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Abstract

Executive control requires behavioral adaptation to environmental contingencies. In the stop signal 

task (SST), participants exhibit slower go trial reaction time (RT) following a stop trial, whether or 

not they successfully interrupt the motor response. In previous fMRI studies, we demonstrated 

activation of the right-hemispheric ventrolateral prefrontal cortex, in the area of inferior frontal 

gyrus, pars opercularis (IFGpo) and anterior insula (AI), during post-error slowing (PES). 

However, in similar analyses we were not able to identify regional activities during post-success 

slowing (PSS). Here, we revisited this issue in a larger sample of participants (n=100) each 

performing the SST for 40 minutes during fMRI. We replicated IFGpo/AI activation to PES 

(p≤0.05, FWE corrected). Further, PSS engages decreased activation in a number of cortical 

regions including the left inferior frontal cortex (IFC; p≤0.05, FWE corrected). We employed 

Granger causality mapping to identify areas that provide inputs each to the right IFGpo/AI and left 

IFC, and computed single trial amplitude (STA) of stop trials of these input regions as well as the 

STA of post-stop trials of the right IFGpo/AI and left IFC. The STA’s of the right inferior 

precentral sulcus and supplementary motor area (SMA) and right IFGpo/AI were positively 

correlated and the STA’s of the left SMA and left IFC were positively correlated (slope > 0, 

p’s≤0.01, one-sample t test), linking regional responses during stop success and error trials to 
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those during PSS and PES. These findings suggest distinct neural mechanisms to support PSS and 

PES.
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Introduction

The stop signal task (SST) is one of most widely used behavioral task to examine the neural 

processes of cognitive control. By contrasting various events in the SST, we have described 

regional responses to motor inhibition, error processing, and post-error behavioral 

adjustment (Li et al., 2008c; Duann et al., 2009; Winkler et al., 2013; Zhang et al., 2015; 

Manza et al., 2016a). For instance, the thalamus and supplementary motor area (SMA) 

respond more strongly to stop error compared to stop or go success trials. After committing 

an error participants typically delay their motor response in subsequent go trials, a 

phenomenon termed post-error slowing (PES). Our previous fMRI study demonstrated 

higher activation of the right-hemispheric ventrolateral prefrontal cortex (VLPFC) during 

post-error go trials when participants slowed down in reaction time (RT) than during those 

trials when they did no slow down (Li et al., 2008c). Further, we employed Granger 

causality mapping (GCM) to query the whole brain for activities that provide inputs to the 

VLPFC (Ide and Li, 2011b). The results showed that the cerebellum, thalamus, 

supplementary motor area (SMA) in a cortical pontine cerebellar thalamic circuit respond to 

stop errors in relation to the RT of subsequent go trials. These findings elucidated the neural 

correlates of PES and established a directional link between error and post-error responses in 

the brain.

Participants slowed down in go trial RT not only after stop error but also after stop success 

trials (Rieger and Gauggel, 1999; Schachar et al., 2004; Mirabella et al., 2006; Li et al., 

2008c). In fact, in studies of saccade countermanding in humans and macaque monkeys, the 

effect of post-success slowing (PSS) appeared to be stronger than PES (Emeric et al., 2007). 

Whereas PES and PSS can be characterized under a single conceptual framework that 

examines how trial history influence prospective behavior (Fecteau and Munoz, 2003; Ide et 

al., 2013; Hu et al., 2015a), the extent of PES and PSS appears to depend on the behavioral 

paradigms and instructions, raising the possibility that PES and PSS may involve different 

neural mechanisms. Indeed, in an earlier electrophysiological study, we combined high-

density array electroencephalography and a SST to examine event-related potentials of PES 

and PSS (Chang et al., 2014). The results showed that the amplitude of N2 is greater during 

PES but not PSS; in contrast, the peak latency of N2 is longer for PSS but not PES. In fMRI 

studies of the SST, stop success and error engaged different regional responses (Li et al., 

2006; Li et al., 2008d; Ide and Li, 2011a) in association with the outcome of a subsequent 

stop trial (Hendrick et al., 2010). Further, modulation of dorsolateral prefrontal cortical 

activity contralaterally to motor effector influenced PES but not behavioral adjustment 

following a conflict in the SST and Wisconsin Card Sorting Task (Mansouri et al., 2016).
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On the other hand, with analyses similar to those employed to show VLPFC activation 

during PES, we were not able to identify regional responses to PSS, despite the fact that 

participants slowed down in approximately two thirds of both post-success and post-error go 

trials (Li et al., 2008c). We speculated that, unlike PES which engages error-triggered 

proactive control, PSS likely involves a multitude of psychological processes, including 

hesitancy, such that no single mechanism predominates. However, a related possibility is that 

participants showed greater variability in how these different processes partake in PSS and a 

larger sample size may help unraveling the neural processes underlying PSS. Here, we 

revisited this issue in 100 young adults with two specific aims: first, to replicate VLPFC 

activation during PES; and second, to explore the neural bases of PSS.

Experimental Procedures:

Subjects

One hundred healthy adults (54 females; 31.2 ± 11.0 years of age) participated in this study, 

including 25 subjects who participated in an earlier study (Ide and Li, 2011b). All 

participants signed a written, informed consent in accordance with a protocol approved by 

the Yale Human Investigation Committee. All participants reported no major medical, 

neurological, or psychiatric illnesses and denied use of illicit substances. None reported 

problem drinking (with an Alcohol Use Disorder Identification Test score at 0) or smoking. 

They also tested negative on urine toxicology screens on the day of fMRI.

Behavioral task

Participants performed a stop signal task (SST) (Li et al., 2009; Hu and Li, 2012), Figure 

1A). In the SST go and stop trials were randomized in presentation with an inter-trial-

interval of 2 s. Each trial began with a fixation, which, after a fore-period varying from 1 s to 

5 s (uniform distribution), turned into a circle – the “go” signal – instructing participants to 

press a button. The circle disappeared at button press or after 1 s if the participant failed to 

respond. In a stop trial (about one quarter of all trials), the circle was followed by a ‘cross’ – 

the stop signal – prompting participants to withhold button press. The trial terminated at 

button press or after 1 s if the participant withheld the response successfully. The stop signal 

delay (SSD) or time interval between the go and stop signals started at 200 ms and varied 

from one stop trial to the next following a staircase procedure; SSD increased and decreased 

by 67 ms each after a successful and failed stop trial (Levitt, 1971). Participants were trained 

briefly on the task before imaging and instructed to respond quickly when they saw the go 

signal but keep in mind that a stop signal might come up. They completed four 10-minute 

sessions of the task with approximately 100 trials in each session during fMRI.

Functional magnetic resonance imaging

Imaging protocol and data pre-processing—T1-weighted spin-echo sagittal 

anatomical images were acquired for slice localization with a 3-Tesla Siemens Trio scanner 

(Erlangen, Germany). Anatomical images of the functional slice locations were obtained 

with spin-echo imaging in an axial plan parallel to the anterior commissure–posterior 

commissure (AC–PC) line with the following parameters: TR = 300 ms, TE =2.5 ms, 

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

Zhang et al. Page 3

Neuroscience. Author manuscript; available in PMC 2019 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



256, 32 slices with slice thickness =4 mm and no gap. A single high-resolution T1-weighted 

gradient-echo scan was also obtained, with 176 slices parallel to the AC–PC line covering 

the whole brain: TR = 2530 ms, TE = 3.66 ms, bandwidth = 181 Hz/pixel, flip angle = 7°, 

field of view = 256 × 256 mm, matrix = 256 × 256, 1 mm3 isotropic voxels. Blood 

oxygenation level dependent (BOLD) signals were acquired with a single-shot gradient-echo 

echo-planar imaging (EPI) sequence in 32 axial slices parallel to the AC–PC line covering 

the whole brain: TR = 2000 ms, TE = 25 ms, bandwidth = 2004 Hz/pixel, flip angle = 85°, 

field of view =220 × 220 mm, matrix = 64 × 64, slice thickness =4 mm (no gap). There were 

300 images in each session for a total of 4 sessions.

Data were analyzed with Statistical Parametric Mapping (SPM). BOLD images were 

corrected for realignment and slice timing. A mean functional volume was constructed for 

each participant for each run from the realigned images. These mean images were then co-

registered with the high resolution structural image and segmented for normalization to a 

Montreal Neurological Institute (MNI) EPI template with affine registration and nonlinear 

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

underwent smoothing with an 8 mm (full width at half maximum) Gaussian kernel. Images 

of the first 5 TRs were discarded.

Generalized linear model (GLM)

Our goal was to isolate the neural processes involved in post-error slowing (PES) and post-

success slowing (PSS). As in our previous work (Li et al., 2008c), four trial outcomes were 

distinguished first: go success (G), go error (F), stop success (SS), and stop error (SE) trial 

(Figure 1B). G trials were divided into those that followed a G (pG), F (pF), SS (pSS), and 

SE (pSE) trial, and pSS and pSE trials were further divided into those that increased in RT 

(pSSi and pSEi, respectively) and those that did not increase in RT (pSSni and pSEni). To 

determine whether a pSS/pSE trial increased or did not increase in RT, it was compared to 

the mean RT of all preceding pG trials during each session. The pG trials following the 

pSS/pSE trial were not considered in that they could not influence the pSS or pSE trial in 

question. The SS trials that preceded pSSi/pSSni trials were named SSi/SSni and the SE 

trials that preceded pSEi/pSEni trials were named SEi/SEni, respectively. Across subjects, 

there were a total of 16.8 ± 4.0 (mean ± SD) “pair” of SSi and pSSi trials, 16.4 ± 4.1 SSni 

and pSSni trials, 16.2 ± 4.1 SEi and pSEi, and 16.4 ± 4.1 SEni and pSEni trials.

A single GLM was built for each individual subject; go signal onset in each of the trial types 

was convolved with a canonical hemodynamic response function (HRF) and with the 

temporal derivative of the canonical HRF (Friston et al., 1995). All 6 realignment parameters 

were also entered in the GLM. Serial autocorrelation of the time series was corrected using 

first-degree autoregression (Friston et al., 2000; Della-Maggiore et al., 2002). We 

constructed two contrast images – pSSi vs. pSSni and pSEi vs. pSEni – to identify regional 

activations to PSS and PES, respectively, in random effect analysis. All voxel activations are 

reported in MNI coordinates.
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Whole-brain Granger causality analysis (GCA): Granger Causality Mapping (GCM)

We employed GCM (Goebel et al., 2003; Roebroeck et al., 2005), as in our previous work 

(Ide and Li, 2011b), to identify regions that provide inputs to target regions (see Results). In 

Granger causality analysis (Granger, 1969), one tests whether a variable x Granger causes y 
using a bivariate autoregressive model. In short, one computes the autoregressive model of y 
without variable x (the restricted model) and compares the residual sum of squares RSSr of 

variable y with the one from the unrestricted model (autoregressive model of y including x). 

The residual sum of squares y of is given by: RSS = ∑t = 1
T y(t) − y(t) 2 = ∑t = 1

T ε t 2, where y

represents the predicted value of y. The influence from x → y can be measured by the 

fractional F-value (Marquez, 1995):

F =
RSSr − RSSur / p

RSSur / T − 2p − 1 (1)

where RSSur x ∈ X is the residual sum of squares of variable y in the unrestricted model, p 
is the model order, and T is the sample size. Variable x causes y, if F > Fcritical (i.e., the 

inclusion of variable x significantly decreases the residual error). We employed the Akaike 

Information Criterion (AIC) to determine the model order with a complexity penalty on the 

number of parameters to avoid over-fitting (Aiaike, 2008).

Another connectivity measure was proposed by Geweke, in which linear dependence in the 

time domain from x → y (bivariate case) is quantified by (Geweke, 1982; Goebel et al., 

2003):

Fx y = ln
var εy* t

var εy t
(2)

where εy(t) is the residual of variable y in the unrestricted model and εy* is the residual of 

variable y in restricted model, i.e. autoregressive modeling without x variable. Analogously, 

variable x causes y, if Fx→y >Fx→y(critical).

For statistical significance testing, the F-distribution can be used to compute the Fcritical of 

Equation (1), assuming independence of residuals, and χ2 -distribution can be employed to 

compute the Fx→y(critical) of Equation (2) (Geweke, 1982; Bressler and Seth, 2011). 

However, since autoregressive modeling may involve highly interdependent residuals 

(Deshpande et al., 2009). We used permutation resampling (Hesterberg et al., 2005; Seth, 

2010) in statistical test of causality as there are no analytical statistical distributions for the 

influence measures (Roebroeck et al., 2005). Empirical null distributions of no causality 

were computed by producing surrogate data (Theiler et al., 1992) as in earlier EEG 

(Kaminski et al., 2001; Kus et al., 2004) and fMRI work (Deshpande et al., 2009) to derive 

the critical causality measures. We randomly generated time series with the same mean, 

variance, autocorrelation function, and spectrum as the original data, to form the surrogate 
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data (Theiler et al., 1992). In the surrogate data, thus, the causal phase relationships were 

eliminated with significant connectivity occurring solely by chance.

In GCM the difference of influence measure (Fx→y −Fy→x) across the whole brain, i.e., x ∈ 
X where X represents the set of brain voxels, was computed with its statistical significance 

estimated. Equation (2) was used to compute the difference terms, as in (Goebel et al., 

2003). It has been suggested that, because the difference term increases specificity 

(Roebroeck et al., 2005), using the difference term (Fx→y −Fy→x), instead of Fx→y, is more 

appropriate for inferring the unilateral connectivity x→y.

PES and PSS each involved activations of the right VLPFC and left inferior frontal cortex 

(left IFC) at a threshold of voxel p≤0.05, corrected for family-wise error of multiple 

comparisons (see Results). With GCM we examined which brain regions Granger-cause 

right VLPFC and left IFC (Goebel et al., 2003; Roebroeck et al., 2005). For each subject, the 

preprocessed time series were averaged across all voxels within the target region and 

concatenated across all sessions (each with 295 time points) after linear detrending and 

normalization (Ding et al., 2000). We used the right VLPFC and left IFC mask each as the 

target region to compute the voxel-wise Granger causality map for all 100 subjects. That is, 

we obtained a whole brain map of (Fx→y−Fy→x) values for each subject.

In group analysis the median across subjects was used as group statistic and tested against an 

empirical null distribution constructed from surrogate data (Theiler et al., 1992). For each 

single voxel in the brain, we tested the significance of voxel - target region connectivity with 

the following procedures: 1) we computed the median influence difference, 

m = Fx y − Fy x across 100 subjects; 2) constructed the empirical distribution of the null 

“no connectivity” hypothesis, generating 500 samples of surrogate data per subject for 

averaging; 3) estimated the corresponding mcritical from the empirical distribution for a given 

p-value; and 4) compared m with the critical value and concluded that target region (y) was 

caused by voxel x if m>mcritical. The median across subjects is robust against outliers (Sato 

et al., 2009). The latter study used resampled residuals, but here we employed surrogate data 

to produce the null distribution (Theiler et al., 1992), as established in earlier work 

(Kaminski et al., 2001; Kus et al., 2004; Deshpande et al., 2009).

Single Trial Amplitude

We computed and cross-correlated for each individual subject the single trial amplitude 

(STA) of regions of interest (ROIs), which included the two target regions – right VLPFC 

and left IFC – and their respective input regions. We obtained the STAs by fitting a design 

matrix comprising predictors for the onset times of each trial (Eichele et al., 2008). As in the 

GLM, the onsets were convolved with a canonical HRF and with its temporal derivative. 

Least squares were employed to estimate the scaling coefficients (β) in the multiple linear 

regression model with the β estimates taken as the STA. Thus, STA represented a separate 

analysis independent from the GCM, which examined correlations between the entire time 

series.

The goal was examine whether the STA of input regions to the right VLPFC and left IFC (as 

identified from GCM) each during stop error and success trials are correlated with the STA 
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of right VLPFC and left IFC during post-stop error and post-stop success go trials, 

respectively. For each participant, we extracted the STA of SE trials for (input regions of 

right VLPFC) the thalamus, insula, inferior precentral sulcus, precuneus, and supplementary 

motor area (SMA; see Results); and the STA of SS trials for (input regions of left IFC) the 

posterior insula and SMA. We also extracted the STA of pSE trials for the right VLPFC and 

of pSS trials for the left IFC. These two sets of STA’s were correlated pairwise with a 

Pearson regression for each individual subject. We used a one sample test to examine 

whether the mean of the 100 slopes (one for each participant) was significantly different 

from zero for each of the 7 sets of correlations − 5 for PES and 2 for PSS. The results were 

examined at a corrected threshold of p=0.05/7=0.0071.

Results

Behavioral data

Table 1 shows the behavioral results from the stop signal task (SST). The stop success rate is 

approximately 52% across subjects, indicating the utility in staircasing the SSD. The stop 

signal reaction time (SSRT) averaged at 203 ms, in the range as reported previously (Yan 

and Li, 2009; Farr et al., 2012; Hu et al., 2014b; Zhang et al., 2015).

Figure 1C shows pairwise difference in RT between post-go go (pG), post-stop success go 

(pSS) and post-stop error go (pSE) trials. Compared to pG, both pSS and pSE trials were 

significantly increased in RT (t(98)=3.37, p≤0.001 and t(98)=4.07, p≤0.0001, respectively, 

paired-sample t test) but there was no difference between pSS and pSE trials (t(98)=0.73, 

p>0.468). Further, the extent of PES and PSS was correlated across subjects in a linear 

regression (r= 0.3823, p≤0.0001, Figure 1D).

Imaging data – GLM

At p≤0.05, corrected for family-wise error (FWE) of multiple comparisons, right 

ventrolateral prefrontal cortex, in the area of inferior frontal gyrus, pars opercularis (IFGpo) 

and anterior insula (AI), showed greater activations during pSEi than pSEni trials. At the 

same threshold, the left inferior frontal cortex (IFC) showed less activations during pSSi 

than pSSni trials. When we used voxel p≤0.001, uncorrected in combination with a cluster 

threshold p≤0.05, FWE corrected, the findings from the contrast pSEi vs. pSEni remained 

the same. However, a few more areas showed significantly less activations during pSSi than 

pSSni trials. These brain regions are shown in Figure 2 and summarized in Table 2.

Imaging data – Granger causality mapping (GCM)

We used GCM to explore brain regions with Granger causal inputs each to the right 

IFGpo/AI and left IFC. Because GCM examines the entire time series rather than addressing 

the temporal relationship between specific events, we used a liberal threshold to evaluate the 

results, as in our previous work (Ide and Li, 2011b). The results showed that, at p≤0.01, 

uncorrected, right middle frontal gyrus, right posterior insula, bilateral thalamus, precuneus 

and right supplementary motor area (SMA) provide inputs to the right IFGpo/AI (Figure 

3A). At the same threshold, right posterior insula and superior temporal gyrus as well as the 

left SMA provide inputs to the left IFC. These brain regions thus contain potential signals 
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during stop trials that may relate to responses during post-stop trials. As GCM identified 

voxels that were causally related for the entire time series, we employed single trial 

amplitude analyses to confirm the even-related relationship between the input and target 

regions.

Single trial amplitude (STA)

We next examined whether the activities of input regions identified with GCM and right 

IFGpo/AI and left IFC – the target regions – are related. As discussed earlier, the analysis of 

STA was based on GLM and thus distinct from GCM, which examined correlations between 

the entire time series. Therefore, the findings from STA would provide independent evidence 

confirming the functional roles of the ROIs identified from GCM. We derived the STAs for 

each of these input regions as well as the two target regions. Specifically, the STAs of stop 

errortrials for the thalamus, right posterior insula, right inferior precentral sulcus (IPcS), 

precuneus (PCu), and right supplementary motor area (SMA) and the STA of right IFGpo/AI 

of post-error go trials were computed for individual subjects. We performed a linear 

regression for the STA between each of the five input regions and right IFGpo/AI. Likewise, 

the STAs of stop success trials for posterior insula/superior temporal gyrus and left SMA 

and the STA of left IFC for post-success go trials were computed for individual subjects. We 

performed a linear regression for the STA between each of the two input regions and right 

IFGpo/AI. For each regression, we tested whether the mean of slope (from 100 linear 

regressions, each for an individual subject) was significantly different from zero, at a 

corrected threshold of p=0.05/7=0.0071.

Figure 4A and 4B show these regression lines aligned at an intercept of zero for better 

visualization of the overall pattern of the slopes. At the corrected threshold, the slope of the 

linear regression between STA of stop error trials for the right IPcS (t(99)=4.22, p≤0.0001) 

and right SMA (t(99)=3.49, p≤0.001) and the STA of post-error go trials for right IFGpo/AI 

was significantly different from zero; and the slope of the linear regression between STA of 

stop success trials for the left SMA was significantly correlated with the STA of post-

success go trials for left IFC (t(99)=10.21, p<0.0001).

Discussion

We showed that right ventrolateral prefrontal cortex, in the area of inferior frontal gyrus, 

pars operculum and anterior insula (IFGpo/AI) increased activation to post-error slowing 

(PES), whereas a set of regions, including the left inferior frontal cortex (IFC), decreased 

activation to post-success slowing (PSS). Granger causality mapping (GCM) identified 

regions that provide inputs each to the right IFGpo/AI and left IFC. Further, analysis of 

single trial amplitude (STA) showed that activities of the right-hemispheric thalamus, 

inferior precentral sulcus, and supplementary motor area (SMA) during stop error trials were 

positively correlated with activities of the right IFGpo/AI during post-error go trials; and 

activities of the left-hemispheric SMA during stop success trials were positively correlated 

with activities of the left IFC during post-success go trials. In addition to replicating our 

earlier findings (Li et al., 2008c; Ide and Li, 2011b), these results revealed the neural bases 

of post-success slowing.
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Hemispheric asymmetry in behavioral control

PES involved greater activation of the right IFGpo/AI while PSS involved less activation of 

the left IFC, suggesting greater control over delayed responses following errors and over 

speeded responses following successes and hemispheric functional asymmetry of these 

prefrontal cortical structures. Hemispheric specialization appears to be a common feature for 

heteromodal association cortex (Zilles et al., 1996). Although rarely a focus of imaging 

studies, hemispheric asymmetry in the neural processes of cognitive control has been 

reported in the literature. For instance, transcranial direct current stimulation showed 

opposite effects on the right versus left prefrontal cortex in affective decision making (Pripfl 

et al., 2013). In a resting-state electroencephalographic study, individuals with stronger left/

right-lateralized intrinsic activity in the middle frontal gyrus were respectively more capable 

of phasic/sustained cognitive control during task switching (Ambrosini and Vallesi, 2016). 

The findings suggest prefrontal hemispheric asymmetry to support individual differences in 

responses to changing task demands. A number of functional connectivity studies 

documented hemispheric differences in network organization (Liu et al., 2009; Tomasi and 

Volkow, 2012; Gotts et al., 2013). For instance, the frontoparietal control network is 

preferentially coupled to the left-hemispheric default network regions but to right-

hemispheric attention networks (Wang et al., 2014). Right-hemispheric functional 

connectivity between the presupplementary motor area and caudate nucleus – structures of 

critical importance to inhibitory control (Li et al., 2006; Li et al., 2008b; Chao et al., 2009; 

Duann et al., 2009) – is stronger than left-hemispheric connectivity (Zhang et al., 2012). In 

accord with the current findings, response speeding involves activation largely of the left-

hemispheric cortical and subcortical structures in the stop signal task (Li et al., 2009). 

Together, these findings support hemispheric functional differentiation for cognitive control, 

with right- and left- hemispheric activity each dominating control of “avoidance” and 

“approach” behavior.

Frontal functional asymmetry has been related to avoidance and approach behavior 

(Harmon-Jones et al., 2010; Rutherford and Lindell, 2011). Greater left frontal activity has 

been associated with sensation seeking (Santesso et al., 2008), positive urgency (Gable et al., 

2015), and impulsivity (Neal and Gable, 2016), whereas greater right frontal activity has 

been associated with risk aversion (Gianotti et al., 2009). The relationship between 

hemispheric functional asymmetry and behavioral approach/avoidance appears to extend 

beyond the frontal cortical system. For instance, in fMRI, novelty seeking is correlated with 

the extent of left lateralization of anterior insula connectivity to the pallidum and putamen in 

men (Kann et al., 2016). Participants with increased reward response in the left and right 

nucleus accumbens displayed better approach and avoidance learning, respectively (Aberg et 

al., 2015). The latter findings are consistent with studies of dopamine D2 receptor binding 

potential as a predictor of reward and punishment sensitivity (Tomer et al., 2014) and of 

asymmetric dopaminergic neuronal loss and associated behavioral changes in individuals 

with Parkinson’s disease (PD) (Maril et al., 2013; Porat et al., 2014). When off medications, 

PD patients with left-hemispheric dopaminergic deficits minimized losses better than 

increasing gains, while those with predominantly right-hemispheric deficits demonstrated a 

trend toward the opposite. It would be of great interest for future studies to examine how 
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frontal control system interacts with subcortical reward circuits in determining approach and 

avoidance.

Neural bases of post-error slowing and post-success speeding

Post-error slowing (PES) engages robust activation in the right-hemispheric inferior frontal 

gyrus, pars opercularis (IFGpo) and anterior insula (AI). The rIFC and rAI co-activate for 

response inhibition in the stop signal task, as shown in a recent meta-analysis (Cai et al., 

2014). However, in distinguishing the two structures, authors noted that the rAI showed 

stronger task-evoked and intrinsic functional connectivity with the anterior cingulate cortex 

(ACC), whereas the rIFC had stronger connectivity with dorsomedial prefrontal and lateral 

fronto-parietal cortices. The rAI showed greater activation than the rIFC during stop error 

but not during stop success trials, and multivoxel response profiles in the rAI, but not the 

rIFC, accurately differentiated between stop success and error. A multivariate dynamic 

systems analysis demonstrated greater causal interaction from rAI to dorsal ACC on trials 

with high than with low demand for control and in significant correlation with individual 

differences in cognitive control abilities (Cai et al., 2016). Further, activation of the rIFC, but 

not rAI, predicted individual capacity in inhibitory control. These findings dissociate the 

roles of the two regions in inhibitory control, with rAI dominating in saliency detection and 

rIFC in the implementation of inhibitory control (Chikazoe et al., 2009).

In contrast, post-success slowing involves less activation in the left inferior frontal cortex 

(IFC). That is, the left IFC responded to post-success go trials where participants speeded up 

in RT than trials where they slowed down. This finding of left IFC response to post-success 

speeding is intriguing in that it seemingly contrasts with previous studies that support a role 

of the left IFC in response inhibition (Swick and Chatham, 2014; Schmuser et al., 2016). On 

the other hand, by distinguishing contextual effects in an item recency judgment task, Jimura 

and colleagues showed that the left IFC is involved in inhibition of proactive interference 

rather than inhibition of inappropriate responses per se (Jimura et al., 2009). Thus, the left 

IFC may increase activation to overcome the interference generated from conflict or conflict 

anticipation, as required when participantswere to speed up following a stop success trial. 

Further, activation of the left IFC has been implicated in the expression of expertise in 

mathematics (Jeon and Friederici, 2016), visuomotor control (Papadelis et al., 2016), and, 

perhaps the best known, in verbal skills (Becker et al., 2016; Canini et al., 2016; Leminen et 

al., 2016; Vogelsang et al., 2016). It is possible that post-success speeding reflects 

experience-based strategic decision and engages the left IFC. The decision to speed up is 

likely to be effortful, as it contrasts with learning based on trial history that indicates a need 

of increased control of RT following a stop signal (Ide et al., 2013; Hu et al., 2015a). Indeed, 

in a previous fMRI study, participants exerted self control by performing thought 

suppression (or not, as a control) before being engaged in a Stroop task (Luethi et al., 2016). 

Compared to control, participants performed worse on the Stroop task along with decreased 

left IFC activation, suggesting that left IFC activity may reflect effort and arousal (Urgesi et 

al., 2016) that is required across different behavioral challenges. Also in support of a role of 

the left IFC in sustaining attention and effort were imaging studies reporting a detrimental 

effect of its signal variability on cognitive stability, as shown in increased response time 

costs during distractor inhibition (Armbruster-Genc et al., 2016) and increased switch cost in 
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a switching task in association with less functional connectivity of the left IFC (Yin et al., 

2015). More broadly, structural connectivity between the left IFC and subcortical structures 

was implicated in integrating favorable (in terms of motivational valence) information into 

beliefs but less so with unfavorable information (Moutsiana et al., 2015). One is tempted to 

speculate that stop success trial conveys favorable information and, with left IFC activation, 

participants were encouraged to speed up as they believed they were “doing things right.” 

Another study demonstrated greater activation of the left IFC when participants used logic to 

inhibit biased thoughts in problem solving (Luo et al., 2014). This is perhaps analogous to 

the process to overcome the response bias (to delay a go response) following a stop success 

in the SST.

Notably, the left IFC can be parcellated into functional subclusters, with a cluster at the 

posterior end of the inferior frontal sulcus (IFS) matching previous descriptions of the 

inferior frontal junction (IFJ) in location, a caudal cluster involved in motor control, a 

ventral cluster for linguistic processing, and 3 more rostral clusters involved in other aspects 

of cognitive control (Muhle-Karbe et al., 2016). In the current findings, the peak location of 

the left IFC (x=−45, y=26, z=19) appeared to correspond best to the IFG (x=−51, y=25, 

z=21) and aIFS (x=−36, y=25, z=19) clusters. Analysis for whole brain co-activation 

patterns showed that these clusters shared connectivities to the frontoparietal control 

network but also exhibited distinct connectivities, with the IFG connected specifically to 

large parts of the left IFG, as well as with the left middle and inferior temporal gyri and the 

aIFS connected to its right homotope and the rostral anterior cingulate cortex. Functionally, 

the IFG cluster showed the strongest association with language and semantic memory and 

the aIFS cluster was most strongly associated with functions related to interference 

resolution and attention shifts. While these findings may not offer specific insights why the 

left IFC responds to post-success speeding, they suggest the complexity in left IFC functions 

and of the psychological processes involved in the decision not to slow down following a 

stop success trial in the SST.

Supplementary motor area (SMA) activity as a potential “trigger” for PES and PSS

As in our earlier study, we observed that activity of the SMA preceded and Granger caused 

activations of the rIFGpo/AI during PES and left IFC during PSS. Interconnected with 

primary motor and premotor structures, the SMA is involved in motor control showing 

similar activations during SE vs. G trials and less activations during SS vs. G trials (Li et al., 

2008a). Greater activation of the SMA is associated with prolonged response time (Hu et al., 

2014a; Hu et al., 2015a). Activity of the right inferior precentral sulcus (IPcS), in the 

primary motor cortical “hand” area, during errors also preceded and Granger caused activity 

of the rIFGpo/AI during PES. As bilateral primary motor cortices are reciprocally inhibited 

via transcallosal connections (Irlbacher et al., 2007; Palmer et al., 2012), greater activity of 

the right IPcS (ipsilateral to motor response) would also relateto prolonged response time. 

These findings together suggest that altered activity of the motor structures during stop trials 

precedes post-stop behavioral adjustment, consistent with an earlier transcranial magnetic 

stimulation study showing a decrease in the motor cortical excitability after an erroneous 

response in the flankers task (Amengual et al., 2013). This modulation of corticospinal 

activity may serve to prevent further premature and erroneous responses; “choked” motor 
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processes during a stop trial may precede post-stop slowing. More studies are needed to 

further examine to what extent this transpires via interactions between motor cortical 

structures, within cortical subcortical circuits, and/or at the neuromuscular machinery.

Implications for computational modeling of SST performance

To characterize the influence of post-signal adjustment in RT, we have previously employed 

a Bayesian belief model to quantify the trial-by-trial likelihood of a stop signal – P(Stop) – 

and described a linear positive relationship between the P(Stop) and RT of go trials, which 

we termed “sequential effect” (Ide et al., 2013; Hu et al., 2015a). The model showed that 

participants changed their estimate of P(Stop) upon each occurrence of a stop signal and 

when P(Stop) is high, they were more likely to slow down in RT and less likely to commit 

an error (Hu et al., 2015b; Ide et al., 2015; Manza et al., 2016b). Further, the magnitude of 

the sequential effect is positively correlated with PES and PSS. On the other hand, the 

current findings showed that PES and PSS involve distinct neural processes, suggesting that 

the stop error and stop success may need to be modeled as different events to fully capture 

SST performance. Likewise, rather than simply anticipating conflict, participants may 

specifically anticipate a stop success or error and these cognitive complexities require further 

investigation in computational modeling of cognitive control.

Limitations of the study

A critical limitation of the study is the uncorrected threshold we used to explore input 

activities to support PES and PSS. While the use of an uncorrected threshold does not 

conform to current standard in reporting imaging findings, we wish to emphasize the 

standard speaks largely to reporting from generalized linear models. Nonetheless, the current 

GCM results should best be considered as preliminary and replicated in future work. 

Another limitation concerns the lack of cerebellar and pontine activity as inputs to rIFC/AI 

during PES, in contrast to our previous work (Ide and Li, 2011a). This non-replication 

suggests that cerebellar and pontine activities may not serve a consistent role in the neural 

circuits of PES. We should also acknowledge that the fundamental psychological processes 

underlying PSS remains unclear. Although we described the literature of left IFC activation 

and possible psychological analogues of this process, this discussion remains speculative. 

What seems to be clear is that neither PSS or PES represents a reflexive response to the stop 

signal (Bissett and Logan, 2012). Rather, post-signal slowing involves strategic adjustment 

of response that may require learning, anticipation and potentially a host of other processes 

that remain to be understood (Li et al., 2008d; Hu et al., 2016a). Finally, although the STA of 

input and targets regions were positively correlated for the majority of the participants, there 

was substantial inter-subject variation. For instance, individuals who showed a positive vs. 

negative slope in STA correlations did not appear to exhibit differences in SST performance, 

including the extent of PSS and PES (data not shown). Thus, while the current findings 

demonstrate the neural bases of post-signal behavioral adjustment within subjects, studies 

are needed to address individual variation, as with what we have shown earlier for stop 

signal reaction time and control of impulsive response (Hu et al., 2016b).

Zhang et al. Page 12

Neuroscience. Author manuscript; available in PMC 2019 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

This study was supported by NSF grant BCS1309260 and NIH grants AA021449 and DA023248, as well as 
research funding provided by Beijing Institute of Technology. The funding agencies had no further role in study 
design; in the collection, analysis and interpretation of data; in the writing of the report; or in the decision to submit 
the paper for publication.

Abbreviations

SST stop signal task

RT reaction time

IFGpo inferior frontal gyrus, pars opercularis

AI anterior insula

L left

R right

IFC inferior frontal cortex

S sulcus

MFG middle frontal gyrus

OFG orbitofrontal gyrus

G gyrus

SMA supplementary motor area

VLPFC ventrolateral prefrontal cortex

IPcS right inferior precentral sulcus

PCu precuneus

IFS inferior frontal sulcus

IFJ inferior frontal junction

PES post-error slowing

PSS post-success slowing

GCA Granger causality analysis

GCM Granger causality mapping

AC–PC anterior commissure–posterior commissure

BOLD blood oxygenation level dependent

EPI echo-planar imaging
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MNI Montreal Neurological Institute

GLM Generalized linear model

G go success

F go error

SS stop success

SE stop error

pG post-go

pSS post-stop success

pSE post-stop error

HRF hemodynamic response function

STA single trial amplitude

ROI regions of interest

GS (%) percentage of successful go trials

SS (%) percentage of successful stop trials

Mean/Median GoRT mean/median of go trial reaction time

SERT stop error reaction time

SSRT stop signal reaction time

FWE family-wise error

PD Parkinson’s disease
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Highlights

Post-signal behavioral adjustment is central to cognitive control.

Studies have described the neural bases of post-error slowing in the SST.

Post-success slowing engaged a distinct network of left-hemispheric brain regions.

The findings may have implications for computational modeling of SST performance.
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Figure 1. 
The stop signal task (SST) and performance. (A) Behavioral paradigm; (B) A trial sequence 

to illustrate post-go (pG), post-stop success (pSS), and post-stop error (pSE) go trials; (C) 

Bar plots to show the extent of post-success slowing (PSS) and post-error slowing (PES) in 

mean ± S.D. across subjects: *p≤0.001 and **p≤0.0001; (D) A scatter plot to show the 

positive correlation between PSS and PES across subjects. Each dot represents data of one 

subject.
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Figure 2. 
Regional activations to post-error slowing (PES) and post-success slowing (PSS). IFGpo/AI: 

inferior frontal gyrus, pars opercularis/anterior insula; IFC: inferior frontal cortex. The 

results of contrast (A) pSEi vs. pSEni and (B) pSSi vs. pSSni, at p≤0.001, uncorrected, 

shown in axial sections from z=−32 to +64 and neurological orientation: R = right. Color 

scale reflects voxel T values.
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Figure 3. 
Brain regions providing Granger causality inputs to (A) right IFGpo/AI, including the 

thalamus, right insula, right inferior precentral sulcus (IPcS), precuneus (PCu), and right 

supplementary motor area (SMA); and to (B) left IFC, including the right posterior insula 

and left SMA.
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Figure 4. 
Linear correlation of single trial amplitude (STA) between target region – right inferior 

frontal gyrus, pars opercularis and anterior insula (rIFGpo/AI) – and five input regions – 

thalamus, right insula, right inferior precentral sulcus (IPcS), precuneus (PCu), and the right 

supplementary motor area (SMA); as well as between target region – left inferior frontal 

cortex (lIFC) – and two input regions – insula and the left SMA. The regression lines are 

aligned at an intercept of zero for visualization of the overall pattern of slopes.
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Table 1.

General Performance in the Stop Signal Task

GS (%) SS (%) Mean GoRT (ms) Median GoRT (ms) SERT(ms) SSRT (ms)

93.7 ± 6.7 52.3 ± 2.7 616.1 ± 95.5 612.0 ± 103.4 552.0 ± 105.7 203.0 ± 34.7

Note: GS (%) and SS (%) = percentage of successful go and stop trials; GoRT = go trial reaction time; SERT = stop error reaction time; SSRT = 
stop signal reaction time
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Table 2.

Regional activations to post-error slowing (pSEi > pSEni) and “deactivations” to post-success slowing (pSSni 

> pSSi) at voxel p≤0.001, uncorrected and cluster p≤0.05, FWE corrected.

Cluster Name Cluster size (# voxels) Cluster P value Peak z value MNI coordinate (mm)

X Y Z

pSEi > pSEni, p≤0.001

*right 114 0.002 4.66 45 17 7

IFGpo/AI 3.91 42 26 1

pSSni > pSSi, p≤0.001

*L IFC 229 0.0001 5.46 −45 26 19

4.11 −51 14 22

3.27 −48 11 40

Calcarine S 145 0.001 4.21 3 −70 10

R MFG 48 0.032 4.10 39 23 34

3.55 48 23 31

3.47 57 14 28

L OFG 48 0.032 4.05 −42 41 −2

3.42 −35 47 −5

Thalamus 110 0.002 3.94 9 −1 1

3.57 −18 −7 1

3.55 −15 −7 13

Angular G 108 0.003 3.84 30 −64 46

3.75 33 −58 40

Note:

*
voxel p≤0.05, FWE corrected. All voxels with peaks 8 mm apart are identified. IFGpo/AI: inferior frontal gyrus, pars opercularis/anterior insula; 

L: left; IFC: inferior frontal cortex; R: right; S: sulcus; MFG: middle frontal gyrus; OFG: orbitofrontal gyrus; G: gyrus.
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