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Summary 
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Abstract: The ability to cancel an already initiated response is essential for adaptive 

behavior, and this ability has been found to be impaired in various psychopathologies and 

throughout old age. Previous research has largely interpreted performance measures of 

response inhibition as reflecting a single process, but recent evidence indicates that successful 

inhibition could rely on a range of neural systems and mechanisms. The present study sought 

to investigate the role of inhibitory, sensory and attentional systems in stop-signal task (SST) 

performance by combining transcranial direct current stimulation (tDCS) and 

electroencephalography (EEG) recordings using a single-blind within-subject design (N = 18). 

Active and sham transcranial direct current stimulation (tDCS) was applied over the inferior 

frontal gyri (IFG) and visual cortices (VC), combined with both online and offline 

electroencephalography (EEG) recordings. Behavioral results indicated decreased task 

performance during stimulation for both the IFG- and sham-condition, evidenced by lower 

stop accuracies, shorter reaction times and shorter stop-signal delays (SSDs). However, tDCS 

over the VC was associated with higher stop accuracies, longer SSDs and longer reaction 

times compared to IFG- and sham-measures. Furthermore, stop-P3 amplitudes were higher 

during VC-stimulation compared to IFG-stimulation, but decreased after VC-stimulation. V 

The results suggest that stimulating visual areas can affect task performance, which points to 

interactions between sensory and attentional mechanisms influencing both SST performance 

and electrophysiological markers associated with response inhibition. 
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1 Introduction 

Response inhibition has been defined as “the ability to suppress responses that are no longer 

required or inappropriate”  (Verbruggen & Logan, 2009). For instance, when attempting to 

cross the road, we can stop walking if we suddenly notice a car approaching quickly. Thus, 

response inhibition is related to the ability to change, both in response to internally generated 

goals as well as to sudden changes in the external environment. As such, response inhibition 

has been considered a core facet of flexible behavior (e.g. Aron, Robbins, & Poldrack, 2014). 

In addition to being central to everyday life, deficits in inhibitory performance are 

associated with disorders like attention deficit hyperactivity disorder (ADHD; Dimoska, 

Johnstone, Barry, & Clarke, 2003; Liotti et al., 2007), obsessive-compulsive disorder (OCD; 

Lei et al., 2015; Menzies et al., 2007), schizophrenia (Enticott, Ogloff, & Bradshaw, 2008; 

Hughes, Fulham, Johnston, & Michie, 2012) and substance abuse disorders (Fillmore & Rush, 

2002; Goudriaan, Oosterlaan, De Beurs, & Van Den Brink, 2006). As such, impulsiveness 

and dysfunctional inhibition have been considered a core feature across psychopathologies 

(Friedman & Miyake, 2004; Lipszyc & Schachar, 2010), pointing to the importance of 

developing treatment options directly aimed at improving inhibitory performance. 

Despite its importance, there is still a lack of knowledge of the actual processes 

leading up to successfully inhibiting a response. For instance, to refrain from crossing the 

street straight in front of the speeding car, you need to notice its presence, thus relying on 

both basic sensory as well as higher-order attentional process. You might make some 

judgements on the speed of the car and how quickly you could cross the street, further relying 

on perceptual decisions, memory processes and previous monitoring of your own behavior. 

Additionally, these processes could all be influenced by factors like how important it is to 

reach the other side of the road quickly. This shows how a multitude of mechanisms might be 

involved in successful inhibition, all in a split second. In fact, recent studies indicate that 

attentional and sensory impairments might be related to the response inhibition deficits found 

in several clinical groups (e.g. Hoptman et al., 2018; Janssen et al., 2015; Matzke, Hughes, 

Badcock, Michie, & Heathcote, 2017). As such, differences in the interpretation of inhibitory 

performance measures could have important implications for developing treatment options. 

Should inhibitory impairments found across psychopathologies be understood as a general 

inhibition problem common to several disorders, or does it rather reflect more differentiated 

processing impairments that current measures have not been able to capture?  
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Furthermore, research investigating response inhibition in healthy populations suggest 

that sensory, perceptual, decision-making and motivational processes could all affect 

inhibitory performance (e.g. Jahfari, Ridderinkhof, & Scholte, 2013; Langford, Schevernels, 

& Boehler, 2016; Morein-Zamir & Kingstone, 2006). Together, this suggests that response 

inhibition is a multifaceted concept, relying on the interplay of a range of cognitive processes 

and neural mechanisms. However, the relative importance of different neural systems is not 

well understood, and thus warrants further inquiries.  

1.1 Measuring response inhibition 

Response inhibition is most commonly studied using paradigms like the go/no-go (GNG) or 

the stop-signal task (SST). In standard versions of the SST, participants are presented with a 

stimulus indicating the need for a rapid response, commonly termed a go-signal. On a subset 

of the trials, the go-signal is followed by a stop-signal, prompting the participant to cancel the 

already initiated response. The delay between go- and stop-signal presentation (stop-signal 

delay; SSD), influences the ease with which a response can be cancelled. Logan and Cowan 

(1984) showed that SST performance can be modelled as a race between two independent 

processes; a slower go-process, triggered by the go-signal, and a faster stop-process, triggered 

by the stop-signal. The onset of the stop-process relative to the go-process, given by the SSD, 

determines which process wins the race, and thus whether inhibition is ultimately successful 

or not. If go- and stop-processes are independent, then failed inhibitions are instances where 

the go-process was too quick to be overtaken by the stop-process. The computational 

foundation of the so-called horse-race model allows for estimating the stop-signal reaction 

time (SSRT), understood as a measure of the latency of the stop process (Logan & Cowan, 

1984). Estimations of the SSRT are based on knowledge of the probability of successful 

stopping, which is influenced by the length of the SSD. Following this, the SSRT can be 

estimated from the point on the go reaction time (go-RT) distribution that corresponds to the 

probability of falsely responding to a particular SSD (Band, van der Molen, & Logan, 2003; 

Logan & Cowan, 1984). In special cases where false alarms constitute 50 % of the stop trials 

and the go-RT distribution is fairly symmetric, this is equivalent to subtracting the mean SSD 

from the mean go-RT.  

 The SSRT has been used to investigate inhibition across both stimulus and response 

modalities (Boucher, Stuphorn, Logan, Schall, & Palmeri, 2007; Mirabella, Pani, Paré, & 

Ferraina, 2006; Van Der Schoot, Licht, Horsley, & Sergeant, 2005). Furthermore, it has been 



3 

 

used to investigate developmental and life-span changes of response inhibition, with results 

generally indicating that SSRTs are increased throughout old age (Anguera & Gazzaley, 

2012; Kramer, Humphrey, Larish, Logan, & Strayer, 1994; Williams, Ponesse, Schachar, 

Logan, & Tannock, 1999). This suggests that the neural mechanisms underlying response 

inhibition could be involved in cognitive aging. Furthermore, the SSRT has been suggested as 

a neurocognitive endophenotype that differentiates between diagnoses (Robbins, Gillan, 

Smith, de Wit, & Ersche, 2012). In fact, prolonged SSRTs are found in several 

psychopathologies (reviewed in Lipszyc and Schachar (2010)), perhaps indicating shared 

deficits in a neural system underlying successful stopping. As such, a large amount of focus 

has been on identifying the neural substrates of response inhibition. 

 

1.1.1 Inhibitory control through a fronto-basal-ganglia network. Response inhibition is 

associated with the integrity of, and the activity in, a range of regions, like the inferior frontal 

gyri (IFG; e.g. W. Cai, Cannistraci, Gore, & Leung, 2014; Chikazoe, Konishi, Asari, Jimura, 

& Miyashita, 2007; Rubia, Smith, Brammer, & Taylor, 2003), the pre-supplementary motor 

area (pre-SMA; Chao, Luo, Chang, & Li, 2009; Floden & Stuss, 2006; Picton et al., 2007; 

Rae, Hughes, Anderson, & Rowe, 2015; Swann et al., 2012), the anterior insula (Swick, 

Ashley, & Turken, 2011), the subthalamic nucleus (STN; Aron & Poldrack, 2006) and other 

regions of the basal ganglia (Ray Li, Yan, Sinha, & Lee, 2008). While this suggests that 

successful inhibition involves a range of areas, a prominent view ties the actual 

implementation of inhibitory control specifically to the right IFG (Aron, Robbins, & 

Poldrack, 2004; Aron et al., 2014). 

A large amount of literature now supports the role of the right IFG (rIFG) as a central 

node for successful inhibition. Converging evidence comes from lesion studies (Aron, 

Fletcher, Bullmore, Sahakian, & Robbins, 2003), virtual lesions by the use of transcranial 

magnetic stimulation (Chambers et al., 2006; Verbruggen, Aron, Stevens, & Chambers, 

2010), modelling studies (Wiecki & Frank, 2013), as well as studies utilizing 

electrocorticography (Swann et al., 2009) and transcranial direct current stimulation (tDCS; 

e.g. Cunillera, Fuentemilla, Brignani, Cucurell, & Miniussi, 2014; L.; Jacobson, Javitt, & 

Lavidor, 2011). Within this framework, successful motor inhibition is thought to be 

implemented by a fronto-basal-ganglia-network (Aron & Poldrack, 2006; Aron et al., 2014; 

Wiecki & Frank, 2013), where the IFG and pre-SMA are proposed to implement inhibition 

via the STN. The STN is then thought to modulate the activity of the substantia nigra, 
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whereas the final targets in the inhibitory network are the motor cortices involved in 

generating movements.  

Importantly, activity in the stopping network has been found to correlate with the 

SSRT, with higher activations in the IFG and STN related to faster SSRTs (Aron, Behrens, 

Smith, Frank, & Poldrack, 2007; Aron & Poldrack, 2006). When considering the inhibitory 

impairments found across patient groups, the reviewed literature suggests that treatments 

targeting this network could be an important avenue for future research. 

1.2 Electrophysiological markers associated with response inhibition 

Electrophysiological investigations of response inhibition have largely been focused on event-

related potentials (ERPs), where the most consistent finding in both GNG and SST paradigms 

are the components referred to as the N2 and P3, or the N2/P3 complex.  

1.2.1 N2. The N2 evoked in inhibition tasks is characterized by a frontocentral negativity, 

usually occurring between 200-300 ms post-stimulus (e.g. Johnstone et al., 2007; Rangel-

Gomez, Knight, & Kramer, 2015).  

The N2 has been investigated as a potential electrophysiological index of response 

inhibition both in the SST paradigm (Dimoska et al., 2003) as well as the GNG paradigm 

(Falkenstein, Hoormann, & Hohnsbein, 1999). However, findings seem to indicate that the 

N2 evoked in response inhibition tasks could reflect processes other than directly cancelling a 

response. For instance, N2 amplitude has been found to increase when go- and no-go-stimuli 

increase in similarity (Smith & Douglas, 2011), similar to modulations of conflict-induced 

N2s evoked by similar targets and non-targets in other paradigms (e.g. Azizian, Freitas, 

Parvaz, & Squires, 2006). Additionally, the N2 amplitude appears to be sensitive to stimulus 

presentation frequencies, with higher amplitudes for the less frequent stimulus regardless of 

inhibitory requirements (Enriquez-Geppert, Konrad, Pantev, & Huster, 2010; Nieuwenhuis, 

Yeung, van den Wildenberg, & Ridderinkhof, 2003). It has been suggested that a source in 

the anterior midcingulate cortex is the main contributor to scalp-measured amplitude 

differences (Huster, Westerhausen, Pantev, & Konrad, 2010), consistent with the central role 

of the anterior cingulate cortex within conflict-monitoring frameworks (Botvinick, Braver, 

Barch, Carter, & Cohen, 2001). As such, the N2-component evoked in the SST and similar 

paradigms appears to primarily reflect conflict- and control-processes, rather than actual 

motor inhibition.  
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1.2.2 P3. The P3 evoked in the SST is characterized by a positive deflection that usually 

peaks between 300-450 ms after stimulus presentation. The component is associated with a 

frontocentral and/or centroparietal topography (Polich, 2007). 

The P3 was early on suggested as a neural marker of the inhibition process. For 

instance, de Jong, Coles, Logan, and Gratton (1990) found increased P3 amplitudes in 

successful relative to unsuccessful stops, suggesting that the component is indeed related to 

the implementation of inhibition. In fact, increased amplitudes following successful inhibition 

compared to failed inhibition, or no inhibition needed, is well-documented (e.g. Bekker, 

Kenemans, Hoeksma, Talsma, & Verbaten, 2005; Dimoska et al., 2003; Greenhouse & 

Wessel, 2013; Lansbergen, Bocker, Bekker, & Kenemans, 2007; Schevernels et al., 2015; 

Senderecka, Grabowska, Szewczyk, Gerc, & Chmylak, 2012). Furthermore, this relationship 

is found to be independent of stop-signal modality (Ramautar, Kok, & Ridderinkhof, 2006), 

thus linking the component to supramodal processes, consistent with a general stopping 

system.  

However, like the N2, the P3 amplitude appears to be sensitive to the frequency of 

stop-signal presentation (Dimoska & Johnstone, 2008; Ramautar, Kok, & Ridderinkhof, 

2004). This raises the possibility of the component reflecting processes other than inhibition, 

like conflict- or attention-related mechanisms, or general novelty effects. Using a combined 

stop-signal and go/no-go task, Enriquez-Geppert et al. (2010) did indeed find that a higher 

probability of needing to stop was associated with decreased P3 amplitudes. However, the 

authors also found that P3 amplitude was related to the different inhibitory requirements of 

go-, no-go- and stop-trials regardless of stop frequency. While this does not rule out that 

processes other than inhibition could be contributing to the scalp-measured P3, it does suggest 

a relationship between the component and inhibition. For instance, the results could suggest 

that low-frequency stop trials increase inhibitory load by strengthening the stimulus-response 

mappings associated with the go-signals. If so, amplitude differences could be related to the 

effort needed to stop, rather than reflect the rareness or novelty of the stop-stimulus. Such a 

link between P3 amplitude and inhibitory effort is consistent with findings showing that the 

component is sensitive to situations where the incentives for successful stopping is higher 

(Greenhouse & Wessel, 2013). As such, P3 amplitudes could reflect a higher amount of 

neural resources assigned to an inhibition process, in line with findings linking impaired 
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stopping performance to decreased P3 amplitudes (Hoptman et al., 2018; Hughes et al., 2012; 

Liotti et al., 2007; Senderecka et al., 2012).  

Variations in P3 amplitude have been used to interpret inhibitory control in the 

absence of behavioral indicators (e.g. Lansbergen et al., 2007; Palmwood, Krompinger, & 

Simons, 2017; Shen, Lee, & Chen, 2014; Wessel, 2018). However, if both the P3 amplitude 

and the SSRT really are indexing the same process, then it follows that these two measures 

should be associated as well. While some studies have found a negative correlation between 

P3 amplitudes and SSRTs, thus suggesting that longer SSRTs are associated with attenuated 

amplitudes (Hoptman et al., 2018; Senderecka et al., 2012), other studies have failed to find 

any correlations (Johnstone et al., 2007; Logemann, Bocker, Deschamps, Kemner, & 

Kenemans, 2014). While seemingly inconsistent, the voltage deflections constituting ERP 

components represent the summed activity of large neural populations, and as such are unable 

to separate different processes occurring close in time. Studies utilizing methods aiming to 

disentangle scalp-measured EEG signals into underlying functional components have found 

that different sub-components thought to contribute to the scalp-measured P3 can differ in 

their associations with the SSRT (Camfield, Burton, De Blasio, Barry, & Croft, 2018; Huster, 

Plis, Lavallee, Calhoun, & Herrmann, 2014; Raud & Huster, 2017), which could suggest that 

the component might be sensitive to several processes.  

However, temporal aspects of the P3 have evoked some debate about which processes 

the component is indexing. While some studies have found associations between SSRTs and 

P3 latency (e.g. Anguera & Gazzaley, 2012; Senderecka, 2016), it has been argued that the P3 

peaks later than the inhibition latency estimated by the SSRT, and as such is too late to 

represent the actual inhibition of a motor response (Huster, Enriquez-Geppert, Lavallee, 

Falkenstein, & Herrmann, 2013). While this could indicate that the P3 reflects other 

mechanisms, some have proposed that it rather is the onset of the P3 that serves as a marker 

of the inhibition process (Wessel & Aron, 2015). In fact, a series of studies indicate a positive 

relationship between P3 onset and SSRT (Wessel, 2018; Wessel & Aron, 2015; Wessel et al., 

2016), with P3 onset generally estimated to fall within the time range set by the SSRT, thus 

suggesting that this could indeed be a marker of motor inhibition. 
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1.3 Attention to stopping 

As the reviewed literature suggests, a general tendency within inhibition research 

appears to be to ascribe variations in the SSRT and its proposed electrophysiological index, 

the P3, exclusively to variations in a single inhibition process. However, the literature also 

indicates that the relationship between the two measures is not perfect, thus suggesting that 

other processes might contribute to the observed variation. 

While the SSRT has been said to index the latency of successful stopping (Logan & 

Cowan, 1984), the independent horse-race model makes no assumptions about the functions 

of the processes leading up to the time estimated by the SSRT. In fact, several studies have 

shown that the duration of the SSRT is modulated by aspects not specific to inhibitory 

control. For instance, while the SSRT has been found to differ depending on the sensory 

modality of the stop-signal (e.g. Van Der Schoot et al., 2005), thus suggesting differences in 

information transmission efficiency within different sensory systems, it also appears to be 

sensitive to within-modality stimulus manipulations. Studies have shown that the SSRT is 

affected by the salience of the stop signal in both the auditory and visual domain (Blizzard, 

Fierro-Rojas, & Fallah, 2017; Montanari, Giamundo, Brunamonti, Ferraina, & Pani, 2017; 

Morein-Zamir & Kingstone, 2006), as well as with the difficulty of perceptual categorizations 

(Jahfari et al., 2013). As such, both more stimulus-driven as well as higher-order attentional 

modulations might also contribute to SSRT variations. This raises the possibility that 

underlying differences in both sensory systems and supramodal attentional processes could 

contribute to observed SSRT differences across groups.  

The importance of sensory processing and attention in inhibition tasks is supported by 

electrophysiological findings. Several studies now support a connection between the sensory-

related N1 component, which is sensitive to attentional modulations (e.g. Vogel & Luck, 

2000), and successful inhibition. For instance, higher amplitudes in successful compared to 

unsuccessful stop trials has been found for both auditory stimuli (Bekker et al., 2005; 

Lansbergen et al., 2007; Senderecka, 2018), the early frontal N1 following visual stimuli 

(Shen et al., 2014), as well as the slightly later parieto-occipital N1 (Schevernels et al., 2015). 

Similar findings have also been found using magnetencephalography (MEG; Boehler et al., 

2009). Furthermore, increased amplitudes are found following task-manipulations that could 

influence the amount of attentional resources employed towards stop-signal detection, like 

increasing the importance of successful stopping (Greenhouse & Wessel, 2013; Schevernels 

et al., 2015) or increasing stop-difficulty by decreasing stop-frequency (Lansbergen et al., 
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2007). N1 amplitudes have also been found to correlate with the SSRT (Hoptman et al., 

2018).  

As such, empirical findings suggest that sensory and attentional processes do play a 

role in successful inhibition, and thus point towards the possibility of the SSRT capturing 

more than what is commonly referred to in the literature. Indeed, recent computational work 

has suggested that most of the time captured by the SSRT could be attributed to sensory and 

perceptual processes (Boucher, Palmeri, Logan, & Schall, 2007; Salinas & Stanford, 2013). 

Others have stressed the importance of a more nuanced view, suggesting that a general 

construct such as inhibition is not enough to explain stopping performance (Logan, Van 

Zandt, Verbruggen, & Wagenmakers, 2014; Verbruggen, McLaren, & Chambers, 2014; 

Verbruggen, Stevens, & Chambers, 2014).  

1.4 Stimulating stopping 

1.4.1 Transcranial Direct Current Stimulation – exciting opportunities. Transcranial 

direct current stimulation (tDCS) entails a low-intensity current being passed between anodal 

and cathodal electrodes placed on the head. The current then passes through the scalp to the 

cortex, and modulates the activity of underlying neural regions.  

Insights into the neural mechanisms by which this modulation occurs has largely come 

from animal studies utilizing cortical direct current techniques. These earlier studies found 

that while the application of weak currents did not induce neuronal firing, it did result in 

polarity-dependent effects on the response thresholds of the stimulated neurons. Specifically, 

while anodal stimulation was related to increased neuronal activity, cathodal stimulation was 

associated with an activity decrease (Bindman, Lippold, & Redfearn, 1964; Purpura & 

McMurtry, 1965). These changes were found to be related to subtle alterations in membrane 

polarity, with depolarizing and hyperpolarizing of cell membranes being related to anodal and 

cathodal stimulation, respectively (Purpura & McMurtry, 1965). Later evidence from human 

studies has shown that alterations in cortical excitability could also be achieved through 

transcranial direct current stimulation (Nitsche & Paulus, 2000), where anodal stimulation 

was associated with excitation and cathodal stimulation was associated with inhibition of the 

motor cortex. Further studies showed that these induced changes can outlast the actual 

stimulation period (Batsikadze, Moliadze, Paulus, Kuo, & Nitsche, 2013; Nitsche & Paulus, 

2001), that the effects are related to the placement of the electrodes (e.g. Bikson, Rahman, & 
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Datta, 2012), and the state of the neural systems being targeted (Bortoletto, Pellicciari, 

Rodella, & Miniussi, 2015).  

While many of the earlier tDCS studies focused on modulating activity in motor 

cortices (e.g. Nitsche & Paulus, 2000, 2001; Nitsche et al., 2003), later studies suggest that 

tDCS can be effective in modulating activity in other regions as well. For instance, 

stimulating visual areas has been found to induce transient alterations in visual task 

performance (reviewed in Antal & Paulus, 2008), prefrontal stimulation has been found to 

enhance working memory (Fregni et al., 2005) and parietal stimulation has been found to 

modulate the functional connectivity within resting state networks (Hunter et al., 2015).  

Together, this points to tDCS as a potentially powerful tool within both cognitive and 

clinical neuroscience. While the functional role of different regions is often studied by 

modifying the experimental paradigm and thus changing task demands, such studies also 

entail introducing subtle changes in the concepts being studied. However, applying tDCS to 

these regions and thus modulating neural activity could serve as an alternative for delineating 

the role of the regions in question. Furthermore, when considering the potential for network 

alterations and the possibility of effects outlasting the actual stimulation period, tDCS could 

potentially be an interesting avenue for new therapeutic alternatives.  

 

1.4.2 Boosting response inhibition. TDCS has also been used to study both the regions and 

mechanisms involved in response inhibition. While the involvement of several regions has 

been investigated (e.g. Kwon & Kwon, 2013; Ouellet et al., 2015), research seems to be 

focused on improving inhibitory performance by boosting activity levels in the right IFG.  

So far, there is promising evidence suggesting that anodal IFG stimulation can 

improve inhibitory performance. For instance, anodal IFG stimulation has been found to 

reduce SSRTs across both visual (Y. Cai et al., 2015; Cunillera et al., 2014) and auditory 

(Hogeveen et al., 2016; L.; Jacobson et al., 2011; Stramaccia et al., 2015) stimulus modalities, 

as well as for both vocal and manual responses (Castro-Meneses, Johnson, & Sowman, 2016).  

This suggests that the effects could be tied to the modulation of higher-order mechanisms, 

like a general inhibitory system. Furthermore, anodal IFG stimulation has been found to 

modulate both reactive and proactive inhibition (Y. Cai et al., 2015; Cunillera et al., 2014), 

thus supporting the proposed role of the IFG both when the need to inhibit is unexpected as 

well as anticipated (Aron, 2011). Studies also indicate that SSRT effects are specific to anodal 

relative to cathodal stimulation (L.; Jacobson et al., 2011; Stramaccia et al., 2015). 
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Furthermore, the effects have been found to be beyond those of mere training effects (Ditye, 

Jacobson, Walsh, & Lavidor, 2012). In addition, they have been found to be specific to IFG 

stimulation relative to stimulation of other regions proposed to be involved in stopping, like 

the pre-SMA and primary motor cortex (Hsu et al., 2011). Together, this suggests that anodal 

tDCS over the IFG is indeed able to stimulate stopping. 

Interestingly, these stimulation protocols appear to have little effect on GNG 

performance (Campanella et al., 2017; Cunillera, Brignani, Cucurell, Fuentemilla, & 

Miniussi, 2016; Cunillera et al., 2014; Dambacher et al., 2015; Sallard, Mouthon, De Pretto, 

& Spierer, 2018). While this could indicate that the effects of stimulation are related to 

differing inhibitory demands in the two tasks, it also raises the possibility of the observed 

SSRT effects being related to processes other than inhibition. For instance, some studies 

report concurrent alterations in go-RTs, which could indicate a strategy change rather than a 

modulation of an inhibitory process per se. As the probability of unsuccessful inhibition is 

thought to increase with increasing SSDs (Logan & Cowan, 1984), an independent 

modulation of inhibition could be evidenced by increased SSDs with little to no changes in 

other behavioral measures, indicating a quicker stop-process. However, only two of the 

reviewed studies reported that increased SSDs seems to drive the SSRT decrease (Castro-

Meneses et al., 2016; Cunillera et al., 2014), thus leaving unanswered questions about which 

processes are being altered.  

Furthermore, as the reviewed research suggests, behavioral measures like the SSRT 

might not be fine-grained enough to delineate the mechanisms involved in inhibitory 

performance. So far, few studies have combined the investigation of tDCS on response 

inhibition with EEG recordings, thus leaving modulations of electrophysiological measures 

largely unexplored. While reduced P3 amplitudes have been found for both no-go- and stop-

trial-ERPs (Cunillera et al., 2016), as well as go/no-go difference waves (Campanella et al., 

2017) following anodal rIFG stimulation, neither study showed any changes in behavioral 

measures associated with inhibitory performance, leaving their findings difficult to interpret.  

1.5 The present study 

1.5.1 Research aim. The aim of the present study was to investigate how tDCS over both the 

IFG as well as sensory areas affects the cancellation of an already initiated motor response, as 

well as to explore potential effects on electrophysiological measures associated with response 

inhibition. Previous literature has largely focused on inhibition measures as reflecting a 
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unitary process. However, a recent shift in theoretical focus suggests a need for a more 

nuanced approach to action control, stressing the importance of sensory and attentional 

processes for behavioral outcomes (e.g. Boucher, Palmeri, et al., 2007; Salinas & Stanford, 

2013; Verbruggen, Stevens, et al., 2014). Furthermore, while the reviewed literature indicates 

that tDCS over the right IFG could potentially lead to improved inhibitory performance, thus 

being an interesting avenue for therapeutic interventions, few studies indicate which 

mechanisms are actually being modulated. 

The study aimed to test the involvement of inhibitory, sensory and attentional 

processes directly. To achieve this, a within-subject design was used. Participants received 

anodal tDCS of the IFG, the visual cortex (VC) as well as sham tDCS in three different 

sessions, thus controlling for general stimulation effects as well as potential placebo effects. 

In each session, the experimental task was performed three times; prior to, during and after 

stimulation. The task combined a standard SST with a choice reaction time (CRT) task, in a 

blocked design. The CRT was added as a control to see whether the effects would be specific 

to inhibition, as previous studies show that performance in this task is not sensitive to IFG 

stimulation (Hogeveen et al., 2016; Leite et al., 2017). Furthermore, while the tDCS literature 

suggests that anodal rIFG stimulation could affect behavior, the literature in general suggests 

that behavioral measures might not be enough to properly understand the processes 

underlying the observed effects. As such, EEG recordings were conducted both prior to, 

during, and after stimulation to investigate the neural processes related to successful 

inhibition. As studies suggest that inhibition might not be tied exclusively to the rIFG, but 

rather rely on bilateral involvement of the inferior frontal gyri (e.g. Leite et al., 2017; C. S. Li, 

Huang, Constable, & Sinha, 2006; Swick, Ashley, & Turken, 2008), a multifocal tDCS 

electrode set-up was chosen. The electrode set-up consisted of the symmetric placement of 

four electrodes, one anodal and one cathodal electrode on each hemisphere, thus making it 

possible to stimulate both the left and right IFG simultaneously. 

 

1.5.2 Hypotheses. If there are separable effects of sensory and inhibitory processes, different 

behavioral outcomes would be expected following stimulation of different neural systems.  

First, if response inhibition really is implemented by the IFG, then stimulating this area 

would be assumed to primarily affect the stopping system. Importantly, tDCS does not induce 

action potentials, but rather modulates the threshold for neural firing. Thus, the effects are 

expected to interact with ongoing activity, rather than cause outright stopping. As such, task 
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performance should improve in a way indicating a more effective implementation of 

inhibition. Thus, reaction times in go trials should remain largely unaffected by the 

stimulation, but the stop process should speed up, implying an SSRT decrease that is mainly 

driven by an increase in SSD. While a dynamic tracking of SSDs is implemented in the 

experiment to achieve a stop accuracy of 50 %, the duration of the task could be too short for 

the algorithm to properly converge for all participants. As such, higher accuracy rates might 

be observed. Due to the lack of inhibitory demands in the CRT-blocks, no behavioral effects 

of the IFG stimulation are expected for these trials. Thus, 

1. Anodal bilateral IFG stimulation will lead to improved stopping behavior, observable 

by lower SSRTs and higher SSDs, perhaps accompanied by increased stop accuracies. 

Reaction times in go- and CRT-trials will stay stable.  

TDCS over the visual cortex is expected to have a more global impact on task performance, 

rather than showcasing effects tied exclusively to inhibition. Thus, stimulating the VC is 

expected to lead to improved sensory processing and faster stimulus detection, leading to 

overall decreased reaction times in all trials. This would also be expected to affect stopping 

behavior, as shorter time is needed to process the stop-signal before attempting to cancel the 

response. While improved stop accuracy rates could be expected here as well as in the IFG 

condition, the SSRT decrease would be associated with both shortened go-RTs as well as 

increased SSDs. Thus, 

2. Anodal bilateral VC stimulation is expected to lead to faster stimulus detection. This 

would be observable by faster reaction times to go-signals in both the SST- and CRT-

task when compared to pre-stimulation measures, as well as sham- and IFG-measures. 

Decreased SSRTs will be driven by shorter go reaction times and longer SSDs. 

Furthermore, improved stop-signal detection will to lead to higher stop accuracies. 

These behavioral effects are expected to be accompanied by electrophysiological changes 

showing different patterns depending on stimulation condition. As the N2 component is 

assumed to reflect conflict-related processes, and not inhibition, no modulation of this 

component is expected. Furthermore, since concurrent tDCS placed limitations on the scalp-

coverage possible for EEG electrodes, no investigation of sensory-related components was 

possible.  While the reviewed literature point to some uncertainty regarding the underlying 

processes responsible for the stop-evoked P3, research does nonetheless indicate that both its 
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amplitude as well as its onset could index successful inhibition. Therefore, if stopping is 

mainly dependent on an inhibitory process implemented by the IFG, then stimulating this area 

should be associated with P3 changes. So far, the few studies combining EEG and tDCS 

during response inhibition tasks point to decreased P3 amplitudes following anodal IFG 

stimulation (Campanella et al., 2017; Cunillera et al., 2016). However, in these studies no 

behavioral indications of improved stopping was reported. As improved inhibition is most 

often associated with enhanced P3 amplitudes and earlier onsets, IFG-stimulation would be 

expected to lead to increased amplitudes and decreased onset times compared to both VC-

stimulation, as well as pre- and sham-measurements.  

3. Stop-ERPs during IFG-stimulation will be associated with increased P3 amplitudes as 

well as decreased onset latencies compared to pre-, sham- and VC-measures. These 

changes are expected to be tied to an inhibitory process, and as such, no modulation of 

go-trial activity during stimulation is expected.  

The literature currently treats both the SSRT and the P3 as indices of an inhibition process, 

with several studies showing correlations between the two measures (e.g. Senderecka et al., 

2012; Wessel & Aron, 2015). As such, variations in P3 parameters are expected to be 

associated with SSRT variations. Furthermore, if they both capture the same process, then any 

modulations should affect them equally, and the relationship between them would not be 

expected to change across conditions.  

4. SSRTs and P3 parameters are expected to correlate, and this correlation is expected to 

be of similar magnitude and direction across conditions.  

It should be noted that the described view of inhibition does not claim that sensory or 

attentional processes do not play any sort of role, and the stated hypotheses are not necessarily 

mutually exclusive. If both variations in sensory, attentional and inhibitory processes are 

responsible for SST performance, then behavioral changes as well as P3 modulations may 

occur in both stimulation conditions. However, changes in only one condition could suggest a 

higher relative impact of the targeted system. Changes observed outside of the conditions they 

were predicted for could suggest a relationship between inhibitory performance and sensory 

and attentional processes that is less straight forward than what the current model is capturing. 

Furthermore, a relationship between the P3 and SSRT that changes across conditions, could 
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indicate that either one or both might partially reflect processes or mechanisms not well 

captured by the literature.   
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2 Materials and methods 

2.1 Participants 

Participants were recruited through poster advertisements at the Department of 

Psychology at the University of Oslo, as well as advertisements on social media.  

A total of 28 participants were recruited for the study. However, 4 participants failed 

to complete all three measurements. Furthermore, a total of 6 participants were excluded from 

further analyses. Out of these, 2 were excluded for having longer RTs in unsuccessful stop 

trials compared to go trials, thus violating the assumptions of the independent horse race 

model. Furthermore, 3 participants were excluded because their stop accuracy rate was too 

low to ensure an acceptable signal-to-noise ratio in the ERPs. Additionally, one participant 

was excluded because behavioral results indicated that task instructions were not followed 

correctly. This resulted in 18 participants (9 females) for further analysis.  

All participants were between 18-35 years old (M = 24.44, SD = 4.49) and had normal 

or corrected-to-normal vision. Prior to participation, all volunteers were screened for any 

current or previous psychological or neurological disorders, as well as possible 

contraindications for tDCS and previous experience with tDCS. Participants provided written 

consent at the first meeting with the experimenters. Participation in the study was 

compensated in the form of a universal gift card worth 500 NOK.  

The experiment followed the Helsinki declaration. 

2.2 Design 

The experiment used a combined stop-signal- and choice reaction time (CRT)-task, in 

addition to tDCS and both offline and online EEG recordings, utilizing a 3 (time; pre-, peri-, 

post-stimulation) x 3 (conditions; IFG-, VC-, sham-stimulation) two-way repeated measures 

design. Additionally, electromyographic (EMG) data was collected during the experiment, but 

will not be reported here.  

2.3 Materials 

2.3.1 Setup The experiment was conducted using a Dell Precision T5500 computer (Dell, 

Inc., Texas, USA) and the E-Prime 2.0 software (Psychology Software Tools, Inc., 

Pennsylvania, USA). All participants were seated approximately 70 centimeters away from 
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the computer screen. Stimuli were presented using an Eizo FlexScan S2411W monitor (EIZO, 

Inc.) with a refresh rate of 59 Hz. Responses were given via a response pad (The BlackBox 

Toolkit Ltd., UK).  

2.3.2 EEG data acquisition. EEG activity was recorded using the BrainAmp system (Brain 

Products GmbH, Germany) using nine passive electrodes (Ag/AgCl). The recording 

electrodes were positioned at F3, Fz, F4, C3, Cz, C4, P3, Pz and P4 according to the 

international 10-20 system. The online reference and ground electrode were placed at FCz and 

AFz, respectively. Additionally, an electrode was placed on each earlobe as well as the tip of 

the nose for offline re-referencing.  

The recordings were carried out using the BrainVision Recorder (Brain Products 

GmbH, Germany) software with an online high cutoff of 250 Hz, and a resolution of 0.5 µV. 

The data was sampled at a rate of 5000 Hz.  

During recording, all impedances were kept equal to or below 5 kΩ. 

2.3.3 tDCS. The electrical stimulation was conducted using the NeuroConn DC-stimulator 

MC (GmbH, Germany), using two 5x5 cm rubber electrodes on each hemisphere. To 

determine accurate positioning of the electrodes, tDCS field analyses were performed using 

the COMETS2 toolbox for MATLAB (Lee, Jung, Lee, & Im, 2017). The electrodes were then 

placed according to the international 10-20 system, with anodal electrodes centered at FC7 

and FC8 or O1 and O2 for the IFG- and VC-condition, respectively. To control for potential 

effects of cathodal stimulation, the cathodal placement was identical for both conditions; with 

the top of the electrode aligned with CP8 and P8 or CP7 and P7 for the right and left 

hemisphere, respectively (see figure 1). Electrodes were kept in place using conductive Ten20 

paste (Weaver and Company, Colorado, USA).  

To facilitate successful blinding of participants with regards to stimulation conditions, 

electrode positions and all preparations were identical for active and sham stimulation 

sessions. Furthermore, participants were not informed of the differing conditions prior to the 

experiment. In the sham condition, the current was ramped up to 2.0 mA in both stimulation 

channels over a time course of 30 seconds, before being ramped down again. An additional 

ramping was added at the end of the 20-minute period (for a similar sham setup, see e.g. 

Cunillera et al., 2016; Cunillera et al., 2014). In the stimulation conditions, 2.0 mA direct 

current was delivered through both stimulation channels for 20 minutes, with a 30 second  
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ramping period at both the beginning and the end. An additional ramp-up/ramp-down was 

added to the end of the stimulation period to match the sham condition.  

All impedances during stimulation were kept equal to or below 10 kΩ. 

 

2.3.4 Task The experiment involved two tasks conducted block-wise; a visual stop-signal 

task, and a two-choice reaction time task. Each task run consisted of 3 SST blocks and 2 CRT 

blocks, with blocks lasting approximately 5 and 2.5 minutes, respectively, giving a total run 

duration of 20 minutes. In total, each task run consisted of 450 SST trials and 148 CRT trials. 

Of the SST trials, 108 were stop-trials presented in a random order, giving a stop-signal 

probability of 24 %. Block-order was constant across participants, with each participant 

starting with a SST block and continuing in an every-other fashion. 

Both tasks used colored arrows as stimuli, where the direction of the arrow indicated 

which hand should be used for responding. All stimuli were centrally presented against a grey 

background, and stimulus-colors (green, orange and blue) were counterbalanced across 

participants. 

Each trial started with the presentation of a black fixation cross with a duration jittered 

randomly between 500 and 1000 ms. In SST-blocks, a green/blue/orange go-arrow was 

Figure 1. tDCS electrode positions for the IFG-condition (top), and the VC-condition (bottom).  

Red electrodes indicate anodes, blue indicates cathodes.  



18 

 

presented for 100 ms, indicating the need for a response. A subset of these were followed by a 

blue/orange/green stop-arrow, indicating that the response should be cancelled. The delay 

between go- and stop-signal onset (SSD) could vary between 100 ms and 800 ms, depending 

on performance. The initial SSD was set to 250 ms, and an adaptive staircase algorithm was 

used to achieve an accuracy rate of .50. Specifically, depending on whether a response was 

successfully inhibited or not, the SSD for the next trial was increased or decreased by 50 ms, 

respectively. The SSD adjustment was collapsed across left- and right-handed responses. In 

CRT-blocks, an orange/green/blue arrow was presented for 100 ms, indicating the need for a 

response. All trials had a response window of 1000 ms after the appearance of a go stimulus. 

A short feedback-pause was given every 2.5 minutes. In the SST blocks, four different 

feedbacks were possible: ‘Be faster!’ if the mean go-RT for the previous trials was above 600 

milliseconds, ‘Be more accurate!’ if the average stop accuracy for the previous block was 

below 40 %, ‘Be faster and be more accurate!’ if go-RTs were high as well as accuracy low, 

and ‘Well done!’ if their performance was satisfactory. For the CRT blocks, only ‘Be faster!’ 

and ‘Well done!’ were possible. 

2.3.5 tDCS Adverse Effects Questionnaire. To assess potential adverse effects stemming 

from tDCS, a questionnaire probing the presence and potential severity of side effects was 

administered at the end of each session. The questionnaire was based on the guidelines 

proposed by Brunoni et al. (2011).  

2.4  Procedure 

The experiment involved three separate tDCS-EEG sessions for each participant: one 

IFG-, one VC- and one sham-stimulation session. To reduce potential confounding from 

carry-over effects and learning, session order was counterbalanced across participants in a 

pseudorandom matter. Specifically, 12 groups representing all possible session orders were 

defined. The first participant was assigned to the first group, and subsequent participants were 

assigned to groups in a n+1 manner. The final participants were sampled to specific groups to 

ensure balanced conditions. To control for potential expectancy effects caused by electrode 

placement, half the participants were assigned to a VC sham condition, while the other half 

were assigned to an IFG sham condition. The participants were not told about the differing 

conditions prior to the experiment. To ensure similar conditions between participants, all 
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sessions were completed with 6-9 days between, and the time of day for participation was 

kept constant for each participant. 

Prior to participation, all participants were provided with information about the study. 

Before starting the first session, all participants read and signed the informed consent form, 

and completed a safety checklist. After completing preparations for the tDCS and EEG 

recordings, participants were presented with instructions explaining the nature of the task, as 

well as instructions on the importance of both response speed and accuracy. Participants then 

completed a set of training trials to familiarize them with the task. For the second and third 

session, participants were again presented with task instructions and given the option to repeat 

the training. Participants were given information about sources of EEG artifacts and asked to 

reduce movements during the recording.  

The sessions consisted of three runs of the experimental task; prior to, during, and 

after stimulation. Each run lasted approximately 20 minutes and was separated by self-paced 

pauses. Prior to the second run in all three sessions, the experimenter stayed with the 

participants for the first minutes of the electrical stimulation to ensure that it was not 

considered too unpleasant. All participants were asked to confirm whether they wanted to go 

through with the rest of the session. After completing each session, participants filled out a 

tDCS adverse effects questionnaire (Brunoni et al., 2011). Altogether, each session lasted 

between two and three hours. 

2.5 Analyses 

All statistical analyses were performed using IBM SPSS statistics, version 25.0.  

2.5.1 Behavioral data 

To analyze task performance, the following dependent variables were collected: go-RTs, false 

alarm RTs, SSRTs, SSDs, CRT-RTs and go-, CRT- and stop-accuracies. All behavioral 

parameters were calculated separately for each participant, in each condition and for each 

measurement time (pre-, peri- and post-stimulation). Go-RT, false alarm RT and CRT-RT 

were calculated as the average time between go-stimulus onset and response. Only responses 

corresponding to the direction of the arrow were included in the calculations. SSDs were 

calculated as the average SSD across stop trials within each condition. Accuracies were 

calculated as the number of correct responses relative to the total number of each trial. SSRTs 
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were calculated based on the integration method (Verbruggen & Logan, 2009). Specifically, 

go-RTs were ordered, and the mean SSD was subtracted from the nth go-RT, were n is 

determined by multiplying the number of go-RTs with the probability of a false alarm.  

 

Analysis. To assess whether potential condition differences were present pre-

stimulation, paired-samples t-tests were conducted comparing pre-stimulation behavioral 

measures in the different conditions. As none of these were significant (all ps > .13), the 

analyses were performed using raw scores. For stop accuracy data, outliers were defined as 

values falling outside of the range .40 - .60 (e.g. Wessel & Aron, 2015).  Three values 

qualified as outliers, and were substituted with the averaged values for that time point in that 

condition. For the other behavioral variables, outliers were assessed using the full sample (N = 

24). None of the included participants qualified as outliers (defined as values exceeding ± 3.5 

SDs from the mean) on any of the analyzed behavioral measures. 

To investigate the effect of different stimulation conditions on behavioral measures, 

separate 3 (time; pre, peri, post) x 3 (conditions; IFG, VC, sham) repeated measures ANOVAs 

were conducted for go-RTs, SSRTs, SSDs, CRT-RTs as well as CRT-, go- and stop-

accuracies. 

Anodal stimulation of the IFG was hypothesized to lead to improved inhibitory 

performance compared to pre- and sham-measurements, as stated in hypothesis 1. As no 

significant differences were present pre-stimulation, these measures were averaged across all 

three conditions. This was done to reduce the number of statistical tests, thus protecting 

against type 1 error inflation. The following planned comparisons were specified to 

investigate stimulation-effects on stopping performance: Peri-IFG-stimulation SSRTs were 

compared to a) pre-SSRTs, and b) peri-sham-SSRTs. In addition, the same comparisons were 

performed for stop accuracies, SSDs and go-RTs. Furthermore, to assess whether the 

hypothesized improvement would be specific to inhibition, peri-IFG-CRT-RTs were 

compared to a) pre-CRT-RTs, and b) peri-sham-CRT-RTs.  

Anodal stimulation of the VC was assumed to lead to improved sensory processing 

compared to pre-, and sham-measures, as stated in hypothesis 2. Once again, average pre-

stimulation measures were used, and the following planned comparisons were specified based 

on the predictions regarding task performance stated in hypothesis 2: Peri-VC-stimulation go-

RTs were compared to a) pre-go-RTs and b) peri-sham-go-RTs. In addition, the same 
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comparisons were performed for CRT-RTs, SSRTs, SSDs and stop accuracies to investigate 

the hypothesized global effects on sensory processing. 

Furthermore, to assess whether IFG-stimulation led to differential effects on stopping 

compared to VC-stimulation, SSRTs, stop accuracy, SSDs and go-RTs collected peri-

stimulation were compared for the two conditions. 

Additionally, to ensure the validity of the horse-race model, individual paired-samples 

t-tests were run comparing reaction times in false alarm trials to go-RTs. 

Assessment of the normality assumption underlying paired samples t-tests was done 

using visual inspection of Q-Q plots in combination with the Shapiro-Wilk test. As both 

indicated significant deviations from normality for the stop accuracy measures, these 

comparisons were run using Wilcoxon matched-pair signed rank tests. All other a priori 

comparisons were conducted as individual paired-samples t-tests, i.e. with an error term based 

only on the data actually included in the contrast (Howell, 2002).  Furthermore, as both theory 

and previous studies suggest a unidirectional effect, all a priori-defined t-tests contrasting 

stimulation with pre- and sham-measures were conducted with a one-tailed significance level 

of p = .05. Two-tailed tests were chosen for the IFG-VC comparisons.  As studies indicate 

some uncertainty of the duration of after-effects following tDCS over non-motor areas (e.g. 

Antal, Kincses, Nitsche, Bartfai, & Paulus, 2004), no post-stimulations comparisons were 

defined. As such, significant effects in the omnibus ANOVAs were followed up with post 

hoc-tests consisting of Bonferroni-corrected pairwise comparisons on the estimated marginal 

means. 

2.5.2 EEG data 

Preprocessing. Preprocessing was done in MATLAB R2017a (The MathWorks, Inc., 

Massachusetts, USA) using the EEGLAB toolbox (v. 14.0.0b; Delorme & Makeig, 2004) as 

well as in the BrainVision Analyzer (v. 2.1; Brain Products GmbH, Germany).  

First, artifacts from ramping the tDCS were visually identified and deleted from the 

continuous data. Afterwards, event triggers were recoded, the data was re-referenced to an 

average of the earlobes, and the online reference was added back to the data. Following this, 

the continuous data low-pass-filtered at 40 Hz, using a Hamming windowed sinc FIR filter. 

The data was down-sampled to 500 Hz and high-pass-filtered at 0.1 Hz. Then, the continuous 

data was segmented into go-stimulus-locked epochs ranging from 600 ms pre-stimulus to 

1600 ms post-stimulus, baseline corrected using the mean of the pre-stimulus period, and 
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subjected to an independent component analysis (ICA) using the infomax algorithm (Bell & 

Sejnowski, 1995). For data sets containing large tDCS-related artifacts, artifact-contaminated 

epochs were rejected prior to ICA. Independent components stemming from ocular artifacts 

were then visually identified and removed from the data.  

For a subset of the data sets, no pure eye artifact component could be isolated 

following ICA. For these participants (N = 11), data was preprocessed using BrainVision 

Analyzer. The preprocessing pipeline in BrainVision Analyzer prior to ICA was the same as 

in EEGLAB; artifact removal, re-referencing, low-pass-filtering, down-sampling, high-pass-

filtering and segmentation. Then, the ocular ICA implemented in BrainVision Analyzer was 

conducted using a value trigger algorithm. Specifically, for each dataset, blink suggestions 

were made depending on input values specifying amplitude thresholds and degree of 

correlation with a built-in blink-template. Then, an ICA using the infomax algorithm was 

performed based on blink suggestions. Following this, the suggested blinks and resulting 

components were inspected on a case-to-case basis, and thresholds for the value trigger 

algorithm were adjusted until an ocular artifact component could be identified. Due to the 

time-consuming nature of this method, it was only done for participants where the ICA 

conducted in EEGLAB did not produce a clear artifact component. However, to avoid 

condition-specific processing biases, all data sets stemming from the affected participants 

were preprocessed using the same software. 

Following ICA-based correction, the data was re-segmented into epochs ranging from 

200 ms pre-stimulus to 800 ms post-stimulus, with the time-locking event being go- or stop-

stimuli for go- and stop-trials, respectively. CRT-trials were time-locked to stimulus 

presentation. Epochs were again baseline corrected using the mean of the pre-stimulus period. 

Trials contaminated by large artifacts were discarded using an absolute voltage procedure 

with a threshold of 120 µV. 

Single-subject ERPs were averaged separately for each trial type, time (pre, peri, post) 

and stimulation condition, and mean peak amplitudes and onset latencies were extracted. To 

find amplitude values for the P3, the local maxima within a time window of 300-450 ms post-

stop-stimulus was established for the electrode where the component was the most prominent 

(Cz) using an automated approach. This peak latency was then used for all channels. 

Following this, mean peak amplitudes were computed for each channel separately by 

averaging the voltage in an area spanning +/- 20 ms around the peak. 
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P3 onset times were determined at electrode Cz using a fractional peak latency 

approach, where the onset latency is defined as the first time point preceding the peak where 

the voltage was 50 % of the peak amplitude (Luck, 2014).   

Following this, grand averages were computed separately for each trial type, time 

point and tDCS-condition. 

 

Analysis. As the main interest of the study was the potential effects on 

electrophysiological markers of inhibitory processing within the SST, analyses for the SST 

and the CRT were conducted separately.  

For the SST, mean peak P3 amplitudes were analyzed using a 3 x 3 x 2 x 3 x 3 

repeated measures ANOVA, with the factors time (pre, peri, post) x condition (IFG, VC, 

sham) x trial-type (go, stop) x laterality (left, midline, right) x region (frontal, central, 

parietal). The electrode channels going into the levels of the topographical factors laterality 

and region were defined as follows: left; F3, C3, P3, midline; Fz, Cz, Pz, right; F4, C4, P4, 

frontal; F3, Fz, F4, central; C3, Cz, C4, parietal; P3, Pz, P4. In addition to the ANOVA, the 

following planned comparison was performed to see if stop-P3 amplitude during IFG 

stimulation is increased (as stated in hypothesis 3): the peri-IFG stop-P3 amplitude was 

compared to the a) average pre-stimulation stop-P3 amplitude, b) peri-sham stop-P3 

amplitude, and c) peri-VC stop-P3 amplitude. These comparisons were performed for 

amplitudes at Cz. 

Due to the studies suggesting that peak component latencies are too late to represent 

inhibition, latency analyses were confined to onset latencies. As this has been suggested as a 

marker of inhibition specifically, the following ANOVA was conducted on valid stop trials 

only: To see if P3 onset changed as a function of stimulation condition, latency estimates 

from valid stop trials were subjected to a 3 x 3 repeated measures ANOVA, with the factors 

time (pre, peri, post) and condition (IFG, VC, sham). Furthermore, to see if IFG stimulation 

was associated with more rapid P3 onsets (as stated in hypothesis 3), the following planned 

comparison was performed: the peri-IFG stop-P3 onset was compared to the a) average pre-

stimulation stop-P3 onset, b) peri-sham stop-P3 onset, and c) peri-VC stop-P3 onset. 

To see if the different stimulation conditions affected CRT performance, mean peak 

P3 amplitudes and P3 onsets were analyzed using a 3 x 3 x 3 x 3 repeated measures ANOVA, 

with the factors time (pre, peri, post) x condition (IFG, VC, sham) x laterality (left, midline, 

right) x region (frontal, central, parietal).  
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Once again, visual inspection of Q-Q plots in combination with the Shapiro-Wilk test 

was conducted to investigate the normality assumption underlying paired samples t-tests. As 

neither indicated marked deviations from normality, a priori comparisons were conducted as 

individual t-tests with a one-tailed significance level of p = .05, and post hoc-tests following 

significant effects in the omnibus ANOVAs were performed using Bonferroni-corrected 

pairwise comparisons on the estimated marginal means. 

2.5.3 Brain-behavior correlations 

To investigate the proposed relationship between the SSRT and P3, as stated in 

hypothesis 4, two-tailed bivariate correlations were conducted between SSRTs and P3 onsets, 

as well as between SSRTs and P3 amplitudes at Cz. Furthermore, to investigate whether any 

potential relationship changed across stimulation condition, the correlations were performed 

separately for each time point.  

Bivariate outliers were assessed based on visual inspection of scatterplots and 

subsequently checked based on their influence, as indicated by Cook’s d. If a participant had a 

Cook’s d exceeding 1, indicating a large influence (Howell, 2013), the participant was 

excluded from the correlation. Alpha levels were adjusted based on the Bonferroni-Holm 

procedure (Holm, 1979).  

2.5.4 tDCS adverse effects questionnaire 

Estimates of the presence and potential severity of side effects, as well as perceived 

likelihood of the effects being related to stimulation, were obtained separately for each 

participant by averaging across all possible side effects probed by the tDCS questionnaire.  

To assess whether severity and perceived likelihood differed across conditions, thus 

checking both the safety of active stimulation as well whether condition blinding was 

successful, separate one-way ANOVAs were conducted on severity and likelihood estimates.  

2.6 General remarks 

In cases of sphericity violations in any of the repeated measures ANOVAs, 

Greenhouse-Geisser corrections were used to adjust for the possible inflation of alpha levels. 

The adjusted degrees of freedom and epsilon (ɛ) will be provided.  
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Effect sizes following ANOVAs will be given as ηp
2, where small, medium and large 

effects are suggested to correspond to values of 0.01, 0.06 and 0.14, respectively (Cohen 

(1988) in Lakens, 2013). Effect sizes following planned comparisons will be given as 

Cohen’s dav, where small, medium and large effects are suggested to correspond to values of 

0.2, 0.5 and 0.8 (Cohen (1988) in Lakens, 2013). Confidence intervals used in visual 

representation of results are corrected for within-subject designs using the correction 

equations proposed by O'Brien and Cousineau (2014).  

Alpha level was set to .05. However, p < .1 will be reported when effect sizes indicates 

the presence of an effect of interest. 
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3 Results 

3.1 Behavioral results  

Go-RTs were longer than false alarm RTs in all conditions and at all times, as 

indicated by paired samples t-tests (all ps < .001), thus validating the assumption of the horse-

race model. The average stop accuracy across all conditions were 49.47 %, indicating a 

successful SSD tracking. Furthermore, grand averaged SSRTs were 233 ms, largely consistent 

with other studies using a visual SST in a sample of healthy, young adults. 

To investigate the effects of tDCS on behavioral measures from the SST and CRT, 

separate 3 x 3 repeated measures ANOVA were conducted on go-RTs, SSRTs, SSDs, CRT-

RTs, as well as CRT-, go- and stop-accuracies. A summary of behavioral data is shown in 

table 1. 

Contrary to both hypotheses and previous findings, neither the repeated measures 

ANOVA nor any of the planned comparisons showed any effect of stimulation condition on 

SSRTs (figure 3). 

The omnibus ANOVA on stop accuracy showed no significant effects of tDCS-

condition. The Wilcoxon matched pair signed rank test indicated that peri-IFG accuracy was 

significantly lower than pre-accuracies (p = .010). Results suggested that 78 % showed 

decreased accuracies during IFG-stimulation. Furthermore, peri-VC-accuracies were 

significantly higher than peri-IFG-accuracies (p = .042), with 61 % having higher stop 

accuracies during VC-stimulation and 11 % remaining unchanged (figure 2). There were no 

significant differences between peri-IFG and peri-sham, between peri-VC-accuracy and pre-

accuracies, nor between peri-VC and peri-sham. Together, this suggests a decrease in 

accuracy during IFG-stimulation that was not apparent during VC-stimulation.  

Neither the ANOVA on go-accuracies nor the ANOVA on CRT-accuracies showed 

any significant effects. 

The omnibus ANOVA for go-RTs showed a significant main effect of time, F(2, 34) = 

4.54, p = .018, η2
p = .211. Bonferroni-corrected pairwise comparisons showed a statistically 

significant difference between pre- and peri-stimulation reaction times (p = .013), with all 

groups showing faster reaction times during stimulation (estimated mean difference = 15.5 

ms). The difference was of similar magnitude for the pre- vs. post-stimulation comparison (p 

= .077).  This suggests a general tendency to speed up for the second and third part of each 

session. Contrary to the hypotheses, peri-IFG go-RTs were significantly shortened compared 



27 

 

to pre-measurements, t(17) = -3.550, p = .001 (one-tailed), d = .44, but were not significantly 

different from peri-sham. Furthermore, the peri-VC vs. peri-IFG contrast indicated an effect 

in go-RTs during stimulation t(17) = -2.094, p = .052 (two-tailed), d = .30, but this was in the 

opposite direction of what would be expected, with shorter go-RTs during IFG-stimulation 

(figure 3).  

The omnibus ANOVA on CRT-RTs showed no significant differences. However, peri-

VC-RTs were significantly longer than peri-sham-RTs, t(17) = 1.925, p = .03 (one-tailed), d = 

.20, which is contrary to what was hypothesized. Neither of the other planned comparisons 

showed significant differences.  

The omnibus ANOVA for SSDs showed a significant main effect of time, F(2, 34) = 

4.87, p = .014, η2
p = .223. The main effect of condition did not reach significance, but effect 

sizes indicated a large effect, F(2, 34) = 3.05, p = .060, η2
p = .152. Post hoc tests following the 

time effect showed that pre-stimulation SSDs were longer than peri- and post-stimulation 

SSDs, with p = .034 and p = .043, respectively. Together with the significant main effect of 

time on go-RTs and the lack of significant SSRT differences, this suggests that participants 

needed shorter delays to continue balancing speed and accuracy peri- and post-stimulation. 

Planned comparisons indicated that SSDs decreased during IFG-stimulation compared to pre-

measurements, t(17) = -3.312, p = .002 (one-tailed), d = 0.45, but there were no significant 

differences compared to peri-sham. Peri-VC-SSDs did not differ from pre-measurements, 

they were significantly longer compared to peri-IFG, t(17) = -2.309, p = .038 (two-tailed), d = 

.48, and compared to peri-sham, t(17) = 2.366, p = .015 (one-tailed), d = 0.43 (figure 2). 

 

 

Figure 2. a) Stop accuracy during IFG- and VC-stimulation, and b) SSD for all conditions. Error bars 

show 95 % confidence intervals corrected for within-subject designs. * indicates p < 0.5 (two-tailed). 

Due to pooling of pre-measurements in planned comparisons, significant effects are not indicated in 

line plots. 

a) b) 
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Table 1.     Behavioral data 

Pre-stimulation IFG OCC SHAM 

Go-RT (ms) 496.78 (61.14) 520.11 (59.26) 514.10 (69.56) 

SSRT (ms) 231.97 (23.94) 228.59 (27.84) 227.65 (21.23) 

False alarm RT (ms) 446.57 (58.51) 472.64 (53.59) 472.70 (62.50) 

SSD (ms) 263.58 (67.92) 290.53 (63.01) 287.55 (76.68) 

Stop-accuracy (%) 49.28 (0.04) 50.26 (0.02) 49.95 (0.02) 

Go-accuracy (%) 99.51 (0.01) 98.93 (0.02) 99.07 (0.02) 

CRT-RT (ms) 343.39 (33.12) 345.79 (38.57) 344.31 (35.34) 

CRT-accuracy (%) 99.70 (0.01) 98.09 (0.04) 99.10 (0.03) 

Peri-stimulation IFG OCC SHAM 

Go-RT (ms) 483.19 (67.71) 511.02 (56.85) 490.33 (67.24) 

SSRT (ms) 234.87 (19.71) 229.05 (17.12) 241.67 (21.58) 

False alarm RT (ms) 444.00 (63.95) 471.78 (59.18) 449.08 (58.48) 

SSD (ms) 249.41 (81.45) 285.432 (69.46) 254.48 (73.78) 

Stop-accuracy (%) 48.56 (0.03) 50.05 (0.01) 48.71 (0.05) 

Go-accuracy (%) 99.14 (0.01) 98.94 (0.02) 99.45 (0.01) 

CRT-RT (ms) 346.40 (32.05) 348.35 (40.72) 340.36 (37.73) 

CRT-accuracy (%) 99.70 (0.01) 98.42 (0.03) 99.44 (0.01) 

Post-stimulation IFG OCC SHAM 

Go-RT (ms) 489.77 (63.48) 506.46 (49.55) 485.95 (54.34) 

SSRT (ms) 237.13 (24.01) 234.79 (24.17) 230.18 (24.61) 

False alarm RT (ms) 446.60 (56.95) 464.73 (53.74) 444.83 (43.55) 

SSD (ms) 252.27 (73.79) 275.31 (63.29) 258.89 (64.22) 

Stop-accuracy (%) 49.23 (0.03) 50.00 (0.01) 49.23 (0.02) 

Go-accuracy (%) 99.09 (0.02) 99.04 (0.02) 99.07 (0.01) 

CRT-RT (ms) 349.99 (43.88) 345.36 (44.42) 337.93 (34.30) 

CRT-accuracy (%) 98.87 (0.03) 98.12 (0.04) 98.39 (0.04) 

Note. Average values for behavioral variables, estimated separately for each condition and 

measurement time, with SDs in parenthesis.  

a) 

Figure 3. a) Go-RTs and b) SSRTs in all conditions. Error bars show 95 % confidence intervals, 

 corrected for within-subject designs. Due to pooling of pre-measurements for planned comparisons, 

significant effects are not indicated in line plots. 

 

b) 
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3.2 EEG results 

3.2.1 P3 amplitude in the SST 

To assess the effects of tDCS on P3 amplitude in stop- and go-trials, a 3 x 3 x 2 x 3 x 3 

repeated measures ANOVA was performed. A summary of mean peak amplitudes at Cz can 

be found in table 2. Stop-ERPs showing within-condition differences over time can be seen in 

figure 4. Stop- and go-ERPs showing within-time differences over conditions can be seen in 

figure 6. Due to the low scalp-coverage for EEG electrodes, no topographies will be shown.  

Consistent with the previous literature, the P3 showed higher amplitudes in stop 

compared to go trials, as indicated by a significant main effect of trials, F(1, 17) = 183.24, p = 

.001, η2
p = .915. Additionally, a significant main effect of laterality indicated higher 

amplitudes along the midline electrodes for both trial types, F(1.49, 25.24) = 26.42, p < .001, 

η2
p = .608, ε = .74. A three-way trial-by-region-by-laterality interaction indicated that the 

topographies differed between trial types, F(2.85, 48.40) = 4.667, p = .007, η2
p = .215, ε = .71. 

Post hoc tests indicated that stop-P3 amplitudes were significantly larger along the midline 

compared to lateral electrodes for all regions (all ps < .03), but the central electrodes only 

showed significantly higher amplitudes compared to frontal electrodes (p = .001), suggesting 

a centroparietal topography. The P3 in go-trials had significantly higher amplitudes at parietal 

electrodes compared to frontal (p = .002) and central (p = .001) electrodes, with a midparietal 

maximum (ps <.002) suggesting a more parietal topography. Furthermore, go- and stop-P3-

topographies were modulated differently across time, as indicated by a three-way interaction 

between time, trial and anterior-to-posterior topography, F(1.48, 25.22) = 3.77, p = .048, η2
p = 

.182, ε = .37. Post hoc-tests showed that central and parietal amplitudes were significantly 

smaller post-stimulation compared to pre-stimulation for the stop-P3 only (ps < .04).  

Stop-P3 amplitudes decreased after VC-stimulation, indicated by a significant three-

way interaction between time, condition and trial, F(4, 68) = 6.87, p < .001, η2
p = .288. Post 

hoc comparisons showed that post-VC amplitudes were lower compared to both pre- and peri-

measurements (both ps < .004).  Results also indicated a difference between the VC- and 

sham-condition during stimulation, with higher amplitudes peri-VC (p = .063). Planned 

comparisons indicated that peri-IFG amplitudes were not significantly different from pre-

measurements, nor sham. The peri-IFG vs. peri-VC comparison showed a significant 

difference, t(17) = -2.020, p = .027 (one-tailed), d = 0.50, but in the opposite direction of what 

was predicted, with lower P3 amplitudes during IFG-stimulation compared to VC-stimulation. 
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Table 2. P3 peak amplitudes at Cz     

 Stop-trials   Go-trials 

  PRE PERI POST   PRE PERI POST 

IFG 16.92 (6.9) 15.43 (8.3) 18.07 (5.7)  3.47 (3.9) 3.05 (4.9) 2.38 (4.5) 

VC 18.61 (7.5) 19.82 (9.2) 15.37 (7.0)  1.64 (4.4) 0.41 (5.3) 1.29 (4.5) 

SHAM 19.70 (7.1) 16.78 (4.9) 17.86 (6.5)   2.46 (4.1) 1.76 (4.7) 1.86 (4.0) 

Note. Average amplitudes in microvolts (µV), with SDs in parenthesis. 

Figure 4.  Average stop-stimulus locked ERPs (right) and P3 peak amplitudes (left) at electrode Cz 

 in the a) VC-condition, b) IFG-condition, and c) sham-condition. 

  ** indicates p < .01 (Bonferroni-corrected).  Error bars represent 95 % confidence intervals, 

 corrected for within-subject designs. 

a) 

b) 

c) 
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3.2.2 P3 onset latency in stop trials. 

To assess the effects on P3 onset latencies, suggested as a marker of response 

inhibition, a 3x3 repeated measures ANOVA on stop trials was performed. A summary of 

mean P3 onset latencies can be seen in table 3.  

The repeated measures ANOVA showed a significant time-by-condition interaction, 

F(2.13, 36.23) = 3.96, p = .026, η2
p = .189, ε = .53. However, contrary to the specified 

hypothesis, planned comparisons indicated a later P3 onset latency during IFG-stimulation 

(figure 5). This was found compared to pre-measurements, t(17) = 3.11, p = .003 (one-tailed), 

d = .56, peri-sham, t(17) = 2.73, p = .007 (one-tailed), d = .64, and peri-VC, t(17) = 1.82, p = 

.043 (one-tailed), d = .43. 

 

 

Table 3. P3 onset latencies in stop trials, estimated at Cz. 

 Stop-trials 

  PRE PERI POST 

IFG 300.00 (29.1) 316.67 (35.6) 303.00 (26.1) 

VC 295.56 (30.0) 302.33 (31.6) 303.56 (32.5) 

SHAM 301.89 (29.3) 297.22 (25.1) 295.78 (29.6) 

Note. Average P3 onset in milliseconds, with SDs in parenthesis 

Figure 5. Average P3 onset latency in stop trials, estimated at Cz for all conditions. Error bars 

represent 95 % confidence intervals, corrected for within-subject designs. Due to pooling of pre-

measurements, significant comparisons are not indicated in line plots. 
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Figure 6. ERPs at electrode Cz for a) stop- and b) go-trials, locked to stop- and go-stimuli, respectively. 

a) Stop-trials b) Go-trials 
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3.2.3 P3 parameters in the CRT.  

The repeated measures ANOVA on P3 amplitude showed a significant main effect of 

time, F(1.53, 26.07) = 3.66, p = .050, η2
p = .177, ε = .77, but there were no significant post 

hoc-comparisons. Furthermore, main effects were significant for both topography factors, 

with F(1.23, 20.95) = 17.63, p < .001, η2
p = .509, ε = .62 for the region factor, and F(2, 34) = 

9.73, p = .000, η2
p = .364 for the laterality factor. Post hoc tests revealed that the P3 had a 

centro-parietal topography with a central maximum. A significant region-by-laterality-by-

time interaction, F(3.27, 55.69) = 2.95, p = .037, η2
p = .148, ε = .41, suggested that 

topography changed across time. Post hoc tests showed larger right frontal and right central 

amplitudes during stimulation compared to after (p = .026 and p = .043, respectively). No 

effects of stimulation condition were found.  

The 3 x 3 repeated measures ANOVA on P3 onset latencies showed no significant 

differences between onset latencies in the different conditions.  

Figure 7. a) Average ERPs in CRT-trials at Cz, time-locked to stimulus presentation, b) P3 peak 

amplitudes and c) P3 onset latencies, estimated at Cz for all conditions. Error bars show 95 % 

confidence intervals, corrected for within-subject designs. 

a) b) 

c) 
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3.3 Brain-behavior correlations.  

As both P3 amplitude and P3 onset latency has been suggested as electrophysiological 

markers of response inhibition, separate correlations were performed between these two 

measures and SSRT estimates in the different conditions. Scatterplots and correlation 

coefficients can be found in figure 8 and table 4, respectively.  

Both the VC- and sham-condition showed significant positive correlations between 

SSRTs and P3 onsets prior to stimulation. The correlation was of similar magnitude pre-IFG-

stimulation (p = .068). However, while neither VC- nor sham-measures showed a significant 

association peri- and post-stimulation, correlations were significant in the IFG-condition. 

There was no significant relationship between P3 amplitude and the SSRT in any of 

the conditions.  

Figure 8. Scatterplots showing a) SSRT and P3 onset latency, and b) SSRT and P3 peak amplitude in 

the different stimulation conditions, with least squares lines fitted separately for each measurement time. 
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Table 4. Pearson correlation coefficients for SSRT and P3 parameters 

  IFG VC SHAM 

 pre peri post pre peri post pre peri post 

Amplitude .11 -.06 -.29 -.38 -.02 -.01 -.21 .28a -.24 

Latency .44 .65*a .59* .64* .40 .34 .54* -.31a .36 

Note. * indicates significance at a two-tailed Bonferroni-Holm corrected level. 
a indicates correlation coefficients where an outlier was removed from the analysis. 

 

 

3.4 tDCS adverse effects 

Across conditions, participants in general reported few side effects, with itching and 

tingling under the electrodes being the most commonly reported. These were also the effects 

most often assumed to be related directly to the stimulation. No severe effects were reported. 

A summary of mean estimates indicating the severity of the effects as well as the perceived 

likelihood of the effects stemming from tDCS can be seen in table 5. 

To assess if experienced side effects differed between conditions, one-way repeated 

measures ANOVAs with conditions as a factor were conducted separately for the intensity of 

experienced adverse effects and the likelihood of those effects being related to the 

stimulation. The repeated measures ANOVA on experienced effects showed no significant 

effects of condition. Effect sizes for the repeated measures ANOVA on relatedness could 

indicate an effect of condition, F(2, 34) = 3.00, p = .063, η2
p = .15, with slightly lower mean 

estimates for the sham group compared to the IFG and VC condition (1.67 versus 1.85 and 

1.88, respectively). However, post hoc comparisons showed no significant effects. 

In sum, this indicates that tDCS was not associated with severe adverse effects. 

Furthermore, the lack of between-condition differences suggests a successful blinding of 

participants with regards to active and sham stimulation conditions. 

 

 

 

 

Table 5. Severity and likelihood estimates of adverse effects during tDCS  

  IFG VC SHAM 

Severity 1.49 (0.26) 1.56 (0.37) 1.54 (0.37) 

Perceived likelihood 1.85 (0.49) 1.88 (0.58) 1.67 (0.56) 

Note. Adverse effects were measured on a scale from 1-4, likelihood on a scale from 1-5. 
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4 Discussion 

Recent empirical, theoretical and modelling work suggests that multiple cognitive 

processes, and thus also neural systems, contributes to successfully inhibiting a response (e.g. 

Boehler, Appelbaum, Krebs, Chen, & Woldorff, 2011; Salinas & Stanford, 2013; Verbruggen, 

McLaren, et al., 2014). Thus, the current study aimed to investigate the involvement of 

inhibitory, sensory and attentional processes in response inhibition performance by recording 

EEG activity while administering a combined SST-CRT-task prior to, during and after 

applying active and sham tDCS over the inferior frontal gyri and the visual cortex. Active 

IFG- and VC-stimulation were hypothesized to lead to inhibition-specific and sensory-global 

effects, respectively. While the reviewed studies have found decreased SSRTs following 

anodal IFG stimulation, no effects of tDCS on SSRTs were observed in the current study. 

However, the overall pattern of results indicated a differential effect of VC-stimulation 

compared to IFG- and sham-stimulation. Furthermore, stop-P3 parameters, suggested to index 

an inhibition process, were modulated differently across conditions, with longer P3 onset 

latencies during IFG-stimulation and higher amplitudes during VC-stimulation. Together, the 

observed effects of stimulating the visual cortices suggest that tDCS could affect sensory 

processing, and that this could potentially interact with attentional processes depending on 

task demands. 

 

4.1 Anodal VC-stimulation affected task performance 

Overall, go-RT decreased over each individual experimental session. This would be in 

accordance with training effects, as reported previously (Y. Cai et al., 2015). A significant 

decrease from pre- to peri-stimulation was only found for the sham and IFG-condition. As 

sham-stimulation would be assumed to reflect baseline performance, this would indicate that 

IFG-stimulation did not affect reaction times. Furthermore, a similar decrease was not found 

during VC-stimulation, where RTs were significantly longer than peri-sham and peri-IFG.  

SSDs showed a similar overall pattern, with decreases over each individual 

experimental session. However, once again, peri-VC-stimulation did not show the same 

decrease as peri-sham and peri-IFG, and SSDs during VC-stimulation was longer than both 

peri-IFG and peri-sham.  
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SSRTs did not differ across conditions or throughout sessions, suggesting that the 

decreased RTs and SSDs did not affect inhibition latency. However, stop accuracies 

decreased during IFG-stimulation, suggesting that the implementation of inhibition was not 

unaffected by the changes in reaction times and SSDs. Furthermore, this decrease in task 

performance could perhaps indicate that the observed RT and SSD decreases are related to 

mental fatigue effects, perhaps due to long experimental sessions, rather than just reflecting 

training effects. However, the same decrease was not apparent during VC-stimulation, where 

accuracy levels, RTs and SSDs were maintained from baseline, suggesting tDCS-specific 

effects.  

When seen together, the similar behavioral patterns observed for both the sham- and 

IFG-condition suggests that IFG-stimulation did not affect behavioral performance. However, 

while behavioral parameters extracted during VC-stimulation did not show an increase from 

baseline, they did not show the same decrease as the other two conditions either. As such, the 

more stable results in the VC-condition could indicate that participants were better able to 

maintain performance levels, suggesting that performance might indeed have been boosted by 

tDCS. This interpretation is further supported by the differential modulation of stop-P3 

amplitude across conditions, with higher amplitudes during VC-stimulation compared to IFG- 

and sham-stimulation, suggesting more neural resources and effort being employed towards 

task performance relative to the two other conditions. Interestingly, amplitudes decreased 

post-VC-stimulation. Combined with the fact that neither behavioral measure indicated any 

condition differences post-stimulation, this could suggest that task performance in the VC-

condition returned to baseline after stimulation.  

Anodal VC-stimulation was hypothesized to lead to a global increase in task 

performance by having an excitatory effect on cortical areas involved in sensory processing. 

Behavioral results did not indicate a stimulation effect on reaction times in go-trials. Reaction 

times in CRT-trials were longer peri-VC compared to peri-sham, contrary to the predicted 

decrease, though neither showed a significant change from pre-measurements. This was not 

associated with any changes in CRT accuracies. Furthermore, although the VC-condition was 

associated with amplitude differences in the stop-P3, no modulations of go- or CRT-ERPs 

were found. As such, it is possible that different mechanisms were involved in affecting task 

performance in the two tasks. As the reviewed literature indicated, both bottom-up sensory as 

well as top-down attentional mechanisms could affect SST performance. Additionally, 

differences in attentional resources allocated towards go- and stop-stimulus-processing has 
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been found to influence whether inhibition is ultimately successful or not (Boehler et al., 

2009). Together, these results could indicate that the observed tDCS-effects are not 

attributable merely to more efficient sensory processing. In the SST, VC-stimulation only 

showed an effect on accuracies in stop trials, and did not show any effects on go-accuracies or 

go-ERPs. As such, it is possible that increased cortical excitation following anodal VC-

stimulation could have interacted with higher-order attentional processes already recruited 

towards stop-signal detection, further facilitating the processing of prioritized stimuli. This 

interpretation is accordance with network activity-dependent models of tDCS-effects (e.g. 

Miniussi, Harris, & Ruzzoli, 2013). 

While the effects CRT-RTs are hard to interpret, the effects on stop accuracy suggests 

that tDCS over the VC could have facilitated stimulus detection in some way. Furthermore, 

the lack of effect on SSRTs suggests that it did not do this by speeding up sensory processing 

of the stop-stimuli. Furthermore, the fact that neither behavioral measures or P3 amplitude 

changed from pre-measures speaks against a change of task strategy as underlying the results, 

further supporting that the effects could be related to a modulation of sensory and attentional 

processes. It should be noted that the presence of a tracking algorithm designed to maintain a 

stable accuracy rate perhaps warrants the accuracy results to be treated with caution. 

Nevertheless, the fact that these accuracy differences were accompanied by similar 

differences in both behavioral and electrophysiological measures suggest that the differing 

accuracy rates do represent a true effect. 

Since the low scalp-coverage of EEG electrodes prevented investigation of early 

sensory components, a thorough comparison with previous findings was not possible. 

Furthermore, it places constraints on any further investigations into potential similarities or 

differences underlying the SST- and CRT-results. In addition, due to the relatively low 

focality of tDCS, as well as the low spatial resolution of EEG, pinpointing the exact areas 

affected by the induced electrical fields is difficult. Therefore, attempts at a thorough 

explanation for the observed effects would necessarily be speculative. However, while P3 

amplitudes were higher during VC-stimulation compared to IFG-stimulation, the results did 

not show any tDCS-effects on P3 topographies. While one cannot rule out that the results are 

driven by increased activity earlier in the processing stream, the lack of topography-

modulations could suggest that the VC-stimulation affected activity in the same neural 

populations that underlie P3 generation in the other conditions. Additionally, there were no 

significant correlations between P3 amplitudes and SSRTs in any condition. This would 
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suggest that while P3 amplitude can be associated with stopping success, it does not 

necessarily reflect SSRT changes. In fact, the P3 has been suggested to represent an update of 

stimulus representations after the occurrence of new or unexpected stimuli (Polich, 2007). As 

such, the maintained task behavior and ERP amplitudes could suggest maintained levels of 

attentional resources devoted to the detection of stop-signals, as well as the subsequent 

processing of these stimuli in relation to task demands.   

While VC-stimulation during SST performance has not been explicitly investigated 

previously, anodal occipital tDCS has been used as an active control condition when studying 

tDCS effects on response inhibition (Y. Cai et al., 2015; Hogeveen et al., 2016). The lack of 

SSRT effects following anodal VC-tDCS in this study is in line with previous findings. 

However, neither study found any VC-effects on stop accuracy. Several factors could explain 

this. For instance, the stimulation protocols differed quite markedly. Previous studies have 

used one anodal and one cathodal electrode, with the cathode placed at Cz. This would affect 

the induced electrical fields, and as such could have led to stimulating different regions. 

Furthermore, stimulation intensities were higher in the current study than previously, which 

could suggest that higher intensities are needed for these effects to occur. Additionally, only 

pre-post differences were assessed in the former studies. As studies have indicated that tDCS 

over the VC do not have very long after-effects (Antal et al., 2004), previous studies relying 

on pre-post measures could have missed effects occurring during stimulation. Importantly, 

neither of the two previously mentioned studies included a sham condition, which could have 

hidden effects that affected both active stimulation conditions equally. As such, the results 

from the current study do not only suggest that VC-stimulation can affect SST performance, 

but also point toward the importance of choosing control conditions with caution and further 

shows that VC-stimulation is not necessarily suitable as a neutral control. Although the use of 

several active stimulation sites has been encouraged (Parkin, Ekhtiari, & Walsh, 2015), the 

range of mechanisms that could be involved in SST performance suggests that sham 

stimulation is a necessary baseline.  

4.2 Anodal IFG-stimulation did not influence SSRTs 

Importantly, the current study failed to replicate previous findings linking anodal IFG 

stimulation to reduced SSRTs, as no SSRT differences were found in the IFG condition, nor 

any of the other conditions. In fact, discrepant results are not uncommon within tDCS 

research, with some reviews indicating that tDCS has no reliable effect on neither cognition 
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nor neurophysiological measures (Horvath, Forte, & Carter, 2015a, 2015b). However, the use 

of tDCS within cognitive neuroscience is still in its early stages, and several stimulation 

protocols are being assessed. Recent advances in understanding the effects of tDCS have 

revealed that results depend on factors like interindividual differences affecting the biological 

response to the administered currents (L. M. Li, Uehara, & Hanakawa, 2015; López-Alonso, 

Cheeran, Río-Rodríguez, & Fernández-del-Olmo, 2014) and task-induced activity levels 

(Bortoletto et al., 2015). Even stimulation electrode parameters, like size and shape, have 

been found to systematically affect the induced electrical field (Saturnino, Antunes, & 

Thielscher, 2015). As such, a clear-cut conclusion on the general efficacy of tDCS seems 

premature. Furthermore, this study did show significant effects on electrophysiological 

markers as well as subtle alterations in task performance, which speaks against the notion of 

tDCS not being able to modulate neural activity. However, several subtle differences exist 

between this study and previous studies, any of which could be related to the discrepant 

findings, and as such need to be addressed. 

A bilateral electrode set-up like the one used in this study has not been used to study 

response inhibition previously. Previous studies investigating anodal tDCS over the IFG have 

largely used a set-up consisting of one anodal electrode placed more dorsally, with a cathodal 

electrode placed over the contralateral orbitofrontal cortex or cheek (e.g. Castro-Meneses et 

al., 2016; Ditye et al., 2012; L.; Jacobson et al., 2011), thus distributing the electrical field 

across larger parts of the prefrontal cortices (simulations of current flow following the most 

used set-up can be seen in Hogeveen et al. (2016)). As such, previous findings could be 

related to effects stemming from other regions or the involvement of other networks. 

However, similar, albeit smaller, SSRT effects have been found using high-definition 

electrode set-ups as well (Hogeveen et al., 2016). These electrode configurations often use a 

smaller electrode surrounded by several return-current electrodes (Kuo et al., 2013), thus 

increasing the focality of one stimulation polarity whilst decreasing the impact of the other. 

Effects stemming from set-ups like this could point towards an actual effect of IFG 

stimulation. Thus, the lack of SSRT effects in this study could be related to the simultaneous 

anodal stimulation of both the left and right IFG. In fact, few, if any, studies have been done 

utilizing multifocal tDCS and cognitive paradigms, and as such, potential effects are largely 

unexplored. However, several factors suggest an advantage of the utilized bilateral set-up. 

First, several studies have failed to find the suggested right-sided dominance of the inferior 

frontal gyri (e.g. Krämer et al., 2013; C. S. Li et al., 2006), indicating that bilateral IFG have a 
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role in successful inhibition. And second, simultaneous stimulation of both hemispheres 

allowed for investigating laterality-effects on topographies without the confounding factor of 

only one side receiving stimulation. Third, ipsilateral return-current electrodes placed 

posterior to the anodal electrodes provided increased control of potential effects stemming 

from an electrical field distributed over large prefrontal areas. 

However, the placement of cathodal electrodes should not be neglected. Cathodal 

stimulation is assumed to be associated with increased thresholds for neural firing, and as 

such, the chosen cathodal placement could have led to decreased activity in other regions 

contributing to successful inhibition. The present study positioned cathodal electrodes aligned 

with CP7 and P7/CP8 and P8 for the left and right hemisphere, respectively, which could 

roughly correspond to the inferior temporal cortex. This area is proposed to be involved in  

higher-order visual processing, with studies suggesting it plays a role in object attention (e.g. 

Chelazzi, Miller, Duncan, & Desimone, 1993). As such, increasing the threshold for neural 

firing in this area could have hindered task performance. However, unless the two effects 

cancelled each other out perfectly, IFG-stimulation would still be expected to show different 

behavioral patterns compared to sham. Furthermore, as cathodal placement was the same for 

both active stimulation conditions, this would have been assumed to affect VC-stimulation as 

well. Together, this would suggest that the lack of IFG-stimulation effects in the current study 

was not caused by the electrode set-up. It should however be noted that cathodal stimulation 

does not consistently lead to inhibition observed as decreased task performance in cognitive 

tasks (L. Jacobson, Koslowsky, & Lavidor, 2012) and that effects of stimulation polarity on 

neural measures might interact with brain state (L. M. Li et al., 2017). As such, complex 

interactions could be at play. To properly investigate this, further knowledge regarding the 

effects of current polarity on the network or system level is needed. 

4.3 The relationship between stop-P3 parameters and inhibition 

The reviewed literature suggested that both P3 amplitude and P3 onset latency could 

serve as electrophysiological markers of inhibition. Thus, both amplitude enhancements and 

onset latencies were predicted to accompany decreased SSRTs during IFG stimulation. 

However, neither of these were observed. Contrary to predictions, P3 amplitudes were higher 

during VC-stimulation compared to peri-sham and peri-IFG amplitudes, and P3 onset 

latencies were significantly later during IFG-stimulation. Neither of these were associated 

with SSRT changes. Furthermore, the brain-behavior correlations did not show a significant 
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association between stop-P3 amplitude and the SSRT, but onset latencies and SSRT were 

positively correlated.  

Since no SSRT differences were found in any of the conditions, any clear conclusions 

on what the amplitude of the component is indexing is premature. It is possible that the P3 

modulations following VC-stimulation could be related to the proposed attentional effects 

facilitating maintained task performance. However, it could also reflect a maintained level of 

inhibitory effort, facilitated by effects earlier in the processing stream. As such, the results are 

still inconclusive. 

Furthermore, while it has been suggested that P3 onset latency could serve as an 

electrophysiological marker of response inhibition (Wessel & Aron, 2015), the results of the 

current study failed to find conclusive support for this. While the onset latency did show a 

positive correlation with SSRTs in several conditions, it was not always so. And importantly, 

these changes were not associated with any changes in SSRTs. Furthermore, P3 onset latency 

was significantly later during IFG stimulation. Despite this, the correlation between SSRT and 

P3 onset latency was significant, and it remained significant post-IFG-stimulation when onset 

latencies were again similar to pre-stimulation measures. Together, this could indicate that a 

moderator variable is driving the observed correlations. This interpretation is further 

supported by the average P3 onset latency in the present study. Estimated at 302 ms, the 

component showed an onset that was later than the average SSRT at 233 ms. While this is at 

odds with previous studies (Wessel, 2018; Wessel & Aron, 2015; Wessel et al., 2016), this 

discrepancy could be related to differences in how component onset was defined. The 

previously mentioned studies estimating P3 onset to fall within the time range of the SSRT 

has based their calculations on go-stop difference waves. It has been argued that difference 

waves can be beneficial to isolate the process of interest (Luck, 2014), and as such, this 

estimation method could provide a purer measure of the onset of an inhibition processes. 

However, the reviewed research suggests that go- and stop-performance could rely upon 

differential involvement of several processes and neural mechanisms, thus opening for the 

possibility of other processes contributing to driving the temporal estimates found in previous 

results. The method used to estimate onset in this study has been considered a robust 

indicator, especially when conditions might differ in the onset slope and shape of the ERP 

component (Luck, 2014).  
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When considered together, the differential modulation of onset latency and amplitude 

in the VC- and IFG-condition could suggest that the P3 is sensitive to several processes 

relying on different neural systems and mechanisms.  

4.4  Reflections and outlook 

One limitation of the current study is its relatively low sample size. While the sample 

size is comparable to the other studies utilizing within-subject designs to assess the effects of 

tDCS on response inhibition (Y. Cai et al., 2015; Castro-Meneses et al., 2016; L.; Jacobson et 

al., 2011), the presence of non-significant medium-sized effects would nevertheless suggest 

that the current study was underpowered. Effect sizes have been medium-to-large for the 

SSRT effect in previous studies. Assuming an effects size of at least d = .60, a post hoc power 

analysis suggested a power of .79 for finding significantly decreased SSRTs compared to 

sham. This suggests acceptable power for finding such effects if they were present in the 

current sample. Furthermore, effect sizes for SSRT effects in the current study were very low, 

suggesting that the discrepancy from previous studies cannot be explained by sample size 

alone.  

 In addition, the chosen electrode set-up prevented investigations of early sensory-

processing ERP components. This could have provided additional insights into the 

mechanisms underlying the observed effects, especially related to the proposed underlying 

differences between CRT- and SST-changes. To further investigate these effects, future 

studies combining tDCS with fMRI measures and/or versions of the SST that manipulates 

sensory and attentional demands could be an interesting avenue. 

4.5 Concluding remarks 

The current study investigated both behavioral and electrophysiological effects of 

tDCS over the IFG and VC. The results indicated that anodal tDCS over visual cortices can 

affect task performance. While results indicated reaction time changes in the CRT-task, this 

was not accompanied by any changes in accuracy or the P3 component, and as such, the 

results are difficult to interpret. However, the increased stop accuracies in the SST could 

suggest further interactions between stimulation effects, sensory processing and task-

dependent attentional facilitation. Furthermore, a dissociation between SSRT and P3 
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parameters was observed, with both onset latencies and amplitudes showing changes across 

conditions that were not accompanied by any differences in SSRT measures. 

While inconclusive, the results of the current study could suggest that the applied 

approach could be a promising avenue for future studies attempting to disentangle sub-

processes contributing to inhibitory performance, both in healthy and clinical samples. 

Furthermore, the findings have practical implications for future studies utilizing tDCS to 

study response inhibition, as they demonstrate that VC-stimulation should not be considered a 

neutral control condition. 
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