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Abstract
Prior information about the likelihood of a stop-signal pre-activates networks associated with
response inhibition in both go- and stop-trials. How such prior information modulates the
neural mechanisms enacting response inhibition and those balancing task strategies is only
poorly understood. To investigate this, a cued stop-signal task (with cues indicating stopping
probabilities of 0%, 25% or 66%) was implemented in combination with functional magnetic
resonance imaging (fMRI) data acquisition. Specifically, we focused on the effect of
proactive inhibitory control as reflected in the activity of regions known to regulate response
inhibition. Further, modulatory activity profiles in three different sub-regions of the right
inferior frontal area were investigated. Behavioural results revealed an adaptation of task
strategies through proactive control, with a possible gain for efficient inhibition at high
stopping probabilities. The imaging data indicate that this adaption of task strategies was
supported by different regions traditionally involved in the stopping network. While the right
inferior parietal cortex (IPC), right middle frontal gyrus (MFG), right inferior frontal gyrus
(rIFG) pars triangularis, and left anterior insula all showed increased go-trial activity in the
0% condition compared to the 25% condition, the pre-supplementary motor area (pre-SMA),
anterior midcingulate cortex (aMCC), right anterior insula, and the rIFG pars opercularis
showed a more stopping-specific pattern, with stronger stop-trial activity in the 66% condition
than in the 25% condition. Furthermore, activity in inferior frontal sub-regions correlated with
behavioural changes, where more pronounced response slowing was associated with stronger
activity increases from low to high stopping probabilities. Notably, the different right inferior
frontal sub-regions showed different activity patterns in response to proactive inhibitory
control modulations, supporting the idea of a functional dissociation within this area.
Specifically, while the pars opercularis and the right insula showed stopping-related
modulations of activity, the rIFG pars triangularis exhibited modulations only in go-trials with
strong adaptions to fast responding or proactive slowing. Overall, the results indicate that
proactive inhibitory control results in the switching of task or strategy modes, either favouring
fast responding or stopping, and that these strategical adaptations are governed by an interplay
of different regions of the stopping network.
Keywords: fMRI, response inhibition, proactive control
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1. Introduction
Response inhibition refers to the ability to suppress or cancel a routine, prepotent or
already initiated action (Hampshire & Sharp, 2015). This ability is critical for the adaption of
thoughts and behaviour to a rapidly changing environment, and is one of the hallmarks of
cognitive control (Miyake et al., 2000). While response inhibition traditionally has been
investigated as the process triggered by the sudden onset of a stop-signal, so-called reactive
inhibition, research has indicated that how much one prepares to stop, so-called proactive
control of inhibition, may affect the neural mechanisms enacting response inhibition (Aron,
2011; Verbruggen & Logan, 2009b). While reactive inhibitory control is a bottom-up process
related to the detection of a stop-signal, the modulation of inhibition through proactive
control, henceforth referred to as proactive inhibitory control, is a top-down, workingmemory dependent process associated with goal-directed behaviour (Braver, 2012). These
two modes of inhibitory control supposedly interact through neural systems to facilitate and
balance fast and effective inhibition according to environmental demands (Aron, 2011). Here,
we investigated the parametric effect of proactive inhibitory control on conditions requiring
reactive inhibitory control (i.e., stop-trials) and conditions without an explicit need for
stopping (i.e., go-trials). In addition, we identified brain regions associated with proactive
inhibitory control by correlation analysis with behavioural indices, and further investigated
connectivity changes associated with modulations of proactive inhibitory control. Not least,
based on recent debates regarding the neural correlates of response inhibition in the right
inferior frontal area, we considered a putative functional dissociation of this area. Specifically,
we investigated the modulatory effects of proactive inhibitory control on three different
regions of the inferior frontal area, namely the right inferior frontal gyrus (rIFG) pars
opercularis, rIFG pars triangularis, and the right anterior insula.
The stop-signal task (SST) is probably the most widely used paradigm to study
response inhibition, not least because of the possibility to derive an estimate of the stopping
latency from it. This stopping latency is approximated by the stop-signal reaction time
(SSRT), computed as a difference measure of a go-trial reaction time distribution parameter
(e.g., mean or median) and the stop-signal delay (SSD; Band et al., 2003; Verbruggen &
Logan, 2009a). The use of the SST in combination with fMRI has consistently revealed
activity associated with reactive inhibitory control in the bilateral IFG, the bilateral insula, the
bilateral middle frontal gyrus (MFG), the dorsal anterior cingulate cortex (dACC) or
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midcingulate cortex (MCC) and the pre-supplementary motor area (pre-SMA), in addition to
more posterior activations in the parietal cortex (reviewed in Aron et al., 2014; van Belle et
al., 2014; Levy & Wagner, 2011). However, the different functional contributions of these
regions in context of reactive inhibitory control have remained equivocal. Some research has
pointed to the rIFG as an important region for inhibitory control in the brain (reviewed in
Aron, 2007; Aron et al., 2014), supposedly modulating the basal ganglia directly or via the
pre-SMA in a right-lateralised network. Alternatively, it has been suggested that the rIFG and
pre-SMA are part of a wider cortical network, in which each region has flexible functional
roles contributing to a wide variety of cognitive tasks beyond mere inhibitory control
(reviewed in Hampshire & Sharp, 2015; Mirabella, 2014).
In the stop-signal paradigm, inhibitory control can be modulated proactively by
explicitly informing the participant about the likelihood of an upcoming stop-signal. Thus,
while reactive response inhibition is triggered by a somewhat surprising stop-signal, proactive
inhibitory control is elicited by the probability cue indicating the likely occurrence of a stopsignal. Increased stop-signal probability has been associated with increased go-trial reaction
times (go-RTs; Albares et al., 2014; Verbruggen & Logan, 2009b; Zandbelt & Vink, 2010).
This behavioural adjustment is in line with adaptions of the speed-accuracy trade-off as a
consequence of higher proactive control, where speed in go-trials is traded for successful
inhibition in stop-trials (Forstmann et al., 2010; Verbruggen & Logan, 2008). Further,
contrasting fMRI activations of go-trials where the probability of a stop-signal is high
(uncertain go-trials), and go-trials where the probability of a stop-signal is zero (certain gotrials) has revealed increased activity in several regions associated with reactive inhibitory
control, such as the dorsolateral prefrontal cortex (DLPFC; Chikazoe et al., 2009; Swann et
al., 2013), insula (Jahfari et al., 2012), pre-SMA (Albares et al., 2014; Chikazoe et al., 2009;
Jahfari et al., 2012; Swann et al., 2012) and the rIFG (Jahfari et al., 2012; Swann et al., 2012).
Since go-trials do not include a stop-signal, and thus should not elicit reactive inhibitory
control, this activity has been interpreted as reflecting an early, proactive activation of the
otherwise reactive inhibitory network (Jaffard et al., 2008).
In addition to the comparison of uncertain and certain go-trials, recent research has
also looked at the parametric effects of increasing stop-signal probability on the activity in the
stopping network. Such a manipulation yields the possibility to investigate whether increasing
stop-signal probability leads to a corresponding increase in activity across the stopping
network. Interestingly, manipulating the degree of go-uncertainty has revealed that not all
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regions implicated in response inhibition show the same modulation of activity (Leunissen et
al., 2016; Zandbelt et al., 2013). It may be that the activity modulations seen in response to
such parametric manipulations depend on whether the activity is associated with outright
stopping tied to the stop-signal, or to the proactive inhibitory control processes as elicited by
the probability cue (Zandbelt et al., 2013), although no consensus has been reached. This may
partly be because there has only recently been a shift towards the investigation of modulatory
effects of varying stop-signal probability beyond the mere binary comparison of certain and
uncertain go-trials. One has to note that activity changes in any brain region may thus reflect
the engagement of task-general processes, task-specific (here stopping-specific) processes, or
a mixture of the two, and broader parametric manipulations may be necessary to disentangle
these effects.
The effect of proactive inhibitory control on response inhibition can putatively
manifest itself in a number of ways. First, proactive inhibitory control may modulate the
inhibition network already before the presentation of a stop signal, for example by
heightening response thresholds (Jahfari et al., 2010). Secondly, it may facilitate the detection
of the stop signal, e.g. through the adaptation of attentional processes associated with the
novelty or unexpectedness of the stop-signal (Gur et al., 2007; Shulman et al., 2009; Zandbelt
et al., 2013). Thirdly, proactive inhibitory control processes may be manifested by regulating
the reactive inhibition network after the stop signal has been detected, possibly via direct
effects on the fronto-basal ganglia connections (Aron, 2011; Aron & Poldrack, 2006; Jahfari
et al., 2012). For example, it has been suggested that while reactive inhibitory control might
be implemented via a hyperdirect pathway through the subthalamic nucleus (STN) of the
basal ganglia, conditions of proactive inhibitory control may rather invoke pathways via a
more indirect, slower route through the caudate (Aron, 2011). Activity in basal ganglia
regions may thus also be differentially affected in accordance with the degree of proactive
inhibitory control (Leunissen et al., 2016).
Another recent debate relates to the functional unity of the rIFG and adjacent regions
(e.g., Aron, 2011; Erika-Florence et al., 2014; Hampshire et al., 2010; Swick & Chatham,
2014; Verbruggen et al., 2010). It has been argued, for example, that analyses using a rIFG
region of interest (ROI) located in medial parts of the rIFG might overlap with the anterior
insula (Hampshire et al., 2010), and results may thus be contaminated by insular activity. This
is problematic as it has been noted that insular activity during stop-trials might reflect
autonomic arousal related to stopping (Aron et al., 2014), or the detection of behaviourally
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salient events (Cai et al., 2014). Further, whether the rIFG activity during response inhibition
tasks reflects attentional processes tied to the detection of the stop-signal (Hampshire et al.,
2010), inhibition related processes beyond mere attentional capture (Sebastian et al., 2016), or
whether the rIFG sub-regions are part of different cortical networks supporting inhibition as
well as other, more general cognitive control functions (Erika-Florence et al., 2014), is still
unresolved. Recently, Hartwigsen et al. (2018) proposed a further functional segregation of
the rIFG across the anterior-posterior axis, with the posterior parts being associated with
action and inhibition-related functions, whereas the anterior parts were rather associated with
cognition-related functions. Whether the neural correlates of response inhibition are indeed
stronger associated with posterior and lateral structural parts of the rIFG (Aron et al., 2007,
Swann et al., 2012; Wessel et al., 2013) needs further investigation.
Although previous research suggests that at least part of the stopping network is
recruited during conditions of proactive inhibition, the effects of the modulation of proactive
inhibitory control on the activity of this network still remains equivocal on at least two
aspects. First, how is the stopping network associated with reactive inhibitory control and its
parametric modulation by stop-signal probabilities (as opposed to an only binary comparison
of uncertain go-trials and certain go-trials)? Second, does this modulation differentially affect
sub-regions of the right inferior frontal area? To this means, a cued stop-signal task was
implemented in combination with fMRI data acquisition. The cued stop-signal task included
three stop-signal probabilities: 0%, 25% and 66%. To investigate the modulatory effects of
proactive inhibitory control on regions supposedly involved in inhibition, nine ROIs were
defined: left and right insula, pre-SMA, anterior midcingulate cortex (aMCC), right IPC, right
MFG, right IFG pars opercularis (hereby referred to as pars opercularis), right IFG pars
triangularis (hereby referred to as pars triangularis), and the left caudate of the striatum. These
regions were chosen in accordance with the meta-analysis of Cieslik et al. (2015). While the
pars opercularis is the region traditionally implicated in response inhibition, including the pars
triangularis makes it possible to investigate whether rIFG sub-regions are modulated
differently by varying degrees of proactive control. It has to be noted that the right anterior
insula region defined here overlaps slightly with the rIFG regions as reported in other studies,
such as the one of Hampshire et al. (2010). Thus, these three regions (right anterior insula,
pars opercularis, and pars triangularis) represent previous findings in the response inhibition
literature and different sides of the debate regarding the functional specificity of the right
inferior frontal area.
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Although cued stop-signal tasks make it possible to elicit proactive inhibitory control
processes, it becomes more difficult to temporally dissociate cue-related activity from activity
elicited by the subsequent go- and stop-signals. Thus, the hypotheses regarding go- and stoptrial activity will rely on the expected observed net effect of cue- and signal-associated
activity. In go-trials, we expected an increase in cue- and go-signal activity with increasing
stop-signal probability in regions associated with the top-down allocation of attention,
working memory and task rules as well as the regions involved in stopping, thus reflecting the
engagement of proactive inhibitory control as a top-down goal-directed process (Braver,
2012). This increase should therefore be evident in the IFG, MFG and IPC, as well as in the
pre-SMA, as a result of the proactive preparation of stopping. Behaviourally, this activity
increase was expected to be paralleled by an increase in go-trial reaction times.
In stop-trials, the observed net activity would reflect the proactive inhibitory control
processes elicited by the cue, as well as reactive inhibitory control processes elicited by the
stop-signal. It was thus hypothesized that in the 25% condition, the cue-related activity would
reflect a middle-ground between low and high proactive inhibitory processes, while the
reactive inhibitory processes would be relatively high. In the 66% stop condition, on the other
hand, proactive inhibitory control as elicited by the cue would be high, while the reactive
inhibitory control as elicited by the stop-signal would be relatively low, as a result of altered
response or inhibition thresholds via the basal ganglia (Jahfari et al., 2010; Jahfari et al.,
2012). Thus, regions more closely related to outright stopping, such as the IFG and the preSMA would in sum show mid-level elevated stop-related activity in both the 25% and 66%
condition due to the differential and partly countermanding effects of proactive and reactive
inhibitory control. Regions, on the other hand, that are not directly involved in reactive
stopping but that have rather been associated with general attentional control (top-down or
proactive), such as the MFG and IPC, would be expected to exhibit an increase in net activity
with increasing stop-signal probability. Regarding the three sub-regions in the right inferior
frontal area (i.e., pars triangularis, pars opercularis, and right anterior insula), any differential
effect of the modulation of stop-signal probability on these regions would indicate functional
specificity within the right inferior frontal area.

2. Materials and Methods
2.1 Participants
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A total of 39 participants were recruited for the study. All participants reported normal or
corrected-to-normal vision and no neurological or psychiatric disorders. Eleven participants
were excluded from further data analysis; five due to excessive movement in the scanner, one
aborted the experiment due to discomfort during scanning, and one participant reported lefthandedness that was not noticed until after the completion of the experiment. Four
participants were excluded based on behavioural results showing a stop-trial accuracy below
20% (one participant) or above 80% (three participants). This left a final sample of twentyeight healthy, right-handed participants (age: range = 20-39 years, M = 24.68, SD = 4.03; 20
female). The experiment was approved by the local ethics committee at the Department of
Psychology, University of Oslo. Prior to participating in the study, all participants read and
signed an informed consent form, and were informed that they could withdraw from the study
at any time. Participants received a compensation of 200 NOK each for their participation.

2.2 Task
A cued stop-signal task with three levels of stop-signal probabilities was implemented in
combination with fMRI data acquisition. The cued stop-signal task had a jittered, eventrelated design optimised for fMRI scanning. A visual representation of the task is presented in
Figure 1. The task consisted of 600 task-trials in total. These were divided over three different
cue conditions: 0%, 25% and 66%. Specifically, the 0% condition consisted of 50 go-trials,
the 25% condition of 300 go-trials and 100 stop-trials, and the 66% condition of 50 go-trials
and 100 stop-trials. The overall percentage of go- relative to stop-trials thus was 2/1 (~33%
stop trials); this ratio was chosen to still guarantee a prepotent tendency towards fast
responding, and correspondingly a high load on motor inhibition. In addition to the 600 tasktrials (i.e., go- and stop-trials), 150 null-event trials were added to the design. These events
consisted of a 1500 millisecond presentation of the fixation cross.
Each task-trial started with a fixation cross with a duration jittered randomly between
500-2400 milliseconds. The fixation cross was followed by a cue indicating the stop-signal
probability of a given trial (i.e., 0%, 25% or 66%), with a cue duration jittered randomly
between 1000-2000 milliseconds. After the presentation of the cue, the go-signal was
presented for 100 milliseconds. In go-trials, the go stimulus offset was followed by a fixation
cross for another 1400 milliseconds, during which the responses were collected. Responses
outside this timeframe were logged as no-responses. Go-signals consisted of either a left- or
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right-ward pointing green arrow, indicating the response-hand to be used (left or right,
respectively).
The stop-trials were identical to the go-trials with one exception; in stop-trials, a blue
arrow (i.e., the stop-signal) pointing in the same direction as the preceding go-signal was
presented for 100 milliseconds with varying delays with respect to the go signal (SSD). For
each participant, the SSD started at 300 milliseconds and was then dynamically adjusted using
a staircase procedure to ensure a 50% stop-trial accuracy. That is, the SSD was increased by
50 milliseconds (adjusted to the screen refresh rate) if the previous stop-trial resulted in
successful inhibition (i.e., no response), and decreased by 50 milliseconds if the previous
stop-trial resulted in unsuccessful inhibition (i.e., a response). The SSD was adjusted
separately for each cue-condition, but collapsed for the right and left hand.
The 750 trials (task trials and null-event trials) were divided into 10 experimental
blocks, with a randomised presentation of trials regarding left- and right-ward pointing
arrows, cue-condition, go- and stop- conditions, and null-events. Each block lasted for
approximately six minutes. After each block, participants were given feedback on their
behavioural performance. If the average go-RT for that block was above 600 milliseconds,
participants were presented the feedback “be faster”, and if the average go-RT was below 600
milliseconds the participants were presented the feedback “well done”. The overall duration
of the task was approximately one hour.

Figure 1: Visual representation of the cued stop-signal task. This figure illustrates an example
of a go-trial (a) and stop-trial (b) with 25% stop-signal probability and rightwards pointing
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arrows. ITI = inter-trial interval, ms = milliseconds, * indicates that the duration was
jittered randomly within the specified time interval.

2.3 Image Acquisition
Structural and functional MR data were acquired from a 3.0 Tesla Philips Ingenia whole body
MR scanner, equipped with a 32-channel Philips SENSE head coil (Philips Medical Systems,
Best, the Netherlands). Each session started with a structural high resolution image using a
T1-weighted sequence of 184 sagittal slices with a voxel size of 1 x 1 x 1 mm, (field of view:
256 x 256 mm2 , acquisition matrix: 256 x 256, TE: 2.2 ms, TR: 4.5 ms, flip angle: 8°, no slice
gap). The fMRI sequence 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, flip angle: 80°, slice gap: 0.3
mm, interleaved acquisition). At the beginning of the fMRI sequence, three dummy scans
were acquired and then discarded to allow for the stabilization of the magnetic field. The
whole MRI session, including calibration, structural and functional sequences, took
approximately one hour and ten minutes. Concurrent EEG data was recorded, but only the
fMRI data is analyzed and discussed here.

2.4 Analysis
2.4.1 Behavioural data. For each participant, go-RT, go accuracy, SSRT, unsuccessful stoptrial reaction time (US-RT; i.e., the response time of stop-trial errors of commission), SSD,
and stop accuracy, were calculated separately for all cue conditions. The SSRT was estimated
using the integration method (Verbruggen et al., 2013), with replacement of go omissions, as
suggested in a recent consensus paper regarding the stop-signal task (Verbruggen et al.,
2019). Specifically, go omission trials (i.e., go-trials without a response) was replaced with
the maximum go-RT for the specific cue-condition. Thus, the go-trial distribution included
valid go-trials, erroneous go-trials (i.e., trials with a choice error) and the go omission
replacement trials. The full go-RT distribution were rank ordered, and the nth RT was
selected by determining n as the product of multiplying the probability of responding in stoptrials with the number of all go-trials. Finally, the SSRT was estimated by subtracting the
mean SSD from the nth RT.
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Not all data sets of behavioural performance measures were normally distributed. The
behavioural measures related to go-trials (i.e., go-RT and go accuracy) were analysed using a
one-way repeated measures ANOVA, which has been found to be quite robust against
deviations from normality (Schmider et al., 2010). All measures related to stop-trials (i.e.,
SSRT, US-RT, SSD and stop accuracy) were compared using Wilcoxon Signed rank tests for
dependent samples. All behavioural data were analysed in IBM SPSS Statistics for Windows,
Version 25.0 (IBM Corp.).

2.4.2 fMRI data: pre-processing. All pre-processing steps were performed with SPM12
(Wellcome Trust Centre for NeuroImaging, Institute of Neurology at University College
London, UK), running under MATLAB r2016a (The MathWorks Inc., Natick, MA).
Functional images were realigned to the first image and resliced using a 5th degree B-spline
interpolation. Slice timing correction to adjust for time acquisition delays was performed
using the central slice as reference. Functional images were co-registered to the structural
image, and normalised to the Montreal Neurological Institute (MNI) standard space, using
linear and non-linear deformations, written with a final resolution of 3x3x3 mm. Lastly,
functional images were smoothed using a 6 mm full-width-at-half-maximum (FWHM)
Gaussian kernel. The estimated motion parameters were inspected to ensure that relative
motion (between adjacent time points) did not exceed half the voxel size.

2.4.2 fMRI data: analysis. First-level statistical analyses were performed in SPM12 in an
event-related design using the general linear model (GLM) framework. The following events
were included in the model: cues, successful go-trials, erroneous go-trials, successful stoptrials, unsuccessful stop-trials, null-events and feedback. All task conditions were modelled
according to their corresponding stop-signal probability. Go- and stop-trials were modelled at
go-signal onset and stop-signal onset, respectively, while unsuccessful stop-trials were
modelled at response onset. In addition, six regressors coding the participant’s motion
parameters estimated during the realignment procedure were included to correct for head
movement. Task events were modelled as zero-duration events, with the exception of
feedback, which was modelled with a 20-second duration. All modelled events were
convolved with a canonical hemodynamic response function (HRF). To account for slowfrequency drifts, a high-pass filter with cut-off at 128 seconds was implemented.
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The conditions of interest were the successful stop-trials in the 25% condition and the
66% condition (hereby referred to as stop25 and stop66), and the successful go-trials in the
0%, 25% and 66% condition (hereby referred to as go0, go25, and go66). To explore the
global activity evoked during reactive inhibition, a stop > go t-contrast was created for each
participant; i.e., the collapsed activity in the stop25 and stop66 conditions were compared
against the collapsed activity in the go25 and go66 condition (hereby referred to as global
whole-brain analysis). The resulting t-maps from all participants were then subjected to a
group-level random effects analysis, where a one-sample t-test was used on the sample
contrast images. To further explore the activity evoked during reactive inhibition, this
procedure was also performed separately for a stop25 > go25 contrast and for a stop66 > go66
contrast. As the main aim of the study was the investigation of activity within specific ROIs,
the global whole-brain analysis was performed as a validity check of the paradigm. Thus,
resulting t-value maps were analysed using the potentially more lenient cluster-level
inference, with a height threshold of p < .001, and cluster probability of p < .05 (family wise
error corrected; FWE).
ROIs were defined using the MarsBaR ROI toolbox version 0.44 for SPM (Brett et
al., 2002). Nine ROIs were defined as spheres with a six-millimetre radius centred at
coordinates of local maxima extracted from a meta-analysis conducted by Cieslik et al.
(2015; see Table 1 and Figure 2). This meta-analysis was chosen because all studies
included were studies using the standard stop-signal task, and coordinates were inferred
from the contrast stop > go. We know of no more recent meta-analysis meeting these
requirements. Furthermore, it included differential regions of the right inferior frontal area
(i.e., the pars opercularis and the pars triangularis, as well as the right anterior insula). The
regions used within the present study therefore represent a selection of those regions
detected in the meta-analysis that is based on the specified a priori hypotheses. Thus, not all
regions of the meta-analysis were included in the present study. For each participant, mean
beta values were extracted from each ROI for the go0, go25, go66, stop25 and stop66
conditions. The extracted mean beta values were exported to IBM SPSS Statistics for
Windows, Version 25.0 (IBM Corp.) for statistical analysis.

Table 1: Peak Local Maxima Coordinates of ROIs
Region

MNI Coordinates (x, y, z)

Right anterior insula

34, 22, -4
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Right IFG (pars opercularis)

50, 12, 28

Right IFG (pars triangularis)

56, 20, 4

Left anterior insula

-40, 16, -4

Pre-SMA

4, 16, 48

Right MFG

36, 2, 54

aMCC

6, 30, 32

Right IPC

62, -42, 26

Striatum

-4, 12, -2

Note. IFG = inferior frontal gyrus, pre-SMA = pre-supplementary motor area, MFG = middle
frontal gyrus, aMCC = anterior cingulate cortex, IPC = inferior parietal cortex.

Figure 2: Graphical depiction of the ROI locations. Left insula in pink, striatum in yellow,
right insula in red, pars triangularis in bright green, aMCC in beige, pars opercularis in dark
blue, right IPC in white, pre-SMA in turquoise, right MFG in orange. R = right, L = left, P =
posterior, A = anterior. Note: For accurate locations of the ROIs see Table 1. ROIs are
projected onto the template ch2better of MRIcroN
(https://people.cas.sc.edu/rorden/mricron/index.html).

As the main interest of the present study was the effect of stop-signal probability on
go-trial and stop-trial activity, rather than the difference between go and stop, the following
ROI analyses were performed. To see how stop-signal probability affects go-trial brain
activity, a 3 (stop-signal probability; 0, 25, 66) x 9 (ROI; left insula, pre-SMA, aMCC, right
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insula, right IPC, right MFG, pars opercularis, pars triangularis, striatum) repeated-measures
ANOVA was performed on the corresponding beta values. To see how stop-signal probability
affected the brain activity in the stop-trials, a 2 (stop-signal probability; 25, 66) x 9 (ROI; left
insula, pre-SMA, aMCC, right insula, right IPC, right MFG, pars opercularis, pars
triangularis, striatum) repeated measures ANOVA was set up.
In contrast to the previous analyses, which focused on the effects of proactive
inhibitory control on specific regions of interest, two whole-brain analyses were performed
with SSRT as covariate of interest (one for each stop-signal probability), to investigate the
relationship between the behavioural performance of reactive inhibitory control and brain
activity. That is, for the 25% condition, first level contrast images of stop25 > go25 from all
participants were subjected to a random effects multiple regression analysis with the SSRT in
the 25% condition from each participant as a covariate of interest. This was then repeated for
the 66% condition. Resulting t-value maps were analysed using voxel-wise inference with p <
.05 (FWE). Similarly, to investigate which cortical regions might correlate with the
behavioural indices of proactive inhibitory control induced by increased stop-signal
probability, three difference scores were calculated: between go-RT in the go25 and the go0
condition (go-RT25 – go-RT0), as was the difference between go-RT in the go66 and go0
condition (go-RT66 – go-RT0), and in the go66 and go25 condition (go-RT66 – go-RT25).
These estimated differences were then subjected as covariates of interest to three random
effects multiple regression analyses, using first level contrast images of go25 > go0, go66 >
go0 and go66 > go25, respectively. Group-level t-value maps were analysed using voxel-wise
inference with p < .05 (FWE).
Because of the specific hypotheses regarding the relationships of the pre-selected ROIs
with both proactive and reactive inhibitory control, bivariate two-tailed correlations between
the SSRT and ROI beta values for the 25% and 66% conditions, and one-tailed bivariate
correlations between the go-RT difference estimates and the corresponding differences
between ROI beta values were computed. The alpha level was Bonferroni-corrected for
number of tests (α = .05/(9x2) = .0028). For all statistics, Greenhouse-Geisser corrected
estimates are reported when the assumption of sphericity was violated.
Lastly, an exploratory psycho-physiological interaction (PPI) analysis was performed.
PPI is a method that aims to determine which regions in the brain change their connectivity
with a seed region when manipulating task context (Friston et al., 1997; O’Reilly et al., 2012).
Three first level analyses were set up using the SPM toolbox for MATLAB. For all analyses,
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the rIFG pars opercularis (center: 50, 12, 28; radius: 6 mm) was chosen as the seed region.
Although there are some indications that specifying the region individually for each subject
within some constrained area is the most sensitive approach (e.g., O’Reilly et al., 2012), the
seed region was kept constant for all subjects for better correspondence with the ROI analysis.
First, the region’s time series was extracted for each subject, which represented the
eigenvariate of the pre-whitened, high-pass filtered time series, adjusted for effects of interest.
The PPI analysis was then conducted by using the predetermined region of interest and the
contrast go66 > go25. The resulting PPI interaction term, the eigenvariate time series and the
experimental task vector was then subjected to a GLM analysis, and a t-contrast image for the
interaction term was computed. The resulting t-maps of all participants were then subjected to
a group-level random effects analysis, where a one-sample t-test was used on the sample of
contrast images. These steps were repeated for the contrast stop66 > stop25, and go66 > go0.
The resulting whole-brain t-value maps were analyzed using voxel-wise inference with p <
.05 (FWE).

3. Results
3.1 Behavioural results.
A summary of the behavioural measures is presented in Table 2. Overall, the participants
performed well in all three cue-conditions, as evidenced by high go-trial accuracies of 95.7%,
97.9% and 97.5% for the 0%, 25% and 66% conditions, respectively. There was a significant
effect of stop-signal probability on go-trial accuracies (F(1.33, 35.81) = 6.62, p = .009,

p caused by a significantly higher accuracy in the 25% condition than in the 0%
condition (p = .006). The difference between the 25% and the 66% condition did not reach
significance, nor did the difference between 0% and 66% (p > .05). There was also a
significant effect of stop-signal probability on go-RT (F(1.32, 35.61) = 104.74, p < .001,

p. Bonferroni-corrected post-hoc tests revealed that go-RT increased as a function of
stop-signal probability. The go-RT in the 25% condition was significantly higher than in the
0% condition and in the 66% condition as compared the 25% condition (all p < .001).
The participants' accuracy in the stop-trials was close to 50%, although the accuracy
was higher in the 66% condition than in the 25% condition (z = 4.14, p < .001). US-RT
increased with increasing stop-signal probability (z = 4.60, p < .001). Further, in line with
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assumption of the horse race model, the US-RT was significantly shorter than the go-RT in
both the 25% condition (z = -4.62, p < .001), and in the 66% condition (z = -4.62, p < .001).
Lastly, the SSD increased significantly with increasing stop-signal probability (z = 4.62, p <
.001). The difference between the SSRT in the 25% and in the 66% condition did not reach
significance (z = -1.62, p = .106).

Table 2. Behavioural data
Stop-signal probability condition
0%

25 %

66 %

Go-trial RT (ms)**

438.58 (57.44)

592.73 (64.74)

685.15 (115.44)

Go-trial accuracy (%)*

95.71 (4.38)

97.89 (2.68)

97.49 (2.70)

SSRT (ms)

-

250.91 (53.45)

227.29 (51.07)

SSD (ms)**

-

337.21 (89.34)

435.83 (112.03)

US-RT (ms)**

-

524.04 (56.14)

598.14 (80.57)

Stop-trial accuracy (%)**

-

48.86 (6.07)

52.53 (5.36)

Note. Table shows means of behavioural measures for each probability condition. Standard
deviations are presented in the parentheses. RT = reaction time, SSRT = stop-signal reaction
time, SSD = stop-signal delay, US-RT = unsuccessful stop-trial reaction time, ms =
milliseconds. Significant differences marked with ** (p < .001) and * (p < .05).

3.2 Imaging results.
3.2.1 Whole-brain.
Global stop vs go effects in brain activity. Contrasting stop > go, cluster-level inference
revealed significant activity in bilateral IFG pars orbitalis and bilateral MFG (all p < .05),
which is in line with the previous literature (Aron & Poldrack, 2006; Jahfari et al., 2010).
However, the additional contrasts investigating stop-related brain activity in the 25% and 66%
conditions separately seem to suggest differences between the two conditions, although no
direct comparisons was performed on whole-brain data. See Table 3 for all significantly
activated clusters, visually displayed in Figure 3.
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Figure 3: Whole brain analysis overlaid on single-subject template brain. Height threshold of
p < .001, cluster probability of p < .05 (FWE). Colour scale in t-value units. R = right, L =
left. Activation maps were projected onto the template ch2better of MRIcroN
(https://people.cas.sc.edu/rorden/mricron/index.html).

Table 3. Activated clusters contrasting stop > go.
stop > go.
Region
L Middle Occipital Gyrus
R Middle Occipital Gyrus
L Angular Gyrus
R Middle Frontal Gyrus
L Middle Frontal Gyrus
R IFG (p. orbitalis)
L IFG (p. orbitalis)

X (mm)
-42
45
-57
45
-39
36
-30

Y (mm)
-79
-79
-61
29
20
17
23

Z (mm)
8
5
29
44
50
-19
-16

T
6.99
6.79
6.02
5.36
4.88
4.70
4.47

Cluster
extent
141
687
120
118
46
58
52
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R Angular Gyrus

30

-58

53

4.43

90

X (mm)
-57
51
45

Y (mm)
-55
-55
-79

Z (mm)
38
35
5

T
6.49
5.96
5.60

Cluster
extent
113
201
140

45

-49

-13

5.48

62

54
-30
42

-40
20
11

5
-7
44

4.85
4.74
4.68

85
51
66

T
7.04
6.34
4.92

Cluster
extent
175
342
48

stop25 > go25
Region
L Inferior Parietal Lobule
R Angular Gyrus
R Middle Occipital Gyrus
R Inferior Temporal
Gyrus
R Middle Temporal
Gyrus
L Insula Lobe
R Middle Frontal Gyrus
stop66 > go66
Region
L Middle Occipital Gyrus
R Middle Temporal Gyrus
R Superior Parietal Lobe

X (mm)
-45
48
33

Y (mm)
-79
-73
-49

Z (mm)
8
2
56

Note. MNI coordinates. Anatomical labelling by the SPM Anatomy toolbox (Eickhoff et al.,
2005). Height threshold of p < .001, cluster probability of p < .05 (FWE). R = right, L = left.
IFG = Inferior frontal gyrus. X, Y, Z coordinates listed are the location of the peak T value in
each cluster.

3.2.2 ROI analyses.
Go-related changes in brain activity. To investigate the effect of proactive control on go-trial
activity, a 3 (stop-signal probability; 0%, 25%, 66%) x 9 (ROI; left insula, pre-SMA, aMCC,
right insula, right IPC, right MFG, pars opercularis, pars triangularis, striatum) repeatedmeasures ANOVA was performed with go-related beta values as the dependent variable. The
ANOVA revealed a significant main effect of stop-signal probability (F(2, 54) = 5.45, p =
.007, p and ROI (F(8, 216) = 14.32, p < .001, p as well as a significant
interaction between stop-signal probability and ROI (F(7.67, 207.19) = 4.07, p < .001,

p. As evident from Figure 4A, Bonferroni-corrected post-hoc tests revealed that the
bilateral insula, the pars opercularis, and the pars triangularis all showed a significant increase
in activity from the 25% to the 66% condition (all p < .05, Bonferroni corrected).
Furthermore, left insula, right IPC, right MFG, and the pars triangularis all exhibited a
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significant decrease in activity from the 0% to the 25% (p < .05, Bonferroni corrected). The
right insula was the only region showing higher activity in the 66% condition than in the 0%
condition (p = .002, Bonferroni corrected). Interestingly, the pre-SMA, aMCC and striatum
did not show these probability-specific modulations.

Stop-related changes in brain activity. To investigate the effect of proactive inhibitory
control and its interaction with the reactive stop-trial activity, a 2 (stop-signal probability;
25%, 66%) x 9 (ROI; left insula, pre-SMA, aMCC, right insula, right IPC, right MFG, pars
opercularis, pars triangularis, striatum) repeated measures ANOVA was performed. The
interaction effect between stop-signal probability and ROI was significant (F(8, 216) = 2.78,
p = .006, p, as were the main effects of both stop-signal probability (F(1, 27) =
8.11, p = .008, p, and ROI (F(5.46, 147.50) = 15.64, p < .001, p. The main
effect of stop-signal probability indicated generally higher activity in the 66% condition than
the 25% condition. However, with respect to the interaction of stop-signal probability and
ROI, follow-up Bonferroni-corrected post-hoc tests revealed some regional specificity with
higher activity in the 66% condition than in the 25% condition in the bilateral insula, preSMA, aMCC, and the pars opercularis, while no significant differences between conditions
were found for the right IPC, right MFG, the pars triangularis, and the striatum (Figure 4B).
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Figure 4: Effect of stop-signal
probability on A) go-trial activity and
B) stop-trial activity. Figure shows
Bonferroni corrected pairwise
comparisons of the interaction effect
between ROI and stop-signal
probability. Significant differences are
marked with * (p < .05, Bonferroni
corrected). Error bars represent 95%
confidence intervals. aMCC = anterior
midcingulate cortex, pre-SMA = presupplementary motor area, IPC =
inferior parietal cortex, MFG = middle
frontal gyrus.

3.2.3 Brain-behaviour correlations.
Whole brain analyses testing for
correlations between the SSRTs and
stop-trial related brain activity revealed
a significant negative correlation
between the right thalamus and SSRT
in the 66% condition, although the
cluster was quite small (Table 4). No
significant activity was evident for the
25% condition.
Two-tailed bivariate
correlations between SSRTs and ROI
stop-trial beta values for both the 25%
and the 66% condition did not reach
significance (all p > .0056).
The whole-brain analysis investigating whether there was a relationship between the
increase in go-RT and an increase in brain activity between the different stop-signal
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probability conditions did not reveal significant activations for the increase from 0% to 25%,
0% to 66% nor from 25% to 66% .

Table 4. Negative correlation between SSRT and whole brain activity
Region

X (mm)

Y (mm)

Z (mm)

T

Cluster extent

R Thalamus

9

-19

17

6.68

1

Note. Results of the whole brain analyses testing for correlations between the SSRTs and
stop-trial related brain activity in the 66% condition. MNI coordinates. Anatomical labelling
by the SPM Anatomy toolbox (Eickhoff et al., 2005). Voxel-wise inference with p < .05
(FWE). R = right, L = left. X, Y, Z coordinates listed are the location of the peak T value in
each cluster.

There was a significant bivariate correlation between the difference of ROI beta values
in the 66% and 25% conditions and the corresponding difference in go-RT, with stronger
increase in activity being associated with more pronounced RT slowing (Figure 5). This was
true for the left insula (r = 0.517, p = .002), aMCC (r = 0.534, p = .002), right insula (r =
0.532, p = .002), and the pars triangularis (r = 0.624, p < .001).The pre-SMA exhibited a
relationship of similar strength (r = 0.468, p = .006), that nevertheless did not cross the
Bonferroni corrected significance level. No significant bivariate correlations were found for
the differencesof go66 > go0 or go25 > go0.
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Figure 5: Bivariate one-tailed correlations revealed a significant correlation between go-RT
difference and ROI beta value difference between the 66% and 25% conditions. Significant
effects are marked with * (p < .0028).

3.2.4 PPI analysis.
PPI analyses of the go-trials revealed a significant increase in connectivity between the pars
opercularis and the left putamen as well as the right fusiform gyrus in the 66% condition
relative to the 25% condition (Table 5). However, the significant clusters were rather small.
Neither the corresponding effects for stop-signal trials, nor the go66 > go0 analysis revealed
any significant changes in connectivity.

Table 5. PPI analysis.
Go66 > go25
Region

X (mm)

Y (mm)

Z (mm)

T

Cluster extent

L Putamen

-12

11

-7

6.42

1

R Fusiform Gyrus

39

-43

-19

6.07

1
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Note. Results of the PPI analysis using the rIFG pars opercularis as seed region. MNI
coordinates. Anatomical labelling by the SPM Anatomy toolbox (Eickhoff et al., 2005).
Voxel-wise inference with p < .05 (FWE). R = right, L = left. X, Y, Z coordinates listed are
the location of the peak T value in each cluster.

4. Discussion
A cued stop-signal task was used to investigate the effects of proactive inhibitory control on
response initiation and inhibition processes. As was expected based on previous research,
whole-brain analyses revealed that inhibitory control was associated with activity in the
bilateral IFG, MFG and IPC (e.g., Aron & Poldrack, 2006; Chikazoe et al., 2009). More
importantly though, behavioural and imaging results indicate that the participants adjusted
their performance proactively with increasing stop-signal probability. That is, go-RT and
stop-trial accuracy increased with increasing stop-signal probability, while the SSRT
remained unaltered. Thus, participants used the probability cues to switch between task
strategies, from a go-oriented mode with short response times, to a stopping mode with slow
responses but higher stop-trial accuracy. The behavioural effects of mode switches were also
reflected in the imaging data, where regions traditionally involved in outright stopping, such
as the pre-SMA, pars opercularis, and the insula all showed stronger stop-trial activations in
the 66% condition than in the 25% condition. Interestingly, go-trial activity was significantly
higher in the 0% condition than the 25% condition in the left insula, pars triangularis, right
MFG and right IPC. However, while the left insula and pars triangularis showed a significant
increase in go-trial activity from the 25% to the 66% condition, this was not true for the MFG
and IPC. This indicates that the mode-switching evident in the behavioural data is associated
with different regions of the stopping network, with some regions being more associated with
the facilitation of fast responses in the 0% condition, and other regions with efficient
inhibition in the 66% condition. Furthermore, the results indicate that sub-regions in the
inferior frontal area exhibit different activity patterns in response to proactive inhibitory
control modulations, with the pars opercularis and right insula being more responsive to
outright stopping, and the pars triangularis possibly being more associated with go-related
processes during clear stimulus-response mappings.

4.1 Mode-switching of task-strategies
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The increase in go-RT with increasing stop-signal probability is in line with previous research
(Albares et al., 2014; Zandbelt & Vink, 2010), and has been attributed to an increase in
proactive inhibitory control (e.g., Verbruggen & Logan, 2009b). Although it was expected
that the SSRT would decrease with increasing stop-signal probability as a result of the
increase in proactive inhibitory control, no such effect was found in the present study. The
lack of a decrease in the SSRT has also been found in previous research (e.g., Lavallee et al.,
2014; Leunissen et al., 2016), and has been attributed to a response-strategy adjustment where
speed in the go-trials are traded for accuracy in the stop-trials (Verbruggen and Logan,
2009b). This was supported by the stop-trial accuracy, which was significantly higher in the
66% condition than in the 25% condition. Thus, the behavioural data indicate a shift from a
predominately “go-mode” in the 0% condition to a predominately “stop-mode” in the 66%
condition. Furthermore, the behavioural pattern observed in the 25% condition clearly
indicates that participants tried to balance response speed and stopping accuracy (Verbruggen
& Logan, 2008). In the 0% condition, participants do not have to proactively prepare for
upcoming inhibition, and this certainty of a motor execution facilitates processes supporting
fast responses. The added uncertainty in the 25% condition urges participants to apply a more
balanced strategy, as evident in higher go-RTs compared to the 0% condition. In the 66%
condition, participants clearly engage in efficient stopping. This is indicated by increased
stopping accuracy, coming at the expense of prolonged go-RTs. This pattern further supports
previous research that has found that people switch task strategies in accordance with the
frequency and relevance of stop-trials (Bissett & Logan, 2014).

4.1.1 Regions facilitating fast responding in go-trials
The mode-switching of task-strategies evident in the behavioural data is mirrored in the neural
data. That is, the facilitation of fast responses in the 0% condition and the facilitation of
efficient stopping in the 66% condition show associations with distinct regions of the stopping
network. The right IPC, right MFG, pars triangularis and the left insula all showed a
significantly increased go-trial activity in the 0% condition compared to the 25% condition. It
is somewhat surprising though that certain regions of the stopping network showed this
elevated go-trial activity in the 0% condition compared to the 25% condition. Although
speculative, this effect may reflect the certainty of an upcoming motor response and the
allocation of attentional resources to the detection of the go-signal. That is, during conditions
when the need for a response to the go-signal is certain (i.e., the 0% condition), attentional
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processes allocated to the detection of the target as well as facilitation of the fast response are
recruited. A recent attempt to investigate the interaction between attentional resources and
response inhibition did indeed find a down-modulation of go-stimulus processing in
conditions when the probability of stopping is high, reflected in a relationship between
attenuated EEG N1 amplitudes (a marker for early visual-sensory processing) and go-RTs
(Langford et al., 2016). The opposite pattern (i.e., up-modulation of go-stimulus processing in
conditions of low proactive inhibitory control) thus seems plausible. Since the N1 amplitude
decreased with go-RT slowing, it is likely that these processes are under proactive control
(Langford et al., 2016). As the rIPC has been associated with attentional processes during
stop-signal tasks (Gur et al., 2007; Hampshire et al., 2010; Shulman et al., 2009; Zandbelt et
al., 2013), an effect that seems to be independent of the task-relevance of the stop-signal
(Boehler et al., 2011), it may be that the attentional processes related to the N1 modulation
indeed are related to IPC activity. The reported associations of the IPC with both the
maintenance of attentional control (Singh-Curry & Husain, 2009) and the bottom-up detection
of salient stimuli (Corbetta & Shulman, 2002) further support this interpretation.
Both the pars triangularis and the left insula showed a more task-general pattern, with
higher go-trial activity both in the 0% condition and in the 66% condition, than in the 25%
condition. Thus, it may be that the activity in these regions is associated with general
processes induced by the clear stimulus-response mappings of these two conditions. That is,
during the 0% condition, these regions may help to facilitate the fast responding as evident by
the short go-RTs. In the 66% condition however, the activity in these regions may be
associated with a general response slowing, as a result of the increased proactive inhibitory
control induced by the increased stop-signal probability. This is supported by the correlation
between the behavioural slowing from the 25% condition to the 66% condition and the
activity difference between these conditions in both the pars triangularis and the left insula.

4.1.2 Mechanisms of efficient stopping during proactive inhibitory control
The bilateral insula, pars opercularis, pre-SMA and aMCC all showed a significant increase in
stop-trial activity from the 25% condition to the 66% condition. Thus, during increased
proactive control there is an increase in activity in regions traditionally involved in reactive
inhibitory control. This indicates that there is an interaction between the processes governing
the two modes of inhibitory control.
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Interestingly, for the pre-SMA and the aMCC, the increase in activity from the 25%
condition to the 66% condition was not evident in go-trial activity. This may indicate that the
inhibition-related processes associated with pre-SMA activity are occurring after, or related
to, the detection of the stop-signal, such as connectivity with the basal ganglia to modulate
response or inhibition thresholds. In fact, pre-SMA connections to the basal ganglia have been
found to be modulated by stop-signal probability and trial outcome certainty (Forstmann et
al., 2010; Jahfari et al., 2012). Although no significant difference between aMCC go-trial
activity in the 25% and the 66% condition was found, this difference was nevertheless
correlated with behavioural adaptions in the go-RT between these two probability conditions.
The aMCC has also been implicated in response preparation and working memory (reviewed
in Vogt, 2016). Thus, it may be that the activity pattern seen here indicates that the aMCC is
involved in processes related to proactive inhibitory control, and processes beyond those
introduced by the stop-signal. Future studies need to investigate this further.

4.2 Dissociable functional roles of inferior frontal sub-regions
Despite the association of the (right) IFG with response inhibition, its exact functional role
has become the center of discussion. It has been argued that the exact choice of IFG-ROIs
may greatly alter the observed response profile to task challenges (e.g., Aron, 2011;
Hampshire et al., 2010). Indeed, our results indicate such a functional dissociation of the right
inferior frontal area. The pars opercularis and the right insula showed the expected stoppingactivity, with higher activity in the 66% condition than in the 25% condition, in both go- and
stop-trials. This is consistent with the idea that the rIFG acts as a brake during conditions of
high proactive inhibitory control (Aron et al., 2014). Here, we show that this braking
mechanism is not specific to the pars opercularis, but that the right insula also exhibits a
compatible response profile. It has been argued that the insula activity during stop-signal tasks
rather reflects autonomic arousal related to stopping (Aron et al., 2014) or the detection of
behaviorally salient events (Cai et al., 2014), instead of inhibition per se. Here, we show that
insula activity is susceptible to proactive modulations of stopping, which may indicate more
than pure autonomic arousal. If the insula activity was dependent on the saliency of the stopsignal, then a decrease in activity with increasing stop probability would be more likely
reflecting the increased expectancy of the stop-signal. Furthermore, the activity difference
from the 25% to the 66% condition in the right insula was correlated with the corresponding
go-RT difference, a correlation not evident for the pars opercularis. These findings further
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support the notion that the insula’s function extends beyond mere autonomic arousal or
attentional mechanisms.
Interestingly, the pars triangularis showed a somewhat different activity pattern than
the two other inferior frontal regions. While the pars triangularis did show a significant
increase in activity from the 25% to the 66% condition, this was only true for go-trials.
Furthermore, this was accompanied by a significant correlation with the behavioral RT
difference between these two conditions. In the stop-trials, no significant modulations were
evident in this region. Interestingly, the pars triangularis, as the only inferior frontal subregion, showed a significant decrease in go-trial activity from the 0% to the 25% condition.
Thus, while the pars opercularis and right insula may be more susceptible to proactive
modulations of outright stopping, the pars triangularis activity pattern rather indicates an
association with conditions favoring task modes with clear stimulus-response mappings. The
present results further support previous research showing that more posterior parts of the
inferior frontal area are indeed related to stopping and inhibition (Hartwigsen et al., 2018).
The PPI analysis revealed that go-trials during conditions of high compared to low
proactive inhibitory control exhibited significantly higher connectivity between the pars
opercularis and the left putamen and right fusiform gyrus. No such connectivity patterns were
evident in the stop-trials. These results support the idea of the pars opercularis being
implicated in proactive inhibitory control, possibly as a braking mechanism (Aron et al.,
2014), and suggest that this braking mechanism may involve the striatum of the basal ganglia.
Further, the results of the PPI analysis opens up for a dissociation of the functional roles of
the pars opercularis and the right insula, as no connectivity between these regions was
evident. However, some important limitations of the PPI analyses need to be addressed. First,
PPI analyses usually suffer from a lack of power, owing to the modeling of changes of
connectivity as an interaction term to exploit the residual variance of other regressors
(O’Reilly et al., 2012). Further, and perhaps as a consequence of low power and sensitivity,
the significant clusters evident in go-trials were rather small. The PPI results thus await
further replication, not least through the use of alternative methods for the detection of
connectivity patterns.

4.3 Future directions and limitations
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To our surprise, the expectation that activity in go-trials would increase concurrently with the
augmentation of stopping probability from 0% to 25% in regions associated with proactive
inhibitory control was not met. Since failures to find increases in go-trial activity from low to
high stop-signal probability in regions such as the rIFG have been reported earlier (Jahfari et
al., 2012; Leunissen et al., 2016), we believe that such outcomes are based in specifics of the
task design. As the distance between the probabilities chosen for the current design is larger
than what has been used in previous research varying stop-signal probabilities, it may have
triggered more pronounced strategic adaptations in the 0% and the 66% condition, leaving the
25% condition to be the most uncertain condition. This suggests that specific care has to be
taken when using stopping probabilities as experimental factors, and future research is needed
to further dissociate strategic adaptations from genuine inhibitory and attentional processes.
The ROIs chosen in the present study was inferred form a meta-analysis using the
standard stop-signal task, and the contrast stop > go (Cieslik et al., 2015). It is interesting then
that regions traditionally involved in stopping, such as the striatum, do not show activity
modulations as an effect of increased proactive inhibitory control. Although the present
results may indicate that the striatum rather exhibits proactive modulations through
connectivity changes, this notion needs to be cross-validated with alternative analysis
schemes. The striatum ROI used here was located to the left caudate, and it may be that
proactive inhibitory control recruits other regions of the basal ganglia. Leunissen et al. (2016)
found an increased go-trial activation in right putamen during low compared to high stopsignal probability, indeed showing that different regions of the caudate may show different
activity patterns in response to proactive inhibitory control modulations. Further, correlational
analysis in the present study did reveal an association between the SSRT and the right
thalamus that was only evident in the 66% condition. Although speculative considering the
cluster size of this result, it does support the notion that proactive inhibitory control affects
basal ganglia pathways (Aron, 2011; Leunissen et al., 2016). It may be that choosing a striatal
ROI based on local maxima coordinates from research on proactive inhibitory control (as
opposed to the standard SST) would have yielded different results, and future research should
investigate this further.
It needs to be noted that the contributions of proactive and reactive inhibitory control
to the net effects discussed here cannot be dissociated in this study because of the temporal
proximity of the cue and the target stimulus. Thus, we assume that proactive inhibitory
control increases with increasing stop-signal probability as we see a corresponding increase in
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go-RT. However, as we do not see the corresponding activity increase in the regions
associated with proactive inhibitory control from the 0% to the 25% condition, we can only
hypothesize that the different conditions trigger distinct strategy modes as reflected in
different activity patterns. In addition, the exact neural mechanisms through which proactive
inhibitory control exerts its influence, e.g., how proactive inhibitory control interacts with
reactive inhibitory processes, is not known. Future studies should test the interaction between
proactive and reactive inhibitory processes specifically.

5. Conclusion
The present study is the first to report how varying proactive inhibitory control results in the
switching of task or strategy modes, either favouring fast responding or fast stopping, and
how this process is governed by different regions of the stopping network. Furthermore, using
a parametric design, as opposed to only binary comparisons of certain to uncertain trials,
helped to elucidate the net effects of the interaction of proactive and reactive mechanisms on
regional activity. Lastly, the present study suggests a functional dissociation of the right
inferior frontal area, where the pars opercularis and right insula seem to be more associated
with outright stopping, while the pars triangularis rather is associated with clear stimulusresponse mappings in go-trials.
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