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Abstract 

 

Inhibition is one of the core concepts in cognitive neuroscience, referring to a higher-order 

control mechanism that can arrest or cancel the output of other functional systems. Inhibition 

of motor responses is assumed to serve as a proxy for cognitive inhibition, and impaired 

motor inhibition may thus constitute an endophenotype for at-risk behavior regarding poor 

impulse control and related psychiatric conditions. The current thesis challenges the account 

of a single central inhibition node by testing potential partitioning schemes of response 

inhibition into multiple counterparts within the motor system. First, behavioral and 

electrophysiological indices were compared between the most common response inhibition 

tasks, i.e., the go/no-go and stop signal tasks, and it was found that suppressed behavior in 

these tasks can be achieved via separable mechanisms. Secondly, hypothetical partitioning 

schemes between fast global and slow selective inhibition mechanisms were tested. While no 

conclusive evidence was found in support of such a dissociation in two independent studies, 

evidence was found for a pivotal role of proactive control in shaping the sensory, attentional, 

and motor parameters that play a role in successful inhibition. Altogether, the results suggest 

that action cancellation may be achieved via dynamic interactions within the motor control 

system incorporating action planning, selection, and inhibition, which further interacts with 

the proactive goal-driven cognitive system. This implies caution in interpreting motor 

inhibition markers as generalizable indices of inhibitory control and advocates the 

development and testing of cognitive constructs with more specificity regarding the various 

aspects of impulse control.  
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1. Introduction 

Inhibition is one of the core concepts in psychology, physiology and neuroscience. According 

to an early definition (Brunton, 1883, p. 419): 

“By inhibition we mean the arrest of the functions or organ by the actions upon it of another, 

while its power to execute those functions is still retained and can be manifested as soon as 

the restraining power is removed.” 

In other words, inhibition is considered an active mechanism that exerts influence on other 

systems by arresting, blocking, cancelling or suppressing its output. The term covers a wealth 

of phenomena both in lay language as well as in psychological and physiological discourse. 

The scientific conceptualization has been tracked to the societal and intellectual thinking of 

the early 19th century where inhibition was seen as a mechanism for the will to tame passions 

and impulses, as well as to gate the content of consciousness (R. Smith, 1992). These general 

ideas were paralleled by the discovery of reflex action with excitatory and inhibitory 

mechanisms, followed by the discovery of the vagus nerve that can inhibit the cardiac system. 

Together, they fueled the idea of a central inhibition module in the brain that would regulate 

sensory, motor, emotional and cognitive systems, and potentially even complex behaviors 

such as moral, social, and sexual decision making (Dempster, 1995; R. Smith, 1992). By the 

20th century, inhibition was well endorsed in neurophysiology and celebrated with a Nobel 

Prize in Physiology or Medicine to Sir Charles Scott Sherrington for his work on inhibition as 

a fundamental mechanism of the nervous system. 

In the present day cognitive and neurophysiological science, facilitation and inhibition are 

frequent and generally accepted concepts. However, these terms can have very different 

meanings depending on the specific scientific context. Partially based on the psychological 

dictionary (English & English, 1958), Bari and Robbins (2013) list no less than 21 

definitions, including inhibitory mechanisms in language, memory, and learning. However, 

the necessity of inhibition as an explanatory construct remains controversial in most cognitive 

domains, where deactivation or the activation of a competing and more potent cognitive 

representation would offer more parsimonious explanations for the absence of behavior 

(MacLeod, Dodd, Sheard, Wilson, & Bibi, 2003). 

Partly due to the overwhelming evidence for inhibitory mechanisms at the reflexive and 

neural synaptic level, inhibition in the motor domain is generally accepted. Here, it is often 

referred to as response inhibition and defined as the inhibition of initiated or planned motor 
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actions. It has been proposed that by understanding the neural mechanisms underlying 

response inhibition, one can generalize these to cognitive representations, such as memories, 

thoughts, or more abstract impulses (Aron, 2007). This necessarily assumes that there exists a 

central domain-general inhibition module in the brain. As a result, there is a rich body of 

research in cognitive neuroscience that uses motor inhibition as a proxy for cognitive 

inhibition to discover the neural underpinnings of inhibitory control and the hierarchical 

systems governing willed behavior in general. 

The current thesis builds upon this assumption with the goal to assess the neural mechanisms 

underlying motor response inhibition. However, contrary to the prevalent account of 

inhibition as a unitary module, the possibility of multiple inhibition mechanisms in the motor 

system is investigated. Therefore, a variety of motor inhibition experiments are implemented 

with the goal to partition inhibitory mechanisms using information about its latency, extent, 

and electrophysiological dynamics. 

In the following sections, a broader account of inhibition is given in the context of cognitive 

control, followed by a brief overview of inhibition in individual differences research and the 

implications for motor- and psychopathology. Then, common quantification techniques of 

response inhibition are listed with the present-day account of the neurological underpinnings 

of motor inhibition. Lastly, hypothetical partitioning schemes for motor inhibition are 

described that lay the foundation for the empirical part of the thesis.  

 

1.1 Inhibition in the context of cognitive control 

The flexibility of thought and action is the hallmark of behavioral and intellectual capabilities 

of humans and is thought to be orchestrated by a set of functions in the brain, collectively 

termed cognitive control. As indicated by the word control, cognitive control implies 

hierarchy both in the brain and in behavior. Such hierarchy is also reflected in the 

synonymous or, at least, highly similar terms executive functions or executive control. These 

control functions constitute a core set of higher order functions that up- or downregulate other 

functional systems, such as perception, motor control, emotions or memory. These 

adaptations can function at multiple time-scales simultaneously, ranging from long-term 

goal-oriented behavior spanning years, to adaptations that occur in a matter of milliseconds, 

like changing, inhibiting or correcting initiated actions (Ullsperger, Danielmeier, & Jocham, 

2014). Most models state that inhibition is one of the core functions of cognitive control or 
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that inhibition serves an integrative function within cognitive control (Bjorklund & 

Harnishfeger, 1990; Dempster, 1992; Diamond, 2013; Friedman & Miyake, 2017; Miyake et 

al., 2000; Testa, Bennett, & Ponsford, 2012; Wessel & Aron, 2017). 

Various classification schemes have been proposed to explain the hierarchical organization of 

cognitive control. Dual systems approaches divide mental operations into fast instinctive 

processes and slow deliberate processes. The exact naming of these systems can be manifold, 

each highlighting some key characteristic: habitual versus goal-directed, non-conscious 

versus conscious, automatic versus controlled, bottom-up versus top-down, effortless versus 

effortful etc. (Ridderinkhof, 2014). The current thesis builds on the dual-mechanisms 

classification of reactive and proactive control (Braver, 2012; Braver, Paxton, Locke, & 

Barch, 2009). Here, proactive control refers to the deliberate maintenance of goal-relevant 

information in anticipation of interference, while reactive control is mobilized promptly in 

response to a high interference event. This framework has been extended to response 

inhibition (Aron, 2011) where proactive inhibition refers to the recruitment of inhibitory 

control already prior to the act that needs to be inhibited (e.g. maintaining the goal to refrain 

from eating a cake at a birthday party while dieting) and reactive inhibition refers to 

inhibiting an action after the provoking stimulus is detected (e.g. actually not reaching for the 

cake when it is served). In addition, proactive control may up- or downregulate supportive 

systems for response inhibition, such as sensory, attentional, and motor processes (Elchlepp, 

Lavric, Chambers, & Verbruggen, 2016). 

 

1.2 Individual differences in response inhibition 

The capacity for cognitive control is generally considered an individual trait that is relatively 

stable over the lifetime but exhibits considerable variability between individuals. Cognitive 

control skills appear to be essential in various aspects of daily life, such as mental and 

physical health, school and job success, and cognitive and social development (Diamond, 

2013). Inhibition, particularly, is associated with trait impulsivity and self-control (Bari & 

Robbins, 2013; Hofmann, Schmeichel, & Baddeley, 2012), and poor response inhibition 

performance in the laboratory tasks has been related to daily impulse-control problems, 

including but not limited to disadvantageous eating habits (Hofmann, Friese, & Roefs, 2009), 

gambling (Chowdhury, Livesey, Blaszczynski, & Harris, 2017), and risky sexual behavior 

(Nydegger, Ames, Stacy, & Grenard, 2014). Response inhibition may also be a key deficit in 
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several psychiatric disorders, particularly in attention deficit and hyperactive disorder, 

obsessive compulsive disorder, drug abuse, and schizophrenia (Lipszyc & Schachar, 2010; J. 

L. Smith, Mattick, Jamadar, & Iredale, 2014; Snyder, Miyake, & Hankin, 2015). Poor 

response inhibition has been observed also in the patient groups with motor control disorders, 

such as Parkinson disease (Jahanshahi, Obeso, Baunez, Alegre, & Krack, 2015; N. Swann et 

al., 2011) or Tourette syndrom (Wylie, Claassen, Kanoff, Ridderinkhof, & van den 

Wildenberg, 2013; Yaniv et al., 2017). Given the variability of the disorders that seem to 

involve poor response inhibition performance, it is conceivable that inhibition constitutes a 

cognitive endophenotype that affect the symptomology of psychopathology and at-risk 

behaviors. Thus, a biomarker or a set of biomarkers for inhibitory control would be highly 

desirable for clinical diagnostics and treatment. 

 

1.3 Measuring motor inhibition 

1.3.1 Experimental tasks of response inhibition 

A number of experimental tasks have been developed to investigate response inhibition in the 

motor domain. These typically include a prepotent automatic response activation that has to 

be cancelled directly (response inhibition tasks) or indirectly via the activation of another, 

learned or goal-oriented response (interference inhibition tasks). As this thesis is focused 

purely on response inhibition, only these tasks will be described. 

The most common response inhibition tasks are the go/no-go task (GNGT) and the stop 

signal task (SST). In the GNGT, participants need to make a simple or choice response to a 

repeatedly occurring go stimulus. In a fraction of trials, a no-go stimulus appears instead of 

the go stimulus, and the participants are instructed to withhold their response. Inhibition 

performance is measured by the percent of accurate no-go trials, i.e. trials where the 

participant did not execute a response after no-go signal. Importantly, recent evidence 

suggests that prepotent motor activation is elicited only if the task pace is relatively fast and 

the frequency of no-go stimuli is low (Wessel, 2017). 

The prime instruction in the SST is to produce a simple or a choice response to a repeatedly 

occurring go stimulus (Logan & Cowan, 1984). A stop signal appears only in a small fraction 

of trials. However, the stop signal always follows the go signal after a short delay (i.e. stop 

signal delay or SSD) in a given trial. This way, the response is always initiated, but it needs 

to be inhibited upon the detection of the stop signal. The SSD is typically varied on an 
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individual basis to derive an estimate for stopping latency, the stop signal reaction time 

(SSRT; see paragraph 1.3.2 for details). The SSRT is interpreted as a proxy of individual 

inhibition capacity. Therefore, a properly executed SST is considered the gold standard to 

assess response inhibition for research purposes (Verbruggen et al., 2019). 

A number of derivatives of both the GNGT and the SST have been developed to assess the 

parameters of response inhibition in more depth. For example, the possibility of the 

upcoming no-go or stop signal may cause the participants to delay the initiation of their go 

response until they are certain that it needs to be executed. Therefore, the inclusion of a pure 

go condition where the response definitely needs to be executed is advocated to account for 

confounding behavioral strategies (Albares, Lio, & Boulinguez, 2015). Other SST and GNG 

variations may incorporate probabilistic or direction-specific cues to assess the recruitment of 

proactive inhibition prior to the stop or no-go stimulus presentation.  

Lastly, a number of ‘selective inhibition’ paradigms have been introduced in recent years. 

These include, among others, (i) stimulus-ignore paradigms where an additional signal is 

presented but is to be ignored, instructing the participants to continue their standard go 

response, (ii) stimulus-change paradigms where an alternative response needs to be executed, 

or (iii) motor selective tasks where the go response is a multi-component action (e.g. respond 

with left and right hand) and only one of these responses needs to be inhibited in no/go or 

stop trials (e.g. stop left and respond with right hand).  

 

1.3.2 The stop signal reaction time (SSRT) 

The stop signal reaction time (SSRT) is the main outcome variable of the SST. It is based on 

the horse race model developed by (Logan & Cowan, 1984). In this model, the go and stop 

processes are represented by two runners and the performance on a particular trial depends on 

whichever runner finishes first (Figure 1). The go runner starts at the presentation of the go 

signal and the stop runner starts after the SSD with the presentation of the stop signal, and 

these two runners are independent. If the stop signal is presented early (short SSD), the 

likelihood for the inhibition to win the race increases and no response will be executed. If the 

stop signal is presented late (long SSD), the likelihood for the go runner to win the race 

increases, and the response will be executed. Therefore, even though the inhibition process 

itself is covert, its latency can be estimated based on observed parameters, i.e. the go reaction 

time (RT) distribution, the SSD, and the probability of a response for a given SSD 
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(p(respond|signal). Assuming that the SSRT is constant, it can be estimated by subtracting the 

given SSD from the point on the go RT distribution that corresponds to the p(respond|signal, 

SSD). In practice, the SSD is varied and often adjusted to each participant’s personal 

performance during the task, so that the overall probability of p(respond|signal) will be 

around 0.5. SSRT is then calculated by subtracting the average SSD from the mean reaction 

time (mean method) or from the percentile corresponding to the exact probability of 

responding (integration method). While other methods for the SSRT calculation have been 

proposed as well (Logan, Van Zandt, Verbruggen, & Wagenmakers, 2014), these two are the 

most popular, and recent evidence further suggests that the integration method is more 

accurate than the mean in most practical cases (Verbruggen et al., 2019; Verbruggen, 

Chambers, & Logan, 2013). The resulting SSRT is typically interpreted as an individual’s 

stopping latency and therefore also as a proxy for individual inhibition capability.  

The assumption of independence between go and stop processes poses a paradoxical 

mismatch with single-cell studies recordings in primates performing a variation of the stop 

signal task, i.e. the antisaccade task where the instructions are to produce and inhibit eye-

movements instead of button presses. The neurons in the frontal eye-fields that track the go 

response have reduced firing rates in successful stop trials, preventing the go process to reach 

the response threshold (Schall, 2013). This pattern thus is different from the neuron’s firing in 

normal go-trials, which challenges the independence assumption of the go- and stop-

processes. The integrated horse race model was proposed to explain this mismatch (Boucher, 

Palmeri, Logan, & Schall, 2007). Here, the go and stop processes are independent for most of 

the time, but there is a short and potent interaction between them just before the stop runner 

reaches the finishing line that also affects the go runner. Given the short duration of this 

interaction, they concluded that the classical horse race model is still a reasonable 

approximation of the underlying processes.  

Nonetheless, recent research has led to some skepticism regarding the validity of the SSRT as 

an estimate of stopping latency. First, the SSRT is sensitive to the changes in the shape of the 

go RT distribution (Verbruggen et al., 2013). Thus, comparing different conditions or 

populations would require similar shapes of the go RT distributions; however, these are rarely 

reported. Second, the independence assumption seems to be systematically violated 

specifically at the short SSDs, which in turn inflates general SSRT estimates (Bissett, 

Poldrack, & Logan, 2019; Gulberti, Arndt, & Colonius, 2014; Ozyurt, Colonius, & Arndt, 

2003). Third, there has been criticism stating that other processes play a role in task 
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performance as well, such as go errors or failures to even initiate the stop process (Heathcote 

et al., 2019; Matzke, Love, & Heathcote, 2016). When these other processes are modelled 

specifically via bayesian ex-gaussian estimation (BEEST; Matzke et al., 2013), the SSRTs 

tend to be earlier than when estimated with the mean or integration method, which rely on the 

independent horse race model (Skippen et al., 2019). Notably, all these issues together may 

inflate the final SSRT estimates enough to challenge its validity for most practical purposes. 

 

Figure 1. The independent horse-race model of the stop signal task. The curve represents the go RT 

distribution and the nth RT corresponds to the percentile on the distribution of the probability of 

responding, given stop signal. RT - reaction time; SSD - stop signal reaction time; SSRT - stop signal 

reaction time. Figure by Verbruggen et al., 2019; DOI: https://doi.org/10.7554/eLife.46323.004. 

Distributed under creative common license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

 

1.3.3 Partial response electromyography (prEMG) 

Given the problems with the modeling approach for estimating stopping latencies, an 

assumption-free physiological measure of response inhibition would be highly desired. The 

current thesis proposes the utilization of partial muscle bursts as an alternative latency 

measure. Partial response EMG (prEMG) refers to responses where a response can be 

detected in the EMG signal of the selected effector muscle, yet no overt button press is 

registered. Such responses have been consistently reported in response conflict tasks, 

indicating initial erroneous response activation that is suppressed or deactivated before 

developing into a full error (Borís Burle, Possamaï, Vidal, Bonnet, & Hasbroucq, 2002; 

Cohen & van Gaal, 2014; Eriksen, Coles, Morris, & O’hara, 1985; Hasbroucq, Possamaï, 

Bonnet, & Vidal, 1999; Smid, Mulder, & Mulder, 1990). About 15-20% of prEMG is 

typically detected in the interference resolution tasks. Interestingly, when participants were 

asked whether they made a partial error in a given trial, it was found that the majority of 

https://doi.org/10.7554/eLife.46323.004
https://creativecommons.org/licenses/by/4.0/
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prEMG bursts were not perceived consciously by the participants (Rochet, Spieser, Casini, 

Hasbroucq, & Burle, 2014).  

A number of studies report prEMG bursts also in the SST or its variants in trials where no 

overt response was registered (Band & van Boxtel, 1999; Coxon, Stinear, & Byblow, 2006; 

De Jong, Coles, Logan, & Gratton, 1990; McGarry & Franks, 1997). PrEMG bursts can be 

detected around 20-60% of successful stop trials, with their probability and amplitude 

changing with the SSD (Coxon et al., 2006; De Jong et al., 1990). The latency information 

acquired by the EMG may provide useful indices to quantify the temporal dynamics of 

response initiation and inhibition. 

 

1.3.4 Corticomotor excitability and motor evoked potentials (MEPs) 

Corticomotor excitability can be assessed with transcranial magnetic stimulation (TMS) over 

the primary motor cortex and simultaneous measurements of the corresponding effector EMG 

(Figure 2). TMS is a noninvasive brain stimulation technique that can excite the neural 

populations directly underneath the TMS-coil. Briefly, a short-lived (~200 µs) electrical 

current is induced in the coil, which in turn generates a perpendicular magnetic field that 

penetrates the scalp without restriction, introducing electrical current in the affected brain 

tissue (Rossini et al., 2015). When stimulating the primary motor cortex at high intensities, 

descending volleys are transmitted via the corticospinal tracts that connect to the peripheral 

muscles contralateral to the stimulation site (Bestmann & Duque, 2016; Rothwell et al., 

1999). The elicited muscle response, known as motor evoked potential (MEP), can then be 

measured by the EMG, with its amplitude reflecting the state of corticospinal pathway at the 

time of the pulse (Bestmann & Krakauer, 2015). While MEPs can be affected by both central 

and peripheral processes, the net effects during different phases of motor tasks are often 

described as motor facilitation when the MEPs are larger than during the baseline period, and 

motor inhibition when they are smaller (Figure 2).  

MEPs probe corticomotor excitability only at the time-point of administering the pulse. 

However, by administering the pulse at different time-points across many trials, the dynamics 

of motor facilitation and inhibition can be mapped throughout the trial time-course, i.e. 

during response preparation, response execution and response inhibition. In addition, the 

extent of facilitation and inhibition can be assessed by probing the corticomotor excitability 

of an effector that is either not selected (e.g. left hand MEP while right hand is selected for a 
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response) or not related to the task requirements at all (e.g. leg MEPs while the task requires 

the responses of hands only). Typically, the selected effector MEPs are either reduced during 

the response preparation phase and increase greatly prior to the response, while the 

unselected effector MEPs are reduced throughout both the preparation and execution phase of 

the movement (Duque, Greenhouse, Labruna, & Ivry, 2017; Duque, Labruna, Verset, Olivier, 

& Ivry, 2012; Duque, Lew, Mazzocchio, Olivier, & Ivry, 2010; Hasbroucq, Kaneko, 

Akamatsu, & Possamaï, 1999; Neubert, Mars, Buch, Olivier, & Rushworth, 2010). In 

response inhibition tasks, MEP reduction has been observed both at the selected, unselected 

and unrelated effectors starting around 140-170 ms after inhibitory stimulus presentation 

(Coxon et al., 2006; Fujiyama, Tandonnet, & Summers, 2011; Hoshiyama et al., 1997, 1996; 

Macdonald, Coxon, Stinear, & Byblow, 2014; van Campen, Neubert, van den Wildenberg, 

Ridderinkhof, & Mars, 2013; van den Wildenberg et al., 2010; Yamanaka et al., 2002). 

 

 

Figure 2. Illustration of the TMS elicited motor evoked potentials (MEPs). The TMS coil is placed on 

the scalp above the previously determined hotspot (e.g. left primary motor cortex). EMG is recorded 

from the muscle corresponding to the hotspot (e.g. right thumb muscle, abductor pollicis brevis). In 

the EMG signal, TMS pulses at three different time-points are depicted. The MEP at time0 serves as 

the baseline measure, and the MEPs at time1 and time2 exemplify suppressed and facilitated 

corticomotor excitability relative to the baseline MEP, respectively. 

 

1.3.5 The stopping interference effect (SI) 

Stopping interference (SI) is a measure that is unique to the motor selective SST and is 

assumed to quantify the effect of inhibition of the target effector on other ongoing motor 

actions (Aron & Verbruggen, 2008; Coxon, Stinear, & Byblow, 2007; Ko & Miller, 2011; 
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Xu, Westrick, & Ivry, 2015). In the motor selective SST, participants are required to produce 

a go response simultaneously with several effectors, typically simply with two hands. In a 

stop trial, they are required to inhibit one active effector, while continuing the response of the 

other. The reaction times of the responding effector in the successful stop trials tends to be 

longer by more than 100 ms compared to the normal go-response of the same effector. These 

costs in the response speed are interpreted as an interference from the ongoing inhibitory 

processes on concurrent motor actions, and not merely due to the increased sensory load or a 

distracting stimulus (Ko & Miller, 2013). The SI is most commonly calculated by subtracting 

the normal go-RT from the responding effector RT in the stop trials. 

 

1.4 Central response inhibition as a unitary mechanism 

The prevalent conceptualization of response inhibition in cognitive neuroscience treats it as a 

unitary construct. Inhibition is considered as a controller function that can arrest the activity 

in other brain regions and with that, the behavioral output. A useful simplification is to 

differentiate between inhibition agents, sites, and manifestation (Band & van Boxtel, 1999). 

The agents are at the top of the hierarchy as the loci of the initiation of inhibition. The site 

refers to the target of inhibitory control, i.e. the site onto which inhibition is exerted. Lastly, 

the manifestation provides a read-out for the inhibitory control consequences by 

physiological or behavioral indices. The site of inhibition is somewhat dependent on the 

postulation of the research question. As motor inhibition is of interest here, the site by 

definition refers to the primary motor cortex as the final cortical site for motor control, or by 

extension to peripheral regulatory systems. A large body of research advocates for the role 

for prefrontal cortex and basal ganglia structures as the key areas for implementing response 

inhibition.  

 

1.4.1 Cortical manifestations of response inhibition 

Functional magnetic resonance imaging (fMRI) results converge on key cortical areas that are 

active during response inhibition tasks. Several meta-analyses have found that the right 

inferior frontal cortex (rIFC), insula, anterior and medial cingulate cortex, pre-supplementary 

area (pre-SMA), and inferior and superior parietal cortex are active during a variety of 

inhibition tasks (Cieslik, Mueller, Eickhoff, Langner, & Eickhoff, 2015; Swick, Ashley, & 

Turken, 2011; Zhang, Geng, & Lee, 2017). While activation in such a large network may be 
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confounded with control processes other than inhibition (e.g. attentional effects, performance 

monitoring, or evaluation processes (Hampshire, Chamberlain, Monti, Duncan, & Owen, 

2010), the rIFC and pre-SMA have emerged as regions specifically responsible for response 

inhibition (Aron, Robbins, & Poldrack, 2004, 2014; Greenhouse, Swann, & Aron, 2011). 

However, the exact functional and causal roles of these regions are still a matter of debate 

(Hampshire, 2015; Hampshire & Sharp, 2015). While it has been found that the preSMA may 

causally affect the activity in the rIFC (Neubert et al., 2010; Swann et al., 2012), others argue 

that rIFC and preSMA form a mutually interdependent network that activate simultaneously 

or within close succession of each other (Allen, Singh, Verbruggen, & Chambers, 2018).  

1.4.2 Subcortical manifestations of response inhibition 

Basal ganglia structures are part of the corticothalamic pathways that are known to regulate 

motor actions in general. Thereby it is likely that they also play a crucial role in response 

inhibition, putatively receiving input from the cortical inhibition agents and relaying the 

information through the thalamus to the primary motor cortex (Aron & Poldrack, 2006). 

Three major pathways for motor control have been hypothesized (Figure 3): the direct, 

indirect, and hyperdirect cortico – basal ganglia – thalamic pathways (Alexander & Crutcher, 

1990; Nambu, Tokuno, & Takada, 2002). The globus pallidus internal (GPi) is the output 

structure of the basal ganglia and has a tonic inhibitory effect on the thalamus at rest, which 

in turn excites the motor cortex. The activation of the direct pathway releases the inhibition of 

the thalamus via the striatum and results in response initiation. In contrast, the indirect 

pathway increases this inhibition via globus pallidus external (GPe) and subthalamic nucleus 

(STN), resulting in inhibition of the motor cortex. Lastly, the hyperdirect pathway surpasses 

the striatum and GPe and excites the STN directly. While the indirect pathway allows for 

some specificity regarding the cortical target, the hyperdirect pathway presumably recruits 

the numerous outgoing STN projections indiscriminately, resulting in the global suppression 

of all motor cortex output. In accordance with these hypotheses, electrophysiological and 

fMRI investigations have revealed that both the striatum and the STN are critically involved 

in response inhibition tasks (Jahanshahi et al., 2015; Jahfari et al., 2011; Leunissen, Coxon, & 

Swinnen, 2016; Swann et al., 2011; Zavala, Zaghloul, & Brown, 2015). 
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Figure 3. Cortical-basal ganglia-thalamic loops of motor control. The green lines with arrowheads 

indicate excitatory glutamatergic pathways and the red lines with circles indicate GABA-ergic 

inhibitory pathways. The green box around motor cortex indicates the excitatory net effect on the 

motor cortex and symbolizes action initiation via the direct pathway; the red boxes around the motor 

cortex indicate inhibitory net effect and symbolize action inhibition via the indirect and hyperdirect 

pathways. The multiple lines from the STN and GPi in the hyperdirect pathway symbolize a broad 

effect that is non-specific regarding target actions. GPe - globus pallidus external; GPi - globus 

pallidus internal; STN - subthalamic nucleus. 

 

1.4.3 Electrophysiological manifestations of response inhibition 

Scalp electroencephalography (EEG) has been a popular investigatory tool for many 

cognitive processes, partially due to its capability to dissociate mental events in a fine 

temporal progression. EEG signal changes during response inhibition tasks have been well 

characterized and include changes in perceptual and motor processing; yet several EEG 

components may be attributable to higher cognitive processes, among others to response 

inhibition. 

Three characteristic changes can be detected in the event related potentials (ERPs) in 

response to the no-go or stop stimuli: modulations in the N1 and the evocation of the N2 and 

P3 potentials. The N1 is a pronounced negativity at around 100-120 ms after a sensory 

stimulus, peaking over central electrodes for auditory and occipital electrodes for visual 

stimuli. The N1 is thought to reflect activity in the associative sensory areas, and it is 

increased for attended stimuli, indicating that it is susceptible to top-down attentional or 
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motivational modulations (Foxe & Simpson, 2002; Vogel & Luck, 2000). Indeed, the N1 is 

larger for stop than go stimuli in the SST, indicating increased attentional effort in line with 

the task requirements (Bekker, Kenemans, Hoeksma, Talsma, & Verbaten, 2005; Boehler et 

al., 2009). 

The N2 is typically observed over frontocentral electrodes at around 200 ms after the no-

go/stop stimulus. It is followed by the P3, a prominent long-duration (300-600 ms) positivity 

over frontocentral or centroparietal electrodes (Bekker et al., 2005; De Jong et al., 1990; Kok, 

Ramautar, De Ruiter, Band, & Ridderinkhof, 2004; Ramautar, Kok, & Ridderinkhof, 2004). 

The N2 and P3 typically co-occur in a number of cognitive tasks, so they are sometimes 

referred to as N2/P3-complex. However, they seem to originate from different neural 

generators and tend to react differently to experimental manipulations, suggesting a 

functional dissociation between the two (Enriquez-Geppert, Konrad, Pantev, & Huster, 2010; 

Huster, Enriquez-Geppert, Lavallee, Falkenstein, & Herrmann, 2013). The putative functions 

of the N2 include conflict monitoring or resolution, although a role in response inhibition has 

been suggested as well (Donkers & van Boxtel, 2004; Folstein & Van Petten, 2008; 

Nieuwenhuis, Yeung, van den Wildenberg, & Ridderinkhof, 2003; Ullsperger et al., 2014).   

The prominent P3-wave is not limited to response inhibition tasks, as it is elicited in a variety 

of cognitive tasks. Further, several neural generators seem to contribute to the relatively long 

duration of the P3, where the earlier P3a wave manifests as frontal and the later P3b as 

parietal topography (Demiralp, Ademoglu, Comerchero, & Polich, 2001; Polich, 2007). Due 

to the similarities of the P3 component across various cognitive tasks, as well as its late and 

prolonged time-course, the P3 seen in response inhibition tasks has been associated with 

sustained attentional or evaluative functions (Dimoska, Johnstone, Barry, & Clarke, 2003; 

Filipović, Jahanshahi, & Rothwell, 2000; Huster et al., 2013; Huster, Messel, Thunberg, & 

Raud, 2019), although the close correspondence between the P3 onsets and the SSRTs may 

indicate that the P3 tracks the central response inhibition (Wessel, 2016; Wessel & Aron, 

2015). 

Averaged ERP waveforms fail to capture brain activity which is not strictly time-locked to 

experimental events (Herrmann, Rach, Vosskuhl, & Strüber, 2014). Consequently, the 

spectral characteristics of the EEG signal may offer a richer set of potential response 

inhibition markers. The most prominent changes are in the lower frequencies, in the delta (2-

4 Hz) and theta (4-8 Hz) band (Harmony, Alba, Marroquín, & González-Frankenberger, 
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2009; Huster et al., 2013; Lavallee, Herrmann, Weerda, & Huster, 2014; Nigbur, Ivanova, & 

Stürmer, 2011; Yamanaka & Yamamoto, 2010). However, the delta increase particularly 

appears time- or phase-locked to the inhibition stimulus, and thus likely indices the same or 

related processes as the P3 (Başar-Eroglu, Başar, Demiralp, & Schürmann, 1992; Huster, 

Plis, Lavallee, Calhoun, & Herrmann, 2014). The increases in theta power have been 

associated with the N2 in the time-domain; however, this theta increase does not seem to be 

as strictly phase-locked in cognitive control tasks and frequency-based analyses may 

therefore provide additional information about underlying cognitive processes (Cavanagh & 

Frank, 2014; Cohen, 2016; Cohen & Donner, 2013).  

Oscillations in the beta band (13-30 Hz) are associated with inhibitory GABAergic 

transmission in the sensorimotor system (Jensen et al., 2005), and may therefore be indicative 

of motor inhibition. Importantly, two types of beta effects can be distinguished: those related 

to motor processing in general (discussed in the next paragraph), and those that may be 

indicative of central response inhibition processes. The latter has been suggested to manifest 

as an increase in beta synchronization (typically in the lower beta band of around 13-20 Hz) 

over frontal electrodes (Marco-Pallarés, Camara, Münte, & Rodríguez-Fornells, 2008; 

Picazio et al., 2014; Wagner, Wessel, Ghahremani, & Aron, 2018). Intracortical recordings 

have revealed increased beta power in the rIFC, giving rise to the hypothesis that the beta 

fluctuations over frontal electrodes are generated by a source in the rIFC (Swann et al., 2012; 

Swann et al., 2009; Wagner et al., 2018).  

While the majority of research on EEG markers in response inhibition tasks has aimed to 

discover central inhibition agents, others have reported characteristic changes arising from 

the site of inhibition, i.e. changes in the EEG markers of sensory-motor preparation. Prior to 

response execution, desynchronization in the mu (9-14 Hz) and beta power (15-30 Hz) occurs 

in the central lateral electrodes, putatively originating from the sensory-motor and primary 

motor cortex (Neuper, Wörtz, & Pfurtscheller, 2006; Pfurtscheller, Stancák, & Neuper, 

1996). The desynchronization in both frequency bands is related to the upcoming response 

parameters, and therefore seem to be also affected by the possible recruitment of proactive 

inhibitory control after response initiation, but prior to the enactment of response inhibition 

itself (Liebrand, Kristek, Tzvi, & Krämer, 2018; Liebrand, Pein, Tzvi, & Krämer, 2017). 

Correspondingly, the levels of mu and beta desynchronization prior to the stop signal onset 

affect whether the subsequent response inhibition will be successful or not (Krämer, Knight, 

& Münte, 2011; Mazaheri, Nieuwenhuis, van Dijk, & Jensen, 2009). 
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1.5 Partitioning response inhibition 

The majority of response inhibition literature treats response inhibition as a unitary construct. 

However, this view has been challenged, as multiple inhibitory mechanisms would imply 

better ecological validity in explaining the flexibility of inhibitory behavior across various 

contexts (Aron, 2011). Further, according to the dual-process framework of proactive and 

reactive control, all cognitive control functions exhibit some degree of heterogeneity, as brain 

mechanisms are likely to vary for sustained, goal-oriented (proactive) and transient, 

externally driven (reactive) control functions (Braver, 2012). 

 

1.5.1 Partitioning inhibition through experimental tasks 

As reviewed earlier, a variety of experimental tasks have been developed for measuring 

response inhibition. It is debatable whether interference resolution and response inhibition 

tasks capture the same inhibitory mechanisms (Bender, Filmer, Garner, Naughtin, & Dux, 

2016). However, there is preliminary evidence that inhibition mechanisms also differ 

between the most commonly used response inhibition tasks, the GNGT and the SST, 

reflecting action restraint and cancellation, respectively (Schachar et al., 2007). First, 

behavioral performance appears to be dissociable in the two tasks both in healthy participants 

and patients with prefrontal cortex lesions (Krämer et al., 2013; Littman & Takács, 2017). 

Secondly, the GNGT and SST appear to rely on different neurotransmitter systems (Eagle, 

Bari, & Robbins, 2008). However, fMRI comparisons typically converge on the same right 

frontal, medial and parietal networks in both tasks, although some divergent activity patterns 

have been reported as well (Cai, Ryali, Chen, Li, & Menon, 2014; Cieslik et al., 2015; 

Dambacher et al., 2014; McNab et al., 2008; Nee, Wager, & Jonides, 2007; Rubia et al., 

2001; Sebastian et al., 2013; Swick et al., 2011; Zheng, Oka, Bokura, & Yamaguchi, 2008). 

Similarly, both task consistently elicit the N2/P3 ERP complex, although the P3 particularly 

tends to be larger in the SST than in the GNGT (Cunillera, Brignani, Cucurell, Fuentemilla, 

& Miniussi, 2015; Enriquez-Geppert et al., 2010; Johnstone et al., 2007; Wessel, 2017). 

These discrepancies between behavioral, neuropharmacological and functional imaging 

results would benefit from an in-depth investigation of the task performance and associated 

brain activity, encompassing networks other than those associated with inhibition alone, to 

better understand the fine temporal progression of cognitive events in both tasks. 
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1.5.2 Partitioning inhibition through extent 

Inhibition extent refers to the effect of inhibition on the selective-global axis, i.e. to what 

degree does the inhibition process affect other actions than the one that is behaviorally 

relevant in its current context. The MEP evidence supports the so-called global inhibition 

model, as the corticomotor excitability of the leg is suppressed when hand, eye-movements, 

or speech needs to be inhibited (Badry et al., 2009; Cai, Oldenkamp, & Aron, 2012; 

Greenhouse, Oldenkamp, & Aron, 2012; Majid, Cai, George, Verbruggen, & Aron, 2012; 

Wessel, Reynoso, & Aron, 2013). Behavioral evidence from the motor selective SST also 

indicates a broad effect of inhibition on ongoing actions. To recapitulate, the motor selective 

SST requires the inhibition of only one hand’s response of the initiated bimanual go-

response. The globality of inhibition is first and foremost expressed in the behavioral costs on 

the ongoing hand RTs (the stopping interference, see paragraph 1.3.5 for details). In addition, 

if MEPs and EMG are recorded from the responding hand, a considerable dip in both 

modalities is observed at around 150 ms after the stop signal, after which the activity quickly 

recovers and develops into a full response (Cowie, MacDonald, Cirillo, & Byblow, 2016; 

Coxon et al., 2007; Macdonald et al., 2014).  

MEP, behavioral, and EMG results indicate that stopping in the selective SST is achieved via 

global inhibition of all responses and a subsequent restart of other actions. However, the 

stopping interference can be eliminated after behavioral training when a potent (i.e. tactile) 

stop signal is used, demonstrating the capacity for the motor control system to inhibit 

movements selectively (Xu et al., 2015). Similarly, variable interference costs are common to 

any task requiring coordination of multi-component actions, thus the RT costs seen in the 

motor selective SST are not necessarily driven by inhibitory interference (Albert & Ivry, 

2009). As such, it remains to be determined whether there are different mechanisms for 

selective and global inhibition, or whether the previously observed empirical results could be 

explained by a single inhibitory mechanism. 

1.5.3 Partitioning inhibition through reactive and proactive control modes 

Another inhibition partitioning scheme adheres to the dual-mechanism model of reactive and 

proactive control (Braver, 2012). Reactive control refers to bottom-up mechanisms elicited 

by the external event, while proactive control refers to goal-directed processes that is 

activated in anticipation of high interference events. The reactive-proactive axis in inhibition 

tasks is typically manipulated by probabilistic or direction-specific cues.  



 
 

23 
 

FMRI studies using cues to indicate varying stop signal probability show that the right 

lateralized stopping network is activated already during the cue-period when the likelihood 

for a stop signal is high.  This effect is sometimes paralleled by decreased SSRTs with higher 

stop signal probability (Albares et al., 2014; Forstmann et al., 2010; Jaffard et al., 2008; 

Jahfari et al., 2012; Leunissen et al., 2016; Swann et al., 2012; Zandbelt, Bloemendaal, 

Hoogendam, Kahn, & Vink, 2013). This suggests that it is simply the pre-activation of the 

central inhibition mechanism that results in increased inhibition efficiency. The direction-

specific cues in the motor selective SSTs paint a different picture, however. Here, the 

simultaneous increase of the SSRT and decrease of the SI effect indicates that proactive 

cueing decreases the extent (or increases the selectivity) of inhibition (Aron & Verbruggen, 

2008). In addition, the MEPs of the task-irrelevant leg are unaffected by the inhibition signal 

if the direction of the stopped hand is cued in advance (Majid et al., 2012). Thus, a prevalent 

theory has been suggested, stating that reactive inhibition is achieved via the fast hyperdirect 

corticothalamic pathway that bypasses the striatum, while proactive cueing activates the 

striatal indirect pathway. The latter allows increased inhibitory specificity, but adds a latency 

cost due to the more complex and slower operating basal ganglia system, reflected in the 

increased SSRTs (Aron, 2011; Aron & Verbruggen, 2008). 

To recapitulate, both standard stopping and uncued selective stopping are assumed to activate 

the fast hyperdirect pathway, while cued selective stopping is assumed to activate proactive 

control and subsequent inhibition via the indirect pathway (Figure 3). Neuroimaging studies 

that attempt to dissociate between the reactive-selective and proactive-global inhibition 

mechanisms have shown ambiguous results, not least because it is difficult to obtain 

sufficient spatial resolution to reliably detect activation differences due to the small size of 

basal ganglia structures (de Hollander, Keuken, & Forstmann, 2015; Keuken, Isaacs, 

Trampel, van der Zwaag, & Forstmann, 2018) and because EEG is blind to deep subcortical 

areas. Further, it appears that both the hyperdirect and indirect pathway are activated in 

standard stopping (Jahfari et al., 2011), although there is evidence for stronger striatal 

activation in the cued than in uncued trials in a bimanual selective SST (Smittenaar, Guitart-

Masip, Lutti, & Dolan, 2013). Electrophysiological evidence for the dissociation between 

reactive and proactive inhibition is relatively inconclusive. On the one hand, the P3 has been 

attributed to reactive inhibition, activated generically to any novel or surprising stimulus 

(Kenemans, 2015; Wessel, 2016). On the other hand, experimental manipulations of 

proactive control generally result in increased P3 amplitude (Greenhouse & Wessel, 2013; 
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Schevernels et al., 2015) or the corresponding delta activity (Lavallee, Meemken, Herrmann, 

& Huster, 2014). However, proactive effects can be observed in the preparatory motor beta 

activity in the cue-delay period. Here, cue-specific lateralization effects can be seen as 

stronger beta desynchronization contralateral to the cued-to-go hand and corresponding beta 

synchronization contralateral to the cued-to-maybe-stop hand (Muralidharan, Yu, Cohen, & 

Aron, 2019).  
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2. Main research objectives 

The current thesis investigated the various partitioning schemes of response inhibition with 

the underlying hypothesis that inhibition in the motor system operates via multiple 

mechanisms. A multimodal approach was applied, where inhibitory control was assessed via 

behavioral measures, EMG, MEPs, and EEG markers. 

 

Research objective 1: Dissociation of inhibition mechanisms in the most common 

response inhibition tasks: the GNGT and SST. 

As reviewed above, preliminary evidence suggests that response inhibition in the GNGT and 

SST may operate via distinct neural mechanisms. Previous neuroimaging and 

electrophysiological studies have revealed relatively similar neural patterns for both tasks, but 

there seems to be a dissociation in terms of behavioral performance and neurotransmitter 

signaling. The first objective of the thesis was to investigate the temporal dynamics of 

cortical and peripheral activity in the SST and GNGT by dissociating the EEG signal into 

functional networks using group independent component analysis. This was done to arrive at 

a more detailed characterization of response inhibition mechanisms than what would be 

possible if focusing on single EEG features with ambiguous functional interpretations. 

 

Research objective 2: Dissociation between selective and global inhibition mechanisms, 

as modulated by reactive and proactive control modes. 

Previous studies have proposed a distinction between selective and global stopping, while the 

selectivity may be conditional on proactive control, which in turn may introduce costs to 

stopping latency. The second objective of the thesis was to test this hypothesis by comparing 

the inhibition indices extracted from different measurement modalities, i.e. behavioral 

performance, EMG, and common event related potentials (N1, N2, and P3) observed in 

inhibition tasks, with the aim to establish how these indices are related to selective inhibition 

and how they are modulated by the different cognitive control modes. 
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Research objective 3: Assessing the effect of motor preparation on the parameters of 

response inhibition, as modulated by proactive control. 

Previous literature and the results from study I and study II suggested an integrative role for 

proactive control in shaping the parameters of subsequent response inhibition. The third 

objective of the thesis was to investigate the mechanisms underlying such modulation, with 

the hypothesis that proactive control affects motor preparation parameters, which in turn 

affect subsequent response inhibition. First, inhibition indices, i.e. behavior, EMG, MEPs, 

and frontal beta activity were compared between two SSTs in an attempt to dissociate 

between global and selective stopping. Secondly, motor preparation parameters, i.e. sensory-

motor mu and beta rhythms and preparatory MEPs were extracted to investigate how these 

are related to subsequent response inhibition in both tasks, and how they are modulated by 

proactive control. 
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3. Brief methodological overview 

The current thesis incorporates three independent experimental studies with the aim to 

partition inhibition mechanisms by experimental tasks and by its extent. The overview of the 

general setup is given in Table 1. All three study samples consisted of healthy young adults, 

recruited by university volunteering databases, flyers, and social media. All procedures were 

conducted in accordance with ethical standards of the Declaration of Helsinki and were 

approved by the internal review boards at the study sites. 

Altogether, a variety of inhibition tasks was used, with slight modifications across the studies. 

In study I, the participants performed the standard GNGT and SST. In study II, a bimanual 

selective SST was used, where the reactive and proactive control modes were manipulated by 

non-informative and informative cues, respectively. Study III consisted of a unimanual and 

bimanual selective SST with proactive cues, additionally varying the probability of the stop 

signal (0% or 33%) as indicated by the cue color in a trial-by-trial manner. 

The analyses in all three studies focused on the behavioral, EMG, and EEG manifestations of 

response inhibition. In study III, an additional modality included a single pulse TMS 

procedure to quantify the corticomotor excitability during the preparatory period and after 

stop signal presentation. 

Table 1. Overview of the three experiments conducted in the thesis. The sample entry indicates the 

number of participants included in the analysis, while the number in the brackets indicates full sample 

enlisted in the study. *Both tasks were performed in a single session, but an additional session 

included structural magnetic resonance imaging for individual EEG source localization. 

 Sample Sessions Tasks Modality Key variables 

Study I 32 (37) 2* (unimanual) GNGT 

(unimanual) SST 

behavior 

EMG 

EEG 

reaction times 

partial response EMG 

EEG networks 

Study II 33 (37) 1 bimanual SST behavior 

EMG 

EEG 

SSRT 

partial response EMG 

stopping interference 

N1, N2, P3 

Study III 15 (21) 2 unimanual SST 

bimanual SST 

behavior 

EMG 

EEG 

TMS 

SSRT 

partial response EMG 

stopping interference 

motor evoked potentials 

frontal beta 

sensory-motor mu, beta 
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4. Summary of studies 

4.1 Study I 

Differences in unity: go/no-go and stop signal tasks rely on different inhibitory 

mechanisms 

Background: The most common tasks to capture individual differences in response inhibition 

are the go/no-go task (GNGT) and the stop signal task (SST). These tasks are typically used 

interchangeably as measures of individual differences in response inhibition. We compared 

the temporal profiles of the functional networks and peripheral activity of both tasks, with the 

aim to understand whether these tasks rely on the same or different mechanisms. 

Methods: EEG and EMG data was collected from healthy volunteers (n = 32) who performed 

both the GNGT and SST in a single experimental session. Inhibition latencies were extracted 

from the partial response EMG (prEMG) time-courses. EEG functional networks were 

extracted by group independent components analysis. The resulting independent component 

(IC) time-courses were compared statistically by permutation testing. Distributed source 

analysis was performed on the topographical maps of the ICs to aid their interpretability. 

Results: PrEMG peak latencies indicated that inhibition was very fast (~140 ms) in the SST, 

but slower (~310 ms) in the GNGT. The cascade of EEG changes between the go and no-go 

trials in the GNGT followed an expected and intuitive order, starting with activity in the 

sensory component, followed by the attentional allocation and/or cognitive control 

components, and only then the engagement of motor control components. In the SST, the 

differences between go and stop trials indicated an important role of the cognitive control 

component already in the pre-stimulus period, followed by rapid changes in the sensory and 

motor control components upon the detection of the stop signal. 

Conclusions: The most commonly used response inhibition tasks, the GNGT and SST, recruit 

different brain mechanisms with different temporal dynamics. There is some degree of 

overlap in the recruitment of sensory processing in both tasks. However, the GNGT relies on 

slower action selection mechanisms, while inhibition in the SST is achieved by proactively 

biasing the sensory-motor system in preparation for the stop signal, followed by a fast 

reflexive inhibitory process within the motor system after the detection of the stop stimulus. 

Our results do not agree with the unitary engagement of response inhibition in both tasks, and 

imply that subtle changes in the task design can lead to marked changes in the underlying 

neurocognitive processes. 
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4.2 Study II 

The temporal dynamics of response inhibition and their modulation by cognitive control 

Background: Behavioral flexibility demands intricate interactions between response 

inhibition and distinct modes of cognitive control. Hypothetically, fast and global inhibition 

is exerted in the reactive control mode, whereas proactive control enables the preparation of 

inhibitory pathways in advance while relying on the slower selective inhibitory system.  

Methods: Healthy volunteers (n = 33) performed a selective stop signal task (SST), where go 

stimuli required bimanual responses, but only one hand’s response had to be stopped in stop 

trials. Reactive and proactive conditions were incorporated by non-informative and 

informative cues, respectively. EEG and EMG was collected throughout task performance. 

Inhibition latencies were estimated by the stop signal reaction times (SSRT) alongside partial 

response EMG (prEMG). Group second order blind separation was applied to the EEG to 

dissociate temporally overlapping event-related potentials reflecting the N1, N2, and P3 

components.  

Results: Of the inhibition latencies, the prEMG peak latency (~150 ms) preceded the SSRT 

estimate (~200 ms), but neither estimate showed any differences between the proactive and 

reactive control modes. The EMG of the responding hand in successful selective stop trials 

indicated a global suppression of ongoing motor actions in the reactive condition, and less 

inhibitory interference on the ongoing actions in the proactive condition. The EEG 

components capturing the N1 and N2 were larger in the reactive than in the proactive 

condition. P3 activity was distributed across four components, three of which were 

augmented in the proactive condition.  

Conclusions: Given the similar inhibition latencies in the reactive and proactive control 

modes, the results challenge the temporal argument for the mapping of selective and global 

inhibition to the reactive and proactive control modes, respectively.  The behavioral and 

EMG results both agreed with the restart model of selective stopping in the reactive 

condition, stating that all responses are suppressed globally and the correct response is newly 

generated thereafter. In contrast, proactive control seemed to result in the halt and 

continuation of the ongoing actions, rather than total suppression and generation of a new 

response. These observations were paralleled by amplitude modulations of the EEG 

components where the reactive mode was associated with augmented N1 and N2, and the 

proactive mode with stronger P3 activity.   
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4.3 Study III 

Proactive control shapes subsequent response inhibition through motor preparation. 

Background: In our everyday behavior, we often cancel one movement while continuing 

others. The brain mechanisms underlying this selective inhibition of action are elusive. Two 

models have been suggested: an abrupt global pause followed by the restart of other 

previously initiated actions, and two distinct and independent global and selective inhibitory 

mechanisms operating in parallel. We assessed associations between behavioral and 

physiological markers of proactive control, motor preparation, and response inhibition to 

evaluate these models.  

Methods: Healthy volunteers (n = 15) performed two versions of the stop signal task: a 

unimanual version where a single action (a left or right hand response) had to be executed or 

inhibited, and a bimanual version where a multi-component action had to be executed (left 

and right hand response) and only one hand’s response had to be inhibited in case of the stop 

signal. Proactive control was manipulated by direction-specific cues at the beginning of a 

trial. Motor preparation and inhibition indices were concurrently extracted from behavioral 

performance, electromyography (EMG), electroencephalography (EEG), and motor evoked 

potentials (MEP) elicited by transcranial magnetic stimulation.  

Results: Global inhibition account was supported by prevalent interference in the responding 

hand reaction times and EMG time-courses. No conclusive evidence was found in support of 

the dual-mechanisms account, as stopping latencies, MEPs, and frontal beta power were 

similar in the uni- and bimanual tasks.  Proactive control was evident in the modulation of 

preparatory mu oscillations that further affected subsequent stopping success.   

Conclusions: The results favored the account of a single inhibition mechanism instead of 

independent selective and global mechanisms. Further, inhibition efficiency was affected by 

the sensory-motor activity before the stop signal, reflected by the power changes in the mu 

band. This motor activity was affected by proactive control already at the preparatory cue-

delay period. Altogether, the results suggest that the net behavioral output in response 

inhibition task is affected by the levels of action-specific motor preparation. 
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5. General discussion 

5.1 Summary of results 

Three studies were conducted to investigate different partitioning schemes of motor response 

inhibition. The first study compared the temporal progression of activity in brain networks 

and peripheral muscle activity in two superficially similar response inhibition tasks, and 

found differences in how successful inhibition was achieved in both tasks. In particular, the 

differences may correspond to the distinction between a response selection mechanism and a 

central inhibition mechanism, and the latter relies on the interactions of reactive and proactive 

mechanism. In the second and third study, the hypothetical partitioning scheme of motor 

inhibition into selective and global inhibition mechanisms was investigated. Neither study 

could find conclusive evidence in support for such a distinction. However, both studies found 

that proactive control modulated indices related to response inhibition. Specifically, study II 

confirmed that proactive control facilitates selectivity, and also affects both sensory (N1) and 

control-related electrophysiological components (N2 and P3). Study three further delved into 

the associations between proactive control and motor preparatory activity in both standard 

and bimanual selective SST. Here, evidence supported a single global inhibitory mechanism. 

The effect of proactive control was evident in the mu oscillations related to motor 

preparation, which in turn affected subsequent response inhibition.  

In sum, evidence was found for a separation of action selection and inhibition mechanisms 

that both result in the arrest of behavior. In contrast, no evidence was found for separate 

selective and global inhibition mechanisms. Furthermore, the results showed that proactive 

control can modulate response inhibition both through motor preparation when expecting 

inhibition, as well as during the execution of inhibition itself. 

A number of secondary findings are relevant to the conceptualization of response inhibition 

in the current literature. First, through the novel application of the EMG in inhibition tasks, it 

was found that inhibition is exerted much earlier than estimated by behavioral modelling. 

Second, all three studies indicated a pivotal role for sensory and/or motor systems in shaping 

response inhibition efficiency. Third, the role of proactive control for behavioral outcome 

suggests that performance in these response inhibition tasks might reflect strategic 

adjustments rather than a strict hardwired capability for inhibitory control. 

In the following sections, these findings are discussed in the context of previous literature on 

response inhibition. The viability of different partitioning schemes of response inhibition is 
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discussed, specifically outlining two mechanical propositions in how the concerted action of 

different brain networks may result in action cancellation. Then, the quest for discovering a 

marker for response inhibition is discussed, followed by a critical assessment of 

methodological considerations that limit the conclusions of the current thesis and the field in 

general. Lastly, implications for individual differences and clinical research are presented, 

together with a brief reflection on desirable future directions to advance the field. However, 

as much of the discussion is based on the findings that response inhibition appears to be faster 

as previously thought, the hypothetical timeline of cognitive events in the SST is considered 

first. 

 

5.2 The temporal progression of inhibition 

Figure 4 represents the temporal alignment of different dependent measures extracted from 

the SST, and is based on the findings of study II and other recent studies that specifically 

focus on the temporal progression of response inhibition. The figure exemplifies that the 

corticomotor excitability and prEMG reduction coincide in time, and occur considerably 

earlier than the SSRT, as estimated by the standard mean or integration method. Alternative 

SSRT estimation that accounts for trials when the stop process was not initiated (Bayesian 

Ex-Gaussian Estimation of Stop-Signal RT or BEEST) also places inhibition at earlier time-

points (Heathcote et al., 2019; Matzke et al., 2016; Skippen et al., 2019). Thus, converging 

evidence from multiple measuring modalities indicates that response inhibition in the SST 

occurs early, at around 140-170 ms after stop signal presentation. 

When inhibition latency measures are juxtaposed with the timing of the ERP components 

related to response inhibition (Figure 4), it is evident that inhibition occurs right after or at the 

same time as visual processing, indexed by the N1 component. The P3 onset seems to 

coincide with the standard SSRT estimates; however, both the P3 onset and the SSRT occur 

considerably later after response inhibition has already been detected in the muscles. The N1 

is itself a rather late estimate of visual processing, and sensory-prefrontal integration may 

occur at around 80-100 ms after stimulus presentation (Amassian et al., 1989; Foxe & 

Simpson, 2002). Together with the corticospinal conduction delay of about 20 ms (Duque et 

al., 2017), this leaves a window of about 30-50 ms (e.g. 80-130 ms after stop stimulus) for 

mitigating response inhibition between frontal and primary motor cortices. This fast sequence 

of events motivates the proposal that response inhibition must incorporate some degree of 
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automaticity (see section 5.3.1 for details), as data suggest that there may be little time for the 

controlled engagement of higher order functions. Importantly, study I suggests that this 

timeline may differ in the GNGT where action cancellation is detected later in the EMG. 

 

 

Figure 4. Timeline of different dependent variables extracted from stop signal tasks. The gray lines 

indicate a range of values extracted from study II and several other studies that report the temporal 

progression of response inhibition. SSRT (beh) refers to the estimates using mean or integration 

method, and SSRT (beest) refers to the Bayesian ex-gaussian estimation. For the EEG variables (N1, 

N2, and P3) the start of the line represents the minimum onset latency across the studies, and the end 

of the line represents the maximum peak latency across the studies. The values are based on data from 

(Huster et al., 2019; Jana, Hannah, Muralidharan, & Aron, 2019; Raud & Huster, 2017; Skippen et al., 

2019; Thunberg, Messel, Raud, & Huster, 2019; van den Wildenberg et al., 2010; Wessel & Aron, 

2015).  

 

5.3 Viability of different partitioning schemes of response inhibition 

The prime goal of this thesis was to investigate whether motor response inhibition could be 

divided into several mechanisms, each recruited in a specific situation determined by the task 

context. First, it was found that the arrest of behavior can be achieved either via a slow action 

selection mechanism in the GNGT or via a fast inhibition mechanism in the SST. Second, the 

distinction between selective and global inhibition did not find support in the empirical 

testing; yet, evidence was found indicating that inhibition parameters may be affected by 

proactive control. Together with the auxiliary results regarding inhibition latency and 

electrophysiological dynamics, these results motivate the following speculation about 

alternative mechanisms that may underlie action cancellation. Notably, not all of them require 
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the existence of a single central response inhibition mechanism, but rather advocate a more 

dynamic approach where motor facilitation and inhibition are embedded in the wider motor 

control system. First, however, a more standard approach to inhibition is discussed, in an 

attempt to explain how proactive control and outright global inhibition may interact.  

 

5.3.1 Fast reflexive inhibition and its modulation by proactive control 

The global inhibition mechanism is supported by the suppression of task-irrelevant effector 

MEPs, i.e. reduced corticomotor excitability in the leg when hands, eyes, or speech are 

inhibited (Badry et al., 2009; Cai et al., 2012; Greenhouse et al., 2012; Majid et al., 2012; 

Wessel et al., 2013). Further, when multiple actions are performed simultaneously and only 

one of these needs to be inhibited, there is interference on ongoing response reaction times 

(Aron & Verbruggen, 2008; Claffey, Sheldon, Stinear, Verbruggen, & Aron, 2010; Ko & 

Miller, 2013). The results of the thesis support the hypothesis of global inhibition, first by 

demonstrating an evident halt in the progression of muscle activity in the responding hand in 

the bimanual SST (study II and III), and in the suppression of the unselected hand MEPs after 

stop signal presentation in study III. At the same time, no evidence was found in support of 

an additional selective inhibition mechanism, as the original findings of longer SSRTs in 

cued selective stopping (Aron & Verbruggen, 2008) were not replicated, neither in study II 

nor in study III. The prEMG latencies and EEG indices did not support this distinction either. 

A novel and consistent finding of all three studies was that response inhibition in the SST can 

be fast, between 140-170 ms depending on the exact task constellation. Further, all three 

studies converged on the pivotal role of proactive control in shaping the subsequent inhibition 

efficiency. In study I, it was found that an independent component with sources in the right 

frontal and parietal cortices was active prior to the stop signal, followed by fast sensory-

motor integration at the detection of the stop signal. In study II, the sensory, attentional, and 

control components after the detection of the stop signal were modulated by proactive cues. 

In study III, the effect of proactive control on the pre-stimulus activity was investigated more 

thoroughly, revealing a modulation in the oscillatory mu activity, which further affected the 

subsequent stopping success.  

These convergent findings together with the time-line of the dependent variables in SST 

(Figure 4) motivate the speculation that global response inhibition is triggered in an 

automatic way and further modulated by proactive control on a trial-by-trial basis. A similar 
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mechanism has been proposed earlier, where inhibition is proposed to act like a ‘prepared 

reflex’ or ‘learned reflex’ and the learned stimulus-stop associations trigger response 

inhibition in an automatic way (Verbruggen, Best, Bowditch, Stevens, & McLaren, 2014; 

Verbruggen, McLaren, & Chambers, 2014). The automaticity of inhibition appears to be 

contingent on previously learned associations, as unconsciously triggered inhibition seems to 

be specific to inhibitory stimulus (as opposed to any other visual stimulus; Chiu & Aron, 

2014; van Gaal, Ridderinkhof, Fahrenfort, Scholte, & Lamme, 2008), indicating that fast 

action cancellation may arise from the interactions between proactive control and automatic 

inhibition (Best, Lawrence, Logan, McLaren, & Verbruggen, 2016; Elchlepp et al., 2016). 

This account does not oppose previous work on the anatomical regions of response inhibition, 

but merely separates the effects in time. For instance, the right-lateralized IFC-preSMA 

network may be active in preparation for stopping, perhaps regulating the gain of the motor 

system prior to stop signal presentation (Jahfari et al., 2012; Stuphorn & Emeric, 2012). In 

study III in the current thesis, it was found that the modulation of the preparatory mu 

oscillations by proactive cues was effector-specific, i.e. targeted specifically at the hand that 

was cued to stop, despite the fact that the subsequent go response was produced 

simultaneously with both hands. Such hand-specific preparatory activity may explain why the 

interference in the responding hand shows large variability at the single trial level as seen in 

the study III, or why it can be eliminated completely in specific task settings (Wadsley, 

Cirillo, & Byblow, 2019; Xu et al., 2015). A broad indiscriminate inhibition mechanism may 

target all motor output, but only the effectors that were selectively targeted by proactive 

inhibitory control will be ultimately suppressed. Other effectors may show relatively little 

interference at the behavioral and peripheral level, either because the global inhibitory pulse 

is not sufficient to completely suppress the ongoing responses, or because the responses 

unaffected by proactive control have already reached their response threshold by the time 

response inhibition takes effect. 

Several specific predictions follow from the conceptualization of response inhibition as a 

prepared reflex. First, given the high levels of automaticity and reliance on sensory-motor 

processing, inhibition performance should be strongly affected by perceptual speed. Indeed, 

recent evidence supports such a dependence, for example by showing the relationship 

between the sensory EEG component N1 and the SSRT or stopping success (Boehler et al., 

2009; Langford, Krebs, Talsma, Woldorff, & Boehler, 2016; Langford, Schevernels, & 

Boehler, 2016; P. Skippen et al., 2019), or by modelling that shows that the SSRT may be 
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largely dependent on perceptual processing (Salinas & Stanford, 2013). Second, this account 

predicts that the actual inhibition process after stop signal detection differs little between 

successful and unsuccessful stopping, as the behavioral performance is rather determined by 

perceptual and preparatory motor processes. This is in contrast with many 

electrophysiological studies of inhibition that typically report differences between successful 

and unsuccessful stopping, presumably originating from the prefrontal cortex. However, 

these studies almost exclusively focus on the time-period from 200 ms onwards. All three 

studies in this thesis indicate that inhibition has already reached periphery by this time. Third, 

although based on null findings in a relatively small sample, the results from study III 

indicate similar frontal EEG indices as well as similar levels of corticomotor excitability in 

the unselected hand between successful and unsuccessful stop trials. Further, the levels of 

hand-specific motor preparation affected subsequent stopping success. This pattern of results 

supports the account of an early automatic inhibition pulse that is rather indiscriminate 

regarding its spatial extent or other parameters, such as latency or magnitude.  

 

5.3.2 Flexible motor control incorporating motor preparation, action selection, and 

inhibition 

Alternative accounts suggest that inhibition is only one component of continually revised 

complex motor plans that simultaneously incorporate facilitatory and inhibitory drives. These 

concurrently active and potentially opposing forces operate during the entire course of the 

movement, from planning to execution or inhibition (Jasinska, 2013). This type of neural 

dynamics may depend on the wider sensory-motor control system where action execution and 

inhibition are emerging from overlapping brain regions, spanning over the dorsal attentional 

system, motor, and premotor areas (Cisek & Kalaska, 2010; Mirabella, 2014). 

The results from the GNGT in study I are helpful in understanding how such dynamic 

interactions in the motor system may result in arrested behavior. To recapitulate, it was found 

that the go reaction times in the GNGT were faster and therefore probably not affected by 

proactive control to the extent seen in the SST. Further, prEMG was detected both in go trials 

(e.g. left hand prEMG when right hand response was executed) and in no-go trials (e.g. 

prEMG in either hand when no response was executed), and their latencies were later than in 

the SST. Given the higher complexity of the initial decision making process upon the 

detection of the stimuli in the GNGT (participants need to decide not only between 
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responding or inhibiting, but also between the left and right hand responses), it is viable that 

the lack of responses in no-go trials is achieved simply by delayed motor planning and 

decision making. In general, this proposal is similar to the action restraint model proposed 

previously (Eagle et al., 2008; Schachar et al., 2007), yet it further highlights that a central 

stop-all behavior is not necessary to achieve good task performance. Alternatively, the 

initiated erroneous responses may be suppressed through resolution mechanisms, where 

selected responses simultaneously inhibit competing response representations (Cisek & 

Kalaska, 2010).  

The flexible motor control system that incorporates both facilitatory and inhibitory influences 

can also account for the dynamic changes in corticomotor excitability throughout the 

movement period. It is well established that the corticospinal excitability is up- or down-

regulated during all phases of motor processes, including motor preparation, action selection, 

execution, and inhibition (Duque et al., 2017). MEP amplitudes before a response are first 

reduced compared to baseline, and then greatly facilitated just before the response onset 

(Duque, Labruna, Cazares, & Ivry, 2014; Duque et al., 2012; Hasbroucq, Kaneko, Akamatsu, 

& Possamaï, 1997). Moreover, inhibition in the unselected hand during motor preparation is a 

well-documented phenomenon, possibly reflecting facilitation of the selected effector, 

accompanied by interhemispheric inhibition of the homologous or competing response 

effectors during action selection (Boŕis Burle, Vidal, Tandonnet, & Hasbroucq, 2004; 

Leocani, Cohen, Wassermann, Ikoma, & Hallett, 2000; Tandonnet, Garry, & Summers, 

2011). 

Research combining the investigation of the various facilitatory and inhibitory forces 

throughout the movement time-course are extremely sparse. Study III in the current thesis is 

among the firsts to incorporate the inhibitory effects related to response preparation and 

selection to those triggered by the external stop signal. It was found that the corticomotor 

excitability of the unselected hand was reduced during response preparation, potentially 

reflecting interhemispheric inhibition during action selection. However, after the stop signal, 

the MEPs of the unselected hand were further suppressed, ostensibly reflecting the effect of 

an additional response inhibition mechanism on top of the interhemispheric inhibition. Future 

studies should focus on mapping the corticomotor excitability during the entire time-course 

from response generation to its eventual inhibition, to assess whether these fluctuations 

reflect dynamic changes in the balance of facilitatory and inhibitory drives incorporated in 
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action planning, or whether an independent inhibitory mechanism is activated upon the 

detection of stop signal. 

 

5.4 Electrophysiological markers of response inhibition 

Given the ability to track changes in cortical processes at a millisecond scale, EEG may be 

the prime method for discovering a biomarker for central response inhibition, and thus a 

potential diagnostic tool for impulse-control-related problems and psychopathology. Several 

such candidates have been circulating in the EEG literature, with the P3 in particular being 

proposed as cortical signature of response inhibition (Wessel & Aron, 2015). Notably, this 

proposal rests on the correlation between the P3 and the SSRT and the temporal coincidence 

of the SSRT with the onset of the P3. Yet, the revised time-line of the dependent variables 

(Figure 4) suggests that both occur too late to indicate response inhibition per se. In study II, 

correlations were tested between the potential EEG indices (N1, N2, and P3), SSRT, and the 

prEMG. Overall, no consistent associations with inhibition latencies were found for the N1 

nor for N2. Regarding the P3, there were negative associations between P3 amplitudes and 

onset latencies with both the SSRT and the prEMG latencies. However, the comparison of 

these results with the previous literature was complicated by the fact that four different 

independent components were classified as indicating P3-like properties, each showing a 

different relationship with the inhibition latency markers. 

The results from study II were included in a recent meta-analysis investigating the 

associations between the SSRT and EEG markers, specifically the N2 and P3 (Huster et al., 

2019). It was found that both P3 onset latencies and amplitudes display relatively stable 

positive associations with the SSRT, however the same was also found for both N2 and P3 

peak latencies. Additionally, the P3 also correlated with go RTs and other behavioral 

parameters. It was concluded that while the P3 reflects some aspect of task performance, it is 

not specific to the inhibitory process per se. Given that P3-like components have been 

speculated to have a general role in stimulus-response learning, memory updating, and trial-

by-trial adjustments in the efficacy of cognitive control (Nieuwenhuis, Aston-Jones, & 

Cohen, 2005; Polich, 2007), it is likely that the P3 in the go/no-go and SST reflect similar 

adaptive functions and not necessarily response inhibition. 

Various other characteristics of the EEG signal have received less attention in the response 

inhibition literature. For example, in study I, blind source separation technique was exploited 
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to dissociate between different networks that are active in response inhibition tasks, enabling 

the dissociation of otherwise mingled cognitive events. In addition, EEG is the method-of-

choice to map time-variant connectivity between cortical areas, yet such connectivity has 

received less attention in comparison to the ERPs or oscillatory dynamics. Further, recent 

evidence suggests that it is not the oscillatory power changes per se that may trace cortical 

preparation and inhibition, but transient bursts in the beta frequency band (Wessel, 2019). 

Lastly, recent developments in EEG research suggest that the shape of the various oscillatory 

waveforms, their transient occurrence, and the shifts in the individual peak frequencies may 

be more related to task performance than mere power changes in a given frequency band 

(Cole & Voytek, 2017). Such dynamics are mostly uncharted in context of response 

inhibition tasks. Altogether, these recent developments open up new and exciting venues in 

understanding the cortical processing in response inhibition and in cognitive processing in 

general. 

 

5.5 Methodological considerations 

The current thesis raises a number of methodological issues that limit the interpretation and 

conclusions that can be drawn about the brain processes underlying response inhibition. By 

and large, these all pertain to the inconsistencies between different measuring modalities, 

rising both from the intrinsic limitations of each method proper, as well as our limited 

understanding of exactly how neural and cognitive processes map onto the observable 

changes in our dependent variables. 

 

5.5.1 Validity of the horse race model 

The validity and reliability of the horse race model has been demonstrated in several studies 

(Congdon et al., 2012; Verbruggen & Logan, 2009). However, this appears only to hold when 

the key assumptions are met: the go and stop processes are independent, and the SSRT is 

constant. The standard test for checking the independence assumption is to compare the go 

RTs to the unsuccessful stop trial RTs. Given that that the latter are assumed to represent 

trials with fast go processes, these should be considerably faster (Figure 1). In all three 

studies, the RTs were longer in the go trials compared to the unsuccessful stop trials, 

indicating that the independence assumption was met. However, the novel use of the single 
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trial prEMG latency in study III did indicate a demonstrable dependence between go and stop 

processes. 

Interactions between go and stop processes have already been demonstrated earlier,  which 

led to the formalization of the interactive horse race model (Boucher et al., 2007). Here, go 

and stop processes are independent for most of the time, but interact briefly just prior to the 

finishing time of the stop process. Yet, the dependencies observed in study III may be beyond 

the ones incorporated in the interactive model. There were no indications of differences 

between the unimanual and bimanual tasks regarding standard go responses. However, the 

prEMG onsets (relative to the go signal) in stop trials were delayed in the bimanual task, as 

were the prEMG peaks (relative to the stop signal). This pattern of results suggests that in 

stop trials, both go and stop processes were delayed, perhaps due to capacity constraints in 

stimulus processing. This is line with other recent findings implying that the dependencies 

between go and stop processes are especially pronounced at short stop signal delays, when go 

and stop signal are presented in quick succession (Bissett et al., 2019; Gulberti et al., 2014; 

Ozyurt et al., 2003). Altogether, these critical findings call for a re-conceptualization of the 

reported SSRT differences between different conditions and patient groups and should be 

interpreted with caution. 

 

5.5.2 Potential of the prEMG latency  

The prEMG may offer a powerful alternative for determining the latency of response 

inhibition. However, it is not without problems of its own and future research should focus on 

thorough examination of its properties. It must be acknowledged that the decline of the EMG 

activity in the prEMG bursts does not necessarily result from a central active inhibition 

process, as deactivation of the motor response maintenance is an equally likely mechanism. 

Further, peripheral processes beyond the central nervous system also play a role in the shape 

and the frequency of the EMG bursts. Lastly, prEMG bursts are typically detected in only 30-

60% of successful stop trials, and it is not established how representative these trials are of all 

stop trials. Earlier studies have suggested that the prEMG may represent remaining motor 

activation after central response inhibition has occurred at the cortical level. That is, muscle 

activity may be modulated already at the cortical level, yet some amount of activation leaks 

through (Band & van Boxtel, 1999; McGarry & Franks, 1997). This would indicate that the 
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prEMG is also a delayed representation of inhibition latency, further shifting the onset of 

inhibition in the cortex to earlier time windows. 

The fact that we can observe the prEMG at all highlights the problems with distinguishing 

between successful and unsuccessful stop trials, as this may be determined by arbitrary 

thresholds, i.e. the resistance of the buttons in the response device. On the other hand, these 

issues may entail an opportunity to better characterize inhibitory processes. An early study by 

de Jong et. al. (1990) demonstrated that movements can be inhibited at any time during the 

execution process. Similarly, Atsma, Maij, Gu, Medendorp, & Corneil (2018) measured 

EMG during a SST with reaching movements and found that the movement trajectories were 

shorter in unsuccessful stop trials compared to go trials. These results highlight that response 

activation and inhibition are best reflected by a continuous stochastic process (as opposed to 

ballistic processes determined by the binary button press), and EMG may provide a single 

trial measure that better reflects such dynamics. It also suggests that using measures that 

capture continuous response generation (i.e. reaching movements or muscle force) may be 

better alternatives than relying on binary button presses in order to track motor dynamics over 

time. 

A further opportunity for the EMG in SSTs is the possibility for simultaneous measurement 

of multiple muscle groups, including the antagonist muscles (Atsma et al., 2018; Corneil, 

Cheng, & Goonetilleke, 2013). The underlying idea is that in most cases in daily behavior, 

opposing muscles have to be activated to halt ongoing behavior. This challenges the account 

of global inhibition where all motor output is suppressed. However, Atsma et al. (2018) 

found that the agonist prEMG offset preceded the antagonist muscle onset by 20 ms, 

rendering a short but potent global inhibitory account still feasible. In either case, continuous 

EMG measurements from opposing muscle groups present a unique opportunity to 

distinguish between movement arrest due to a central global inhibition and due to the 

activation of a competing or opposing response. 

 

5.5.3 MEP temporal resolution and interpretation 

MEP amplitudes are considered direct indicators of the facilitatory and inhibitory forces in 

the motor system, yet they are not without interpretational problems. The common 

interpretation is that when compared to baseline, increased MEPs reflect facilitation and 

decreased MEPs reflect inhibition (Figure 3). However, this interpretation is problematic in 
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several ways. First, such comparisons imply that corticomotor excitability is stable during 

rest, and thus can be probed whenever the participant is not performing a motor action. This 

assumption is naïve and has been challenged empirically. For example, baseline MEPs 

collected between task blocks were reduced compared to the baseline MEPs collected at 

inter-trial intervals, even though the participants were not performing any motor action at the 

time of the pulse in either case (Labruna, Fernández-del-Olmo, & Ivry, 2011). MEP 

amplitudes have also been found to differ as a function of block number (Julkunen, Säisänen, 

Hukkanen, Danner, & Könönen, 2012). Thus, MEP decrease does not necessarily imply 

inhibition as such, but merely reduction relative to a rather arbitrarily chosen reference time. 

Such reduction may result from a deactivation of previously activated representations, or 

even due to tonic changes in alertness levels throughout the task. Thus, the interpretation of 

reduced MEPs as a result of an active inhibition mechanism is problematic due to the 

numerous other sources of variability (Darling, Wolf, & Butler, 2006; De Gennaro et al., 

2007; Kiers, Cros, Chiappa, & Fang, 1993; Magistris, Rösler, Truffert, & Myers, 1998; 

Magistris et al., 1998). 

TMS is not a pure measure of cortical processes, as it is also affected by processes occurring 

subcortically and peripherally (Rothwell et al., 1999). Another concern regarding 

measurement purity arise from the area that is affected by the TMS. Typically, good care is 

taken to find a hotspot in the motor cortex corresponding to the effector where the MEPs are 

measured. However, the specificity of such hotspot stimulation depends on both cortical 

structure, stimulation intensity, and the distance between the coil and the brain surface (Kiers 

et al., 1993; Stokes et al., 2007; Trillenberg et al., 2012). Indeed, neighboring muscle groups 

are often affected by the stimulation as well. This means that TMS stimulation does not only 

result in descending corticospinal volleys, but it also interferes with local cortical dynamics, 

that in turn may affect task performance (Siebner, Hartwigsen, Kassuba, & Rothwell, 2009). 

As the effects of a single pulse are assumed to be short-lived, this has been considered 

unproblematic, since the behavior in no-TMS trials can serve as a proxy for general 

behavioral performance. However, the effect of a pulse may last up to 10 seconds, which is 

longer than the inter-pulse-interval used in many prior studies (Julkunen et al., 2012). In mild 

cases, this may simply introduce neural noise which can be alleviated by increasing the 

number of trials. However, it has been speculated that short and relatively constant inter-

pulse-intervals might cause the cortex to enter a rather unnatural state of general cyclic 

inhibitory dynamics, and thus the suppression of corticomotor excitability at certain time 
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points could reflect stimulation-induced oscillatory phenomena rather than internally 

generated inhibition (Madsen et al., 2019). 

 

5.5.4 Multimodal assessment 

The empirical part of the thesis rests on the multimodal assessment of inhibitory control, 

using behavioral, EMG, and EEG measures, as well as MEPs as a proxy for inhibitory 

performance. Such integration of more than two assessment modalities is relatively rare in the 

previous literature. Yet, multimodal assessments are necessary to fully characterize the 

underlying processes. This does not come without a cost, however, as it often results in 

increased technical complexity and data collection time. Nonetheless, future research should 

prioritize the multimodal assessment of response inhibition on larger samples. This would 

enable correlational and more complex modeling techniques to map out how different 

inhibition measures relate to each other, as well as how they correspond to inhibitory control 

in the brain. 

 

5.6 Implications and future directions 

The division of inhibitory phenomena into its agent, site, and manifestations has been useful 

in investigating the neural mechanisms underlying inhibition. However, the quest for finding 

the agent of inhibition is problematic as “there is always the risk that executive-control 

processes such as inhibition are explained in terms of a structure with homunculus 

properties, which incorporates abilities that should actually be explained” (Band & van 

Boxtel, 1999, p. 190). Arguably, parts of inhibition research do reflect this fallacy, where 

correlations between brain activity and modelling estimates of otherwise unobservable 

behavior are considered evidence for a central active inhibition mechanism. The results of the 

current thesis join the recent calls for a more dynamic approach to inhibition, where action 

cancellation is considered as a part of larger motor control system, and where proactive 

processes, inhibition, deactivation, and suppression due to competing responses form a subset 

of many regulatory parameters that are used to achieve the desired behavior (Mirabella, 2014; 

Munakata et al., 2011; Verbruggen, McLaren, et al., 2014). Notably, such a dynamic 

approach places the center of action cancellation inside the wider motor control system that 

incorporates facilitatory and inhibitory dynamics throughout the movement planning, 

execution, and inhibition. Given that such dynamics may be partly implemented within the 
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motor system itself, i.e pre-motor and primary motor cortices and the basal ganglia, caution 

should be applied when generalizing the mechanisms of motor inhibition tasks to cognitive 

domains, such as inhibition of intrusive thoughts, impulsive actions, or even socially or 

morally unaccepted behavior. 

Thus, the prime goal for future research should be the specification of both psychological 

constructs related to inhibition, as well as the development and testing of measurement tools 

that are supposed to assess the capacity and functioning of these specific constructs. The 

quest for finding a diagnostically valuable biomarker for proper response inhibition is in vain 

if the underlying construct does not exist or is ill-defined. Hence, future research should 

prioritize i) the development of new experimental tasks that more directly assess the behavior 

of interest (e.g. motor inhibition, memory inhibition, impulsivity, self-control) without 

aspiration for generalizability across different domains, ii) psychometric validation of the 

existing inhibition measures and the integration of different measurement modalities, and 

lastly, iii) thorough psychometric testing of the new and existing measures in clinical 

populations to better understand the role of impaired inhibition in motor- and 

psychopathology.  
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6. Conclusions 

The current thesis elaborates on the various partitioning schemes proposed for motor 

inhibition. It was found that there may be at least two mechanisms that can be used to achieve 

movement cancellation – a flexible system utilizing action planning and selection 

mechanisms, and a reflexive inhibition mechanism that is triggered by interactions between 

proactive control and fast sensory-motor integration. In agreement with previous literature, 

such a fast inhibition system in most occasions appears to have a broad effect over the motor 

system. However, there was no empirical support for a further division into fast global and 

slow selective inhibition mechanisms. A number of auxiliary findings elaborate on the neural 

mechanisms underlying inhibitory control. First, it was found that inhibition is faster than 

previously estimated via the SSRT. Secondly, proactive control appears to have a pivotal role 

in biasing sensory and motor processes in advance, thereby shaping the manifestation of 

subsequent inhibition parameters at the behavioral, peripheral, and cortical level. Altogether, 

these results encourage further investigations of response inhibition as an intrinsic property of 

motor control and imply caution in interpreting motor inhibition markers as generalizable 

indices of inhibitory control. 
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overlapping event-related potentials. The components cap-
turing the N1 and N2 were larger in the reactive than the 
proactive condition. P3 activity was distributed across four 
components, three of which were augmented in the proac-
tive condition. Thus, although EEG indices were modu-
lated by the control mode, the inhibition latency remained 
unaffected.

Keywords EMG · N1 · N2 · P3 · SOBI · Stop signal task

Introduction

Response inhibition serves to regulate behavior by sup-
pressing inappropriate actions that no longer correspond to 
the demands of the environment. Adequate behavioral flex-
ibility additionally demands intricate interactions between 
inhibition and distinct modes of cognitive control. Whereas 
proactive control refers to the sustained shaping of atten-
tional processing through goal-relevant information, reac-
tive control reflects transient adaptations in response to 
salient or imperative events (Braver 2012). According to a 
prominent theory, reactive and proactive control have dis-
tinct effects on the inhibitory system, with reactive control 
activating the fast hyperdirect motor pathway that results in 
a rapid inhibitory pulse over all ongoing processes, whereas 
proactive control operates via the indirect motor pathway, 
resulting in slow but specific inhibition of the target action 
(Aron 2011).

The global-selective inhibition distinction is often stud-
ied by a modified stop signal task where the go stimuli 
require a bimanual speeded response and the occasional 
stop stimulus signals for the suppression of either both 
hands (global stop), or only one hand while the other 
response is still to be executed (Coxon et  al. 2007; Aron 

Abstract Behavioral adjustments require interactions 
between distinct modes of cognitive control and response 
inhibition. Hypothetically, fast and global inhibition is 
exerted in the reactive control mode, whereas proactive 
control enables the preparation of inhibitory pathways in 
advance while relying on the slower selective inhibitory 
system. We compared the temporal progression of inhi-
bition in the reactive and proactive control modes using 
simultaneous electroencephalography (EEG) and electro-
myography (EMG) recordings. A selective stop signal task 
was used where go stimuli required bimanual responses, 
but only one hand’s response had to be suppressed in stop 
trials. Reactive and proactive conditions were incorporated 
by non-informative and informative cues, respectively. In 
47% of successful stop trials, subthreshold EMG activ-
ity was detected that was interrupted as early as 150  ms 
after stop stimulus presentation, indicating that inhibition 
occurs much earlier than previously thought. Inhibition 
latencies were similar across the reactive and proactive 
control modes. The EMG of the responding hand in suc-
cessful selective stop trials indicated a global suppression 
of ongoing motor actions in the reactive condition, and less 
inhibitory interference on the ongoing actions in the pro-
active condition. Group-level second order blind separation 
(SOBI) was applied to the EEG to dissociate temporally 
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and Verbruggen 2008). However, this behavioral manipu-
lation appears to be insufficient to dissociate between 
the global and selective inhibitory systems at the neural 
level. Rather, the so-called restart model states that global 
inhibitory system suppresses all ongoing actions also in 
the selective stop trials, and is then followed by the newly 
generated correct response (Coxon et  al. 2007; Macdon-
ald et  al. 2012, 2014). This is evidenced behaviorally by 
remarkable costs on reaction times of the still responding 
hand, known as the stopping interference (SI) effect (Aron 
and Verbruggen 2008; Ko and Miller 2011, 2013). Simi-
larly, transcranial magnetic stimulation (TMS) studies have 
showed temporarily reduced corticomotor excitability of 
the responding hand in response to the selective stop sig-
nal (Macdonald et  al. 2014). Proactive control, however, 
appears to modulate inhibition specificity. Providing pre-
paratory cues significantly reduces the SI effect (Aron and 
Verbruggen 2008; Claffey et  al. 2010; Smittenaar et  al. 
2013; Lavallee et al. 2014) and results in a more selective 
suppression of corticomotor excitability as measured by 
the TMS (Claffey et al. 2010; Cai et al. 2011; Majid et al. 
2012). Counter-intuitively, preparatory cueing can also lead 
to slower inhibition as measured by the stop signal reaction 
times (SSRT), putatively due to its implementation via the 
anatomically more complex indirect pathway, as opposed 
to the fast but unspecific hyperdirect pathway (Aron and 
Verbruggen 2008; Claffey et al. 2010; Lavallee et al. 2014). 
This introduces the dichotomy between global and selective 
neural inhibitory systems that may not correspond to the 
behavioral distinction (stop one hand vs. stop both hands), 
but is implicitly equivalent to inhibition in the reactive and 
proactive control modes, respectively (Aron 2011; Majid 
et  al. 2013). The generalizability of this dichotomy needs 
further study, however, not least since faster SSRTs for the 
proactive than for reactive mode have been observed as 
well (Smittenaar et al. 2013, 2015), and subcortical neural 
activation patterns involving both indirect and hyperdirect 
pathways have been reported for reactive response inhibi-
tion (Jahfari et al. 2011).

The SSRT, typically estimated to be around 200–300 ms, 
is derived on the basis of the independent horse race model 
where go and stop processes compete against each other 
and whichever “wins the race” determines the outcome 
(Logan and Cowan 1984; Band et  al. 2003). Although its 
validity has been demonstrated in the standard stop signal 
task (Congdon et  al. 2012; Verbruggen et  al. 2013), the 
underlying assumption of independence between stop and 
go processes appears to be violated in the more complex 
versions of stop signal tasks (Schall and Godlove 2012; 
Gulberti et al. 2014; Bissett and Logan 2014; Verbruggen 
and Logan 2015). In addition, as the SSRT represents 
the finishing time of the stop process, it acts as a com-
pound measure of multiple cognitive and motor processes 

(Verbruggen and Logan 2015). Correspondingly, transcra-
nial magnetic stimulation studies showed a decrease in 
corticomotor excitability as early as 130–180 ms after stop 
stimulus presentation (Coxon et al. 2006; van den Wilden-
berg et  al. 2010; Macdonald et  al. 2014). Relying solely 
on the SSRT as a measure of individual inhibition latency 
is therefore problematic and a complementary outcome 
variable is much desired. In tasks with several competing 
response tendencies, subthreshold muscle activation can be 
detected in the electromyography (EMG) recordings of the 
response effectors even in the absence of an overt response 
(De Jong et  al. 1990; Hasbroucq et  al. 1999; Burle et  al. 
2002). The latency of the interruption of this subthresh-
old EMG activity in successful stop trials may thus serve 
as an assumption-free physiological measure of inhibition 
latency.

EEG is well-suited to investigate neural processes where 
temporal information is of central interest; yet, identifying 
an unambiguous index of inhibition has proved challenging 
(Huster et al. 2013). Most often, modulations in the event-
related potentials (ERP) N1, N2 and P3 are reported, with 
the N1 reflecting sensory processing sensitive to top-down 
attentional modulation (Bekker et al. 2005a; Boehler et al. 
2009; Langford et al. 2016a, b), and the N2 being associ-
ated with conflict monitoring and interference processing, 
as it is highly susceptible to stop stimulus probabilities 
and stimulus–response compatibility (Nieuwenhuis et  al. 
2003; Donkers and van Boxtel 2004; Enriquez-Geppert 
et  al. 2010). The P3 onset correlates strongly with the 
SSRT and was therefore suggested to be an online indica-
tor of response inhibition (Wessel and Aron 2014; Wessel 
et al. 2016), yet its continuing development after the SSRT 
itself would rather support its role in sustained attention 
and context updating (Filipović et al. 2000; Dimoska et al. 
2003; Polich 2007). Kenemans (2015) has suggested a fur-
ther clarification by attributing the role of the P3 to merely 
reactive inhibition, triggered in a generic fashion by any 
novel stimulus. Yet, experimental results have indicated 
an increased P3 in proactive inhibition (Greenhouse and 
Wessel 2013; Schevernels et al. 2015). A major limitation 
of the standard ERP analysis is that ERPs reflect summed 
neural activity from various neural generators, which limits 
their potential to dissociate functional processes that occur 
close in time (Nunez et  al. 1997). In effect, blind source 
separation (BSS) techniques that aim to recover the activ-
ity from distinct sources otherwise measured as mixed sig-
nals at scalp electrodes, have been immensely successful 
in identifying activity from a single cortical area, networks 
of brain regions as well as artefact sources (Hyvärinen and 
Oja 2000; Onton et  al. 2006). Such BSS techniques have 
suggested that several temporally overlapping components 
beyond the N2/P3 complex may support inhibition (Hus-
ter et  al. 2014, 2016; Albares et  al. 2014). As of yet, the 
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EEG decomposition of selective stopping has not been 
investigated.

We conducted simultaneous EEG and EMG measure-
ments on healthy participants performing a selective stop 
signal task tapping both, reactive and proactive modes of 
cognitive control. Behaviorally, we expected longer SSRTs 
and smaller SI effects in the proactive control condition as 
a support for the slowly operating selective inhibitory sys-
tem. These effects were expected to be paralleled by the 
EMG, with a later EMG interruption latency in the stopped 
hand and less interference on the response hand EMG 
activity in the proactive condition. Regarding the EEG, we 
expected that the ERPs typically seen in the standard stop 
signal task would also be evident in selective inhibition. 
However, we expected their amplitudes to be modulated by 
cognitive control modes with a stronger N2 in the reactive 
mode as an indicator of increased conflict between go and 
stop representations, and stronger N1 and P3 in the pro-
active mode reflecting increased load for sustained atten-
tional modulation. A thorough correlational analysis was 
performed to establish the associations of the ERP compo-
nents with reactive and/or proactive inhibition. Prior to the 
analysis, EEG data was subjected to group-level second-
order blind identification (group-SOBI), allowing a precise 
distinction of temporally overlapping ERP components.

Methods

Participants

33 volunteers (aged 20–29 with the mean age of 25; 14 
females and 19 males) participated in the experiment. All 
participants were right-handed as confirmed by a handed-
ness inventory (Oldfield 1971), had normal or corrected-
to-normal vision and reported no history of neurological 
or psychiatric disorders. Data from three participants were 
discarded due to technical issues during data acquisition. 
Informed consent was obtained from all participants and 
they were paid a compensation for their contribution. The 
study was approved by the institutional review board of the 
University of Oldenburg.

Task and Procedure

The participants performed a selective stop signal task 
incorporating reactive and proactive conditions (Fig.  1). 
Task presentation was controlled using the Presentation 
software (version 14.8, Neurobehavioral Systems). Partici-
pants were seated in an armchair in an electrically shielded 
and sound attenuated chamber and the stimuli were pre-
sented at the screen at approximately 1  m distance from 
the participants’ eyes. Responses were given via a response 

pad. A central fixation-cross was presented throughout the 
experiment. The go-stimuli were two simultaneously pre-
sented white circles with a diameter of 2.5 cm and a dis-
tance of 10  cm between them, to which the participants 
had to respond with bimanual button presses. In stop tri-
als (40%), a red circle occurred either at the left or at the 
right position previously occupied by one of the go stimuli. 
Then, participants had to suppress the response of the hand 
corresponding to the side of the stop stimulus, but to con-
tinue the response of the other hand. That is, if the stop sig-
nal occurred in the left, participants had to stop their left 
hand response but execute the right hand response and vice 
versa.

All stop trials required the selective stopping of one, but 
not the other hand. Thus, the specificity of the underlying 
inhibitory mechanisms was expected to be modulated by 
the reactive and proactive control modes, incorporated by 
non-informative and informative cues, respectively. In half 
of the trials, the cue was non-informative (“xxx”; reactive 
condition), whereas in the other half of the trials an arrow 
was pointing either to the left or to the right, indicating 
where a stop signal might occur. Thus, with these spatially 
informative cues participants could prepare for the poten-
tial stop stimulus in advance (proactive condition). All 
cues were congruent, so proactive stop left hand trials were 
always preceded by an arrowhead pointing to the left and 
vice versa for proactive stop right trials.

A trial started with the presentation of a cue with rand-
omized duration between 1500 and 2500 ms. After the cue 
offset, go stimuli were presented for 100 ms. On stop trials, 
stop stimuli were shown after the experimentally adapted 

Fig. 1  Selective stop signal task in the reactive and proactive condi-
tion, implemented by non-informative and informative cues, respec-
tively; all trials were counterbalanced and presented in pseudorand-
omized order. (Color figure online)
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stop-signal delay (SSD) for 200 ms. To achieve a stop trial 
accuracy of 50%, the SSD was adjusted separately for reac-
tive and proactive conditions (collapsed over stop left and 
right trials) according to the staircase method of the horse-
race model (Band et al. 2003). The initial SSD was set to 
250 ms and it was increased by 50 ms if the response in the 
previous stop trial was correct, and decreased by 50 ms if 
the previous stop trial response was false. A response win-
dow with a duration of 1000 ms terminated all trials.

Altogether, 700 trials were presented, half of which were 
reactive while the other half were proactive trials. Stop tri-
als were further divided equally into stop left hand and stop 
right hand trials within both conditions. This resulted in 
140 stop trials per condition with 70 stop left and 70 stop 
right trials.

The instructions were given in written form before the 
onset of the experiment. It was stressed additionally that 
it was not possible to always react correctly. Firstly, all 
participants completed a training session of 5  min fol-
lowed by the experimental session, altogether lasting for 
approximately 55 min. A pause of self-regulated duration 
was introduced after every 3.5 min during which feedback 
was presented. Participants were asked to respond faster if 
the average reaction time was longer than 600 ms. Instan-
taneous feedback was presented in case no response was 
given in a go trial, or when the reaction time of a go trial 
exceeded 1000  ms, prompting the participants to respond 
faster. In addition, the central fixation cross turned red 
directly after the trial when left and right hand responses 
were not simultaneous, that is their difference was longer 
than 70 ms.

Data Acquisition

Simultaneous EEG and EMG recordings were taken using 
a BrainAmp system (Brainproducts, München, Germany). 
Data was low-pass filtered online at 250 Hz for EEG and at 
1000 Hz for EMG channels and recorded continuously at a 
sampling rate of 2500 Hz. All neurophysiological data was 
further processed offline using in-house MATLAB scripts 
and the EEGLAB toolbox (Delorme and Makeig 2004).

EEG activity was measured at 31 electrodes placed 
according to the international 10–20 system. An additional 
electrode was placed under the right eye to control for ocu-
lar artefacts. All EEG electrodes were referenced against 
the nose-tip electrode and their impedances were kept 
below 5 kΩ.

Bipolar surface EMG recordings were performed on the 
thumb muscles of both hands. Two Ag/Cl-electrodes were 
placed on the abductor pollicis brevis with the ground 
electrode placed on the left arm. The set-up included an 
additional electrode pair on the dorsal side of the hand 
to record the activity of the same muscles, but due to the 

weaker signal and larger noise from the neighboring mus-
cle groups, these recordings were not analyzed any further. 
Appropriate support for the participants’ arms was pro-
vided to reduce spurious muscle tension during rest.

Data Analysis

Behavioral Analysis

All trials were sorted according to the given response into 
correct go trials, correct stop trials, and false alarms (unsuc-
cessful inhibition). Go trials without responses, asynchro-
nous responses (reaction time difference between left and 
right hand response >70  ms) or only one-hand responses 
were discarded from the analysis. Similarly, stop trials 
without any response or with a response of the wrong hand 
(e.g. only left hand response on stop-left trials) were omit-
ted. The following behavioral measures were extracted: go 
trial reaction times (go-RTs), false alarm reaction times (fa-
RTs), unstopped hand reaction times (responding hand on 
stop trials; stop-RTs), and SI (the difference between stop-
RTs and go-RTs). As an initial analysis revealed no differ-
ences between left and right hand responses, all analyses 
were collapsed over stop left and stop right trials. SSRTs 
were estimated for both the reactive and the proactive con-
dition using the so-called mean method, i.e. subtracting the 
mean SSD from the go-RTs averaged over both hands. The 
mean method is among the most common methods for esti-
mating the SSRT, and it is relatively robust when the horse 
race model assumptions have been met (Congdon et  al. 
2012). However, even subtle differences in go-reaction 
time distributions can lead to spurious effects, especially in 
case of strategic slowing (Boehler et al. 2012; Verbruggen 
et al. 2013). Thus, we also estimated the SSRTs using the 
block-wise integration method (50 trials per block). As the 
results were almost identical to the mean method (correla-
tions between the mean and integration methods were 0.94 
for the reactive and for the 0.96 proactive condition, respec-
tively), only the results of the mean method are reported. 
All behavioral measures in the reactive and proactive con-
dition were compared using paired samples t-test.

Electromyography

Preprocessing EMG channels were low-pass filtered at 
250 Hz and high-pass filtered at 1 Hz. Data was resampled 
to 500 Hz and segmented with a time-window of −200 to 
1000 ms relative to go stimuli in go trials and stop stimuli 
in stop trials. The epochs were baseline corrected to the pre-
stimulus time-window. A temporal smoothing procedure 
was applied to the EMG activity: for each time point, the 
root mean square (RMS) was calculated and a moving aver-
age over ±5 neighboring data points was computed. The sin-
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gle trial post-stimulus time-courses were then divided point-
wise by the trial specific average of the pre-stimulus period 
of −200 to 0 ms. The resulting single trial time-courses thus 
represent the ratio of the RMS-transformed signal to the 
pre-stimulus baseline. These were averaged across all trials. 
To validate the EMG parametrization procedure, a correla-
tion analysis was performed between the peak latencies of 
the single subject response-related EMG time-courses and 
the reaction times.

Statistical Assessment An automatic algorithm for the 
detection of the subthreshold EMG bursts in single trials 
was applied to the stopped hand EMG to estimate their 
occurrence frequency (modified from Cohen and van 
Gaal 2014). A burst was identified when the derivative of 
the RMS-transformed time-course between the onset of 
the stimulus and stop-RT of the particular trial exceeded 
two; that is, there occurred a sudden change in the signal 
with a data point being twice as large as the preceding 
one. The resulting frequencies were quantified as per-
centages of all successful stop trials per participant and 
were further compared between reactive and proactive 
conditions with a paired samples t-test.

Peak latencies of the subthreshold (stopped hand) 
EMG between stop stimulus onset and the average 
stop-RTs were extracted from the subject-specific time-
courses and compared by paired samples t-test. Addi-
tionally, subthreshold EMG latencies were correlated 
with the SSRT. As we expected a positive correlation, 
the one-tailed test result will be reported.

To further investigate the dynamics of EMG activity, 
the full time-courses were subjected to an exploratory 
analysis using point-wise permutation tests with Monte 
Carlo label switching (10,000 iterations, two-tailed). We 
compared the reactive-proactive differences within both, 
stopped and unstopped hand EMG activity. The resulting 
pN-values were corrected for multiple comparisons using 
the false discovery rate (fdr) procedure with an alpha 
level of 0.05 (Benjamini and Hochberg 1995). Further, 
a cluster of significant values had to span over a time-
window longer than 30 ms to be considered significant.

To elucidate the findings from the permutation test-
ing, a further analysis was carried out on the peak ampli-
tudes of the response-related EMG in go and stop tri-
als on a post-hoc basis. The mean amplitudes of ±5 data 
points around the peak EMG responses were extracted 
from go trials and from successful stop trials, aligned to 
the go stimuli. Paired samples t-tests were used to con-
trast the EMG amplitudes in go and stop trials, and in 
the reactive and proactive condition in stop trials.

Electroencephalogram

Preprocessing EEG data was low-pass filtered at 75  Hz 
and high-pass filtered at 0.1 Hz, and resampled to 500 Hz. 
For each subject, an independent component analysis (ICA) 
was computed using EEGLAB’s built in infomax algorithm 
(Delorme and Makeig 2004). Components representing 
eye movements and muscle artefacts were removed and 
the remaining components were back-projected to the EEG 
channel domain. Trials with non-systematic residual arte-
facts were removed manually (4 trials (0.63%) per subject 
on average, ranging from 0 to 21 trials across all subjects). 
The data was segmented and time-locked to go stimuli in go 
trials and stop stimuli in stop trials with a time window of 
−200 to 1000 ms, and then baseline corrected to the mean of 
the pre-stimulus period. Note that cue-related activity may 
generally fall into this baseline period, but measures were 
taken to counteract putative carry-over effects to go- or stop-
evoked activity. The cue-to-target (go/stop) asynchrony was 
jittered on a trial-by-trial basis, effectively canceling cue-
locked ERP activity. In addition, the employed group-level 
decomposition is predominantly sensitive to phase- or time-
locked activity, which here refers to targets only due to the 
experimental jittering of cue- relative to target-onsets (see 
Huster et al. 2015, for details). Thus, altogether this allows 
for the investigation of stimulus-evoked effects independent 
of cue-evoked activity. However, cue-related activity differ-
ences between reactive and proactive conditions can well 
be expected, and require further investigation, although they 
were not the focus of this study.

SOBI SOBI is a blind source separation (BSS) tech-
nique, based on the joint diagonalization of a set of covari-
ance matrices (Belouchrani et al. 1997), for the estimation 
of source signals that are linearly mixed in the observed 
variables. In case of EEG data, BSS techniques relying on 
higher order statistics, i.e. ICA, are most commonly applied 
on single subject data for artifact rejection. More recently, 
procedures have been developed that achieve the decom-
position of aggregate data from multiple subjects (Eichele 
et al. 2011). Thus, group-level BSS techniques, often used 
in combination with data reduction steps, result in a single 
set of components that capture the representative activity 
from neural sources commonly expressed across the whole 
sample. Each participant’s individual manifestation of a par-
ticular component can then be reconstructed via the result-
ing de-mixing matrix, allowing for statistical interference 
across subjects or conditions. Here, SOBI was preferred 
over ICA since it is more robust when the events of interest 
include temporal jitter, as in case of motor responses with 
variable reaction times (Huster et  al. 2015). Additionally, 
SOBI has been shown to be more robust to variations in the 
underlying mixing matrix, likely to exist in the aggregate 
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multi-subject data due to inter-individual variability in brain 
and skull structures (Lio and Boulinguez 2013).

To compute a group-level SOBI, an equal number of tri-
als across participants is necessary. Thus, each participant’s 
data was randomly subsampled, selecting 29 trials (mini-
mal number of artifact-free trials across all conditions and 
participants) per each condition and trial type (reactive go; 
proactive left go; proactive right go; reactive left stop; reac-
tive right stop; proactive left stop; proactive right stop). 
Additionally, 20 unsuccessful stop trials per each stop con-
dition were included for each participant. The final aggre-
gate dataset thus consisted of 283 trials per participant. To 
compensate for inter-trial variability in response-related 
source onsets, the trial order for each condition was sorted 
across subjects according to the reaction times in go trials, 
unstopped hand reaction times in successful stop trials, and 
false alarm reaction times in unsuccessful stop trials.

Group-SOBI was applied to the EEG, preceded by two 
consecutive principal component analysis steps (PCA; sin-
gle subject and group level) as a means of data reduction 
(Eichele et  al. 2011; Huster et  al. 2015). Firstly, for each 
participant, all trials were vertically concatenated and 
z-standardized over channels, resulting in a two-dimen-
sional matrix with electrodes as rows and time-points as 
columns spanning all 283 trials. This was then entered 
into a subject-specific PCA. 15 PCs were selected from 
each participant, on average accounting for 99% of the 
variance in the single-subject data. These 15 components 
were extracted from each subject’s data, concatenated ver-
tically (along the dimension originally representing chan-
nels), and entered into a second, group-level PCA. Again, 
15 group-PCs were extracted and subjected to SOBI (with 
temporal lags up to 50 data points or 100 ms), resulting in 
15 group-level component time-courses. Finally, single-
subject activation of those components were reconstructed 
by matrix multiplication of the original single-subject EEG 
time-courses with the weight matrices resulting from the 
two preceding PCA’s and SOBI (see Eichele et  al. 2011; 
Huster et al. 2015 for details). The single-trial component 
time-courses were baseline corrected and low-pass filtered 
with 35 Hz to increase the signal-to-noise ratio.

Component Selection From all of the resulting compo-
nents, we selected those components best capturing ERPs 
known from previous research to be modulated in response 
inhibition tasks. That is, we identified the components best 
capturing the N1, N2 and P3 based on their typical topogra-
phies and time-courses. To verify the component selection, 
the component time-courses were first correlated point-wise 
with the original ERPs within the relevant time-window as 
defined by the grand averages (100–300 ms for the N1 and 
N2; 100–500 ms for the P3), and then squared and averaged 
over all time-points. This resulted in an estimate of the vari-

ance explained of the original ERP by the particular com-
ponent. In case of the P3, there were four components that 
fulfilled the criterion of marked positivity at around 300 ms 
over fronto-central or centro-parietal electrodes; these were 
all included for further statistical assessment. Since the 
signs of SOBI time-courses and loadings are somewhat 
arbitrary, the time-courses and topographies of three com-
ponents (components 6, 11 and 12) were sign-inverted for 
visualization purposes and to ease the interpretation, so that 
they would agree with the standard presentation of the N2 
and P3.

Statistical Assessment Mean amplitudes for each compo-
nent in the time-windows around the local peaks of the grand 
averages were extracted to test for experimental effects on 
component activity. The time-windows were specified as 
150–250 ms for the N1 (component 4) and 200–300 ms for 
the N2 (component 6). In case of the P3, four different com-
ponents were selected with following time-windows for sta-
tistical assessment: 300–400 ms (component 11), 250–400 
(component 12), 350–450 ms (component 10), 250–350 ms 
(component 8). The mean amplitudes were entered into a 
repeated-measures ANOVA with factors trial (go, stop) and 
condition (reactive, proactive); significant effects were fol-
lowed up by Bonferroni-Holm post-hoc tests.

The associations of the EEG components with inhibi-
tory processes were investigated by correlating their mean 
amplitudes with the SSRTs and subthreshold EMG laten-
cies. Because recent evidence highlights the importance of 
component onset times, as opposed to mere peak ampli-
tudes, the correlational analysis was additionally per-
formed on the components’ onset latencies. The onsets 
were defined as the time-point when 10% of the positive 
area under the curve (shifted upwards by the minimum 
value in the time-window to also include the activity 
below the baseline) was reached within the same broader 
time-windows as defined previously for the assessment of 
the variance explained (100–300  ms for the N1 and N2; 
100–500 ms for the P3).

Results

Behavioral Data

The behavioral and EMG results are summarized in 
Table  1. Overall, the participants performed well in 
the task as shown by the correct go trial response rates 
of 95.9 and 91.9% in the reactive and proactive con-
dition, respectively. The accuracies in the proactive 
were significantly smaller than in the reactive condition 
(t(29) = 5.43, p < 0.01, d = 0.99). Post-hoc analysis of the 
types of errors demonstrated that participants made more 
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asynchronous responses (3.1 vs. 2.1%, t(29)  =  −3.49, 
p < 0.01, d  =  −0.64) and responded more often with 
only one hand (4.2 vs. 1.3%, t(29)  =  −4.62, p < 0.01, 
d = −0.84) in the proactive condition, altogether suggest-
ing that participants indeed used the cues to prepare for 
the looming need for inhibition.

The go-RTs and fa-RTs were similar across the reac-
tive and proactive condition. The unstopped hand reac-
tion times were longer in the reactive than in proactive 
condition (t(29) = 3.03, p < 0.01, d = 0.55), resulting in a 
reduced SI effect in the proactive condition (t(29) = 3.67, 
p < 0.01, d = 0.67). The fa-RTs were faster than go-RTs 
both in the reactive (t(29) = 12.68, p < 0.01, d = 2.31) and 
proactive (t(29) = 12.75, p < 0.01, d = 2.33) condition, and 
were therefore in a good accordance with the horse race 
model assumptions. The stop trial accuracies were 52% 
in both conditions. The SSRTs correlated negatively with 
go reaction times in the reactive condition (r  =  −0.38, 
p = 0.03), but not in the proactive condition (r = −0.17, 
p = 0.38). The negative correlation in the reactive condi-
tion may indicate that the SSRT calculation yielded unre-
liable estimates. However, similar trends occurred also 
when correlating go reaction times and sub-threshold 
EMG latencies (reactive: r = −0.31, p = 0.09; proactive: 
r  =  −0.04, p = 0.81), indicating a more complex rela-
tionship between go reaction times and inhibition laten-
cies. Although inhibition in the proactive condition was 
expected to be slower than in the reactive condition, no 
differences occurred regarding the SSD (t(29)  =  −1.52, 
p = 0.14, d = −0.28) nor the SSRT (t(29) = 1.32, p = 0.20, 
d = 0.24).

Electromyography

EMG results are summarized in Table  1 and the time-
courses are shown in Fig. 2a, c. The peak latencies of go 
trial EMG, averaged over both conditions, correlated 
strongly with the go trial reaction times (r = 0.94, p < 0.01, 
one-tailed) and the same was true for the unstopped hand 
(r = 0.95, p < 0.01, one-tailed; Fig. 2b). Subthreshold EMG 
activity was detected in 47% of all successful stop trials, 
and it was interrupted at around 150 ms after stop stimu-
lus presentation with no significant differences between the 
reactive and proactive modes neither regarding the detec-
tion frequencies nor the interruption latencies (Table  1), 
thus being in a good accordance with the behavioral results. 
Subthreshold EMG latency correlated with the SSRT both 
in the reactive (r = 0.34, p = 0.03, one-tailed) and in the pro-
active (r = 0.52, p < 0.01, one-tailed) condition (Fig. 2d).

Subthreshold EMG traces of the stopped hand aligned 
to the stop stimulus were remarkably similar in the reactive 
and proactive conditions. The unstopped hand EMG, how-
ever, revealed interesting temporal dynamics of response 
execution and inhibition (Fig. 2c). Firstly, the interference 
effect of the stop signal was clearly observable in the activ-
ity of the unstopped hand: the rising activation reflecting 
the executed response was interrupted at around 150  ms 
and succeeded by another increase in activation. Secondly, 
there were clear differences between the reactive and pro-
active modes: the initial response suppression was reduced 
in the proactive mode whereas the following rise started 
earlier and was smaller in amplitude. These observations 
were validated by the sample-wise permutation testing 
that revealed significant amplitude differences between 
the reactive and proactive condition in 170–248  ms and 
274–398 ms after stop signal presentation.

The amplitude differences between conditions in the 
unstopped hand may reflect the continuation of the previ-
ous response in the proactive condition, but linear superpo-
sition of a newly generated response in the reactive condi-
tion. Thus, an additional analysis was carried out with the 
stop trials aligned to the go stimuli, with the expectation 
to find similar amplitudes of stop and go trial responses 
in the proactive condition, but stronger stop than go trial 
activity in the reactive condition. This analysis confirmed 
higher stop trial amplitudes in the reactive than in proactive 
condition (t(29) = 2.68, p = 0.01, d = 0.49), and larger stop 
than go trial amplitudes both in the reactive (t(29) = 5.16, 
p < 0.01, d = 0.94) and the proactive (t(29) = 3.28, p < 0.01, 
d = 0.60) condition.

Electroencephalography

For comparative reasons, original ERPs with topographi-
cal maps of the peaks are depicted in Fig. 3. We observed 

Table 1  Behavioral and EMG results across reactive and proactive 
conditions (n = 30)

The standard errors are represented in the brackets.
RT reaction time, SI stopping interference
a Significant difference with p < 0.05 between the reactive and proac-
tive condition

Reactive Proactive

Behavior
 Go  accuracya (%) 95.9 (0.7) 91.9 (1.0)
 Stop response rate (%) 51.9 (0.2) 52.1 (0.3)
 Go RT (ms) 642 (19) 646 (20)
 False alarm RT (ms) 564 (17) 572 (18)
 Stop  RTa (ms) 774 (24) 757 (24)
 Stopping  interferencea (ms) 131 (10) 111 (11)
 Stop signal delay (ms) 440 (22) 451 (22)
 Stop signal reaction time (ms) 203 (5) 195 (6)

Subthreshold EMG
 Detection frequency (%) 46.6 (3.2) 46.8 (2.6)
 Peak latency (%) 147 (4) 152 (4)
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the typical ERPs seen in standard stop signal and go/
no-go tasks, with marked N2 and P3 in stop conditions, 
whereas no distinct peak corresponding to the N1 could be 
observed. However, the topographical maps of stop trials at 
around 200 ms revealed a diffused negativity across central, 
parietal and occipital areas, introducing the possibility of 
a late N1 and its fusion with the subsequent N2. The P3 
showed centro-parietal maxima in stop trials.

Original EEG recordings were decomposed into 15 com-
ponents, because 15 components accounted for at least 99% 
of the variance in each participant’s data. All 15 compo-
nents are depicted in the supplementary materials (Figure 
S1). Based on previous descriptions of the ERPs observed 
in response inhibition tasks, we were able to identify one 
component capturing each, the N1 (Fig. 4) and N2 (Fig. 5), 
both peaking at around 200 ms after stimulus presentation. 

In case of the P3, four components showed distinct posi-
tivity at around 300 ms with centro-parietal and/or fronto-
central topography (Fig.  6). The correlations of the com-
ponents’ amplitudes and onsets with the SSRT and EMG 
latency are listed in Table 2. In the following, each of those 
components will be described individually.

N1

Due to its bilateral occipito-parietal activity and distinct 
negativity starting at 144 ms and peaking at 190 ms in stop 
trials, component 4 was identified as the N1 (Fig.  4a). It 
explained most variance in the original stop-ERP bilater-
ally in the posterior electrodes with a maximum of 27% 
in electrode TP10 (Fig.  4c). Its mean amplitudes showed 
significant main effects for both trial (F(1, 29) = 41.39, 

Fig. 2  a EMG activity in go and successful stop trials, aligned to go 
stimuli and depicted as the ratio to the pre-stimulus baseline b cor-
relations of the peak EMG latencies (aligned to go stimuli) and cor-
responding reaction times, including regression line, Pearson correla-
tion coefficients and one-tailed p-values c EMG activity in successful 
stop trials, aligned to stop stimulus presentation and depicted as 

the ratio to the pre-stimulus baseline; shaded areas depict signifi-
cant differences between the reactive and proactive condition in the 
unstopped hand d correlations of SSRT and subthreshold EMG activ-
ity of stopped hand in successful stop trials, including regression line, 
Pearson correlation coefficients and one-tailed p-values. (Color figure 
online)
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p < 0.01, �2
p
  =  0.59) and condition (F(1,29)  =  15.48, 

p < 0.01, �2
p
 = 0.35), with stronger amplitudes in stop than 

in go trials, and in the reactive than in the proactive condi-
tion (Fig. 4b). No significant correlations emerged regard-
ing the component’s amplitude or onset latency and the 
SSRT or subthreshold EMG latency.

N2

Component 6 was identified as the N2 due to its fronto-
central negativity starting at 133 ms and peaking at 236 ms 
in stop trials (Fig. 5a). Its contribution to the original ERP 
was rather low, with a maximum of 10% in electrode FC1 
(Fig. 5c). The main effect of trial (F(1,29) = 24.76, p < 0.01, 
�
2
p
  =  0.46) was superseded by a significant interaction of 

trial and condition (F(1,29)  =  6.77, p  =  0.01, �2
p
  =  0.19; 

Fig. 5b). The post-hocs revealed stronger activations in stop 
than in go trials (reactive: t(29) = 5.29, p < 0.01, d = 0.95; 
proactive: t(29)  =  4.45, p < 0.01, d = 0.81), but also that 
activity in the reactive condition was stronger than proac-
tive only in stop trials (go: t(29) = 0.82, p = 0.42, d = 0.15; 
stop: t(29)  =  −3.26, p < 0.01, d  =  −0.60). Neither the 

component amplitudes nor the onset latencies correlated 
with the SSRT of subthreshold EMG latency.

P3

Four separate components emerged with a peak at around 
300  ms and centro-parietal and/or fronto-central topogra-
phies (Fig. 6). They are described in the following, in the 
order of variance explained in the original ERP.

Component 11 had the strongest activity over centro-
parietal electrodes, starting at 217  ms and peaking at 
359 ms in stop trials. It explained up to 50% of the vari-
ance in electrode CP2, thus largely capturing the early 
P3 in the original stop-ERP. The main effect of trial 
(F(1,29) = 110.49, p < 0.01, �2

p
 = 0.79) confirmed that stop 

trial activity was stronger than go trial activity, whereas 
the main effect of condition (F(1,29)  =  6.23, p  =  0.02, 
�
2
p
 = 0.18) revealed stronger proactive than reactive activ-

ity across all trials, although the visualization of this com-
ponent revealed that this effect seems to be rather driven 

Fig. 3  ERP time-courses in electrode Cz and topographies cor-
responding to the local peaks at 186–196 ms (top) and 370–380 ms 
(bottom); negativity is plotted up. (Color figure online)

Fig. 4  a N1 (component 4) time-courses and its topography; negativ-
ity is plotted up; the shaded area marks the time-window of statis-
tical testing b Mean amplitudes extracted from the component time-
courses; the error bars mark 95% confidence intervals, corrected for 
repeated measures c topographical map representing the variation 
explained by the component in the original ERP in all electrodes. 
(Color figure online)
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by the go trial activity. No significant correlations emerged 
with the SSRT or subthreshold EMG latency.

Component 12 was characterized by a slowly rising 
positivity in stop trials over fronto-central areas, start-
ing at 189 ms in stop trials with a first peak of activity at 
around 330  ms followed by a steady increase in activity. 
The maximum amount of variance explained in the original 
stop-ERP was 16% in the electrode FC2. We quantified the 
activity of the first peak in the time-window of 250–400 ms 
and found the main effects of trial (F(1, 29) = 59.50, 
p < 0.01, �2

p
  =  0.67) and condition (F(1, 29)  =  8.19, p 

< 0.01, �2
p
  =  0.22), which were further superseded by an 

interaction of the two (F(1,29) = 5.38, p = 0.03, �2
p
 = 0.16). 

Post-hoc tests revealed that the activity was stronger in stop 
than in go trials (reactive: t(29) = 6.97, p < 0.01, d = 1.27; 
proactive: t(29) = 8.10, p < 0.01, d = 1.49), and stronger in 
the proactive than the reactive condition in stop trials (go: 
t(29) = −0.44, p = 0.42, d = −0.08; stop: t(29) = −3.57, 

p < 0.01, d = −0.65). The mean amplitudes correlated neg-
atively with the SSRT in the reactive condition (Table 2), 
whereas no significant correlations emerged regarding the 
component onset latency.

Component 10 showed the strongest activity over pari-
etal and occipital areas, starting at 167 ms and peaking at 
398 ms in stop trials, but continuing to grow until 686 ms 
in go trials. A maximum of 14% of the original ERP-vari-
ance was explained in electrode Pz. No main effects of the 
trial type or condition occurred, but there was a significant 
interaction of the two (F(1,29) = 4.21, p = 0.05, �2

p
 = 0.13). 

However, no comparison survived the correction for multi-
ple comparisons in post-hoc testing, indicating similar lev-
els of activation across go and stop trials, and in reactive 
and proactive conditions.

Component 8 exhibited a very concise fronto-central 
topography starting at 155  ms and peaking at 292  ms in 
stop trials. It explained maximally 12% of the original 
stop-ERP variance in electrode Fz. There was a significant 
main effect of the factor trial (F(1,29) = 39.67, p < 0.01, 
�
2
p
 = 0.58), where activity in stop trials was stronger than 

in go trials. The main effect of condition (F(1, 29) = 8.06, 
p < 0.01, �2

p
 = 0.22) confirmed that proactive activity was 

larger than reactive activity across all trials. This compo-
nent’s stop trial amplitude correlated negatively with the 
SSRT both in the reactive and proactive condition, and 
with subthreshold EMG latency in the proactive condition 
(Table 2). Its onset latency also correlated with the SSRT 
in the proactive condition; though the direction of this cor-
relation was negative, relating faster component onset to 
delayed inhibition.

Discussion

We compared the neural modulations of the inhibitory 
system by reactive and proactive control modes, focusing 
on the temporal progression of selective inhibition. Com-
plementary to the SSRT estimation, we utilized EMG 
recordings as a measure of individual inhibition latency 
and found that inhibition is exerted at the effector level at 
around 150 ms after stop stimulus presentation, in contrast 
to SSRT which was estimated to be around 200 ms. Con-
trary to our hypothesis, no differences in inhibition laten-
cies were found between the reactive and proactive control, 
whereas both behavioral and EMG results did show less 
interference on ongoing motor activity in the proactive con-
dition. As for the EEG, group-SOBI revealed that multiple 
temporally overlapping neural components were modulated 
by the control modes. As such, P3-like activity was distrib-
uted over four components, two of which were associated 
with behavioral or EMG markers of inhibition, and three 
of which showed augmented activity in the proactive, as 

Fig. 5  a N2 (component 6) time-courses and its topography; nega-
tivity is plotted up; the shaded area marks the time-window of sta-
tistical testing; the time-courses and topographies of the component 
are reversed for visualization purposes so that the time-courses would 
agree with the standard polarity of the N200 b mean amplitudes 
extracted from the component time-courses; the error bars mark 95% 
confidence intervals, corrected for repeated measures c topographi-
cal map representing the variation explained by the component in the 
original ERP in all electrodes. (Color figure online)
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compared to the reactive condition. In contrast, N1 and N2 
were larger in the reactive condition. Altogether, this pat-
tern suggests a preferential association of the N1 and N2 
with the reactive, and the P3 with the proactive mode of 
cognitive control.

Latency of Successful Stopping

The stop signal task has enjoyed an abiding popularity for 
the study of motor inhibition, mainly due to the possibil-
ity of calculating the SSRT that gives an estimate of indi-
vidual stopping capabilities, shown to differ between vari-
ous disease states as well as motivational contexts (Locke 
and Braver 2008; Leotti and Wager 2010; Lipszyc and 
Schachar 2010; Greenhouse and Wessel 2013; Smittenaar 
et al. 2013). Given the limitations of the horse race model 
in complex settings, we exploited the EMG measurements 
to derive a complementary measure of inhibition latency. 
Subthreshold EMG activity was detected in 47% of the 
stop trials without overt response, and this activity was 
interrupted at around 150 ms after the top signal. Our find-
ings are fully in line with previous TMS studies that have 
estimated the onset of cortical inhibition to fall between 
130 and 175 ms (Coxon et  al. 2006; van den Wildenberg 
et  al. 2010; Macdonald et  al. 2014). At the same time, a 
near-perfect match was observed between overt behav-
ioral responses as measured by the reaction times and the 
EMG measures following a temporal smoothing procedure 
(Fig. 2b), adding confidence to the parametrization of the 
subthreshold EMG activity.

Together, these findings suggest that inhibition occurs 
considerably earlier than estimated by the SSRT. Recent 
experimental and computational advances have highlighted 
the importance of perceptual processes for successful stop-
ping, and further that the SSRT itself may mostly reflect 
sensory stimulus processing (Salinas and Stanford 2013; 
Verbruggen et  al. 2014b; Logan et  al. 2015). In contrast, 
assuming that response inhibition is a multistage process 
including both sensory and motor counterparts, some vari-
ability in the EMG latency is necessarily due to the motor 
processes. The early suppression of the motor activity 
is thus particularly noteworthy, as it appears to coincide 
with early action selection processes: alternative accounts 
of motor control have suggested that instead of active 
response inhibition, motor cancellation is achieved either 
by interrupting the maintenance of the current motor plan, 
or by asymmetric mutual inhibition of competing response 
tendencies (Band and van Boxtel 1999; Munakata et  al. 
2011; Verbruggen et al. 2014a). As such, the investigation 
of the neural underpinnings of inhibition must necessarily 
be shifted to earlier time points, focusing on how the sen-
sory information is translated into motor plans, and thus 

also into the modulation, override, or cancellation of a pre-
pared plan.

Selective Stopping in the Reactive and Proactive 
Control Modes

Contrary to our expectations, the SSRTs and EMG laten-
cies were similar across both control modes, challenging 
the hypothetical dichotomy between the fast global and 
slow selective inhibitory system operating within the reac-
tive and proactive control mode, respectively. At the same 
time, we did replicate the rather robust results of smaller 
response costs in the proactive condition as indicated by a 
decrease in the SI effect (Aron and Verbruggen 2008; Ko 
and Miller 2011, 2013; Smittenaar et  al. 2013; Lavallee 
et al. 2014); a result that has been previously interpreted as 
an evidence for the recruitment of the slow selective inhibi-
tory system by proactive control. Complementary evidence 
from EMG enables an elaboration of this interpretation. 
Macdonald et al. (2012, 2014) have demonstrated patterns 
of EMG as well as TMS that correspond to the so-called 
restart model of selective stopping, where the activation of 
the unstopped hand was suppressed shortly after the stop 
stimulus, followed by a new rise in the activation corre-
sponding to the given response. We observed exactly the 
same pattern of the unstopped hand’s EMG in the reactive 
condition, implying global stopping of all ongoing motor 
actions and the re-initiation of a new response. In the pro-
active condition though, there was less interference on the 
unstopped hand EMG activity, as well as reduced ampli-
tudes of the unstopped hand EMG response as compared 
to the reactive condition (Fig.  2c). The amplitude differ-
ences between the reactive and proactive condition per-
sisted when the EMG activity was time-locked to go trials, 
whereas unstopped hand EMG responses had still larger 
amplitudes than normal go responses, potentially reflecting 
a linear superposition of the cancelled and a newly gener-
ated response (Fig.  2c). Thus, our data fully support the 
restart model of selective stopping in the reactive condi-
tion. In the proactive condition, ongoing motor activity also 
seems to be susceptible to inhibitory interference, but to a 
lesser degree, putatively causing a temporal halt as opposed 
to a full suppression of the prepared response.

Modulations of Event‑Related Potentials

The ERPs revealed the N2/P3 complex typically seen 
in response inhibition tasks (Fig.  3). No clear N1 was 
observed in the original ERPs—a pattern not uncommon in 
visual stop signal tasks (Kenemans 2015). The topographi-
cal maps at around 200 ms, however, showed a distributed 
negativity across central and posterior scalp areas, sug-
gesting a contribution from several simultaneously active 
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neural generators. Indeed, group-SOBI could efficiently 
isolate temporally overlapping neural events, resulting in a 
distinction between a bilateral occipital and a fronto-cen-
tral component in the time-frame at around 150–250  ms, 
which we identified as N1 and N2, respectively (Figs.  4, 
5). Similarly, the decomposition via SOBI resulted in four 
distinct components that, due to their fronto-central and/or 
centro-parietal topography and marked positivity at around 
300  ms, were considered as potential contributors to the 
stop-related P3 (Fig. 6).

N1

A stronger N1 was observed in the reactive as opposed to 
the proactive condition, although the opposite was excepted 
due to strategic orientation of attention to stimulus-related 
features in the proactive condition (Greenhouse and Wes-
sel 2013; Schevernels et al. 2015; Langford et al. 2016a, b). 
However, given that the N1 also tends to be larger in case 
of visual discrimination, as compared to detection (Vogel 
and Luck 2000), our results are not completely at odds. In 
the current task, the preparatory cues were spatially spe-
cific, thus the decision which hand may need to be stopped 
was shifted to the cue onset in the proactive condition, but 
to stop stimulus onset in the reactive condition, introduc-
ing an additional target discrimination stage in the reactive 
condition. On the other hand, we also observed a stronger 
N1 in the reactive condition in go trials where the response 
was always bimanual, suggesting a more complex relation-
ship between the N1 and the control modes which may be 
dependent on the specific task context.

N2

Agreeing with our hypothesis, the N2 was stronger in the 
reactive than in the proactive condition. The N2 is thought 
to reflect conflict detection between multiple competing 
response representations, i.e. between go and stop pro-
cesses in the stop trials (Folstein and Van Petten 2008; 

Ullsperger et al. 2014). The reduced N2 amplitudes in the 
proactive condition thus likely reflect smaller conflict due 
to preparative cues.

P3

Four components showed P3-like activity which is in 
agreement with the notion that the P3 is generated by mul-
tiple neuronal sources (Johnson 1993; Nieuwenhuis et  al. 
2005; Polich 2007). Much of the original P3 ERP was 
explained by components 11 and 12, likely corresponding 
to the already established distinction of the early P3a and 
late P3b, respectively (Polich 2007). The other two P3-like 
components, 8 and 10, explained smaller portions of the 
original ERP variance and may thus not be identifiable in 
the standard ERP analyses.

Three out of four P3-like components, component 11, 12 
and 8, showed augmented activity in the proactive condi-
tion, whereas it was specific to stop trials only in compo-
nent 12. Of these three, the amplitudes of components 12 
and 8, but not their onsets, correlated with the SSRT (and 
with proactive EMG in the case of component 8), relat-
ing stronger amplitude to faster inhibition. Given that both 
of the components’ onsets were identified well before the 
SSRT (151 and 184 ms for components 8 and 12, respec-
tively) as well as the recent reports of strong correlations 
between the P3 onsets and the SSRT (Wessel and Aron 
2014; Wessel et  al. 2016), the lack of the association 
between the component onsets and SSRT in the present 
study may seem disconcerting at first. Yet, this discrep-
ancy may be driven by several methodological differences 
between the studies. Firstly, we defined the component 
onsets as the latency of 10% of the area under the curve, 
thus being independent of go trial activity, whereas Wessel 
and Aron defined the onset as the first significant time-point 
between go and stop ERPs. Secondly, we applied group-
SOBI for data decomposition, as opposed to single-subject 
ICA solutions with subsequent matching of the components 
between participants. Group-level BSS techniques have 
the advantage of an inherent component matching across 
subjects such that each participant has an individual time-
course across all the derived components, thereby reducing 
mere subjective decisions in component matching if some 
subjects should show several (or none) P3-like components. 
Thirdly, it may well be that the mechanisms driving the 
P3 behave differently in a selective stop signal task. Most 
importantly, though, our EMG results imply that inhibition 
occurs well before the SSRT, casting doubt on the postula-
tion of the P3 as an online index of response inhibition.

Yet, the P3 does evidently co-vary with inhibition pro-
cesses as shown by the correlations of P3 amplitudes 
with the SSRT and EMG, delayed P3 latency in unsuc-
cessful stopping (Dimoska et  al. 2006), and decreased P3 

Fig. 6  P3-like components; the upper left panels in each compo-
nent depict the component topographies and the lower (components 
11 and 10) or middle (components 12 and 8) left panels depict the 
component time-courses, with negativity plotted up; the shaded 
areas mark the time-windows of statistical testing and the vertical 
lines mark the onsets of the components; upper right panels depict 
the mean amplitudes extracted from the component time-courses; 
the error bars mark 95% confidence intervals, corrected for repeated 
measures; the lower (components 11 and 10) or middle (components 
12 and 8) right panels depict the topographical maps representing 
the variation explained by the component in the original ERP in all 
electrodes; the lower panels by component 12 and 8 show the Pearson 
correlations and regression lines of the component activities with the 
SSRTs and subthreshold EMG interruption latencies (N = 30). (Color 
figure online)
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amplitudes accompanied by prolonged SSRTs in patients 
with ADHD (Bekker et al. 2005b). The partitioning of the 
P3 as shown here suggests that only a fraction of the neural 
processes that contribute to the P3 may be associated with 
response inhibition. Alternatively, there is also the possibil-
ity of mutual dependencies between the processes driving 
the P3 and earlier inhibitory activity. Compelling evidence 
comes from a recent effective connectivity study where 
an independent component capturing much of the later-
occurring P3 variance exerted early causal influence on the 
desynchronization of occipital alpha (Huster et  al. 2014). 
Together with the augmented activity in the proactive con-
dition, it implies that the mechanisms driving the P3 rather 
reflect fluctuations in attentional and feedback-related net-
works, which nevertheless interact with earlier inhibitory 
processes that are sensitive to top-down attentional modu-
lation and/or may influence the (inhibitory) processing of 
stimuli in the following trials.

Conclusions

Our results suggest that the suppression of selective 
responses can be fast, occurring as early as 150  ms. The 
inhibition latency was similar in the reactive and proactive 
control mode, challenging the temporal argument for the 
mapping of selective and global inhibition to the reactive 
and proactive control modes, respectively. The behavio-
ral and EMG results both agree with the restart model of 
selective stopping in the reactive condition, stating that all 
responses are suppressed globally and the correct response 

is newly generated thereafter. In contrast, proactive control 
seemed to result in the halt and continuation of the ongo-
ing actions, rather than total suppression and generation 
of a new response. These observations were paralleled by 
amplitude modulations of ERP components where the reac-
tive mode was associated with augmented N1 and N2, and 
the proactive mode with stronger P3 activity. Whereas two 
out of four neural generators driving the P3 did correlate 
with inhibition latency, their late appearance relative to the 
subthreshold EMG and SSRT suggest that they are rather 
indicative of post-inhibition attention-modulated processes. 
Thus, to fully characterize the cascade of events resulting 
in response inhibition, a shift towards investigating the neu-
ral activity at the earlier time-frames seems essential.
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