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Abstract

Response inhibition and salience detection are among the most studied psychological constructs of 

cognitive control. Despite a growing body of work, how inhibition and salience processing interact 

and engage regional brain activations remains unclear. Here, we examined this issue in a stop 

signal task (SST), where a prepotent response needs to be inhibited to allow an alternative, less 

dominant response. Sixteen adult individuals performed two versions of the SST each with 25% 

(SST25) and 75% (SST75) of stop trials. We posited that greater regional activations to the 

infrequent trial type in each condition (i.e., to stop as compared to go trials in SST25 and to go as 

compared to stop trials in SST75) support salience detection. Further, successful inhibition in stop 

trials requires attention to the stop signal to trigger motor inhibition, and the stop signal reaction 

time (SSRT) has been used to index the efficiency of motor response inhibition. Therefore, greater 

regional activations to stop as compared to go success trials in association with the stop signal 

reaction time (SSRT) serves to expedite response inhibition. In support of an interactive role, the 

dorsal anterior cingulate cortex (dACC) increases activation to salience detection in both SST25 

and SST75, but only mediates response inhibition in SST75. Thus, infrequency response in the 

dACC supports motor inhibition only when stopping has become a routine. In contrast, although 

the evidence is less robust, the pre-supplementary motor area (pre-SMA) increases activity to the 

infrequent stimulus and supports inhibition in both SST25 and SST75. These findings clarify a 
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unique role of the dACC and add to the literature that distinguishes dACC and pre-SMA functions 

in cognitive control.
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Introduction

Response inhibition, the ability to rapidly cancel an action, is a critical executive function. 

The stop-signal task (SST) is widely used to study response inhibition, where individuals 

respond to the same stimulus repeatedly and on a minority of trials must cancel this 

prepotent response (Logan et al., 1984). Previous functional magnetic resonance imaging 

(fMRI) studies using the SST have identified a network of brain regions that include the 

inferior frontal gyrus, insula, dorsomedial prefrontal cortex, and the basal ganglia, in 

response to stop versus go trials (see Li, 2014 for a review). However, whether these regions 

are specifically involved in motor inhibition, rather than saliency response, as in switching 

from a frequent to an infrequent action, remains unclear (Kenner et al., 2010; Obeso et al., 

2013).

Previous studies have attempted to dissociate response-switching, or the ability to adapt to 

changing task demands, (Badre and Wagner, 2006; Jurado and Rosselli, 2007; Leber et al., 

2008) and response inhibition, by altering the SST to include trials where subjects switch 

from one type of response to another, in addition to trials that require the dominant response 

to be stopped. However, these attempts yielded varied results. Kenner et al. (2010) reported 

that many cortical regions activated to both stop and switch trials, suggesting a general role 

in switching as opposed to inhibition. On the other hand, transcranial magnetic stimulation 

(TMS) of the pre-supplementary motor area (pre-SMA) disrupted stopping, but not 

switching (Obeso et al., 2013). Further, Roberts and Husain (2015) recently reported that an 

individual with a lesion to the caudal pre-SMA showed impairment in switching but not 

stopping. While these discrepancies may reflect differences in methodology (e.g., TMS vs. 

lesion; variation in brain locations examined), a common limitation is that both stop and 

switch trials are presented infrequently. Therefore, both trial types confound salient stimulus 

detection (responses to infrequent, arousing events; Horvitz, 2000) with the behavior of 

interest and require a form of “switching” from a dominant to a non-dominant action plan.

In the response-switching literature, efforts have been made to understand the role of 

salience detection by manipulating whether a task shift requires alternation from a dominant 

to a non-dominant action. In these reports, shifts to an infrequent stimulus type, compared to 

a frequent stimulus type, engage a wide array of cortical and subcortical structures (Badre 

and Wagner, 2006; Braver et al., 2001; De Baene and Brass, 2013; Dove et al., 2000; 

Rushworth et al., 2001). On the other hand, the role of inhibition in these processes remains 

unclear, as response switching engages inhibition of the current, prevailing response (Koch 

et al., 2010; Wessel and Aron, 2013) and yet most studies do not provide a quantifiable 

measure of motor inhibition. Thus, it remains a challenge to distinguish activities related to 
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rule switch (as in alternating between two equiprobable actions) or saliency (as in shifting 

from a frequent to less frequent response) from those related to motor inhibition.

Here, to address this issue, we used a within-subject design where 16 individuals performed 

two variants of the SST during fMRI: a conventional version with 25% stop and 75% go 

trials (SST25), and a modified version (SST75) where trial probabilities were reversed with 

75% stop and 25% go trials. While in SST25 a successful stop, as compared to go trial, 

involves both response inhibition and detection of a salient (infrequent) stimulus, in SST75 

the same contrast involves response inhibition but not salience detection as stop trials 

dominate the task. Using this design, we hoped to dissociate regional activations to response 

inhibition and saliency processing. In particular, in the SST, we can obtain a measure of stop 

signal reaction time (SSRT) to quantify the efficiency of response inhibition (Logan et al., 

1984). A shorter SSRT indicates a more efficient process of response inhibition. Thus, 

greater regional activations to stop as compared to go success trials in association with the 

SSRT serves to expedite response inhibition (Chao et al., 2009; Zhang et al., 2015). Greater 

regional activations both to stop as compared to go trials in SST25 and to go as compared to 

stop trials in SST75 support salience detection. We examined neural processes both shared 

by and distinct to saliency processing and motor inhibition.

Methods and Materials

The study was performed under protocols approved by the Yale Human Investigation and 

MRI Safety Committees. Sixteen adults (8 females, mean age of 29 ± 6 years) participated 

in the experiment. All participants were free from medical, neurological and psychiatric 

illnesses, denied use of illicit substances and tested negative in urine screen on the day of 

fMRI.

Behavioral Task

During fMRI, participants performed the stop-signal task (SST; Logan et al., 1984; Fig. 1A) 

as in our previous work (Farr et al., 2012; Hu et al., 2014; Winkler et al., 2013). There were 

two trial types: go and stop, randomly intermixed. A small dot appeared on the screen to 

engage attention at the beginning of a go trial. After a randomized time interval (fore-period) 

between 1 and 5 s, the dot turned into a circle (the go signal), prompting the subject to 

quickly press a button. The circle vanished at a button press or after 1 s had elapsed, 

whichever came first, and the trial terminated. A premature button press prior to the 

appearance of the circle also terminated the trial. In a stop trial, an additional X, the stop 

signal, appeared after and replaced the go signal. The subjects were told to withhold their 

button press upon seeing the stop signal. The stop-signal delay (SSD) — the time interval 

between the go and stop signal — started at 200 ms and varied from one stop trial to the next 

according to a staircase procedure, increasing and decreasing by 67 ms each after a 

successful and failed stop trial (De Jong et al., 1990; Levitt, 1971). There was an intertrial 

interval of 2 s. Subjects were instructed to respond to the go signal quickly while keeping in 

mind that a stop signal could come up in a small number of trials. Depending on the actual 

stimulus timing (trials varied in fore-period duration) and speed of response, the total 

number of trials varied slightly across subjects in an experiment. With the staircase 
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procedure, we anticipated that the subjects would succeed in withholding their response in 

approximately half of the stop trials. The stop-signal reaction time (SSRT) was computed by 

subtracting the critical stop-signal delay, or the estimated SSD required for a subject to get 

half of stop trials correct, from the median go RT (Li et al., 2008).

We computed post-error slowing (PES) as described in detail in our earlier studies (Ide and 

Li, 2011; Ide et al., 2015; Li et al., 2006; Liao et al., 2014). Briefly, four main types of trial 

outcome were first distinguished: go success (GS), go error (F), stop success (SS), and stop 

error (SE) trial. GS trials were divided into those that followed a GS (pGS), F (pF), SS 

(pSS), and SE (pSE) trial. The effect size of a two-sample t test on the RT of pSE and pG 

trials was used to index PES for individual subjects. We also computed the “fore-period 

effect” (Li et al., 2005). For each subject, the trials were divided into two groups, one with a 

fore-period of less than 3 s (the approximate mean duration of the fore-period) and the other 

with one equal to or longer than 3 s. Fore-period effect = mean RT for short fore-period (<3 

s) – mean RT for long fore-period (≥3 s). Likewise, a t test was performed on the RT of short 

and long fore-periods and the effect size was used as an index of the fore-period effect for 

each individual subject.

Participants performed two different versions of the SST during fMRI. In one version, 

approximately three quarters of all trials were go trials, and the remaining one quarter were 

stop trials (SST25). In the alternate version, trial probabilities were reversed: approximately 

three quarters of all trials were stop trials, and the remaining one quarter were go trials 

(SST75). Figure 1B summarizes the constructs measured in SST25 and SST75. Every 

participant completed three 8-minute sessions each of SST25 and SST75 during the same 

scan, with the order counterbalanced across subjects.

Imaging protocol and spatial preprocessing of brain images

Conventional T1-weighted spin-echo sagittal anatomical images were acquired for slice 

localization using a 3T scanner (Siemens Trio). Anatomical images of the functional slice 

locations were obtained with spin-echo imaging in the axial plan parallel to the Anterior 

Commissure-Posterior Commissure (AC-PC) line with TR=300 ms, TE=2.5 ms, 

bandwidth=300 Hz/pixel, flip angle=60°, field of view=220×220 mm, matrix=256×256, 32 

slices with slice thickness=4 mm and no gap. A single high-resolution T1-weighted 

gradient-echo scan was obtained. One hundred and seventy-six slices parallel to the AC-PC 

line covering the whole brain were acquired with TR=2530ms, TE=3.66ms, bandwidth = 

181 Hz/pixel, flip angle = 7°, field of view = 256×256 mm, matrix = 256×256, 1 mm3 

isotropic voxels. Functional blood oxygenation level dependent (BOLD) signals were then 

acquired with a single-shot gradient-echo echo-planar imaging (EPI) sequence. Thirty-two 

axial slices parallel to the AC-PC line covering the whole brain were acquired with 

TR=2000 ms, TE=25 ms, bandwidth=2004 Hz/pixel, flip angle=85°, field of view=220×220 

mm, matrix=64×64, 32 slices with slice thickness=4 mm and no gap. There were thus 240 

images in each session for a total of 6 sessions.

Data were analyzed with Statistical Parametric Mapping (SPM8, Wellcome Department of 

Imaging Neuroscience, University College London, U.K.). In the pre-processing of BOLD 

data, images of each participant were realigned (motion-corrected) and corrected for slice 
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timing. A mean functional image volume was constructed for each participant for each run 

from the realigned image volumes. These mean images were co-registered with the high 

resolution structural image and then segmented for normalization to an MNI (Montreal 

Neurological Institute) EPI template with affine registration followed by nonlinear 

transformation (Ashburner and Friston, 1999; Friston et al., 1995). Finally, images were 

smoothed with a Gaussian kernel of 8 mm at Full Width at Half Maximum. Images from the 

first five TRs at the beginning of each trial were discarded to enable the signal to achieve 

steady-state equilibrium between radio frequency pulsing and relaxation.

Generalized linear models

Our goal was to identify regional activations in the SST25 and SST75 that might support 

response inhibition vs. salience detection. To this end, a statistical analytical design was 

constructed for each individual subject, using the general linear model (GLM) with the 

onsets of go signal in each of the four main trial types (GS, F, SS, SE) convolved with a 

canonical hemodynamic response function (HRF) and with the temporal derivative of the 

canonical HRF and entered as regressors in the model (Friston et al., 1995). Realignment 

parameters in all 6 dimensions were also entered in the model. Serial autocorrelation was 

corrected by a first-degree autoregressive or AR(1) model. The GLM estimated the 

component of variance that could be explained by each of the regressors. In the first-level 

analysis, we constructed for each individual subject a contrast between SS and GS (SS > 

GS). The contrast (difference in β) images of the first-level analysis were then used for the 

second-level group statistics (random effect analysis; Penny and Holmes, 2003). In the 

second level analysis, all images were evaluated at a voxelwise threshold of p<.005, 

combined with a cluster size threshold of 29 contiguous voxels (783 mm3). This combined 

threshold was estimated with a Monte-Carlo simulation using AlphaSim (Douglas Ward, 

http://afni.nimh.nih.gov/pub/dist/doc/program_help/AlphaSim.html) to give an overall 

threshold of p<.05, corrected for multiple comparisons across the entire brain.

One-sample t tests were performed on the SS > GS contrast to obtain the group effects each 

for SST25 and SST75. To examine if SST25 and SST75 shared regional activations during 

stopping, we performed a conjunction analysis on SS > GS in SST25 and SST75, using the 

minimum statistic compared to the conjunction null method (Nichols et al., 2005) 

implemented in SPM8. Further, to examine if any regions showed common activation to 

infrequent trial type (salience detection) in both SST25 and SST75, we performed a 

conjunction analysis on SS > GS in SST25 and GS > SS in SST75.

The conjunction analyses identified regional activations to stopping and salience detection 

that were shared in SST25 and SST75. On the other hand, salience detection essentially 

involves enhanced attention to infrequency and/or diminished planning for the prepotent 

response and these preparatory processes may be represented differently and influence 

inhibitory control differently between SST25 and SST75 (Cai et al., 2014; Hu and Li, 2012; 

Zhang et al., 2015). Thus, we performed paired t tests to identify differences in voxelwise 

responses to SS > GS in SST25 vs. SST75. Greater activation during SS > GS in SST25 than 

SST75 would identify the salience-related activities that may not be equally represented in 

the two conditions and eluded conjunction analysis as a result. In a region of interest 
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analysis, we then queried how these differences in regional activations related to inhibitory 

control by performing a linear regression against SSRT for each experimental condition.

Results

Table 1 summarizes the behavioral results, and Figure 2a shows the inhibitory function of 

individual subjects in each condition. Individuals responded significantly more slowly on go 

trials and on stop error trials in SST75, as compared to SST25. However, the SSRT did not 

significantly differ between the two conditions.

For regional activations to stopping, the results of one-sample t-tests for SS > GS are shown 

in Figure 2b. In SST25, significant activations were found in bilateral superior/middle/

inferior frontal gyri (IFG), bilateral insulae, dorsomedial frontal cortex (dmFC) including 

dorsal anterior cingulate cortex (dACC) and pre-supplementary motor area (pre-SMA), 

bilateral inferior parietal lobule (IPL), and bilateral visual cortex. In SST75, significant 

activations were only observed in bilateral visual cortex, left orbitofrontal cortex, and right 

precentral gyrus (PrCG). The results of one-sample t-tests for GS > SS are shown in Figure 

2c. In SST25, significant activations were found in cuneus/superior parietal gyrus. In SST75, 

significant activations were observed in cuneus/parieto-occipital fissure/superior parietal 

gyrus, as well as in the left insula, thalamus, midbrain, cerebellum, dACC, and left PrCG 

and post-central gyrus (PoCG).

In conjunction analysis for stopping, bilateral visual cortices respond to SS > GS in both 

SST25 and SST75 (Figure 3a). This activity of the visual cortex was not significantly 

correlated with SSRT in SST25 or SST75 (p’s > 0.10; Pearson regression; Figure 3b). In 

conjunction analysis for salience detection, we identified a small cluster in the dACC (center 

coordinates at [3 29 25]) that increased activation to SS > GS in SST25 and to GS > SS in 

SST75 (Figure 3c). Further, the effect size of dACC activity during SS > GS correlated 

negatively to SSRT in SST75 (p=0.02, Pearson regression) but not in SST25 (p=0.28; Figure 

3d). The latter finding suggests that this dACC cluster not only plays a role in detecting 

salient, infrequent stimuli but also expedites response inhibition when stop trials dominate 

the task.

We performed paired-sample t-tests on the brain activations for the contrast SS > GS (Figure 

2d, Table 2). In SST25, as compared to SST75, activations were higher in a number of 

regions including large clusters in bilateral IFG and insulae that extended into striatum and 

thalamus, midbrain, dmFC including dACC and pre-SMA, left middle temporal gyrus 

(MTG), right ITG, dorsal cerebellum and cerebellar vermis. No regions showed significantly 

higher activation in SST75 as compared to SST25.

To examine whether these regional activities are related to inhibitory control, we performed 

a voxelwise linear regression against SSRT each in SST25 and SST75, masked by the 

combined clusters shown in Figure 2d and Table 2 (i.e., the clusters from the SS > GS 

[SST25 > SST75]). The results showed that, in SST25, no voxel activities were correlated 

significantly to SSRT. In SST75, clusters at the dACC, pre-SMA and thalamus/putamen 

showed an effect size that correlated negatively to SSRT (Figure 4a; Table 3). Figure 4b 
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shows the effect size of SS > GS for individual regions. We then determined if the slopes of 

the regressions were significantly different between the two conditions (Zar, 2010). Of these 

three clusters showing a significant correlation in SST75, the dACC in a nearly identical 

location (center coordinates at [9 26 37]) as identified from conjunction analysis showed a 

significant difference in slope between SST25 and SST75: (SST25, r = −.02; SST75, r= −.

69; z = −2.11, p = .035). On the other hand, the anterior pre-SMA showed a significant 

negative correlation during SS>GS in SST75 (r = −.59, p = .02) and a trend toward 

significant negative correlation during SS>GS in SST25 (r = −.48; p=.06). Figure 4c plots 

the linear regression for these regions.

Discussion

By making the stop and go trial an infrequent condition each in two versions of the SST, we 

examined whether previously reported regional activations to response inhibition are related 

to stopping or more generally to detection of salient, infrequent stimuli. By correlating these 

activities with SSRT, we confirmed a role in motor response inhibition for these regions.

Behaviorally, participants responded more slowly and made more commission errors on go 

trials in SST75 than SST25, due to the higher frequency of stop trials in SST75. This 

replicates previous findings of increasing RT with higher proportions of stop trials in the 

SST or no-go trials in the Go-NoGo paradigm (Wijeakumar et al., 2015; Zandbelt and Vink, 

2010). However, SSRT did not significantly differ between the two experimental conditions, 

suggesting that whether or not stopping was the more frequent response did not alter the 

efficiency of response inhibition, again replicating previous work (Vink et al., 2015; 

Zandbelt et al., 2013).

Cognitive control networks: stopping vs. salience detection

Previous studies have attempted to determine whether brain regions within the cognitive 

control network support true stopping behaviors, rather than more generally alternating 

between action plans. However, there have been inconsistent findings, perhaps because in 

those studies, stop and switch trials are both presented infrequently, thus confounding 

salience detection with the construct of interest (Kenner et al., 2010; Obeso et al., 2013). To 

avoid this potential issue, we manipulated stop trial frequency across two versions of the 

SST so that we could assess brain responses to stop trials when they represent the dominant 

or non-dominant action plan. Our results largely support the notion that some regions 

typically implicated in stopping, such as the IFG, respond primarily to salient or infrequent 

stimuli (Hampshire and Sharp, 2015; Hampshire et al., 2010). These and several other areas 

including the cerebellum, thalamus, and striatum were most strongly activated to the 

infrequent trial type, and not specifically to stopping. This is consistent with an extensive 

literature showing IFG response to salient stimuli even when motor inhibition is not required 

(Hampshire and Sharp, 2015; Hampshire, 2015; Hampshire et al., 2010, 2009; Walther et al., 

2011) and without differentiating successful and unsuccessful stops (Cai et al., 2014). Our 

data also showed that the thalamus and striatum play a similar role during SST performance. 

These results are very similar to a recent study that manipulated trial probability in a Go/
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NoGo task (Wijeakumar et al., 2015), supporting a role of the thalamus and striatum in 

salience detection across different behavioral tasks.

Direct evidence for how saliency affects neural processing during response inhibition, 

however, remains limited. Boehler et al. (2011) modified the SST so that in one version of 

the task, stop signals appeared but were irrelevant. In this condition, subjects were instructed 

to simply respond to all go stimuli and ignore any stop signals. They found that compared to 

stop-irrelevant trials, stop-relevant versus go trials elicited stronger activation in pre-SMA, 

IPL, right IFG/insula, and right middle frontal gyrus, suggesting that these regions facilitate 

response inhibition when stop trials are more salient. Yet, as we have elaborated in our 

previous work, “stopping” in the SST involves multiple processes including proactive 

control, attention to the stop signal and motor inhibition triggered by the stop signal (Duann 

et al., 2009; Hu et al., 2015). Thus, a contrast of stop versus go success trials does not serve 

to isolate the neural processes of motor inhibition. We proposed that a better construct to 

index the efficiency of response inhibition is the stop signal reaction time (SSRT). In 

particular, we showed that individual variation in the SSRT is reflected in the activity of the 

anterior pre-SMA during stopping (Li et al., 2006). Here, among all brain regions that 

respond to salience detection, as identified from the paired sample t test, only the pre-SMA 

exhibited activity in negative correlation to SSRT in both SST25 and SST75, suggesting that 

pre-SMA mediates response inhibition in addition to salience detection. The other two 

clusters, dACC and thalamus/striatum, showed activity in negative correlation to SSRT in 

SST75 but not SST25, with the dACC showing a significant difference in slope between the 

two conditions. The latter finding suggests an interactive role of the dACC in salience 

detection and inhibition, as also shown by the conjunction analysis.

A dual but asymmetric role of the dACC in response inhibition and salience detection

The dACC responded to the infrequent trial type in a Go/No-Go task where trial type 

probabilities were reversed (Braver et al., 2001). Yet in disjunction analysis, a right-

lateralized portion of the dACC with a location similar to what we identified here was 

specifically active when the infrequent trial type required a “No-Go” response. Thus, while 

dACC detects infrequent stimuli, at least part of the dACC may also have a more specific 

role in response inhibition. Here, we found that in SST75, higher stop relative to go 

activations in the dACC correlated with faster SSRT. Therefore, while the dACC was overall 

more responsive to the infrequent trial type, higher dACC activation to the frequent stop 

trials and/or lower dACC activation to the infrequent go trials predicted better response 

inhibition performance. That is, the saliency activity of the dACC is relevant to the 

efficiency of response inhibition only when stopping is a routine – when the action of 

stopping is no longer salient. This contrasts with the pre-SMA, where saliency response is in 

link with efficient response inhibition whether stopping is salient or not, in broad support of 

its role in inhibitory control (Hirose et al., 2012; Konishi et al., 2010; Sharp et al., 2010; 

Watanabe et al., 2015).

In line with this finding, Garavan et al. (2002) categorized stop trials as being “easy” if the 

RT was long on the preceding go trial, hypothesizing that recent response slowing reflects 

proactive control and facilitates response inhibition. They found that easy response 
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inhibition was associated with lower dACC activity to the infrequent trial type. That is, when 

participants were already prepared to stop, a stop trial was no longer salient and elicited little 

response from the dACC. These findings are broadly in accord with single-cell recordings in 

animals and human fMRI data suggesting that the dACC encodes a “surprise” signal, or the 

absolute difference between the expected and actual outcome of an event (Hayden et al., 

2011; Hu et al., 2015; Ide et al., 2013). The difference in motor response requirements 

between SST25 and SST75 could be another factor that interacts with dACC surprise signals 

to produce this result. DACC activations supporting cognitive control vary with specific 

motor responses and task designs (Liston et al., 2006; Luks et al., 2002; Muhle-Karbe et al., 

2014; Xu et al., 2015), and the dACC may play a role in motor output specifically for salient 

or infrequent events (Menon and Uddin, 2010; Uddin, 2015). Thus, higher dACC “surprise” 

activation predicts poorer task performance when the infrequent event requires motor output, 

as in SST75. Conversely, when infrequent events do not require motor output, as in SST25, 

no association between dACC activation and SSRT is observed. Together, these 

considerations highlight the versatility and complexity of dACC functions.

Although thus far we have discussed how inhibition interacts with salience detection, it is 

important to note that response switching cannot be completely dissociated from these 

processes. In fact, SSRT is thought to be a product of competition between go and stop 

processes based on the interactive race model (Boucher et al., 2007; Verbruggen and Logan, 

2008). Hence, in addition to indexing inhibition, SSRT likely also measures some form of 

switching between the two response modalities, as supported by experimental data (Emeric 

et al., 2007; Kenner et al., 2010; Zhang et al., 2015). Indeed, multiple lines of evidence have 

emerged to suggest that the dorsomedial frontal cortex, including the dACC and pre-SMA, 

play a crucial role in response switching as well as inhibition. Single-neuron recordings in 

monkeys show switch-related responses in this region (Isoda and Hikosaka, 2007; Stuphorn 

and Schall, 2006). While some human studies using TMS during the SST have concluded 

that the dorsomedial frontal cortex may be crucial for inhibition specifically (Chen et al., 

2009; Neubert et al., 2010; Obeso et al., 2013; Watanabe et al., 2015), many have theorized 

that this region has a more general role in switching between action plans (Jasinska, 2013; 

Mostofsky and Simmonds, 2008; Nachev et al., 2008), as supported by an fMRI meta-

analysis (Rae et al., 2014). Thus, while in the current study we were able to determine how 

salience detection influences SST performance, a true dissociation between response 

switching and inhibition remains to be established in future work.

Limitations and Conclusions

The current study had several limitations. First, this study had a relatively small sample size 

of 16 participants, although it has been suggested that this number provides adequate power 

for random-effects fMRI analyses (Friston, 2012). Second, our data can only speak to 

cognitive control during the SST. Whereas the SST requires cancellation of an initiated 

response, other paradigms, such as the Go/No Go task, require action restraint, and 

performance on these tasks shows overlapping but also distinct neural correlates (for a meta-

analysis, see Swick et al., 2011). Thus, while the current study has provided new detail on 

how medial frontal areas are involved in stop- and salience-related behavior during stop 

signal inhibition, more work is needed to precisely describe how these brain regions promote 
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successful cognitive control more broadly. Another potential issue is the stability or temporal 

evolution of regional signals during the SST (Jimura et al., 2014). An earlier fMRI study 

engaged participants in the SST for an extended period of time (768 trials in total) and 

showed that regional responses to stop versus go trials are in more robust correlation with 

the SSRT during the later sessions of the task. Although the order of SST25 and SST75 were 

counter-balanced across subjects in the current work, we cannot rule out the possibility that 

some of the “negative” findings may result from signal instabilities in the regions of interest. 

This issue applies broadly to extant studies of the SST, as typically 300 trials or less were 

acquired in a given experiment.

To conclude, by varying the frequency of stop trials in two versions of the SST, we 

distinguished regional activations to stopping and salience detection. The dACC responds to 

salient stimuli and supports motor response inhibition, as indexed by SSRT, only when the 

stop trial predominates the task and is no longer salient. In contrast, the pre-SMA shows 

differential activity to infrequency and/or motor preparation between SST25 and SST75, and 

appears to expedite motor response inhibition/switching across the two conditions.
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Figure 1. 
a) Stop-signal task (SST) design. All participants performed two versions of the task: SST25 

(25% stop trials) and SST75 (75% stop trials). b) The contrast SS > GS measures both 

response inhibition and salience detection in SST25, but only inhibition in SST75, where 

stop trials predominate. SS = stop success, GS = go success, SSD = stop-signal delay. A 

conjunction of SS > GS between SST25 and SST75 identifies correlates of “stopping,” 

whereas a conjunction of SS > GS in SST25 and GS > SS in SST75 identifies correlates of 

saliency detection.
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Figure 2. 
a) Inhibitory functions for the SST25 (red) and SST75 (blue). Dotted lines represent 

individuals, and bolded solid line represents the group average. b) Voxelwise one-sample t-

tests for the contrast stop success (SS) > go success (GS). c) Voxelwise one-sample t-tests 

for the contrast GS > SS. Overlapping voxels between the two conditions are shown in 

purple. d) voxelwise paired-sample t test: SST25 > SST 75 (SS > GS).
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Figure 3. 
a) Conjunction analysis on “stopping” (SS > GS) of SST25 and SST75 showed clusters in 

bilateral visual cortices. b) The activity of visual cortical cluster did not correlate with SSRT 

in SST25 or SST75. c) Conjunction analysis on the infrequent trial type in each condition 

(SS > GS in SST25 and GS > SS in SST75) revealed a cluster in the dorsal anterior cingulate 

cortex (dACC), suggesting a role for dACC in saliency detection; d) The activity of this 

cluster during SS > GS is negatively correlated with SSRT in SST75 but not SST25.
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Figure 4. 
a) Regions of interest analyses identified clusters that showed a negative correlation to SSRT 

(green) in SST75 in areas with greater activations to SS > GS in SST25 as compared to 

SST75; no voxels showed a positive correlation to SSRT in SST75 or any correlation to 

SSRT in SST25. b) Bar plot of contrast values for each cluster (error bar = standard error of 

the mean). c) Scatterplots for the three clusters showing a significant negative correlation 

between SS > GS contrast values and SSRT in SST75. SS = stop success, GS = go success, 

SSRT = stop-signal reaction time, dACC = dorsal anterior cingulate cortex, pre-SMA = pre-

supplementary motor area; Thal = thalamus. †, p < .10; *, p < .05; **, p < .01
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Table 1

Summary of behavioral performance.

SST25 SST75 t p

Median GoRT (ms) 597 ± 88 787 ± 137 −6.037 0.000

Median SERT (ms) 514 ± 75 696 ± 134 −6.570 0.000

GoRT - SERT 94 ± 32 109 ± 47 −0.964 0.350

% Go Success 98 ± 2 89 ± 11 3.263 0.005

% Stop Success 54 ± 3 55 ± 5 −1.312 0.209

SSRT (ms) 226 ± 41 204 ± 44 1.706 0.109

PES (Effect Size) 1.69 ± 1.83 1.07 ± 1.24 1.327 0.205

FP effect (Effect Size) 1.70 ± 1.23 0.59 ± 1.16 2.069 0.056

GoRT = Go Trial reaction time, SERT = stop error reaction time, SSRT = stop signal reaction time, PES = post-error slowing, FP = fore-period; 
values are mean ± standard deviation; t and p values are based on a paired sample t test (n=16).
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