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Adaptive behavior requires the ability to appropriately react to action errors. Post-error slowing (PES) of response times is
one of the most reliable phenomena in human behavior. It has been proposed that PES is partially achieved through inhibi-
tion of the motor system. However, there is no direct evidence for this link, or indeed, that the motor system is physiologi-
cally inhibited after errors altogether. Here, we used transcranial magnetic stimulation and electromyography to measure
corticospinal excitability (CSE) across four experiments using a Simon task, in which female and male human participants
sometimes committed errors. Errors were followed by reduced CSE at two different time points and in two different modes.
Shortly after error commission (250ms), CSE was broadly suppressed (i.e., even task-unrelated motor effectors were inhib-
ited). During the preparation of the subsequent response, CSE was specifically reduced at task-relevant effectors only. This
latter effect was directly related to PES, with stronger CSE suppression accompanying greater PES. This suggests that PES is
achieved through increased inhibitory control during post-error responses. To provide converging evidence, we then reana-
lyzed an openly available EEG dataset that contained both Simon- and Stop-signal tasks using independent component analy-
sis. We found that the same neural source component that indexed action cancellation in the stop-signal task also showed
clear PES-related activity during post-error responses in the Simon task. Together, these findings provide evidence that post-
error adaptation is partially achieved through motor inhibition. Moreover, inhibition is engaged in two modes (first nonselec-
tive, then selective), aligning with recent multistage theories of error processing.
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Significance Statement

It is a common observation that humans implement a higher degree of caution when repeating an action during which they
just committed a mistake. In the laboratory, such increased “caution” is reflected in post-error slowing of response latencies.
Many competing theories exist regarding the precise neural mechanisms underlying post-error slowing. Using transcranial
magnetic stimulation, we show that, after error commission, the human corticomotor system is momentarily inhibited, both
immediately after an error and during the preparation of the next action. Moreover, motor inhibition during the latter time
period is directly predictive of post-error slowing. This shows that inhibitory control is a key mechanism humans engage to
regulate their own behavior in the aftermath of error commission.

Introduction
Adjusting performance after erroneous actions is a key compo-
nent of goal-directed behavior. One long-proposed aspect of

error processing is the momentary inhibition of the motor sys-
tem to increase caution and avoid further errors (Ridderinkhof,
2002; Danielmeier and Ullsperger, 2011). This proposition is
supported by some indirect neural evidence. First, BOLD ac-
tivity in motor cortex decreases after errors (King et al.,
2010; Danielmeier et al., 2011). Second, errors evoke neural
activity that is also observed during outright action-stopping
(Marco-Pallarés et al., 2008; Wessel et al., 2012). Third,
errors activate the subthalamic nucleus (STN) (Cavanagh et
al., 2014; Siegert et al., 2014), which is purportedly key to in-
hibitory motor control (Aron, 2011; Jahanshahi et al., 2015;
Wessel and Aron, 2017). Hitherto, however, there is no
direct evidence for the physiological inhibition of the motor
system after errors.
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According to influential work on action-stopping, the physiolog-
ical effects of motor inhibition can be either selective (i.e., effector-
specific) or nonselective (i.e., cross-effector) (Aron, 2011). Selective
inhibition is limited to the primary responding effector(s) and
ostensibly implemented via the indirect pathway of the basal
ganglia (Majid et al., 2013). Nonselective inhibition, in con-
trast, is broad and extends even to task-unrelated effectors
(Badry et al., 2009; Wessel and Aron, 2017). It is ostensibly
implemented via the hyperdirect pathway (Chen et al., 2020;
Wessel et al., 2022a). Empirically, selective and nonselective in-
hibition can be distinguished through corticospinal excitability
(CSE), which can be measured via concurrent transcranial
magnetic stimulation (TMS) and electromyography (EMG)
(Bestmann and Krakauer, 2015; Duque et al., 2017). TMS over
the primary motor cortex representation of a muscle produces
a motor-evoked potential (MEP) in the EMG, whose ampli-
tude reflects the net-CSE of the underlying corticospinal tract.
In line with the dichotomy between selective and nonselective
inhibition, studies using action-stopping paradigms have
shown that inhibition can suppress CSE at task-relevant effec-
tors only (Greenhouse et al., 2012; Majid et al., 2013) or at
both task-related and task-unrelated effectors (Badry et al.,
2009; Cai et al., 2012), depending on the amount of strategic
control. When inhibitory control is rapid and reactive, it is
typically nonselectively implemented (Majid et al., 2012;
Wessel et al., 2013). However, when it can be deployed strate-
gically and with foreknowledge, it is often selective (Claffey et
al., 2010; Cai et al., 2011).

With regards to error processing, the adaptive orienting
theory (AOT) (Wessel, 2018) hypothesizes that errors trigger
both selective and nonselective inhibition at different time peri-
ods. Specifically, the AOT suggests that error processing occurs
in two sequential steps. The first is a universal, reflexive in-
hibition-orienting phase, which takes place immediately af-
ter errors (and other expectancy violations). During this
phase, behavior and cognition are purportedly transiently
inhibited, which facilitates an orienting process toward the
source of the expectancy violation (Dayan and Yu, 2006;
Corbetta et al., 2008; Maier et al., 2011). Once the action
error is identified as that source, a strategic, error-specific
phase begins (Ullsperger and Von Cramon, 2001; Cavanagh
et al., 2011; Danielmeier et al., 2011; Purcell and Kiani,
2016; Gjorgieva and Egner, 2022). According to the AOT,
the motor system will be broadly and nonselective inhibited
during the initial inhibition-orienting stage, whereas inhi-
bition in the subsequent strategic phase will be effector-
specific.

We tested these hypotheses in five experiments using the
Simon task (Simon and Rudell, 1967). In Experiments 1-2, we
measured CSE at task-unrelated effectors immediately after
response commission (i.e., during the post-error inhibition-ori-
enting phase). We predicted that CSE would be nonselectively
suppressed after errors compared with correct responses. In
Experiments 3-4, we measured CSE after the presentation of the
following stimulus (i.e., in the strategic adjustment phase during
which the next response is prepared). We predicted that, on
post-error trials, CSE would be selectively suppressed at the task-
relevant effectors, and that this suppression would relate to post-
error behavioral adjustments. In Experiment 5, we then used
EEG to buttress these experiments by showing that a functionally
localized neural signature of selective motor inhibition is also
involved in adjusting behavior during the strategic post-error
period.

Materials and Methods
Participants. In Experiments 1 and 2, we recruited 57 right-handed

college students (NExp1 = 42, Mage = 20.48 years, SDage = 2.94, 16 males;
NExp2 = 15, Mage = 21.73 years, SDage = 6.71, 7 males) in exchange for
course credit. In Experiments 3 and 4, we recruited 111 right-handed
college students (NExp3 = 76, Mage = 19.07 years, SDage = 2.68, 20 males;
NExp4 = 35, Mage = 19.83 years, SDage = 2.87, 8 males) in exchange for
course credit or an hourly payment of $15. For Experiment 5, we reana-
lyzed an existing EEG dataset (Wessel et al., 2019, their Experiment 1)
with 21 healthy adult participants (Mage = 27.40 years, SEMage = 2.24, 10
males). Written informed consent was collected before the experiment.
All procedures were approved by the local Institutional Review Board
and conducted in accordance with the Declaration of Helsinki.

Exclusion criteria (Experiments 1-4). Participants were excluded
because of (1) procedural issues (e.g., premature termination of the
experiment, hardware malfunction); (2) insufficient trial count in one of
the experimental conditions of interest (typically in one of the time
points of the error condition; minimum cutoff for inclusion: 7 trials); (3)
outliers in conditional MEP amplitude (Grubbs test at p, 0.05); and (4)
noisy EMG/no reliable MEP. In Experiment 1, we excluded N=3 for
procedural issues, N=3 for outliers in the MEP, and N=2 for noisy
EMG, leaving N=34 across two groups with two different sets of stimu-
lus time points (150, 200, 250ms group: N= 17, Mage = 19.18 years,
SDage = 1.33, 8 males; 300, 375, 450ms group: N= 17, Mage = 20.88,
years, SDage = 2.02, 6 males). In Experiment 2, we excludedN= 1 for out-
liers in the MEP, leaving N=14 (Mage = 21.86 years, SDage = 6.95, 7
males). In Experiment 3, we excluded N=4 for procedural issues, N=20
for insufficient trials, and N=2 for outliers in the MEP, leaving N=50
across two groups with two different sets of stimulus time points (150,
200, 250ms group: N= 20, Mage = 19.90, years, SDage = 4.99, 7 males;
300, 375, 450ms group: N= 30, Mage = 18.70 years, SDage = 0.75, 6
males). In Experiment 4, we excluded N=2 for procedural issues, N= 1
for outliers in the MEP, and N= 1 for noisy EMG, leaving N=31 (Mage =
20 years, SDage = 3.01, 7 males).

Experimental tasks. Stimuli were presented using PsychToolbox
(Brainard, 1997) in MATLAB (R2017a) via a Ubuntu Linux desktop com-
puter. We used the same visual Simon task (Fig. 1) from Wessel et al.
(2019) across all experiments, with one slight difference in Experiments 1-4,
in which the intertrial interval was 1000 ms instead of 1500 ms. Each trial
consisted of a 500ms fixation, followed by a 200ms colored square (target),
presented either to the left or right of the fixation cross. The color of the
square indicated the response via a 4:2 mapping (Fig. 1). The color-response
mappings were displayed on the bottom of the screen throughout the
experiment. The response window (up to 1500ms) was followed by the
fixed intertrial interval. Participants completed a total of 768 trials across 8
blocks of 96 trials each after a practice session. Half of the trials were
congruent (the side of the response matched the side of the stimulus
presentation), whereas the other half was incongruent. In between
blocks, participants received feedback about their performance (i.e.,
reaction time [RT], number and percentage of response errors and
misses). In Experiments 1-3 (TMS), participants responded with
their feet using foot pedals. In Experiment 4 (TMS), participants
responded with index and middle finger from the right hand. In
Experiment 5 (EEG), participants responded with both hands.

Experiment 5 (EEG) also used data from a stop-signal task, collected
in the same session after the visual Simon task, described byWessel et al.
(2019). A full description can be found therein. Each trial consisted of a
fixation and a go-signal. Participants were instructed to respond to the
direction of the go-signal. On 33% of the trials, a stop-signal occurred
following the go-signal at variable adaptive delay. Participants needed to
withhold their manual response in response to the stop-signal.

EMG recordings (Experiments 1-4). In Experiments 1-3, EMG was
measured using a bipolar belly-tendon montage from the first dorsal
interosseus (FDI) muscle of the right hand using adhesive electrodes and
a ground electrode placed over the distal end of ulna. In these three
experiments, participants responded using their feet, rendering the FDI
muscle task-unrelated. In Experiment 4, EMG was recorded from the
right flexor digitorum superficialis (FDS), with a ground electrode placed
over the distal end of the shoulder clavicle bone. The FDS controls the
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flexion of the middle phalanges of the hand, which were used to make
responses in Experiment 4, rendering the FDS muscle task-related.

TMS stimulation (Experiments 1-4). TMS was performed as
described by Dutra et al. (2018); the description is adapted from there.
TMS stimulation was delivered using a MagStim 200-2 system with a 70
mm figure-eight coil. Hotspotting was conducted to identify the FDI
(Experiments 1-3) or FDS (Experiment 4) stimulation locus and inten-
sity. The coil was first placed 5 cm lateral and 2 cm anterior to the vertex
and repositioned to where the largest MEPs were observed consistently.
Resting motor threshold was then defined as the minimum intensity
required to induce MEPs of amplitudes exceeding 0.1mV peak to peak
in 5-10 consecutive probes (Rossini et al., 1994). TMS stimulation inten-
sity was then adjusted to 115% of resting motor threshold for stimulation
during the experimental task. An EMG sweep was started 100ms before
the TMS stimulation.

In Experiment 1, TMS stimulation was delivered after each response,
at a delay of 150, 200, or 250ms (in a group of N=17) or 300, 375, or
450ms (in a separate group of N=17).

Since we found significant error-related CSE suppression at 250ms
after errors in Experiment 1, we replicated this result in Experiment 2
using only that time point (i.e., CSE was collected at 250ms after every
response).

Experiment 3 used the same time points as Experiment 1 (150, 200,
250ms in a group of N= 20 and 300, 375, 450ms in a group of N= 30,
except that these times refer to stimulus onset rather than response
onset.

In Experiment 4, CSE was collected at 200, 250, or 300ms after stim-
ulus onset.

In the analysis for Experiments 3 and 4, the stimulation time points
refer to the CSE values on the next trial following either an error or cor-
rect response.

TMS data preprocessing and MEP analysis (Experiments 1-4). TMS
data were preprocessed to quantify the MEP. Trials were excluded if they
met one of the following criteria: (1) noisy baseline in EMG recording (root
mean square of prepulse baseline period exceeded 0.1mV); (2) EMG signal
exceeded 6 2.99mV; and (3) no MEP (MEP amplitude, 0.05mV). The
MEP amplitude was quantified with a peak-to-peak rationale, measuring
the difference between maximum and minimum amplitude within a time
period of 10-40ms after the pulse. MEP amplitudes were then averaged for
each condition of interest and normalized by dividing the mean of the con-
gruent correct trials, block by block and stimulation timing by stimulation
timing for each participant. This normalization procedure was performed
to account for the variance in rawMEP amplitude between subjects.

Statistical analyses of behavioral data and MEP amplitudes
(Experiments 1-4). To quantify the response conflict effect in the
Simon task, we conducted paired-samples t tests to compare RT and
error rate in correct incongruent versus correct congruent trials, respec-
tively. To quantify post-error slowing (PES), we conducted paired t test
to compare RT in correct trials following incongruent error versus
incongruent correct trials.

We then examined how MEP amplitudes
changed as a function of trial accuracy (error or
correct in Experiments 1 and 2; pretrial-error
or pretrial-correct in Experiments 3 and 4) and
TMS stimulation timing (150, 200, 250, 300,
375, or 450ms in Experiment 1 and 3; 200, 250,
or 300 ms in Experiment 4) with respect to
the critical event (response or stimulus).
These analyses were limited to incongruent
trials because of the insufficient trial count
in the congruent error condition. To account
for the data structure (the six stimulation
time points in Experiments 1 and 3 were
realized across two separate groups of par-
ticipants) and individual differences (Yu
et al., 2022), we conducted linear mixed-
effects modeling (Boisgontier and Cheval,
2016; Volpert-Esmond et al., 2018) with
crossed random effect for subjects (Judd et al.,
2012) in Experiments 1, 3, and 4. Specifically,

we fit mixed-effects models for trial-level TMS data using the R package
lme4 (Bates et al., 2015). The dependent variable was the trial-level nor-
malized MEP amplitude. We applied a natural log transformation to the
normalized MEP amplitude because its residual distribution was right-
skewed. The mixed variables were trial accuracy and TMS stimulation
timing. Subjects were included as a random variable, with intercepts
being random effects. We focused on the ANOVA results from the
mixed-effects models to test the omnibus effect of the predictors.

Experiment 2 was a replication of Experiment 1 and only included a
single time point (250ms). Here, we conducted a one-sided paired t test
because we had had a directional a priori hypothesis from Experiment 1.

Additionally, in Experiment 4, we tested the cross-subject correlation
between the amount of MEP suppression on error (compared with cor-
rect) trials and the amount of RT slowing. To do so, we fit the subject-
level RT data into a robust linear regression model with MEP amplitude
as the predictor. Both the MEP change and the RT change between
errors and correct trials were quantified in terms of % change. RT slow-
ing was quantified separately for each group of trials according to their
respective TMS stimulation time point.

EEG data processing (Experiment 5). Preprocessed EEG data were
taken from Wessel et al. (2019), a publicly available dataset (https://osf.
io/k3ypt). Data were preprocessed as described therein. In that study,
the combined EEG recordings from the Simon- and stop-signal tasks
were preprocessed jointly and subjected to a common infomax inde-
pendent component analysis. The stop-signal portion of each subject’s
data was then used to functionally localize the neural source (i.e., inde-
pendent component) that contained the stop-signal P3 ERP. In the stop-
signal task, the P3 component shows an earlier onset on successful
versus failed stop-trials and correlates with stop-signal RT (SSRT). These
features were quantified to validate the selection of the component from
the stop-signal portion of the data (both pictured in Fig. 4B, which was
reproduced from Wessel et al., 2019). Moreover, their time-frequency
decomposition shows a dominance of lower frequencies (d and theta;
see Fig. 4A), in line with prior work on time-frequency decompositions
of stop-signal task data (Huster et al., 2013). In Wessel et al. (2019), the
activity of this component was then interrogated in the Simon task por-
tion of the EEG recording, specifically to investigate whether there were
significant differences in its activity on incongruent correct versus con-
gruent correct trials. Error trials were not analyzed in that study.

Here, we applied the same analysis logic (using the same functionally
localized stop-signal P3 components from the stop-signal task portion of
each participant’s data) and interrogated the activity of these compo-
nents on correct post-error trials. Based on the results from TMS
Experiments 3 and 4 of the current study, we predicted that the inde-
pendent component that explained the stop-signal P3 would show activ-
ity during that same time period and relate to PES (as the stop-signal P3
has recently been proposed to reflect a selective, specific inhibitory pro-
cess that purportedly underlies selective CSE inhibition) (compare
Diesburg andWessel, 2021).

Figure 1. Diagrams of experimental paradigms. A, Visual Simon task (Experiments 1-5). B, Visual stop-signal task
(Experiment 5). Figure reproduced and edited from Wessel et al. (2019). Maximum trial duration for the Simon task was
3000 ms for Experiments 1-4 (TMS) and 3500 ms for Experiment 5 (EEG).
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To this end, we reconstructed the EEG signal from the Simon task por-
tion of each recording using only the independent component that was
identified as underlying the stop-signal P3 in the stop-signal portion. We
then constructed a time-frequency decomposition using the filter-Hilbert
method, as described by Wessel et al. (2019). Power values were extracted
by squaring the magnitude of the resulting complex signal at each of the 30
frequencies of interest (linearly spaced from 1 to 30 Hz), which were then
epoched from 300ms before 700ms after stimulus. Baseline correction was
implemented by subtracting the mean amplitude of each frequency in the
baseline window (�300 to 0) from each time-frequency point and dividing
by the SD of the amplitude of its frequency in the time range of the baseline
window. We then applied a single-trial level GLM to the stop-signal P3
components in the EEG signal of the Simon task portion. Specifically, we
interrogated activity on correct trials that followed errors. We regressed the
z score of the RT on those trials onto the full-spectrum time-frequency
power from the EEG. The t statistic was subsequently used to test for signifi-
cant differences from 0 on the group level. The false-discovery rate (FDR)
procedure (Benjamini and Hochberg, 1995) was used for multiple compari-
son correction with the desired FDR being 0.05.

Results
Behavior
Behavioral results from the Simon task across the five experi-
ments are shown in Table 1 (Experiment 5 results are repro-
duced from Wessel et al., 2019). Correct incongruent trial RTs
were slower than correct congruent trial RTs, and accuracy was
lower on incongruent compared with congruent trials, both indi-
cating response conflict. Post-error trial RTs were slower than
post-correct trial RTs, indicating significant PES. This pattern
remained intact when immediate stimulus repetitions were
excluded from the analysis.

Corticospinal excitability
Experiment 1
Experiment 1 tested whether errors were followed by a nonselec-
tive suppression of CSE at task-unrelated effectors. CSE was
measured at six time points (split across two groups of partici-
pants) following the response. Mixed-effects ANOVA (Table 2)
showed an interaction between trial accuracy and TMS stimula-
tion timing (F(5, 12,013.1) = 2.45, p=0.031; Fig. 2A). A Post hoc
paired t test showed that this was explained by the presence of
nonselective CSE suppression at 250ms after action errors versus
correct responses (t(16) = 2.40, p=0.029, d= 0.58).

Experiment 2
Experiment 2 aimed to replicate the finding from Experiment 1
using only the 250ms time point, at which the CSE suppression
was significant in Experiment 1. Indeed, a significant suppression
on errors was found again (t(13) =1.904, p=0.04, d= 0.51).
Together, Experiments 1 and 2 suggest that CSE is nonselectively
suppressed at 250ms after errors compared with correct responses,
supporting our hypothesis of nonselective motor inhibition during
the inhibition-orienting phase after errors.

Experiment 3
Experiment 3 tested whether there was any nonselective inhibi-
tion of CSE in the purported strategic period after errors (i.e., af-
ter stimulus presentation on correct post-error trials). Mixed-
effects ANOVA showed a main effect of TMS timing (Fig. 2B;
Table 2; F(5, 501.1) = 3.44, p=0.005), but no main effect of trial ac-
curacy (p=0.127) and no interaction (p= 0.887). None of the six
time points showed any significant differences between errors
and correct responses, with all p values. 0.195 (uncorrected).
The time point with the lowest p value (375ms) still showed
Bayes factor evidence toward the null (BF01 = 2.33). These find-
ings indicate that there was no nonselective CSE suppression
during the strategic adjustment phase after errors.

Experiment 4
Experiment 4 was designed to test whether the same strategic
post-error period that was investigated in Experiment 3 would
show selective inhibition at the task-relevant muscle, in line with

Table 1. Behavioral results in Experiments 1-5a

Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5

RT 469 [SEM: 7] 485 [SEM: 15] 512 [SEM: 5] 422 [SEM: 6] 361 [SEM: 8]
(Incongruent/congruent) (ms) vs vs vs vs vs

431 [SEM: 7] 451 [SEM: 12] 467 [SEM: 5] 384 [SEM: 6] 326 [SEM: 7]
t(33) = 12.63, t(13) = 5.61, t(49) = 16.52, t(30) = 16.86, t(20) = 9.63,
p, 0.001, p, 0.001, p, 0.001, p, 0.001, p, 0.001,
d= 2.17 d= 1.50 d= 2.34 d= 3.03 d= 1.06

Error rate 13.75% vs 6.4% 11.80% vs 5.87% 15.93% vs 7.61% 18.46% vs 8.07% 22.67% vs 10.38%
(Incongruent/congruent) t(33) = 6.29, t(12) = 3.58, t(48) = 10.72, t(30) = 9.44, t(20) = 4.6,

p, 0.001, p= 0.004, p, 0.001, p, 0.001, p, 0.001,
d= 1.08 d= 0.99 d= 1.53 d= 1.70 d= 1.4

PES/SST (ms) 472 [SEM: 9] 483 [SEM: 15] 516 [SEM: 7] 430 [SEM: 8] 551
vs vs vs vs vs

(Post-error/post-correction) (ms) 449 [SEM: 7] 469 [SEM: 14] 486 [SEM: 5] 400 [SEM: 6] 469
(Succeed stop/failed-stop) t(33) = 4.23, t(13) = 2.01, t(49) = 6.24, t(30) = 7.57, t(20) = 14.45,

p, 0.001, p= 0.065, p, 0.001, p, 0.001, p, 0.001,
d= 0.73 d= 0.54 d= 0.88 d= 1.36 d= 1.44

a We compared correct incongruent versus correct congruent trials in RT and error rate, respectively, in the Simon task across five experiments. We also compared RT in correct trials following incongruent error versus incon-
gruent correct trials in the Simon task in Experiments 1-4 (PES). In Experiment 5, we compared correct-trial RT with failed-stop trial RT in the stop-signal task (SST). Experiment 5 results are reproduced from Wessel et al.
(2019).

Table 2. Mixed-effects AVOVA results for MEP in Experiments 1, 3, and 4a

DV: MEP amplitude

Experiment 1 Experiment 3 Experiment 4

Effect F df p F df p F df p

Trial accuracy 2.71 1, 11945.8 0.100 2.33 1, 13781.6 0.127 9.61 1, 10124 0.002
TMS timing 1.77 5, 368.6 0.117 3.44 5, 501.1 0.005 22.18 2, 10099 0.001
Trial accuracy �
TMS timing

2.45 5, 12013.1 0.031 0.34 5, 13754.1 0.887 1.36 2, 10099 0.256

a MEP amplitudes as a function of trial accuracy (error vs correct in Experiment 1; pretrial-error vs pretrial-
correct in Experiments 3 and 4) and TMS stimulation timing with respect to the critical event (response or
stimulus; 150, 200, 250, 300, 375, or 450 ms in Experiments 1 and 3; 200, 250, or 300 ms in Experiment 4)
in the mixed-effects ANOVA.
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a purportedly strategically deployed inhibition (Fig. 3). It
was identical to Experiment 3, except that CSE was col-
lected from the responding muscle, not a task-irrelevant
one. Indeed, mixed-effects ANOVA showed a main effect of
trial accuracy (F(1, 10,124) = 9.61, p = 0.002) and a main effect
of TMS stimulation timing (F(2, 10,099) = 22.18, p = 0.001;
Table 2), with no interaction. Post hoc paired t test showed
MEP suppression in post-error versus post-correct trials at
200ms (t(30) = 2.98, p= 0.006, d=0.54) and 250ms (t(30) = 2.21,
p=0.035, d=0.40).

To ensure that these differences in mean CSE could not be
explained by differences in raw RT between post-error and post-
correct trials, we conducted a control analysis that only included
a subset of post-correct trials that matched the RT from a
post-error trial at each TMS stimulation timing. The
mixed-effects ANOVA still showed a main effect of trial ac-
curacy (F(1, 3298.7) = 4.04, p = 0.045) and a main effect of
TMS stimulation timing (F(2, 3309.7) = 14.85, p, 0.001) with
no interaction (F(2, 3298.6) = 0.43, p = 0.653). These results
suggest that errors lead to a selective suppression of CSE at
the task-relevant muscle during the preparation of the next
response. Following a reviewer suggestion, we also tested
whether there was a difference between CSE suppression after con-
gruent and incongruent errors. This was done by pooling the trials
at the 200 and 250ms time points to retain a sufficient trial count
for the congruent error condition (one additional subject was
removed because of low trial count despite the pooling procedure).
There was no difference between the degree of error-related CSE
suppression for both trial types (t(29) = 0.25, p=0.8). This analysis
tentatively suggests this suppression is common to both error types.

These findings support our hypothesis of selective motor in-
hibition during the strategic adjustment phase after errors.

Finally, a cross-subject correlation showed a positive correla-
tion between the relative amount of MEP suppression on error
(compared with correct) trials and the amount of relative RT
slowing on errors (compared with correct trials, i.e., PES) at
250ms, r=0.437, p= 0.012, and 300ms, r=0.438 p=0.012 (MEP
and RT deltas between errors and correct trials were quantified
in terms of % change). This indicates that subjects that show
stronger deployment of strategic, selective motor inhibition dur-
ing the preparation of the next response after an error also show
greater PES. To our knowledge, this is the first demonstration of
the fact that PES is directly related to the physiological suppres-
sion of the motor system after errors.

Following a reviewer suggestion, we also explored the correla-
tion between the degree of nonselective CSE suppression
(Experiments 1-3) and PES. None of these correlations were sig-
nificant, although interpretation of this null finding needs to be
tampered because of the comparatively limited sample size of
these experiments.

Source-level EEG (Experiment 5)
The selected independent components reflected the known prop-
erties of the P3 in the stop-signal task, as reported by Wessel et
al. (2019). In short, they showed an earlier onset on successful
compared with failed stop-trials, and their onset across subjects
was positively correlated with SSRT (i.e., subjects with slower
SSRT also showed slower P3 onset latencies). Furthermore, the
time-frequency decomposition of the components showed that it

Figure 2. MEP results from the Simon task in Experiments 1 and 2 (A) and Experiment 3 (B). Experiment 1 showed significant nonselective motor inhibition at 250 ms after error responses
compared with correct responses. Experiment 2 replicated this finding at 250 ms (i.e., during the inhibition-orienting phase after errors). Experiment 3 showed that nonselective motor inhibition
did not occur when TMS stimulation timings were stimulus-locked (i.e., during the strategic adjustment phase after errors). pppp, 0.001. ppp, 0.01. pp, 0.05.

Figure 3. MEP results from Experiment 4. A, Stimulus-locked MEP results showed that CSE was selectively suppressed at 200 and 250 ms in post-error versus post-correct trials (i.e., during
the strategic adjustment phase after errors). B, Correlation results showed, at 250 and 300 ms after stimulus presentation, the amount of MEP suppression on post-error (vs post-correct) trials
and the amount of RT slowing on post-error trials were positively correlated.
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was dominated by activity in the theta and d fre-
quencies (Fig. 4A,B).

Investigating the activity of the same compo-
nent in the Simon task, we found that, as pre-
dicted, its stimulus-locked component activity
on post-error trials was positively correlated
with RT, specifically in the lower frequencies
(p, 0.05, FDR-corrected; Fig. 4C). This suggests
that, in the same post-error time period during
which CSE was selectively suppressed in a man-
ner proportional to PES (compare Experiment
4), the neural source component that indexes
inhibitory control in the stop-signal task also
showed a direct proportional relationship to
PES.

Discussion
In the current study, we provide evidence that
action errors are followed by a physiological in-
hibition of the motor system. Moreover, we
found that there are two types of motor inhibi-
tion that accompany error processing. An initial
broad, nonselective suppression affects even
task-unrelated muscles and takes places shortly
(;250 ms) after error commission (Experiments
1 and 2). It is then followed by a specific, selec-
tive suppression that affects only task-related
muscles and takes places during the preparation
of the next response (Experiments 3 and 4).
These findings provide a key physiological ob-
servation that supports the purported role of in-
hibitory control in error processing, a hypothesis
that goes back to at least Burns (1971), but also is
key to many subsequent theories of error proc-
essing (Botvinick et al., 2001; Ridderinkhof,
2002; Danielmeier and Ullsperger, 2011; Wessel,
2018).

It has long been proposed that inhibition is
one of the key control processes involved in
adaptive post-error behavior. PES is one of the
most reliable findings in the domain of cognitive
control (Rabbitt and Rodgers, 1977; Laming,
1979; Notebaert et al., 2009; Dutilh et al., 2012).
One of the earliest scholars to propose a role for
inhibitory motor processes in the generation of
PES was Burns (1971). Ridderinkhof (2002) later
expanded on this possibility using sophisticated
behavioral analyses. However, ultimately, behav-
ior alone cannot provide direct evidence for the
presence of inhibition, as the slowing of RT can,
in principle, be caused by a myriad of possible processes that do
not necessarily involve inhibitory control (e.g., attentional orient-
ing). As mentioned in the Introduction, some preliminary corre-
lational evidence for the presence of motor inhibition after errors
comes from reduced BOLD activity in motor cortex after errors
(driven by the purported performance-monitoring areas in the
medial wall) (King et al., 2010). Moreover, the increased activity
of the STN both immediately after error commission (Siegert et
al., 2014) and following post-error stimuli (Cavanagh et al.,
2014) strongly implies the presence of inhibition. The STN is at
the core of most neuroscientific models of motor control (Frank
et al., 2007; Jahanshahi et al., 2015) and is part of both the

indirect and hyperdirect basal ganglia pathways that ostensibly
implement both selective and nonselective motor inhibition
(Parent and Hazrati, 1995; Mink, 1996; Wessel and Aron, 2017).
Indeed, STN activity after stop-signals is directly related to the
observed reductions in CSE (Wessel et al., 2016a, 2022a).
However, STN activity does not prove the presence of motor in-
hibition during error processing (Temel et al., 2005; Cavanagh et
al., 2011; Weintraub and Zaghloul, 2013; Aron et al., 2016;
Zénon et al., 2016). Therefore, we have here used a direct, physi-
ological index of motor system excitability, and have found that
errors indeed trigger a physiological inhibition of the motor sys-
tem, as measured by CSE.

These findings speak to the wider debate regarding the origins
of PES, and specifically, whether it is a consequence of reflexive,

Figure 4. EEG results from Experiment 5. A, Group-averaged stop-signal P3 ERP and event-related spectral pertur-
bation of the selected independent EEG source-signal components during the stop-signal task. Reproduced from
Wessel et al. (2019). B, Onset of the stop-signal P3 shown in A positively correlated with the speed of stopping
(SSRT) across subjects. Reproduced from Wessel et al. (2019). C, t statistics for regression coefficients from a single-
trial level GLM for each time-frequency point after post-error stimuli. Black contour indicates significant group-level
deviations of the regression coefficients from 0 (FDR-corrected). The results showed stop-signal P3 components posi-
tively correlated with PES in the low frequency during the strategic adjustment phase after errors in the Simon task.
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automatic processes, or of strategic control (Rabbitt and Rodgers,
1977; Laming, 1979; Jentzsch and Dudschig, 2009; Notebaert et
al., 2009; Danielmeier and Ullsperger, 2011; Dutilh et al., 2012;
Ullsperger et al., 2014; Purcell and Kiani, 2016; Buzzell et al., 2017;
Wessel, 2018). In the current study, PES was correlated only with
the suppression of CSE that was observed after the subsequent
stimulus was presented (Experiment 4). At that time point, CSE
suppression was specific to the responding muscle (Experiment
3), and no longer nonselectively suppressed (as was the case im-
mediately after error commission, Experiments 1 and 2). This
suggests that error-related inhibitory control may indeed be stra-
tegically deployed to suppress the responding effector, resulting
in PES. However, this does not rule out that reflexive and auto-
matic processes, perhaps resulting in nonselective CSE suppres-
sion, may additionally contribute to PES, especially at shorter
intertrial intervals.

As such, the current study goes beyond a mere demonstration
of the physiological inhibition of the motor system after errors.
Specifically, we show that, in line with the AOT of error process-
ing (Wessel, 2018), errors trigger both selective and nonselective
inhibition. The AOT predicts two consecutive steps for error
processing, the first of which (inhibition-orienting) purportedly
includes nonselective inhibition (Wessel, 2018, their Box 1). That
prediction is based on the assumption that the inhibition-orient-
ing phase is not specific to action errors but occurs after any type
of salient event. Indeed, past work has shown that errors and
error-unrelated unexpected events activate an overlapping net-
work of brain regions (Alexander and Brown, 2011; Wessel et al.,
2012, 2014) and that expectancy modulates error processing
(Brown and Braver, 2005). Behavioral work has furthermore
shown that the effects of surprise and error processing interact
and that this interaction reflects a shared orienting response
(Parmentier et al., 2019). In regards to inhibition, salient non-
error events have indeed been shown to trigger nonselective CSE
suppression (Wessel and Aron, 2013; Dutra et al., 2018; Iacullo
et al., 2020; Tatz et al., 2021). As such, the hypothesis that errors
invoke the same type of inhibition is straightforward, supporting
the presence of a nonspecific inhibition-orienting process after
errors. Given its core role in the neural circuits underlying inhi-
bition, it is tempting to hypothesize that this nonselective inhibi-
tion is due to the influence of the STN, whose activity is
correlated with nonselective CSE suppression (Wessel et al.,
2016a), is active during the immediate post-error period (Siegert
et al., 2014), and has nonselective effects on motor output
(Parent and Hazrati, 1995; Mink, 1996).

Interestingly, the brain network underlying this type of non-
selective inhibition has recently been proposed to underlie even
inhibitory effects on active nonmotoric representations. Rapid,
nonselective motor inhibition, like that observed shortly after
error commission in the current study, is implemented via a
hyperdirect pathway that involves broad excitatory projections
from the STN, which nonselectively activate the output nuclei of
the basal ganglia. These nuclei, in turn, inhibit thalamocortical
motor representations (Frank et al., 2007; Jahanshahi et al., 2015;
Wessel and Aron, 2017). Notably, similar basal ganglia loops
(including those involving thalamocortical projections that
underpin the maintenance of active neural representations) also
underlie other, nonmotor processes (Redgrave et al., 2010;
O’Reilly et al., 2014; Wei and Wang, 2016; Guo et al., 2017).
Consequently, some more recent work has found that the circuits
that govern the inhibition of motor activity may also underlie the
inhibition of nonmotor activity (Wessel et al., 2016b; Soh and
Wessel, 2021; Tempel et al., 2020; Apšvalka et al., 2022). Indeed,

some have even found that the active inhibition of cognitive rep-
resentations (e.g., associative memory) is accompanied by CSE
reductions (Castiglione and Aron, 2021), further supporting the
idea that motor and nonmotor inhibition may recruit the same
neural circuit. In the context of the current study, this is impor-
tant because recent work has outlined potentially inhibitory
effects of errors on nonmotor, cognitive activity. For example,
error commission leads to a suppression of the early sensory
response to subsequent stimuli (Buzzell et al., 2017), slows the
rate of evidence accumulation during active decision-making
processes (Purcell and Kiani, 2016), and suppresses active
working memory maintenance (Wessel et al., 2022b). It is pos-
sible that these are all common effects of the invocation of the
nonselective, hyperdirect pathway for inhibitory control, one of
whose key signatures is the CSE suppression found in the cur-
rent study. While the current study conclusively demonstrates
that errors do indeed trigger the nonselective inhibition of the
motor system, the association between this inhibitory activity
and the interruption of nonmotor processes needs to be explic-
itly tested in future studies.

The second key finding of the current study is that motor
excitability was selectively suppressed (i.e., at task-relevant
muscles [Experiment 4] but not at task-irrelevant muscles
[Experiment 3]) during the preparation of the next response
following an error. Moreover, this suppression was predic-
tive of PES, suggesting that this inhibitory process is more
targeted and strategic than the nonselective suppression that
takes place immediately after an error. This result was fur-
ther buttressed by an exploratory reanalysis of the existing
data from Wessel et al. (2019), in which we found that the
neural generator underlying the frontocentral P3, function-
ally localized from a separate stop-signal task using inde-
pendent component analysis, was also active during the exact
same post-error time period and directly predicts PES. The
stop-signal P3 purportedly reflects strategic, controlled adjust-
ments to motor behavior after an initial inhibition-orienting
phase (Diesburg and Wessel, 2021), similar to what has been
purported to occur after errors by the AOT. Indeed, the stop-
signal P3 is directly related to local inhibitory GABAa activity
in the motor system (Hynd et al., 2021). In the stop-signal task,
the strategic, controlled adjustment comes in the form of the
outright cancellation of the response, whereas during errors, it
is a strategic slowing of its preparation in the service of higher
accuracy (King et al., 2010; Danielmeier et al., 2011; Purcell and
Kiani, 2016; Schiffler et al., 2017). As such, we propose that this
mechanism strategically implements the selective inhibition of
task-related effectors to purchase additional time for adaptive
post-error adjustments to take effect. However, at this point,
this is merely an interpretation of a common EEG signal that
occurs across both situations (errors and stopping), an interpre-
tation that aims to combine the findings from our TMS find-
ings in Experiments 1-4 with the wider literature on motor
inhibition during action-stopping. Further testing and demar-
cation from other well-known P3-type signals and their role in
cognition are necessary.

Together, our study clearly demonstrates that errors are fol-
lowed by the inhibition of the motor system. Moreover, inhibi-
tion is deployed in two different modes, which potentially map
onto the purported two stages of post-error processing pre-
dicted by the AOT (Di Gregorio et al., 2018; Wessel, 2018).
Future work could causally test the association between inhibi-
tion and error processing by causally influencing the underly-
ing neural network (e.g., via deep-brain stimulation of STN)
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(Cavanagh et al., 2011; Siegert et al., 2014; Wessel et al., 2016a;
Zavala et al., 2016) and further explore the association between
nonselective, broad inhibitory control and the nonmotor effects
of action errors.

References
Alexander WH, Brown JW (2011) Medial prefrontal cortex as an action-out-

come predictor. Nat Neurosci 14:1338–1344.
Apšvalka D, Ferreira CS, Schmitz TW, Rowe JB, Anderson MC (2022)

Dynamic targeting enables domain-general inhibitory control over action
and thought by the prefrontal cortex. Nat Commun 13:1–21.

Aron AR (2011) From reactive to proactive and selective control: developing
a richer model for stopping inappropriate responses. Biol Psychiatry 69:
e55–e68.

Aron AR, Herz DM, Brown P, Forstmann BU, Zaghloul K (2016)
Frontosubthalamic circuits for control of action and cognition. J Neurosci
36:11489–11495.

Badry R, Mima T, Aso T, Nakatsuka M, Abe M, Fathi D, Foly N, Nagiub H,
Nagamine T, Fukuyama H (2009) Suppression of human cortico-moto-
neuronal excitability during the Stop-signal task. Clin Neurophysiol
120:1717–1723.

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-effects
models using lme4. J Stat Soft 67:1–48.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc B
(Methodological) 57:289–300.

Bestmann S, Krakauer JW (2015) The uses and interpretations of the motor-
evoked potential for understanding behaviour. Exp Brain Res 233:679–
689.

Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD (2001) Conflict
monitoring and cognitive control. Psychol Rev 108:624–652.

Boisgontier MP, Cheval B (2016) The ANOVA to mixed model transition.
Neurosci Biobehav Rev 68:1004–1005.

Brainard DH (1997) The psychophysics toolbox. Spat Vis 10:433–436.
Brown JW, Braver TS (2005) Learned predictions of error likelihood in the

anterior cingulate cortex. Science 307:1118–1121.
Burns JT (1971) Error-induced inhibition in a serial reaction time task. J Exp

Psychol 90:141–148.
Buzzell GA, Beatty PJ, Paquette NA, Roberts DM, McDonald CG (2017)

Error-induced blindness: error detection leads to impaired sensory proc-
essing and lower accuracy at short response–stimulus intervals. J
Neurosci 37:2895–2903.

Cai W, Oldenkamp CL, Aron AR (2011) A proactive mechanism for selective
suppression of response tendencies. J Neurosci 31:5965–5969.

Cai W, Oldenkamp CL, Aron AR (2012) Stopping speech suppresses the
task-irrelevant hand. Brain Lang 120:412–415.

Cavanagh JF, Wiecki TV, Cohen MX, Figueroa CM, Samanta J, Sherman SJ,
Frank MJ (2011) Subthalamic nucleus stimulation reverses mediofrontal
influence over decision threshold. Nat Neurosci 14:1462–1467.

Cavanagh JF, Sanguinetti JL, Allen JJ, Sherman SJ, Frank MJ (2014) The sub-
thalamic nucleus contributes to post-error slowing. J Cogn Neurosci
26:2637–2644.

Castiglione A, Aron AR (2021) Unwanted memory intrusions recruit broad
motor suppression. J Cogn Neurosci 33:119–128.

Chen W, de Hemptinne C, Miller AM, Leibbrand M, Little SJ, Lim DA,
Larson PS, Starr PA (2020) Prefrontal-subthalamic hyperdirect pathway
modulates movement inhibition in humans. Neuron 106:579–588.

Claffey MP, Sheldon S, Stinear CM, Verbruggen F, Aron AR (2010) Having a
goal to stop action is associated with advance control of specific motor
representations. Neuropsychologia 48:541–548.

Corbetta M, Patel G, Shulman GL (2008) The reorienting system of the
human brain: from environment to theory of mind. Neuron 58:306–324.

Danielmeier C, Ullsperger M (2011) Post-error adjustments. Front Psychol
2:233.

Danielmeier C, Eichele T, Forstmann BU, Tittgemeyer M, Ullsperger M
(2011) Posterior medial frontal cortex activity predicts post-error adapta-
tions in task-related visual and motor areas. J Neurosci 31:1780–1789.

Dayan P, Yu AJ (2006) Phasic norepinephrine: a neural interrupt signal for
unexpected events. Network 17:335–350.

Di Gregorio F, Maier ME, Steinhauser M (2018) Errors can elicit an error
positivity in the absence of an error negativity: evidence for independent
systems of human error monitoring. Neuroimage 172:427–436.

Diesburg DA, Wessel JR (2021) The Pause-then-Cancel model of human
action-stopping: theoretical considerations and empirical evidence.
Neurosci Biobehav Rev 129:17–34.

Duque J, Greenhouse I, Labruna L, Ivry RB (2017) Physiological markers of
motor inhibition during human behavior. Trends Neurosci 40:219–236.

Dutilh G, Vandekerckhove J, Forstmann BU, Keuleers E, Brysbaert M,
Wagenmakers EJ (2012) Testing theories of post-error slowing. Atten
Percept Psychophys 74:454–465.

Dutra IC, Waller DA, Wessel JR (2018) Perceptual surprise improves action
stopping by nonselectively suppressing motor activity via a neural mecha-
nism for motor inhibition. J Neurosci 38:1482–1492.

Frank MJ, Samanta J, Moustafa AA, Sherman SJ (2007) Hold your horses:
impulsivity, deep brain stimulation, and medication in parkinsonism.
Science 318:1309–1312.

Huster RJ, Enriquez-Geppert S, Lavallee CF, Falkenstein M, Herrmann CS
(2013) Electroencephalography of response inhibition tasks: functional
networks and cognitive contributions. Int J Psychophysiol 87:217–233.

Hynd M, Soh C, Rangel BO, Wessel JR (2021) Paired-pulse TMS and scalp
EEG reveal systematic relationship between inhibitory GABAa signaling
in M1 and fronto-central cortical activity during action stopping. J
Neurophysiol 125:648–660.

Iacullo C, Diesburg DA, Wessel JR (2020) Nonselective inhibition of the
motor system following unexpected and expected infrequent events. Exp
Brain Res 238:2701–2710.

Gjorgieva E, Egner T (2022) Learning from mistakes: incidental encoding
reveals a time-dependent enhancement of posterror target processing. J
Exp Psychol Gen 151:718–730.

Guo ZV, Inagaki HK, Daie K, Druckmann S, Gerfen CR, Svoboda K (2017)
Maintenance of persistent activity in a frontal thalamocortical loop.
Nature 545:181–186.

Greenhouse I, Oldenkamp CL, Aron AR (2012) Stopping a response has
global or nonglobal effects on the motor system depending on prepara-
tion. J Neurophysiol 107:384–392.

Jahanshahi M, Obeso I, Rothwell JC, Obeso JA (2015) A fronto–striato–sub-
thalamic–pallidal network for goal-directed and habitual inhibition. Nat
Rev Neurosci 16:719–732.

Jentzsch I, Dudschig C (2009) Short article: why do we slow down after an
error? Mechanisms underlying the effects of posterror slowing. Q J Exp
Psychol (Hove) 62:209–218.

Judd CM, Westfall J, Kenny DA (2012) Treating stimuli as a random factor
in social psychology: a new and comprehensive solution to a pervasive
but largely ignored problem. J Pers Soc Psychol 103:54–69.

King JA, Korb FM, von Cramon DY, Ullsperger M (2010) Post-error behav-
ioral adjustments are facilitated by activation and suppression of task-rel-
evant and task-irrelevant information processing. J Neurosci 30:12759–
12769.

Laming D (1979) Choice reaction performance following an error. Acta
Psychol 43:199–224.

Maier ME, Yeung N, Steinhauser M (2011) Error-related brain activity and
adjustments of selective attention following errors. Neuroimage 56:2339–
2347.

Majid DA, Cai W, George JS, Verbruggen F, Aron AR (2012) Transcranial
magnetic stimulation reveals dissociable mechanisms for global versus
selective corticomotor suppression underlying the stopping of action.
Cereb Cortex 22:363–371.

Majid DA, Cai W, Corey-Bloom J, Aron AR (2013) Proactive selective
response suppression is implemented via the basal ganglia. J Neurosci
33:13259–13269.

Marco-Pallarés J, Camara E, Münte TF, Rodríguez-Fornells A (2008) Neural
mechanisms underlying adaptive actions after slips. J Cogn Neurosci
20:1595–1610.

Mink JW (1996) The basal ganglia: focused selection and inhibition of com-
peting motor programs. Prog Neurobiol 50:381–425.

Notebaert W, Houtman F, Opstal FV, Gevers W, Fias W, Verguts T (2009)
Post-error slowing: an orienting account. Cognition 111:275–279.

O’Reilly RC, Wyatte D, Rohrlich J (2014) Learning through time in the thala-
mocortical loops. arXiv 1407.3432.

7274 • J. Neurosci., September 21, 2022 • 42(38):7267–7275 Guan andWessel · Cortico-Motor Inhibition after Action Errors

http://dx.doi.org/10.1038/nn.2921
http://dx.doi.org/10.1038/s41467-021-27926-w
http://dx.doi.org/10.1016/j.biopsych.2010.07.024
https://www.ncbi.nlm.nih.gov/pubmed/20932513
http://dx.doi.org/10.1523/JNEUROSCI.2348-16.2016
https://www.ncbi.nlm.nih.gov/pubmed/27911752
http://dx.doi.org/10.1016/j.clinph.2009.06.027
https://www.ncbi.nlm.nih.gov/pubmed/19683959
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1007/s00221-014-4183-7
https://www.ncbi.nlm.nih.gov/pubmed/25563496
http://dx.doi.org/10.1037/0033-295X.108.3.624
http://dx.doi.org/10.1016/j.neubiorev.2016.05.034
https://www.ncbi.nlm.nih.gov/pubmed/27241200
http://dx.doi.org/10.1163/156856897X00357
https://www.ncbi.nlm.nih.gov/pubmed/9176952
http://dx.doi.org/10.1126/science.1105783
http://dx.doi.org/10.1037/h0031335
https://www.ncbi.nlm.nih.gov/pubmed/5096123
http://dx.doi.org/10.1523/JNEUROSCI.1202-16.2017
https://www.ncbi.nlm.nih.gov/pubmed/28193697
http://dx.doi.org/10.1523/JNEUROSCI.6292-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21508221
http://dx.doi.org/10.1016/j.bandl.2011.11.006
https://www.ncbi.nlm.nih.gov/pubmed/22206872
http://dx.doi.org/10.1038/nn.2925
https://www.ncbi.nlm.nih.gov/pubmed/21946325
http://dx.doi.org/10.1162/jocn_a_00659
https://www.ncbi.nlm.nih.gov/pubmed/24800632
http://dx.doi.org/10.1162/jocn_a_01642
https://www.ncbi.nlm.nih.gov/pubmed/33078991
http://dx.doi.org/10.1016/j.neuron.2020.02.012
https://www.ncbi.nlm.nih.gov/pubmed/32155442
http://dx.doi.org/10.1016/j.neuropsychologia.2009.10.015
https://www.ncbi.nlm.nih.gov/pubmed/19879283
http://dx.doi.org/10.1016/j.neuron.2008.04.017
https://www.ncbi.nlm.nih.gov/pubmed/18466742
http://dx.doi.org/10.3389/fpsyg.2011.00233
https://www.ncbi.nlm.nih.gov/pubmed/21954390
http://dx.doi.org/10.1523/JNEUROSCI.4299-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21289188
http://dx.doi.org/10.1080/09548980601004024
https://www.ncbi.nlm.nih.gov/pubmed/17162459
http://dx.doi.org/10.1016/j.neuroimage.2018.01.081
https://www.ncbi.nlm.nih.gov/pubmed/29409999
http://dx.doi.org/10.1016/j.neubiorev.2021.07.019
https://www.ncbi.nlm.nih.gov/pubmed/34293402
http://dx.doi.org/10.1016/j.tins.2017.02.006
https://www.ncbi.nlm.nih.gov/pubmed/28341235
https://www.ncbi.nlm.nih.gov/pubmed/22105857
http://dx.doi.org/10.1523/JNEUROSCI.3091-17.2017
https://www.ncbi.nlm.nih.gov/pubmed/29305533
http://dx.doi.org/10.1126/science.1146157
https://www.ncbi.nlm.nih.gov/pubmed/17962524
http://dx.doi.org/10.1016/j.ijpsycho.2012.08.001
https://www.ncbi.nlm.nih.gov/pubmed/22906815
http://dx.doi.org/10.1152/jn.00571.2020
https://www.ncbi.nlm.nih.gov/pubmed/33439759
http://dx.doi.org/10.1007/s00221-020-05919-3
https://www.ncbi.nlm.nih.gov/pubmed/32948892
http://dx.doi.org/10.1037/xge0001105
http://dx.doi.org/10.1038/nature22324
https://www.ncbi.nlm.nih.gov/pubmed/28467817
http://dx.doi.org/10.1152/jn.00704.2011
https://www.ncbi.nlm.nih.gov/pubmed/22013239
http://dx.doi.org/10.1038/nrn4038
https://www.ncbi.nlm.nih.gov/pubmed/26530468
http://dx.doi.org/10.1080/17470210802240655
https://www.ncbi.nlm.nih.gov/pubmed/18720281
http://dx.doi.org/10.1037/a0028347
https://www.ncbi.nlm.nih.gov/pubmed/22612667
http://dx.doi.org/10.1523/JNEUROSCI.3274-10.2010
https://www.ncbi.nlm.nih.gov/pubmed/20861380
http://dx.doi.org/10.1016/0001-6918(79)90026-X
https://www.ncbi.nlm.nih.gov/pubmed/21511043
http://dx.doi.org/10.1093/cercor/bhr112
https://www.ncbi.nlm.nih.gov/pubmed/21666129
http://dx.doi.org/10.1523/JNEUROSCI.5651-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23946385
http://dx.doi.org/10.1162/jocn.2008.20117
https://www.ncbi.nlm.nih.gov/pubmed/18345985
http://dx.doi.org/10.1016/S0301-0082(96)00042-1
https://www.ncbi.nlm.nih.gov/pubmed/9004351
http://dx.doi.org/10.1016/j.cognition.2009.02.002


Parent A, Hazrati LN (1995) Functional anatomy of the basal ganglia: I. The
cortico-basal ganglia-thalamo-cortical loop. Brain Res Brain Res Rev
20:91–127.

Parmentier FB, Vasilev MR, Andrés P (2019) Surprise as an explanation to
auditory novelty distraction and post-error slowing. J Exp Psychol Gen
148:192–200.

Purcell BA, Kiani R (2016) Neural mechanisms of post-error adjustments of
decision policy in parietal cortex. Neuron 89:658–671.

Rabbitt P, Rodgers B (1977) What does a man do after he makes an error:
analysis of response programming. Q J Exp Psychol 29:727–743.

Redgrave P, Rodriguez M, Smith Y, Rodriguez-Oroz MC, Lehericy S,
Bergman H, Agid Y, DeLongMR, Obeso JA (2010) Goal-directed and ha-
bitual control in the basal ganglia: implications for Parkinson’s disease.
Nat Rev Neurosci 11:760–772.

Ridderinkhof RK (2002) Micro- and macro-adjustments of task set: activa-
tion and suppression in conflict tasks. Psychol Res 66:312–323.

Rossini PM, Barker AT, Berardelli A, Caramia MD, Caruso G, Cracco RQ,
Dimitrijevi�c MR, Hallett M, Katayama Y, Lücking CH (1994) Non-inva-
sive electrical and magnetic stimulation of the brain, spinal cord and
roots: basic principles and procedures for routine clinical application.
Report of an IFCN committee. Electroencephalogr Clin Neurophysiol
91:79–92.

Schiffler BC, Bengtsson SL, Lundqvist D (2017) The sustained influence of an
error on future decision-making. Front Psychol 8:1077.

Siegert S, Ruiz MH, Brücke C, Huebl J, Schneider GH, Ullsperger M, Kühn
AA (2014) Error signals in the subthalamic nucleus are related to post-
error slowing in patients with Parkinson’s disease. Cortex 60:103–120.

Simon JR, Rudell AP (1967) Auditory S-R compatibility: the effect of an irrel-
evant cue on information processing. J Appl Psychol 51:300–304.

Soh C, Wessel JR (2021) Unexpected sounds nonselectively inhibit active vis-
ual stimulus representations. Cerebral Cortex 31:1632–1646.

Tatz JR, Soh C,Wessel JR (2021) Common and unique inhibitory control sig-
natures of action-stopping and attentional capture suggest that actions
are stopped in two stages. J Neurosci 41:8826–8838.

Temel Y, Blokland A, Steinbusch HW, Visser-Vandewalle V (2005) The
functional role of the subthalamic nucleus in cognitive and limbic cir-
cuits. Prog Neurobiol 76:393–413.

Tempel T, Frings C, Pastötter B (2020) EEG beta power increase indicates in-
hibition in motor memory. Int J Psychophysiol 150:92–99.

Ullsperger M, Danielmeier C, JochamG (2014) Neurophysiology of perform-
ance monitoring and adaptive behavior. Physiol Rev 94:35–79.

Ullsperger M, Von Cramon DY (2001) Subprocesses of performance moni-
toring: a dissociation of error processing and response competition
revealed by event-related fMRI and ERPs. Neuroimage 14:1387–1401.

Volpert-Esmond HI, Merkle EC, Levsen MP, Ito TA, Bartholow BD (2018)
Using trial-level data and multilevel modeling to investigate within-task
change in event-related potentials. Psychophysiology 55:e13044.

Wei W, Wang XJ (2016) Inhibitory control in the cortico-basal ganglia-thala-
mocortical circuit: complex modulation and its interplay with working
memory and decision-making. Neuron 92:1093–1105.

Weintraub DB, Zaghloul KA (2013) The role of the subthalamic nucleus in
cognition. Rev Neurosci 24:125–138.

Wessel JR (2018) An adaptive orienting theory of error processing.
Psychophysiology 55:e13041.

Wessel JR, Aron AR (2013) Unexpected events induce motor slowing via a
brain mechanism for action-stopping with global suppressive effects. J
Neurosci 33:18481–18491.

Wessel JR, Aron AR (2017) On the globality of motor suppression: unex-
pected events and their influence on behavior and cognition. Neuron
93:259–280.

Wessel JR, Danielmeier C, Morton JB, Ullsperger M (2012) Surprise and
error: common neuronal architecture for the processing of errors and
novelty. J Neurosci 32:7528–7537.

Wessel JR, Reynoso HS, Aron AR (2013) Saccade suppression exerts global
effects on the motor system. J Neurophysiol 110:883–890.

Wessel JR, Klein TA, Ott DV, Ullsperger M (2014) Lesions to the prefrontal
performance-monitoring network disrupt neural processing and adaptive
behaviors after both errors and novelty. Cortex 50:45–54.

Wessel JR, Ghahremani A, Udupa K, Saha U, Kalia SK, Hodaie M, Lozano
AM, Aron AR, Chen R (2016a) Stop-related subthalamic beta activity
indexes global motor suppression in Parkinson’s disease. Mov Disord
31:1846–1853.

Wessel JR, Jenkinson N, Brittain JS, Voets SH, Aziz TZ, Aron AR (2016b)
Surprise disrupts cognition via a fronto-basal ganglia suppressive mecha-
nism. Nat Commun 7:11195.

Wessel JR, Waller DA, Greenlee JD (2019) Nonselective inhibition of inap-
propriate motor-tendencies during response-conflict by a fronto-subtha-
lamic mechanism. Elife 8:e42959.

Wessel JR, Diesburg DA, Chalkley NH, Greenlee JD (2022a) A causal role for
the human subthalamic nucleus in non-selective cortico-motor inhibi-
tion. Current biology. Advance online publication. Retrieved July 15,
2022. doi: 10.1016/j.cub.2022.06.067

Wessel JR, Jiang J, Stolley JJ (2022b) Action errors impair active working
memory maintenance. J Exp Psychol Gen 151:1325–1340.

Yu Z, Guindani M, Grieco SF, Chen L, Holmes TC, Xu X (2022) Beyond t
test and ANOVA: applications of mixed-effects models for more rigorous
statistical analysis in neuroscience research. Neuron 110:21–35.

Zavala B, Tan H, Ashkan K, Foltynie T, Limousin P, Zrinzo L, Zaghloul K,
Brown P (2016) Human subthalamic nucleus–medial frontal cortex theta
phase coherence is involved in conflict and error related cortical monitor-
ing. Neuroimage 137:178–187.

Zénon A, Duclos Y, Carron R, Witjas T, Baunez C, Régis J, Azulay JP, Brown
P, Eusebio A (2016) The human subthalamic nucleus encodes the subjec-
tive value of reward and the cost of effort during decision-making. Brain
139:1830–1843.

Guan andWessel · Cortico-Motor Inhibition after Action Errors J. Neurosci., September 21, 2022 • 42(38):7267–7275 • 7275

http://dx.doi.org/10.1016/0165-0173(94)00007-C
https://www.ncbi.nlm.nih.gov/pubmed/7711769
http://dx.doi.org/10.1037/xge0000497
https://www.ncbi.nlm.nih.gov/pubmed/30346199
http://dx.doi.org/10.1016/j.neuron.2015.12.027
https://www.ncbi.nlm.nih.gov/pubmed/26804992
http://dx.doi.org/10.1080/14640747708400645
http://dx.doi.org/10.1038/nrn2915
https://www.ncbi.nlm.nih.gov/pubmed/20944662
http://dx.doi.org/10.1007/s00426-002-0104-7
https://www.ncbi.nlm.nih.gov/pubmed/12466928
http://dx.doi.org/10.1016/0013-4694(94)90029-9
https://www.ncbi.nlm.nih.gov/pubmed/7519144
http://dx.doi.org/10.3389/fpsyg.2017.01077
https://www.ncbi.nlm.nih.gov/pubmed/28706497
http://dx.doi.org/10.1016/j.cortex.2013.12.008
https://www.ncbi.nlm.nih.gov/pubmed/24525245
http://dx.doi.org/10.1037/h0020586
https://www.ncbi.nlm.nih.gov/pubmed/6045637
http://dx.doi.org/10.1523/JNEUROSCI.1105-21.2021
https://www.ncbi.nlm.nih.gov/pubmed/34493541
https://www.ncbi.nlm.nih.gov/pubmed/16249050
https://www.ncbi.nlm.nih.gov/pubmed/32057778
http://dx.doi.org/10.1152/physrev.00041.2012
https://www.ncbi.nlm.nih.gov/pubmed/24382883
http://dx.doi.org/10.1006/nimg.2001.0935
https://www.ncbi.nlm.nih.gov/pubmed/11707094
http://dx.doi.org/10.1111/psyp.13044
https://www.ncbi.nlm.nih.gov/pubmed/29226966
http://dx.doi.org/10.1016/j.neuron.2016.10.031
https://www.ncbi.nlm.nih.gov/pubmed/27866799
https://www.ncbi.nlm.nih.gov/pubmed/23327862
http://dx.doi.org/10.1111/psyp.13041
http://dx.doi.org/10.1523/JNEUROSCI.3456-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/24259571
http://dx.doi.org/10.1016/j.neuron.2016.12.013
https://www.ncbi.nlm.nih.gov/pubmed/28103476
http://dx.doi.org/10.1523/JNEUROSCI.6352-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22649231
http://dx.doi.org/10.1152/jn.00229.2013
https://www.ncbi.nlm.nih.gov/pubmed/23699058
http://dx.doi.org/10.1016/j.cortex.2013.09.002
https://www.ncbi.nlm.nih.gov/pubmed/24139890
http://dx.doi.org/10.1002/mds.26732
https://www.ncbi.nlm.nih.gov/pubmed/27474845
http://dx.doi.org/10.1038/ncomms11195
https://www.ncbi.nlm.nih.gov/pubmed/27088156
http://dx.doi.org/10.7554/eLife.42959
http://dx.doi.org/10.1016/j.cub.2022.06.067
http://dx.doi.org/10.1037/xge0001142
http://dx.doi.org/10.1016/j.neuron.2021.10.030
http://dx.doi.org/10.1016/j.neuroimage.2016.05.031
https://www.ncbi.nlm.nih.gov/pubmed/27181763
http://dx.doi.org/10.1093/brain/aww075
https://www.ncbi.nlm.nih.gov/pubmed/27190012

	Two Types of Motor Inhibition after Action Errors in Humans
	Introduction
	Materials and Methods
	Results
	Discussion


