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Abstract 

Human behavior is characterized by the use of advance information to 

prepare efficient and appropriate responses to stimuli in the environment.  

Response preparation in humans has been studied using the warned 

reaction time (RT) task paradigm, in which a response signal is preceded on 

some trials by a warning signal.  The ability to prepare some or all of the 

response during the foreperiod between the warning signal and response 

signal is thought to underly the shorter RT on warned trials than on 

unwarned trials (Rosenbaum, 1980).   

 

While the warned RT task paradigm has proven fruitful in developing models 

of response preparation, the neural mechanisms by which these processes 

occur are still unclear.  Transcranial magnetic stimulation (TMS) delivered 

over the primary motor cortex (M1) can elicit a motor evoked potential (MEP) 

in a contralateral muscle, the amplitude of which reflects the momentary 

excitability of the corticospinal system underlying contraction of that muscle.  

Research using TMS during the warned RT task has shown a suppression of 

corticospinal excitability during the foreperiod between the warning and 

response signals (Hasbroucq, Kaneko, Akamatsu, & Possamaï, 1999; 

Touge, Taylor, & Rothwell, 1998); this finding is unexpected given that 

response preparation has been associated with increased cortical activity in 

motor preparatory areas (Deiber, Ibanez, Sadato, & Hallett, 1996).  Some 

authors have speculated that intracortical inhibitory (ICI) circuits within M1 

may underly the suppression of MEP amplitude during the foreperiod of the 
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warned RT task (Boulinguez, Jaffard, Granjon, & Benraiss, 2008; McMillan, 

Nougier, & Byblow, 2004).  The experiments described in this thesis 

investigated the neural mechanisms and preparatory significance of the 

suppression of corticospinal excitability during the foreperiod of the warned 

RT task.   

 

In a series of experiments, subjects made a ballistic flexion of their right 

index finger as soon as possible after a response signal which was preceded 

by a warning signal on some trials.  Single TMS pulses delivered 200 ms in 

advance of the response signal elicited smaller amplitude motor evoked 

potentials (MEPs) during the foreperiod on warned trials compared to 

unwarned trials.  A control experiment indicated that the suppression of MEP 

amplitude observed during the foreperiod could not be attributed to 

increased predictability of the TMS pulse on warned trials.  When different 

warning signals informed subjects of different probabilities of response signal 

delivery on the current trial, the suppression of MEP amplitude was sensitive 

to the expectancy of response signal delivery when the different types of 

warning signals were delivered in separate „pure‟ blocks, but not when they 

were interspersed in mixed blocks.   

 

In some experiments the excitability of short- (SICI) and long- (LICI) latency 

intracortical inhibitory circuits within M1 were measured with a paired-pulse 

TMS protocol.  Both SICI and LICI circuits were found to have reduced 

excitability during the foreperiod on warned trials compared to unwarned 



 

 

 

3 

trials, suggesting a reduction of ICI associated with response preparation.  

The suppression of corticospinal excitability during the foreperiod of the 

warned RT task thus could not be explained by increased ICI within M1.  It 

was instead proposed that the suppression of corticospinal excitability during 

the foreperiod was the result of an extrinsic inhibitory mechanism from 

outside M1, engaged to suppress descending M1 output below the threshold 

for triggering a premature response during the foreperiod (Boulinguez et al., 

2008; Davranche et al., 2007; Jaffard, Benraiss, Longcamp, Velay, & 

Boulinguez, 2007).  Furthermore, because ICI is known to occur within M1 

(T. Kujirai et al., 1993; J. Valls-Solé, Pascual-Leone, Wassermann, & Hallett, 

1992), its reduction during the foreperiod, well in advance of movement 

onset, suggests that M1 is engaged in response preparation.   
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Chapter 1: General Introduction 

 

1.1 Background 

The ability to act upon the world by making coordinated and goal-directed 

muscle contractions is a foundation of meaningful human behavior and is 

imperative for survival.  Even an apparently simple task, such as reaching to 

grasp a piece of food and bring it to the mouth, requires the motor system to 

coordinate the contraction of numerous muscles; to stabilize the body during 

the reach, grasp the food between the fingers for the duration of the retrieval 

and release the food when it is inside the mouth.  The motor system must 

also rapidly integrate sensory feedback to update the commands sent to the 

muscles as the task proceeds.  For this, visual feedback would be used to 

monitor the progress of the reach towards the piece of food, tactile feedback 

would be used to grasp the food with the right amount of pressure so that it 

is neither crushed nor dropped on the way to the mouth, and kinesthetic 

feedback about the hand‟s position in space would be used to release the 

food into the mouth at the right time.   

 

From gathering food and eating to communicating by speech or gesture, the 

motor system plays a vital role in bringing our intentions to physical fruition.  

Given the importance of these apparently simple motor tasks for survival, 

disorders of the motor system can have far reaching negative 

consequences.  The dramatic slowing of movement in akinetic disorders 

such as Parkinson‟s disease can leave the sufferer reliant on external aid to 
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perform even the simplest tasks (Klockgether, 2004).  The inability to control 

or inhibit unwanted movements in disorders such as Tourette‟s syndrome 

can result in debilitating social consequences (Buckser, 2008).  Rarer 

disorders such as alien hand syndrome, in which the sufferer reports that the 

“alien hand” is being controlled by an external agent, illustrate the fact that 

our sense of agency in the world is reliant to a large extent on our ability to 

recognize that our actions are our own (Haggard, 2008).   

 

In studying motor control, researchers attempt to understand how patterns of 

muscle contractions are coordinated in space and time to achieve postural 

stability and make goal-directed movements.  While muscle contractions can 

be measured easily and accurately, the motor control system cannot be 

understood solely by the application of physiological principles (Rosenbaum, 

1991).  Motor control research considers the efferent control systems which 

send commands to the muscles, the afferent systems which gather sensory 

information from the body and environment, and the cognitive systems which 

form abstract representations of movement commands (Shumway-Cook & 

Woollacott, 1995).  An understanding of these systems can be applied to 

guide therapeutic interventions for patients with movement disorders (Fahn, 

2008), inform teachers to facilitate learning and retention of motor skills 

(Magnuson, Shea, & Fairbrother, 2004) and aid in the design of safe and 

productive human-machine interfaces for the workplace (Szeto, Straker, & 

O'Sullivan, 2005).     
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Response Preparation 

One important aspect of motor control is response preparation.  The ability to 

use advance information to prepare an appropriate response to an expected 

future stimulus can facilitate rapid response, and has obvious survival value. 

Response preparation is best thought of as a number of different processes 

occurring in advance of movement onset (Jennings & van der Molen, 2005).  

Response preparation can be specific to a particular response, for example 

priming a movement representation (van den Hurk et al., 2007), or non-

specific, for example directing attention to an area in the visual field (Posner, 

1980), and in the real world environment likely consists of both specific and 

non-specific processes.  From a philosophical perspective, nearly any 

response can be seen as the product of a series of preceding preparatory 

processes, and a response may itself constitute preparation for some future 

action (Requin, Brener, & Ring, 1991).  In this sense the notion of response 

preparation has an existential significance; it implies that the organism has 

an appreciation of events that might occur in the future.  The behavioral and 

physiological markers of response preparation have also informed 

philosophical debates about the nature of free will (Haggard, 2008; Hallett, 

2007).  

 

Behavioral Methods 

To study response preparation scientists have traditionally employed 

behavioral methods; measuring responses to stimuli and drawing inferences 

about brain function.  The typical response required in these experimental 
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tasks has been a discrete hand movement, executed as quickly as possible 

in response to an arbitrary stimulus, with performance measured by 

response accuracy and reaction time (RT) to the response signal.  The 

measurement of a discrete behavioral response does not test the full 

capacity of the motor system, and other researchers have studied more 

complex sequential (e.g., typing, Rhodes, Bullock, Verwey, Averbeck, & 

Page, 2004) and continuous motor tasks (e.g., walking, Kavanagh & Menz, 

2008).  The use of discrete movement tasks has also been criticized for its 

simplification of the complex problems faced by the motor system in the real 

world environment (Czaja & Sharit, 2003).  Despite these shortcomings, the 

simplified motor responses measured in the majority of behavioral studies of 

response preparation have proven useful because performance can be 

quantified objectively and individual differences in preparatory strategies and 

movement kinematics are minimized.  Understanding how these simple 

responses are prepared can be considered as a crucial foundation for our 

applied understanding of response preparation in the real world.  

 

In the warned RT task, response preparation is inferred from the behavioral 

observation of shorter RT on trials in which the response signal is preceded 

by a warning signal than on trials in which the response signal is unwarned 

(Niemi & Naatanen, 1981).  Wundt (1907) was among the first to 

demonstrate that RT to a response signal is shorter on warned trials than 

unwarned trials, and the warned RT task has since become an important 

research paradigm in the investigation of response preparation.   
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Sternberg‟s (1969) „additive factor‟ method introduced a framework which 

enabled the inference of component stages of response preparation from 

performance measures in the warned RT task.  The additive factor method 

proposes that the stages of information processing between stimulus 

presentation and response execution can be investigated by identifying 

factors which affect the duration of one or more stages, but not other stages.  

By manipulating a factor which affects one stage independently of other 

stages, changes in RT can be ascribed to changes in the duration of the 

stage affected by that factor.  The additive factor method has been influential 

in chronometric studies of response preparation, though it is based on the 

assumption of discrete, serial stages of information processing between 

stimulus presentation and response execution (Requin et al., 1991).  This 

assumption has been challenged by recent research, with evidence 

suggesting that the stages of information processing between a stimulus and 

a response may overlap and be represented in parallel, distributed neuronal 

networks, with the opportunity for information transfer between the networks 

representing the different stages (Martuzzi et al., 2006; Osman, Coles, 

Donchin, Bashore, & Meyer, 1992; Ukai et al., 2002; H. Zhang, Zhang, & 

Kornblum, 1999). 

 

Researchers investigating response preparation have distinguished between 

non-specific temporal preparation, which can be considered as preparation 

for a moment in time, and specific response preparation, which is the 
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preparation of a specific action (Hasbroucq, Osman et al., 1999; Leuthold, 

Sommer, & Ulrich, 2004).  Temporal preparation has been studied by 

manipulating the duration of the foreperiod between the warning and 

response signals, hence manipulating the subject‟s ability to predict the time 

of onset of the response signal (Niemi & Naatanen, 1981).  When foreperiod 

duration is held constant within a block of trials, RT is shortest for 

foreperiods of around 200-300 ms, and longer with longer foreperiod 

durations, presumably reflecting the subject‟s decreased ability to predict the 

time of response signal onset as the foreperiod duration increases (Muller-

Gethmann, Ulrich, & Rinkenauer, 2003).  When foreperiod duration is varied 

within a block of trials, RT is shorter on trials with longer foreperiods.  This 

finding has been attributed to the fact that, as the foreperiod progresses, the 

conditional probability of response signal occurrence increases, thus 

increasing the subject‟s momentary expectancy of response signal onset 

(Niemi & Naatanen, 1981).  Because optimal preparation can only be 

maintained for a few hundred milliseconds (Alegria, 1974) it is thought that 

subjects are maximally prepared to respond at the time when their 

momentary expectancy of response signal onset is highest (Niemi & 

Naatanen, 1981).   

 

When trying to study specific response preparation, researchers have 

typically employed a warned choice RT task.  It is important to note that in 

the warned simple RT task, subjects know the response that they will have 

to execute, and hence are able to begin specific response preparation, even 
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before the warning signal.  This confound of specific response preparation 

and non-specific temporal preparation in the warned simple RT task can be 

overcome by employing a warned choice RT task, in which the subject must 

select and execute a response from a number of alternatives.  The response 

alternatives can vary on a number of parameters, such as force, direction, or 

hand.  In the precueing paradigm a warning signal precues some, all or none 

of the relevant response parameters, with the typical observation that RT is 

negatively related to the number of precued parameters (Rosenbaum, 1980).  

In the case of a warned choice RT task with a short, constant foreperiod 

duration, the inclusion of an uninformative warning signal, in which no 

response parameters are precued, can act as a baseline against which other 

conditions can reveal the time-saving associated with preparation of specific 

parameters of the response during the foreperiod.  Comparison of RT on 

trials with uninformative warning signals to RT on unwarned trials will also 

reveal the shortening of RT due to non-specific temporal preparation during 

the foreperiod.  Presumably, when the warning signal precues more 

parameters of the response, subjects can prepare their response more fully 

during the foreperiod (Rosenbaum, 1980).  Some authors have challenged 

the idea that this „precueing effect‟ reflects specific response preparation, 

suggesting that the reduced number of possible response alternatives on 

warned trials might instead result in faster response selection (Zelaznik & 

Hahn, 1985).  However, research has shown that the precueing effect is 

robust, even when the number of response alternatives is held constant 

across warned and unwarned trials (Lépine, Glencross, & Requin, 1989; 
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Vidal, Bonnet, & Macar, 1991).  Hence it is thought that the precueing 

paradigm enables manipulation of the late motoric stages of response 

preparation, while non-specific temporal preparation can be investigated in 

the simple warned RT task by manipulating the length and variability of the 

foreperiod duration, or in the warned choice RT task by comparing RTs 

between unwarned trials and trials with uninformative warning signals. 

 

Neurophysiological Methods 

While behavioral methods have been useful in establishing theories of 

response preparation, direct measurement of cortical activity can be used to 

test these theories and establish the neural mechanisms of response 

preparation.  The advent of non-invasive neurophysiological techniques has 

enabled the direct measurement of brain activity while healthy human 

subjects prepare responses.  In the electroencephalography (EEG) method 

scalp electrodes measure momentary changes in electrical potential 

resulting from the depolarization of cortical neurons near the surface of the 

scalp.  Electroencephalographic techniques have revealed a composite brain 

wave known as the contingent negative variation (CNV), a negative shift in 

electrical brain activity associated with preparation, which begins in fronto-

central areas, before shifting to centro-parietal areas (Leuthold & Jentzsch, 

2001).  The CNV occurs whenever a response signal is reliably preceded by 

a warning signal, and has a larger amplitude when subjects can use the 

warning signal to accurately predict the time of response signal onset 

(Muller-Gethmann et al., 2003; Trillenberg, Verleger, Wascher, Wauschkuhn, 



 

 

 

22 

& Wessel, 2000).  Trillenberg, et al. (2000) showed that the subject‟s ability 

to predict the time of response signal onset was positively related to CNV 

amplitude, and negatively related to RT to the response signal.  However, 

the CNV does not reflect specific response preparation, as it can also occur 

even when the second stimulus does not require a response (Pfeuty, Ragot, 

& Pouthas, 2005; van Boxtel & Brunia, 1994).  These findings have led 

researchers to propose that the CNV reflects cortical activity associated with 

non-specific temporal preparation (Leuthold et al., 2004). 

 

In addition to electrical activity associated with non-specific temporal 

preparation, researchers have also identified changes in cortical potentials 

associated with specific response preparation (Leuthold et al., 2004).  The 

Lateralized Readiness Potential (LRP) typically emerges around 500 ms 

before movement onset and reflects the dominance of preparatory activity in 

the hemisphere contralateral to the responding hand during the later stages 

of response preparation, during which time the specific response is thought 

to be specified.  The LRP is derived by averaging the differences between 

activity recorded from ipsilateral and contralateral electrodes (sites C3 and 

C4 in the International 10/20 system for electroencephalogram recording) 

during preparation of unilateral responses (Eimer, 1998; Leuthold et al., 

2004).  Source localization techniques have suggested that the cortical 

activity underlying the LRP occurs in the primary motor cortex (M1) 

contralateral to the responding hand (Bocker, Brunia, & Cluitmans, 1994; 

Botzel, Plendl, Paulus, & Scherg, 1993).  Magnetoencephalographic (MEG) 
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research, in which conductive sensors outside the head detect the weak 

magnetic fields induced by cortical activity, has also supported the idea that 

the LRP is generated in M1 (Lang et al., 1991).   

 

In the warned RT task an LRP can be measured during the foreperiod, and 

has been interpreted as a marker of specific response preparation.  Leuthold 

and Jentzsch (2001) found that the LRP was only observable during the 

foreperiod when the warning signal specified which hand would be used for 

the response.  Other authors have found that precueing additional 

parameters of the response, such as finger (Wild-Wall, Sangals, Sommer, & 

Leuthold, 2003), direction (Leuthold, Sommer, & Ulrich, 1996), and force 

(Ulrich, Leuthold, & Sommer, 1998) increased the amplitude of the 

foreperiod LRP.  While there is still debate as to whether these response 

parameters are prepared in a specific order (Wild-Wall et al., 2003), it is 

generally agreed that the increase in foreperiod LRP amplitude when 

response parameters are precued shows that the LRP reflects specific 

response preparation (Leuthold et al., 2004).  Interestingly, when the 

foreperiod is short and constant (around 500-800 ms), enabling subjects to 

accurately predict the time of onset of the response signal, the LRP begins 

earlier during the foreperiod (Tandonnet, Burle, Vidal, & Hasbroucq, 2003) 

and is of a smaller magnitude (Tandonnet, Burle, Vidal, & Hasbroucq, 2006) 

than when the foreperiod duration is longer (around 2500-2800 ms). 
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The sensitivity of the foreperiod LRP to information contained in the warning 

signal and its generation in M1 (e.g., Bocker et al., 1994) suggests that M1 is 

active in response preparation.  This is at odds with hierarchical conceptions 

of the motor system, in which M1 is thought to play a passive role in 

response preparation, awaiting instructions from the more frontal premotor 

areas, which are „upstream‟ of M1 (Jeannerod, 2005).  However the 

possibility that M1 might be actively involved in response preparation fits with 

more recent ideas about the motor system controlling movement through 

parallel, distributed neuronal networks spanning large portions of the fronto-

parietal cortex.  The role of M1 in response preparation has been 

investigated using recently developed in vivo brain imaging techniques such 

as functional magnetic resonance imaging (fMRI) and positron emission 

tomography (PET), which allow more precise anatomical localization of the 

sources of brain activity than EEG techniques (Formisano & Goebel, 2003).  

Research employing fMRI (Richter, Andersen, Georgopoulos, & Kim, 1997; 

Wiese et al., 2004; Zang et al., 2003) and PET (Deiber et al., 1996; 

Kawashima, Roland, & O'sullivan, 1994) has supported the idea that M1 is 

actively involved in response preparation.  Deiber et al. (1996) had subjects 

prepare for a response with the right hand, precueing the finger and direction 

parameters (or both) on some trials.  Similar levels of regional cerebral blood 

flow (rCBF) were recorded in M1 as in the conventional “preparatory” motor 

areas (premotor cortex and supplementary motor area) on precued trials, 

relative to trials with non-informative warning signals, suggesting that M1 is 

involved in the response preparation. 
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While brain imaging techniques can locate the anatomical source of a 

change in cerebral blood flow precisely, they are limited by the fact that 

changes in cerebral blood flow occur seconds after the underlying neural 

activity (Jennings & van der Molen, 2005).  Furthermore, it can be difficult to 

interpret the cause of an increase in rCBF or brain oxygen level dependent 

(BOLD) signal, which could result from excitatory or inhibitory neuronal 

activity, or both (Buzsaki, Kaila, & Raichle, 2007; Logothetis, Pauls, Augath, 

Trinath, & Oeltermann, 2001).  Although research has shown that excitatory 

neuronal activity is typically more metabolically expensive than inhibitory 

neuronal activity (Waldvogel et al., 2000) it remains difficult to infer the type 

of neuronal activity from an increase in rCBF or BOLD signal.  Despite these 

limitations, brain imaging research has been useful in identifying M1 as an 

area involved in response preparation.  The finding that M1 is involved in 

response preparation further raises the possibility that exogenous stimulation 

of M1 might be a useful means of investigating precisely how M1 is involved 

in response preparation. 

 

Transcranial Magnetic Stimulation 

In the 1980‟s, the development of stimulators which could pass electrical 

fields across the skull enabled stimulation of the cortex in conscious human 

subjects outside of the clinical environment for the first time (Merton & 

Morton, 1980).  This transcranial electrical stimulation (TES) was successful 

in evoking responses in the contralateral muscles, though the stimulation 
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was painful for the subject (Lefaucheur, 2009).  Transcranial magnetic 

stimulation (TMS) has proven more popular as a research tool, allowing safe 

and painless stimulation of the cortex while human subjects perform simple 

tasks (Barker & Jalinous, 1985).  In this procedure a brief, intense electric 

pulse is passed through a wound coil held over the scalp, inducing a short 

lasting magnetic field (approximately 1 ms) of up to 2 Tesla, which passes 

through the skull without attenuation, penetrating to some extent into the 

cortical tissue but not into deeper brain tissue (Stewart, Ellison, Walsh, & 

Cowey, 2001).  

 

A single TMS pulse can induce both negative and positive effects, 

depending on the site, timing and type of stimulation.  Negative effects 

include a short-lasting (~100 ms) suppression of cortical activity or „virtual 

lesion‟ close to (within about 1 cm) the site of stimulation; a principle which 

has been exploited by researchers interested in various cortical functions 

including vision (Amassian et al., 1993; Harris, Clifford, & Miniussi, 2008), 

cognition (Kwan et al., 2007) and motor function (Mochizuki, Franca, Huang, 

& Rothwell, 2005; Schluter, Rushworth, Passingham, & Mills, 1998).  Of 

greater interest to researchers in motor control are the positive effects of the 

TMS pulse, which include evoked responses in the muscles.  A TMS pulse 

delivered over M1 at a sufficient intensity will elicit a motor evoked potential 

(MEP), which is measurable approximately 20 ms after the pulse by surface 

electrodes placed over a contralateral target muscle.  The amplitude of the 

MEP can be interpreted as a measure of the momentary excitability of the 



 

 

 

27 

corticospinal system between the stimulated area of M1 and the muscle from 

which electromyographic (EMG) activity is recorded.  The MEPs elicited by 

TMS are typically of more use to researchers than those elicited by TES, as 

the former are sensitive to changes in M1 excitability, while the latter are 

sensitive to changes in spinal excitability but not M1 excitability (Petersen, 

Pyndt, & Nielsen, 2003).  The two methods are sometimes used in 

combination to determine the locus (cortical or spinal) of an observed 

change in corticospinal excitability (e.g., T. Kujirai et al., 1993). 

  

As well as measuring the overall excitability of the corticospinal system 

responsible for contraction of the target muscle with single TMS pulses, 

researchers have used single- and paired-pulse TMS protocols to measure 

the excitability of intracortical inhibitory and facilitatory circuits within M1.  If 

the target muscle is contracted, a single TMS pulse will result in a 

suppression of ongoing EMG activity for 50-200 ms, beginning around 10 ms 

after the offset of the MEP (Saisanen et al., 2008; Uozumi, Ito, Tsuji, & 

Murai, 1992).  The late phase of this EMG „silent period‟ is thought to reflect 

the action of intracortical inhibitory circuits within the motor cortex (Inghilleri, 

Berardelli, Cruccu, & Manfredi, 1993) and is termed the cortical silent period 

(CSP).  The duration of the CSP represents a simple way of assessing 

intracortical inhibitory function, however paired-pulse TMS protocols have 

the advantage of being able to measure the excitability of a range of 

intracortical inhibitory and facilitatory circuits while the target muscle is 

relaxed.  When a suprathreshold „test‟ pulse over M1 is preceded by a 
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subthreshold „conditioning‟ pulse at the same site, the MEP amplitude 

elicited by the test pulse is suppressed at inter-stimulus intervals (ISIs) of 1-5 

ms and facilitated at ISIs of 6-25 ms, due to the activation of short-interval 

intracortical inhibitory (SICI) and facilitatory (SICF) circuits, by the 

conditioning pulse (T. Kujirai et al., 1993).  While both of these mechanisms 

operate within M1 (Di Lazzaro et al., 1998), they respond differently to 

manipulations of conditioning stimulus intensity and direction of the induced 

current, suggesting that they are mediated by different populations of 

interneurons within M1 (Ziemann, Rothwell, & Ridding, 1996).  If a 

suprathreshold test pulse is preceded by 50-200 ms by a suprathreshold 

conditioning pulse, the amplitude of the MEP elicited by the test pulse is 

suppressed, due to the activation of long-interval intracortical inhibitory (LICI) 

circuits by the conditioning pulse.  The differential modulation of SICI and 

LICI by changes in test pulse intensity (Sanger, Garg, & Chen, 2001) and 

administration of gamma-aminobutyric acid (GABA) uptake inhibitors 

(Werhahn, Kunesch, Noachtar, Benecke, & Classen, 1999) suggests that 

they are likely to be mediated by different populations of inhibitory 

interneurons within M1 (Reis et al., 2008).   

 

The use of TMS protocols in RT tasks has been useful in understanding the 

role of M1 in response preparation, with the evolution of motor cortical 

activity in advance of a response being inferred from the modulation of MEP 

amplitude (Reis et al., 2008).  When TMS pulses are delivered just before 

response execution, there is an increase in MEP amplitude (Chen, Yaseen, 
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Cohen, & Hallett, 1998) and reduction of SICI (Reynolds & Ashby, 1999) 

beginning around 100 ms before the onset of EMG activity.  This rapid 

increase in M1 activity just before the onset of the response is in line with 

traditional conceptions of M1 as a cortical area devoted primarily to response 

execution.  However, experiments using TMS protocols have suggested that 

M1 might also be active well in advance of response execution.  When a 

TMS pulse is delivered in advance of the response signal in a warned RT 

task, the MEP amplitude is sensitive to the duration of the foreperiod.  When 

the foreperiod duration is long and/or variable within a block of trials, the 

MEP amplitude is larger when the TMS pulse is delivered on warned trials 

than when it is delivered on unwarned trials (Mars, Bestmann, Rothwell, & 

Haggard, 2007; van den Hurk et al., 2007; van Elswijk, Kleine, Overeem, & 

Stegeman, 2007), suggesting a facilitation of corticospinal excitability 

associated with the preparatory activity occurring during the foreperiod.  In a 

modification of the warned RT task which required subjects to engage in 

sensory or motoric preparatory activity across the foreperiod, van den Hurk, 

et al. (2007) showed that this increase in MEP amplitude was dependent on 

the subject engaging in motoric response preparation during the foreperiod.   

 

When the foreperiod duration is short and constant within a block of trials, 

allowing subjects to accurately predict the time of response signal onset, 

MEP amplitude is smaller when TMS is delivered on warned trials than when 

it is delivered on unwarned trials (Hasbroucq, Kaneko et al., 1999; 

Hasbroucq, Osman et al., 1999; Touge et al., 1998), suggesting a 
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suppression of corticospinal excitability during the foreperiod on warned 

trials.  It seems paradoxical that the behavioral conditions associated with 

optimal temporal preparation and fastest response also lead to suppression 

of corticospinal excitability, particularly given that optimal temporal 

preparation is associated with increased CNV amplitude (Muller-Gethmann 

et al., 2003; Trillenberg et al., 2000).  Some authors have suggested that the 

suppression of corticospinal excitability during the foreperiod might be the 

result of increased intracortical inhibitory activity (Boulinguez et al., 2008; 

McMillan et al., 2004), however this possibility has not yet been definitively 

investigated.  Research by Davranche, et al. (2007) has not supported this 

hypothesis, showing instead that the suppression of MEP amplitude during 

the foreperiod of the warned RT task was accompanied by a reduction in the 

duration of the CSP.  One limitation of this experiment was that it focused 

only on the duration of the CSP, and did not directly measure the amount of 

intracortical inhibition during the foreperiod. 

 

The purpose of this thesis was to investigate the preparatory significance 

and possible neural mechanisms of the suppression of MEP amplitude 

during the short, constant foreperiod of the simple warned RT task.  This 

included direct measurement of the known intracortical inhibitory circuits 

within M1 during the foreperiod. 
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1.2 Scope of the project 

This project utilized a combination of simple warned RT tasks and TMS to 

investigate the changes in cortical activity during preparation for a rapid, 

discrete motor response.  The unique contribution of this research is that it 

describes the first direct measurement of the modulation of intracortical 

inhibitory processes during the foreperiod of a warned RT task.  The 

questions investigated in these experiments are relevant to the broader 

issue of response preparation, and the data gathered suggest potential 

neural mechanisms by which response preparation within the simple warned 

RT task might occur. 

 

1.3 Organization of this thesis 

The remainder of this thesis is organized as follows.  Chapter 2 describes a 

software-based system for controlling the MagStim hardware used in the 

following TMS studies.  Chapter 3 describes three experiments, each 

measuring the activity of a different intracortical inhibitory (ICI) process 

during the foreperiod of a warned simple RT task.  Chapter 4 describes an 

experiment designed to address the potential confounding influence of 

predictability of the TMS pulse during the foreperiod in the experiments 

described in Chapter 3.  Chapter 5 describes two experiments, in which 

warning signals specified different probabilities of response signal onset, to 

investigate the effect of response expectancy on MEP amplitude and SICI 

during the foreperiod of the warned RT task.  Chapter 6 describes an 

experiment in which the warning signals used in Chapter 5 were either 
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interspersed in mixed blocks, or delivered in separate „pure‟ blocks, to 

investigate the effect of the context in which trials are delivered on MEP 

amplitude and SICI during the foreperiod of the warned RT task.  Chapter 7 

discusses the implications of the data gathered in these experiments.  

Chapters 2, 3 and 5 are adapted from papers accepted for publication 

between 2006 and 2009. 
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Chapter 2: Flexible real-time control of MagStim 2002 units for 
use in transcranial magnetic stimulation studies 

 

2.1 Abstract 

A method for two-way serial communication with MagStim 2002 BiStim units 

using LabVIEW is described.  A suite of LabVIEW „virtual instruments‟ which 

give simple and reliable control of pulse parameters and delivery are 

described and made freely available online.  The advantages of serial control 

include the ability to quickly and reliably change pulse parameters during an 

experiment, to randomly intersperse pulses with different parameters without 

manually resetting the unit, to deliver pulses with a reliable temporal 

relationship to other external events, and to control pulse parameters 

interactively.  An application that uses the method for adaptive control of 

pulse intensity is reported.  

 

This chapter has been published in the Journal of Neuroscience Methods 

(Sinclair et al., 2006).  A reprint of the article is included as Appendix I. 
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2.2 Introduction 

Transcranial magnetic stimulation is a powerful and widely used tool in 

neurophysiological and neuropsychological research.  To date, a primary 

application of TMS has been to investigate the function of M1, with pulses 

delivered over M1, and the resultant MEP recorded in the target 

musculature.  The peak-to-peak amplitude of the MEP evoked by a TMS 

pulse above motor threshold gives an index of corticospinal excitability.  A 

subthreshold conditioning pulse presented just before a suprathreshold test 

pulse can inhibit or facilitate MEP amplitude, effects that are due to the 

activation of inhibitory and facilitatory circuits within M1 that modulate the 

moment-to-moment excitability of the M1 cells activated by the test pulse 

(Chen, 2004).  TMS is also gaining popularity as a means of temporarily 

disrupting ongoing brain activity using a „virtual lesion‟ approach (Lomber & 

Galuske, 2002).  

  

Hardware Connections 

Paired-pulse stimulation with brief inter-pulse intervals requires a MagStim 

2002 BiStim unit which consists of two MagStim units (a master unit A and a 

slave unit B) connected with a BiStim module, whose output is through a 

single coil.  Both master and slave units are equipped with an RS232 serial 

connector and a trigger input/output (I/O) connector which are located on the 

back of each unit.  The serial connection should have three (and only three) 

pins enabled: pin 2 (stimulator transmit, TX), pin 3 (stimulator receive, RX), 

and pin 5 (ground).  The cable must be wired „straight through‟, with pin 2 
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connected to pin 2, pin 3 to pin 3, and pin 5 to pin 5.  The cross-over, TX to 

RX and RX to TX, is done in the Magstim unit.  The trigger I/O port can be 

used to trigger the unit with a positive or negative voltage change (+5 V to 

pin 5 or -5 V to pin 6). 

 

MagStim 2002 Operating Modes 

The MagStim 2002 BiStim unit operates in one of three modes: simultaneous 

mode, BiStim mode, and Independent BiStim Trigger (IBT) mode.  In 

simultaneous mode, the inter-pulse interval is set to zero and the coil 

delivers a combined charge from the master (A) and slave (B) units.  In 

BiStim mode, the inter-pulse interval is set to a positive non-zero value, and 

triggering master unit A will automatically trigger the slave unit B, after the 

inter-pulse interval has elapsed.  Simultaneous and BiStim modes are 

selected automatically by the specified inter-pulse interval.  The IBT mode, in 

which triggering the master unit does not automatically trigger the slave unit, 

requires manual selection.  Both master and slave units are still connected 

by the BiStim module, but are triggered independently by external triggers 

separated by an inter-pulse interval between 1 and 2000 ms.   

 

In simultaneous mode, the output of the MagStim 2002 BiStim unit is 113% 

of that of a single MagStim 200 unit.  In BiStim and IBT mode, the output of 

the MagStim 2002 unit is 90% of that of a single MagStim 200 unit.  For this 

reason, testing sessions should be conducted with a single operating mode 

so that pulse intensities expressed as a percentage of stimulator output are 
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comparable.  Both single and paired pulses can be delivered in the BiStim 

and IBT modes, making these modes suitable for experiments which require 

single-pulse and paired-pulse trials to be interspersed.  

  

Software Command Format 

In the three modes described in the previous section, commands are sent to 

and read from the serial port of the master unit A.  Commands to the 

MagStim 2002 BiStim unit are ASCII1 strings made up of three components: 

the first identifies the command (e.g., set the power level of unit A), the 

second specifies the parameter (e.g., the power level as a percentage of 

stimulator output), and the third is a checksum value.  After receiving a 

command, the MagStim 2002 BiStim unit acknowledges the command and 

returns the current instrument status.  The hexadecimal code for the different 

commands and acknowledgements, as well as guidelines for calculating the 

checksum, can be found on the MagStim website at 

http://www.magstim.com.   

 

Virtual Instruments for serial communication 

This section describes the function of ten Virtual Instruments (VIs) created 

with LabVIEW 7, each of which performs a basic function required for on-line 

control of the MagStim 2002 BiStim unit, and which can be used as subVIs in 

software written to control an experiment.  These VIs are freely available at 

the following URL: 

http://www.psychology.uwa.edu.au/homestaff/geoff_hammond/tms 

                                            
1
 American Standard Code for Information Interchange 

http://www.magstim.com/
http://www.psychology.uwa.edu.au/homestaff/geoff_hammond/tms
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Enable Remote Control.vi 

This VI establishes remote control through the serial interface, and must be 

executed before any other serial commands can be accepted.  A valid 

command must be sent every 10 s in order to maintain communication 

between the personal computer (PC) and the unit.  Once the stimulator has 

been armed and is ready to be discharged a valid command must be sent 

every 500 ms or the unit will revert to standby mode.  The VI initializes the 

selected serial port on the computer (COM1 or COM2) and returns a Virtual 

Instrumentation Systems Architecture (VISA) resource name which is in turn 

passed to each VI executed later in the program.  

  

Disable Remote Control.vi   

This VI immediately returns the MagStim 2002 BiStim unit to manual control.  

It is executed if remote control is to be disabled immediately; otherwise, 

remote control will be lost automatically in the absence of ongoing 

communication between the PC and MagStim 2002 BiStim unit.  An audible 

click will occur when remote control is disabled or lost.   

 

Set Power to Unit A.vi   

This VI sets the power level for the master unit of the MagStim 2002 unit as a 

percentage of motor threshold.  It accepts two parameters in addition to the 

VISA resource name: the motor threshold (expressed as a percentage of 

stimulator output) and the required power level (expressed as a percentage 
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of this motor threshold).  This allows for convenient specification of pulse 

intensity as a percentage of motor threshold.  

  

Set Power to Unit B.vi   

This VI is identical to the „Set Power to Unit A‟ VI described above, but sets 

the power level of unit B.  For conditioning-test sequences, master unit A 

delivers the conditioning pulse and slave unit B delivers the test pulse after a 

specified inter-pulse interval (see the Set Inter-pulse Interval.vi below).  

Single pulses are delivered by setting the power level of unit A to zero, which 

allows both units to be triggered with only a single pulse being delivered 

through the coil.   

 

Set Inter-pulse Interval.vi   

This VI sets the interval between the pulse from the master unit A and that 

from the slave unit B when the unit is in BiStim mode, which is set by 

passing this VI a positive non-zero inter-pulse interval value.  

  

Enable BiStim High-Resolution Time Setting.vi 

This VI is executed only when the MagStim 2002 unit is in BiStim mode.  It 

sets the MagStim 2002 BiStim unit in high-resolution time-setting mode, in 

which the inter-pulse intervals can be specified to the nearest 100 s.  The 

range of inter-pulse intervals is limited to 1 – 99.9 ms in this mode.   
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Disable BiStim High-Resolution Time Setting.vi 

This VI is executed only when the MagStim BiStim 2002 unit is in BiStim 

mode.  It returns the MagStim 2002 unit to the default low-resolution time-

setting mode, in which inter-pulse intervals can be specified to the nearest 

millisecond with a range of inter-pulse intervals from 1 – 999 ms. 

   

Get Current Parameter Settings.vi   

This VI returns the current power level settings of units A and B (as a 

percentage of maximum stimulator output) and the current inter-pulse 

interval.   

 

Arm Until Ready.vi 

This VI, which must be preceded by Enable Remote Control.vi, arms the 

master and slave units.  Because the time taken to charge the units to a 

ready state can result in loss of remote control, and hence abort the arming 

process, these two VIs must be repeated continuously in an „arming loop‟ 

until the unit has achieved a ready state.  Arm Until Ready.vi returns a binary 

value that indicates the units‟ readiness, with a „true‟ value indicating that the 

units are ready for discharge.  This return value can be used to control 

execution of a conditional while loop which repeats until the units are 

charged.  A short delay of at least 10 ms should be allowed before triggering 

the unit if it has been armed using this VI.  
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Trigger Pulse.vi 

This VI triggers unit A and is effective once the unit has been armed to a 

ready state.  Because serial commands are processed by the MagStim 2002 

unit in a loop which repeats approximately every 100 ms, this triggering 

method does not allow precise timing of pulse delivery.  The „Trigger Pulse‟ 

command is held in the loop until it reaches the end of its iteration, and 

hence will be responded to between 0 and 100 ms after being given, 

depending on where the loop was in its iteration when the command was 

issued; hence pulse delivery will be delayed by anything up to 100 ms.  This 

limitation can be overcome, and the units triggered immediately once fully 

armed, by a +5 volt level change (with a duration of at least 100 s) to the 

positive trigger input (pin 5) on the trigger I/O connector on master unit A or 

a negative 5-volt level change to pin 6 on the same connector.  If the unit is 

in BiStim mode, this external trigger will result in delivery of a pulse from 

master unit A, followed by a pulse from slave unit B after the specified inter-

pulse interval.  If the unit is in IBT mode, the trigger to unit A will only result 

in the delivery of a pulse from unit A.  In order for a pulse to be delivered 

from unit B when in IBT mode, a separate trigger must be delivered to the 

trigger I/O port of unit B after the desired inter-pulse interval has elapsed.    

 

Flow of control 

Figure 1 shows the flow of control, and the VIs invoked, for a typical 

application. 
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Figure 1: Flow of control in a typical application.  The chart illustrates the 
flow of control and the accompanying text lists the VIs invoked for each 
operation. 
 
 

Advanced Applications 

Three more advanced applications which exploit the benefits of online 

computer-based control of the MagStim 2002 BiStim unit are described 

below. 
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Adaptive control 

The variables returned by Get Current Parameter Settings.vi can be used to 

adaptively control stimulator parameters without requiring the experimenter 

to change parameters manually.  When pulse intensity is to be changed 

adaptively (e.g., when establishing a motor threshold or determining an 

input-output function), the current power level can be read by invoking Get 

Current Parameter Settings.vi, modified as appropriate, and the new 

computed power level set with the appropriate „Set Power Level‟ VI.  Inter-

pulse interval can be subject to adaptive control in a similar way by reading 

this value, modifying it programmatically, and writing the new value to the 

stimulator with Set Inter-pulse Interval.vi.   Adaptive programmatic control 

can also be used to set the TMS pulse at an intensity which elicits an MEP 

with a specified amplitude by calculating the amplitude on-line and using it to 

modify the intensity of a forthcoming pulse. 

   

Substitutes for manual triggering 

In manual operation, the trigger enable (safety) button on the coil must be 

held down and either the footswitch or the trigger button on the front panel of 

the Magstim pressed to deliver a pulse.  With on-line control, an external 

trigger to the trigger I/O connector can replace the footswitch and the trigger 

button.  If the trigger enable button on the coil is depressed when the 

external trigger arrives, the pulse will be delivered immediately.  With this 

method the pulse can be timed precisely and time-locked to other events.  In 

some circumstances, however, manual activation may be preferable.  In this 
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case, a continuous stream of external triggers to an armed stimulator will 

result in pulse delivery as soon as the trigger enable button on the coil is 

pressed.   

 

Conditional triggering 

Kaelin-Lang and Cohen (2000) described a system of conditional triggering 

whereby ongoing EMG activity is continuously scanned, and a TMS pulse is 

triggered when the activity falls within margins specified by the experimenter.  

This method, which is valuable in standardizing MEP data which might 

otherwise be compromised by variation in EMG activity at the time of pulse 

delivery, can be implemented with the VIs described above.  These VIs can 

also be used to trigger the stimulators conditional on stimulus or behavioral 

events, and so allow stimulation to be delivered with a specified temporal 

relationship to these events.  We report an application of the VIs for adaptive 

control and conditional triggering methods that determines the TMS intensity 

required to evoke MEPs of specified amplitude.  
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2.3 Method 

Subjects  

Three volunteers (two males; aged 23-60 years) participated.  Participants 

were screened for medical conditions which might make them unsuitable for 

testing with TMS.  Participation was undertaken with informed consent, and 

approval was obtained from the local ethics committee. 

 

Apparatus & Procedure  

Electromyographic signals were recorded from the right first dorsal 

interosseous muscle (FDI) and filtered and amplified using conventional 

procedures.  The optimal site over left motor cortex for eliciting an MEP in 

the right FDI and the active motor threshold (aMT) at this site were 

determined while the participants maintained a contraction of 10% of their 

maximum voluntary contraction (MVC) in the muscle.  Active motor threshold 

was defined as the lowest TMS intensity required to elicit at least 3 out of 5 

MEPs which were greater than 50 V above the ongoing EMG activity.  

During testing, single TMS pulses were delivered after at least 5 s had 

elapsed from the previous TMS pulse and when contraction of FDI at 10% (± 

2.5%) of MVC had been maintained for 200 ms.   

 

Software using VIs described above was used to adjust TMS intensity 

programmatically until an MEP of 2 mV (± 10%) was reached.  Blocks of four 

TMS pulses at the same intensity were given, starting at 80% of aMT.  The 

mean amplitude of the four MEPs was calculated and used to determine the 
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intensity of the next block of four pulses: if the mean amplitude was less than 

the lower limit of the tolerance band (1800 μV), pulse intensity was 

incremented by 5% of stimulator output; if the mean amplitude was greater 

than the upper limit of the tolerance band (2200 μV), pulse intensity was 

decremented by 1% of stimulator output, and future intensity increments and 

decrements were set to 1% of stimulator output.  The 5% intensity changes 

were used initially to reach the target amplitude efficiently.  Testing was 

terminated when the mean amplitude was within the tolerance band.   
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2.4 Results 

Figure 2 shows the mean MEP amplitude from each block of four pulses for 

each of the three participants.  The progressive adjustment of TMS intensity 

systematically increased the mean amplitudes from each participant, and, in 

each case, MEP amplitudes quickly reached the target amplitude band.   

 
Figure 2: Mean motor-evoked potential amplitudes (mV) from each block of 
four trials for each of three subjects.  The broken horizontal line indicates the 
target amplitude of 2 mV. 
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2.5 Discussion 

The results demonstrate an efficient programmatic means of determining the 

TMS pulse intensity required to elicit a MEP of a specified amplitude.  The 

efficiency of the intensity determination would be increased by starting with a 

pulse intensity greater than that used here, which was well below the aMT.  

While the method gives a known starting point, it is likely that MEP amplitude 

will change with repeated stimulation at the same intensity, particularly if the 

testing session is prolonged.  In this case, the required intensity could be 

readily re-determined at different times in the testing session.    

 

More generally, the VIs described here offer two advantages of 

programmatic control: the TMS pulses can be delivered in a specified 

temporal relationship to other stimuli and to behavioral events, and the 

parameters of TMS can be determined by these events.  Together, these 

advantages increase the range of experiments that can be done, and, by 

adapting TMS parameters to experimental conditions such as the level of 

EMG activity in a muscle, can reduce experimental error. 
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Chapter 3: Reduced intracortical inhibition during the foreperiod of 
a warned reaction time task 

 

3.1 Abstract   

Reaction time is shortened when the response signal is preceded by a 

warning signal, a finding that has been attributed to response preparation 

during the foreperiod between the warning and response signals.  Research 

suggests an increased excitability of cortical movement representations 

associated with response preparation during the foreperiod of a warned RT 

task (Davranche et al., 2007).  However when the foreperiod duration is 

short and constant, the MEP amplitude elicited by TMS during the foreperiod 

is suppressed (Touge et al., 1998), suggesting a competing inhibitory 

process.  Three experiments measured MEP amplitude and intracortical 

inhibition during the foreperiod of a warned RT task in which the response 

was a flexion of the right index finger.  Experiments 1 and 2 measured SICI 

with paired TMS pulses separated by ISIs of 3 ms (SICI3) and 1.5 ms 

(SICI1.5) respectively.  Experiment 3 measured LICI with paired TMS pulses 

with an ISI of 100 ms (LICI100).  In all experiments MEP amplitude was 

smaller in the warned condition than in the unwarned condition.  There was 

less SICI3 in the warned condition than in the unwarned condition 

(Experiment 1) whereas SICI1.5 was similar in both conditions (Experiment 

2).  There was less LICI100 in the warned condition than in the unwarned 

condition (Experiment 3).  The intracortical inhibitory processes measured 

here cannot explain the suppression of MEP amplitude in the warned 
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condition.  We propose that the suppression of MEP amplitude is the result 

of an inhibitory mechanism which acts on primary motor cortex to prevent 

premature response during the foreperiod. 

 

This chapter has been published in Experimental Brain Research (Sinclair & 

Hammond, 2008).  A reprint of the article is included as Appendix II. 
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3.2 Introduction 

A voluntary motor response can be thought of as the product of a series of 

preceding preparatory processes, which serve to prepare the organism for 

efficient and appropriate response to stimuli in the environment (Requin et 

al., 1991).  Behavioral studies of motor preparation have typically employed 

a reaction time task, in which subjects respond as quickly as possible to a 

response signal which either occurs without warning or is preceded by a 

warning signal that provides the subject with advance information about the 

time of onset of the response signal and the specific response that is 

required.  Reaction time is shortened in the warned condition, and both 

behavioral and electrophysiological research supports the idea that this RT 

facilitation is primarily due to the initiation of motoric preparatory processes 

during the foreperiod (the interval between warning signal onset and 

response signal onset) rather than a facilitation of the sensory processing of 

the response signal (Fecteau & Munoz, 2007; Lépine et al., 1989).   

 

While response preparation can be inferred from the facilitation of RT in 

behavioral tasks, the neural mechanisms underlying response preparation 

are still unclear.  Transcranial magnetic stimulation allows safe, non-invasive 

measurement of corticospinal excitability in human subjects at different times 

during performance of a behavioral task.  A single suprathreshold TMS pulse 

delivered over M1 will elicit a MEP which reflects the momentary excitability 

of the corticospinal pathway to the target muscle.  Paired TMS pulses can be 

used to measure the excitability of the intracortical inhibitory circuits which 
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modulate the moment-to-moment excitability of the M1 neurons representing 

the target muscle.  When a suprathreshold test-pulse is preceded by a 

subthreshold conditioning-pulse with an ISI of 1-5 ms, the amplitude of the 

MEP elicited by the test-pulse is suppressed, due to the activation of SICI 

circuits by the conditioning-pulse (T. Kujirai et al., 1993).  SICI is maximal 

when the TMS pulses are separated by ISIs of 1-1.5 ms and 3-5 ms; these 

two intervals are thought to reflect the operation of two dissociable short-

interval inhibitory mechanisms within M1 (Fisher, Nakamura, Bestmann, 

Rothwell, & Bostock, 2002; Roshan, Paradiso, & Chen, 2003).  When a 

suprathreshold test-pulse is preceded by a suprathreshold conditioning-

pulse with an ISI of 50-200 ms, the amplitude of the MEP elicited by the test-

pulse is suppressed, due to the activation of LICI circuits by the conditioning 

pulse (J. Valls-Solé et al., 1992).       

 

When a single TMS pulse is delivered just prior to response signal onset in a 

warned simple RT task the amplitude of the MEP elicited in the agonist 

muscle for the upcoming response depends on the length and variability of 

the foreperiod duration.  When the duration of the foreperiod is varied within 

a block of trials, so that response signal onset is unpredictable, MEP 

amplitude is larger in the warned condition than when the TMS pulse is 

delivered at the same time prior to response signal onset in the unwarned 

condition (Mars et al., 2007; van den Hurk et al., 2007; van Elswijk et al., 

2007).  When the duration of the foreperiod is short (500-1000 ms) and 

constant within a block of trials, so that response signal onset is predictable, 
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the amplitude of the MEP elicited during the foreperiod in the warned 

condition is smaller than that elicited in the unwarned condition, suggesting a 

suppression of corticospinal excitability in the warned condition (Hasbroucq, 

Kaneko et al., 1999; Touge et al., 1998). 

 

It is well established that RT is shortest when the foreperiod duration is short 

and constant, suggesting that response preparation is optimized under these 

circumstances (Bertelson, 1967; Bertelson & Tisseyre, 1968).  It seems 

paradoxical that corticospinal excitability should be suppressed in situations 

in which response preparation is optimized, particularly considering that 

other electrophysiological indices including the CNV amplitude (Trillenberg et 

al., 2000) and single cell recording studies within primate M1 (Bastian, 

Schoner, & Riehle, 2003; Tanji & Evarts, 1976) suggest that response 

preparation is typically associated with an increase in cortical excitability.   

 

In a warned choice RT task with short (500 ms) and long (2500 ms) 

foreperiod durations administered in separate blocks Davranche, et al. 

(2007) found that RT was shorter, and MEP amplitude smaller, in the short 

than the long foreperiod condition.  They also found that the duration of the 

CSP was briefer in the short than the long foreperiod.  As the CSP in 

tonically active muscle is thought to reflect recruitment of intracortical 

inhibitory circuits activated by the TMS pulse, the authors interpreted the 

reduced CSP duration in the short foreperiod condition as a reduction of 

intracortical inhibition associated with the superior response preparation in 
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this condition.  The suppression of MEP amplitude in the short foreperiod 

condition was explained as a competing inhibitory process which prevents 

reduced intracortical inhibition from leading to a premature response 

(Davranche et al., 2007).  Within the framework of Näätänen‟s (1971) „motor 

action limit‟ hypothesis, balancing excitatory and inhibitory processes 

optimizes M1 excitability while keeping descending M1 output below the 

threshold level of excitability for motor action; hence preventing premature 

response during the foreperiod (Davranche et al., 2007).   

 

One limitation with Davranche et al.‟s method was that they only measured 

the CSP, which is a measure of the duration of intracortical inhibition within 

the motor cortex, but not a direct measure of its magnitude at a given time. 

The present experiments extended Davranche et al.‟s findings by directly 

measuring the excitability of three distinct intracortical inhibitory mechanisms 

during the short, constant foreperiod of a warned RT task.  SICI was 

measured by delivering paired TMS pulses separated by ISIs of 3 ms (SICI3) 

in Experiment 1 and 1.5 ms (SICI1.5) in Experiment 2, whereas LICI was 

measured by delivering paired TMS pulses separated by an ISI of 100 ms 

(LICI100) in Experiment 3.  We hypothesized that there would be less 

suppression of the test-pulse MEP amplitude by the conditioning-pulse in the 

warned condition, reflecting reduced intracortical inhibitory activity during the 

foreperiod associated with response preparation.  It was also expected that 

overall MEP amplitude would be suppressed in the warned condition, due to 

the short and constant foreperiod duration. 
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3.3 Materials and Methods 

Subjects 

These experiments tested 48 unique right-handed subjects with normal or 

corrected to normal vision, who participated for course credit or a small 

remuneration.  The protocol was in accordance with the Declaration of 

Helsinki and was approved by a local research ethics committee.  All 

subjects gave written informed consent, and were screened for medical 

conditions which might make them unsuitable for testing with TMS.  

Experiment 1 tested 18 subjects (12 female) aged 18-40 yr (median = 22 yr), 

Experiment 2 tested 19 subjects (11 female) aged 17-48 yr (median = 19 yr), 

and Experiment 3 tested 11 subjects (6 female) aged 18-39 yr (median = 19 

yr). 

 

Behavioral Procedures 

In all three experiments, subjects were seated comfortably in front of a 

computer screen and performed a warned simple RT task which required 

them to make a brief index finger flexion as soon as possible after a visual 

response signal (a picture of a hand with the index finger highlighted) 

appeared on the screen.  Subjects had their right arm supported by a brace 

in a semi-pronated position and their index finger fitted comfortably inside a 

cup connected to a rod with a strain gauge mounted on it.  Flexion of the 

index finger generated a voltage which was sent to a 12-bit analog-to-digital 

converter, sampled at 1000 Hz, and saved for offline calculation of RT, which 

was defined as the time elapsed between response signal onset and the 
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time at which the force reached 10% of its maximum velocity.  In the warned 

condition an auditory warning signal was presented for the 500 ms before 

response signal onset, whereas in the unwarned condition the visual 

response signal appeared without warning.  Subjects were instructed to use 

the warning signal to prepare for the upcoming response, and to withhold 

execution until the response signal appeared on the screen; this strategy 

was encouraged by the presence of catch trials, in which a warning signal 

was delivered without a response signal. 

 

Experiments 1 and 2 employed identical behavioral protocols.  The testing 

sessions consisted of 180 trials presented in nine randomized blocks of 20 

trials, with a variable inter-trial interval (ITI) of 4-7 s.  A schematic diagram of 

the four behavioral conditions is shown in Figure 3.  There were five 

unwarned trials (25%), 11 warned trials (55%), two catch trials (10%), and 

two „no stimulus‟ trials (10%), in which neither a warning signal nor a 

response signal was delivered, in each block.  The presence of catch trials 

and „no stimulus‟ trials prevented subjects from being able to anticipate a 

response signal with complete certainty when they received a warning signal 

or TMS pulse, respectively.  A session in Experiment 3 consisted of 180 

trials presented in 15 randomized blocks of 12 trials, with a variable ITI of 4-7 

s.  There were three unwarned trials (25%), five warned trials (42%), two 

catch trials (17%), and two „no stimulus‟ trials (17%) in each block.  In all 

three experiments subjects were allowed to rest between blocks, initiating 

the next block when they felt ready. 
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Electrophysiological Procedures 

Two electrodes were fixed over the right FDI muscle in a standard belly-

tendon montage, with a ground electrode attached over the lateral posterior 

tubercle of the radius.  Electromyographic signals were amplified, bandpass 

filtered (10-1000 Hz), and sampled at 4000 Hz by a 12-bit analog-to-digital 

converter before being written to disk for later analysis.  Peak-to-peak MEP 

amplitude was defined as the voltage difference between the minimum and 

maximum EMG signal in a window from 10 to 50 ms after TMS delivery.  

TMS was delivered using a MagStim 2002 BiStim system (MagStim Co., 

Whitland, UK) connected to a figure-of-eight coil with a 9-cm diameter.  The 

coil handle was oriented ~45 to the mid-sagittal line to induce current in a 

posterior to anterior direction, approximately perpendicular to the central 

sulcus (Stinear, Walker, & Byblow, 2001).  Scalp stimulation sites were 

marked in 1-cm spacings on a snugly fitting cap with reference to position C3 

from the International 10-20 system for EEG recording.  TMS was delivered 

over the left hemisphere at the motor hot-spot for the right FDI muscle, 

defined as the scalp site at which the largest mean MEP amplitude from a 

train of five single-pulses was elicited in the right FDI muscle.  Resting motor 

threshold (rMT) for each subject was defined as the lowest stimulator 

intensity for which at least three out of five single-pulses over the FDI motor 

hot-spot elicited MEPs greater than 50 V in the relaxed right FDI muscle. 
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Short-Interval Intracortical Inhibition 

Single and paired TMS pulses were delivered during unwarned, warned, 

catch, and „no stimulus‟ trials (see Figure 3). 

 

Figure 3: Schematic diagram of the time-course of the auditory warning 
signal (dotted) and visual response signal (shaded) for the different 
conditions in Experiments 1 and 2.  When the warning signal and response 
signal occurred together, the warning signal offset was followed immediately 
by the response signal onset.  The downward facing arrows depict the time 
of delivery of single and paired TMS pulses in Experiments 1 and 2. 
 

Experiments 1 and 2 used identical protocols with the exception that the ISI 

between paired TMS pulses was 3 ms in Experiment 1 and 1.5 ms in 

Experiment 2.  On single-pulse trials the pulse was delivered 300 ms after 

trial onset.  On paired-pulse trials the conditioning-pulse was delivered 300 

ms after trial onset followed by the test-pulse after the ISI had elapsed.  

Conditioning-pulse intensity was constant at 70% rMT for all paired-pulse 

trials in Experiments 1 and 2.  Transcranial magnetic stimulation was 

delivered on two of the five unwarned condition trials, eight of the 11 warned 

condition trials, and on both of the two catch trials and „no stimulus‟ trials in 

4. „No stimulus‟ trial 

TMS 

300ms 

500ms 500ms 

1. Unwarned trial 

2. Warned trial 

3. Catch trial 
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each block.  In the unwarned, catch, and „no stimulus‟ conditions one single-

pulse and one paired-pulse was delivered in each block, with a test-pulse 

intensity of 110% rMT.  In the warned condition, four single-pulses were 

delivered in each trial block; with one trial at each of the four test-pulse 

intensities of 110%, 118%, 126% and 134% rMT.  There were also four 

paired-pulses in each trial block; with one trial at each of the same four test-

pulse intensities. 

 

Because SICI acts predominantly on high-threshold M1 neurons (Sanger et 

al., 2001), a behavioral condition which alters corticospinal excitability might 

also be expected to alter the effect of SICI.  Hence it is important to control 

for M1 excitability when comparing SICI across conditions which alter M1 

excitability (Begum et al., 2005; K. Kujirai, Kujirai, Sinkjaer, & Rothwell, 

2006).  Test-pulses were delivered at four different intensities in the warned 

condition in order to elicit MEPs with a range of amplitudes.  For each 

subject, the test-pulse intensity which elicited a median single-pulse MEP 

amplitude in the warned condition that most closely approximated the MEP 

amplitude elicited by a 110% rMT single test-pulse in the unwarned condition 

was selected as the test-pulse intensity necessary to match the MEP 

amplitudes in the two conditions.  Each subjects‟ SICI score for the warned 

condition was calculated as the ratio of the median paired-pulse MEP 

amplitude with the selected test-pulse intensity, to the median single-pulse 

MEP amplitude at the same selected test-pulse intensity.  SICI in the 

unwarned condition was calculated by expressing each subject‟s median 
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paired-pulse MEP amplitude as a ratio of their median single-pulse MEP 

amplitude with a constant test-pulse intensity of 110% rMT.  

    

Long-Interval Intracortical Inhibition 

In Experiment 3, paired TMS pulses separated by a 100 ms ISI were 

delivered on two of the three unwarned trials, four of the five warned 

condition trials, one of the two catch trials, and one of the two „no stimulus‟ 

trials in each block.  The conditioning pulse was delivered 300 ms after trial 

onset, followed 100 ms later by the test pulse (see Figure 4). 

 
Figure 4: Schematic diagram of the time-course of the auditory warning 
signal (dotted), visual response signal (shaded) and TMS pulses for the 
unwarned and warned conditions in Experiment 3.  TMS pulses are indicated 
with downward facing arrows. 
 

Conditioning and test pulses were both delivered at an intensity of 110% 

rMT, hence both pulses elicited MEPs, which are referred to as MEP1 and 

MEP2 respectively.  LICI100 was quantified by expressing MEP2 as a ratio of 

MEP1, with a smaller ratio indicating more LICI100.  By delivering only paired 

pulses, we were able to make more observations within the time available for 

testing, hence increasing statistical power.  This protocol does not allow 

  TMS 

500ms 500ms 

300ms 

1. Warned 

2. Unwarned 
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manipulation of stimulus intensity to match MEP amplitudes in the warned 

and unwarned conditions.  Increasing the intensity of the first TMS pulse, 

such that the amplitude of MEP1 from the warned condition approximated 

that of MEP1 from the unwarned condition, would have introduced its own 

confound by increasing activation of the LICI circuits from the more intense 

conditioning stimulus (Sanger et al., 2001).  Similarly, increasing the intensity 

of the second TMS pulse, such that the amplitude of MEP2 from the warned 

condition matched that of MEP2 in the unwarned condition, is invalid 

because the more intense test-pulse would artifactually reduce the level of 

LICI present by activating more higher-threshold output cells in motor cortex 

which are less susceptible to the action of LICI (Sanger et al., 2001).  Hence 

in Experiment 3 we did not attempt to match MEP amplitude in the warned 

and unwarned conditions. 

 

Data Analysis 

The first two blocks (40 trials) in Experiments 1 and 2 and the first three 

blocks (36 trials) in Experiment 3 were treated as practice trials and analysis 

was carried out on the remaining trials.  Subjects were excluded from the 

analysis if more than 25% of trials had to be discarded (N = 3 in Experiment 

1, N = 4 in Experiment 2 and N = 3 in Experiment 3).  In all three 

experiments data were discarded if the reaction time was less than 100 ms 

or if the peak-to-peak MEP amplitude (MEP1 in Experiment 3) from a TMS 

trial was less than 100 V.  This resulted in the removal of 8% of all trials in 

Experiment 1 (10% of unwarned trials, 7% of warned trials), 6% of all trials in 
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Experiment 2 (5% of unwarned trials, 7% of warned trials), and 11% of all 

trials in Experiment 3 (9% of unwarned trials, 12% of warned trials).  

Measures which were expressed as ratios (SICI scores and LICI scores) 

were log transformed before comparison across conditions.  Back-

transformed means and standard errors of these ratio scores are presented.   

 

Reaction time was analyzed using a two-way Warning (warned, unwarned) 

by TMS Presence (present, absent) repeated-measures analysis of variance 

(ANOVA) in all three experiments.  Median single pulse MEP amplitudes, 

SICI (Experiments 1 and 2) and LICI (Experiment 3) scores were compared 

across the warned and unwarned conditions using paired sample t-tests.  
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3.4 Results 

In all three experiments, median RT was shorter in the warned than the 

unwarned condition, and was also shorter on trials in which a TMS pulse 

was delivered than on non-TMS trials (see Table 1).  A TMS pulse shortened 

RT more in the unwarned than in the warned condition.  There was a main 

effect of Warning in Experiment 1 (F(1,14)=144.4, P<0.001), Experiment 2 

(F(1,14)=92.3, P<0.001), and Experiment 3 (F(1,7)=34.9, P<0.001); a main 

effect of TMS Presence in Experiment 1 (F(1,14)=84.3, P<0.001), Experiment 

2 (F(1,14)=79.5, P<0.001), and Experiment 3 (F(1,7)=58.6, P<0.001); and a 

significant Warning by TMS Presence interaction in Experiment 1 

(F(1,14)=234.7, P<0.001), Experiment 2 (F(1,14)=234.7, P<0.001), and 

Experiment 3 (F(1,7)=58.6, P<0.001). 

 
Table 1: Mean (SE) of median RTs in ms in the warned and unwarned 
conditions in each of the three experiments.   
  

 TMS No TMS 

 Experiment 1 Warned 294 (10) 318 (10) 
  Unwarned 342 (12) 450 (15) 

 Experiment 2 Warned 288 (11) 303 (14) 
  Unwarned 348 (17) 440 (16) 

 Experiment 3 Warned 304 (5) 360 (8) 
  Unwarned 321 (7)  477 (21)  

   
 

Experiment 1: SICI3  

The median single-pulse MEP amplitude elicited by TMS at an intensity of 

110% rMT was smaller in the warned than in the unwarned condition for 13 

of the 15 subjects.  The mean median single-pulse MEP amplitude at this 
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test-pulse intensity was 1.14 mV (SE=0.28) in the warned condition and 2.28 

mV (SE=0.52) in the unwarned condition.  This difference was statistically 

significant and large in size (t(14)=2.73, P<0.05, Cohen‟s d=0.70).  The test-

pulse intensity used to match single-pulse MEP amplitude in the warned 

condition to that in the unwarned condition was 110% rMT for six subjects, 

118% rMT for five subjects, 126% rMT for three subjects, and 134% rMT for 

one subject.  The use of higher intensity test-pulses to allow for the 

suppression of MEP amplitude in the warned condition resulted in a mean 

median MEP amplitude of 2.39 mV (SE=0.59), which was not significantly 

different from the unwarned condition MEP amplitude (t(14)=0.54, ns, Cohen‟s 

d=0.08).  The mean SICI3 scores were 0.71 (SE=0.13) in the warned 

condition and 0.48 (SE=0.09) in the unwarned condition (see Figure 5).  This 

difference was moderate and statistically significant (t(14)=2.19, P<0.05, 

Cohen‟s d=0.54). 
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Figure 5: Means of the conditioned-to-test MEP amplitude ratios for the 
warned (filled columns) and unwarned (unfilled columns) conditions from 
Experiments 1 (SICI3), 2 (SICI1.5), and 3 (LICI100).  The error bars show one 
standard error of the mean.  Smaller ratios indicate higher levels of inhibition.  
The asterisks indicate the statistically significant differences between 
conditions.    
 

Experiment 2: SICI1.5  

The median single-pulse MEP amplitude elicited by TMS at an intensity of 

110% rMT was smaller in the warned than in the unwarned condition for all 

15 subjects.  The mean median single-pulse MEP amplitude at this test 

pulse intensity was 3.15 mV (SE=0.85) in the warned condition and 4.25 mV 

(SE=1.09) in the unwarned condition.  This difference was statistically 

significant though small in size (t(14)=3.26, P<0.05, Cohen‟s d=0.29).  The 

test-pulse intensity used to match single-pulse MEP amplitude in the warned 
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condition to that in the unwarned condition was 110% rMT for six subjects, 

118% rMT for six subjects, 126% rMT for two subjects, and 134% rMT for 

one subject.  The higher intensity test-pulses delivered in the warned 

condition to allow for the suppression of MEP amplitude resulted in a mean 

median MEP amplitude of 4.14 mV (SE=1.14), which was not significantly 

different from the unwarned condition MEP amplitude (t(14)=0.84, ns, Cohen‟s 

d=0.03).  The mean SICI1.5 scores were 0.51 (SE=0.15) in the warned 

condition and 0.49 (SE=0.09) in the unwarned condition (see Figure 5).  The 

difference between these scores was not statistically significant (t(14)=0.25, 

ns, Cohen‟s d=0.05).  

  

Experiment 3: LICI100 

The median MEP1 amplitude was smaller in the warned than in the 

unwarned condition for all eight subjects.  The mean median MEP1 

amplitude was 2.22 mV (SE=0.63) in the warned condition and 3.28 mV 

(SE=0.83) in the unwarned condition.  This difference was statistically 

significant and large in size (t(7)=3.72, P<0.01, Cohen‟s d=0.62).  The mean 

median MEP2 amplitude was 0.55 mV (SE=0.22) in the warned condition 

and 0.37 mV (SE=0.13) in the unwarned condition.  The mean LICI100 scores 

were 0.16 (SE=0.06) in the warned condition and 0.09 (SE=0.02) in the 

unwarned condition (see Figure 5).  This difference was statistically 

significant and moderate in size (t(7)=3.71, P<0.01, Cohen‟s d=0.50). 



 

 

 

66 

3.5 Discussion 

In all three experiments the warning signal facilitated RT, showing that 

response preparation occurred during the foreperiod.  However it should be 

noted that RTs to the response signal were shorter than expected for a 

simple RT task, perhaps due to an inhibitory mechanism which prevented 

premature response to response signal (Jaffard et al., 2007).  As expected, 

TMS delivery during the foreperiod also facilitated RT (Burle, Bonnet, Vidal, 

Possamai, & Hasbroucq, 2002; Romaiguére, Possamai, & Hasbroucq, 

1997).  Trials in which both a warning signal and TMS pulse occurred 

resulted in the largest facilitation of RT.  The „intersensory facilitation effect‟ 

(Nickerson, 1973; Romaiguére et al., 1997), whereby multiple warning 

signals across different sensory modalities result in greater RT facilitation, 

can explain this observation.  The fact that the TMS pulse shortened RT 

relatively more in the unwarned condition than in the warned condition, 

suggests that it is likely that the shortening of RT by TMS was due to the 

pulse acting as a supplementary warning signal.  The smaller effect of TMS 

delivery on RT in the warned condition indicates that supplementary stimuli 

do not facilitate RT in a strictly additive way, suggesting that once 

preparation has been initiated by a warning stimulus, further stimuli in other 

sensory modalities are less effective in facilitating RT. 

 

It is also possible that some of the shortening of RT on trials with a TMS 

pulse could be the result of direct modulation of cortical activity by the TMS 

pulse.  The best way to test this hypothesis would be to include a „sham 
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TMS‟ condition in which the clicking sound of the coil is still present, but 

cortical cells are not depolarized by a magnetic field.  The lack of such a 

condition in these experiments limits the interpretation of this effect.   

 

The suppression of MEP amplitude observed in the warned condition is 

consistent with findings from other studies employing constant foreperiod 

durations (Hasbroucq, Kaneko et al., 1999; Touge et al., 1998).  It should be 

noted that the consistent delivery of TMS pulses 300 ms into the foreperiod 

meant that the warning signal enabled subjects to predict the time of onset of 

the TMS pulse.  Takei, et al. (2005) have brought some evidence to suggest 

that MEP amplitude is suppressed when subjects are able to predict the time 

of TMS delivery.  However we do not suggest that the suppression of MEP 

amplitude in the foreperiod can be explained solely with reference to the 

subject‟s heightened ability to predict the time of TMS delivery.  Touge, et al. 

(1998) observed a robust suppression of MEP amplitude in the warned 

condition despite delivering TMS at one of four different times during the 

foreperiod on any given trial.  They also found that the MEP amplitude 

suppression was selective to the agonist muscle for the upcoming response, 

suggesting that it was associated with response preparation (Touge et al., 

1998).   

 

SICI3 and LICI100 were both reduced in the warned condition while SICI1.5 

was unaffected by the provision of a warning signal.  Hence none of these 

ICI processes can explain the suppression of MEP amplitude during the 
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foreperiod.  The reduction of SICI3 and LICI100 extend Davranche, et al.‟s 

(2007) observation of reduced CSP duration during a short, constant 

foreperiod by showing a reduced magnitude of both fast- and slow-acting ICI 

mechanisms during the foreperiod.  It is not established as yet whether the 

observed reduction of ICI would also generalize to tasks in which the 

foreperiod duration was long or variable.  Previous research suggests that 

this reduction of ICI may be limited to situations in which foreperiod duration 

is short and constant, conditions which favor prediction of response signal 

onset.  Van Elswijk, et al. (2007) observed a non-significant decrease in SICI 

in a warned condition when expectancy of the response signal was high, and 

Davranche, et al. (2007) showed that CSP duration was shorter when the 

foreperiod duration was short (500 ms) than when it was long (2500 ms).  

These findings suggest that protocols which allow precise prediction of 

response signal onset may be a necessary condition for the reduction of ICI 

observed in the present experiments.   

 

Both SICI and LICI are known to operate within M1 (T. Kujirai et al., 1993; J. 

Valls-Solé et al., 1992), hence the present study demonstrates modulation of 

M1 activity early in the preparatory period, approximately 500 ms before 

movement onset.  This supports recent research suggesting that M1 is 

active during the early stages of motor preparation (Churchland, Santhanam, 

& Shenoy, 2006).  A reduction of ICI when a response can be fully prepared 

in advance can be conceived of as priming the movement representations of 

the prepared response.  This study extends previous observations of 
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reduced ICI just before movement onset (Reynolds & Ashby, 1999) by 

showing that this release of inhibition is present 200 ms before response 

signal onset (and hence well in advance of movement onset) when a 

warning signal allows response preparation.  The different results observed 

using paired TMS pulses with 3 ms (Experiment 1) and 1.5 ms (Experiment 

2) ISIs under identical behavioral conditions demonstrates a functional 

dissociation of SICI3 and SICI1.5.  The different behavior of these two 

inhibitory mechanisms is consistent with the observation of two distinct 

phases of SICI whose magnitudes are uncorrelated (Roshan et al., 2003).    

 

The simultaneous reduction of ICI and suppression of MEP amplitude 

observed during the foreperiod in Experiments 1 and 3 is consistent with 

Davranche, et al.‟s (2007) proposal that optimal response preparation 

requires a balancing of excitation and inhibition.  Näätänen‟s (1971) motor 

action limit theory predicts that descending M1 output must be kept below a 

motor action limit during the foreperiod in order to prevent premature 

response.  From this perspective reduction of ICI can be viewed as an 

increase in the excitability of the representation of the agonist muscle within 

M1, while the suppression of MEP amplitude during the foreperiod can be 

viewed as a complementary process which keeps descending M1 output 

below the threshold for response execution.   

 

While reduced ICI during the foreperiod can be assumed to be directly 

associated with M1 activity (T. Kujirai et al., 1993), the mechanism 
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underlying the suppression of MEP amplitude during the foreperiod is still 

open to conjecture.  Touge, et al. (1998) found that both the MEP amplitude 

and the Hoffmann‟s (H) reflex were suppressed during the foreperiod, but 

the MEP amplitude suppression was observable earlier in the foreperiod, 

and was of a larger magnitude.  The earlier onset of suppression of MEP 

amplitude than H-reflex amplitude suggests that the mechanism underlying 

this suppression originates in the cortex, and the effects of this suppression 

are observable soon after at the spinal level.   

 

One candidate cortical area which may be responsible for the suppression of 

MEP and H-reflex amplitude observed during the foreperiod is the premotor 

cortex, which projects directly to M1 and also to the spinal interneurons 

innervating hand muscles (Dum & Strick, 2002).  Functional inhibitory 

connections between premotor cortex and contralateral M1 have been 

demonstrated in the context of a choice reaction time task requiring 

response selection (Koch et al., 2006) and injection of the GABA antagonist 

Bicuculline into primate premotor cortex has been found to result in a 

reduced ability to withhold arm movements (Sawaguchi, Yamane, & Kubota, 

1996).  The hypothesis that M1 is inhibited by premotor cortex during the 

foreperiod could be tested using a paired pulse protocol similar to that used 

by Koch, et al. (2006), though this method would be limited to detecting inter-

hemispheric inhibitory effects.  Cortico-cortical interactions between 

premotor cortex and ipsilateral M1 could be measured using an I-wave 

facilitation protocol.  Primate research has identified a cortico-cortical 
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interaction between the ventral premotor area and M1, which is reflected in 

facilitation of the I2 and I3 waves (Shimazu, Maier, Cerri, Kirkwood, & 

Lemon, 2004).  A reduction of I-wave facilitation during the foreperiod would 

be consistent with an inhibition of ipsilateral M1 by the premotor cortex.   

 

In conclusion we have shown that in a simple RT task, a warning signal 

which enables the prediction of response signal onset results in a 

suppression of MEP amplitude which cannot be explained by intracortical 

inhibitory processes.  Previous research has shown that this suppression of 

MEP amplitude does not occur when the foreperiod duration is long or 

variable; hence the present findings may only generalize to situations in 

which response signal onset can be precisely predicted.  We propose that 

inhibitory cortico-cortical connections between premotor cortex and M1 could 

be responsible for the suppression of MEP amplitude, allowing response 

preparation but preventing premature response execution during the 

foreperiod. 
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Chapter 4: Effects of TMS pulse predictability on MEP amplitude 
during the foreperiod of a warned reaction time task 

 

4.1 Abstract 

Previous research has observed a robust suppression of MEP amplitude 

during the foreperiod of a simple warned RT task (e.g., Sinclair & Hammond, 

2008; Touge et al., 1998).  However in these experiments the warning 

signal, in addition to enabling response preparation, also signaled that a 

TMS pulse was imminent.  Recent research has shown that MEP amplitude 

can be suppressed when a warning signal increases the predictability of an 

imminent TMS pulse (Takei et al., 2005).  Experiment 4 investigated whether 

the suppression of MEP amplitude during the foreperiod observed in 

Experiments 1-3 was the result of the warning signal making the TMS pulse 

more predictable.  TMS pulses were delivered either unwarned, or preceded 

by an auditory warning signal, while subjects (N=14) sat passively and 

attended to the stimuli, with no requirement to prepare or execute a 

response.  The amplitude of MEPs elicited from the FDI muscle of the right 

hand did not differ significantly between the warned and unwarned condition.  

This finding shows that the suppression of MEP amplitude observed during 

the foreperiod in Experiments 1-3 was not simply due to the warning signal 

making the TMS pulse more predictable. 
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4.2 Introduction 

In Experiments 1-3 there was a robust suppression of MEP amplitude during 

the foreperiod of a warned simple RT task, a finding which was consistent 

with previous research (Davranche et al., 2007; Hasbroucq, Kaneko et al., 

1999; Touge et al., 1998).  However, there has been some disagreement in 

the literature as to the preparatory significance of this suppression of MEP 

amplitude during the foreperiod.  Touge, et al. (1998) showed that the 

suppression of MEP amplitude during the foreperiod of a warned simple RT 

task was abolished when the task was changed to a two-choice warned RT 

task in which the choice was between antagonistic movements (flexion or 

extension of the wrist) and the warning signal did not provide information 

about the movement to be executed.  This suggests that knowledge of the 

type of response to be made is necessary for the foreperiod suppression of 

MEP amplitude to occur.  However Hasbroucq et al. (1999) observed a 

suppression of MEP amplitude during the foreperiod of a four-choice warned 

RT task, which was of the same magnitude regardless of whether the 

warning signal provided partial information, or no information, about the type 

of response required.  On the basis of this finding they proposed that the 

suppression of MEP amplitude during the foreperiod reflects preparation for 

an event in time (the onset of the response signal) rather than preparation of 

a specific motor response.   

 

More recent research has suggested that MEP amplitude can be suppressed 

when the TMS pulse is made partially or wholly predictable by preceding it 
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with a warning signal, even in the absence of any response preparation 

(Takei et al., 2005).  These researchers delivered TMS pulses over the hand 

area of left M1, and measured MEP amplitudes from the flexor carpi radialis 

(FCR) and extensor carpi radialis (ECR) muscles of the right arm while the 

hand was relaxed or passively constrained in a partially flexed position.  

They found that delivering a warning signal 500 ms prior to the TMS pulse 

reduced the amplitude of the MEP elicited in the FCR muscle in the latter 

half of the testing session.  A warning signal preceding the TMS pulse by an 

unpredictable interval between zero and 500 ms reduced the MEP amplitude 

elicited in the FCR muscle by TMS pulses delivered 375 to 500 ms after the 

warning signal.  These modulations occurred despite the fact that subjects 

were asked to simply sit passively and attend to the stimuli, without 

preparing any response.  The authors suggested that this effect could 

explain the previously observed suppression of MEP amplitude observed 

during the foreperiod of the warned RT task (e.g., Hasbroucq, Osman et al., 

1999; Touge et al., 1998), noting that in these experiments the warning 

signal predicted the onset of both the response signal and the TMS pulse 

(Takei et al., 2005). 

 

TMS studies using the warned RT protocol have thus far neglected the 

possible effect of a subject‟s ability to predict the timing of the TMS pulse on 

corticospinal excitability.  If predictability of the TMS pulse results in 

decreased corticospinal excitability, then this could account for the 

previously observed suppression of MEP amplitude during the foreperiod of 
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the warned RT task (Davranche et al., 2007; Hasbroucq, Kaneko et al., 

1999; Touge et al., 1998) and could also explain why Hasbroucq, et al. 

(1999) found a similar suppression of MEP amplitude regardless of whether 

the warning signal was uninformative, or partially informative, about the type 

of response required by the imminent response signal. 

 

Takei, et al.‟s (2005) finding of reduced MEP amplitude elicited by TMS 

pulses preceded by warning signals is yet to be replicated.  Recent research 

has shown that when a warning signal is presented in advance of an 

imperative stimulus, the amplitude of the MEP elicited by TMS during the 

foreperiod was only suppressed when the imperative stimulus required the 

subject to respond (Kinoshita, Yahagi, & Kasai, 2007).  If the imperative 

stimulus was known to require no response, then no suppression of MEP 

amplitude was observed during the foreperiod, despite the fact that the 

warning signal predicted the time of onset of the TMS pulse (Kinoshita et al., 

2007).   

 

Experiment 4 investigated whether predictability of the TMS pulse, in the 

absence of response preparation, would result in reduced MEP amplitude, 

and whether the suppression of MEP amplitude observed during the 

foreperiod in Experiments 1-3 could be explained by the fact that the warning 

signal made the TMS pulse more predictable.  Experiment 4 used the same 

stimuli as in Experiment 1, and subjects were asked to simply attend to the 

stimuli, with no requirement to prepare or execute a motor response.  If the 
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suppression of MEP amplitude during the foreperiod observed in 

Experiments 1-3 was due to the warning signal increasing the predictability 

of the TMS pulse, then this suppression should be observable even in the 

absence of response preparation during the foreperiod. 
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4.3 Materials and Methods 

Subjects 

Experiment 4 tested 14 right-handed subjects (12 female) with normal or 

corrected to normal vision, who participated in return for course credit or a 

small remuneration.  Subjects were aged between 17 and 30 yr, with a 

median age of 23 yr.  Eight of the subjects who participated in this 

experiment were previously naïve to TMS protocols.  

 

Behavioral Procedures 

Subjects were seated in front of a computer screen with their right arm 

resting on a cushion in the same posture adopted during the testing phase in 

Experiments 1-3.  There were 9 blocks of 20 trials.  Auditory tones (1000 Hz, 

500 ms duration) and visual stimuli (a picture of a hand with the index finger 

colored black appearing for 500 ms) were presented as in Experiment 1.  

Auditory tones were presented on 13 trials in each block, and were followed 

immediately after tone offset by the visual stimulus on 11 of these trials in 

each block.  The visual stimulus also occurred on five of the seven trials 

without auditory tones in each block.   

 

Warned TMS pulses were delivered on 10 of the 13 trials with auditory tones 

in each block, such that TMS delivery could be predicted with 77% certainty 

on the basis of auditory tone presentation, as in Experiment 1.  Unwarned 

TMS pulses also occurred on four of the seven trials without auditory tones 

in each block.  On trials with both auditory tones and a TMS pulse, the TMS 
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pulse was delivered 300 ms after the onset of the tone.  Hence if a TMS 

pulse occurred after an auditory tone, it occurred at a known point in time as 

in Experiment 1.  Subjects were instructed to attend to the stimuli, but did not 

have to prepare or execute any responses.  Subjects were allowed to rest 

between blocks as in Experiment 1. 

 

Electrophysiological Procedures 

Two electrodes were fixed over the FDI muscle of the right hand in a 

standard belly-tendon montage, with a ground electrode attached over the 

lateral posterior tubercle of the radius.  Electromyographic signals were 

amplified, bandpass filtered (10-1000 Hz), and sampled at 4000 Hz by a 12-

bit analog-to-digital converter before being written to disk for later analysis.  

Peak-to-peak MEP amplitude was defined as the voltage difference between 

the minimum and maximum EMG signal in a window from 10 to 50 ms after 

TMS delivery.  Transcranial magnetic stimulation was delivered using a 

MagStim 2002 BiStim system (MagStim Co., Whitland, UK) connected to a 

figure-of-eight coil with a 9-cm diameter.  The coil handle was oriented ~45 

to the mid-sagittal line to induce current in a posterior to anterior direction, 

approximately perpendicular to the central sulcus (Stinear et al., 2001).  

Scalp stimulation sites were marked in 1-cm spacings on a snugly fitting cap 

with reference to position C3 from the International 10-20 system for EEG 

recording.  Transcranial magnetic stimulation was delivered over the left 

hemisphere at the motor hot-spot for the right FDI muscle, defined as the 

scalp site at which the largest mean MEP amplitude from a train of five 
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single test-pulses was elicited in the right FDI muscle.  The resting motor 

threshold for each subject was defined as the lowest stimulator intensity for 

which at least three out of five single-pulses over the FDI motor hot-spot 

elicited MEPs greater than 50 V in the relaxed right FDI muscle. 

 

During the testing phase single TMS pulses were delivered at the same test 

stimulus intensities as in Experiment 1.  In the unwarned condition the test 

stimulus was delivered at 110% rMT on four trials per block, while in the 

warned condition test stimuli were delivered at 110, 118, 126 and 134% rMT 

on two trials per block each.  Only single pulses were delivered in 

Experiment 4, to give more observations of MEP amplitude in each block of 

trials. 

 

Data Analysis 

The first block of trials was treated as practice and the data from this block 

were excluded from analysis.  Data from two of the 14 subjects were 

excluded due to consistently small responses to the suprathreshold TMS 

pulses, with median MEP amplitudes less than 100 V in both the warned 

and unwarned conditions.  Between groups differences in MEP amplitude 

were analyzed using a two-way Condition (warned, unwarned) by Half (first 

half, second half) repeated-measures ANOVA.  The Condition variable 

allowed a direct test of whether the MEP amplitude was smaller when 

subjects anticipated the TMS pulse.  Blocks two to five were classed as the 

first Half of the testing session and blocks six to nine were classed as the 
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second Half of the testing session.  The Half variable was included in the 

ANOVA to investigate whether an effect of Condition emerged across the 

session, and also allowed a direct comparison to Takei, et al. (2005), who 

found a stronger effect of Condition in the second half of their experiment 

session.     
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4.4 Results 

Across the whole session the mean of each subject‟s median MEP 

amplitudes from unwarned trials was 1.1 mV (SE=0.4), while the mean of 

each subject‟s median MEP amplitudes from warned trials (with TMS 

delivered at the same test stimulus intensity of 110% rMT) was 1.0 mV 

(SE=0.4).  The mean of each subject‟s median MEP amplitudes from the first 

half of the session was 0.9 mV (SE=0.4) on unwarned trials and 1.0 mV 

(SE=0.6) on warned trials.  The mean of each subject‟s median MEP 

amplitudes from the second half of the session was 1.3 mV (SE=0.5) on 

unwarned trials and 1.0 mV (SE=0.3) on warned trials.  A two-way Condition 

by Half repeated measures ANOVA showed no main effect of Condition 

(F(1,11)=0.84, ns, 2=.07) or Half (F(1,11)=1.03, ns, 2=.09) and no significant 

interaction between Condition and Half (F(1,11)=0.66, ns, 2=.06). 

 

It is possible that the conditional association formed between the warning 

signal and the TMS pulse could be stronger for subjects previously naïve to 

TMS.  A naïve subject would have only experienced TMS in the context of a 

protocol in which warning signals predicted TMS pulse delivery, while for 

more experienced subjects, participation in TMS experiments in other 

contexts might have led to a weaker conditional association between the 

warning signal and the TMS pulse.  Hence the data were reanalyzed using 

only the eight subjects who were previously naïve to TMS.  This analysis 

showed the same pattern of results; the means of each subject‟s median 

MEP amplitudes across the entire session were similar in the unwarned 
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(M=1.4 mV, SE=0.6) and warned (M=1.3 mV, SE=0.7) conditions.  A two-

way Condition by Half repeated-measures ANOVA showed no main effect of 

Condition (F(1,7)=1.2, ns, 2=.15) or Half (F(1,7)=0.68, ns, 2=.09) and no 

significant interaction between Condition and Half (F(1,7)=1.0, ns, 2=.12). 
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4.5 Discussion 

Experiment 4 demonstrated that the presentation of an auditory tone which 

was predictive of imminent TMS pulse delivery did not result in a modulation 

of MEP amplitude.  In the context of recent literature which has reported 

conflicting findings on this issue, this experiment supports the idea that a 

warning signal alone is insufficient to elicit suppression of MEP amplitude.   

 

It is difficult to argue for the lack of an experimental effect based on 

conventional significance testing alone.  Comparison of the effect size for the 

difference between warned and unwarned conditions in Experiment 4 with 

the corresponding effect size observed in Experiments 1-3 is likely to be a 

more useful statistical analysis.  The effect size measured in Experiment 4 

was extremely small (Cohen‟s d=0.05) compared to those observed in 

Experiments 1-3 (Cohen‟s d=0.7, 0.29 and 0.62 respectively), suggesting 

that the suppression of MEP amplitude observed in Experiments 1-3 did not 

occur in Experiment 4.  

 

Experiment 4 investigated whether a warning signal which was predictive of 

the time of TMS pulse delivery could lead to suppression of MEP amplitude 

during the foreperiod in the absence of any response preparation or 

execution.  However, the removal of any requirement for subjects to make 

an overt response in this experiment also introduces the possibility that 

subjects did not allocate as much attention to the warning signals as they did 

in Experiments 1-3.  Subjects were encouraged by the experimenter to 
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attend to the stimuli and were allowed to rest between blocks to prevent 

fatigue, however there were no specific measures to enforce the allocation of 

the subject‟s attention toward the experimental stimuli.  While the lack of 

control for attention in Experiment 4 does limit the inferences that can be 

drawn from these results, there is no reason to suppose that focused 

attention on, or even conscious awareness of, the stimuli is necessary for 

the association between the warning signal and the TMS pulse to be 

learned.  Studies of implicit learning have shown that complex associations 

between stimuli can be learned with minimal demands on attentional 

resources (Seger, 1994), while inverse priming studies have shown that 

inhibitory control can be engaged after warning signals that are presented 

subliminally (Verleger, Kotter, Jaskowski, Sprenger, & Siebner, 2006).  In the 

case of the current experiment the warning signal (a clearly audible tone) 

constituted a salient stimulus in the context of the otherwise quiet testing 

environment, which can be safely assumed to have been heard by subjects 

regardless of whether or not they were attending to it. 

 

Why else might MEP suppression during the foreperiod have been observed 

in Experiments 1-3 but not Experiment 4?  One reason could be that the 

preparation for an overt response required in Experiments 1-3 resulted in a 

direct modulation of motor cortical activity in the form of reduced ICI, which 

was suppressed until the onset of the response signal by a competing 

inhibitory mechanism (Davranche et al., 2007; Sinclair & Hammond, 2008).  

If there was no requirement for response preparation or overt response, then 
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a warning signal would not be expected to elicit any reduction of ICI, and 

hence would not require any suppression of motor cortical output to prevent 

overt response during the foreperiod.  Given the lack of requirement to 

prepare or execute an overt response in Experiment 4 it is not surprising that 

no suppression of MEP amplitude was observed. 

 

In conclusion Experiment 4 did not observe any suppression of MEP 

amplitude when the stimuli used in Experiments 1-3 were presented without 

any requirement for subjects to prepare or execute a response.  This finding 

does not provide direct evidence for the idea that response preparation is a 

necessary condition for foreperiod suppression of MEP amplitude to occur.  

However it does show that corticospinal excitability is not affected by the 

presentation of a warning signal which is predictive of TMS pulse delivery.  

Hence it can be concluded that the suppression of MEP amplitude observed 

during the foreperiod in Experiments 1-3 was not due to the warning signal 

increasing the predictability of the TMS pulse. 
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Chapter 5: Excitatory and inhibitory processes in primary motor 
cortex during the foreperiod of a warned reaction time task are 
unrelated to response expectancy 

 

5.1 Abstract 

Reaction time is shortened when a warning signal precedes the response 

signal, a finding attributed to response preparation during the foreperiod 

between the warning and response signals.  In a previous experiment, we 

delivered TMS during the short constant foreperiod of a warned RT task and 

found simultaneous suppression of MEP amplitude and reduction of SICI on 

warned trials (Sinclair & Hammond, 2008).  To investigate the extent to 

which these phenomena are associated with response preparation we 

measured MEP amplitude and SICI during the foreperiod of a warned RT 

task in which three different warning signals specified the probability (0, 0.5, 

or 0.83) of response signal presentation.  MEP amplitude was suppressed 

(Experiment 5) and SICI reduced (Experiment 6) equally in all of the warned 

conditions relative to when TMS was delivered in the ITI, suggesting that the 

modulation of M1 excitability during the foreperiod does not depend on 

momentary response expectancy induced by the warning signal.  The 

reduction of SICI and suppression of MEP amplitude can be explained by 

assuming that a warning signal induces automatic motor cortical activation 

which is balanced by a competing inhibition to prevent premature response. 

A composite measure which weighted both speed and accuracy of response 

was positively correlated with the MEP amplitude during both the foreperiod 
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and the ITI, suggesting that high motor cortical excitability is associated with 

optimized preparatory strategies for fast and accurate response. 

 

This chapter has been published in Experimental Brain Research (Sinclair & 

Hammond, 2009).  A reprint of the article is included as Appendix III. 
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5.2 Introduction 

In the warned RT task, the facilitation of RT on warned trials is positively 

related to the validity of the warning signal (Bestmann et al., 2008; Posner & 

Snyder, 1975) and its response-related information (Rosenbaum, 1980), and 

negatively related to the length and variability of the foreperiod between the 

warning and response signal onsets (Bertelson, 1967; Bertelson & Tisseyre, 

1968; Drazin, 1961).  The more temporal and response-related certainty 

afforded to the subject by the information contained in the warning signal, 

the greater the facilitation of RT.  The facilitation of RT observed on warned 

trials is thought to be primarily due to motoric response preparation during 

the foreperiod rather than facilitation of the sensory processing of the 

response signal (Fecteau & Munoz, 2007). 

 

Transcranial magnetic stimulation has gained popularity as a means of 

measuring the excitability of the corticospinal system in conscious humans 

while they prepare to perform motor tasks.  The amplitude of the MEP 

elicited by TMS during the foreperiod of a warned RT task depends on the 

foreperiod duration.  If the foreperiod duration is long or variable, limiting the 

temporal predictability of response signal onset, MEP amplitude is larger 

during the foreperiod than on unwarned trials.  This facilitation of MEP 

amplitude is restricted to the agonist muscle for the upcoming response 

(Mars et al., 2007) and is positively related to response-related information in 

the warning signal (Mars et al., 2007; van den Hurk et al., 2007) and the 

conditional probability of response signal onset, or momentary response 
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expectancy (Bestmann et al., 2008; van Elswijk et al., 2007), and thus likely 

reflects specific response preparation during the foreperiod.   

 

If the duration of the foreperiod in a warned RT task is kept short (500-1000 

ms) and constant within a block of trials, thus allowing accurate temporal 

prediction of response signal onset, a TMS pulse delivered during the 

foreperiod on warned trials elicits a smaller MEP amplitude than on 

unwarned trials (Hasbroucq, Kaneko, Akamatsu, & Possamaï, 1997; 

Hasbroucq, Kaneko et al., 1999; Sinclair & Hammond, 2008; Touge et al., 

1998).  The finding that temporal predictability of response signal onset is a 

necessary condition for suppression of MEP amplitude during the foreperiod 

has led some authors to suggest that it reflects non-specific temporal 

preparation for the onset of the response signal (Hasbroucq, Osman et al., 

1999).  However, the findings that suppression of MEP amplitude during the 

foreperiod is restricted to the agonist muscle for the upcoming response 

(Touge et al., 1998) and is sensitive to response-related information 

presented in the warning signal (van Elswijk, Schot, Stegeman, & Overeem, 

2008) suggest that it reflects specific response preparation.  Kinoshita, et al. 

(2007) manipulated response expectancy in a warned RT task in different 

blocks of trials in which subjects always or never responded, and found MEP 

amplitude suppression on warned trials only in the condition in which a 

response was required.  Although this finding indicates that response 

expectancy in a block of trials is a necessary condition for suppression of the 

MEP amplitude during the foreperiod, it does not differentiate between a 
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preparatory strategy adopted in a block of trials and a momentary, stimulus-

driven response expectancy induced by a warning signal.  If MEP amplitude 

suppression during the foreperiod reflects specific response preparation, it 

should be sensitive to the momentary response expectancy induced by the 

warning signal.   

 

In a previous paper, we reported a simultaneous reduction of SICI and 

suppression of MEP amplitude during a constant 500-ms foreperiod in a 

warned simple RT task (Sinclair & Hammond, 2008), a finding which is 

consistent with a growing body of evidence that both excitatory and inhibitory 

processes are active in M1 during the foreperiod (Boulinguez et al., 2008; 

Davranche et al., 2007; Jaffard et al., 2007).  Davranche, et al. (2007) 

suggested that reduced ICI activity during the foreperiod reflects a 

progressive release of inhibition acting on the movement representation for 

the upcoming response, while the simultaneous suppression of the MEP 

amplitude reflects an independent corticospinal braking mechanism which 

keeps the descending M1 output below the threshold for overt response.  In 

the present experiments, we investigated whether the simultaneous 

reduction of SICI and suppression of MEP amplitude observed during a 

warned RT task with a short, constant foreperiod duration are sensitive to 

momentary response expectancy.  In two experiments, we measured single-

pulse MEP amplitude (Experiment 5) and SICI (Experiment 6) during the 

foreperiod of a warned simple RT task in which response expectancy was 

manipulated by warning signals which specified the probability (0, 0.5, or 
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0.83) of response signal presentation on that trial.  We predicted that if the 

reduction of SICI and the suppression of MEP amplitude during the 

foreperiod are related to the preparation of a specific response then they 

would vary with the level of response expectancy induced by the warning 

signal and would be restricted to the cortical representations of the agonist 

muscle for that response.  
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5.3 Materials and Methods 

Subjects 

Two experiments tested 41 volunteers with normal or corrected to normal 

vision, who participated for course credit or a small remuneration. The 

protocol was 

in accordance with the Declaration of Helsinki and was approved by a local 

research ethics committee. All subjects gave written informed consent, and 

were screened for medical conditions which might make them unsuitable for 

testing with TMS.  Handedness was determined by administration of the 

Edinburgh Handedness Inventory (Oldfield, 1971).  Experiment 5 tested 15 

subjects (11 females, 1 left-handed) aged 18–38 yr (median = 20 years) and 

Experiment 6 tested 26 right-handed subjects (20 females) aged 17–28 yr 

(median = 19 yr). 

 

Behavioral procedures 

Subjects took part in a warned RT task, making a ballistic flexion of their 

index finger as soon as possible after response signal onset.  Subjects sat in 

front of a computer screen, with their right arm secured in a brace in a semi-

pronated position and their right index finger extended to fit inside a cup 

connected to a horizontal rod on which a force transducer was mounted.  

Flexion of the index finger generated a voltage in the force transducer which 

was amplified, sent to a 14-bit analog-to-digital converter, digitally filtered 

(bandpass 10-1000 Hz) and recorded at 4000 Hz for offline calculation of 

RT, which was defined as the time elapsed between response signal onset 

and the time at which the rate of change of force output reached 10% of its 
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maximum rate of change.  Each subject‟s MVC was defined as the largest 

force from three maximal flexions of the index finger, which were separated 

by intervals of 5 s. 

 

Warning and response signals subtending a visual angle of approximately 6
o
 

were presented on a computer screen against a dark grey background.  The 

warning signal was a white outline image of a hand with the index finger 

colored red, white, or green.  The probability of response signal onset on that 

trial was specified by the color of the index finger on the warning signal: a 

red index finger (0 warning signal) specified a 0 probability of a response 

signal on that trial and thus was never followed by a response signal.  A 

white index finger (0.5 warning signal) specified a 0.5 probability of response 

signal onset and was followed by a response signal on half of the trials.  A 

green index finger (0.83 warning signal) specified a 0.83 probability of 

response signal onset and was followed by a response signal on 83% of the 

trials, while no response signal was presented on 17% of trials in this 

condition; these catch trials served to prevent anticipatory responses.  The 

warning signal appeared on the screen for 200 ms and was followed 300 ms 

after its offset by the presentation of a second visual stimulus, which 

remained on the screen for 500 ms.  The second visual stimulus was either a 

response signal (picture of a white hand with the index finger colored green), 

to which subjects responded as quickly as possible with a flexion of their 

index finger at 20% MVC, or a picture of a white hand with the index finger 

colored red, to which subjects were instructed to withhold response.  Trials 
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were separated by an ITI of 8-11 s.  After each block of trials subjects were 

allowed to rest, initiating the next block when they felt ready. 

 

Subjects completed a training phase in which they were familiarized with the 

stimuli and practiced producing the force level required in response to the 

response signal.  During this phase of the experiment they received 

feedback after each response to inform them of the force applied relative to 

the target force level of 20% MVC.  If the force applied was within a 15% to 

25% MVC band, the message “correct response” appeared on the screen in 

green text.  If the force applied was less than 15% MVC or greater than 25% 

MVC, the message “force too low” or “force too high” (as appropriate) 

appeared on the screen in red text.  During the experimental phase subjects 

were not given feedback about the force level of their responses.  Subjects 

were encouraged to emphasize speed over accuracy, as this strategy is 

thought to decrease the proportion of errors made due to lapses of sustained 

attention, making reaction time protocols more sensitive to errors of 

response inhibition (Shalgi, O'Connell, Deouell, & Robertson, 2007).  For 

both experiments the proportion of each type of trial presented during a 

training phase matched the proportion of these trials presented in the 

subsequent experimental phase. 

 

Electrophysiological procedures 

Active and reference electrodes were placed in a belly-tendon montage over 

the FDI and abductor digiti minimi (ADM) muscles of the right hand.  A 
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ground electrode was placed over the lateral posterior tubercle of the radius.  

Electromyographic activity was amplified, bandpass filtered (10-1000 Hz) 

and sampled at 4000 Hz by a 14-bit analog-to-digital converter for offline 

analysis.  Peak-to-peak MEP amplitude was defined as the voltage 

difference between the minimum and maximum EMG signal in a window 

from 10-60 ms after TMS delivery. 

 

Transcranial magnetic stimulation was delivered using a MagStim 2002 

BiStim system (MagStim Co., Whitland UK) connected to a figure-of-eight 

coil with a 9-cm diameter.  The coil handle was oriented at 45 to the mid-

sagittal line to induce current in a posterior to anterior direction, 

approximately perpendicular to the central sulcus (Stinear et al., 2001).  

Scalp stimulation sites were marked in 1-cm spacings on a snugly fitting cap 

with reference to position C3 from the International 10–20 system for EEG 

recording. TMS was delivered over the left hemisphere at the motor hot spot 

for the right FDI muscle, defined as the scalp site at which the largest mean 

MEP amplitude from five suprathreshold single TMS pulses was elicited in 

the right FDI muscle.  Once the motor hotspot was identified the subject‟s 

head was supported with a chin rest, and the coil was held in place using a 

modified tripod.  Stimulator intensity was titrated using in-house software 

(Sinclair et al., 2006) to elicit MEP amplitudes of approximately 1 mV in the 

relaxed right FDI muscle.  The average stimulator intensity required to elicit 

1-mV MEP amplitudes in the relaxed right FDI muscle was 62% (SE=3.1) of 

maximum stimulator output (MSO) in Experiment 5 and 59% (SE=2.4) of 
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MSO in Experiment 6.  In Experiment 6 the conditioning stimulus was set at 

an intensity which resulted in approximately 50% inhibition of the MEP 

amplitude in the relaxed right FDI muscle, resulting in an average 

conditioning stimulus intensity of 33% (SE=1.5) of MSO.  The ISI between 

the conditioning and test stimuli was 3 ms. 

 

Experiment 5: Single-pulse MEP amplitude 

Experiment 5 consisted of a training phase (two blocks of 16 trials) with no 

TMS, and an experimental phase (six blocks of 16 trials) with single TMS 

pulses delivered on some trials.  In both phases the 0 and 0.83 warning 

signals appeared on six trials in each block and the 0.5 warning signal 

appeared on four trials in each block.  In the experimental phase, single TMS 

pulses were delivered 300 ms after warning signal onset on 10 of the 16 

trials: four of the six 0 warning signal trials, four of the six 0.83 warning signal 

trials, and two of the four 0.5 warning signal trials in each block.  Four single 

TMS pulses were delivered during the ITI in each block, 6-9 seconds after 

the offset of the previous response signal.  

 

Experiment 6: Short-Interval Intracortical Inhibition 

In Experiment 6 the 0, 0.5, and 0.83 warning signals were each presented 

on six trials in each block.  Subjects completed a training phase (two blocks 

of 18 trials), a TMS level-setting phase (two blocks of 18 trials) and an 

experimental phase (six blocks of 18 trials).  In the level-setting phase single 

TMS pulses were delivered 300 ms after warning signal onset on four of the 
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six 0, 0.5, and 0.83 warning signal trials, and also during four ITIs in each 

block.  The purpose of this phase was to titrate test stimulus intensities so 

that single TMS pulses delivered in the warned conditions and during the ITI 

elicited MEPs of approximately 1 mV.  We controlled for differences in M1 

excitability between conditions because SICI is thought to act predominantly 

on high-threshold M1 neurons (Sanger et al., 2001), meaning that changes 

in M1 excitability between conditions could affect the measurement of these 

inhibitory circuits in M1.  Increasing test stimulus intensity in conditions 

known to reduce M1 excitability can control for the reduction of SICI caused 

by the preferential activation of low-threshold M1 neurons by TMS in these 

conditions.     

   

In the experimental phase, TMS pulses were delivered 300 ms after warning 

signal onset on four of the six 0, 0.5, and 0.83 warning signal trials in each 

block.  In each of these warned conditions, two of the four TMS trials in each 

block were single-pulse trials and the other two TMS trials were paired-pulse 

trials.  Two single and two paired TMS pulses were also delivered during the 

ITI in each block.  The test stimulus intensities for both single and paired 

TMS pulses on warned trials were set at the level at which single TMS 

pulses during the warned trials would elicit a MEP amplitude of 

approximately 1 mV.  The test stimulus intensities for single and paired TMS 

pulses delivered during the ITI were set at the level at which single TMS 

pulses during the ITI would elicit a MEP amplitude of approximately 1 mV.  
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The conditioning stimulus intensity was set at a level which resulted in 

approximately 50% inhibition of the unconditioned MEP amplitude at rest.      

 

In the experimental phase the test stimulus intensities required to elicit 1-mV 

MEP amplitudes on warned trials and in the ITI were adjusted independently 

after each block.  The test stimulus intensity for TMS pulses delivered on 

warned trials in the upcoming block was increased by 2% of MSO if the 

median MEP amplitude from single TMS pulses on warned trials in the 

previous block was less than 500 V, and decreased by 2% of MSO if the 

median MEP amplitude was greater than 1500 V.  The test stimulus 

intensity for TMS pulses delivered during the ITI in the upcoming block was 

increased by 2% of MSO if the median MEP amplitude from single TMS 

pulses during the ITI in the previous block was less than 500 V, and 

decreased by 2% of MSO if the median MEP amplitude was greater than 

1500 V.  The average test stimulus intensities across the experimental 

phase were 58% (SE=2.3) of MSO in the warned conditions and 57% 

(SE=2.3) of MSO during the ITI.  

 

Data analysis 

Behavioral data from each trial were inspected to identify false responses 

(defined as a force output greater than 5% MVC during the 1500 ms 

following warning signal onset on trials in which a response signal did not 

occur) and missed responses (defined as a maximal force output of less 

than 5% MVC during the 1000 ms following a response signal), and to 
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ensure that the software algorithm used to calculate RT did not erroneously 

identify a TMS-evoked muscle twitch as a voluntary response.  To assess 

the extent to which the response selectively engaged the FDI muscle, the 

median of each subject‟s root mean square (RMS) EMG activity from the FDI 

and ADM muscles in the 50 ms following response onset on each trial were 

expressed as ratios of their median RMS EMG activity from the FDI and 

ADM muscles during the ITI.  Trials on which there was a false response, 

missed response, or an unlikely short RT (less than 100 ms after response 

signal onset) were removed from the analysis.  Trials were also removed 

from the analysis if the RMS of the FDI EMG activity during the 50 ms 

preceding the TMS pulse was greater than 50 V.  The data from five 

subjects were completely removed from the analysis due to consistent EMG 

activity during the pre-TMS interval (N=2 in Experiment 5, N=3 in Experiment 

6).     

 

For each subject in Experiment 6, SICI was quantified as the median paired-

pulse MEP amplitude expressed as a ratio of the median single-pulse MEP 

amplitude in each condition.  In order that changes in SICI between 

conditions were not obscured by floor effects, subjects who showed 

insufficient SICI during the ITI (ratio of paired-pulse over single-pulse MEP 

amplitude greater than 0.85) in either the FDI (N=7) or ADM (N=6) muscles 

(total of 10 unique subjects) were excluded from the analysis (Fisher et al., 

2002; Stinear & Byblow, 2003), leaving a total of 13 subjects in Experiment 

6.  To correct a positive skew in the SICI scores which remained despite 
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removal of subjects with high ITI SICI scores, the ratios were log 

transformed before comparison across conditions, and back-transformed 

means and standard errors of these ratio scores are presented. 

 

Both experiments used two-way Condition (0.5, 0.83) by TMS Presence 

(Present, Absent) repeated-measures ANOVAs to analyze differences in the 

group means of each subject‟s median RT for trials in which a response 

signal was presented.  The mean false response rate (a ratio of the number 

of false responses committed to the number of trials in which no response 

signal appeared in that condition) was calculated for the 0.5 and 0.83 

warning signal conditions as a measure of accuracy.  The small number of 

false responses did not allow a separate analysis of RT on false response 

trials.  Two-way Condition (0, 0.5, 0.83, ITI) by Muscle (FDI, ADM) repeated-

measures ANOVAs were used to analyze differences in the group means of 

each subject‟s median MEP amplitudes (Experiments 5 and 6) and log-

transformed SICI scores (Experiment 6).  Degrees of freedom were 

Greenhouse-Geisser corrected where necessary and significant effects were 

further explored using post-hoc paired-samples t-tests.  Correlational 

analyses used Pearson‟s r, with significance levels set at P=0.05. 
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5.4 Results 

In both experiments, RT was briefer when the response signal was preceded 

by a 0.83 warning signal than when it was preceded by a 0.5 warning signal 

(see Table 2), with large and statistically significant main effects of Condition 

in both Experiment 5 (F(1,12)=59.7, P<0.001, 2=0.83) and Experiment 6 

(F(1,22)=51.8, P<0.001, 2=0.70).  Reaction time was also briefer when TMS 

was delivered during the foreperiod than on non-TMS trials, with a similar 

effect size in both experiments.  The main effect of TMS Presence 

approached statistical significance in Experiment 5 (F(1,12)=4.7, P=0.052, 


2=0.28) and was statistically significant in Experiment 6 (F(1,22)=7.6, P=0.01, 


2=0.26).  The Condition by TMS Presence interaction was not significant in 

either Experiment 5 (F(1,12)=1.1, ns) or Experiment 6 (F(1,22)=0.26, ns). 

Table 2: Mean (SE) of median reaction times in ms in the 0.5 and 0.83 
warning signal conditions in Experiments 5 and 6. 
 

 Warning signal       TMS No TMS 

 Experiment 5 0.5 256 (12) 288 (23) 
  0.83 195 (14) 210 (13) 

 Experiment 6 0.5 238 (12) 250 (13) 
  0.83 195 (9) 216 (11) 

 

 

In Experiment 5, the mean false response rate was higher in the 0.83 

warning signal condition (M=0.4, SE=0.07) than in the 0.5 warning signal 

condition, in which no false responses were committed.  In Experiment 6 the 

mean false response rate was higher in the 0.83 warning signal condition 

(M=0.24, SE=0.04) than in the 0.5 warning signal condition (M=0.02, 

SE=0.01).  The differences in false response rates between the 0.83 and 0.5 
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warning signal conditions were statistically significant in both Experiment 5 

(t(12)=5.5, P<0.001, Cohen‟s d=2.2) and Experiment 6 (t(22)=5.8, P<0.001, 

Cohen‟s d=1.6).    

 

Experiment 5: Single-pulse MEP amplitude 

The group mean of the median RMS EMG activity from the 50 ms following 

response onset expressed as a ratio of median RMS EMG activity during the 

ITI was 7.1 (SE=2.2) in the FDI muscle and 1.2 (SE=0.1) in the ADM muscle.  

There was significantly more EMG activity during the response than during 

the ITI for both the FDI (t(12)=6.5, P<0.001) and ADM (t(12)=2.6, P=0.02) 

muscles. 

 

Suppression of MEP amplitude during the foreperiod 

The group means of the subjects‟ median MEP amplitudes for both the FDI 

and ADM muscles were smaller during the foreperiod in the 0, 0.5, and 0.83 

warning signal conditions than during the ITI (see Figure 6).   
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Figure 6: Means of each subject‟s median MEP amplitudes for the FDI (filled 
columns) and ADM (unfilled columns) muscles across the four conditions in 
Experiment 5.  Ratios along the abscissa refer to the type of warning signal 
delivered.  Error bars show the within-subjects standard error of the mean, 
calculated with Greenhouse-Geisser correction.  Asterisks indicate the 
statistically significant differences between conditions. 
 
A repeated-measures ANOVA found significant main effects of Condition 

(F(3,36)=8.6, P=0.002, 2=0.42), Muscle (F(1,12)=23.3, P<0.001, 2=0.66) and 

a significant Condition by Muscle interaction (F(3,36)=4.7, P=0.007, 2=0.28).  

For the FDI muscle the mean MEP amplitude was significantly larger during 

the ITI than during the foreperiod of the 0 (t(12)=3.6, P=0.003, Cohen‟s 

d=0.67), 0.5 (t(12)=3.9, P=0.002, Cohen‟s d=0.42), and 0.83 (t(12)=3.5, 

P=0.004, Cohen‟s d=0.5) warning signal conditions.  There were no 

significant differences in FDI MEP amplitude between the 0.83 warning 
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signal condition and either the 0 (t(12)=1.4, ns, Cohen‟s d=0.15) or the 0.5 

(t(12)=0.4, ns, Cohen‟s d=0.07) warning signal condition.  The RMS of the 

pre-TMS EMG activity was similar in the 0 (M=26.0 V, SE=2.3), 0.5 

(M=26.2 V, SE=2.3), and 0.83 (M=25.8 V, SE=2.2) warning signal 

conditions, and during the ITI (M=26.1 V, SE=2.3).  There was no 

significant effect of condition (F(3,36)=0.6, P=0.62, 2=0.05), indicating that the 

difference in MEP amplitude between conditions was not due to different 

levels of pre-contraction in the FDI muscle.  For the ADM muscle the mean 

MEP amplitude was larger in the ITI than during the foreperiod in the 0, 0.5, 

and 0.83 warning signal conditions, with similar large effect sizes for all of 

these comparisons (Cohen‟s d between 0.61 and 0.65).  The mean MEP 

amplitude was significantly larger in the ITI than in the 0.83 (t(12)=2.18, 

P=0.05) and 0.5 (t(12)=2.2, P=0.05) warning signal conditions, while the 

difference between the ITI and 0 warning signal condition did not reach 

statistical significance (t(12)=2.01, P=0.07).  There were no significant 

differences in ADM MEP amplitude between the 0.83 warning signal 

condition and either the 0 (t(12)=0.34, ns, Cohen‟s d=0.04) or the 0.5 

(t(12)=0.28, ns, Cohen‟s d=0.04) warning signal conditions. 

 

Experiment 6: Short-Interval Intracortical Inhibition 

The group mean of each subject‟s median RMS EMG activity from the 50 ms 

following response onset expressed as a ratio of median RMS EMG activity 

during the ITI was 7.7 (SE=1.8) in the FDI muscle and 1.2 (SE=0.1) in the 

ADM muscle.  There was significantly more EMG activity during the 
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response than during the ITI in the FDI muscle (t(22)=9.1, P<0.001) while this 

difference did not reach significance for the ADM muscle (t(22)=1.8, P=0.08). 

 

In Experiment 6, the test stimulus intensity was titrated so that single TMS 

pulses elicited MEP amplitudes of approximately 1 mV in all of the 

conditions.  The group mean of each subject‟s median MEP amplitude from 

single TMS pulses was 0.95 mV (SE=0.1) in both the 0 and 0.5 warning 

signal conditions, 1.28 mV (SE=0.2) in the 0.83 warning signal condition and 

1.16 mV (SE=0.2) during the ITI.   

 

Reduction of SICI during the foreperiod 

The ratio of paired-pulse to single-pulse MEP amplitude was smaller during 

the ITI than during the foreperiod in the 0, 0.5, and 0.83 warning signal 

conditions for both the FDI and ADM muscles (see Figure 7), indicating more 

SICI in the ITI than in any of the warned conditions.  The ratio of paired-

pulse to single-pulse MEP amplitude was smaller in the FDI than the ADM 

muscle, indicating more SICI in the FDI muscle.   
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Figure 7: Means of the conditioned-to-test MEP amplitude ratios for the FDI 
(filled columns) and ADM (unfilled columns) muscles across the four 
conditions in Experiment 6.  Ratios along the abscissa refer to the type of 
warning signal delivered.  Error bars show the within-subjects standard error 
of the mean, calculated with Greenhouse-Geisser correction.  Smaller ratios 
indicate higher levels of inhibition.  Asterisks indicate the statistically 
significant differences between conditions. 
 
There were significant main effects of Condition (F(3,36)=9.3, P<0.001, 


2=0.44) and Muscle (F(1,12)=7.2, P=0.02, 2=0.38).  The Condition by 

Muscle interaction was small and not significant (F(3,36)=0.27, ns, 2=0.02).  

For the FDI muscle there was a lower ratio of paired-pulse to single-pulse 

MEP amplitude during the ITI than during the foreperiod in the 0 (t(12)=3.3, 

P=0.006, Cohen‟s d=0.69), 0.5 (t(12)=2.8, P=0.02, Cohen‟s d=0.89), and 0.83 

(t(12)=2.4, P=0.03, Cohen‟s d=0.66) warning signal conditions.  The ratio of 
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paired-pulse to single-pulse MEP amplitude for the FDI muscle was not 

significantly different between the 0.83 warning signal condition and either 

the 0 (t(12)=0.2, ns, Cohen‟s d=0.04) or the 0.5 (t(12)=1.1, ns, Cohen‟s d=0.20) 

warning signal condition, indicating that SICI was reduced by a similar 

amount relative to the ITI in the 0, 0.5, and 0.83 warning signal conditions.  

The RMS of the pre-TMS EMG activity in the FDI muscle was similar in the 0 

(M=28.6 V, SE=2.4), 0.5 (M=28.5 V, SE=2.3), and 0.83 (M=28.5 V, 

SE=2.4) warning signal conditions, and during the ITI (M=28.7 V, SE=2.3).  

There was no significant effect of condition (F(3,36)=0.3, P=0.85, 2=0.02), 

indicating that the difference in SICI scores between conditions was not due 

to different levels of pre-contraction in the FDI muscle. 

 

The ADM muscle showed a similar pattern, with a smaller ratio of paired-

pulse to single-pulse MEP amplitude during the ITI than during the 

foreperiod in the 0 (t(12)=3.9, P=0.002, Cohen‟s d=0.77), 0.5 (t(12)=5.1, 

P<0.001, Cohen‟s d=1.55), and 0.83 (t(12)=4.4, P<0.001, Cohen‟s d=0.69) 

warning signal conditions.  The ratio of paired-pulse to single-pulse MEP 

amplitude for the ADM muscle was not significantly different between the 

0.83 warning signal condition and either the 0 (t(12)=0.2, ns, Cohen‟s d=0.05) 

or the 0.5 (t(12)=1.5, ns, Cohen‟s d=0.37) warning signal conditions. 

 

Correlational data  

Exploratory analysis of combined data from all subjects in Experiments 5 

and 6 revealed a negative correlation (r=-.34; 95% confidence interval: -.02 
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to -.61, P=0.04) between RT in the 0.83 warning signal condition and the 

number of false responses recorded on catch trials (trials on which a 0.83 

warning signal was not followed by a response signal).  There were not 

enough false responses committed in the other conditions to see whether 

this relationship applied in all conditions.  A linear regression of these data 

returned the relationship Y = 236 – 11.7X, where Y is a subject‟s predicted 

median RT in the 0.83 warning signal condition and X is the number of false 

responses committed by that subject on catch trials across the testing 

session.  We used the slope of this regression equation to calculate an index 

of performance on the task which gave equal weighting to both speed and 

accuracy (Goedert & Miller, 2008).  The performance index for each subject 

was calculated by the formula: 100/(RT + 11.7FR), where RT is the subject‟s 

median RT in the 0.83 warning signal condition and FR is the number of 

false responses committed by that subject on catch trials across the testing 

session.  

 

In Experiment 5 the performance index was positively correlated (r=.63; 95% 

confidence interval: .12 to .88, P=0.02) with the median MEP amplitude from 

single TMS pulses delivered during the ITI (see Figure 8).   
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Figure 8: Performance index scores plotted against each subject‟s median 
single-pulse MEP amplitude elicited during the ITI in Experiment 5. 
 
Neither RT from the 0.83 warning signal condition (r=-.12, ns) nor the 

number of false responses committed on catch trials (r=-.31, ns) alone were 

correlated with the ITI MEP amplitude.  The correlation between the 

performance index and MEP amplitude during the foreperiod in all of the 

warned conditions (r=.47, 95% confidence interval: .19 to .69, P=0.002) was 

weaker than the correlation with the ITI MEP amplitude, though highly 

significant due to the pooled observations.  The correlations between the 

performance index and MEP amplitude during the individual 0 (r=0.42, 

P=0.15), 0.5 (r=0.52, P=0.07), and 0.83 (r=0.49, P=0.09) warning signal 
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conditions were positive and moderate in strength, though not reaching 

statistical significance due to the smaller number of observations.   

 

In Experiment 6 correlations involving single-pulse MEP amplitude were not 

calculated as test-stimulus intensity was titrated so that single-TMS pulses 

elicited MEP amplitudes of approximately 1 mV in all conditions.  There was 

no correlation between the performance index and the SICI scores in the 

foreperiod of the 0 (r=-.03, ns), 0.5 (r=.00, ns) or 0.83 warning signal 

conditions (r=-.11, ns), or during the ITI (r=-.16, ns).  The number of false 

responses committed on catch trials was not correlated with the SICI score 

measured in either the 0.83 warning signal condition (r=.29, ns) or during the 

ITI (r=.01, ns). 
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5.5 Discussion 

Behavioral Data 

In both experiments RT to the response signal was briefer when it was 

preceded by a warning signal which induced higher levels of response 

expectancy, a finding which is consistent with previous research (Bestmann 

et al., 2008).  This suggests that subjects engaged in more effective 

preparatory activity during the foreperiod when the warning signal induced 

higher levels of response expectancy.  However, as the 0.83 warning signal 

was identical in appearance to the response signal, its initial brief 

appearance may have primed the sensory processing of the imminent 

response signal (Posner & Snyder, 1975).  We propose that the first 

alternative is a more likely explanation for the facilitation of RT (though the 

two are not mutually exclusive), as there was an increased rate of false 

responses when the 0.83 warning signal was not followed by a response 

signal than when the 0.5 warning signal was not followed by a response 

signal.  This suggests that subjects adopted different preparatory strategies 

based on the response expectancies induced by the different warning 

signals, which reduced their ability to withhold the response when response 

expectancy was high.  If the facilitation of RT following the 0.83 warning 

signal were solely due to facilitation of the sensory processing of the 

response signal, we would not expect to observe a higher rate of false 

responses in this condition. 
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Reaction time was faster on trials in which TMS was delivered during the 

foreperiod than on trials without a TMS pulse, consistent with previous 

findings (Burle et al., 2002; Romaiguére et al., 1997; Sinclair & Hammond, 

2008).  Research has shown that a startling acoustic stimulus can facilitate 

RT by activating subcortical pathways, resulting in involuntary triggering of 

the prepared movement (J. Valls-Solé, Kofler, Kumru, Castellote, & Sanegre, 

2005; J.  Valls-Solé, Rothwell, Goulart, Cossu, & Muñoz, 1999; Walsh & 

Haggard, 2008).  However it is unlikely that this mechanism is responsible 

for the facilitation of RT observed in the current experiments, as it typically 

results in a facilitation of 70 ms or more, whereas in the present experiments 

we observed a facilitation of approximately 20 ms on trials in which a TMS 

pulse occurred.  This small facilitation of RT can be explained by the 

„intersensory facilitation effect‟, in which the presence of multiple warning 

signals from different sensory modalities results in a larger facilitation of 

reaction time than that induced by a single warning signal (Nickerson, 1973; 

Romaiguére et al., 1997).  Although the intersensory facilitation effect is 

typically thought to occur when accessory stimuli occur simultaneously with 

the response signal, the delay between the TMS pulse and the response 

signal onset in the present experiments was within (although on the outer 

limits of) the 200 ms time-window proposed by Diederich and Colonius 

(2008) to be the effective range for intersensory facilitation. 
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Electrophysiological Data 

The simultaneous suppression of MEP amplitude and reduction of ICI 

observed during the short constant foreperiod between the warning and 

response signal onsets is consistent with previous observations.  The MEP 

amplitude reflects the momentary balance of excitatory and inhibitory inputs 

onto the output cells of M1, hence the suppression of MEP amplitude during 

the foreperiod reflects a shift in this balance towards net inhibition.  However, 

both previous research (Davranche et al., 2007; Sinclair & Hammond, 2008) 

and the current findings show that this suppression of MEP amplitude cannot 

be explained by increased ICI during the foreperiod, as the known ICI 

mechanisms within M1 show either reduced or unchanged excitability during 

the foreperiod.  The reduction of ICI within M1 suggests that the shift 

towards net inhibition of the descending M1 output must be due to another 

inhibitory process, most likely originating outside M1.  One candidate cortical 

area for this extrinsic inhibitory input to M1 is the premotor cortex, which 

projects directly to M1 and to the spinal interneurons innervating the hand 

muscles in primates (Dum & Strick, 2002), and has also been implicated in 

the inhibition of prepotent responses in primates (Sawaguchi et al., 1996).  

There is also physiological evidence of an inhibitory effect of premotor cortex 

on M1 in humans (Koch et al., 2006).  We suggest that reduced SICI during 

the foreperiod is balanced by a competing inhibition of M1 by the premotor 

cortex, resulting in a net suppression of MEP amplitude. 
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Effect of response expectancy 

The reduction of SICI and the suppression of MEP amplitude on warned 

trials was similar for each type of warning signal presented.  At first glance 

this suggests that the modulation of SICI and MEP amplitude during the 

foreperiod are not related to response expectancy and therefore not linked to 

the preparation of a response prior to its execution.  However the context in 

which the different warning signals were delivered may have influenced the 

modulation of motor cortical activity during the foreperiod.  In the present 

experiments, we employed a conventional „mixed blocks‟ protocol, with the 

different conditions interspersed randomly within each block as in previous 

studies (Hasbroucq, Osman et al., 1999; Sinclair & Hammond, 2008; Touge 

et al., 1998).  However, when the warned RT task is administered with a 

„pure blocks‟ protocol, in which different response expectancy conditions are 

run in separate blocks, the suppression of MEP amplitude observed during 

the foreperiod has been found to be sensitive to the response expectancy 

induced by the warning signal in that block (Kinoshita et al., 2007).  This 

raises the possibility that the suppression of MEP amplitude during the 

foreperiod is context-dependent, reflecting a response expectancy 

developed across a block of trials rather than a momentary neural response 

elicited by an individual stimulus.  Recent research has shown that any 

visual stimulus appearing during a task in which speeded response is 

sometimes required elicits an automatic activation of the motor cortex 

contralateral to the responding hand (Endo, Kizuka, Masuda, & Takeda, 

1999; Jaffard et al., 2007), requiring a proactive volitional inhibition to 
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prevent premature response (Boulinguez et al., 2008).  The proposal by 

Boulinguez, et al. that excitatory (the automatic response activation) and 

inhibitory (the proactive volitional inhibition) processes occur during the 

foreperiod was based on analyses of EMG and behavioral data and does not 

imply any specific neural mechanisms by which these effects might be 

produced (Boulinguez et al., 2008).  We suggest that a reduction of SICI 

within M1 and an inhibition of M1 from an extrinsic source (possibly from 

premotor cortex) during the foreperiod could be the excitatory and inhibitory 

mechanisms respectively postulated by Boulinguez, et al. (2008).  This 

proposal predicts that if the different warning signals in the present 

experiments were administered in a „pure blocks‟ protocol like that used by 

Kinoshita, et al. (2007), the reduction of SICI and suppression of MEP 

amplitude during the foreperiod would be sensitive to the longer term 

response expectancy induced by the type of warning signal delivered during 

that block.  In line with the proposal that the context in which warning signals 

occur can influence preparatory activity during the foreperiod, Bestmann, et 

al. (2008) have recently reported that both RT and MEP amplitude during the 

foreperiod were sensitive to both the momentary stimulus-bound response 

expectancy evoked by the warning signal and the response expectancy 

induced by the validity of the warning signal over a number of trials.  In the 

present experiments, we found that both RT to the response signal and the 

false response rate on catch trials were sensitive to momentary response 

expectancy.  The suppression of MEP amplitude and reduction of SICI 

during the foreperiod were not sensitive to momentary response expectancy 
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evoked by the warning signal, and may instead be sensitive to response 

expectancy induced across a number of trials. 

 

An alternative interpretation for these data is that the similar suppression of 

MEP amplitude in all of the warned conditions was a result of the warning 

signal providing information about the time of onset of the TMS pulse.  

Predictability of TMS by the warning signal was favored by the conditions of 

the experiment, with TMS pulses delivered on most trials at a constant 

interval after warning signal onset.  Takei, et al. (2005) have presented 

evidence suggesting that predictability of the TMS pulse can suppress MEP 

amplitude in the absence of any motor task.  However, this finding is at odds 

with that reported by Kinoshita, et al (2007), who showed that MEP 

amplitude suppression only occurred when subjects were required to 

respond within a block of trials; without a response requirement, MEP 

amplitude was not suppressed, despite the warning signal predicting delivery 

of the TMS pulse.  When a response was required on half of the trials within 

a block the suppression of MEP amplitude was reduced, despite the warning 

signal still predicting the TMS pulse2.  Thus the motor preparatory strategy 

adopted within a block of trials appears to be an important factor governing 

whether MEP amplitude is suppressed during the foreperiod.  

 

Another alternative interpretation of these data is that the three choice color 

discrimination task required of subjects during the foreperiod might not have 

                                            
2
 Unpublished data from our laboratory (included in Chapter 4 of this manuscript) provide 

further evidence that predictability of the TMS pulse in itself is not sufficient to result in a 
suppression of MEP amplitude during the foreperiod. 
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been fully completed at the time when the TMS pulse was delivered.  Even if 

the color discrimination task were completed 300 ms into the foreperiod, 

when the TMS pulse was delivered, the information derived from this 

sensory discrimination may not yet have been integrated into the developing 

motor plan.  However it should be noted that EEG research in the context of 

choice RT tasks has shown that sensory processing specifically related to 

discrimination between stimuli of different colors begins within 125 ms of 

stimulus presentation (Vogel & Luck, 2000).  Further research will be 

required to establish whether this sensory discrimination is typically 

completed in time for it to be reflected in motor preparatory activity 300 ms 

after warning signal onset.      

 

Anatomical Selectivity 

Previous studies have reported anatomical selectivity in the suppression of 

MEP amplitude during a short constant foreperiod, in both simple (Touge et 

al., 1998) and choice (van Elswijk et al., 2008) RT tasks.  Van Elswijk, et al. 

reported a quite intricate anatomical selectivity, with suppression of the 

agonist muscle MEP amplitude being strongest when the direction of the 

precued response maximally engaged that muscle.  We found that the 

reduction of SICI and suppression of MEP amplitude was similar in the FDI 

and ADM muscles, suggesting that these effects are not selective to the 

agonist muscle for the upcoming response.  However it is possible that these 

modulations of motor cortical activity were observed in both muscles 

because subjects made a response which involved co-contraction of the 
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ADM muscle.  It is known that human subjects are unable to make 

completely individuated contractions of single digits, due to both peripheral 

and central factors (Häger-Ross & Schieber, 2000; Reilly & Hammond, 

2000).  To encourage selective activation of the FDI muscle during response 

execution, subjects were instructed to respond with individuated flexions of 

the index finger.  The forearm was also immobilized with a brace to minimize 

the tendency to engage surrounding muscles to stabilize the hand during 

response execution.  However, analysis of EMG activity during the response 

showed that there was a small increase in the activity of the presumed 

unrelated ADM muscle during the response in both experiments, which was 

statistically significant in Experiment 5 and approached significance in 

Experiment 6.  If the response involved even a small amount of co-

contraction in the ADM (perhaps to stabilize the hand while executing 

response) this could lead to a preparatory reduction of SICI and suppression 

of MEP amplitude in this muscle during the foreperiod.  Given the possibility 

that co-contraction of the ADM muscle was prepared during the foreperiod 

as part of the response, we are unable to conclude whether the modulations 

of neural activity observed in these experiments are selective to the agonist 

muscle for the response.   

 

Correlational Data 

Subjects who responded faster also committed more false responses, 

indicating the presence of a speed-accuracy tradeoff.  While the individual 

measures of speed and accuracy were not correlated with corticospinal 
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excitability, a composite measure of performance which weighted speed and 

accuracy equally was positively correlated with corticospinal excitability.  

This suggests that the subjects who had higher levels of M1 excitability 

across all conditions showed superior performance on the task, rather than 

simply a bias towards a risky or cautious response strategy.  The correlation 

between performance and MEP amplitude was somewhat stronger for TMS 

pulses delivered during the ITI than for TMS pulses delivered during the 

foreperiod in the various warned conditions.  We suggest two reasons why 

this might have occurred.  Firstly, the weaker correlation between 

performance and MEP amplitude in the warned conditions than during the 

ITI could be the result of an attenuated range of MEP amplitudes, caused by 

the suppression of MEP amplitude in the warned conditions.  Secondly we 

suggest that the performance index, which measures both response speed 

and response inhibition, reflects the efficacy of a number of higher order 

executive control processes engaged by the task.  The response inhibition 

mechanism indicated by the suppression of MEP amplitude during the 

foreperiod may be just one of these processes.  Shalgi, et al. (2007) have 

suggested that non-specific arousal is important in the maintenance of 

sustained attention in tasks requiring both fast response and inhibition of 

inappropriate responses.  Non-specific arousal would be reflected more 

strongly in the MEP amplitude elicited by TMS pulses delivered during the 

ITI than those delivered during the foreperiod.  If the correlation reflected a 

response-specific increase in M1 excitability, it would only be expected to 

occur when the warning signal induced a high level of momentary response 
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expectancy (van den Hurk et al., 2007).  The absence of any correlation 

between performance and SICI measured during the foreperiod or during the 

ITI suggests that the positive correlation between performance and MEP 

amplitude is not due to a systematic reduction in SICI in subjects who had 

higher MEP amplitudes.  It should be noted that while subjects were 

instructed to emphasize speed over accuracy in order to induce a strategy 

which would minimize errors due to lapses in sustained attention (Shalgi et 

al., 2007), this might have encouraged guessing (Pachella, 1974), which 

somewhat limits the inferences that can be drawn from this correlational 

data.    

  

Here we report that the previously observed reduction of SICI and 

suppression of MEP amplitude during the short constant foreperiod of a 

warned RT task is not sensitive to the level of momentary response 

expectancy induced by the warning signal.  The neural modulations 

observed during the foreperiod might instead reflect a preparatory set 

adopted across a block of trials.  Further research using the warned RT 

procedure could consider the effect of interspersing different types of trials 

within a block on the preparatory strategy adopted by the subject. 
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Chapter 6: Suppression of MEP amplitude during the foreperiod 
of a warned reaction time task is sensitive to preparatory context 

 

6.1 Abstract 

When TMS is delivered during the short, constant foreperiod of a warned RT 

task, the MEP amplitude is suppressed and there is a reduction of SICI 

compared to when TMS is delivered during the ITI (Sinclair & Hammond, 

2008).  In a previous set of experiments warning signals specifying a 0, 0.5, 

or 0.83 probability of response signal onset on the current trial resulted in a 

suppression of MEP amplitude and reduction of SICI which was unrelated to 

the probability of response signal onset on that trial (Sinclair & Hammond, 

2009).  There is reason to believe that interspersing trials with different 

response signal probabilities within a block (mixed blocks protocol) resulted 

in a similar modulation of cortical activity regardless of the type of warning 

signal delivered on that trial (Jaffard et al., 2007).  The present experiment 

measured MEP amplitude and SICI during the foreperiod of a warned RT 

task, in which the warning signals specifying a 0, 0.5, or 0.83 probability of 

response signal onset on that trial were delivered in separate pure blocks or 

interspersed in the conventional mixed blocks protocol.  The format in which 

trials were delivered was important; suppression of MEP amplitude was 

sensitive to the level of response expectancy induced by the warning signal 

only when the warning signals were delivered in the pure blocks format.  The 

previously observed reduction of SICI during the foreperiod was not 

observed in this experiment suggesting that this effect may not be as robust 

as previously thought. 
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6.2 Introduction 

In Experiments 5 and 6 there was a suppression of MEP amplitude and 

reduction of SICI during the foreperiod of a warned RT task relative to the 

ITI, which was similar in magnitude regardless of whether the warning signal 

specified a 0, 0.5, or 0.83 probability of response signal onset on that trial.  

The suppression of MEP amplitude and reduction of SICI even after a 

warning signal which informed subjects that they would not have to respond 

on the present trial could be interpreted as evidence that these modulations 

of corticospinal excitability are not related to response preparation.  

However, the use of a mixed blocks protocol, with the different warning 

signal conditions interspersed within each block of trials, introduces 

contextual factors which might have influenced the preparatory strategies 

adopted by subjects across a block of trials (Jaffard et al., 2007).  In a 

Go/NoGo task, when Go and NoGo stimuli are interspersed within a block of 

trials, either stimulus can elicit rapid, stimulus-locked activation of M1 

contralateral to the hand used for responding on Go trials (Endo et al., 

1999), and desynchronization of beta frequency cortical oscillations (Y. 

Zhang, Chen, Bressler, & Ding, 2008), both of which are thought to signify 

response preparation.  Vath and Schmidt (2007) have suggested that 

activation of fast visuo-motor pathways might underly this automatic 

response activation when visual stimuli are involved.  This research 

suggests that, in contexts in which a response is often required, motor 

preparatory activity can be initiated relatively automatically, even by stimuli 
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which do not instruct a response (Endo et al., 1999; Vath & Schmidt, 2007; 

Y. Zhang et al., 2008).     

 

Jaffard, et al. (2007) recently extended these findings to the simple warned 

RT task paradigm, arguing that the classic “cueing effect” (Posner, 1980), in 

which RT to the response signal is shorter on warned trials than on 

unwarned trials presented in the same block, is (at least partly) due to 

contextual factors associated with the mixed blocks protocol.  They suggest 

that any visual warning signal delivered in the context of a warned RT task in 

which a response is sometimes required will elicit an automatic activation of 

the response, which is reflected in transient increases in BOLD signal activity 

in the sensorimotor cortex (Jaffard et al., 2008), MEG activity over motor 

areas (Endo et al., 1999), and covert false responses, measured by a 

stimulus-locked increase in peripheral EMG activity on some trials 

(Boulinguez et al., 2008).  The authors propose that a proactive inhibitory 

process is engaged to prevent the triggering of premature responses before 

the identification of the response signal (Boulinguez et al., 2008; Jaffard et 

al., 2007).  They suggest that proactive inhibition is engaged during any 

block of trials in which a warning signal might be delivered, and takes time to 

disengage after identification of the warning signal or unwarned response 

signal.  Hence in the conventional mixed blocks warned RT protocol, RT is 

longer on unwarned trials than on warned trials due to the time taken to 

disengage the proactive inhibitory mechanism after identification of the 

unwarned response signal.  Warned trials result in a shorter RT, because the 



 

 

 

125 

proactive inhibitory mechanism can be disengaged during the foreperiod.  

Hence the authors proposed that the cueing effect is due to a slowing of RT 

on unwarned trials, rather than a speeding of RT on warned trials.  In 

support of this proposal the authors showed that RT was longer on 

unwarned trials presented in a mixed blocks protocol than on unwarned trials 

presented in a pure blocks protocol, while RT to warned trials was the same 

regardless of whether they were delivered in a mixed or pure blocks protocol 

(Jaffard et al., 2007).  The cueing effect reported by other researchers (e.g., 

Posner, 1980) was attributed to the time taken to disengage the 

hypothesized proactive inhibitory mechanism (Jaffard et al., 2007).  

 

In Experiments 5 and 6 the 0, 0.5, and 0.83 warning signal conditions were 

delivered in a mixed blocks protocol.  Although there were no unwarned 

trials in these experiments, it is possible that all of these warning signals 

elicited an automatic activation of the response, due to their presentation in 

the context of a task in which speeded response was sometimes required 

(Endo et al., 1999).  The Boulinguez, et al. (2008) proposal predicts that this 

automatic response activation is accompanied by a proactive inhibition to 

prevent the warning signal from triggering a premature response.  It is 

suggested that the similar suppression of MEP amplitude observed across 

all of the warning signal conditions in Experiment 5 was due to this proactive 

inhibitory mechanism.  The similar reduction of SICI observed during the 

foreperiod in all of the warning signal conditions in Experiment 6 was 

proposed to be the result of an automatic activation of the response by the 
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warning signal.  Automatic response activation is thought to occur in 

response to any warning signal delivered in the context of a task in which 

speeded response is sometimes required (Endo et al., 1999).  SICI has 

previously been found to be reduced just in advance of a response 

(Reynolds & Ashby, 1999), hence reduced SICI may be a mechanism by 

which responses are activated.  The recent finding that SICI is also reduced 

during the foreperiod in the warned RT task (Sinclair & Hammond, 2008) 

shows that it can be modulated well in advance of the response signal under 

certain conditions, and hence could be a mechanism of automatic response 

activation in the warned RT task. 

 

The interpretation of the suppression of MEP amplitude and reduction of 

SICI during the foreperiod of the warned RT task with reference to the 

proactive inhibitory strategy suggested by Boulinguez, et al. (2008) raises 

some issues which need to be dealt with.  The hypothesis that a proactive 

inhibition of descending M1 output is engaged during a block of trials in 

which a warning signal might occur implies a tonic inhibition, which would 

likely be activated across an entire block of trials, in advance of any stimulus 

(Jaffard et al., 2008).  However, a tonic proactive inhibition should result in a 

suppression of MEP amplitude in the ITI as well as in the foreperiod, though 

this would only be observable if compared against a genuine baseline 

condition administered before subjects began the task.  Indeed, the absence 

of any warning signal during the ITI should result in an even greater 

suppression of MEP amplitude in the ITI than during the foreperiod, due to 
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the lack of any automatic response activation elicited by warning signals.  

The hypothesis that proactive inhibition is activated tonically in advance of 

any stimulus is implicit in the Jaffard, et al. (2007) proposal, and is supported 

by some indirect evidence in a more recent paper, using event-related fMRI 

techniques (Jaffard et al., 2008).  This paper reported increased activation of 

the medial pre-frontal cortex (mPFC) during the ITI, and early in the 

foreperiod on warned trials, during a mixed blocks protocol, relative to a pure 

blocks protocol.  These are the specific times when proactive inhibition is 

thought to be engaged during the warned RT task.  The mPFC has been 

shown to contribute to the inhibition of motor output, (de Jong & Paans, 

2007; Delorme, Westerfield, & Makeig, 2007), hence the increased mPFC 

activity in the mixed blocks protocol relative to the pure blocks protocol might 

constitute the tonic proactive inhibitory mechanism proposed by Jaffard, et 

al. (2008).  However a tonic inhibitory mechanism engaged in advance of the 

warning signal is not compatible with the data gathered from TMS 

experiments.  Suppression of MEP amplitude during the foreperiod of the 

warned RT task is known to develop progressively across the foreperiod, 

beginning at least 100 ms after the onset of the warning signal (Hasbroucq, 

Kaneko et al., 1999; Touge et al., 1998).  Hence in order to explain the 

suppression of MEP amplitude during the foreperiod relative to the MEP 

amplitude measured in an unwarned condition or during the ITI in terms of a 

proactive inhibitory mechanism, the inhibitory mechanism must be engaged 

after the onset of the warning signal, perhaps simultaneously with the 

automatic response activation triggered by the warning signal.  Research 
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has shown that inhibitory activity can be triggered after the onset of a 

warning signal (Verleger et al., 2006), hence inhibition of M1 output may not 

necessarily be engaged tonically in advance of the warning signal.       

 

While explanation of the data collected in Experiments 5 and 6 with 

reference to this proactive inhibitory strategy raises some potential problems, 

it also generates a number of testable predictions.  Firstly, when the different 

warning signal conditions are delivered in separate, pure blocks, proactive 

inhibition should only occur when a response is required on at least some 

trials.  Hence suppression of MEP amplitude during the foreperiod of the 

warned RT task should only occur when a response might be required within 

the current block of trials.  Consistent with this prediction, Kinoshita, et al. 

(2007) found that suppression of MEP amplitude during the foreperiod only 

occurred when the warning signal was predictive of a response signal across 

a block of trials.  When the warning signal predicted a stimulus which did not 

require a response across a block of trials, no suppression of MEP amplitude 

occurred.  In Experiment 7 the protocol used by Kinoshita, et al. (2007) was 

extended to include a parametric manipulation of response expectancy, with 

warning signals specifying a 0, 0.5, and 0.83 probability of response signal 

onset delivered in both pure and mixed blocks protocols.  Single and paired 

TMS pulses were delivered, to measure SICI during the foreperiod in the 

different warning signal conditions, enabling a test of the hypothesis that 

reduced SICI during the foreperiod reflects an automatic activation of the 

response by the warning signal.  This hypothesis predicts that SICI should 
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be reduced during the foreperiod relative to the ITI in all of the warning signal 

conditions in the mixed blocks protocol, but only the 0.5 and 0.83 warning 

signal conditions (and not the 0 warning signal condition) in the pure blocks 

protocol. 
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6.3 Materials and Methods 

Subjects 

Experiment 7 tested 14 (eight female, one left-handed) volunteers aged 20-

31 yr (median = 24 yr), who participated for course credit or a small 

remuneration. The protocol was in accordance with the Declaration of 

Helsinki and was approved by a local research ethics committee. All subjects 

gave written informed consent, and were screened for medical conditions 

which might make them unsuitable for testing with TMS.  Handedness was 

determined by administration of the Edinburgh Handedness Inventory 

(Oldfield, 1971). 

 

Behavioral Procedures 

Subjects took part in a warned RT task, making a ballistic flexion of their 

index finger as soon as possible after response signal onset.  The task was 

similar to that used in Experiments 5 and 6 (see Section 5.3), with the 

exception that the different warning signal conditions were first presented 

using a pure blocks protocol, followed by the conventional mixed blocks 

protocol.  Hence all subjects participated in both the pure and mixed blocks 

protocols.  To minimize the influence of the mixed blocks protocol on 

subjects‟ preparatory strategies during the pure blocks protocol, all subjects 

completed the pure blocks protocol first.  

 

Subjects initially completed a training phase in which they were familiarized 

with the stimuli and the target force level for the response.  The training 
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phase consisted of 36 trials delivered in three blocks, with one block of 12 

trials for each of the 0, 0.5, and 0.83 warning signal conditions.  The order of 

the blocks was randomized between subjects.  During the training phase 

subjects received feedback about the force applied relative to the target 

force level of 20% MVC after each trial on which a response was required.  If 

the force applied was within a 15% to 25% MVC band, the message “correct 

response” appeared on the screen in green text.  If the force applied was 

less than 15% MVC or greater than 25% MVC, the message “force too low” 

or “force too high” (as appropriate) appeared on the screen in red text.  Once 

during each block, subjects were asked to verbally report how many trials 

had been delivered, to ensure that they attended to the stimuli even during 

blocks in which no response was required. 

 

The experimental phase consisted of a pure blocks protocol, with one block 

of 30 trials for each of the 0, 0.5, and 0.83 warning signal conditions, and a 

mixed blocks protocol, with six blocks of 18 trials.  In the pure blocks protocol 

each subject completed the 0, 0.5, and 0.83 warning signal conditions in the 

same order as in the training phase.  Twice during each of the warning 

signal conditions in the pure blocks protocol, subjects were asked to verbally 

report how many trials had been delivered, to ensure that they attended to 

the stimuli even during blocks in which no response was required.  During 

the experimental phase subjects were not given feedback about the force 

level of their responses. 
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Electrophysiological Procedures 

The TMS protocols and electrophysiological recording procedures were 

identical to those reported in Experiments 5 and 6 (see Section 5.3).  Single 

and paired TMS pulses were delivered during the pure and mixed blocks 

protocols.  On single-pulse trials stimulator intensity was set to elicit MEP 

amplitudes of approximately 1 mV in the relaxed right FDI muscle, resulting 

in a mean test-stimulus intensity of 62.6% (SE=3.8) of MSO.  In two subjects 

the test-stimulus intensity was adjusted slightly between the pure and mixed 

blocks protocols.  On paired pulse trials the conditioning stimulus was set at 

an intensity which resulted in 50% inhibition of the test MEP amplitude in the 

relaxed FDI muscle, resulting in a mean conditioning-stimulus intensity of 

33.5% (SE=1.5) MSO.  The ISI between the conditioning and test stimuli was 

3 ms. 

 

During the pure blocks protocol TMS was delivered 300 ms after warning 

signal onset on 20 (10 single and 10 paired TMS pulses) of the 30 trials in 

each of the three blocks.  Ten single and 10 paired TMS pulses were also 

delivered during 20 of the ITIs in each block, 6-9 s after the end of the 

previous trial.  In the mixed blocks protocol TMS was delivered 300 ms after 

the warning signal on four (two single and two paired TMS pulses) of the six 

trials from each of the three warning signal conditions in each of the six 

blocks.  Two single and two paired TMS pulses were also delivered during 

four of the ITIs in each block, 6-9 s after the end of the previous trial.  Hence 
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the warning signal was similarly predictive of TMS pulse onset in the pure 

and mixed blocks protocols.   

 

When comparing SICI between two conditions in which different levels of M1 

excitability are expected it is conventional to titrate stimulator intensity to 

match MEP amplitude between the conditions (eg. Begum et al., 2005).  Due 

to the addition of extra trials and constraints on the length of the testing 

session there was no correction for changes in MEP amplitude between 

conditions in this experiment.  Recent research has demonstrated similar 

reduction of SICI during the foreperiod in a warned RT task, regardless of 

whether the test stimulus intensity was titrated to match MEP amplitude 

across conditions (Duque & Ivry, 2009).  Garry and Thomson have also 

suggested that it may be more appropriate to match test stimulus intensity, 

rather than overall MEP amplitude, when comparing SICI between 

experimental conditions which are expected to induce different levels of M1 

excitability (Garry & Thomson, 2009). 

 

Data Analysis 

Behavioral data from each trial were inspected to identify false responses 

(defined as a force output greater than 5% MVC during the 1500 ms 

following warning signal onset on trials in which a response signal did not 

occur) and missed responses (defined as a force output less than 5% MVC 

during the 1000 ms following a response signal), and to ensure that the 

software algorithm used to calculate RT did not erroneously identify a TMS-
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evoked muscle twitch as a voluntary response.  Trials on which there was a 

false response, missed response, or an unlikely short RT (less than 100 ms 

after response signal onset) were removed from the analysis.  Trials were 

also removed from the analysis if the RMS of the FDI EMG activity during 

the 50 ms preceding the TMS pulse was greater than 50 V.  The data from 

two subjects were completely removed from the analysis due to consistent 

EMG activity during the pre-TMS interval, leaving a total of 12 subjects.  

 

To assess how selectively the FDI muscle was engaged by the task, the 

median of each subject‟s RMS EMG activity from the FDI and ADM muscles 

in the 50 ms following response onset on response trials from the 0.83 

warning signal condition was expressed as a ratio of their median RMS EMG 

activity from the FDI and ADM muscles during the ITI.  Bonferroni corrected 

one-sample t-tests of the log-transformed ratios against a test value of zero 

were conducted to investigate whether there was significant activation of a 

muscle during the response compared to the ITI.       

 

Reaction time data from the pure and mixed blocks protocols were analyzed 

using a three-way Warning Signal Condition (0.5, 0.83) by Protocol (Pure, 

Mixed) by TMS Presence (Present, Absent) repeated-measures ANOVA.  

The mean false response rate (a ratio of the number of false responses 

committed to the number of trials in which no response signal appeared in 

that condition) was calculated for the 0.5 and 0.83 warning signal conditions 
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as a measure of accuracy.  The small number of false responses did not 

allow a separate analysis of RT on false response trials.     

 

Because the testing protocol in Experiment 7 did not allow enough time for 

matching of test stimulus intensities in the various conditions, there was 

more variation in the MEP amplitudes in this experiment than in Experiment 

6.  In order that subjects with large MEP amplitudes did not overly bias the 

data, each subject‟s median single-pulse MEP amplitude from the FDI and 

ADM muscles during the foreperiod of the 0, 0.5, and 0.83 warning signal 

conditions was expressed as a ratio of their median ITI MEP amplitudes from 

the FDI and ADM muscles respectively, in both the pure and mixed blocks 

protocols.  Bonferroni corrected one-sample t-tests of the log-transformed 

ratios against a test value of zero were conducted, to investigate whether 

there was any suppression of MEP amplitude relative to the ITI for each of 

the warning signal conditions.  A three-way Condition (0 warning signal 

condition, 0.5 warning signal condition, 0.83 warning signal condition, ITI) by 

Protocol (Pure, Mixed) by Muscle (FDI, ADM) repeated-measures ANOVA 

was used to analyze differences in the RMS of the pre-TMS EMG, to 

determine whether changes in MEP amplitude across conditions were due to 

different levels of muscular contraction. 

 

For each subject in Experiment 7, SICI was quantified as the median paired-

pulse MEP amplitude expressed as a ratio of the median single-pulse MEP 

amplitude in each condition.  As in Experiment 6, subjects were removed if 
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their ratio of paired-pulse over single-pulse MEP amplitude during the ITI 

was greater than 0.85, to prevent floor effects from influencing the data 

(Fisher et al., 2002; Stinear & Byblow, 2003).  These criteria resulted in the 

removal of one subject‟s data, leaving 11 subjects for the analysis of SICI 

scores.  Scores expressed as ratios were log transformed before 

comparison across conditions, and back-transformed means and standard 

errors of these ratio scores are presented. 
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6.4 Results 

Behavioral Data 

In both the pure and mixed blocks protocols, RT was faster in the 0.83 

warning signal condition than in the 0.5 warning signal condition (see Table 

3).   

Table 3: Mean (SE) of each subject‟s median RT to response signals (in ms) 
across conditions in the pure and mixed blocks protocols in Experiment 7. 
_____________________________________________________________ 

 Protocol: Pure Mixed 

  TMS Presence: TMS no TMS TMS no TMS 

Condition
 _______________________________________________________ 
 
0.5  263 (16) 244 (11) 261 (13) 268 (15) 
0.83  207 (15) 212 (14) 209 (15) 210 (11) 
_____________________________________________________________ 
 
There was a significant main effect of Warning Signal Condition (F(1,11)=52.3, 

P<0.001, 2=0.83) and no significant main effect of Protocol (F(1,11)=0.9, ns, 


2=0.08) or TMS Presence (F(1,11)=0.09, ns, 2=0.01).  There were no 

significant interaction effects (all Ps>0.1). 

 

In the pure blocks protocol, the mean false response rate was higher in the 

0.83 warning signal condition (M=0.33, SE=0.08) than in the 0.5 warning 

signal condition (M=0.04, SE=0.01).  Similarly, in the mixed blocks protocol, 

the mean false response rate was higher in the 0.83 warning signal condition 

(M=0.35, SE=0.07) than in the 0.5 warning signal condition (M=0.01, 

SE=0.01).  The differences in false response rates between the 0.83 and 0.5 

warning signal conditions were significant in both the pure (t(11)=3.8, P<0.01, 
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Cohen‟s d=1.6) and mixed blocks (t(11)=4.9, P<0.001, Cohen‟s d=2.0) 

protocols. 

 

To investigate whether there was a speed-accuracy trade off, the correlation 

between the rate of false responses committed on catch trials and the 

median RT from response trials without TMS was calculated for each 

warning signal condition.  In the pure blocks protocol, the false response rate 

was negatively related to RT, for both the 0.83 (r=-.57, 95% confidence 

interval: -.01 to .86, one-tailed P=0.03) and 0.5 (r=-.50, 95% confidence 

interval: -.1 to .83, one-tailed P=0.05) warning signal conditions.  This 

relationship was weaker and non-significant in the mixed blocks protocol, for 

both the 0.83 (r=-.43, one-tailed P=0.08) and 0.5 (r=-.17, ns) warning signal 

conditions.  One-tailed significance levels are reported because a negative 

relationship between RT and false response rate was expected, having been 

demonstrated previously in a similar protocol (Sinclair & Hammond, 2009).   

 

Electrophysiological Data 

The mean of each subject‟s median RMS EMG activity in the FDI and ADM 

muscles from the 50 ms preceding the TMS pulse during the ITI, and the 

foreperiod of the 0, 0.5, and 0.83 warning signal conditions in the pure and 

mixed blocks phases are shown in  

 

Table 4.   
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Table 4: Mean (SE) of each subject‟s median RMS EMG activity (in V) in 
the FDI and ADM muscles from the 50 ms preceding the TMS pulse during 
the ITI, and the foreperiod of the 0, 0.5, and 0.83 warning signal conditions in 
the pure and mixed blocks protocols.  For the pure blocks protocol, the ITI 
RMS values were collapsed across the 0, 0.5, and 0.83 warning signal 
conditions.  
_____________________________________________________________
  

 Protocol: Pure Mixed 

  Muscle: FDI ADM FDI ADM 

Condition_____________________________________________________                                                                                                                 

ITI 31 (1) 39 (5) 31 (1) 40 (6) 
Foreperiod (0) 31 (1) 38 (5) 31 (1)  39 (5) 
Foreperiod (0.5) 31 (1) 38 (5) 31 (1) 38 (5) 
Foreperiod (0.83) 31 (1) 38 (5) 32 (1) 39 (5) 
_____________________________________________________________ 
 

There were no significant main effects of Protocol (F(1,11)=0.39, ns, 2=0.03), 

Muscle (F(1,11)=1.78, ns, 2=0.14), or Condition (F(4,44)=0.15, ns, 2=0.01), 

and no significant interaction effects (all F values <1).  Hence any 

differences in MEP amplitude between the conditions were not due to 

differences in the amount of EMG activity in the muscle. 

 

The median RMS EMG activity from the 50 ms following response onset in 

the 0.83 warning signal condition was expressed as a ratio of median RMS 

EMG activity during the ITI for each muscle, in the pure and mixed blocks 

protocols, to assess how selectively the FDI muscle was engaged in the 

response.  In the pure blocks protocol the mean ratio was 8.6 (SE=2.6) for 

the FDI, and 1.1 (SE=0.1) for the ADM muscle.  There was significantly more 

EMG activity during the response than during the ITI for the FDI (t(11)=7.2, 
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P<0.001), but not for the ADM muscle (t(11)=1.8, ns).  In the mixed blocks 

protocol the mean ratio was 12.7 (SE=3.3) for the FDI, and 1.1 (SE=0.04) for 

the ADM muscle.  There was significantly more EMG activity during the 

response than during the ITI for both the FDI (t(11)=9.9, P<0.001) and ADM 

(t(11)=3.6, P=0.004) muscles. 

 

Pure Blocks Protocol 

In the pure blocks protocol, the median MEP amplitudes from the FDI 

muscle during the ITI in the 0, 0.5, and 0.83 warning signal condition blocks 

were 2.56 mV (SE=0.52), 2.67 mV (SE=0.49), and 2.98 mV (SE=0.55) 

respectively.  The median MEP amplitudes from the ADM muscle during the 

ITI in the 0, 0.5, and 0.83 warning signal condition blocks were 0.39 mV 

(SE=0.1), 0.50 mV (SE=0.1), and 0.46 mV (SE=0.1).  There were no 

significant differences between the MEP amplitudes elicited during the ITI in 

these warning signal condition blocks for the FDI (F(2,22)=0.26, ns, 2=.02) or 

ADM muscles (F(2,22)=0.42, ns, 2=.04).  Hence the MEP amplitudes from the 

ITI were collapsed across the 0, 0.5, and 0.83 warning signal conditions for 

the FDI and ADM muscles respectively.  Each subject‟s median single-pulse 

MEP amplitudes from the FDI and ADM muscles during the foreperiod of the 

0, 0.5, and 0.83 warning signal conditions were expressed as a ratio of the 

collapsed ITI MEP amplitudes from the FDI and ADM muscles respectively, 

and are displayed in Figure 9.   



 

 

 

141 

 

Figure 9: Means of each subject‟s median MEP amplitudes from the three 
warning signal conditions in the pure blocks protocol, expressed as a ratio of 
the averaged ITI MEP amplitude, for the FDI and ADM muscles respectively.  
Error bars represent one standard error of the mean.  Asterisks represent 
significant differences from a ratio of one. 

For the FDI muscle the ratio of foreperiod MEP amplitude to ITI MEP 

amplitude was less than one (indicating suppression of the MEP amplitude 

during the foreperiod relative to the ITI) for seven out of 12 subjects in the 0 

warning signal condition, seven out of 12 subjects in the 0.5 warning signal 

condition and nine out of 12 subjects in the 0.83 warning signal condition.  

For the ADM muscle the ratio of foreperiod MEP amplitude over ITI MEP 

amplitude was less than one for five out of 12 subjects in the 0 warning 
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signal condition, six out of 12 subjects in the 0.5 warning signal condition 

and nine out of 12 subjects in the 0.83 warning signal condition.  For the FDI 

muscle there was no significant suppression of MEP amplitude relative to the 

ITI in the 0 (t(11)=1.3, ns, Cohen‟s d=0.36) or 0.5 (t(11)=1.0, ns, Cohen‟s 

d=0.3) warning signal conditions, but there was a significant suppression of 

MEP amplitude in the 0.83 warning signal condition (t(11)=3.9, P<0.05, 

Cohen‟s d=0.36), though the effect size was small and comparable to that in 

the other warning signal conditions.  For the ADM muscle there was no 

significant suppression of MEP amplitude relative to the ITI in any of the 0 

(t(11)=0.6, ns, Cohen‟s d=0.16), 0.5 (t(11)=0.1, ns, Cohen‟s d=0.02), or 0.83 

(t(11)=1.1, ns, Cohen‟s d=0.32) warning signal conditions. 

 

The mean of each subject‟s SICI scores across the different warning signal 

conditions in the FDI and ADM muscles in the pure blocks protocol are 

shown in Figure 10.  As there were no significant differences between the 

SICI scores from the ITIs in the 0, 0.5, and 0.83 warning signal conditions in 

either the FDI (F(2,22)=1.7, ns, 2=.13) or ADM muscles (F(2,22)=0.02, ns, 


2=.002), the SICI scores from the three ITIs were collapsed into a single ITI 

SICI score for each muscle. 
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Figure 10: Means of each subject‟s back-transformed SICI scores across 
the different warning signal conditions in the pure blocks protocol, for the FDI 
and ADM muscles.  The SICI scores from the three ITIs are collapsed into a 
single ITI SICI score for each muscle.  Error bars represent one standard 
error of the mean.   
 
A two way Muscle (FDI, ADM) by Condition (0, 0.5, 0.83, ITI) repeated-

measures ANOVA found no significant effect of Muscle (F(1,10)=2.7, p=.13, 


2=.21), Condition (F(3,30)=0.1, ns, 2=.01) or Muscle by Condition interaction 

(F(3,30)=0.6, ns, 2=.05). 
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Mixed Blocks Protocol 

Each subject‟s median single-pulse MEP amplitude from the FDI and ADM 

muscles during the foreperiod of the 0, 0.5, and 0.83 warning signal 

conditions in the mixed blocks protocol were expressed as a ratio of the 

median ITI MEP amplitudes from the FDI and ADM muscles respectively 

(see Figure 11). 

    

Figure 11: Median MEP amplitudes in each of the different warning signal 
conditions in the mixed blocks protocol for the FDI and ADM muscles, 
expressed as a ratio of the ITI MEP amplitude.  Error bars represent one 
standard error of the mean.  Asterisks represent significant differences from 
a ratio of one. 
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For the FDI muscle the ratio of foreperiod MEP amplitude over ITI MEP 

amplitude was less than one (indicating suppression of the MEP amplitude 

relative to the ITI condition) for nine out of 12 subjects in the 0 warning signal 

condition, 10 out of 12 subjects in the 0.5 warning signal condition and eight 

out of 12 subjects in the 0.83 warning signal condition.  For the ADM muscle 

the ratio of foreperiod MEP amplitude over ITI MEP amplitude was less than 

one for 10 out of 12 subjects in the 0 warning signal condition, 10 out of 12 

subjects in the 0.5 warning signal condition and 11 out of 12 subjects in the 

0.83 warning signal condition.  For the FDI muscle there was a significant 

suppression of MEP amplitude relative to the ITI in the 0 (t(11)=3.6, P<0.05, 

Cohen‟s d=1.02) but not in the 0.5 (t(11)=2.4, ns, Cohen‟s d=0.68) or 0.83 

(t(11)=1.44, ns, Cohen‟s d=0.42) warning signal conditions, despite moderate 

to strong effect sizes for all three conditions.  For the ADM muscle there was 

a significant suppression of MEP amplitude relative to the ITI in the 0 

(t(11)=3.9, P<0.05, Cohen‟s d=1.13) and 0.83 (t(11)=3.8, P<0.05, Cohen‟s 

d=1.1) warning signal conditions, but not in the 0.5 (t(11)=2.5, ns, Cohen‟s 

d=0.71) warning signal condition. 

 

The means of each subject‟s SICI scores in each of the warning signal 

conditions in the FDI and ADM muscles in the mixed blocks protocol are 

shown in Figure 12.  A two-way Muscle (FDI, ADM) by Condition (0, 0.5, 

0.83, ITI) repeated measures ANOVA found no significant effect of Muscle 

(F(1,10)=4.0, p=.07, 2=.28), Condition (F(3,30)=1.7, ns, 2=.15) or Muscle by 

Condition interaction (F(3,30)=1.0, ns, 2=.09).  
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Figure 12: Means of each subject‟s back-transformed SICI scores for the 
FDI and ADM muscles in each of the different warning signal conditions in 
the mixed blocks protocol.  Error bars represent one standard error of the 
mean. 
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6.5 Discussion 

Behavioral Data 

In Experiment 7 RT was briefer when the response signal was preceded by 

a warning signal which induced a higher level of response expectancy, a 

finding which is consistent with previous research (Bestmann et al., 2008; 

Mattes, Ulrich, & Miller, 2002; Sinclair & Hammond, 2009).  It has been 

suggested that heightened response expectancy results in more effective 

response preparation (Niemi & Naatanen, 1981).  An alternative 

interpretation of the observed speeding of reaction time with higher levels of 

response expectancy is that the 0.83 warning signal (which was identical in 

appearance to the response signal) facilitated RT by priming the sensory 

processing of the response signal (Posner & Snyder, 1975).  However, the 

higher false response rate on trials without a response signal when they 

were preceded by a 0.83 warning signal than when they were preceded by a 

0.5 warning signal suggests that subjects brought their response closer to 

the “motor action limit” or threshold for overt response (Näätänen, 1971) 

during the foreperiod following the 0.83 warning signal than that following the 

0.5 warning signal.  Given that this increased readiness to respond in the 

0.83 warning signal condition occurred even on trials without a response 

signal, the facilitation of RT in the 0.83 warning signal condition is likely due 

to motoric preparatory activity occurring during the foreperiod, rather than 

facilitation of the sensory processing of the response signal. 
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The speeding of RT associated with higher levels of response expectancy 

was similar in the pure and mixed blocks protocols.  Hence any differences 

in RT across the conditions are likely due to the warning signals inducing 

different levels of response expectancy.  While proactive inhibition has also 

been suggested to be partially responsible for the shortening of RT on 

warned trials relative to unwarned trials, proponents of this mechanism of 

response inhibition do not dismiss the idea that RT is also sensitive to the 

level of response expectancy induced by a warning signal (Boulinguez et al., 

2008).  Furthermore, in Experiment 7 proactive inhibition (as conceptualized 

by Boulinguez et al.) was not directly manipulated.   

 

In Experiment 7 RT was not affected by the delivery of TMS pulses during 

the foreperiod.  In Experiments 1-3 and 5-6 RT was shorter on trials in which 

a TMS pulse was delivered, in addition to the speeding of RT due to the 

provision of a warning signal (Experiments 1-3) or induction of higher levels 

of response expectancy (Experiments 5-6).  The probability of response 

signal onset given a TMS pulse was not as high in Experiment 7 as in 

Experiments 1-3, but was identical to that in Experiments 5-6.  Hence the 

lack of RT speeding on TMS trials in Experiment 7 cannot be explained with 

reference to different response expectancies induced on TMS trials across 

the different experiments.  It is possible that the additional requirement for 

subjects to count the number of trials during the pure blocks protocol in 

Experiment 7 might have interfered with the intersensory facilitation 

mechanisms proposed to explain the speeding of RT by TMS pulses in 
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previous experiments.  However this explanation cannot account for the lack 

of a speeding of RT on TMS trials in the mixed blocks protocol in which 

subjects did not have to count trials, unless trial counting behavior was 

overlearned during the pure blocks protocol and carried on automatically 

during the mixed blocks protocol, resulting in prevention of the speeding of 

RT on TMS trials in the mixed blocks protocol.  

 

Suppression of MEP amplitude during the foreperiod 

In the pure blocks protocol, there was a suppression of MEP amplitude in the 

FDI muscle during the foreperiod relative to the ITI, which was significant in 

the 0.83 warning signal condition, but not significant in the 0 and 0.5 warning 

signal conditions.  The stronger suppression of MEP amplitude when the 

warning signal specified a higher probability of response signal onset 

supports previous research (Kinoshita et al., 2007).  However if this 

suppression of MEP amplitude was purely the result of the hypothesized 

proactive inhibitory mechanism being engaged during the foreperiod on trials 

in which a response signal might occur in the pure blocks protocol, then it 

would also be expected to occur in the 0.5 warning signal condition, but not 

during the 0 warning signal condition.  The effect sizes for the suppression 

effect were weak (Cohen‟s d between 0.3 and 0.36) and similar for all three 

warning signal conditions.  Although the order of presentation of the different 

warning signal conditions was randomized, it is possible that order effects 

might have influenced the data.  Further research using pure blocks 

presentation of conditions in which the warning signal informs subjects of 
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different probabilities of response signal onset should consider the potential 

influence of order effects on the modulation of MEP amplitude during the 

foreperiod. 

 

In the mixed blocks protocol there was a significant suppression of MEP 

amplitude during the foreperiod relative to the ITI, for the 0 warning signal 

condition in the FDI muscle, and for the 0 and 0.83 warning signal conditions 

for the ADM muscle.  While the suppression of MEP amplitude during the 

foreperiod did not reach significance for all conditions, the effect size of the 

suppression effect was moderate to large (Cohen‟s d between 0.4 and 1.1) 

for all of the warning signal conditions for both muscles.  These effect sizes 

are comparable to those observed across the three warning signal 

conditions in the FDI and ADM muscles in Experiment 5.  The weaker 

statistical power due to the smaller sample size in Experiment 7 might 

explain the failure to obtain a significant effect in some of the conditions.  

The data from the mixed blocks protocol provide some support for a 

generalized suppression of MEP amplitude during the foreperiod regardless 

of the probability of response signal onset specified by the warning signal on 

the present trial, when different warning signals are presented in mixed 

blocks. 

 

Anatomical Selectivity 

In the pure blocks protocol, the suppression of MEP amplitude during the 

foreperiod was anatomically selective to the FDI muscle, with no observable 
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reduction of MEP amplitude in the ADM muscle during the foreperiod.  In the 

mixed blocks protocol however, there was a significant suppression of MEP 

amplitude in the 0 warning signal condition for the FDI muscle, and a 

significant suppression of MEP amplitude in the 0 and 0.83 warning signal 

conditions for the ADM muscle.  Analysis of the EMG data associated with 

the response suggested a selective engagement of the FDI muscle in the 

pure blocks protocol, with no significant co-contraction of the ADM muscle.  

In the mixed blocks protocol there was a significant increase in the amount 

of EMG activity in both the FDI and ADM muscles during the response, as 

compared to the ITI.  Hence when subjects selectively engaged the target 

muscle, the suppression of MEP amplitude was selective to the target 

muscle, supporting previous research (Touge et al., 1998; van Elswijk et al., 

2008).  When a warning signal allows subjects to predict when a response 

signal will occur (Mattes & Ulrich, 1997), or the specific response that will be 

required (Mattes et al., 2002), their response is executed with a lower force.  

Response force is also negatively related to the level of individuated control 

of the fingers (Shinohara, Li, Kang, Zatsiorsky, & Latash, 2003). Hence, it is 

suggested that the selective engagement of the FDI muscle in the pure 

blocks protocol, but not in the mixed blocks protocol, occurred due to 

subjects having greater certainty as to the likelihood that they would have to 

respond, particularly when the 0.83 warning signal was delivered in the pure 

blocks protocol.  The resultant weaker contraction of the agonist muscle 

under these conditions would have enabled more individuated control, 

potentially contributing to the anatomical selectivity observed in the 
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suppression of MEP amplitude in the pure blocks, but not the mixed blocks, 

protocols.  Future research could employ a choice RT task (e.g. Touge et al.  

(1998) used a choice between flexion or extension around the same joint) to 

further investigate the anatomical selectivity of the modulation of MEP 

amplitude and SICI during the foreperiod. 

   

Reduction of SICI during the foreperiod 

In contrast to Experiments 1 and 6, in Experiment 7 there was no reduction 

of SICI observed during the foreperiod in either the pure or mixed blocks 

protocols.  This was surprising given the strong effects observed in 

Experiments 1 and 6.  One important difference in the methodology of 

Experiment 7 was the lack of a manipulation of TMS intensity to elicit similar-

sized MEP amplitudes in the warned conditions and during the ITI.  In 

Experiment 6, test stimulus intensity was titrated so that single TMS pulses 

delivered during the foreperiod and during the ITI both elicited 1-mV MEP 

amplitudes.  This resulted in higher test stimulus intensities for TMS pulses 

delivered during the foreperiod of the warned conditions than for those 

delivered during the ITI.  However, given that SICI has been found to 

increase with increasing test stimulus intensity (Sanger et al., 2001), 

increasing test stimulus intensity in the warned condition should result in 

more SICI during the warned conditions, which would be an attenuation of 

the previously observed reduction of SICI in the foreperiod (Sinclair & 

Hammond, 2008).  Recent research has shown that SICI is reduced during 

the foreperiod regardless of whether or not test stimulus intensity is titrated 
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to correct for changes in corticospinal excitability across conditions (Duque & 

Ivry, 2009).  Hence the failure to titrate test stimulus intensity to correct for 

changes in corticospinal excitability across conditions in Experiment 7 is 

unlikely to be responsible for the absence of the previously observed 

reduction of SICI during the foreperiod.  It is possible that the previously 

observed reduction of SICI during the foreperiod did not reach significance in 

Experiment 7 due to a small sample size.  Van Elswijk, et al. (2007) found a 

reduction of SICI at a time in the foreperiod when there was a higher 

momentary expectancy of response signal onset, but this reduction failed to 

reach significance, perhaps due to their use of a small sample (N=7).  

Statistical power is likely to have a strong impact when assessing the 

statistical significance of modulations of SICI, which is highly variable 

between subjects (M. Orth, Snijders, & Rothwell, 2003). 

 

In Experiment 7 the presentation of warning signals specifying different 

probabilities of response signal onset resulted in different effects on 

corticospinal excitability, depending on whether the trials were delivered in a 

pure or mixed blocks format.  When the different warning signals were 

presented in a pure blocks format, the suppression of MEP amplitude during 

the foreperiod was found to be sensitive to the level of response expectancy 

induced by the warning signal, and selective to the target muscle for the 

upcoming contraction, supporting previous research (Kinoshita et al., 2007; 

Touge et al., 1998).  When the different warning signals were presented in a 

mixed blocks format, the suppression of MEP amplitude was similar across 
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all the warned conditions, and not anatomically selective, supporting 

previous research (Sinclair & Hammond, 2009).  The previously observed 

reduction of SICI during the foreperiod of the warned reaction time task 

(Duque & Ivry, 2009; Sinclair & Hammond, 2008) was not replicated, 

perhaps due to the smaller sample size in Experiment 7 (van Elswijk et al., 

2007).  
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Chapter 7: General Discussion 

This thesis has reported seven experiments, in which single and paired TMS 

pulses were delivered to assess corticospinal excitability while subjects 

prepared to make a speeded, ballistic flexion of the right index finger 

following a response signal.  The aim of these experiments was to 

investigate the role of intracortical inhibitory circuits within M1 as possible 

neural mechanisms underlying the suppression of corticospinal excitability 

during the foreperiod of the warned RT task.  Based on the data from 

Experiments 1-3, it was argued that the suppression of corticospinal 

excitability during the foreperiod could not be explained by the known 

intracortical inhibitory mechanisms within M1; the suppression was instead 

proposed to be the result of inhibition not originating within M1.  Later 

experiments investigated the preparatory significance of the reduction of ICI 

and suppression of corticospinal excitability during the foreperiod, by 

delivering different warning signals which informed subjects of different 

probabilities of response signal onset on the present trial.  This chapter 

presents an overview of the research, discusses the implications of these 

findings with respect to the preparatory significance and possible neural 

mechanisms underlying the suppression of corticospinal excitability during 

the foreperiod of the warned RT task, and concludes with some suggestions 

for future research.    
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7.1 Overview of research 

Chapter 2 introduced software which enables flexible online control of the 

MagStim hardware typically used by researchers in TMS experiments.  This 

software system has a number of applications, including online 

programmatic control of stimulator parameters (such as the stimulator 

intensity, interstimulus interval and number of pulses to be delivered on a 

trial, read-outs of stimulator status, and time-locking TMS pulses with 

external events or endogenous signals (e.g. a target level of EMG in the 

target muscle).  The efficacy of this software was demonstrated in the 

context of solving the real-world problem of quickly determining the 

stimulator intensity required to elicit a target MEP amplitude during a testing 

session.  Test-stimulus intensity was titrated automatically on the basis of 

the MEP amplitude elicited on the previous trial, until the target MEP 

amplitude was reached.  The ensuing experiments also applied this software 

system, to adjust stimulator parameters from trial to trial, and time-lock TMS 

pulses with external stimuli.  This software system is used as the foundation 

for the TMS experiments run in the Psychobiology laboratory at the 

University of Western Australia.   

 

Experiments 1-3 demonstrated a facilitation of RT and suppression of MEP 

amplitude on warned trials compared to unwarned trials, supporting previous 

research (Hasbroucq, Kaneko et al., 1999; Touge et al., 1998).  The 

important, original findings from this set of experiments were the 

observations of reduced SICI3 (Experiment 1) and LICI100 (Experiment 3) in 



 

 

 

157 

advance of the response signal on warned trials compared to unwarned 

trials.  Previous research has observed reduced activity of intracortical 

inhibitory mechanisms (shown by reduced CSP duration) during the 

foreperiod (Davranche et al., 2007), but Experiments 1 and 3 provide the first 

evidence of a reduction in the amount of intracortical inhibition during the 

foreperiod.  These findings are important because the intracortical inhibitory 

mechanisms measured in these experiments are known to operate within M1 

(T. Kujirai et al., 1993; J. Valls-Solé et al., 1992), thus their reduced 

excitability during the foreperiod suggests that M1 is active during the early 

stages of response preparation, well in advance of the response signal, and 

more than 500 ms before the onset of a response.  The absence of a 

reduction in SICI1.5 was interpreted as supporting the previously observed 

functional dissociation between SICI1.5 and SICI3 (Roshan et al., 2003).  

Collectively, the data from these experiments also refute the proposal that 

the suppression of MEP amplitude during the foreperiod of the warned RT 

task could be the result of increased intracortical inhibition (McMillan et al., 

2004), suggesting instead that the neural mechanism for this suppression 

most likely originates from outside M1. Primate research has demonstrated 

that the premotor cortex sends inhibitory projections to M1 and the spinal 

interneurons subserving hand movements (Dum & Strick, 2002), and also 

plays an important role in withholding prepared responses during the 

foreperiod (Sawaguchi et al., 1996).  Hence the premotor cortex is a 

candidate cortical area which might be responsible for the suppression of 

corticospinal excitability during the foreperiod.      
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Experiment 4 investigated a potential limitation of Experiments 1-3.  Recent 

research has suggested that the suppression of MEP amplitude during the 

foreperiod might be due to the warning signal making the TMS pulse more 

predictable (Takei et al., 2005).  Experiment 4 used a similar method to 

Experiment 1, except that subjects passively observed the stimuli, and did 

not have to prepare or execute any responses.  In Experiment 4 there was 

no suppression of MEP amplitude when the warning signal appeared before 

the TMS pulse.  This finding is important because it refutes Takei, et al.‟s 

(2005) proposal that the suppression of MEP amplitude occurs simply as a 

result of the warning signal making the TMS pulse more predictable.  Hence 

the suppression of MEP amplitude observed during the foreperiod in 

Experiments 1-3 cannot be attributed to the greater predictability of the TMS 

pulse on warned trials.  It also suggests that the expectation that a response 

will be required at some point is a necessary condition before suppression of 

MEP amplitude will occur during the foreperiod, supporting previous 

research (Kinoshita et al., 2007).  

 

To investigate the preparatory significance of the previously observed 

suppression of MEP amplitude and reduction of ICI during the foreperiod, 

Experiments 5 and 6 manipulated the subjective level of response 

expectancy induced by the warning signal from trial-to-trial.  Different 

warning signals informed the subject of different probabilities of response 

signal onset on the present trial.  It was hypothesized that if the suppression 

of MEP amplitude and reduction of SICI3 had preparatory significance, then 
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they should be greater on trials in which the warning signal informed 

subjects that there was a higher probability of response signal delivery.  The 

expected suppression of MEP amplitude and reduction of SICI3 was 

observed during the foreperiod on warned trials compared to the ITI, 

however the manipulation of subjective level of response expectancy by the 

presentation of different warning signals did not influence the amount of 

suppression of MEP amplitude or reduction of SICI3 during the foreperiod, 

even when the warning signal informed subjects that they would definitely 

not have to respond on the present trial.  These data suggested that the 

preparatory set underlying the modulation of M1 excitability during the 

foreperiod might be engaged across a block of trials, rather than from trial-to-

trial, particularly in the context of a mixed-blocks protocol.  The similar 

reduction of SICI3 during the foreperiod, regardless of the subjective 

response expectancy induced by the warning signal, was interpreted as an 

automatic activation of the response within M1 (Endo et al., 1999), which has 

been hypothesized to occur after any warning signal delivered in the context 

of a warned RT task in which a response might be required (Jaffard et al., 

2007).  The suppression of MEP amplitude during the foreperiod was 

interpreted as a proactive inhibition of descending M1 output to prevent this 

automatic response activation from triggering a premature response during 

the foreperiod (Boulinguez et al., 2008; Jaffard et al., 2007). 

 

Recent research has shown that the context in which trials are delivered in 

the warned RT task can influence preparatory strategies (Boulinguez et al., 
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2008; Jaffard et al., 2007; Jaffard et al., 2008).  This suggests that the 

suppression of MEP amplitude during the foreperiod might also be sensitive 

to the context in which trials are delivered.  In Experiment 7 the suppression 

of MEP amplitude during the foreperiod was sensitive to momentary 

response expectancy when the different warning signals were delivered in 

separate, „pure‟ blocks, but not when they were interspersed in mixed 

blocks.  This suggests that when the different warning signals are 

interspersed in mixed blocks, subjects adopt a preparatory set which results 

in a similar suppression of MEP amplitude during the foreperiod, regardless 

of the type of warning signal delivered.  This „global‟ suppression observed 

during the foreperiod of the warned RT task delivered with a mixed blocks 

protocol may be the result of a proactive inhibitory mechanism, engaged to 

prevent premature response during the foreperiod, however this experiment 

did not directly manipulate proactive inhibition.  When a preparatory set can 

be adopted across a block of trials (as in the pure blocks protocol) the 

suppression of MEP amplitude during the foreperiod is sensitive to the 

momentary response expectancy, only occurring when the subject expects 

that they will have to respond.  The findings from Experiment 7 are directly 

relevant to researchers using chronometric methods, suggesting that the 

context in which different trials are delivered can influence the subject‟s 

preparatory strategy and corticospinal excitability.  

 

Overall, the data reported in Experiments 1-7 confirm and extend findings 

from previous research.  The reduction of ICI during the foreperiod supports 
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the idea that M1 is active during response preparation (Deiber et al., 1996; 

Leuthold et al., 1996; Ulrich et al., 1998), and suggests that this activity 

begins well in advance of the response.  The suppression of MEP amplitude 

during the foreperiod suggests that response preparation involves a 

balancing of excitation and inhibition, such that the response is prepared, but 

not executed until the appropriate time (Boulinguez et al., 2008; Davranche 

et al., 2007).  

 

7.2 Implications with respect to the preparatory significance of the 
modulation of corticospinal excitability during the foreperiod of the 
warned RT task 

The observation of an experimental effect during the foreperiod of a warned 

RT task, compared to unwarned trials or an ITI, does not, by itself, imply any 

preparatory significance of the observed effect.  Previous research has 

yielded conflicting data on the issue of the preparatory significance of the 

suppression of MEP amplitude during the foreperiod of the warned RT task, 

with some authors suggesting that it is selective to a specific response 

(Duque & Ivry, 2009; Touge et al., 1998; van Elswijk et al., 2008), and others 

suggesting a non-specific effect (Hasbroucq, Osman et al., 1999).   In the 

present thesis it was argued that the modulation of corticospinal excitability 

during the foreperiod of the warned RT task could be thought to have 

preparatory significance if it was sensitive to the response expectancy 

induced by the warning signal, correlated with RT to the response signal, 

and/or anatomically selective to the agonist muscle for the upcoming 

response.   
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When warning signals informing subjects of different probabilities of 

response signal onset on the present trial were delivered in separate pure 

blocks, the suppression of MEP amplitude during the foreperiod was found 

to be sensitive to the response expectancy induced by the warning signal, 

and anatomically selective to the agonist muscle for the upcoming response 

(Experiment 7).  This pattern of findings was not observed when the different 

warning signals were interspersed in mixed blocks (Experiment 5).  These 

findings do not directly demonstrate a preparatory significance for the 

modulation of corticospinal excitability during the foreperiod of the warned 

RT task, but do show how evidence for this preparatory significance might 

be obscured by contextual effects associated with the conventional mixed-

blocks protocol. 

 

None of the experiments in this thesis observed a significant correlation 

between the modulation of corticospinal excitability during the foreperiod and 

RT to the response signal.  It is possible that this is because the suppression 

of MEP amplitude and reduction of ICI during the foreperiod are the product 

of two neural processes with opposing effects on the excitability of the 

descending M1 output cells, dynamically balancing neural activation and 

inhibition to enable response preparation during the foreperiod, while 

securing descending M1 output below the threshold for overt response 

(Davranche et al., 2007).  If this were the case, the balancing of activation 

and inhibition could obscure any relationship between the 
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electrophysiological and behavioral measures.  Hence the criterion of a 

correlation between the modulation of corticospinal excitability during the 

foreperiod and RT might not be suitable for evaluating preparatory 

significance in this case.    

 

7.3 Implications with respect to the possible neural mechanisms of the 
modulation of corticospinal excitability during the foreperiod 

Clarifying the neural mechanisms underlying the observed modulation of 

corticospinal excitability during the foreperiod in the warned RT task will be 

an important step in understanding the functional significance of the effects 

observed in these experiments.  By understanding the neural mechanisms 

underlying response preparation and inhibition, experimental research in 

these areas may one day be applied in clinical populations who suffer from 

problems in response preparation (e.g., Parkinson's disease, Krack, 

Wenzelburger, & Deuschl, 1999) or response inhibition (e.g., Tourette 

syndrome, Michael Orth, Münchau, & Rothwell, 2008; Stinear, Coxon, & 

Byblow, 2009). 

 

The protocols used in the present experiments allow certain inferences to be 

drawn as to the neural mechanisms of the observed effects; two points can 

be firmly established.  Firstly, the reduction of SICI3 (Experiment 1) and 

LICI100 (Experiment 3) during the foreperiod can be assumed to occur within 

M1, as both of these inhibitory mechanisms are known to act intracortically 

within M1 (T. Kujirai et al., 1993; J. Valls-Solé et al., 1992).  Secondly, the 

earlier suppression of MEP amplitude than the H-reflex during the foreperiod 



 

 

 

164 

of the warned RT task suggests that the suppression of MEP amplitude 

during the foreperiod occurs in advance of any spinal modulation and likely 

has a cortical locus (Hasbroucq, Kaneko et al., 1999; Touge et al., 1998).  

As none of the known intracortical inhibitory mechanisms can explain this 

cortically based suppression of MEP amplitude, it is suggested that the 

suppression of M1 excitability originates in a cortical area external to M1.  A 

number of cortical areas have been suggested to exert inhibitory control over 

M1, including the premotor cortex (Koch et al., 2006), prefrontal cortices 

(Jaffard et al., 2008), cerebellum (Daskalakis et al., 2004) and basal ganglia 

(Vink et al., 2005), though the final two likely act on M1 via their projections 

to the supplementary motor area (Akkal, Dum, & Strick, 2007).  It is 

suggested that the premotor cortex is a likely candidate responsible for the 

suppression of descending M1 output during the foreperiod, as it has direct 

projections to both M1 and the spinal interneurons thought to underly hand 

movements (Dum & Strick, 2002), and hence could account for both the 

suppression of MEP amplitude and the suppression of the H-reflex during 

the foreperiod.  Inhibition of M1 by the contralateral dorsal premotor cortex 

has been demonstrated during response preparation in both hemispheres 

(Koch et al., 2006), although the ipsilateral interactions between premotor 

cortex and M1 have yet to be fully investigated.  The interactions between 

the dorsal premotor cortex and contralateral M1 have also been shown to 

operate independently of the intracortical inhibitory and facilitatory circuits 

within M1 (Koch et al., 2006), suggesting this pathway as a candidate 

mechanism by which M1 output is inhibited by an external cortical area 
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without affecting the excitability of intracortical circuits within M1.  Recent 

models of proactive inhibitory control of response during the foreperiod have 

also suggested an important role for the dorso-medial prefrontal cortex 

(Jaffard et al., 2008).  The premotor and prefrontal cortices may act 

simultaneously to suppress descending M1 output during response 

preparation.     

 

7.4 Suggestions for future research 

The experiments described in this thesis have been exploratory in nature, 

presenting some findings which will benefit from further research.  The 

following section proposes a solution to one of the methodological issues 

which has arisen in the measurement of SICI during response preparation, 

and makes some suggestions for future research.  

 

In studies investigating SICI between two experimental conditions in which 

MEP amplitude is expected to change, it has been conventional to titrate test 

stimulus intensity in order to match MEP amplitude between the conditions 

(Begum et al., 2005), thus avoiding the potential confound of artificial 

inflation of SICI in the condition in which the test stimulus is expected to elicit 

a higher MEP amplitude.  Recent research has suggested that this practice 

may not be necessary (Garry & Thomson, 2009) and another study showed 

no influence of matching MEP amplitude between conditions on the 

observed reduction of SICI during the foreperiod of a warned RT task 

(Duque & Ivry, 2009).  On the basis of these recent findings, we suggest that 
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future research may benefit from following Duque and Ivry (2009), adopting 

smaller-scale control experiments rather than attempting to match MEP 

amplitude between conditions for every subject.  This approach will allow for 

more trials to be run within the available testing time, increasing signal-to-

noise ratios and allowing experimental effects to emerge more clearly. 

 

As the experiments reported in this thesis are unable to provide any direct 

evidence as to the source of the suppression of MEP amplitude during the 

foreperiod, it will be important for future research to investigate this question.  

The hypothesis that the suppression of MEP amplitude during the foreperiod 

is due to inhibitory input from the premotor cortex could be tested in future 

research using two possible methods.  The first approach would consist of 

using two TMS coils, to elicit a MEP shortly after the induction of a virtual 

lesion over the ipsilateral premotor cortex, at the time during the foreperiod 

in which MEP suppression is known to occur.  If the suppression of MEP 

amplitude during the foreperiod is abolished in this situation, this would 

suggest that ipsilateral premotor cortex is somehow involved in the 

suppression of descending M1 output in normal situations.  Given the 

methodological difficulties associated with dual-coil stimulation over M1 and 

ipsilateral premotor cortex, this research may rely on developments in coil 

technology, allowing suitably powerful stimulation through small TMS coils.  

A second, more selective approach would require an I-wave facilitation 

protocol using one coil only.  Primate research suggests that the cortico-

cortical interaction between the premotor cortex and M1 is reflected in 
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facilitation of the I2 and I3 waves (Shimazu et al., 2004).  Hence a reduction 

of I2- or I3-wave facilitation during the foreperiod would be consistent with an 

inhibition of ipsilateral M1 by the premotor cortex.   

 

In addition to identifying the brain areas responsible for the suppression of 

MEP amplitude during the foreperiod, it would also be of great theoretical 

importance to establish the nature of this inhibitory mechanism. Recent 

research has suggested that inhibition of motor output may be the product of 

an endogenous, „top down‟ mechanism (Brass & Haggard, 2007; Kuhn, 

Haggard, & Brass, 2009), while other studies have suggested a 

subconscious, automatic mechanism (Aron, 2007; Sumner & Husain, 2008), 

though the two mechanisms are not necessarily mutually exclusive of each 

other.   

 

It would be useful and interesting for future research to consider applying the 

findings from the experiments reported in this thesis, in which subjects 

prepared a simple, ballistic response, to more ecologically valid situations in 

which subjects prepare more complex responses or select between a 

number of response alternatives.  Coxon, Stinear and Byblow (2007) have 

proposed that in real-world situations, the inhibition of a prepared response 

often occurs in the context of ongoing motor activity.  This suggests that 

there must be some mechanism by which individual responses can be 

selectively inhibited.  When a single response must be selected from a 

number of alternatives, a mechanism by which responses could be 
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selectively inhibited might enable faster and more accurate response 

selection.  In the context of the warned „simple‟ RT task used in these 

experiments, subjects did not have to choose between alternative 

responses.  Hence the suppression of descending M1 output during the 

foreperiod would have appeared similar whether a „global‟ or „selective‟ 

inhibitory mechanism was engaged.  Choice RT tasks will be useful to 

investigate the mechanisms by which specific responses are selected and 

prepared.  Future research can investigate the role of suppression of MEP 

amplitude and reduction of ICI during the foreperiod in response selection 

and specific response preparation by employing a warned choice RT task 

(Duque & Ivry, 2009; Hasbroucq, Osman et al., 1999).    

  

7.5 Conclusion 

In summary, the experiments in this thesis have demonstrated for the first 

time that there is a reduction in the amount of intracortical inhibition during 

the foreperiod of the warned RT task, well in advance of the response signal 

or movement onset.  These findings suggest that advance information 

influences the patterns of neural activation preceding a response, although 

the context in which the information is presented is also important (Jaffard et 

al., 2007; Jaffard et al., 2008).  At a broader level, this research supports 

neurophysiological studies which have shown that M1 is active (in some 

way) during response preparation (Churchland et al., 2006; Deiber et al., 

1996; Lu & Ashe, 2005).  The value of this thesis is its capacity to suggest 

how M1 might be active in response preparation. 
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bstract

A method for two-way serial communication with MagStim 2002 BiStim units using LabVIEW is described. A suite of LabVIEW ‘virtual

nstruments’ which give simple and reliable control of pulse parameters and delivery is described and made freely available online. The advantages
f serial control include the ability to quickly and reliably change pulse parameters during an experiment, to randomly intersperse pulses with
ifferent parameters without manually resetting the unit, to deliver pulses with a reliable temporal relationship to other external events, and to
ontrol pulse parameters interactively. An application that uses the method for adaptive control of pulse intensity is reported.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Transcranial magnetic stimulation (TMS) is a powerful and
idely used tool in neurophysiological and neuropsychologi-

al research. To date, a primary application of TMS has been
o investigate the function of primary motor cortex (M1), with
ulses delivered over M1, and the resultant motor evoked poten-
ial (MEP) recorded in the target musculature. The peak-to-peak
mplitude of the MEP evoked by a TMS pulse above motor
hreshold gives an index of corticospinal excitability. A sub-
hreshold conditioning pulse presented just before a suprathresh-
ld test pulse can inhibit or facilitate MEP amplitude, effects that
re due to the activation of inhibitory and facilitatory circuits
ithin M1 that modulate the moment-to-moment excitability
f the M1 cells activated by the test pulse (Chen, 2004). TMS
s also gaining popularity as a means of temporarily disrupting
ngoing brain activity (the ‘virtual lesion’ approach, Lomber
nd Galuske, 2002).
.1. Hardware connections

Paired-pulse stimulation with brief interpulse intervals
equires a MagStim 2002 BiStim unit, which consists of two

∗ Corresponding author. Tel.: +61 8 6488 3236; fax: +61 8 6488 1006.
E-mail address: geoff@psy.uwa.edu.au (G. Hammond).
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165-0270/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2006.05.021
agStim; LabVIEW; Virtual instrument

agStim units (a master unit A and a slave unit B) connected
ith a BiStim module, whose output is through a single coil.
oth master and slave units are equipped with an RS232 serial
onnector and a trigger input/output (I/O) connector, which are
ocated on the back of each unit. The serial connection should
ave three (and only three) pins enabled: pin 2 (stimulator trans-
it, TX), pin 3 (stimulator receive, RX), and pin 5 (ground). The

able must be wired ‘straight through’, with pin 2 connected to
in 2, pin 3 to pin 3, and pin 5 to pin 5. The cross-over, TX to
X and RX to TX, is done in the MagStim unit. The trigger I/O
ort can be used to trigger the unit with a positive or negative
oltage change (+5 V to pin 5 or −5 V to pin 6).

.2. MagStim 2002 operating modes

The MagStim 2002 BiStim unit operates in one of three
odes: simultaneous mode, BiStim mode, and independent
iStim trigger (IBT) mode. In simultaneous mode, the inter-
ulse interval is set to zero and the coil delivers a combined
harge from the master (A) and slave (B) units. In BiStim mode,
he interpulse interval is set to a positive non-zero value, and
riggering master unit A will automatically trigger the slave unit
, after the interpulse interval has elapsed. Simultaneous and

iStim modes are selected automatically by the specified inter-
ulse interval. The IBT mode, in which triggering the master
nit does not automatically trigger the slave unit, requires man-
al selection. Both master and slave units are still connected by

mailto:geoff@psy.uwa.edu.au
dx.doi.org/10.1016/j.jneumeth.2006.05.021
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he BiStim module, but are triggered independently by external
riggers separated by an interpulse interval between 1 and
000 ms.

In simultaneous mode, the output of the MagStim 2002 BiS-
im unit is 113% of that of a single MagStim 200 unit. In BiStim
nd IBT mode, the output of the MagStim 2002 unit is 90% of
hat of a single MagStim 200 unit. For this reason, testing ses-
ions should be conducted with a single operating mode so that
ulse intensities expressed as a percentage of stimulator output
re comparable. Single pulses can be delivered in both BiStim
nd IBT modes, making these modes suitable for experiments
hich require single-pulse and paired-pulse trials to be inter-

persed.

.3. Software command format

In the three modes described in the previous section, com-
ands are sent to and read from the serial port of the master

nit A. Commands to the MagStim 2002 BiStim unit are ASCII
trings made up of three components: the first identifies the
ommand (e.g., set the power level of unit A), the second spec-
fies the parameter (e.g., the power level as a percentage of
timulator output), and the third is a checksum value. After
eceiving a command, the MagStim 2002 BiStim unit acknowl-
dges the command and returns the current instrument status.
he hexadecimal code for the different commands and acknowl-
dgements, as well as guidelines for calculating the checksum,
an be found on the MagStim website at http://www.magstim.
om.

.4. VIs for serial communication

This section describes the function of 10 VIs created with
abVIEW 7, each of which performs a basic function required

or on-line control of the MagStim 2002 BiStim unit, and
hich can be used as sub-VIs in software written to control an

xperiment. These VIs are freely available at the following URL:
ttp://www.psychology.uwa.edu.au/homestaff/geoff hammond/
ms.

.4.1. Enable remote control.VI
This VI establishes remote control through the serial inter-

ace, and must be executed before any other serial commands
an be accepted. A valid command must be sent every 10 s
n order to maintain communication between the PC and the
nit. Once the stimulator has been armed and is ready to be
ischarged a valid command must be sent every 500 ms or
he unit will revert to standby mode. The VI initializes the
elected serial port on the PC (COM1 or COM2) and returns
VISA (virtual instrumentation systems architecture) resource
ame, which is in turn passed to each VI executed later in the
rogram.
.4.2. Disable remote control.VI
This VI immediately returns the MagStim 2002 BiStim unit to

anual control. It is executed if remote control is to be disabled

h
c
a
i

ce Methods 158 (2006) 133–136

mmediately; otherwise, remote control will be lost automat-
cally in the absence of ongoing communication between the
C and MagStim 2002 BiStim unit. An audible click will occur
hen remote control is disabled or lost.

.4.3. Set power to unit A.VI
This VI sets the power level for the master unit of the

agStim 2002 unit as a percentage of motor threshold. It accepts
wo parameters in addition to the VISA resource name: the

otor threshold (expressed as a percentage of stimulator out-
ut) and the required power level (expressed as a percentage of
his motor threshold). This allows for convenient specification
f pulse intensity as a percentage of motor threshold.

.4.4. Set power to unit B.VI
This VI is identical to the ‘set power to unit A’ VI described

bove, but sets the power level of unit B. For conditioning-test
equences, master unit A delivers the conditioning pulse and
lave unit B delivers the test pulse after a specified interpulse
nterval (see the VI below). Single pulses are delivered from
nit B by setting the power level of unit A to zero, which allows
t to be triggered without a pulse being delivered through the
oil.

.4.5. Set interpulse interval.VI
This VI sets the interval between the pulse from the master

nit A and that from the slave unit B when the unit is in BiS-
im mode, which is set by passing this VI a positive non-zero
nterpulse interval value.

.4.6. Enable BiStim high-resolution time setting.VI
This VI is executed only when the MagStim 2002 unit is in

iStim mode. It sets the MagStim 2002 BiStim unit in high-
esolution time-setting mode, in which the interpulse intervals
an be specified to the nearest 100 �s. The range of interpulse
ntervals is limited to 1–99.9 ms in this mode.

.4.7. Disable BiStim high-resolution time setting.VI
This VI is executed only when the MagStim BiStim 2002

nit is in BiStim mode. It returns the MagStim 2002 unit to the
efault low-resolution time-setting mode, in which interpulse
ntervals can be specified to the nearest millisecond with a range
f interpulse intervals from 1 to 999 ms.

.4.8. Get current parameter settings.VI
This VI returns the current power level settings of units A

nd B (as a percentage of maximum stimulator output) and the
urrent interpulse interval.

.4.9. Arm until ready.VI
This VI, which must be preceded by enable remote control.VI,

rms the master and slave units. Because the time taken to charge
he units to a ready state can result in loss of remote control, and

ence abort the arming process, these two VIs must be repeated
ontinuously in an ‘arming loop’ until the unit has achieved
ready state. Arm until ready.VI returns a binary value that

ndicates the units’ readiness, with a ‘true’ value indicating that

http://www.magstim.com/
http://www.magstim.com/
http://www.psychology.uwa.edu.au/homestaff/geoff_hammond/tms
http://www.psychology.uwa.edu.au/homestaff/geoff_hammond/tms
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he units are ready for discharge. This return value can be used
o control execution of a conditional while loop, which repeats
ntil the units are charged. A short delay of at least 10 ms should
e allowed before triggering the unit if it has been armed using
his VI.

.4.10. Trigger pulse.VI
This VI triggers unit A and is effective once the unit has been

rmed to a ready state. Because serial commands are processed
y the MagStim 2002 unit in a loop, which repeats approximately
very 100 ms, this triggering method does not allow precise tim-
ng of pulse delivery. The ‘trigger pulse’ command is held in the
oop until it reaches the end of its iteration, and hence will be
esponded to between 0 and 100 ms after being given, depend-
ng on where the loop was in its iteration when the command
as issued; pulse delivery, therefore, will be delayed by any-

hing up to 100 ms. This limitation can be overcome, and the
nits triggered immediately once fully armed, by a +5 V level
hange (with a duration of at least 100 �s) to the positive trig-
er input (pin 5) on the trigger I/O connector on master unit A
r a −5 V level change to pin 6 on the same connector. If the
nit is in BiStim mode, this external trigger will result in deliv-
ry of a pulse from master unit A, followed by a pulse from
lave unit B after the specified interpulse interval. If the unit is
n IBT mode, the trigger to unit A will only result in the deliv-
ry of a pulse from unit A. In order for a pulse to be delivered
rom unit B, a separate trigger must be delivered to the trig-
er I/O port of unit B after the desired interpulse interval has
lapsed.
.5. Flow of control

Fig. 1 shows the flow of control, and the VIs invoked, for a
ypical application.

ig. 1. Flow of control in a typical application. The chart illustrates the flow of
ontrol and the accompanying text lists the VIs invoked for each operation.
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.6. Advanced applications

Three more advanced applications, which exploit the benefits
f online computer-based control of the MagStim 2002 BiStim
nit are described below.

.6.1. Adaptive control
The variables returned by get current parameter settings.VI

an be used to adaptively control stimulator parameters with-
ut requiring the experimenter to change parameters manually.
hen pulse intensity is to be changed adaptively (e.g., when

stablishing a motor threshold or determining an input–output
unction), the current power level can be read by invoking get
urrent parameter settings.VI, modified as appropriate, and the
ew computed power level set with the appropriate ‘set power
evel’ VI. Interpulse interval can be subject to adaptive control
n a similar way by reading this value, modifying it program-

atically, and writing the new value to the stimulator with set
nterpulse interval.VI. Adaptive programmatic control can also
e used to set the TMS pulse at an intensity which elicits an
EP with a specified amplitude by calculating the amplitude

n-line and using it to modify the intensity of a forthcoming
ulse.

.6.2. Substitutes for manual triggering
In manual operation, the trigger enable (safety) button on the

oil must be held down and either the footswitch or the trig-
er button on the front panel of the MagStim pressed to deliver
pulse. With on-line control, an external trigger to the trigger

/O connector can replace the footswitch and the trigger but-
on. If the trigger enable button on the coil is depressed when
he external trigger arrives, the pulse will be delivered imme-
iately. With this method the pulse can be timed precisely and
ime-locked to other events. In some circumstances, however,

anual activation may be preferable. In this case, a continuous
tream of external triggers to an armed stimulator will result in
ulse delivery as soon as the trigger enable button on the coil is
ressed.

.6.3. Conditional triggering
Kaelin-Lang and Cohen (2000) described a system of

onditional triggering whereby ongoing electromyographic
EMG) activity is continuously scanned, and a TMS pulse
s triggered when the activity falls within margins specified
y the experimenter. This method, which is valuable in stan-
ardizing MEP data, which might otherwise be compromised
y variation in EMG activity at the time of pulse delivery,
an be implemented with the VIs described above. These
Is can also be used to trigger the stimulators conditional

n stimulus or behavioral events, and so allow stimulation to
e delivered with a specified temporal relationship to these
vents. We report an application of the VIs for adaptive
ontrol and conditional triggering methods that determines
he TMS intensity required to evoke MEPs of specified
mplitude.
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. Method

.1. Participants

Three volunteers (two males; aged 23–60 years) participated.
articipants were screened for medical conditions, which might
ake them unsuitable for testing with TMS. Participation was

ndertaken with informed consent, and approval was obtained
rom the local ethics committee.

.2. Apparatus and procedure

EMG signals were recorded from the right first dorsal
nterosseus muscle (FDI) and filtered and amplified using con-
entional procedures. The optimal site over left motor cortex
or eliciting an MEP in the right FDI and the active motor
hreshold at this site were determined while the participants

aintained a contraction of 10% of their maximum volun-
ary contraction in the muscle. Active motor threshold was
efined as the lowest TMS intensity required to elicit at least
hree out of five MEPs, which were greater than 50 �V above
he ongoing EMG activity. During testing, single TMS pulses
ere delivered after at least 5 s had elapsed from the previ-
us TMS pulse and when contraction of FDI at 10% (±2.5%)
f maximum voluntary contraction had been maintained for
00 ms.

Software using VIs described above was used to adjust TMS
ntensity programmatically until an MEP of 2 mV (±10%)
as reached. Blocks of four TMS pulses at the same inten-

ity were given, starting at 80% of active motor threshold.
he mean amplitude of the four MEPs was calculated and
sed to determine the intensity of the next block of four
ulses: if the mean amplitude was less than the lower limit
f the tolerance band (1800 �V), pulse intensity was incre-
ented by 5% of stimulator output; if the mean amplitude
as greater than the upper limit of the tolerance band, pulse

ntensity was decremented by 1% of stimulator output, and
uture intensity increments and decrements were set to 1% of
timulator output. The 5% intensity changes were used ini-
ially to reach the target amplitude efficiently. Testing was ter-

inated when the mean amplitude was within the tolerance
and.

. Results

Fig. 2 shows the mean MEP amplitude from each block of

our pulses for each of the three participants. The progressive
djustment of TMS intensity systematically increased the mean
mplitudes from each participant, and, in each case, MEP ampli-
udes quickly reached the target amplitude band.

L

ig. 2. Mean motor-evoked potential amplitudes (mV) from each block of four
rials for each of three subjects. The broken horizontal line indicates the target
mplitude of 2 mV.

. Discussion

The results demonstrate an efficient programmatic means of
etermining the TMS pulse intensity required to elicit an MEP
f a specified amplitude. The efficiency of the intensity deter-
ination would be increased by starting with a pulse intensity

reater than that used here, which was well below the active
otor threshold. While the method gives a known starting point,

t is likely that MEP amplitude will change with repeated stim-
lation at the same intensity, particularly if the testing session is
rolonged. In this case, the required intensity could be readily
e-determined at different times in the testing session.

More generally, the VIs described here offer two advantages
f programmatic control: the TMS pulses can be delivered in
specified temporal relationship to other stimuli and to behav-

oral events, and the parameters of TMS can be determined by
hese events. Together, these advantages increase the range of
xperiments that can be done, and, by adapting TMS parameters
o experimental conditions such as the level of EMG activity in
muscle, can reduce experimental error.
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Abstract Reaction time (RT) is shortened when the
response signal is preceded by a warning signal, a Wnding
that has been attributed to response preparation during the
foreperiod between the warning and response signals.
Research suggests an increased excitability of cortical
movement representations associated with response prepa-
ration during the foreperiod of a warned RT task (Davran-
che et al. in Eur J Neurosci 25:3766–3774, 2007). However
when the foreperiod duration is short and constant, the
motor evoked potential (MEP) amplitude elicited by trans-
cranial magnetic stimulation (TMS) during the foreperiod
is suppressed (Touge et al. in Clin Neurophysiol 111:1216–
1226, 1998), suggesting a competing inhibitory process.
Three experiments measured MEP amplitude and intracor-
tical inhibition during the foreperiod of a warned RT task in
which the response was a Xexion of the right index Wnger.
Experiments 1 and 2 measured short-interval intracortical
inhibition (SICI) with paired TMS pulses separated by
inter-stimulus intervals (ISIs) of 3 (SICI3) and 1.5 ms
(SICI1.5), respectively. Experiment 3 measured long-inter-
val intracortical inhibition (LICI) with paired TMS pulses
with an ISI of 100 ms (LICI100). In all experiments MEP
amplitude was smaller in the warned condition than in the
unwarned condition. There was less SICI3 in the warned
condition than in the unwarned condition (Experiment 1)
whereas SICI1.5 was similar in both conditions (Experiment
2). There was less LICI100 in the warned condition than in
the unwarned condition (Experiment 3). The intracortical
inhibitory processes measured here cannot explain the sup-
pression of MEP amplitude in the warned condition. We

propose that the suppression of MEP amplitude is the result
of an inhibitory mechanism, which acts on primary motor
cortex to prevent premature response during the foreperiod.

Keywords Response preparation · Reaction time · 
Intracortical inhibition · SICI · LICI

Introduction

A voluntary motor response can be thought of as the product
of a series of preceding preparatory processes, which serve
to prepare the organism for eYcient and appropriate
response to stimuli in the environment (Requin et al. 1991).
Behavioral studies of motor preparation have typically
employed a reaction time task, in which subjects respond as
quickly as possible to a response signal which either occurs
without warning or is preceded by a warning signal that pro-
vides the subject with advance information about the time of
onset of the response signal and the speciWc response that is
required. Reaction time (RT) is shortened in the warned
condition, and both behavioral and electrophysiological
research supports the idea that this RT facilitation is primar-
ily due to the initiation of motoric preparatory processes
during the foreperiod (the interval between warning signal
onset and response signal onset) rather than a facilitation of
the sensory processing of the response signal (Lépine et al.
1989; Fecteau and Munoz 2006).

While response preparation can be inferred from the
facilitation of RT in behavioral tasks, the neural mecha-
nisms underlying response preparation are still unclear.
Transcranial magnetic stimulation (TMS) allows safe, non-
invasive measurement of corticospinal excitability in
human subjects at diVerent times during performance of a
behavioral task. A single suprathreshold TMS pulse delivered
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over the primary motor cortex (M1) will elicit a motor
evoked potential (MEP) which reXects the momentary
excitability of the corticospinal pathway to the target
muscle. Paired TMS pulses can be used to measure the
excitability of the intracortical inhibitory circuits, which
modulate the moment-to-moment excitability of the M1
neurons representing the target muscle. When a supra-
threshold test-pulse is preceded by a subthreshold condi-
tioning-pulse with an inter-stimulus interval (ISI) of 1–5 ms,
the amplitude of the MEP elicited by the test-pulse is
suppressed, due to the activation of short-interval intracor-
tical inhibitory (SICI) circuits by the conditioning-pulse
(Kujirai et al. 1993). SICI is maximal when the TMS pulses
are separated by ISIs of 1–1.5 ms and 3–5 ms; these two
intervals are thought to reXect the operation of two disso-
ciable short-interval inhibitory mechanisms within M1
(Fisher et al. 2002; Roshan et al. 2003). When a supra-
threshold test-pulse is preceded by a suprathreshold condi-
tioning-pulse with an inter-stimulus interval of 50–200 ms,
the amplitude of the MEP elicited by the test-pulse is
suppressed, due to the activation of long-interval intracorti-
cal inhibitory (LICI) circuits by the conditioning pulse
(Valls-Solé et al. 1992).

When a single TMS pulse is delivered just prior to
response signal onset in a warned simple RT task the ampli-
tude of the MEP elicited in the agonist muscle for the
upcoming response depends on the length and variability of
the foreperiod duration. When the duration of the fore-
period is varied within a block of trials, so that response
signal onset is unpredictable, MEP amplitude is larger in
the warned condition than when the TMS pulse is delivered
at the same time prior to response signal onset in the
unwarned condition (Mars et al. 2007; van den Hurk et al.
2007; van Elswijk et al. 2007). When the duration of the
foreperiod is short (500–1,000 ms) and constant within a
block of trials, so that response signal onset is predictable,
the amplitude of the MEP elicited during the foreperiod in
the warned condition is smaller than that elicited in the
unwarned condition, suggesting a suppression of cortico-
spinal excitability in the warned condition (Touge et al.
1998; Hasbroucq et al. 1999).

It is well established that RT is shortest when the fore-
period duration is short and constant, suggesting that response
preparation is optimized under these circumstances (Bertel-
son 1967; Bertelson and Tisseyre 1968). It seems paradoxi-
cal that corticospinal excitability should be suppressed
in situations in which response preparation is optimized,
particularly considering that other electrophysiological
indices including the contingent negative variation (CNV)
amplitude (Trillenberg et al. 2000) and single cell recording
studies within primate M1 (Tanji and Evarts 1976; Bastian
et al. 2003) suggest that response preparation is typically
associated with an increase in cortical excitability.

In a warned choice RT task with short (500 ms) and long
(2,500 ms) foreperiod durations administered in separate
blocks Davranche et al. (2007) found that RT was shorter,
and MEP amplitude smaller, in the short than the long fore-
period condition. They also found that the duration of the
cortical silent period (CSP) was briefer in the short than the
long foreperiod. As the CSP in tonically active muscle is
thought to reXect recruitment of intracortical inhibitory cir-
cuits activated by the TMS pulse, the authors interpreted
the reduced CSP duration in the short foreperiod condition
as a reduction of intracortical inhibition associated with the
superior response preparation in this condition. The sup-
pression of MEP amplitude in the short foreperiod condi-
tion was explained as a competing inhibitory process which
prevents reduced intracortical inhibition from leading to a
premature response (Davranche et al. 2007). Within the
framework of Näätänen’s (1971) “motor action limit”
hypothesis, balancing excitatory and inhibitory processes
optimizes M1 excitability while keeping descending M1
output below the threshold level of excitability for motor
action; hence preventing premature response during the
foreperiod (Davranche et al. 2007).

The present experiments extended Davranche et al.’s
Wndings by directly measuring the excitability of three dis-
tinct intracortical inhibitory mechanisms during the short,
constant foreperiod of a warned RT task. SICI was mea-
sured by delivering paired TMS pulses separated by ISIs of
3 ms (SICI3) in Experiment 1, and 1.5 ms (SICI1.5) in
Experiment 2, whereas LICI was measured by delivering
paired TMS pulses separated by an ISI of 100 ms (LICI100)
in Experiment 3. We hypothesized that there would be less
suppression of the test-pulse MEP amplitude by the condi-
tioning pulse in the warned condition, reXecting reduced
intracortical inhibitory activity during the foreperiod asso-
ciated with response preparation. It was also expected that
overall MEP amplitude would be suppressed in the warned
condition, due to the short and constant foreperiod duration.

Materials and methods

Subjects

These experiments tested 48 unique right-handed subjects
with normal or corrected to normal vision, who participated
for course credit or a small remuneration. The protocol was
in accordance with the Declaration of Helsinki and was
approved by a local research ethics committee. All subjects
gave written informed consent, and were screened for
medical conditions, which might make them unsuitable
for testing with TMS. Experiment 1 tested 18 subjects
(12 females) aged 18–40 years (median = 22 years), Exper-
iment 2 tested 19 subjects (11 females) aged 17–48 years
123
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(median = 19 years), and Experiment 3 tested 11 subjects
(6 females) aged 18–39 years (median = 19 years).

Behavioral procedures

In all three experiments, subjects were seated comfortably
in front of a computer screen and performed a warned sim-
ple RT task which required them to make a brief index
Wnger Xexion as soon as possible after a visual response
signal (a picture of a hand with the index Wnger high-
lighted) appeared on the screen. Subjects had their right
arm supported by a brace in a semi-pronated position and
their index Wnger Wtted comfortably inside a cup connected
to a rod with a strain gauge mounted on it. Flexion of the
index Wnger generated a voltage which was sent to a 12-bit
analog-to-digital converter, sampled at 1,000 Hz, and saved
for oVline calculation of RT, which was deWned as the time
elapsed between response signal onset and the time at
which the force reached 10% of its maximum velocity. In
the warned condition an auditory warning signal was pre-
sented for the 500 ms before response signal onset, whereas
in the unwarned condition the visual response signal
appeared without warning. Subjects were instructed to use
the warning signal to prepare for the upcoming response,
and to withhold execution until the response signal
appeared on the screen; this strategy was encouraged by the
presence of catch trials, in which a warning signal was
delivered without a response signal.

Experiments 1 and 2 employed identical behavioral pro-
tocols. The testing sessions consisted of 180 trials pre-
sented in 9 randomized blocks of 20 trials, with a variable
inter-trial interval of 4–7 s. A schematic diagram of the four
behavioral conditions is shown in Fig. 1. There were 5
unwarned trials (25%), 11 warned trials (55%), 2 catch tri-
als (10%), and 2 “no stimulus” trials (10%), in which nei-
ther a warning signal nor a response signal was delivered,
in each block. A session in Experiment 3 consisted of 180
trials presented in 15 randomized blocks of 12 trials, with a
variable inter-trial interval of 4–7 s. There were three
unwarned trials (25%), Wve warned trials (42%), two catch
trials (17%), and two “no stimulus” trials (17%) in each
block. In all three experiments subjects were allowed to rest
between blocks, initiating the next block when they felt
ready.

Electrophysiological procedures

Two electrodes were Wxed over the right Wrst dorsal interos-
seous (FDI) muscle in a standard belly-tendon montage,
with a ground electrode attached over the lateral posterior
tubercle of the radius. Electromyographic (EMG) signals
were ampliWed, bandpass Wltered (10–1,000 Hz), and sam-
pled at 4,000 Hz by a 12-bit analog-to-digital converter

before being written to disk for later analysis. Peak-to-peak
MEP amplitude was deWned as the voltage diVerence
between the minimum and maximum EMG signal in a win-
dow from 10 to 50 ms after TMS delivery. TMS was deliv-
ered using a MagStim 2002 BiStim system (MagStim Co.,
Whitland, UK) connected to a Wgure-of-eight coil with a
9 cm diameter. The coil handle was oriented »45° to the
mid-sagittal line to induce current in a posterior to anterior
direction, approximately perpendicular to the central sulcus
(Stinear et al. 2001). Scalp stimulation sites were marked in
1 cm spacings on a snugly Wtting cap with reference to
position C3 from the International 10–20 system for elec-
troencephalogram recording. TMS was delivered over the
left hemisphere at the motor hot spot for the right FDI mus-
cle, deWned as the scalp site at which the largest mean MEP
amplitude from a train of Wve single-pulses was elicited in
the right FDI muscle. Resting motor threshold (rMT) for
each subject was deWned as the lowest stimulator intensity
for which at least three out of Wve single-pulses over the
FDI motor hot spot elicited MEPs greater than 50 �V in the
relaxed right FDI muscle.

Short-interval intracortical inhibition

Single and paired TMS pulses were delivered during
unwarned, warned, catch, and “no stimulus” trials (Fig. 1).
Experiments 1 and 2 used identical protocols with the
exception that the ISI between paired TMS pulses was 3 ms
in Experiment 1 and 1.5 ms in Experiment 2. On single-
pulse trials the pulse was delivered 300 ms after trial onset.
On paired-pulse trials the conditioning-pulse was delivered
300 ms after trial onset followed by the test-pulse after the

Fig. 1 Schematic diagram of the timecourse of the auditory warning
signal (dotted) and visual response signal (shaded) for the diVerent
conditions in Experiments 1 and 2. When the warning signal and re-
sponse signal occurred together, the warning signal oVset was followed
immediately by the response signal onset. The downward facing
arrows depict the time of delivery of single and paired TMS pulses
in Experiments 1 and 2
123



388 Exp Brain Res (2008) 186:385–392
ISI had elapsed. Conditioning-pulse intensity was constant
at 70% rMT for all paired-pulse trials in Experiments 1 and
2. TMS was delivered on 2 of the 5 unwarned condition tri-
als, 8 of the 11 warned condition trials, and on both of the 2
catch trials and “no stimulus” trials in each block. In the
unwarned, catch, and “no stimulus” conditions one single-
pulse and one paired-pulse was delivered in each block,
with a test-pulse intensity of 110% rMT. In the warned con-
dition, four single-pulses were delivered in each trial block;
with one trial at each of the four test-pulse intensities of
110, 118, 126 and 134% rMT. There were also four paired-
pulses in each trial block; with one trial at each of the same
four test-pulse intensities.

Because SICI acts predominantly on high-threshold M1
neurons (Sanger et al. 2001), a behavioral condition which
alters corticospinal excitability might also be expected to
alter the eVect of SICI. Hence it is important to control for
M1 excitability when comparing SICI across conditions
which alter M1 excitability (Begum et al. 2005; Kujirai
et al. 2006). Test-pulses were delivered at four diVerent
intensities in the warned condition in order to elicit MEPs
with a range of amplitudes. For each subject, the test-pulse
intensity which elicited a median single-pulse MEP ampli-
tude in the warned condition that most closely approxi-
mated the MEP amplitude elicited by a 110% rMT single
test-pulse in the unwarned condition was selected as the
test-pulse intensity necessary to match the MEP amplitudes
in the two conditions. Each subject’s SICI score for the
warned condition was calculated as the ratio of the median
paired-pulse MEP amplitude with the selected test-pulse
intensity, to the median single-pulse MEP amplitude at the
same selected test-pulse intensity. SICI in the unwarned
condition was calculated by expressing each subject’s
median paired-pulse MEP amplitude as a ratio of their
median single-pulse MEP amplitude with a constant test-
pulse intensity of 110% rMT.

Long-interval intracortical inhibition

In Experiment 3, paired TMS pulses separated by a 100 ms
ISI were delivered on two of the three unwarned trials,
four of the Wve warned condition trials, one of the two
catch trials, and one of the two “no stimulus” trials in each
block. The conditioning pulse was delivered 300 ms after
trial onset, followed 100 ms later by the test pulse (Fig. 2).
Conditioning and test pulses were both delivered at an
intensity of 110% rMT, hence both pulses elicited MEPs,
which are referred to as MEP1 and MEP2, respectively.
LICI100 was quantiWed by expressing MEP2 as a ratio of
MEP1, with a smaller ratio indicating more LICI100. By
delivering only paired pulses, we were able to make more
observations within the time available for testing, hence
increasing statistical power. This protocol does not allow

manipulation of stimulus intensity to match MEP ampli-
tudes in the warned and unwarned conditions. Increasing
the intensity of the Wrst TMS pulse, such that the amplitude
of MEP1 from the warned condition approximated that of
MEP1 from the unwarned condition, would have intro-
duced its own confound by increasing activation of the
LICI circuits from the more intense conditioning stimulus
(Sanger et al. 2001). Similarly, increasing the intensity of
the second TMS pulse, such that the amplitude of MEP2
from the warned condition matched that of MEP2 in the
unwarned condition, is invalid because the more intense
test-pulse would artifactually reduce the level of LICI
present by activating more higher-threshold output cells in
motor cortex which are less susceptible to the action of
LICI (Sanger et al. 2001). Hence in Experiment 3 we did
not attempt to match MEP amplitude in the warned and
unwarned conditions.

Data analysis

The Wrst two blocks (40 trials) in Experiments 1 and 2 and
the Wrst three blocks (36 trials) in Experiment 3 were
treated as practice trials and analysis was carried out on the
remaining trials. Subjects were excluded from the analysis
if more than 25% of trials had to be discarded (N = 3 in
Experiment 1, N = 4 in Experiment 2 and N = 3 in Experi-
ment 3). In all three experiments data were discarded if the
reaction time was less than 100 ms or if the peak-to-peak
MEP amplitude (MEP1 in Experiment 3) from a TMS trial
was less than 100 �V. This resulted in the removal of 8% of
all trials in Experiment 1 (10% of unwarned trials, 7% of
warned trials), 6% of all trials in Experiment 2 (5% of
unwarned trials, 7% of warned trials), and 11% of all trials
in Experiment 3 (9% of unwarned trials, 12% of warned tri-
als). Measures which were expressed as ratios (SICI scores
and LICI scores) were log-transformed before comparison
across conditions. Back-transformed means and standard
errors of these ratio scores are presented.

Fig. 2 Schematic diagram of the timecourse of the auditory warning
signal (dotted), visual response signal (shaded) and TMS pulses for the
unwarned and warned conditions in Experiment 3. TMS pulses are
indicated with downward facing arrows
123
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Reaction time was analyzed using a Warning (warned,
unwarned) by TMS Presence (present, absent) repeated-
measures ANOVA in all three experiments. Median single
pulse MEP amplitudes, SICI (Experiments 1 and 2) and
LICI (Experiment 3) scores were compared across the
warned and unwarned conditions using paired sample t
tests.

Results

In all three experiments, median reaction time was shorter
in the warned than the unwarned condition, and was also
shorter on trials in which a TMS pulse was delivered than
on non-TMS trials (Table 1). A TMS pulse shortened RT
more in the unwarned than in the warned condition. There
was a main eVect of Warning in Experiment 1
(F(1,14) = 144.4, P < 0.001), Experiment 2 (F(1,14) = 92.3,
P < 0.001), and Experiment 3 (F(1,7) = 34.9, P < 0.001); a
main eVect of TMS Presence in Experiment 1
(F(1,14) = 84.3, P < 0.001), Experiment 2 (F(1,14) = 79.5,
P < 0.001), and Experiment 3 (F(1,7) = 58.6, P < 0.001); and
a signiWcant Warning by TMS Presence interaction in
Experiment 1 (F(1,14) = 234.7, P < 0.001), Experiment 2
(F(1,14) = 234.7, P < 0.001), and Experiment 3 (F(1,7) = 58.6,
P < 0.001).

Experiment 1: SICI3

The median single-pulse MEP amplitude elicited by TMS
at an intensity of 110% rMT was smaller in the warned than
in the unwarned condition for 13 of the 15 subjects. The
mean median single-pulse MEP amplitude at this test pulse
intensity was 1.14 mV (SE 0.28) in the warned condition
and 2.28 mV (SE 0.52) in the unwarned condition. This
diVerence was statistically signiWcant and large in size
(t14 = 2.73, P < 0.05, Cohen’s d = 0.70). The test-pulse
intensity used to match single-pulse MEP amplitude in the
warned condition to that in the unwarned condition was
110% rMT for six subjects, 118% rMT for Wve subjects,
126% rMT for three subjects, and 134% rMT for one sub-
ject. The use of higher intensity test-pulses to allow for the

suppression of MEP amplitude in the warned condition
resulted in a mean median MEP amplitude of 2.39 mV (SE
0.59), which was not signiWcantly diVerent from the
unwarned condition MEP amplitude (t14 = 0.54, ns,
Cohen’s d = 0.08). The mean SICI3 scores were 0.71 (SE
0.13) in the warned condition and 0.48 (SE 0.09) in the
unwarned condition (Fig. 3). This diVerence was moderate
and statistically signiWcant (t14 = 2.19, P < 0.05, Cohen’s
d = 0.54).

Experiment 2: SICI1.5

The median single-pulse MEP amplitude elicited by TMS
at an intensity of 110% rMT was smaller in the warned than
in the unwarned condition for all 15 subjects. The mean
median single-pulse MEP amplitude at this test pulse inten-
sity was 3.15 mV (SE = 0.85) in the warned condition and
4.25 mV (SE 1.09) in the unwarned condition. This diVer-
ence was statistically signiWcant though small in size
(t14 = 3.26, P < 0.05, Cohen’s d = 0.29). The test-pulse
intensity used to match single-pulse MEP amplitude in the
warned condition to that in the unwarned condition was
110% rMT for six subjects, 118% rMT for six subjects,
126% rMT for two subjects, and 134% rMT for one sub-
ject. The higher intensity test-pulses delivered in the
warned condition to allow for the suppression of MEP
amplitude resulted in a mean median MEP amplitude of
4.14 mV (SE 1.14), which was not signiWcantly diVerent
from the unwarned condition MEP amplitude (t14 = 0.84,
ns, Cohen’s d = 0.03). The mean SICI1.5 scores were 0.51

Table 1 Mean (standard error) of median reaction times in ms in the
warned and unwarned conditions in each of the three experiments

TMS No TMS

Experiment 1 Warned 294 (10) 318 (10)

Unwarned 342 (12) 450 (15)

Experiment 2 Warned 288 (11) 303 (14)

Unwarned 348 (17) 440 (16)

Experiment 3 Warned 304 (5) 360 (8)

Unwarned 321 (7) 477 (21)

Fig. 3 Means of the conditioned-to-test MEP amplitude ratios for the
warned (Wlled columns) and unwarned (unWlled columns) conditions
from Experiments 1 (SICI3), 2 (SICI1.5), and 3 (LICI100). The error bars
show one standard error of the mean. Smaller ratios indicate higher
levels of inhibition. The asterisks indicate the statistically signiWcant
diVerences between conditions
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(SE 0.15) in the warned condition and 0.49 (SE 0.09) in the
unwarned condition (Fig. 3). The diVerence between these
scores was not statistically signiWcant (t14 = 0.25, ns,
Cohen’s d = 0.05).

Experiment 3: LICI100

The median MEP1 amplitude was smaller in the warned
than in the unwarned condition for all eight subjects. The
mean median MEP1 amplitude was 2.22 mV (SE 0.63) in
the warned condition and 3.28 mV (SE 0.83) in the
unwarned condition. This diVerence was statistically sig-
niWcant and large in size (t7 = 3.72, P < 0.01, Cohen’s
d = 0.62). The mean median MEP2 amplitude was 0.55 mV
(SE 0.22) in the warned condition and 0.37 mV (SE 0.13)
in the unwarned condition. The mean LICI100 scores were
0.16 (SE 0.06) in the warned condition and 0.09 (SE 0.02)
in the unwarned condition. This diVerence was statistically
signiWcant and moderate in size (t7 = 3.71, P < 0.01,
Cohen’s d = 0.50).

Discussion

In all three experiments the warning signal facilitated RT,
showing that response preparation occurred during the fore-
period. As expected, TMS delivery during the foreperiod
also facilitated RT (Romaiguére et al. 1997; Burle et al.
2002). Trials in which both a warning signal and TMS
pulse occurred resulted in the largest facilitation of RT. The
“intersensory facilitation eVect” (Nickerson 1973; Roma-
iguére et al. 1997), whereby multiple warning signals
across diVerent sensory modalities result in greater RT
facilitation, can explain this observation. The facilitation of
RT by TMS was most likely due to the pulse acting as a
supplementary warning signal rather than it causing a lin-
gering heightened excitability in M1, as the pulse aVected
RT diVerently across the two conditions, facilitating RT rel-
atively more in the unwarned condition than in the warned
condition. The smaller eVect of TMS delivery on RT in the
warned condition indicates that supplementary stimuli do
not facilitate RT in a strictly additive way, suggesting that
once preparation has been initiated by a warning stimulus,
further stimuli in other sensory modalities are less eVective
in facilitating RT.

The suppression of MEP amplitude observed in the
warned condition is consistent with Wndings from other
studies employing constant foreperiod durations (Touge
et al. 1998; Hasbroucq et al. 1999). It should be noted that
the consistent delivery of TMS pulses 300 ms into the fore-
period meant that the warning signal enabled subjects to
predict the time of onset of the TMS pulse. Takei et al.
(2005) have brought some evidence to suggest that MEP

amplitude is suppressed when subjects are able to predict
the time of TMS delivery. However, we do not suggest that
the suppression of MEP amplitude in the foreperiod can be
explained solely with reference to the subject’s heightened
ability to predict the time of TMS delivery. Touge et al.
(1998) observed a robust suppression of MEP amplitude in
the warned condition despite delivering TMS at one of four
diVerent times during the foreperiod on any given trial.
They also found that the MEP amplitude suppression was
selective to the agonist muscle for the upcoming response,
suggesting that it was associated with response preparation
(Touge et al. 1998).

SICI3 and LICI100 were both reduced in the warned con-
dition while SICI1.5 was unaVected by the provision of a
warning signal. Hence, none of these intracortical inhibi-
tory processes can explain the suppression of MEP ampli-
tude during the foreperiod. The reduction of SICI3 and
LICI100 extend Davranche et al.’s (2007) observation of
reduced CSP duration during a short, constant foreperiod
by showing a reduced magnitude of both fast- and slow-act-
ing intracortical inhibitory mechanisms during the forepe-
riod. It is not established as yet whether the observed
reduction of intracortical inhibition would also generalize
to tasks in which the foreperiod duration was long or vari-
able. Previous research suggests that this reduction of intra-
cortical inhibition may be limited to situations in which
foreperiod duration is short and constant, conditions that
favor prediction of response signal onset. Van Elswijk et al.
(2007) observed a non-signiWcant decrease in SICI in a
warned condition when expectancy of the response signal
was high, and Davranche et al. (2007) showed that CSP
duration was shorter when the foreperiod duration was
short (500 ms) than when it was long (2500 ms). These
Wndings suggest that protocols which allow precise predic-
tion of response signal onset may be a necessary condition
for the reduction of intracortical inhibition observed in the
present experiments.

Both SICI and LICI are known to operate within M1
(Valls-Solé et al. 1992; Kujirai et al. 1993), hence the pres-
ent study demonstrates modulation of M1 activity early in
the preparatory period, approximately 500 ms before move-
ment onset. This supports recent research suggesting that
M1 is active during the early stages of motor preparation
(Churchland et al. 2006). A reduction of intracortical inhi-
bition when a response can be fully prepared in advance
can be conceived of as priming the movement representa-
tions of the prepared response. This study extends previous
observations of reduced intracortical inhibition just before
movement onset (Reynolds and Ashby 1999) by showing
that this release of inhibition is present 200 ms before
response signal onset (and hence well in advance of move-
ment onset) when a warning signal allows response prepa-
ration. The diVerent results observed using paired TMS
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pulses with 3 ms (Experiment 1) and 1.5 ms (Experiment 2)
ISIs under identical behavioral conditions demonstrates a
functional dissociation of SICI3 and SICI1.5. The diVerent
behavior of these two inhibitory mechanisms is consistent
with the observation of two distinct phases of SICI whose
magnitudes are uncorrelated (Roshan et al. 2003).

The simultaneous reduction of intracortical inhibition
and suppression of MEP amplitude observed during the
foreperiod in Experiments 1 and 3 is consistent with Dav-
ranche et al’s (2007) proposal that optimal response prepa-
ration requires a balancing of excitation and inhibition.
Näätänen’s (1971) motor action limit theory predicts that
descending M1 output must be kept below a motor action
limit during the foreperiod in order to prevent premature
response. From this perspective reduction of intracortical
inhibition can be viewed as an increase in the excitability of
the representation of the agonist muscle within M1, while
the suppression of MEP amplitude during the foreperiod
can be viewed as a complementary process which keeps
descending M1 output below the threshold for response
execution.

While reduced intracortical inhibition during the forepe-
riod can be assumed to be directly associated with M1
activity (Kujirai et al. 1993), the mechanism underlying the
suppression of MEP amplitude during the foreperiod is still
open to conjecture. Touge et al. (1998) found that both the
MEP amplitude and the HoVmann’s (H) reXex were sup-
pressed during the foreperiod, but the MEP amplitude sup-
pression was observable earlier in the foreperiod, and was
of a larger magnitude. The earlier onset of suppression of
MEP amplitude than H-reXex amplitude suggests that the
mechanism underlying this suppression originates in the
cortex, and the eVects of this suppression are observable
soon after at the spinal level.

One candidate cortical area which may be responsible
for the suppression of MEP and H-reXex amplitude
observed during the foreperiod is the premotor cortex,
which projects directly to M1 and also to the spinal inter-
neurons innervating hand muscles (Dum and Strick 2002).
Functional inhibitory connections between premotor cortex
and contralateral M1 have been demonstrated in the context
of a choice reaction time task requiring response selection
(Koch et al. 2006) and injection of the GABA antagonist
Bicuculline into primate premotor cortex has been found to
result in a reduced ability to withhold arm movements
(Sawaguchi et al. 1996). The hypothesis that M1 is inhib-
ited by premotor cortex during the foreperiod could be
tested using a paired pulse protocol similar to that used by
Koch et al. (2006), though this method would be limited to
detecting interhemispheric inhibitory eVects. Cortico-corti-
cal interactions between premotor cortex and ipsilateral M1
could be measured using an I-wave facilitation protocol.
Primate research has identiWed a cortico–cortical interaction

between the ventral premotor area and M1, which is reX-
ected in facilitation of the I2 and I3 waves (Shimazu et al.
2004). A reduction of I-wave facilitation during the forepe-
riod would be consistent with an inhibition of ipsilateral
M1 by the premotor cortex.

In conclusion we have shown that in a simple RT task, a
warning signal which enables the prediction of response
signal onset results in a suppression of MEP amplitude
which cannot be explained by intracortical inhibitory pro-
cesses. Previous research has shown that this suppression of
MEP amplitude does not occur when the foreperiod dura-
tion is long or variable, hence the present Wndings may only
generalize to situations in which response signal onset can
be precisely predicted. We propose that inhibitory cortico-
cortical connections between premotor cortex and M1
could be responsible for the suppression of MEP amplitude,
allowing heightened M1 excitability while preventing pre-
mature response execution during the foreperiod.
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Abstract Reaction time (RT) is shortened when a warning
signal precedes the response signal, a Wnding attributed to
response preparation during the foreperiod between the
warning and response signals. In a previous experiment, we
delivered transcranial magnetic stimulation (TMS) during the
short constant foreperiod of a warned RT task and found
simultaneous suppression of motor evoked potential (MEP)
amplitude and reduction of short-interval intracortical inhibi-
tion (SICI) on warned trials (Sinclair and Hammond in Exp
Brain Res 186:385–392, 2008). To investigate the extent to
which these phenomena are associated with response prepa-
ration we measured MEP amplitude and SICI during the
foreperiod of a warned RT task in which three diVerent warn-
ing signals speciWed the probability (0, 0.5, or 0.83) of
response signal presentation. MEP amplitude was suppressed
(Experiment 1) and SICI reduced (Experiment 2) equally in
all of the warned conditions relative to when TMS was
delivered in the inter-trial interval (ITI) suggesting that the
modulation of primary motor cortex excitability during the
foreperiod does not depend on momentary response expec-
tancy induced by the warning signal. The reduction of SICI
and suppression of MEP amplitude can be explained by
assuming that a warning signal induces automatic motor cor-
tical activation which is balanced by a competing inhibition
to prevent premature response. A composite measure which
weighted both speed and accuracy of response was positively
correlated with the MEP amplitude during both the forepe-
riod and the ITI, suggesting that high motor cortical excit-
ability is associated with optimized preparatory strategies for
fast and accurate response.

Keywords Response preparation · Response expectancy · 
Reaction time · Intracortical inhibition · SICI

Introduction

In the warned reaction time (RT) task, the facilitation of RT
on warned trials is positively related to the validity of the
warning signal (Posner and Snyder 1975; Bestmann et al.
2008) and its response-related information (Rosenbaum
1980), and negatively related to the length and variability
of the foreperiod between the warning and response signal
onsets (Drazin 1961; Bertelson 1967; Bertelson and Tisseyre
1968). The more temporal and response-related certainty
aVorded to the subject by the information contained in the
warning signal, the greater the facilitation of RT. The facil-
itation of RT observed on warned trials is thought to be
primarily due to motoric response preparation during the
foreperiod rather than facilitation of the sensory processing
of the response signal (Fecteau and Munoz 2007).

Transcranial magnetic stimulation (TMS) has gained
popularity as a means of measuring the excitability of the
corticospinal system in conscious humans while they per-
form motor tasks. A single suprathreshold TMS test-pulse
delivered over M1 will elicit a motor evoked potential
(MEP) in the electromyographic (EMG) activity recorded
from the target muscle on the contralateral side of the body.
The amplitude of the MEP reXects the momentary excit-
ability of the corticospinal pathway between the site of
stimulation and the target muscle. If the suprathreshold test
pulse is preceded by a subthreshold conditioning pulse with
an inter-stimulus interval (ISI) of 1–5 ms, the amplitude of
the MEP elicited by the test pulse is reduced due to the
activation of short-interval intracortical inhibitory (SICI)
circuits by the conditioning pulse (Kujirai et al. 1993).
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These SICI circuits are capable of modulating the moment-
to-moment excitability of the motor cortical neurons repre-
senting the target muscle, and are thought to play important
roles in response initiation (Reynolds and Ashby 1999) and
termination (Buccolieri et al. 2004).

The amplitude of the MEP elicited by TMS during the
foreperiod of a warned RT task depends on the foreperiod
duration. If the foreperiod duration is long or variable, lim-
iting the temporal predictability of response signal onset,
MEP amplitude is larger during the foreperiod than on
unwarned trials. This facilitation of MEP amplitude is
restricted to the agonist muscle for the upcoming response
(Mars et al. 2007) and is positively related to response-
related information in the warning signal (Mars et al. 2007;
van den Hurk et al. 2007) and the conditional probability of
response signal onset, or momentary response expectancy
(van Elswijk et al. 2007; Bestmann et al. 2008), and thus
likely reXects speciWc response preparation during the fore-
period.

If the duration of the foreperiod in a warned RT task is
kept short (500–1,000 ms) and constant within a block of
trials, thus allowing accurate temporal prediction of
response signal onset, a TMS pulse delivered during the
foreperiod on warned trials elicits a smaller MEP amplitude
than on unwarned trials (Hasbroucq et al. 1997, 1999a;
Touge et al. 1998; Sinclair and Hammond 2008). The Wnd-
ing that temporal predictability of response signal onset is a
necessary condition for suppression of MEP amplitude dur-
ing the foreperiod has led some authors to suggest that it
reXects non-speciWc temporal preparation for the onset of
the response signal (Hasbroucq et al. 1999b). However, the
Wndings that suppression of MEP amplitude during the
foreperiod is restricted to the agonist muscle for the upcom-
ing response (Touge et al. 1998) and is sensitive to
response-related information presented in the warning sig-
nal (van Elswijk et al. 2008) suggest that it reXects speciWc
response preparation. Kinoshita et al. (2007) manipulated
response expectancy in a warned RT task in diVerent blocks
of trials in which subjects always or never responded, and
found MEP suppression on warned trials only in the condi-
tion in which a response was required. Although this Wnd-
ing indicates that response expectancy in a block of trials is
a necessary condition for suppression of the MEP ampli-
tude during the foreperiod, it does not diVerentiate between
a preparatory strategy adopted in a block of trials and a
momentary, stimulus-driven response expectancy induced
by a warning signal. If MEP amplitude suppression during
the foreperiod reXects speciWc response preparation, it
should be sensitive to the momentary response expectancy
induced by the warning signal.

In a previous paper, we reported a simultaneous reduc-
tion of SICI and suppression of MEP amplitude during a
constant 500-ms foreperiod in a warned RT task (Sinclair

and Hammond 2008), a Wnding which is consistent with a
growing body of evidence that both excitatory and inhibi-
tory processes are active in M1 during the foreperiod
(Davranche et al. 2007; JaVard et al. 2007; Boulinguez
et al. 2008). Davranche et al. (2007) suggested that reduced
intracortical inhibitory activity during the foreperiod reX-
ects a progressive release of inhibition acting on the move-
ment representation for the upcoming response, while the
simultaneous suppression of the MEP amplitude reXects an
independent corticospinal braking mechanism which keeps
the descending M1 output below the threshold for overt
response. In the present experiments, we investigated
whether the concurrent reduction of SICI and suppression
of MEP amplitude observed during a warned RT task with
a short, constant foreperiod duration are sensitive to
momentary response expectancy. In two experiments, we
measured single-pulse MEP amplitude (Experiment 1) and
SICI (Experiment 2) during the foreperiod of a warned RT
task in which response expectancy was manipulated by
warning signals which speciWed the probability (0, 0.5, or
0.83) of response signal presentation on that trial. We pre-
dicted that if the reduction of SICI and the suppression of
MEP amplitude during the foreperiod are related to the
preparation of a speciWc response then they would vary
with the level of response expectancy induced by the warn-
ing signal and would be restricted to the cortical representa-
tions of the agonist muscle for that response.

Materials and methods

Subjects

Two experiments tested 41 volunteers with normal or cor-
rected to normal vision, who participated for course credit
or a small remuneration. The protocol was in accordance
with the Declaration of Helsinki and was approved by a
local research ethics committee. All subjects gave written
informed consent, and were screened for medical condi-
tions which might make them unsuitable for testing with
TMS. Handedness was determined by administration of the
Edinburgh Handedness Inventory (OldWeld 1971). Experi-
ment 1 tested 15 subjects (11 females, 1 left-handed) aged
18–38 years (median = 20 years) and Experiment 2 tested
26 right-handed subjects (20 females) aged 17–28 years
(median = 19 years).

Behavioral procedures

Subjects took part in a warned RT task, making a ballistic
Xexion of their index Wnger as soon as possible after response
signal onset. Subjects sat in front of a computer screen, with
their right arm secured in a brace in a semi-pronated position
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and their right index Wnger extended to Wt inside a cup
connected to a horizontal rod on which a force transducer
was mounted. Flexion of the index Wnger generated a volt-
age in the force transducer which was ampliWed, sent to a
14-bit analog-to-digital converter, digitally Wltered (band-
pass 10–1,000 Hz) and recorded at 4,000 Hz for oZine cal-
culation of RT, which was deWned as the time elapsed
between response signal onset and the time at which the
rate of change of force output reached 10% of its maximum
rate of change. Each subject’s maximal voluntary contrac-
tion (MVC) was deWned as the largest force from three
maximal Xexions of the index Wnger, which were separated
by intervals of 5 s.

Warning and response signals subtending a visual
angle of approximately 6° were presented on a computer
screen against a dark gray background. The warning sig-
nal was a white outline image of a hand with the index
Wnger colored red, white, or green. The probability of
response signal onset on that trial was speciWed by the
color of the index Wnger on the warning signal: a red
index Wnger (0 warning signal) speciWed a 0 probability of
a response signal on that trial and thus was never followed
by a response signal. A white index Wnger (0.5 warning
signal) speciWed a 0.5 probability of response signal onset
and was followed by a response signal on half of the tri-
als. A green index Wnger (0.83 warning signal) speciWed a
0.83 probability of response signal onset and was fol-
lowed by a response signal on 83% of the trials, while no
response signal was presented on 17% of trials in this con-
dition; these catch trials served to prevent anticipatory
responses. The warning signal appeared on the screen for
200 ms and was followed 300 ms after its oVset by the
presentation of a second visual stimulus, which remained
on the screen for 500 ms. The second visual stimulus was
either a response signal (picture of a white hand with the
index Wnger colored green), to which subjects responded
as quickly as possible with a Xexion of their index Wnger
at 20% MVC, or a picture of a white hand with the index
Wnger colored red, to which subjects were instructed to
withhold response. Trials were separated by an inter-trial
interval (ITI) of 8–11 s. After each block of trials subjects
were allowed to rest, initiating the next block when they
felt ready.

Subjects completed a training phase in which they were
familiarized with the stimuli and practiced producing the
force level required in response to the response signal.
During this phase of the experiment they received feed-
back after each response to inform them of the force
applied relative to the target force level of 20% MVC. If
the force applied was within a 15–25% MVC band, the
message “correct response” appeared on the screen in
green text. If the force applied was < 15% MVC or > 25%
MVC, the message “force too low” or “force too high”

(as appropriate) appeared on the screen in red text. During the
experimental phase subjects were not given feedback about
the force level of their responses. Subjects were encour-
aged to emphasize speed over accuracy, as this strategy is
thought to decrease the proportion of errors made due to
lapses of sustained attention, making RT protocols more
sensitive to errors of response inhibition (Shalgi et al.
2007). For both experiments the proportion of each type of
trial presented during a training phase matched the propor-
tion of these trials presented in the subsequent experimental
phase.

Electrophysiological procedures

Active and reference electrodes were placed in a belly-ten-
don montage over the Wrst dorsal interosseous (FDI) and
abductor digiti minimi (ADM) muscles of the right hand. A
ground electrode was placed over the lateral posterior
tubercle of the radius. EMG activity was ampliWed, band-
pass Wltered (10–1,000 Hz) and sampled at 4,000 Hz by a
14-bit analog-to-digital converter for oZine analysis. Peak-
to-peak MEP amplitude was deWned as the voltage diVer-
ence between the minimum and maximum EMG signal in a
window from 10 to 60 ms after TMS delivery.

Transcranial magnetic stimulation was delivered using a
MagStim 2002 BiStim system (MagStim Co., Whitland,
UK) connected to a Wgure-of-eight coil with a 9-cm diame-
ter. The coil handle was oriented at 45° to the mid-sagittal
line to induce current in a posterior to anterior direction,
approximately perpendicular to the central sulcus (Stinear
et al. 2001). Scalp stimulation sites were marked in 1-cm
spacings on a snugly Wtting cap with reference to position
C3 from the International 10–20 system for electroencepha-
logram recording. TMS was delivered over the left hemi-
sphere at the motor hot spot for the right FDI muscle,
deWned as the scalp site at which the largest mean MEP
amplitude from Wve single suprathreshold TMS pulses was
elicited in the right FDI muscle. Once the motor hotspot
was identiWed the subject’s head was supported with a chin
rest, and the coil was held in place using a modiWed tripod.
Stimulator intensity was titrated using in-house software
(Sinclair et al. 2006) to elicit MEP amplitudes of approxi-
mately 1 mV in the relaxed right FDI muscle. The average
stimulator intensity required to elicit 1-mV MEP ampli-
tudes in the relaxed right FDI muscle was 62% (SE = 3.1)
of maximum stimulator output (MSO) in Experiment 1 and
59% (SE = 2.4) of MSO in Experiment 2. In Experiment 2
the conditioning stimulus was set at an intensity which
resulted in approximately 50% inhibition of the MEP
amplitude in the relaxed right FDI muscle, resulting in an
average conditioning stimulus intensity of 33% (SE = 1.5)
of MSO. The ISI between the conditioning and test stimuli
was 3 ms.
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Experiment 1: single-pulse MEP amplitude

Experiment 1 consisted of a training phase (two blocks of
16 trials) with no TMS, and an experimental phase (six
blocks of 16 trials) with single TMS pulses delivered on
some trials. In both phases the 0 and 0.83 warning signals
appeared on six trials in each block and the 0.5 warning sig-
nal appeared on four trials in each block. In the experimen-
tal phase, single TMS pulses were delivered 300 ms after
warning signal onset on 10 of the 16 trials: four of the six 0
warning signal trials, four of the six 0.83 warning signal tri-
als, and two of the four 0.5 warning signal trials in each
block. Four single TMS pulses were delivered during the
ITI in each block, 6–9 s after the oVset of the previous
response signal.

Experiment 2: short-interval intracortical inhibition

In Experiment 2 the 0, 0.5, and 0.83 warning signals were
each presented on six trials in each block. Subjects com-
pleted a training phase (two blocks of 18 trials), a TMS
level-setting phase (two blocks of 18 trials) and an experi-
mental phase (six blocks of 18 trials). In the level-setting
phase single TMS pulses were delivered 300 ms after warn-
ing signal onset on four of the six 0, 0.5, and 0.83 warning
signal trials, and also during four ITIs in each block. The
purpose of this phase was to titrate test stimulus intensities
so that single TMS pulses delivered in the warned condi-
tions and during the ITI elicited MEPs of approximately
1 mV. We controlled for diVerences in M1 excitability
between conditions because SICI is thought to act predomi-
nantly on high-threshold M1 neurons (Sanger et al. 2001),
meaning that changes in M1 excitability between condi-
tions could aVect the measurement of these inhibitory cir-
cuits in M1. Increasing test stimulus intensity in conditions
known to reduce M1 excitability prevents artifactual reduc-
tion of SICI due to the preferential activation of low-thresh-
old M1 neurons by TMS in these conditions.

In the experimental phase, TMS pulses were delivered
300 ms after warning signal onset on four of the six 0, 0.5,
and 0.83 warning signal trials in each block. In each of
these warned conditions, two of the four TMS trials in each
block were single-pulse trials and the other two TMS trials
were paired-pulse trials. Two single and two paired TMS
pulses were also delivered during the ITI in each block. The
test stimulus intensities for both single and paired TMS
pulses on warned trials were set at the level at which single
TMS pulses during the warned trials would elicit a MEP
amplitude of approximately 1 mV. The test stimulus inten-
sities for single and paired TMS pulses delivered during the
ITI were set at the level at which single TMS pulses during
the ITI would elicit a MEP amplitude of approximately
1 mV. The conditioning stimulus intensity was set at a level

which resulted in approximately 50% inhibition of the
unconditioned MEP amplitude at rest.

In the experimental phase the test stimulus intensities
required to elicit 1-mV MEP amplitudes on warned trials
and in the ITI were adjusted independently after each block.

The test stimulus intensity for TMS pulses delivered on
warned trials in the upcoming block was increased by 2%
of MSO if the median MEP amplitude from single TMS
pulses on warned trials in the previous block was < 500 �V,
and decreased by 2% of MSO if the median MEP amplitude
was > 1,500 �V. The test stimulus intensity for TMS pulses
delivered during the ITI in the upcoming block was
increased by 2% of MSO if the median MEP amplitude
from single TMS pulses during the ITI in the previous
block was < 500 �V, and decreased by 2% of MSO if the
median MEP amplitude was > 1,500 �V. The average test
stimulus intensities across the experimental phase were
58% (SE = 2.3) of MSO in the warned conditions and 57%
(SE = 2.3) of MSO during the ITI.

Data analysis

Behavioral data from each trial were inspected to identify
false responses (deWned as a force output > 5% MVC dur-
ing the 1,500 ms following warning signal onset on trials in
which a response signal did not occur) and missed
responses (deWned as a force output < 5% MVC during the
1,000 ms following a response signal), and to ensure that
the software algorithm used to calculate RT did not errone-
ously identify a TMS-evoked muscle twitch as a voluntary
response. To assess the extent to which the response selec-
tively engaged the FDI muscle, the median of each sub-
ject’s root mean square (RMS) EMG activity from the FDI
and ADM muscles in the 50 ms following response onset
on each trial were expressed as ratios of their median RMS
EMG activity from the FDI and ADM muscles during the
ITI. Trials on which there was a false response, missed
response, or an unlikely short RT (< 100 ms after response
signal onset) were removed from the analysis. Trials were
also removed from the analysis if the RMS of the FDI EMG
activity during the 50 ms preceding the TMS pulse was
50 �V. The data from Wve subjects were completely
removed from the analysis due to consistent EMG activity
during the pre-TMS interval (N = 2 in Experiment 1, N = 3
in Experiment 2).

For each subject in Experiment 2, SICI was quantiWed as
the median paired-pulse MEP amplitude expressed as a
ratio of the median single-pulse MEP amplitude in each
condition. In order that changes in SICI between conditions
were not obscured by Xoor eVects, subjects who showed
insuYcient SICI during the ITI (ratio of paired-pulse over
single-pulse MEP amplitude > 0.85) in either the FDI
(N = 7) or ADM (N = 6) muscles (total of 10 unique
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subjects) were excluded from the analysis, leaving a total of
13 subjects in Experiment 2 (Fisher et al. 2002; Stinear and
Byblow 2003). To correct a positive skew in the SICI
scores which remained despite removal of subjects with
high ITI SICI scores, the ratios were log transformed before
comparison across conditions, and back-transformed means
and standard errors of these ratio scores are presented.

Both experiments used two-way Condition (0.5, 0.83) by
TMS Presence (Present, Absent) repeated-measures
ANOVAs to analyze diVerences in the group means of each
subject’s median RT for trials in which a response signal was
presented. The mean false response rate (a ratio of the num-
ber of false responses committed to the number of trials in
which no response signal appeared in that condition) was
calculated for the 0.5 and 0.83 warning signal conditions as
a measure of accuracy. The small number of false responses
did not allow a separate analysis of RTs on false response
trials. Two-way Condition (0, 0.5, 0.83, ITI) by Muscle
(FDI, ADM) repeated-measures ANOVAs were used to
analyze diVerences in the group mean of each subject’s
median MEP amplitudes (Experiments 1 and 2) and log-
transformed SICI scores (Experiment 2). Degrees of free-
dom were Greenhouse–Geisser corrected where necessary
and signiWcant eVects were further explored using post
hoc paired-samples t-tests. Correlational analyses used
Pearson’s r, with signiWcance levels set at P = 0.05.

Results

In both experiments, RT was briefer when the response sig-
nal was preceded by a 0.83 warning signal than when it was
preceded by a 0.5 warning signal (Table 1), with large and
statistically signiWcant main eVects of Condition in both
Experiment 1 (F(1,12) = 59.7, P < 0.001, �2 = 0.83) and
Experiment 2 (F(1,22) = 51.8, P < 0.001, �2 = 0.70). RT was
also briefer when TMS was delivered during the foreperiod
than on non-TMS trials, with a similar eVect size in both
experiments. The main eVect of TMS Presence approached
statistical signiWcance in Experiment 1 (F(1,12) = 4.7,
P = 0.052, �2 = 0.28) and was statistically signiWcant in
Experiment 2 (F(1,22) = 7.6, P = 0.01, �2 = 0.26). The Con-

dition by TMS Presence interaction was not signiWcant in
either Experiment 1 (F(1,12) = 1.1, ns) or Experiment 2
(F(1,22) = 0.26, ns).

In Experiment 1, the mean false response rate was higher
in the 0.83 warning signal condition (M = 0.4, SE = 0.07)
than in the 0.5 warning signal condition, in which no false
responses were committed. In Experiment 2 the mean false
response rate was higher in the 0.83 warning signal condi-
tion (M = 0.24, SE = 0.04) than in the 0.5 warning signal
condition (M = 0.02, SE = 0.01). The diVerences in false
response rates between the 0.83 and 0.5 warning signal
conditions were statistically signiWcant in both Experiment
1 (t(12) = 5.5, P < 0.001, Cohen’s d = 2.2) and Experiment 2
(t(22) = 5.8, P < 0.001, Cohen’s d = 1.6).

Experiment 1: single-pulse MEP amplitude

The group mean of the median RMS EMG activity from the
50 ms following response onset expressed as a ratio of
median RMS EMG activity during the ITI was 7.1
(SE = 2.2) in the FDI muscle and 1.2 (SE = 0.1) in the ADM
muscle. There was signiWcantly more EMG activity during
the response than during the ITI for both the FDI (t(12) = 6.5,
P < 0.001) and ADM (t(12) = 2.6, P = 0.02) muscles.

Suppression of MEP amplitude during the foreperiod

The group mean of the subjects’ median MEP amplitudes
for both the FDI and ADM muscles were smaller during the
foreperiod in the 0, 0.5, and 0.83 warning signal conditions
than during the ITI (see Fig. 1). A repeated-measures
ANOVA found signiWcant main eVects of Condition
(F(3,36) = 8.6, P = 0.002, �2 = 0.42), Muscle (F(1,12) = 23.3,
P < 0.001, �2 = 0.66) and a signiWcant Condition by Muscle
interaction (F(3,36) = 4.7, P = 0.007, �2 = 0.28). For the FDI
muscle the mean MEP amplitude was signiWcantly larger
during the ITI than during the foreperiod of the 0
(t(12) = 3.6, P = 0.003, Cohen’s d = 0.67), 0.5 (t(12) = 3.9,
P = 0.002, Cohen’s d = 0.42), and 0.83 (t(12) = 3.5,
P = 0.004, Cohen’s d = 0.5) warning signal conditions.
There were no signiWcant diVerences in FDI MEP ampli-
tude between the 0.83 warning signal condition and either
the 0 (t(12) = 1.4, ns, Cohen’s d = 0.15) or the 0.5
(t(12) = 0.4, ns, Cohen’s d = 0.07) warning signal condition.
The RMS of the pre-TMS EMG activity was similar in the
0 (M = 26.0 �V, SE = 2.3), 0.5 (M = 26.2 �V, SE = 2.3),
and 0.83 (M = 25.8 �V, SE = 2.2) warning signal condi-
tions, and during the ITI (M = 26.1 �V, SE = 2.3). There
was no signiWcant eVect of condition (F(3,36) = 0.6,
P = 0.62, �2 = 0.05), indicating that the diVerence in MEP
amplitude between conditions was not due to diVerent
levels of pre-contraction in the FDI muscle. For the ADM
muscle the mean MEP amplitude was larger in the ITI than

Table 1 Mean (standard error) of median reaction times in millisec-
onds in the 0.5 and 0.83 warning signal conditions in Experiments 1
and 2

Warning 
signal

TMS No TMS

Experiment 1 0.5 256 (12) 288 (23)

0.83 195 (14) 210 (13)

Experiment 2 0.5 238 (12) 250 (13)

0.83 195 (9) 216 (11)
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during the foreperiod in the 0, 0.5, and 0.83 warning signal
conditions, with similar large eVect sizes for all of these
comparisons (Cohen’s d between 0.61 and 0.65). The mean
MEP amplitude was signiWcantly larger in the ITI than in
the 0.83 (t(12) = 2.18, P = 0.05) and 0.5 (t(12) = 2.2,
P = 0.05) warning signal conditions, while the diVerence
between the ITI and 0 warning signal condition did not
reach statistical signiWcance (t(12) = 2.01, P = 0.07). There
were no signiWcant diVerences in ADM MEP amplitude
between the 0.83 warning signal condition and either the 0
(t(12) = 0.34, ns, Cohen’s d = 0.04) or the 0.5 (t(12) = 0.28,
ns, Cohen’s d = 0.04) warning signal conditions.

Experiment 2: short-interval intracortical inhibition

The group mean of each subject’s median RMS EMG
activity from the 50 ms following response onset expressed
as a ratio of median RMS EMG activity during the ITI was
7.7 (SE = 1.8) in the FDI muscle and 1.2 (SE = 0.1) in the
ADM muscle. There was signiWcantly more EMG activity
during the response than during the ITI in the FDI muscle
(t(22) = 9.1, P < 0.001) while this diVerence did not reach
signiWcance for the ADM muscle (t(22) = 1.8, P = 0.08).

In Experiment 2, the test stimulus intensity was titrated so
that single TMS pulses elicited MEP amplitudes of approxi-
mately 1 mV in all of the conditions. The group mean of
each subject’s median MEP amplitude from single TMS
pulses was 0.95 mV (SE = 0.1) in both the 0 and 0.5 warn-
ing signal conditions, 1.28 mV (SE = 0.2) in the 0.83 warn-
ing signal condition and 1.16 mV (SE = 0.2) during the ITI.

Reduction of SICI during the foreperiod

The ratio of paired-pulse to single-pulse MEP amplitude
was smaller during the ITI than during the foreperiod in the
0, 0.5, and 0.83 warning signal conditions for both the FDI
and ADM muscles (see Fig. 2), indicating more SICI in the
ITI than in any of the warned conditions. The ratio of
paired-pulse to single-pulse MEP amplitude was smaller in
the FDI than the ADM muscle, indicating more SICI in the
FDI muscle. There were signiWcant main eVects of Condi-
tion (F(3,36) = 9.3, P < 0.001, �2 = 0.44) and Muscle
(F(1,12) = 7.2, P = 0.02, �2 = 0.38). The Condition by Mus-
cle interaction was small and not signiWcant (F(3,36) = 0.27,
ns, �2 = 0.02). For the FDI muscle there was a lower ratio
of paired-pulse to single-pulse MEP amplitude during the
ITI than during the foreperiod in the 0 (t(12) = 3.3,
P = 0.006, Cohen’s d = 0.69), 0.5 (t(12) = 2.8, P = 0.02,
Cohen’s d = 0.89), and 0.83 (t(12) = 2.4, P = 0.03, Cohen’s
d = 0.66) warning signal conditions. The ratio of paired-
pulse to single-pulse MEP amplitude for the FDI muscle
was not signiWcantly diVerent between the 0.83 warning
signal condition and either the 0 (t(12) = 0.2, ns, Cohen’s
d = 0.04) or the 0.5 (t(12) = 1.1, ns, Cohen’s d = 0.20) warn-
ing signal condition, indicating that SICI was reduced by a

Fig. 1 Mean values of each subject’s median MEP amplitudes for the
FDI (Wlled columns) and ADM (unWlled columns) muscles across the
four conditions in Experiment 1. Ratios along the abscissa refer to the
type of warning signal delivered. Error bars show the within-subjects
standard error of the mean, calculated with Greenhouse–Geisser
correction. Asterisks indicate the statistically signiWcant diVerences
between conditions

Fig. 2 Mean values of the conditioned-to-test MEP amplitude ratios
for the FDI (Wlled columns) and ADM (unWlled columns) muscles
across the four conditions in Experiment 2. Ratios along the abscissa
refer to the type of warning signal delivered. Error bars show the with-
in-subjects standard error of the mean, calculated with Greenhouse–
Geisser correction. Smaller ratios indicate higher levels of inhibition.
Asterisks indicate the statistically signiWcant diVerences between
conditions
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similar amount relative to the ITI in the 0, 0.5, and 0.83
warning signal conditions. The RMS of the pre-TMS EMG
activity in the FDI muscle was similar in the 0
(M = 28.6 �V, SE = 2.4), 0.5 (M = 28.5 �V, SE = 2.3), and
0.83 (M = 28.5 �V, SE = 2.4) warning signal conditions,
and during the ITI (M = 28.7 �V, SE = 2.3). There was no
signiWcant eVect of Condition (F(3,36) = 0.3, P = 0.85,
�2 = 0.02), indicating that the diVerence in SICI scores
between conditions was not due to diVerent levels of pre-
contraction in the FDI muscle.

The ADM muscle showed a similar pattern, with a
smaller ratio of paired-pulse to single-pulse MEP amplitude
during the ITI than during the foreperiod in the 0
(t(12) = 3.9, P = 0.002, Cohen’s d = 0.77), 0.5 (t(12) = 5.1,
P < 0.001, Cohen’s d = 1.55), and 0.83 (t(12) = 4.4,
P < 0.001, Cohen’s d = 0.69) warning signal conditions.
The ratio of paired-pulse to single-pulse MEP amplitude for
the ADM muscle was not signiWcantly diVerent between
the 0.83 warning signal condition and either the 0
(t(12) = 0.2, ns, Cohen’s d = 0.05) or the 0.5 (t(12) = 1.5, ns,
Cohen’s d = 0.37) warning signal conditions.

Correlational data

Exploratory analysis of combined data from all subjects in
Experiments 1 and 2 revealed a negative correlation
(r = ¡ 0.34; 95% conWdence interval ¡ 0.02 to ¡ 0.61,
P = 0.04) between RT in the 0.83 warning signal condition
and the number of false responses recorded on catch trials
(trials on which a 0.83 warning signal was not followed by
a response signal). There were not enough false responses
committed in the other conditions to see whether this rela-
tionship applied in all conditions. A linear regression of
these data returned the relationship Y = 236 ¡ 11.7X, where
Y is a subject’s predicted median RT in the 0.83 warning
signal condition and X is the number of false responses
committed by that subject on catch trials across the testing
session. We used the slope of this regression equation to
calculate an index of performance on the task which gave
equal weighting to both speed and accuracy (Goedert and
Miller 2008). The performance index for each subject was
calculated by the formula: 100/(RT + 11.7FR), where RT is
the subject’s median RT in the 0.83 warning signal condi-
tion and FR is the number of false responses committed by
that subject on catch trials across the testing session.

In Experiment 1 the performance index was positively
correlated (r = 0.63; 95% conWdence interval 0.12–0.88,
P = 0.02) with the median MEP amplitude from single
TMS pulses delivered during the ITI (see Fig. 3). Neither
RT from the 0.83 warning signal condition (r = ¡ 0.12, ns)
nor the number of false responses committed on catch trials
(r = ¡ 0.31, ns) alone were correlated with the ITI MEP
amplitude. The correlation between the performance index

and MEP amplitude during the foreperiod in all of the
warned conditions (r = 0.47, 95% conWdence interval 0.19–
0.69, P = 0.002) was weaker than the correlation with the
ITI MEP amplitude, though highly signiWcant due to the
pooled observations. The correlations between the perfor-
mance index and MEP amplitude during the individual 0
(r = 0.42, P = 0.15), 0.5 (r = 0.52, P = 0.07), and 0.83
(r = 0.49, P = 0.09) warning signal conditions were posi-
tive and moderate in strength, though not reaching statisti-
cal signiWcance due to the smaller number of observations.

In Experiment 2 correlations involving single-pulse
MEP amplitude were not calculated as test-stimulus inten-
sity was titrated so that single-TMS pulses elicited MEP
amplitudes of approximately 1 mV in all conditions. There
was no correlation between the performance index and the
SICI scores in the foreperiod of the 0 (r = ¡ 0.03, ns), 0.5
(r = 0.00, ns), or 0.83 warning signal conditions
(r = ¡ 0.11, ns), or during the ITI (r = ¡ 0.16, ns). The
number of false responses committed on catch trials was
not correlated with the SICI score measured in either the
0.83 warning signal condition (r = 0.29, ns) or during the
ITI (r = 0.01, ns).

Discussion

Behavioral data

In both experiments RT to the response signal was briefer
when it was preceded by a warning signal which induced
higher levels of response expectancy, a Wnding which is

Fig. 3 Performance index scores plotted against each subject’s medi-
an single-pulse MEP amplitude elicited during the ITI in Experiment 1
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consistent with previous research (Bestmann et al. 2008).
This suggests that subjects engaged in more eVective prepa-
ratory activity during the foreperiod when the warning sig-
nal induced higher levels of response expectancy.
However, as the 0.83 warning signal was identical in
appearance to the response signal, its initial brief appear-
ance may have primed the sensory processing of the immi-
nent response signal (Posner and Snyder 1975). We
propose that the Wrst alternative is a more likely explanation
for the facilitation of RT (though the two are not mutually
exclusive), as there was an increased rate of false responses
when the 0.83 warning signal was not followed by a
response signal than when the 0.5 warning signal was not
followed by a response signal. This suggests that subjects
adopted diVerent preparatory strategies based on the
response expectancies induced by the diVerent warning sig-
nals, which reduced their ability to withhold the response
when response expectancy was high. If the facilitation of
RT following the 0.83 warning signal were solely due to
facilitation of the sensory processing of the response signal,
we would not expect to observe a higher rate of false
responses in this condition.

Reaction time was faster on trials in which TMS was
delivered during the foreperiod than on trials without a
TMS pulse, consistent with previous Wndings (Romaiguére
et al. 1997; Burle et al. 2002; Sinclair and Hammond
2008). Research has shown that a startling acoustic stimu-
lus can facilitate RT by activating subcortical pathways,
resulting in involuntary triggering of the prepared move-
ment (Valls-Solé et al. 1999, 2005; Walsh and Haggard
2008). However it is unlikely that this mechanism is
responsible for the facilitation of RT observed in the cur-
rent experiments, as it typically results in a facilitation of
70 ms or more, whereas in the present experiments we
observed a facilitation of approximately 20 ms on trials in
which a TMS pulse occurred. This small facilitation of RT
can be explained by the “intersensory facilitation eVect,” in
which the presence of multiple warning signals from diVer-
ent sensory modalities results in a larger facilitation of RT
than that induced by a single warning signal (Nickerson
1973; Romaiguére et al. 1997). Although the intersensory
facilitation eVect is typically thought to occur when acces-
sory stimuli occur simultaneously with the response signal,
the delay between the TMS pulse and the response signal
onset in the present experiments was within the 200 ms
time-window proposed by Diederich and Colonius (2008)
to be the eVective range for intersensory facilitation.

Electrophysiological data

The simultaneous suppression of MEP amplitude and
reduction of intracortical inhibition observed during the
short constant foreperiod between the warning and

response signal onsets is consistent with previous observa-
tions. The MEP amplitude reXects the momentary balance
of excitatory and inhibitory inputs onto the output cells of
M1, hence the suppression of MEP amplitude during the
foreperiod reXects a shift in this balance toward net inhibi-
tion. However, both previous research (Davranche et al.
2007; Sinclair and Hammond 2008) and the current Wnd-
ings show that this suppression of MEP amplitude cannot
be explained by increased intracortical inhibition during the
foreperiod, as the known intracortical inhibitory mecha-
nisms within M1 show either reduced or unchanged excit-
ability during the foreperiod. The reduction of intracortical
inhibition within M1 suggests that the shift toward net inhi-
bition of the descending M1 output must be due to another
inhibitory process, most likely originating outside M1. One
candidate cortical area for this extrinsic inhibitory input to
M1 is the premotor cortex, which projects directly to M1
and to the spinal interneurons innervating the hand muscles
in primates (Dum and Strick 2002), and has also been
implicated in the inhibition of prepotent responses in pri-
mates (Sawaguchi et al. 1996). There is also physiological
evidence of an inhibitory eVect of premotor cortex on M1
in humans (Koch et al. 2006). We suggest that reduced
SICI during the foreperiod is balanced by a competing inhi-
bition of M1 by the premotor cortex, resulting in a net sup-
pression of MEP amplitude.

EVect of response expectancy

The reduction of SICI and the suppression of MEP ampli-
tude on warned trials was similar for each type of warning
signal presented. At Wrst glance this suggests that the mod-
ulation of SICI and MEP amplitude during the foreperiod
are not related to response expectancy and therefore not
linked to the preparation of a response prior to its execu-
tion. However the context in which the diVerent warning
signals were delivered may have inXuenced the modulation
of motor cortical activity during the foreperiod. In the pres-
ent experiments, we employed a conventional “mixed
blocks” protocol, with the diVerent conditions interspersed
randomly within each block as in previous studies (Touge
et al. 1998; Hasbroucq et al. 1999b; Sinclair and Hammond
2008). However, when the warned RT task is administered
with a “pure blocks” protocol, in which diVerent response
expectancy conditions are run in separate blocks, the sup-
pression of MEP amplitude observed during the foreperiod
has been found to be sensitive to the response expectancy
induced by the warning signal in that block (Kinoshita et al.
2007). This raises the possibility that the suppression of
MEP amplitude during the foreperiod is context-dependent,
reXecting a response expectancy developed across a block
of trials rather than a momentary neural response elicited
by an individual stimulus. Recent research has shown that
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any visual stimulus appearing during a task in which
speeded response is sometimes required elicits an auto-
matic activation of the motor cortex contralateral to the
responding hand (Endo et al. 1999; JaVard et al. 2007),
requiring a proactive volitional inhibition to prevent prema-
ture response (Boulinguez et al. 2008). The proposal by
Boulinguez et al. that excitatory (the automatic response
activation) and inhibitory (the proactive volitional inhibi-
tion) processes occur during the foreperiod was based on
analysis of EMG and behavioral data and does not imply
any speciWc neural mechanisms by which these eVects
might be produced (Boulinguez et al. 2008). We suggest
that a reduction of SICI within M1 and an inhibition of M1
from an extrinsic source (possibly from premotor cortex)
during the foreperiod could be the excitatory and inhibitory
mechanisms respectively postulated by Boulinguez et al.
(2008). This proposal predicts that if the diVerent warning
signals in the present experiments were administered in a
“pure blocks” protocol like that used by Kinoshita et al.
(2007), the reduction of SICI and suppression of MEP
amplitude during the foreperiod would be sensitive to the
longer term response expectancy induced by the type of
warning signal delivered during that block. In line with the
proposal that the context in which warning signals occur
can inXuence preparatory activity during the foreperiod,
Bestmann et al. (2008) have recently reported that both RT
and MEP amplitude during the foreperiod were sensitive to
both the momentary stimulus-bound response expectancy
evoked by the warning signal and the response expectancy
induced by the validity of the warning signal over a number
of trials. In the present experiments, we found that both RT
to the response signal and the false response rate on catch
trials were sensitive to momentary response expectancy.
The suppression of MEP amplitude and reduction of SICI
during the foreperiod were not sensitive to momentary
response expectancy evoked by the warning signal, and
may instead be sensitive to response expectancy induced
across a number of trials.

An alternative interpretation for these data is that the
similar suppression of MEP amplitude in all of the warned
conditions was a result of the warning signal providing
information about the time of onset of the TMS pulse. Pre-
dictability of TMS by the warning signal was favored by
the conditions of the experiment, with TMS pulses deliv-
ered on most trials at a constant interval after warning sig-
nal onset. Takei et al. (2005) have presented evidence
suggesting that predictability of the TMS pulse can sup-
press MEP amplitude in the absence of any motor task.
However, this Wnding is at odds with that reported by
Kinoshita et al. (2007), who showed that MEP amplitude
suppression only occurred when subjects were required to
respond within a block of trials; without a response require-
ment, MEP amplitude was not suppressed, despite the

warning signal predicting delivery of the TMS pulse. When
a response was required on half of the trials within a block
the suppression of MEP amplitude was reduced, despite the
warning signal still predicting the TMS pulse. Thus the
motor preparatory strategy adopted within a block of trials
appears to be an important factor governing whether MEP
amplitude is suppressed during the foreperiod.

Anatomical selectivity

Previous studies have reported anatomical selectivity in the
suppression of MEP amplitude during a short constant fore-
period, in both simple (Touge et al. 1998) and choice (van
Elswijk et al. 2008) RT tasks. van Elswijk et al. reported a
quite intricate anatomical selectivity, with suppression of
the agonist muscle MEP amplitude being strongest when
the direction of the precued response maximally engaged
that muscle. We found that the reduction of SICI and sup-
pression of MEP amplitude was similar in the FDI and
ADM muscles, suggesting that these eVects are not selec-
tive to the agonist muscle for the upcoming response. How-
ever it is possible that these modulations of motor cortical
activity were observed in both muscles because subjects
made a response which involved co-contraction of the
ADM muscle. It is known that human subjects are unable to
make completely individuated contractions of single digits,
due to both peripheral and central factors (Häger-Ross and
Schieber 2000; Reilly and Hammond 2000). To encourage
selective activation of the FDI muscle during response exe-
cution, subjects were instructed to respond with individu-
ated Xexions of the index Wnger. The forearm was also
immobilized with a brace to minimize the tendency to
engage surrounding muscles to stabilize the hand during
response execution. However, analysis of EMG activity
during the response showed that there was a small increase
in the activity of the presumed unrelated ADM muscle dur-
ing the response in both experiments, which was statisti-
cally signiWcant in Experiment 1 and approached
signiWcance in Experiment 2. If the response involved even
a small amount of co-contraction in the ADM (perhaps to
stabilize the hand while executing response) this could lead
to a preparatory reduction of SICI and suppression of MEP
amplitude in this muscle during the foreperiod. Given the
possibility that co-contraction of the ADM muscle was pre-
pared during the foreperiod as part of the response, we are
unable to conclude whether the modulations of neural
activity observed in these experiments are selective to the
agonist muscle for the response.

Correlational data

Subjects who responded faster also committed more false
responses, indicating the presence of a speed-accuracy
123
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tradeoV. While the individual measures of speed and accu-
racy were not correlated with corticospinal excitability, a
composite measure of performance which weighted speed
and accuracy equally was positively correlated with cortico-
spinal excitability. This suggests that the subjects who had
higher levels of M1 excitability across all conditions showed
superior performance on the task, rather than simply a bias
toward a risky or cautious response strategy. The correlation
between performance and MEP amplitude was somewhat
stronger for TMS pulses delivered during the ITI than for
TMS pulses delivered during the foreperiod in the various
warned conditions. We suggest two reasons why this might
have occurred. Firstly, the weaker correlation between per-
formance and MEP amplitude in the warned conditions than
during the ITI could be the result of an attenuated range of
MEP amplitudes, caused by the suppression of MEP ampli-
tude in the warned conditions. Secondly we suggest that the
performance index, which measures both response speed
and response inhibition, reXects the eYcacy of the higher
order executive control processes engaged by the task.
Shalgi et al. (2007) has suggested that non-speciWc arousal is
important in the maintenance of sustained attention in tasks
requiring both fast response and inhibition of inappropriate
responses. Non-speciWc arousal would be reXected more
strongly in the MEP amplitude elicited by TMS pulses
delivered during the ITI than those delivered during the fore-
period. If the correlation reXected a response-speciWc
increase in M1 excitability, it would only be expected to
occur when the warning signal induced a high level of
momentary response expectancy (van den Hurk et al. 2007).
The absence of any correlation between performance and
SICI measured during the foreperiod or during the ITI sug-
gests that the positive correlation between performance and
MEP amplitude is not due to a systematic reduction in SICI
in subjects who had higher MEP amplitudes.

Here we report that the previously observed reduction of
SICI and suppression of MEP amplitude during the short
constant foreperiod of a warned RT task is not sensitive to
the level of momentary response expectancy induced by the
warning signal. The neural modulations observed during
the foreperiod might instead reXect a preparatory set
adopted across a block of trials. Further research using the
warned RT procedure could consider the eVect of inter-
spersing diVerent types of trials within a block on the pre-
paratory strategy adopted by the subject.
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