure 11), there was no difference in 

CE between single chunk and multiple chunk movements at the beginning of the movement. 

This indicates that these tasks may be similarly programmed, and follow the same time 

course of CE (figure 2) prior to the presentation of the IS. Following the IS, the task 

requiring a SEQ component is modulated by the cerebellum, which depresses levels of CE. 

Furthermore, the longer RTs traditionally seen in complex tasks can thus be attributed to the 

depressed levels of CE.     
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Appendix 1. Informed Consent Form for Motor Control Research 

Principal Investigator:  Dr. Anthony N. Carlsen  

Affiliation:   School of Human Kinetics, University of Ottawa  

 

Co- Investigator:  
Erin K. Cressman, PhD. Assistant Professor, School of Human Kinetics, University of Ottawa  

Research Assistants:  
Neil Drummond, PhD Student, School of Human Kinetics, University of Ottawa  

Michael Kennefick, MSc Student, School of Human Kinetics, University of Ottawa  

  

Invitation to Participate: You are invited to participate in the abovementioned research study 

conducted by the above researchers.  

  

Purpose of the Study: This research is concerned with the production of simple limb 

movements and how weak electrical brain stimulation affects the production of those movements 

and the excitability of the brain. It is designed to answer several questions that relate to how 

human subjects represent and control the execution of rapid discrete responses and ongoing 

coordination.  

  

Participation: During the experiment, you will be positioned in a chair and your arms may be 

placed on manipulandums (simple levers) or over simple buttons. You will be asked to make 

button responses or limb extension and/or flexion movements between a 'home' position and a 

target in a single, continuous motion. You will respond by moving your limb after an auditory or 

visual stimulus.  

  

Testing will consist of four phases: practice, pretest, stimulation, and post-testing. The total time 

for this testing session will be approximately 1.5 hours. Practice and testing trials consist of 

performing the movements of your elbows or wrists, with real-time graphical display of your 

movement on a computer screen. During the experiment, we will be recording muscular activity. 

In order to do this, surface electromyography (EMG) electrodes will be attached to various 

locations on your body including your biceps and triceps muscles, and forearm muscles. Very 

small patches of skin may be shaved and cleaned prior to attaching the surface electrode to your 

skin. Between the pretest and post-test trials a weak electrical stimulus will be applied over part 

of your scalp for 10 minutes.  

  

If so informed, testing will also involve the placement of an insulated copper wire coil positioned 

over top of your head which delivers a magnetic pulse. The coil makes a clicking sound and 

sometimes produces a twitch in targeted muscles. The magnetic pulse causes a weak electrical 

current in your brain, in the same way that you produce a weak electric current in your brain 

when you voluntarily contract a  
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muscle. Electrodes will be placed over the arm muscles used to make the movements to pick up 

the electric current your muscles generate when they contract or are stimulated by the magnetic 

coil.  

  

Risks: The risks involved in participating in this experiment are minimal, however the use of 

investigational magnetic and electrical stimulation may pose risks slightly greater than those 

involved in everyday life. Specifically, a weak electrical stimulus will be applied over part of 

your scalp which may cause a slight tingling sensation for the first 30 seconds to 1 minute. 

Magnetic stimulation of the brain has been reported to have caused a seizure in rare instances. 

No lasting effects were reported in these rare cases. Some people experience a “tapping” 

sensation on top of the head when the magnetic stimulator is triggered. Sometimes people notice 

that one eye “winks”, or their jaw closes slightly when the magnetic stimulator is triggered.  

Some potential side effects may include fatigue, headache, nausea or dizziness. If any of these 

symptoms should arise the experiment will be terminated without penalty to you. Since you will 

be making repeated targeted movements your muscles may become slightly tired. This risk will 

be decreased by providing rest periods every 10 minutes. Muscle activity will be recorded using 

plastic sensors attached with tape to the surface of your skin. The skin beneath each sensor will 

be lightly scrubbed, which may cause brief minor irritation. As the electrode is sticky, you may 

experience some very minor discomfort when the electrode is removed (it is similar to removing 

a Band-Aid). Be assured that every effort will be made to minimize these risks.  

  

Benefits: Your participation in this study will lead to a greater understanding of how the human 

brain prepares and controls movements, and although this research may not benefit you directly, 

it is possible that the knowledge gained from this study will lead to future benefits and treatments 

for people with movement disorders.  

   

Confidentiality and anonymity: All information and data collected are coded to maintain 

confidentiality. Specifically, raw data will be stored using an alphanumeric coding system so that 

no one will be able to identify you as your name will not appear on these files.  

  

The data will be analyzed on password protected computers that only the researchers directly 

involved in this study will have access to. Once analyzed the data will be kept in in a locked 

room at the University of Ottawa, in locked filing cabinets and only the researchers directly 

involved in this study will have access to your data.   

  

No records bearing your name will leave the institution. You are encouraged to request and 

discuss the results of the experimental trials at any time.    

  

The data collected in this study will be published in scientific journals. The data will kept for a 

period of 5 years post-publication and will subsequently be destroyed by the physical resources 

service of the University of Ottawa.   

  

Please be aware that you are under no obligation to participate. For the entire duration of 

the study, you may refuse to participate or withdraw from the study at any time, without 

question or penalty and any data collected will be destroyed. In addition you are free to ask 

the researcher any question about any part of the research being conducted at any time. 
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Acceptance: I, ________________________ agree to participate in the above research study 

conducted by Dr. Anthony Carlsen of the School of Human Kinetics at the University of Ottawa.  

  

If I have any questions, I may contact the principal investigator.    

  

If I have any questions regarding the ethical conduct of this study, I may contact the Protocol 

Officer for Ethics in Research, University of Ottawa, Tabaret Hall, 550 Cumberland Street, 

Room 154, Ottawa, ON K1N 6N5  

Tel.: (613) 562-5387   

Email: ethics@uottawa.ca  

  

There are two copies of the consent form, one of which is yours to keep.  
  

  

Participant's signature: _______________________ Date: ______________  

  

  

Researcher's signature: _______________________ Date: ______________  
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Appendix 2. TMS Safety Questionnaire 

Safety Screening Questionnaire for Transcranial Magnetic Stimulation  
  

NO box.  

 

1. Have you ever had an adverse reaction to 

transcranial magnetic stimulation?  

  

 

2. Had a seizure?  

 

 

3. Had an EEG (electroencephalogram)?  

 

 

4. Had a stroke?  

  

 

5. Had a head injury (include neurosurgery)?  

 

 

6. Do you have any metal in your head (outside 

the mouth) such as shrapnel, surgical clips, or 

fragments from welding or metalwork?  

  

 

7. Do you have any implanted devices such as 

cardiac pacemakers, medical pumps, or 

intracardiac lines?  

  

 

8. Do you suffer from frequent or severe 

headaches?  

  

 

9. Have you ever had any other brain-related 

condition?  

  

 

10. Have you ever had illness that caused brain 

injury?  

 

 

 

11. Are you taking any medications?  

  

 

12. Does anyone in your family have epilepsy?  

  

 

13. Are you pregnant?  

 

 

PARTICIPANT NAME:  __________________________________________  

  

PARTICIPANT SIGNATURE: ________________________________     DATE: _____  

OR SIGNATURE OF LEGALLY AUTHORIZED INDIVIDUAL  
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Appendix 3. Ethics Certificate 

 


