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A B S T R A C T

Response inhibition is an essential component of cognitive function. A large body of literature has used neu-
roimaging data to uncover the neural architecture that regulates inhibitory control in general and movement 
cancelation. The presupplementary motor area (preSMA) and the right inferior frontal cortex (rIFC) are the key 
nodes in the inhibitory control network. However, how these two regions contribute to response inhibition re-
mains controversial. Based on the Pause-then-Cancel Model (PTC), this study employed functional magnetic 
resonance imaging (fMRI) to investigate the functional specificity of two regions in the stopping process. The Go/ 
No-Go task (GNGT) and the Stop Signal Task (SST) were administered to the same group of participants. We used 
the GNGT to dissociate the pause process and both the GNGT and the SST to investigate the inhibition mech-
anism. Imaging data revealed that response inhibition produced by both tasks activated the preSMA and rIFC. 
Furthermore, an across-participants analysis showed that increased activation in the rIFC was associated with a 
delay in the go response in the GNGT. In contrast, increased activation in the preSMA was associated with good 
inhibition efficiency via the striatum in both GNGT and SST. These behavioral and imaging findings support the 
PTC model of the role of rIFC and preSMA, that the former is involved in a pause process to delay motor re-
sponses, whereas the preSMA is involved in the stopping of motor responses.

1. Introduction

Response inhibition is critical for adaptation and navigation in dy-
namic environments. It refers to the ability to inhibit distractors or 
inappropriate potential actions to facilitate goal-directed behaviors 
(Verbruggen and Logan, 2008). Investigating the neural underpinnings 
of response inhibition will enhance our understanding of the adaptive-
ness of human beings. A large body of neuroimaging studies provides 
overlapping evidence of brain activations during response inhibition, 
comprising the presupplementary motor area (preSMA), the right 

inferior frontal cortex (rIFC), and the basal ganglia (Criaud and Bou-
linguez, 2013; Guo et al., 2018; Hung et al., 2018; Isherwood et al., 
2021; Simmonds et al., 2008; Swick et al., 2011). The basal ganglia were 
thought to play a central role in suppressing unwanted movements or 
thoughts at the subcortical level (Ballanger et al., 2009; Wessel and 
Aron, 2017). However, the functional specificity of the two cortical 
regions— the rIFC and preSMA— remains controversial.

Some studies have identified the rIFC as critical in mediating stop-
ping. The rIFC recruitment correlated with the efficiency of response 
inhibition (Aron et al., 2007; Cai et al., 2014; Xu et al., 2016). 
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Furthermore, from a temporal perspective, rIFC was found to initiate 
response inhibition (Schaum et al., 2021). Another study found that rIFC 
activation was exclusively associated with response inhibition after 
dissociating inhibitory and non-inhibitory action updating by different 
tasks (Maizey et al., 2020). However, the results of this study also 
revealed the influence of preSMA on downstream activation at the 
subcortical level during stopping, suggesting that it has a critical role in 
inhibitory control. On the contrary, some studies unveiled that the 
preSMA is the core region in implementing the stopping, whereas the 
rIFC is responsible for other forms of control. For instance, the rIFC 
exhibited enhanced recruitment during more difficult stopping due to an 
increased working memory load or high time pressure (Hughes et al., 
2013; Simmonds et al., 2008). Other studies found that rIFC recruitment 
is associated with post-stop monitoring (Cao and Cannon, 2021), or 
attentional reorientation triggered by unexpected events (Sebastian 
et al., 2021).

The pause-then-cancel (PTC) model, which was first proposed by 
Schmidt and Berke (2017) based on research in rodents and later 
extended to humans by Diesburg and Wessel (2021), helps to reconcile 
the two opposing views regarding the functional specificity of the rIFC 
and preSMA in response inhibition. This model divides unitary stopping 
into two successive subprocesses: pause and cancel. The pause process 
refers to the delay in movement execution triggered by increasing the 
movement threshold. This is a universal orienting response to infrequent 
or salient stimuli. The pause process interferes with the go process and 
biases the stop process. In contrast, the cancel process is theorized to 
complete the cancellation of a movement or stop the go process. Ac-
cording to the PTC model, the rIFC triggers a pause, whereas the preSMA 
initiates the cancel process by removing the ongoing prokinetic drive via 
the striatum.

The EEG technique has high temporal resolution and provides tem-
poral information about the processes that support response inhibition. 
A late ERP component, a frontocentral P3, is the most common ERP 
index of successful response inhibition (Schevernels et al., 2015; Wessel 
and Aron, 2015). Recent work has evaluated the pause-then-cancel 
model using the EEG technique. Using a selective stop task, Wadsley 
et al. (2023) found that the non-signaled hand response was delayed in 
the partial ignore and partial stop trials compared to the go trials, sug-
gesting a non-selective (global) pause during attention capture. At the 
neural level, increased frontocentral beta burst modulation (within a 
150–250 ms post-stimulus time window) was observed in the partial 
ignore and partial stop trials compared to the go trials, reflecting the 
pause process. In another study, Weber et al. (2023) used the electro-
myogram (EMG) technique and observed reduced muscle activity in 
trials with ignore cues compared to trials without ignore cues (i.e., 
infrequent stimuli). Such a decrease in EMG activity could reflect the 
occurrence of a pause response to ignore cues. Furthermore, Tatz et al. 
(2021) combined corticospinal excitability (CSE), EMG, and whole-scalp 
EEG measurements to investigate the early latency signatures of motor 
inhibition and the neurophysiological signatures specific to 
action-stopping. They found an early inhibitory process about 150 ms 
after the stop signal, indicated by corticospinal excitability reduction 
and EMG suppression. This process was common to all salient events, 
including valid and invalid stop signals. In contrast, the unique stop 
process (or the cancel process) occurs later and is indexed by a 
fronto-centrally distributed P3. Their findings support the PTC model 
from a temporal perspective.

Although Tatz et al. (2021) provided temporal evidence for the two 
successive subprocesses indexed by different neural signatures, a direct 
examination of the associations between the rIFC and preSMA recruit-
ment and motor inhibition based on the PTC model is warranted. For 
this purpose, we used the GNGT and SST to investigate the functional 
specificity of the rIFC and preSMA. The GNGT was used to isolate the 
pause process by including the frequent-go, infrequent-go, and no-go 
trials. Based on the pause-then-cancel model, a pause process should 
be elicited in response to infrequent-go but not frequent-go stimuli. 

Previous studies have shown that global response inhibition is recruited 
for salient stimuli, regardless of whether the stimulus signals a need to 
stop (Dutra et al., 2018; Sebastian et al., 2021). Furthermore, compared 
to frequent-go stimuli, infrequent-go stimuli evoked a longer reaction 
time (Chikazoe, Jimura, Asari, et al., 2009; Satoshi et al., 2012), and 
greater activation in the inferior frontal area (Chikazoe, Jimura, Asari, 
et al., 2009). Therefore, the inclusion of infrequent-go trials provides a 
measure of the pause cost by comparing responses between infrequent- 
and frequent-go trials. Specifically, we examined the associations be-
tween rIFC recruitment and the behavioral indices of pauses. To study 
the cancel process, we examined the association between preSMA 
recruitment and the behavioral indices of inhibition. In line with the 
PTC model, we hypothesized that the pause process recruits the rIFC, 
whereas stopping results in the recruitment of the preSMA. Further-
more, although the PTC model was proposed based on SST, it may be 
generalized to other action inhibition contexts (Diesburg and Wessel, 
2021). Therefore, we further investigate the cross-task generality of the 
PTC by examining whether neural recruitment during the SST de-
termines the inhibition produced by the GNGT.

2. Method

2.1. Participants

Fifty-six right-handed participants (34 females) were recruited from 
Shandong First Medical University. All participants were healthy native 
Mandarin speakers of Chinese Han ethnicity with normal or corrected- 
to-normal vision. Before the experiment, participants provided 
informed consent. The Institutional Review Board of Shandong First 
Medical University approved this study.

Data from three participants (all female) were excluded from anal-
ysis due to their low accuracy (<70%) on the go trials when performing 
either task. A further 14 participants (8 female) with excessive head 
movements (greater than 2 mm or 2◦) in either or both tasks were 
therefore excluded from all data analyses.1 After removing these 17 
participants, the final study sample was 39 (23 female; age range 22–35 
years; Mage = 28.49 years; and SD = 3.55).

2.2. Experimental design

Go/No-go task. The GNGT consisted of two blocks, each consisting 
of 80 trials. Three types of stimuli were presented: the frequent-go 
stimuli (the letter ‘M’), the infrequent-go stimuli (the letter ‘N’), and 
the no-go stimuli (the letter ‘W’). In each block, 40 trials (50%) pre-
sented the frequent-go stimuli, 20 trials (25%) presented the infrequent- 
go stimuli, and 20 trials (25%) presented the no-go stimuli.

These three types of trials were presented randomly, with the setting 
that no more than three go stimuli (frequent-go and infrequent-go) were 
presented within each consecutive 6-s period. In each trial, the stimuli 
were presented in the center of the screen for an 800 ms duration. The 
participants were required to press a button with their right index finger 
quickly and accurately when the stimuli (frequent-go and infrequent-go) 
signified a ‘go’ response and to withhold their motor response when the 
stimuli (no-go) signified a ‘no-go’ response. The stimuli disappeared 
after the participants pressed the buttons, and a fixation cross was pre-
sented until the presentation of the next trial. The stimulus onset asyn-
chrony (SOA) between stimuli was pseudo-randomly set at 2000 or 4000 

1 Participants first performed the GNGT and then the SST. When performing 
the GNGT, eight participants had head motions larger than 2 mm or 2 degrees 
in either of the two blocks. When performing the SST, 12 participants had head 
motions larger than 2 mm and 2 degrees in either of the two blocks. There was 
some overlap between these participants. Therefore, 14 participants were 
excluded. The number of excluded participants was higher for the SST than for 
the GNGT, possibly due to fatigue.
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ms.
Stop signal task. The SST consisted of two blocks, each consisting of 

120 trials. Each block had frequent (75%, identical to the ratio of go 
trials in the GNGT) go trials to set up a pre-potent response tendency, 
and less frequent (25%, identical to the ratio of no-go trials in the GNGT) 
stop trials for participants to withhold their response. In total, the SST 
contained 180 go trials and 60 stop trials.

In the go trial, the go stimuli (right or left arrow) were presented in 
the center of the screen for 800 ms. The participants responded to the 
arrow stimulus by pressing the right or left buttons. The participants 
were instructed to respond quickly and accurately. The go stimuli dis-
appeared when the button was pressed, and a fixation was presented 
until the presentation of the next stimuli. In a stop trial, after the pre-
sentation of go stimuli, an additional “X” of the stop signal appeared. 
The participants were instructed to withhold their motor responses after 
detecting the stop signal. The stop signal vanished if the participants 
pressed the buttons or after 800 ms had elapsed, whichever occurred 
first. The task used a staircase design for the stop signal delay (SSD) to 
adapt to the performance of the participant and narrow the 50% success 
rate for inhibition. The SSD started at 200 ms and varied from one stop 
trial to the next according to the staircase procedure. If the participant 
succeeded in withholding the response, the SSD increased by 50 ms. 
Conversely, if they failed, the SSD decreased by 50ms. After the disap-
pearance of the Stop signal, a fixation was presented until the presen-
tation of the next stimuli. The stimulus onset asynchrony (SOA) between 
stimuli was randomly set to 2000 or 4000 ms.

2.3. fMRI procedure

The MRI data acquisitions were conducted using an 8-channel 
phased-array head coil on a 3.0 MRI scanner (Philips, Achieva TX, 
Netherlands). Earplugs and soft foam padding were used to minimize 
head movement and ambient noise. The structural data acquisition was 
performed using a T1-weighted 3D turbo field echo sequence with 
repetition time (TR) of 8.1 ms, echo time (TE) of 3.7 ms, field of view 
(FOV) of 240 mm × 240 mm, voxel size of 1 mm × 1 mm × 1 mm, and 
slice thickness of 1 mm.

Functional data were obtained via an echo planar imaging (EPI) 
sequence based on blood oxygenation level-dependent (BOLD) with TR 
of 2000 ms, TE of 30 ms, flip angle of 90◦, a field of view of 224 mm ×
224 mm, voxel size of 3.5 mm × 3.5 mm × 3.5 mm, slice thickness of 3.5 
mm and image matrix of 64 × 64.

2.4. Behavioral data analysis

For GNGT, the reaction time and accuracy for infrequent-go and 
frequent-go trials were calculated, respectively. An index measuring the 
delay in the go process due to the pause mechanism was defined as the 
difference between the reaction time for infrequent-go trials and 
frequent-go trials. Furthermore, a prior study defined that participants 
who make faster go responses in infrequent-go trials and a higher per-
centage of correct stops in no-go trials ought to be regarded as more 
efficient performers (Satoshi et al., 2012). Therefore, they defined an 
index describing the individual difference in inhibition efficiency, 
reflecting the good performance on both no-go and infrequent-go trials. 
To calculate this efficiency index, both the percentage of correct per-
formance in no-go trials and the reaction time in the infrequent-go trials 
were standardized, and then subtracted the standardized reaction time 
from the standardized percentage of correct performance. Here, a larger 
efficiency index represents a higher percentage of correct performance 
in no-go trials and a shorter reaction time in go trials.

For SST, the stop-signal reaction time (SSRT) was computed as the 
main index of response inhibition efficiency. It was estimated for each 
participant using the integration method (Logan and Cowan, 1984; 
Satoshi, et al., 2012).

2.5. fMRI data analysis

Image preprocessing and statistical analysis were performed using 
SPM12 software (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
). Preprocessing included slice-time correction, head motion realign-
ment, coregistration with individual structural images, segmentation, 
normalization to a Montreal Neurological Institute (MNI) template and 
resampling to create 3.5-mm isotropic voxels, and spatially smoothing 
by using a Gaussian filter with 8-mm full-width half maximum.

At the individual level, four separate regressors were created and 
time-locked to the onset of stimuli presentation (successful frequent-go, 
successful infrequent-go, successful no-go, and failures in both no-go 
and go trials) within the GNGT task. In the SST task, three separate re-
gressors were created and time-locked to the onset of stimulus presen-
tation (successful go, successful stop, and failed stop). Additionally, six 
realignment parameters were included to account for head movement- 
related variability. A high-pass filter with a cut-off frequency of 1/128 
Hz was used to correct for low-frequency components and serial corre-
lations using an autoregressive AR (1) model.

2.6. Contrast analysis

To evaluate the neural basis involved in response inhibition, the 
contrast of successful no-go vs. successful frequent-go in the GNGT, and 
the contrast of successful-stop vs. successful go in the SST were gener-
ated. To investigate the core response inhibition system, we further 
examined the common regions of brain activation in response inhibition 
between the GNGT and the SST. We used the activated region related to 
response inhibition during the SST as a mask (FWE correction, p < .05, 
cluster >5). Subsequently, we applied it to generate response inhibition- 
related activation in the GNGT with a threshold of p <. 05 (FWE cor-
rected) and more than 5 voxels.

To evaluate the neural basis involved in the pause/orienting process, 
the contrast of successful infrequent-go vs. successful frequent-go in the 
GNGT was generated. According to the PTC model, the failed stop trials 
also recruited the pause/orienting process (Diesburg and Wessel, 2021). 
Therefore, the contrast of failed-stop vs. successful-go in the SST was 
generated. For the whole-brain exploratory search, the threshold was set 
at p < .05 (FWE corrected) with more than 5 voxels.

2.7. Across-participants correlation analysis

To examine rIFC recruitment in the pause process, and the preSMA 
recruitment in the cancel process, we conducted a correlation analysis 
between brain recruitment and the behavioral index indicating pause 
and inhibition. According to the PTC model, the cancel process is initi-
ated by the preSMA by removing the ongoing prokinetic drive via the 
striatum. Thus we examined the activation in the striatum when inves-
tigating the cancel process.

To conduct the correlation analysis, we defined three ROIs in the 
rIFC (MNI: x = 50, y = 16, z = 18; radius = 10 mm), preSMA (MNI: x = 4, 
y = 18, and z = 46; radius = 10 mm), and striatum (MNI: x = 14, y = 8, z 
= 6; radius = 10 mm) based on a previous meta-analysis of response 
inhibition (Cai et al., 2014) (Supplementary material, Fig. 1S). Previous 
literature showed that GNGT and SST recruit different regions within the 
medial frontal cortex (e.g., Mcnab et al., 2008; Zheng et al., 2008; 
Dambacher et al., 2014; Guo et al., 2018). Thus, we also defined an 
additional ROI in preSMA (MNI: x = − 8, y = 20, z = 44; radius = 10 mm, 
based on Rae et al., 2015) for examining the correlation between pre-
SMA and inhibition index in GNGT. The activation (beta value) within 
these four ROIs was extracted by Marsbar (v0.45; http://marsbar.source 
forge.net) (Brett et al., 2002).

2.8. Brain activation-behavior relationship

Pause/orienting mechanism. We first tested whether the rIFC was 
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involved in the pause process. To do this, an index of delay in go 
response due to the pause mechanism for each participant was calcu-
lated by subtracting the mean reaction time in the successful frequent-go 
trials from the mean reaction time in the successful infrequent-go trials 
in GNGT. The pause-related brain activity for each participant was ob-
tained by subtracting the extracted brain activation in the successful 
frequent-go trials from the extracted brain activation in the successful 
infrequent-go trials.

Cancel mechanism. To test that the preSMA is involved in the 
implementation of stopping, we first examined the correlation between 
the extracted activations in preSMA and inhibition efficiency. Specif-
ically, we examined the association between the extracted activations in 
preSMA in successful no-go trials and the efficiency index for inhibition 
in GNGT, and the correlation between the extracted activations in pre-
SMA in successful-stop trials and SSRT in SST. Considering that preSMA 
implement stopping by the striatum, we also examined the correlation 
between the extracted activations in the striatum and inhibition effi-
ciency in GNGT and SST, respectively. Next, we conducted mediating 
analyses to determine whether the preSMA implemented the stop via the 
striatum. The mediation model was tested using the PROCESS macro for 
the SPSS (Model 4) computational tool (Hayes, 2017). The indirect ef-
fect was estimated using bootstrapping procedures (bootstrap sample =
10,000).

Furthermore, to test the cross-task generality of the PTC, we exam-
ined whether or not neural recruitment of preSMA and striatum during 
SST determines the inhibition in GNGT.

3. Results

3.1. Behavioral results

In the GNGT, the mean percentage of correct performance was 
98.11% (SD = 4.91%), 98.53% (SD = 5.64%), and 90.32% (SD = 7.66%) 
in the frequent-go, infrequent-go, and no-go trials, respectively. The 
difference in the percentage of correct performance between the suc-
cessful frequent-go and the successful infrequent-go trials was not sig-
nificant (t(38) = − 1.32, p = .20, d = − 0.21, 95%CI: − 0.527, 0.108). 
Mean reaction times were 513.13 ms (SD = 42.99) and 522.14 ms (SD =
42.34) in the successful frequent-go and the successful infrequent-go 
trials, respectively. The difference in mean reaction times between 
frequent-go and infrequent-go trials was significant (t(38)=− 2.65, p =
.01, d = − 0.42, 95%CI: − 0.749, − 0.093). A balanced distribution of the 
delay in the go response was obtained by subtracting frequent-go trials’ 
reaction time from infrequent-go trials’ reaction time (Fig. 1A). The 
difference in reaction times was not significantly different from a normal 
one as tested by the Shapiro-Wilk test (W = 0.945, p = 0.06).

The reaction time to the infrequent-go stimulus and the percentage of 
successful stop to the no-go stimulus were significantly correlated (r(37) 
= 0.354, p = .027, 95%CI: 0.043, 0.602, Fig. 1B). As a prior study 
defined (Satoshi et al., 2012), an efficient index that reflects a fast 
response in infrequent-go trials and a high percentage of correct stops in 
no-go trials was calculated. A balanced distribution of this efficiency 
index was obtained (Fig. 1C). This index was not significantly different 
from a normal one as tested by the Shapiro-Wilk test (W = 0.973, p =
0.461).

In the SST, the mean percentage of correct performance was 91.62% 
(SD = 6.92%) and 54.71% (SD = 4.11%) in the go and stop trials, 
respectively. The mean reaction time in the successful go trials was 
573.47 ms (SD = 79.76). The failed stop response (commission errors) 
RT was 532.13 ms (SD =82.53). Reaction times in failed stop trials were 
faster than go reaction times for each participant and at the group level 
(t(38) = 14.02, p < .001, d = 2.25). This suggests that the assumptions of 
the race model are met, which requires that the reaction times in the 
failed stop trials fall on the left side of the go reaction times distribution. 
The mean SSD was 309.88 ms (SD = 92.94), and the mean SSRT was 
238.38 ms (SD = 43.64). The correlation between the efficiency index in 
GNGT and SSRT was significant (r(37) = − .365, p = .022, 95%CI: 
− 0.610, − 0.056).

3.2. fMRI results

3.2.1. Contrast results
The brain activation associated with response inhibition was calcu-

lated based on the contrast of “successful no-go versus successful 
frequent-go” in the GNGT (Table 1), and the contrast of “successful stop 
versus successful go” in the SST (Table 2). Prominent activations were 
found in multiple regions, including the rIFC-preSMA circuit (Fig. 2).

The overlap in brain areas supporting response inhibition mainly 
included the bilateral inferior frontal area/insula, preSMA, and middle 
frontal gyrus in GNGT and SST (Table 3, Fig. 3).

To examine whether the rIFC was involved in the pause process, we 
examined the contrast between successful infrequent-go and successful 
frequent-go trials in GNGT, and the contrast between the failed stop and 
successful go trials in SST. The former contrast generated no significant 
regions while the latter generated significant regions in rIFC (Fig. 4, 
Table 4).

3.3. Brain-behavior relationships

We first examined the association between rIFC recruitment and the 
pause process by performing correlational analyses. Specifically, we 
examined the correlation between the delay in go trials and the 

Fig. 1. A, The distribution of the efficiency index. B, The distribution of the reaction time in the successful infrequent-go trials and the percentage accuracy in the no- 
go trials. One dot represents one participant. C, The distribution of the efficiency index.
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Table 1 
Brain areas showing signal increase in the contrast of “successful no-go versus successful frequent-go” in GNGT.

Anatomical Regions BA Hemisphere Peak MNI Coordinates cluster size (voxels) t-value

x y z

Insula/inferior fontal gyrus 47 L − 36 16 − 4 163 8.20
Insula/inferior fontal gyrus 47 R 36 20 − 2 216 8.18
preSMA 6 R 20 12 60 13 6.96
Middle Frontal Gyrus 6 R 40 4 44 32 6.32
Inferior occipital gyrus 19 L − 44 − 66 − 12 5 5.79
Supramarginal Gyrus 40 R 48 − 44 32 8 5.77

Note: FWE p<.05. BA: Brodmann Area.

Table 2 
Brain areas showing signal increase in the contrast of “successful stop versus successful go” in SST.

Anatomical Regions BA Hemisphere Peak MNI Coordinates cluster size (voxels) t-value

x y z

Inferior frontal gyrus 47 R 30 20 4 860 12.85
Fusiform gyrus 37 L − 42 − 58 − 14 1607 11.83
Insula/Inferior frontal gyrus 47 L − 32 22 6 768 10.21
Angular gyrus 7 R 32 − 60 38 672 10.20
Middle frontal gyrus 6 R 42 4 32 592 10.02
Anterior cingulate 32 R 6 34 26 246 9.59
Supramarginal gyrus 40 R 62 − 42 24 783 8.87
Fusiform 37 R 42 − 62 − 12 818 8.66
preSMA 6 R 14 16 62 75 8.04
Supramarginal gyrus 40 L − 58 − 52 30 445 7.75
Inferior parietal gyrus 7 L − 26 − 62 38 337 7.65
Inferior frontal gyrus 9 L − 44 4 28 95 7.46
Supplementary motor area 8 R 4 18 54 9 5.85
Middle temporal gyrus 39 R 36 − 72 22 7 5.68

Note: FWE p<.05. BA: Brodmann Area.

Fig. 2. Brain regions involved in response inhibition in GNGT (A and B) and SST (C and D).

Table 3 
Common brain areas involved in response inhibition in both GNGT and SST.

Anatomical Regions BA Hemisphere Peak MNI Coordinates cluster size (voxels) t-value

x y z

Insula/inferior fontal gyrus 47 L − 36 16 − 4 154 8.20
Insula/inferior fontal gyrus 47 R 36 20 − 2 214 8.18
preSMA 6 R 20 12 60 5 6.96
Middle frontal gyrus 6 R 40 4 44 23 6.32
Inferior occipital gyrus 19 L − 44 − 66 − 12 5 5.79

Note: FWE p<.05. BA: Brodmann Area.
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increased activation in the rIFC during successful infrequent-go trials 
compared to successful frequent-go trials. Activation in the rIFC (suc-
cessful infrequent-go minus successful frequent-go) correlated with the 
delay in the go response, r(37) = 0.329, p = .041, 95%CI: 0.015, 0.584 
(Fig. 5A).

Next, to test the hypothesis that the preSMA is involved in the cancel 
process, we correlated the activation in the preSMA during the suc-
cessful no-go trials with the inhibition efficiency index in the GNGT. 
Activation in the preSMA during the no-go trial was associated with the 
inhibition efficiency index, r(37) = 0.333, p = .038, 95%CI:0.020, 0.587 
(Fig. 5B). In contrast, the correlation between activation in the striatum 
during the no-go trial and the inhibition efficiency index was positive 
but not significant, r(37) = 0.210, p = .199, 95%CI: − 0.113, 0.493. For 
the SST, the correlation between the preSMA activation during suc-
cessful stop trials and inhibition efficiency indexed by SSRT was not 
significant, r(37) = − .019, p = .907, 95%CI: − 0.298, 0.333. However, 
the correlation between the striatum activation during successful stop 
trials and inhibition efficiency indexed by SSRT was significant, r(37)=
− .320, p = .047, 95%CI: − 0.577, − 0.005 (Fig. 5C).

In addition, to investigate whether the preSMA activity contributes 
to the pause and thus may correlate with the go delay, and vice versa for 
rIFC and inhibition efficiency, we tested the correlation between the 
preSMA activity and the pause, and the correlation between rIFC activity 
and inhibition efficiency. The correlation between the preSMA activity 
during the no-go trials and the pause cost in go trials was not significant 
(r (37) = − .086, p = .601, 95%CI: − 0.391, 0.236). Similarly, the cor-
relation between rIFC activity (successful infrequent-go minus success-
ful frequent-go) and the inhibition efficiency indices of both GNGT and 
SST were not significant (for GNGT: r(37) = − .073, p = .659, 95%CI: 
− 0.380, 0.248; for SST: r(37) = 0.002, p = .988, 95%CI: − 0.313, 0.318).

Furthermore, the mediating analysis showed that activation in the 
preSMA predicted the activation in the striatum (β = 0.509, t = 4.177, p 
<0.001), which in turn precited the SSRT (β = − 34.672, t = − 2.632, p 
=0.012). The indirect effect of BOLD activation in the striatum was 
significant between the activation in preSMA and inhibition efficiency 
indexed by SSRT (see Fig. 6).

We also examined the mediating effect of striatum activation in no- 
go trials between the preSMA activation in no-go trials and inhibition 

Fig. 3. Regions that were involved in response inhibition in GNGT (red) or SST (blue)(A) and rendered images for the overlaps(B).

Fig. 4. Brain activations during failed stop trials than during successful go trials (A: image of slices; B: rendered images for activations).

Table 4 
Brain areas showing signal increase in the contrast of “failed stop versus successful go” in SST.

Anatomical Regions BA Hemisphere Peak MNI Coordinates cluster size (voxels) t-value

x y z

Fusiform 37 L − 44 − 58 − 12 1078 12.45
Insula/Inferior frontal gyrus 47 R 34 22 − 10 2565 12.23
Insula/Inferior frontal gyrus 13 L − 32 16 − 8 1158 11.96
Sub-gyral 7 R 28 − 58 38 556 9.76
Brainstem – L − 4 − 30 − 8 450 9.74
Superior frontal gyrus 32 R 8 18 46 1649 9.72
Middle temporal gyrus 22 R 50 − 22 − 8 170 8.89
Precentral gyrus 9 L − 42 4 34 370 8.88
Supramarginal gyrus 40 L − 58 − 44 28 717 8.56
Superior temporal gyrus 40 R 60 − 44 16 1202 8.47
Fusiform 37 R 40 − 50 − 14 665 8.20
Superior parietal lobule 7 L − 28 − 62 44 300 8.01
Caudate nucleus – L − 12 8 10 98 6.73
Thalamus – R 6 − 20 8 20 6.50
Corpus callosum – R 4 − 24 26 7 5.78

Note: FWE p<.05. BA: Brodmann Area.
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efficiency in GNGT. The mediating model was not significant.
Next, we examined whether the activation in preSMA and striatum 

during successful stop trials would predict the inhibition efficiency in 
GNGT. The mediating analysis showed that activation in the preSMA 
predicted the activation in the striatum (β = 0.509, t = 4.177, p <0.001), 
which in turn precited the inhibition efficiency in GNGT (β = 0.8614, t =
2.491, p =0.018). The indirect effect of BOLD activation in the striatum 
on a successful stop trial was significant between the activation in pre-
SMA on a successful stop trial and inhibition efficiency in GNGT (Fig. 7).

4. Discussion

The rIFC and the preSMA have been repeatedly observed to be 
involved in response inhibition. However, there are controversies 
regarding their specific role. The PTC model resolves the controversy 
over the functional specificity of rIFC and preSMA during response in-
hibition by dividing the unitary inhibition process into two subprocesses 
- a salience-related pause and a stop-specific cancel process (Diesburg 
and Wessel, 2021). The current study tested the functional specificity of 
rIFC and preSMA in response inhibition based on the PTC model. To do 
this, we specifically examined the association between brain recruit-
ment and the behavioral index of the pause and cancel process, 
respectively.

The imaging results showed that response inhibition in both GNGT 
and SST recruited multiple brain regions, including the rIFC, preSMA, 

anterior insula, and bilateral parietal area, which is consistent with 
previous empirical findings (Chikazoe, Jimura, Asari, et al., 2009, 2009; 
Maizey et al., 2020; Mostofsky et al., 2003; Nakata et al., 2008) as well 
as previous meta-analysis findings (Cai et al., 2014; Isherwood et al., 
2021; Simmonds et al., 2008). Consistent with the PTC model, failed 
stop trials involved more recruitment in rIFC than go trials, indicating 
the enhanced pause mechanism. The across-participants analysis 
revealed that the pause cost (successful infrequent-go versus successful 
frequent-go) in go response increased as the pause-related activity 
(successful infrequent-go versus successful frequent-go) in rIFC 
enhanced, suggesting the involvement of rIFC in the pause process. In 
contrast, the preSMA activation predicted the inhibition efficiency in 
both GNGT and SST. Moreover, the implementation of the stopping 
supported by preSMA and striatum in SST could be generalized to 
GNGT, indicating the cross-context generalization of the cancel mech-
anism. Together, the present findings thus provide direct evidence for 
the PTC model.

According to the PTC model, the pause process recruits a hyperdirect 
pathway, which raises the threshold for motor execution, thus post-
poning the go process (Diesburg and Wessel, 2021). In the current study, 
we used the GNGT to isolate and examine the pause mechanism. The 
behavioral results showed that the response time to infrequent-go 
stimuli was longer than the response time to frequent-go stimuli, 
reflecting a delay in motor execution. This finding is consistent with 
previous studies (Chikazoe, Jimura, Asari, et al., 2009; Satoshi et al., 

Fig. 5. Correlations between brain activations and behavioral indices in GNGT and SST. A, The distribution of the difference in rIFC activation (successful infrequent- 
go minus successful frequent-go) and the delay in go response (successful infrequent-go minus successful frequent-go) in GNGT. B, Distribution of the preSMA 
activation during successful no-go trials and the inhibition efficiency in GNGT. C, Distribution of the striatum activation in successful stop trials and the inhibition 
efficiency in SST. One dot represents one participant.

Fig. 6. The relationship between preSMA activation and the inhibition efficiency indexed by SSRT in SST was mediated by activation in the striatum. Crosshairs 
indicate the central coordinates of the two ROIs, respectively. Unstandardized regression coefficients are shown for each path.
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2012). Across-participants analysis showed that a larger delay in the go 
response was associated with enhanced activation of the rIFC in 
infrequent-go trials than in frequent-go trials, providing direct evidence 
for the salience-detecting pause mechanism. This is consistent with 
previous findings that delay in motor generation recruits increased 
activation in the right inferior frontal area (Chikazoe, Jimura, Asari, 
et al., 2009). These findings are also consistent with a previous study 
that revealed that increased recruitment of the fronto-basal-ganglia 
network during the unexpected go condition was associated with a 
stronger response slowing on unexpected go events compared with 
regular go events (Sebastian et al., 2021).

Theoretically, there are two main perspectives regarding the role of 
rIFC. The first conceptual function of rIFC is to initiate the inhibition 
process (Aron et al., 2014). In contrast, the other view perceives the rIFC 
as being within the right frontoparietal network, responsible for salience 
detection and attention direction (Corbetta et al., 2008; Corbetta and 
Shulman, 2002). This region is recruited during response inhibition, but 
is also activated in conditions where important cues are detected 
without a motor response (Hampshire, 2015; Hampshire et al., 2010). 
The PTC model conceptualizes the rIFC as being involved in the pause 
process, which can be further regarded as a universal orienting response 
to salient events, as salient stimuli trigger the pause process (Diesburg 
and Wessel, 2021). A recent study further supported the view that rIFC 
primarily detects salient signals (Choo et al., 2022).

Several past psychophysiological studies have revealed that orient-
ing contains three subcomponents: automatic detection of sensory 
change, an attention switch to the salient or novel event, and voluntary 
attentional reorienting to the task (Reisenzein et al., 2012). We believe 
the positive association between rIFC recruitment and delay in go re-
sponses may reflect the subcomponent of detecting salient events (i.e., 
infrequent-go stimuli). Such detection of the sensory change and 
attention switch to a salient event can cause a delay in motor execution.

The contrast between the successful no-go/stop trials and successful 
go trials revealed strong activation in the preSMA. When we looked at 
the common areas involved in response inhibition between the GNGT 
and SST, the results showed overlapped areas in the rIFC, but little 
overlap within the preSMA. This is consistent with previous literature, 
which found that although the preSMA is involved in response inhibition 
(Dambacher et al., 2014; Isherwood et al., 2021), the specific locations 
of activated clusters within preSMA differ between GNGT and SST (e.g., 
Mcnab et al., 2008; Zheng et al., 2008; Dambacher et al., 2014; Guo 
et al., 2018). Furthermore, SST recruited more activations in preSMA 
than GNGT. These differences in preSMA involvement likely reflect the 
differences in cognitive operations between these two tasks (Raud et al., 
2020). The SST involves more top-down control than the GNGT (Littman 
and Takacs, 2017; Raud et al., 2020). Furthermore, Guo et al. (2018)

found that the SST shared more common brain activations with memory 
inhibition tasks in the frontal area including preSMA, whereas the GNGT 
shared limited brain regions with the memory inhibition task. Their 
findings also suggest that the GNGT may be less demanding on working 
memory than the SST, resulting in less activation in the preSMA.

Furthermore, activation of the preSMA directly predicted the 
response efficiency in the GNGT and was indirectly associated with the 
inhibition index in the SST. These findings together suggested that 
preSMA is involved in the implementation of the stop process. According 
to the PTC model, the cancel process stops by an indirect pathway via 
the striatum (Diesburg and Wessel, 2021). Specifically, the preSMA 
sends signals to the striatum, which in turn removes the direct basal 
ganglia pathway drive for movement. In support of this view, the 
mediation model showed that increased activation in the preSMA was 
associated with increased activation in the striatum, which in turn was 
associated with a high inhibition efficiency in the SST. The GABAergic 
output from the striatum modulates the basal ganglia neural activation 
(Hikosaka, 2007). A previous study showed that high GABA levels in the 
striatum were associated with better response inhibition (Quetscher 
et al., 2015). Therefore, to further elucidate the interactions of the 
preSMA-striatum circuit in inhibition, future studies should include 
GABAergic signal measurements.

A particular strength of the present study is that we administered the 
SST and GNGT to the same group of participants, which allowed a direct 
examination of the cross-task generality of the cancellation mechanism. 
Previous studies identifying the core response inhibition mechanisms 
have primarily focused on overlapping evidence in brain activations of 
separate tasks (e.g., Mostofsky et al., 2003; Zheng et al., 2008; Isher-
wood et al., 2021). These studies promote knowledge of the neural 
underpinnings of response inhibition. The present study extends the 
results of prior studies by examining whether the extent of neural 
involvement of the preSMA and striatum also contributes to the effi-
ciency of GNGT inhibition. The finding that preSMA activation in suc-
cessful stop trials was indirectly associated with inhibition efficiency in 
the GNGT by activation in the striatum in successful stop trials provides 
direct support for the cross-task context generalization of the cancel 
mechanism.

When defining the ROI in the rIFC, we located it in the right inferior 
frontal gyrus or the ventral portion of the rIFC. The contrast showed that 
both tasks recruited the right inferior frontal junction (rIFJ) or the 
ventral portion of the rIFC. This is consistent with previous findings that 
response inhibition recruits the rIFJ (O’Connor et al., 2015; Sebastian 
et al., 2016). There are two main views on the function of this region 
during response inhibition. Sebastian et al. (2016) argued that activa-
tion of the rIFJ is associated with attention control of salient stimulus 
features. This view converges with empirical evidence suggesting that 

Fig. 7. The relationship between preSMA activation in successful-stop trials and the inhibition efficiency in GNGT was mediated by activation in the striatum on 
successful-stop trials. Crosshairs indicate the central coordinates of the two ROIs, respectively. Unstandardized regression coefficients are shown for each path.
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the rIFJ plays a crucial role in preparatory attentional control during 
feature-based attention (Meyyappan et al., 2021). In contrast, O’Connor 
et al. (2015) proposed that the rIFJ is responsible for representing and 
enforcing task rules. This view parallels the view that the IFJ plays an 
important role in cognitive control (Brass et al., 2005). In the present 
study, the activation of the rIFJ was likely to reflect the cognitive con-
trol—to guide motor response according to the task demands. However, 
as there were differences in visual features between the go and 
no-go/stop stimuli, it could not be excluded that the rIFJ reflected the 
attentional control of stimulus features. The experimental design of the 
current study did not allow us to test these two interpretations. Future 
studies of response inhibition should look closely at different subregions 
of the rIFC to delineate their functional specificity.

This study had several limitations. First, response inhibition can be 
further divided into reactive inhibition and proactive inhibition (Aron, 
2011). Proactive inhibition refers to how people prepare to stop an 
upcoming response tendency. This process is goal-directed and triggered 
by predictive stop cues or internal signals (van Belle et al., 2014). In 
contrast, reactive inhibition refers to how people stop a response 
outright when instructed to do so by a signal (Aron, 2011). This process 
is stimulus-directed and triggered by salient stop signals (van Belle et al., 
2014). The GNGT and the SST are two typical tasks that elicit reactive 
response inhibition (Aron, 2011). In the current study, we used GNGT 
and SST to investigate the role of rIFC and preSMA in response inhibition 
based on the PTC model. Therefore, it remains unknown whether the 
present findings and conclusions could be genderized to the proactive 
inhibition process. To investigate the PTC model more comprehensively, 
future studies should use tasks that elicit proactive inhibition (e.g., 
Leunissen et al., 2016 used a pre-cue to indicate the frequency of the stop 
stimuli; Vink et al., 2005 manipulated the expectancy of a strop trial) to 
re-examine the findings and conclusions of the current study.

Second, we used infrequent-go trials in the GNGT to isolate the pause 
process and the SST to examine the cancel process. The infrequent-go 
trials in the GNGT provided useful behavioral indices for testing our 
hypothesis regarding the pause process; however, it may have been 
better to examine both the pause and cancel processes in the same task. 
This could be achieved by using a novel experimental design, such as 
changing the proportion (large vs. small, e.g., 25% vs. 10%) of stop 
signals across blocks to manipulate the extent of stimulus salience, 
thereby impacting the pause process. Comparisons of the rIFC activity 
elicited by stop signals from different blocks may help to elucidate the 
neural mechanism of the pause process. In addition, the proportion of 
infrequent-go trials (25%) in the GNGT was higher than that in previous 
studies (12.3 % in Chikazoe, Jimura, Asari, et al., 2009; 12.5 % in 
Satoshi et al., 2012). In the Chikazoe, Jimura, Asari, et al. (2009) study, 
several brain regions showed an increase in signal in the “infrequent-go 
versus frequent-go” contrast, including the right inferior frontal area 
(BA 44). The relatively higher proportion (25%) of infrequent-go trials 
in the current study may explain why the “infrequent-go vs. frequent-go” 
contrast did not generate significant regions in the GNGT. Future studies 
using GNGT with frequent-go, infrequent-go, and no-go trials to inves-
tigate the inhibitory mechanism should include a small proportion of 
infrequent-go trials.

Third, we used a relatively high ratio of varied SOA for both the 
GNGT and the SST. Indeed, previous studies have found that including a 
high ratio (i.e., 50%) of jitter in the GNGT reduces cognitive control in 
response inhibition compared with including moderate amounts (i.e., 
10%) of jitter (Wodka et al., 2009). The introduction of moderate in-
tervals could help people to prepare for inhibition, thus facilitating in-
hibition control, whereas a high ratio of jitter could interfere with their 
ability to maintain the response set, thus resulting in poor control of 
inhibition (Wodka et al., 2009). According to Aron (2011), compared to 
tasks that can evoke preparation for a stop, tasks that trigger a stop by an 
external signal without preparation have limitations in examining the 
ability of cognitive control. However, other studies have used tasks with 
high jitter ratios to investigate the neural basis of the inhibition process 

(Raud et al., 2020; Steele et al., 2013). Nevertheless, future studies could 
use a task that elicits preparation for a stop (i.e., proactive inhibition) to 
further examine the replication of our findings.

Fourth, due to the low temporal resolution of the fMRI technique, the 
current study cannot dissociate the pause and cancel processes from a 
temporal perspective and further capture the dynamic interactions be-
tween these two processes. Furthermore, the low temporal resolution of 
fMRI also brings two issues in examining the hypothesis regarding the 
specific role of rIFC and preSMA in response inhibition. First, we 
interpreted the rIFC activation in the contrast between the failed stop 
trials and successful go trials as an indication of the pause mechanism. 
However, just because a participant failed to stop does not mean there 
was not a cancel process triggered during the trial. In other words, a 
failed stop occurs when the cancel process is triggered but too slow to 
complete a successful stop (Diesburg and Wessel, 2021). Therefore, the 
greater rIFC activation in failed stop trials compared to go trials might 
reflect the trigger of the cancel process. Second, the significant associ-
ation between preSMA activation and inhibition efficiency index sup-
ports the former’s role in the cancel process. However, an alternative 
interpretation is that the preSMA prolonged the pause process and was 
not specific to a cancel process. In the current study, we tested the 
correlation between the preSMA activity and the pause, and the corre-
lation between rIFC activity and inhibition efficiency indices in GNGT 
and SST, and found no significant results. It helps to exclude these two 
alternative interpretations. However, dissociating the pause and cancel 
processes in the temporal dimension would help to elucidate the func-
tion of rIFC and preSMA further. To achieve this, future studies should 
combine fMRI with high temporal resolution techniques, such as EEG 
and EMG, to unveil the neural basis of response inhibition from both 
spatial and temporal perspectives.

5. Conclusion

In this study, we employed fMRI to examine the functional specificity 
of rIFC and preSMA based on the PTC model. The results showed that the 
rIFC activation was associated with the delay of the go process, whereas 
the preSMA activation predicted the inhibition efficiency via striatum. 
This study provides direct evidence for the PTC model and insights into 
the neural mechanism underlying response inhibition.
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