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Background. Response inhibition is an important higher order cognitive function that’s
behaviorally important and deficit in several patient populations as well as populations with
trouble behaviors including substance abuse. Objectives. The aim of the study was to explore
reactive and proactive inhibition in a cued stop signal task. Method. 41 participants were
recruited to perform a modified Stop Signal Task. EEG and fMRI indices were recorded
continously to investigate neural markers of reactive and proactive inhibition, only the EEG
data sets is analysed in this thesis. A total of 22 datasets made the final analysis
Results.Behavioral results in line previous studies, go reaction times increase with increased
need for inhibition and SSRTs similar in both stopping conditions. Some differences in ERPs
but not conclusive. Cue activity in frontal electrodes during cue period suggest proactive
influence during cueing. Conclusion. Lends support to Braver’s DMC framework and
generally replicates findings from the literature.
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1 Introduction
Human activity is wide ranging and flexible. Our ability to regulate thoughts and
actions in order to overcome unanticipated challenges is important in situations ranging from
crossing the street to resisting eating dessert on a Monday. Cognitive control is a term
encompassing several higher order mental processes that monitor and influence lower-level
processes to adjust behavior. These skills are needed to make sure your behavior matches
internally generated goals with the demands of the complex environments we inhabit.
Primarily three categories of executive function has been identified (Miyake et al., 2000),
namely updating, shifting, and inhibition. Miyake also showed that the ability to inhibit was
critical for the other executive functions. An important aspect of goal oriented behavior is
taking in new information and re-evaluating if planned or ongoing actions are still appropriate
for achieving desirable outcomes. The ability to react to a sudden and unexpected event is still
important for survival but stopping outside of the lab doesn’t always happen in a purely
reactive stimulus-driven way. Our society is structured so that situations where we routinely
encounter risk usually provide mechanisms to either regulate our behavior or inform us about
increased risk. Thus we often have an idea of what level of alertness is appropriate and if
inhibition is likely to be required. Signs warn us of everything from slippery floors to
increased risk of snow falling from rooftops, so more recent attempts at elucidating inhibition
has tried to employ variations on the typical tasks that are more realistic.
Response inhibition is an important skill that is deficient in many patient populations,
including ADHD, PTSD, schizophrenia, and people who suffer from alcohol abuse disorders
(Noël et al., 2001). Understanding inhibition mechanistically is important for helping to
elucidate the etiology of these conditions as well as paving a path for developing possible
treatments and therapies.

1.1 The Stop-Signal task
The Stop-Signal task (SST) is one of the most common tasks used to measure response
inhibition. In the task participants are given a primary task to respond to and infrequently a
stop signal is presented signaling the participant not to respond on that trial. The strength of
this approach is that in this task the response is clearly initiated when the stop signal is
presented, this prevents an automatic association between a going stimulus and an inhibiting
1

stimulus. Successful stopping requires a quick process to stop the initiated action and a slower
mechanism to monitor the successful performance of the task (Verbruggen & Logan, 2008).
Stop signal performance is usually conceptualized as a race between a go process that’s been
initiated by some external stimuli and an internally generated signal to abort. The Horse-Race
model (Logan & Cowan, 1984) suggests that in a reaction time task, the primary reaction time
“go process” and the secondary “stop process” are independent and engaged in a race to
finish. If the stop process finishes first the response is inhibited, otherwise the “go process”
finishes first and the response is made. The probability for successfully inhibiting the
response depends on the delay between the go signal and the stop signal. The time the “stop
process” takes to finish can be inferred by adjusting the stop-signal delay (SSD) and align the
inhibition function with the primary task function. At very short delays the response will
always be inhibited as there’s not enough time to initiate the response, while at very long
delays the response will never be inhibited as the response has been made before the signal is
presented.
Logan and Cowan (1984) suggests two ways of estimating the stop-signal reaction
time (SSRT). The integration method entails rank ordering the no-signal reaction times and
then the time which the response to the stop signal occurred is set equal to the nth reaction
time, where n corresponds to the number of reaction times in the no-signal distribution
multiplied by the probability of responding if a signal is presented at that delay. Then the SSD
is subtracted and the result is an estimate of the SSRT.
The second way of estimating the SSRT is referred to as the mean method. We take
the go RT and subtract the mean of the inhibition function, which corresponds to the mean
SSD when the probability of responding given a stop signal is 0.50. The mean method is
easier to implement but tends to overestimate SSRT (Verbruggen, Chambers, & Logan, 2013)
when the RT distribution is skewed to the right. This bias is problematic when comparing
SSRTs of different groups or conditions where we often find RTs being significantly
different. The integration method is more robust in such cases but it can underestimate SSRT
in cases with gradual slowing. Verbruggen and colleagues conclude the mean method should
not be used as it’s too sensitive to kurtosis in go RT distribution.
Several patterns of behavior have been observed relating to success and failure in the
stop signal task (reviewed in Verbruggen & Logan, 2008). Multiple studies suggest subjects
can change response strategies proactively when they expect a stop signal to occur.
2

Verbruggen suggests successful stopping requires some general processes that are not unique
to stopping, but that inhibition and monitoring of the need for inhibition are dissociated both
behaviorally and in neural substrate.

1.2 Reactive inhibition
Reactive inhibition is the ability to inhibit a pre-potent or already initiated response in
response to some external signal.
The leading theory of reactive inhibition in recent years suggest interactions between
the right pre-frontal cortex, the basal ganglia, primary motor regions, and memory-related
mediotemporal lobes (MTL) implement cognitive inhibition (Aron, Robbins, & Poldrack,
2004). Aaron and colleagues argue that imaging and studies show “consistent and particular”
inferior frontal cortex (rIFC) activation during Go/NoGo tasks and that damage to the rIFC
results in slower SSRT which Aaron argues reflects poorer inhibition. Damage to the left
hemisphere has not consistently yielded the kind of deficits we see with right hemisphere
damage. This point has been challenged by a study (Swick, Ashley, & Turken, 2008) that
suggests patients with damage to the left IFC/insula responds to NoGo signals more often
than healthy controls. Several brain areas have been implicated in response inhibition
including the dorsolateral prefrontal cortex, the ventrolateral prefrontal cortex, and the presupplementary motor area (Chikazoe, 2010).
Aron takes this evidence and champions a theory of the rIFC functioning as a stopping
module and that stopping is accomplished through fronto-basal-ganglia networks(Aron &
Poldrack, 2006). According to Aron the go command is generated by premotor areas
projecting through a hypothesized “direct pathway” consisting of the striatum, pallidum, and
thalamus (Nambu, Tokuno, & Takada, 2002) to the basal ganglia. If a stimulus is perceived
and interpreted as countermanding the impetus of the go command, the rIFC would send a
stop command via a hypothesized “hyper-direct pathway” to intercept the go command before
the “horse race” would finish. Supporting this you find increased rIFC activity preceding the
SSRT in successful stopping compared to failures of stopping in both ecog and fMRI studies.
A growing body of evidence is accruing for the involvement of the left inferior frontal
gyrus (lIFG) as well. Several studies suggest the left IFG is activated in conjunction with the
rIFG (Li, 2006; Rubia et al., 2001) during response inhibition and some studies suggests the
3

lIFG gets recruited under conditions of increased difficulty (Hirose et al., 2012). A study with
clear limitations showed a single split brain patient was able to inhibit responses in both
hemispheres (D’Alberto, Funnell, Potter, & Garavan, 2017) across three different response
inhibition tasks. The right hemisphere performed better than the left suggesting some
lateralization. This finding can be interpreted either as the subcortical networks do more of
the work than expected or that inhibition isn’t entirely right lateralized.
Research like this has clarified much about how motor inhibition is instantiated in the
brain. This purely reactive way of conceptualizing inhibition has been criticized for lacking in
ecological validity and appearing unlikely to representative of the mechanism impaired in
patient groups (Aron, 2011).

1.3 Proactive inhibition
Not all stopping is a result of surprising external events. Proactive inhibition is similar
to reactive inhibition except for an additional step of preparation. The processes of
preparation and anticipation preceding inhibition has been studied very little up until recently
(Chikazoe et al., 2009) but are likely as important or more than the purely reactive stopping
(Aron, 2011). A recent theory (Braver, 2012) posits that cognitive control operates via two
distinct modes of operation: “proactive control” and “reactive control”. The reactive control
mode recruits attention as needed after high interference events are detected and is analogous
to the type of inhibition that has been studied up until this point. Braver suggests that
proactive control should work as a form of “early selection” mode where goal-relevant
information is kept active in working memory in expectation of cognitively demanding
events. The sustained activity then helps bias attention, perception, and action systems to best
act according to these goals. In the case of inhibition, this is implemented through top-down
generated goals putting a “brake” on action tendencies that are usually correct or automatic.
This anticipation leads to a cost where there’s a tradeoff for speed versus accuracy. Several
studies have shown proactive slowing (Chikazoe et al., 2009; Vink, Kaldewaij, Zandbelt, Pas,
& du Plessis, 2015) with increase probability of stopping and there is some support (Jahfari,
Stinear, Claffey, Verbruggen, & Aron, 2010) that this is at least partially due to reactive
breaking of responses.
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How different is proactive from reactive stopping once these top down resources have
been recruited? One possibility is that proactive stopping is achieved by delaying the decision
to act (Aron, 2011) while the alternative is that there exists a network that interacts with
reactive network and acts as a brake on the initiated response. Aron proposes that it’s possible
that the reactive stopping network gets potentiated in advance when information suggests
inhibition will be needed. In proactive slowing the rIFC works as a partial brake (Aron,
Robbins, & Poldrack, 2014)
A second module implemented by the right inferior frontal sulcus (RIFS) has been
proposed (Aron, 2011) and studies on preparing to stop (Vink et al., 2015; Zandbelt,
Bloemendaal, Neggers, Kahn, & Vink, 2013) implicate the striatum, the supplementary motor
cortex (SMC), as well as the midbrain in anticipation to stop. Additionally it’s been shown
(Cai, Ryali, Chen, Li, & Menon, 2014) that greater inhibitory anticipation causes greater
causal influence from the rIFC to the right anterior insula (rAI). There’s still need for
clarification on the exact contributions of all these brain areas.

1.4 Alternatives to the modular theory of inhibition
Aron's modular view is the most influential and is perhaps the standard model for
inhibition, but there are alternate accounts on how inhibition is implemented.
One such account we can refer to as the attentional view (Sharp et al., 2010) and it
states that the imaging data implicating the rIFC can plausibly interpreted as reflecting
attention detection. Sharp points out that in order to perform the stop signal task, participants
have to attend a cue, appreciate its significance, and engage in response inhibition. Sharp
believes a stop signal should activate the frontal cortex and the right ventro-lateral attentional
system, as theorized by Corbetta and Schulman (2002), which includes the rIFG. Sharp argues
the activation revealed by fMRI imaging primarily relates to the attentional processes. Sharp
modified the stop signal task in order to tease out attentional capture from inhibitory
processing. Adding a high-level control condition that presented unexpected continue signals
showed similar behavioral effects as the standard SST, which Sharp takes to mean the
strategic demands of the task remain unchanged. Imaging revealed similar patterns of
activation in continue-trials as in stopping-trials. Caudal/lateral pre-SMA was robustly
activated in the comparison of stop- and continue-trials which Sharp interprets as evidence for
5

this region playing a role in inhibition. The pre-SMA also showed significant activation in
cases where participants slow their responses. In slow continue-trials the pre-SMA activations
reached levels of significance while activity in the rIFG did not.
Another account that we can refer to as the emergent view argues that the rIFC is
involved in inhibition but that rather than being implemented by a specific module it is rather
a case of domain general networks adapting to task requirements (Hampshire, 2015;
Hampshire & Sharp, 2015). The rIFC has been implicated in several tasks, including working
memory maintenance, updating, attentional switching, context monitoring, and target
detection, which is consistent with the idea that this area adapts to meet strategic and
motivational demands. A go/no-go study on monkeys (Stokes et al., 2013) suggest that
prefrontal neurons initially tune to physical properties of the go and no-go stimuli but rapidly
transform into a stable state coding for the appropriate behavioral response. Stokes et al.
found no discernable functional difference between the neurons coding for sensory
information and decision rules. Hampshire and Sharp (2015) argue there’s a Multiple Demand
Cortex, a part of the cerebral cortex that rapidly adapts to support novel or particularly
demanding tasks. Fine grained control doesn’t require top-down inhibitory signals as lateral
inhibition is a common property of neural systems on the local level (Erika-Florence, Leech,
& Hampshire, 2014). A consequence from this is that if top-down potentiation targets one
specific representation it will lead to lateral suppression of competing representations.
Hampshire and Sharp (2015) argue in the case of the Stop Signal Task MDC neurons would
enter a stable and low-activation preparatory state that would upregulate representations
within sensorimotor area that are relevant to the stopping process. This would have the
secondary effect of influencing competing processes through lateral inhibition thus slowing
routine responses. When the Stop Signal is presented the MDC and sensorimotor activity
would be further slowed or halted entirely by lateral inhibition and this would produce the
stopping behavior. Hampshire argues it is unlikely that a module would develop solely for
down regulating motor responses. This view is more computationally economical as multiple
or changing distractors wouldn’t require to be processed and inhibited in a univocal fashion.
Taking in these criticisms and alternate interpretations Aron (Aron et al., 2014) has
updated his modular view to expand the rIFC’s role to a break rather than a stopping node.
Aron argues this break can be complete (stopping a behavior in reaction to an external signal),
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partial (leading to a slowed response based on internally generated goals), tonic (resisting an
urge to act), and that this brake can be triggered by internal, external, or automatic processes.

1.5 Electrophysiological markers of response
inhibition
Electroencephalography (EEG) is an imaging technique with a temporal resolution in
the milliseconds which allows continuous recording of electrophysiological indices of brain
activity. The temporal resolution makes it an attractive tool to investigate inhibition. The
event-related potentials (ERPs) most consistently related to response inhibition are the frontocentral negative peak (N200, or N2) and the fronto-central positive peak (P300 or P3)
commonly referred to as the N2/P3 complex.

1.5.1 N200
The N200 component is a frontal negative wave that appears around 200-300ms after
stimulus presentation in certain tasks. Early studies showed that the component has shown
larger negative amplitudes after no-go and stop trials than in go trials so it’s been argued that
this is a plausible index of motor inhibition (Falkenstein, Hoormann, & Hohnsbein, 1999).
More recently it’s been shown that the N2 shows up in tasks not directly related to response
inhibition (Donkers & Van Boxtel, 2004). Donkers showed that by adjusting the relative
amounts of go and no-go responses the N2 could be evoked by either trial type. In the typical
case where the no-go is less common they found the normal pattern of increased N2 in the nogo condition while when go and no-go trials were equally likely the N2 components were
similar for both conditions. The less common trial type consistently showed the greatest N2
component. Similarly Enriquez-Geppert (2010) put a mix of go, no-go, and stop trials into
blocks of varied go trial probabilities and found an enhanced N2 in the less frequent trial type
compared to the more frequent trial type. Using a hybrid go/no-go flanker task (Groom &
Cragg, 2015) to attempt to partition response conflict and inhibition by comparing how no-go
trials and incongruent flanker trials effect the N2 while keeping the visual array constant.
They report finding similar effects on both trials types and conclude the N2 should be
interpreted as reflecting the need to monitor conflict and choose between competing responses
rather than inhibition. Together these findings make it seem more plausible the N2 is an index
of activity in a general conflict monitoring system based in the ACC.
7

Studies using EEG inverse modelling and simultaneous EEG-fMRI suggest that the
frontal N2 is generated in medial and/or lateral frontal cortex (Huster, Enriquez-Geppert,
Lavallee, Falkenstein, & Herrmann, 2013). The medial source appears to be the midcingulate
cortex while the exact location of the lateral source remains.

1.5.2 P300
The P300 ERP is a positively charged component that appears between 300 and 500
ms after stimulus presentation in several types of tasks involving unexpected stimuli. This has
been tied to working memory, attention, and context updating (reviewed in Polich, 2007)
Infrequent stimuli even in absence of a task can produce a positive waveform with a
central parietal maximum amplitude distribution. This was named P3a to distinguish it from
the task-evoked P3b component. Several similar components have been discovered and
current understanding of the evidence suggest that the P3a, novelty P300, and no-go
potentials are variants of the same generation system (Polich, 2007). Polich argue that the P3a
is generated by changing working memory representation which is transmitted to the temporal
and parietal structures which produces the P3b.
Some will argue that this frontal P3a is established as an index of stopping
(Kenemans, 2015; Kok, Ramautar, De Ruiter, Band, & Ridderinkhof, 2004). A study using
fMRI suggests a plausible tie to inhibition since pre-supplementary motor area (pre-SMA)
activity starts 320ms after no-go stimulus and continue for 400ms which corresponds to the
time window of the P3 component (Albert, López-martín, Antonio, & Carretié, 2013).
Similarly Kenemans (2015) argues the stop P3 is probably generated in dorsal medial areas,
either in the superior frontal gyrus (SFG) or the preSMA.
Others argue that the P300 peaks too late to reflect inhibitory processing (Dimoska,
Johnstone, Barry, & Clarke, 2003; Huster, Enriquez-Geppert, Lavallee, Falkenstein, &
Herrmann, 2013). SSRTs normally fall in the 200-270 ms range, while the P3 typically peaks
around 350-400 ms. A more likely interpretation for this activity is that it reflects evaluative
and updating processes (Huster et al., 2013) as variations of the P3 also occur in tasks not
requiring a response. Wessel and Aron (2015) suggest that the onset of the P3 component is
better indicator of the neural process than the peak itself. They point out that studies utilizing
sample-by-sample testing often show significant differences between conditions much earlier
8

than the peak differences between the conditions. To investigate this they pooled data from
several SST studies (n = 54) and employed strict permutation based statistics to find the point
where the stop ERPs deviated significantly from the go ERPs. They concluded that P3 onset
correlates with SSRT(r = .60, p < 10−5), P3 onset correlates better with SSRT than how the
P3 peak correlates with SSRT, and that P3 onset is earlier for successful compared to failed
stop trials. In this study the P3 onset preceded the SSRT only by 2-3 ms on average so Wessel
and Aron argue that the criterion they used to define the onset is likely too conservative. They
suggest the point where the stop ERP starts to deviate (even before the difference is
significant) is the true onset of the P3 component.
In summary the N2 is not likely tied directly to the inhibition mechanism but more
likely to be part of a more general system involved in monitoring. This system is likely still
necessary for successful adjustment of behavior and performing inhibition tasks. There’s less
consensus on the role of the P3. It has not been ruled out that it plays a central role in
inhibition (Wessel & Aron, 2015) but the alternative interpretation of its connection to deltaband activity being generated by updating system also has its proponents (Huster et al., 2013).

1.6 This study
The literature suggests networks including the rIFC, the preSMA, and the STN interact
to implement response inhibition. Additionally area and area help implement proactive
inhibition. The EEG markers of primary interest are the N2 and the P3. These components are
plausibly generated by parts of the networks involved in response inhibition and the P3 in
particular is still a candidate for a marker of actual inhibition. The proactive inhibition
research is less developed than the reactive (Chikazoe et al., 2009). The aim of the present
study was to investigate how varying levels of uncertainty influences performance in stopping
and if explicit information about probability will modulate behavior and the brain indices
most regularly found in tasks demanding response inhibition.
One approach to measure proactive inhibition is to adjust the frequencies of no-go/stop
trials and to inform participants of the varying probabilities that a response needs to be
inhibited. This can be done with cuing that’s vaguely informative by having a lower or higher
probability of stopping (Leunissen, Coxon, & Swinnen, 2016) or more explicitly stating the
likelihood. Another approach is to test differences between rewarding stopping over going or
9

vice versa (Greenhouse & Wessel, 2013). Greenhouse and Wessel showed that rewarding
stopping over going lead to increased P3 activation and earlier P3 peaks compared to
unrewarded stopping. If this increase reflects a more proactive mode of control as opposed to
a difference of allocated resources we should see similar effects with informative cues in
different levels of stop probability.
A cued visual stop signal task was implemented to test and compare performance on
three levels of probability of stop signal. The low probability of inhibition condition had a
25% stop trials while the high probability of inhibition had 66% stop trials. To contrast these
to a condition not requiring inhibition there was also a condition with 0% stop trials.

1.6.1 Hypotheses
Based on the literature reviewed the following hypotheses are proposed:
Hypothesis 1. Response latencies will increase with increasing stop-signal probability.
Hypothesis 2. The SSRTs are not thought to be affected by preparation or waiting strategies.
Hypothesis 3. The N2 component should be greater in the 25% and 66% than in the 0%
condition. The N2 component should be larger in the go trials than stop trials in the 66% and
vice versa.
Hypothesis 4. The P300 amplitudes should be greater in the 66% than in the 25% condition.
Hypothesis 5. The P300 peak latency should correlate with the SSRT and the P300 onset
latency should show an even stronger correlation .
Hypothesis 6. There should be an increase in frontal EEG activity during the cueing period
the 25% and 66% conditions compared to the 0% condition. There should be an additional
increase from the 25% to the 66% condition.

10

2 Methods and materials
2.1 Design
A cued visual stop signal task with three levels of stop signal probabilities and two
conditions was implemented as a within subjects design for combined EEG and fMRI
imaging. Measures of go reaction times, stop signal reaction times, false alarm reaction times,
stop signal delay, go and stop accuracy, as well as EEG amplitudes were collected. The fMRI
data will not be analyzed in this thesis.

2.2 Participants
41 participants were recruited for the study through advertisements on Blindern
campus and Facebook student groups. Two participants could not be scanned due to problems
with the EEG cap size or the fMRI scanner head coil. One participant had to abort scanning
due to discomfort. The participants were a mix of fluent Norwegian speakers and
international students. They were informed that they had to be normally healthy, not on any
psychoactive medications, and not to have any contraindications for MR imaging. A total of
17 participants were excluded due to technical issues, misunderstanding the task, or excessive
movement which led to total degradation of the EEG signal. The remaining participants were
right-handed and reported having normal or corrected to normal vision. Data of 22
participants (age: range = 20-33 M = 25.4, SD = 3.16; 6 male) were included in the final
analysis. The participants received a universal gift card worth 200 NOK as compensation for
their participation.

2.3 Setup and materials
2.3.1 Stimulus display
The stimuli were presented on a 40inch MR-compatible fiber optic screen
(NordicNeuroLab, Bergen, Norway). The display was located directly behind the MRIscanner bore. A mirror was placed directly over the head coil giving the appearance of a
display situated directly above the supine participant. The task was designed and run on E11

Prime 2.0 (Psychology Software Tools, Pittsburgh, PA) on a Dell Precision T7610 computer
running Windows 7 (Microsoft Corporation, Washington, USA).

2.3.2 Task
The Stop-signal task was implemented using centrally presented stimuli,
0%/25%/66% (in times new roman) as cues indicating stop signal probability, green arrows
pointing left/right as go signals, and blue arrows pointing left/right as the stop signals (see
Figure 1). The participants were given a response button in each hand and instructed to
respond with the button in the hand corresponding to the direction of the green arrow
presented on screen, and to inhibit that response if the green arrow was immediately followed
by a blue arrow. Before each trial a fixation cross would be jittered randomly between 500
and 2400 milliseconds then a cue was jittered randomly between 1000 and 2000 milliseconds
indicating the probability of the trial being a Stop trial. The go signal would be presented for
100 milliseconds and then a fixation cross would be presented for 1400 milliseconds in which
it was possible to make a response. In the stop trials the fixation cross would be presented for
the duration of the SSD and a stop signal would be presented for 100 milliseconds before a
second fixation cross would be presented for 1500 milliseconds minus the duration of the
SSD.
The task consisted of 600 Go and 200 Stop trials in total. The 0% condition contained
50 Go trials, the 25% condition contained 300 Go trials and 100 Stop trials, and the 66%
condition contained 50 Go trials and 100 Stop trials. The stop-signal delay started at 300
milliseconds and was dynamically adjusted separately for the two conditions using a staircase
procedure to try to induce an inhibition success rate of approximately 50% (Band, van der
Molen, & Logan, 2003). Successful stopping behavior (no response made) lead to a 50
millisecond increase of the SSD while unsuccessful stops (a response was made) lead to a 50
millisecond decrease in SSD. The SSD was capped at a minimum value of 100 milliseconds
and at a maximum value of 800 milliseconds.
The 750 trials were divided into 10 experimental blocks. The first block would start
with 10 go trials, but consequent trials were presented in a randomized order. Each block had
duration of around six minutes and after each block the participant would receive a visually
presented feedback on their performance along with an indication of which block out of 10
they had just finished. If the average go reaction time was below 600 milliseconds the screen
12

would display “Well done!”, while if the go reaction time was above 600 milliseconds the
feedback would read “Be faster!”. The task lasted between 55 and 70 minutes and on average
60 minutes.

Figure 1The experimental task. A fixation cross was followed by a cue indicating percentage chance that
stopping a response would be needed. Following a green arrow would be presented indicating you should press
the right or left response button. Top row: example of the possible go left trials. Bottom row: example of all
possible stop left trials.

2.3.3 Procedure
Experimental procedures were approved by the local ethics committee at the
Department of Psychology, University of Oslo. Each participant was guided orally through
MR-safety guidelines and a checklist of exclusion criteria before instructed to read and
confirm eligibility as well as read and sign an informed consent form. The participants were
informed with the overall purpose of the research and told they could withdraw from the
experiment at any time. The participants underwent task instruction and a short training
session outside the scanner in order to minimize time in scanner while ensuring the task was
properly understood. The participants were instructed to respond as quickly as possible while
maintaining high accuracy. It was made explicit that mistakes would occur and that this was
expected.
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2.3.4 Electroencephalography
Electrophysiological responses were recorded using the BrainAmp amplification
system (Brain Products GmbH, Gilching, Germany). A total of 31 sintered Ag/AgCl
electrodes mounted on a flexible lycra-eletrocap (easycap, Falk Minow Services, Munich,
Germany) according to the 10-20 system (Jasper, 1958) were used to record the
electrophysiological indices of brain activity. In addition, one sintered Ag/AgCl
electrocardiogram (ECG) electrode was placed on the mid- lower back for recording the
cardiac activity. Data was recorded continuously from Dc up to 100 Hz at as sampling rate of
5000 Hz. Impendences was kept below 14k Ω. A ground reference was positioned on the
forehead; superior to the Fz electrode, and all data was recorded against a reference electrode
placed midway between Fz and Cz.
Pre-processing was done with a combination of Brain Vision Analyzer 2.1 (Brain
Products GmbH, Gilching, Germany), custom Matlab (The MathWorks Inc., Natick, MA)
scripts, and the EEGLAB toolbox (Delorme & Makeig, 2004). An fMRI gradient artefact
correction was performed in Brain Vizion Analyzer relying on the subtraction of a moving
average based on 21 gradient artefacts aligned to MR-volume onset. The entire time window
of the artefact was used as baseline for baseline correction. The data was then downsampled
to 250 Hz, referenced to a common average reference and low-pass FIR filtered at 40 hz. A
cardioballistic artefact rejection procedure was performed, again relying on the subtraction of
a channel-specific average artefact based on the moving average of 21 pulses. To this mean,
the continuous data were inspected visually and markers adjusted manually to match the peak
of the QR complex.
An independent Component Analysis (ICA) was performed in Brain Vision Analyser
to identify and remove independent components identified as residual gradient artefacts,
cardioballistic artefacts, and artefacts as a result of eye blinks. Then the components devoid of
artefectual activity were back-projected to reconstruct artefact-free data.
Data was then imported into EEG lab and high-pass filtered with a cut-off at 0.1 hz.
The data was then epoched into segments from -1500 ms at the probability cue until 1500ms
after the response window. Conditions of valid go trials (0%, 25%, and 66%). A second ICA
decomposition was performed in EEGlab (infomax ICA algorithm; Bell & Sejnowski, 1995)
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to identify artefacts locked to trial type (ie blinks) and remove any residual artefacts before
again back-projected the remaining components to reconstruct artefact-free data.
The data was then segmented into epochs 200 ms before go signal until 800ms after in
the go-locked trials and -200ms before the stop signal to 800ms after the signal in stop-locked
trials. The segments were baseline corrected to the pre-stimulus time window. Go trial ERP
components were latency fixed components extracted in the period 200 ms prior to the
presentation of the go stimulus to 800 ms after. Stop trial ERP components latencies vary as
they’re extracted from the point of the presentation of the stop signal which varies with the
stop signal delay. The N2 component’s peak was identified as the greatest negative amplitude
identified in the 100 ms to 300 ms time window post stimulus presentation averaged with the
four data points directly before and directly after. The P3 component’s peak was identified as
the greatest positive amplitude found in the 200ms to 400ms window post stimulus
presentation. The P3 onset was calculated as fractional peak latency (Luck et al., 2009) where
the ERP reached 50% of its total amplitude. Trials were sampled randomly to create samples
of equal sizes before averaged into ERPs. Global field power (GFP) was computed as the
square root mean amplitude across all scalp electrodes.

2.3.5 fMRI
We utilized a 3.0 Tesla Philips Ingenia whole body MR scanner, equipped with a 32channel Philips SENSE head coil (Philips Medical Systems, Best, the Netherlands) for
scanning. The fMRI sequence used during the EEG acquisition was a BOLD-sensitive T2*
weighted echo-planar imaging (EPI) sequence of 34 axial slices with a voxel size of 2.625 x
2.625 x 3.0 mm (field of view: 210 x 210 mm2, acquisition matrix: 80 x 80, TE: 30 ms, TR:
2000 ms, flipangle: 80°,slice gap: 0.3mnm, interleaved acquisition).

2.4 Statistical Analysis
2.4.1 Behavioral analyses
Go accuracy was calculated by dividing the number of correct go trials by the total go
trials for each probability (0%, 25%, and 66%). Similarly, stop accuracy was calculated by
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dividing correct stop trials by the total amount of stop trials of each probability (25%, and
66%).
The mean response time of go trials and false alarm stop trials were calculated as the
mean of the time between the presentation of the Go signal and the response registered within
the allotted 1500ms response window.
The SSRTs were estimated by using the blocked integration method (Verbruggen et
al., 2013). Go reaction times were rank ordered per experimental block and interpolated to the
nth trial corresponding to the go accuracy subtracting the average stop signal delay. A
repeated measures analysis of variance (ANOVA) on reaction times was conducted with
probability (0%, 25%, and 66%) as factor.

2.4.2 EEG amplitudes
The ERP amplitudes were analysed with a repeated-measures ANOVA. To assess the
proactive modulation of go-related ERPs, a repeated measures ANOVA with factors
probability (0%, 25%, and 66%), region (Frontal, Central, Parietal), and laterality (Left,
Midline, Right) was computed. A global stop ANOVA with probability (25% and 66%),
region, and laterality as factors was performed. Greenhouse-Geisser corrected p-values and εvalues are reported in cases where sphericity was violated. The statistics were performed in
SPSS (Version 24.0.0.2 Armonk, NY: IBAM Corp.).
Bivariate correlations between the average P3 peak latencies of the participants and
the average SSRT were calculated for each of the conditions requiring inhibition (25% and
66%) separately. Bivariate correlations between the average P3 onset and the average SSRT
was also calculated for each condition requiring inhibition separately.
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3 Results
3.1 Behavioral results
3.1.1 Accuracy and reaction times

Stop Probability

0%

25%

66%

GoRT

444,60 (78.12)

657,08 (124.61)

783,80 (169.85)

Go accuracy

96.7% (3.69%)

97.9% (2.9%)

95.1% (8.2%)

-

244.60 (47.42)

277.66 (113.74)

Stop accuracy

52.3% (7.5%)

57.8% (10.76%)

False alarm RT

565.58 (124.61)

658.66 (91.77)

SSRT

Table 1 Summary of behavioral data

A repeated-measures ANOVA was conducted to compare the effect of stop signal
probability (SSprob) on Go reaction times (GoRT). Mauchly’s test of sphericity indicated that
sphericity had been violated (χ2(2) = 7.85. p = 0.020) therefore degrees of freedom were
corrected using Greenhouse-Geisser estimates of sphericity (ε = 0.76). There was a
significant main effect of probability on GoRT, F(1.51, 31.70) = 50.69, p < 0.001.
Bonferroni corrected post-hoc tests revealed the 25% condition to be slower than the 0%
condition (t(42) = 7.54, p < 0.001) and that the 66% condition was slower than the 25%
condition (t(42) = 4.49, p < 0.001) .
The difference between the conditions is in the expected direction, with RTs getting
slower as probability of a stop signal increases, supporting hypothesis 1.
Subjects had a mean go trial success rate of 96.7% (SD = 3.69%) in the 0% condition,
97.9% (SD = 2.9%) in the 25% condition, and 95.1% (SD = 8.2%) in the 66% condition. To
evaluate if stop signal probability lead to an increase in Go accuracy a repeated measures
ANOVA was performed with stop signal probability as factor and GoRT as dependent
variable. Mauchly’s test indicated that the assumption of sphericity was violated (χ2(2) =
24.151, p < 0.001), so Grennhouse-Geisser corrected degrees of freedom (ε = 0.59) are
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reported. There was no significant effect of stop signal probability on Go accuracy, F(1.176,
24.69) = 2.15, p = 0.15, suggesting a comparable performance in all conditions.
The average stop success rate was 52.3% (SD = 7.5%) in the 25% condition and
57.8% (SD = 10.76%) in the 66% condition. A paired samples t-test revealed a significant
difference between the stop accuracy in the 25 % condition and the 66% (t(21) = -3.22 , p =
0.004). This suggests.
A paired samples t-test was conducted to see if there was a difference between the
Stop Signal Reaction Times (SSRT) in the 25% and 66% conditions. The t-test revealed no
significant difference in the mean SSRT between the 25% condition (M = 244.40, SD =
47.42) and the 66% condition (M = 277.66, SD = 113.74);t(21) = -1.57, p = 0.131. This is the
expected result and supports that the SSRTs are independent (Logan, Cowan, & Davis, 1984).
To test if false alarm response times are shorter than the go reaction times, paired
sample t-tests were performed between the go and false alarm reaction times in the 25% and
66% conditions. The t-tests confirmed Go trials were longer than false alarm reaction times in
the 25% condition (t(21) = 9.29, p < 0.001 ) and in the 66% condition (t(21) = 6.06, p <
0.001).

3.1.2 Go versus Stop analysis
Two separate repeated-measures ANOVAs were conducted to test for the N2/P3
differences normally found in go versus stop trials with the 25% and 66% conditions
collapsed. The ANOVA was conducted with factors Condition (go and stop), Region (Frontal,
Central, and Parietal) and Laterality (Left, Midline, and Right).

P3. Mauchly’s test indicated that the effect of Region (χ2(2) =11.19, p = 0.004) and
the Condition x Region interaction (χ2(2) = 13.36, p = 0.001) violated the assumption of
sphericity, so Green-House Geisser corrected degrees of freedom are reported (ε = 0.57 and ε
= 0.51 respectively).
The main effect of Condition was significant, F(1, 21) = 54.99, p < 0.001, 2𝑝 = 0.724,
as expected and reflected in the ERP graph (figure 2). There was a significant effect of region,
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F(1.40, 29.40) = 7.06, p < 0.001, 2𝑝 = 0.25, as well as a significant effect of laterality, F(2,
42) = 16.46, p < 0.001, 2𝑝 = 0.439.
A significant interaction of Condition x Region, F(1.35, 28.24) = 10.30, p < 0.001,
2𝑝 = 0.329. This suggest a difference between the

N2. There was no significant main effect of Condition, F(1, 21) = 1.04, p = 0.32, 2𝑝
=0.05. There was an effect of Region, F(1.35, 28.43) = 4.08, p = 0.042, 2𝑝 = 0.163.
Mauchly’s test suggests the assumption of sphericity was violated in the Condition x Region
interaction (χ2(2) = 13.11, p = 0.001) so Greenhouse-Geisser adjusted degrees of freedom are
reported (ε = 0.52) .The Condition x Region interaction was not significant, F(2, 42) = 0.32, p
= 0.73, 2𝑝 =0.015.

Figure 2 Global Go versus Stop ERPs
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3.1.3 Global Go analysis
To test if stop signal probability attenuates the N2 and P3 component in go trials,
repeated measures ANOVAs were conducted with stop signal probability (0%, 25%, and
66%) as factor and EEG amplitude measured at Region (frontal, central, and parietal) and
Laterality (Left, midline, and Right) as dependent variable with separate measures for the N2
and P3 time windows. Mauchly’s test suggest sphericity was violated for the N2 Probability x
Region interaction (χ2(9) = 0.22, p = 0.001), as well as the main effect of Probability (χ2() =
and the Probability x Region interaction of the P3 measure, so degrees of freedom are
reported with a Greenhouse-Geisser correction.
The analysis of the N2 measure showed a significant main effect of Probability, F(2,
42) = 3.67, p = 0.034, p = 0.15 and a significant Probability x Region interaction, F(2.40,
50.54) = 3.54, ε = 0.22, p = 0.029. 2𝑝 = 0.14. Post-hoc tests showed that the N2 component
was smaller in the 0% condition than the 66% condition (t(42) = 2.71, p = 0.029), but the
other combinations (0% larger than 25%, t(42) = 1.23, p = 0 .67 , 25% larger than 66%, t(42)
= 1.47, p = 0.445) did not reach significance.
Analysis of the P3 measure showed a significant main effect of Probability, F(1.28,
26.82) = 20.07, p < 0.001, 2𝑝 = 0.49, as well as a significant Probability x Region
interaction, F(2.06, 43.35) = 8.59, p = 0.001, 2𝑝 = 0.29. This should be interpreted in the
light of a strong positive deflection in the 0% condition (see figure 3) likely to be target
induced as the responses are much closer to the go signal.
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Figure 3. Global Go grand average ERPs. Grand average waveforms shown for the 3 midline electrodes (FZ, CZ,
and PZ) for Go trials in the 0%, 25%, and 66% conditions. N200 and P300 time windows highlighted with grey
bars.

Global field power was computed for all the go conditions as an exploratory data
reduction of the multichannel EEG recordings in order to visualize and explore latency and
extent of task evoked activity. The 0% condition seems to be exhibiting the greatest amount
of activity, but this seems to be a positive deflection and is thus not the N2.
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Figure 4 Comparison of Global Field Power in the Go conditions

Exploratory timewise t-tests of the global field power between conditions were
performed and the result was FDR-corrected and plotted for the 800 ms after the response was
made. This is an exploratory analysis but it suggests a difference in the N2 and P3 time
windows in the 0% and 25% conditions in go trials (see figure 5).
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Figure 5. FDR corrected t-tests between the time points of the valid Go trials in the 0% and 25% and 0% and
66% top signal probability trials.

3.1.4 Stop analysis
To analyze the influence of proactive control on Stop trials, a repeated measure
ANOVA was conducted with stop signal probability (25%, and 66%) as factor and EEG
amplitude measured at Region (Frontal, Central, and Parietal) and Laterality (Left, Midline,
and Right) as dependent variable with separate measures for the N2 and P3 time windows of
all valid Stop trials. There was no significant effect of Probability on the N2 measure, F(1,
21) = 0.06, p = 0.803, 2𝑝 = 0.003, or the P3 measure, F(1, 21) = 0.45, p = 0.7, 2𝑝 = 0.007.
There was a significant Probability x Region interaction, F(1.55, 32.62) = 3.92, p = 0.039, 2𝑝
= 0.157. Trials in the 66% condition showed stronger amplitudes than the 25% condition in
the Probability x Region interaction, but Bonferroni corrected post-hoc t-tests did not reach
significance (25% Frontal – 66% Frontal, t(62.4) = -1.79, p = 1.0, 25% Central – 66%
Central, t(62.4) = -0.822 , p = 1, 25% Parietal – 66% Parietal, (t(62.4) = 1.90, p = 0.94.) .
To test for differences between the 25% and 66% conditions during stopping behavior,
EEG amplitudes were averaged and plotted for the Fz, Cz, and Pz electrodes for the 200
milliseconds directly preceding the stop signal and the 800 milliseconds following it. The Cz
electrode shows the largest positive deflection
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Figure 6. Global Stop grand average ERPs. Grand average waveforms for three electrodes (FZ, CZ, and PZ)

Visual inspection of the global field power suggests the 66% condition had a more
pronounced N2 component than the 25% condition. Timewise t-tests of the global field power
was conducted as an exploratory analysis to explore differences between the 25% and 66 %
conditions (figure 4), but none of the p-values remained < 1 after FDR correction. This
indicates the total activity wasn’t significantly different between the 25% and 66% conditions.
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Figure 7 Global field power of the stopping conditions

3.1.5 Cue activity
To test for differences in preparatory attention, the EEG amplitudes were averaged and
plotted for the Fz, Cz, and Pz electrodes for the time period directly preceding the
presentation of the go signal (see figure 8). The Cz and Pz electrodes look fairly similar while
there is some indication of differences in the Fz electrode.

Figure 8 Cue induced ERPs
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Figure 9 Comparison of cue related GFP

GFP was calculated for the the cue period in the three conditions and plotted.
Sustained activity occurs from around 200 milliseconds after the presentation of the cue until
the go signal was presented. An exploratory timewise t-test was conducted and subsequently
corrected with a FDR procedure revealed differences between the 0% condition and the two
conditions requiring inhibition. The analysis suggests a difference in activity in the period 600
– 900ms after the cue is presented (figure 10).
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Figure 10FDR corrected p-values of timewise t-tests between the 0% and the inhibition conditions.

3.1.6 Brain behavior correlations
Bivariate Pearson correlations between the SSRT and the P3 peak and the SSRT and
the P3 onset did not reach significance in either condition (summarized in table 2 and figure
11-14).

SSRT25

SSRT66

P3 Onset25

-.020**

-

P3 Peak25

-.233**

-

P3 Onset66

-

-.184**

P3 Peak 66

-

-.171**

** p > 0.05
Table 2 Pearson correlations SSRT – P3
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Figure 11 SSRT P3 onset correlations in Stop 25% condition

Figure 12 SSRT P3 peak correlations in the 25% condition
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Figure 13 SSRT P3 onset correlations in the 66% condition.

Figure 14 SSRT P3 peak correlations in the 66% condition.
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4 Discussion
The aims of this study were to compare the effects of varying levels of probability of having
to stop would influence performance and indices of brain activity of inhibition. To investigate
this topic, a modified cued Stop Signal task was implemented and performed with recording
of simultaneous fMRI and EEG indices of brain activity. The effects this cueingp and the
effects on N2 and P3 amplitudes and topographies as well as seeing how well Stop Signal
Reaction Times (SSRT) correlates with the EEG findings.

4.1 Behavioral findings
Analysis of behavioral data confirmed previous findings on behavioral slowing. Go
trial reaction times increased from the 0% condition to the 25% condition and again to the
66% suggesting the cues were informative and lead to an increased response cost with
increasing chance of a stopping trial supporting previous studies(Chikazoe et al., 2009; Vink
et al., 2015).
The stop signal reaction time (SSRT) has been assumed to be independent and not
sensitive to preparation. The increase in stop signal delay (SSD) should increase in a manner
that mirrors the increase in reaction time and that is what we found. This study doesn’t
replicate studies (Chikazoe et al., 2009) showing a negative correlation between preparation
and SSRT.

4.2 EEG findings
The literature has identified the N2 component as consistently involved in the stop
signal task. In this study the grand average ERPs didn’t reveal clear N2 components in any of
the conditions. It’s been argued in earlier studies that proactive conditions should show a
diminished N2 due to the expectation of inhibition reduces the conflict. One interpretation of
the current finding is then that the cueing was so informative so that the participants didn’t
experience a great deal of conflict even in the trial types that were rare. Another possible
interpretation is that the components were small and the levels of noise in the signal washed
out any clear component when the datasets were averaged.
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Increased P3 ERP amplitudes in cases requiring proactive inhibition has been reported
earlier (Greenhouse & Wessel, 2013). It was argued that this could reflect increased
uncertainty. This study circumvents this by having the condition of increased probability of
needing inhibition actually having less uncertainty. Visual inspection suggests stronger
activation in the frontal electrodes in the 66% condition but statistical measures fail to
confirm these differences. One possible interpretation is that the increased amplitudes and
shortened SSRTs in Wessel and Aron’s study reflect an increased allocation of resources in
the form of increased attention and general arousal. Rewarding one condition over another
can plausibly lead to diminished attention during non-rewarded trials and increased effort in
rewarded trials which would mirror findings suggesting increased proactive.
There was increased cue-related activity in the conditions requiring inhibition
compared to the condition where a response always would be made. The cue ERPs indicate
the difference between the conditions is in the frontal part consistent with what we would
expect if the frontal cortex exerts proactive control. This is in line with Braver (2012)
proposing proactive control should lead to increased and sustained activity in the period
between task relevant information and the cue for task performance. The difference between
the 25% and the 66% condition did not reach significance. This may be due to the explicit
nature of the cueing. It’s plausible that a 25% chance of needing to inhibit your response also
invokes a degree of proactive slowing. Alternatively it could be (an attentional process that
once engaged in looking for the stop signal that doesn’t modulate strongly with probability / a
process that’s selecting the action rule that isn’t sensitive to the probability). Another point to
consider is that inhibition can in some cases be the pre-potent response (Albares et al., 2014).
If we consider the alternate view of inhibition as being an emergent property of local biasing
and the PFC being tuned to different behavioral rules it’s conceivable that the costs in terms
of neural processing isn’t that great in switching from a tendency to go to a tendency to stop.
There were no significant correlations between SSRTs and either the onset or peak of
the P3 components in either stop condition. This could suggest that in the current paradigm
there’s no relation between the SSRT and the onset or peak of the P3 component. This seems
unlikely as correlation has been shown to be robust (Wessel & Aron, 2015) and may instead
be due to insufficient signal to noise ratio in the single subject data sets to discover the proper
peaks and onsets. There’s an argument to be made for excluding more participants behavioral
grounds like slow reaction times and high stop accuracy rates but this could induce an
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exclusion bias. Seeing as many data sets were already lost due to data degradation the choice
was made to include all data were participants were performing the tasks correctly.

4.3 Limitations
The power achieved in this study was much lower than originally planned and
anticipated. Due to the challenging nature of concurrent EEG and fMRI many of the datasets
had to be discarded. Visual inspections suggest differences in a few places that might reflect
real differences between reactive and proactive stopping but if the achieved power is too low
one can’t safely discard either hypothesis. The decreased signal to noise ratio in the EEG data
might have increased the need for statistical power
The explicit nature of the cues might have led to very firm strategies from as early on
as the task training. One could argue the stop signal becomes the target cue in the 66%
condition and that this results in a task where response tendencies get locked in during the
cuing period. This was desired up until a point, we wanted the participants to adapt a strategy
of proactive slowing, but in some cases this lead to very high reaction times and high stop
accuracy in the 66% condition.
The need for enough trials to achieve sufficient power combined with the amount of
conditions lead to a long experiment. Considering also the need for jittering and long
presentation of stimuli to increase power and make it possible to do certain fMRI analyses
resulted in an experiment last on average an hour. This is a very long period to lie on your
back without moving and perform a difficult task. It seems likely that an hour of paying
sustained attention, even with intermittent breaks, can be too demanding. The orders of the
trials were random but it’s likely that fatigue lead to extra response costs and proactive
slowing in both the 25% and the 66% condition. Based on piloting we had set the threshold
for asking participants to respond faster in go trials during the feedback blocks at 600
milliseconds but the average reaction times were slower than 600 milliseconds in both
conditions. This might be too strict in the 66% condition as the chance of stopping is very
high, but comparable stop signal tasks to the 25% show quicker RTs.
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4.4 Future research
It might be interesting to extend the explicit cueing paradigm to patient groups that show
abnormal patterns of inhibition, in particular deficits in pro-active control. Healthy young
participants adapt a strategy that leads to good performance if somewhat slow, it would be
interesting to see if those with deficits in sustained/tonic inhibition could achieve similar
effectiveness suggesting certain tasks could be improved in these populations with improved
feedback (for example through voice messages while driving, or productivity reminders).
More investigations should be done on the SSRT and its neural correlates in cases with
varying degrees of certainty. Even if the onset of the P3 component coincides with the SSRT
there’s still findings that needs to be reconciled, like that we see effects of transcranial
magnetic stimulation (TMS) on inhibition as early as 140 milliseconds after stimulus
presentation (Huster et al., 2013).

4.5 Conclusion
In conclusion, our results lend support to Braver’s DMC-framework. We found
evidence for increased preparatory activity in conditions requiring response inhibition
compared to the pure go condition through cued induced activity. Behavioral data confirm
and add support to previous findings of increasing RTs with increasing need for inhibition.
SSRTs were not significantly different contradicting findings by Chikazoe et al. (2009). There
was some indication of increased P3 related activity in the 66% condition than the 25% but
these differences can’t be interpreted too strongly as they did not reach significance. Supports
and replicates current findings on stop signal tasks.
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