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Abstract

By stopping actions even after their initiation, humans can flexibly adapt ongoing behavior to changing circumstances. The
neural processes underlying the inhibition of movement during action stopping are still controversial. In the 90s, a fronto-cen-
tral event-related potential (ERP) was discovered in the human EEG response to stop signals in the classic stop-signal task,
alongside a proposal that this “stop-signal P3” reflects an inhibitory process. Indeed, both amplitude and onset of the stop-sig-
nal P3 relate to overt behavior and movement-related EEG activity in ways predicted by the dominant models of action-stop-
ping. However, neither EEG nor behavior allow direct inferences about the presence or absence of neurophysiological
inhibition of the motor cortex, making it impossible to definitively relate the stop-signal P3 to inhibition. Here, we therefore
present a multimethod investigation of the relationship between the stop-signal P3 and GABAergic signaling in primary motor
cortex, as indexed by paired-pulse transcranial magnetic stimulation (TMS). In detail, we measured short-interval intracortical
inhibition (SICI), a marker of inhibitory GABAa activity in M1, in a group of 41 human participants who also performed the stop-
signal task while undergoing EEG recordings. In line with the P3-inhibition hypothesis, we found that subjects with stronger in-
hibitory GABA activity in M1 also showed both faster onsets and larger amplitudes of the stop-signal P3. This provides direct
evidence linking the properties of this ERP to a true physiological index of motor system inhibition. We discuss these findings
in the context of recent theoretical developments and empirical findings regarding the neural implementation of motor
inhibition.

NEW & NOTEWORTHY The neural mechanisms underlying rapid action stopping in humans are subject to intense debate, in
part because recordings of neural signals purportedly reflecting inhibitory motor control are hard to directly relate to the true,
physiological inhibition of motor cortex. For the first time, the current study combines EEG and transcranial magnetic stimulation
(TMS) methods to demonstrate a direct correspondence between fronto-central control-related EEG activity following signals to
cancel an action and the physiological inhibition of primary motor cortex.

GABA; motor inhibition; paired-pulse TMS; P3 event-related potential; stop-signal task

INTRODUCTION

Inhibitory control of movement is a key cognitive control
function implemented by the human brain, which allows
humans to cancel actions even after their initiation. The
neurophysiological underpinnings of inhibitory control are
still subject of controversial debate. Neuroimaging studies

have identified a distributed network of frontal and basal
ganglia brain regions that is activated by sudden signals to
stop an action [1, 2; see reviews by Aron et al. (3), Levy and
Wagner (4), Chambers et al. (5), and Wager et al. (6)]. There is
now widespread agreement that the exact timing of activity
within that brain network, rather than the magnitude of
its activity alone, is paramount to the successful
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implementation of motor inhibition (7–9). This notion is con-
sistent with early behavioral and theoretical work on the stop-
signal paradigm, which holds that successful stopping of
movement is achieved through a race between inhibitory con-
trol process(es) (triggered by a signal to stop an action) and
the processes governing movement initiation and execution
(10, 11). Although there is no overtly observable response on
successful stop trials, the assumptions of this “horse-race”
model allow the calculation of a latent variable—“stop-signal
reaction time” (SSRT)—which expresses the latency of the in-
hibitory process (12). Shorter SSRTs reflect a faster, more effi-
cient stop-process that allows actions that are even further
along in their initiation to be successfully stopped. With some
modifications (13, 14), this horse-racemodel of inhibitory con-
trol in the stop-signal task (SST) is still widely accepted today.
Since a key implication of the horse-race model is that the
timing of the “stop”-process influences the success of action
stopping, studying the neural underpinnings of inhibitory
control necessitates the usage of methods with sufficient tem-
poral resolution, such as electroencephalography (EEG).

Early work using EEG in healthy humans has resulted in
the suggestion that the fronto-central P3 event-related
potential (ERP) following stop signals may reflect the in-
hibitory process in the stop-signal task (15). Strong support
for this notion came from subsequent work (16), in which
the latency of the stop-signal P3 was found to index stop-
ping success: within subjects, the stop-signal P3 peaked
earlier on successful compared with failed stop trials. This
property reflects a direct correspondence between the fea-
tures of the stop-signal P3 and the predictions of the race
model. However, controversy remained. Specifically, several
authors argued that since the peak of the fronto-central P3
occurs after SSRT, it is unlikely that the process signified by
this neurophysiological signal is critical to the success of
motor inhibition (17–19). A later study, however, used single-
trial analyses to show that the “onset” of the fronto-central
stop-signal P3 (instead of its peak) not only occurs early
enough to fall within the pre-SSRT time period, but is also
highly positively correlated with SSRT—that is, subjects with a
faster onset of the stop-signal P3 also show shorter SSRTs (9).
Although this latter association has since been independently
replicated (20), the association between the stop-signal P3 and
inhibitory processing still remains controversial. One argu-
ment is that additional ERPs, including ERPs that predate the
P3 and likely reflect attentional processes, also correlate with
SSRT (20, 21). In addition to this debate focusing on the elec-
trophysiology of stopping, the fundamental assumptions
underlying the SSRT computation have also recently been
called into question themselves, with some authors arguing
that SSRT systematically overestimates the latency of the stop-
ping process, specifically because the classic SSRT computa-
tion does not take into account trials in which the inhibitory
control process is not triggered at all (22, 23). Moreover, SSRT,
just like any index derived from overt reaction times, has the
notable limitation that the delay between the first measurable
sign of an overt response (i.e., the initial contraction of a mus-
cle in the EMG) and the button press itself is not taken into
account (e.g., 24). Taken together, the notion that SSRT should
be used as the ultimate benchmark to evaluate the involve-
ment of specific neural indices in action stopping has become
more controversial itself.

In light of these recent criticisms of SSRT, some more
recent neuroscientific studies have turned away from this
latent behavioral variable and toward evaluating purported
EEG indices of inhibitory control in direct relation to the
(neuro)physiological activation of the motor system. The
motor system is the final stage of the neural system in which
the “go”-side of the horse-race underlying action stopping
will manifest, and motor activity can therefore function as a
precise indicator of how much inhibitory control is or was
necessary to stop a given action. Therefore, motor activity
can be related to trial-to-trial estimates of potential inhibi-
tory control signatures, and that relationship can then be
scrutinized vis-à-vis the predictions of the horse-race model.
Using such approaches, two recent studies have provided
notable support for the classic interpretation of the fronto-
central P3 as an index of inhibitory control processes. In one
example, the lateralized readiness potential, an index of late-
stage motor preparation observable in EEG recordings over
sensorimotor cortex, was used to show that successfully
stopped trials with more residual motor activity also showed
larger stop-signal P3 ERPs (25). In other words, successfully
cancelled actions that were more advanced (and hence
required more inhibitory control to cancel) were accompa-
nied by a larger stop-signal P3. In another study, force
recordings were used to provide further evidence along the
same lines. Specifically, Nguyen et al. (26) found that on
failed stop trials (i.e., trials with a stop signal in which the
go-response was not successfully stopped) larger P3 ampli-
tudes were found when the erroneous response was pro-
duced with reduced force. This suggests that trials in which
the incorrectly executed response showed stronger residual
signs of partial inhibition were also accompanied by larger
stop-signal P3 amplitudes.

Studies such as these can provide unique insights into the
dynamics of action stopping, since they do not have to rely
on SSRT to evaluate the potential neurophysiological con-
comitants of the processes underlying the horse-race.
However, even those studies cannot provide a direct proof of
the proposition that the P3 (or any other EEG signature)
directly relates to the physiological inhibition of the motor
system. As EEG does not offer insights into the physiological
excitation or inhibition of the neuronal populations underly-
ing the scalp signal, EEG-derived signatures, such as ERPs,
cannot resolve whether an observed reduction of a motor
process is truly due to the activity of inhibitory processes at
the neural level. Therefore, to investigate whether specific
EEG indices are truly related to the actual physiological inhi-
bition of the motor system, EEG needs to be supplemented
with other methods.

Notably, the combination of transcranial magnetic stimu-
lation (TMS) and electromyography (EMG) provides a well-
established method that allows this exact type of measure-
ment. Specifically, when single pulses of TMS are applied to
motor representations in primary motor cortex (M1), they
result in overtly observable amplitude deflections in EMG
recordings from the associated muscle. These deflections,
called motor-evoked potentials (MEP), index the net cortico-
spinal excitability of the associated motor tract (27). In addi-
tion, more advanced TMS methods make use of paired-pulse
protocols to directly index the activity of local inhibitory
c-aminobutyric acid (GABA) neuron populations in M1 (28,
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29). GABA is the primary inhibitory neurotransmitter in the
brain, including in M1 (30, 31) and magnetic resonance spec-
troscopy has revealed that GABA content in the basal ganglia
correlates with the behavioral efficacy in response inhibition
(32). In paired-pulse TMS protocols, introducing a “condi-
tioning” pulse before the MEP test pulse results in a reduc-
tion of the MEP compared with an unconditioned, single-
pulse MEP. Depending on the latency difference between
conditioning and test pulses, this relative reduction in the
MEP is either called short-interval or long-interval intracorti-
cal inhibition (SICI/LICI). SICI is typically observed when the
subthreshold conditioning pulse precedes the test pulse by
1–6 ms (28). It is thought that SICI results from the activation
of the low-threshold inhibitory system by the conditioning
pulse, resulting in the production of inhibitory postsynaptic
potentials via fast ionotropic GABAa receptors (31, 33). LICI,
on the other hand, is observed when a suprathreshold condi-
tioning pulse precedes the test pulse by 50–200 ms (34),
which is consistent with the slower production of inhibitory
postsynaptic potentials produced via metabotropic GABAb

receptors (35, 36). Pharmacological studies have largely sup-
ported these ideas for both SICI (37, 38) and LICI (39), with
some proposing distinct, but interacting, neuronal circuits
as the possible origin (29, 40). SICI and LICI are reduced dur-
ing volitional movements (41–43) and have been shown to
be differentially modulated by specific motor tasks (44, 45).
Therefore, SICI and LICI are popular indices of the activity of
local GABAa/b receptors inM1 and their relationship tomotor
behavior.

In line with the proposition that stopping an action would
involve the activity of true, physiological inhibition of the
motor system, studies using the stop-signal task have also
shown that SICI and LICI are related to the behavioral success
of stopping. Indeed, increased SICI has been demonstrated in
subjects who are required to rapidly inhibit movements (46),
whereas LICI has been shown to increase when subjects pos-
sess prior knowledge of when they need to inhibit specific
movements (47, 48). In other words, GABAa activity, indexed
by SICI, appears to be increased during rapidly exerted, reac-
tive inhibitory control following a stop signal, whereas GABAb

neurons seem to be anticipatorily recruited during situations
in which inhibitory control can be proactively deployed
toward specific effectors. Indeed, in perhaps the most direct
demonstration of the relationship between SICI-indexed
GABAa activity in M1 and stopping behavior, Chowdhury et al.
(49) have recently shown that SICI measured at baseline (i.e.,
in the absence of a task) is directly related to SSRT across sub-
jects. In their study, subjects with stronger SICI at baseline also
showed faster SSRTs during the stop-signal task. This shows
that the ability to recruit inhibitory neuronal circuitry in M1 is
directly related to the ability to stop an action. Although the
recent criticism of SSRT as a measurement variable itself (see
INTRODUCTION) can also be levied against these findings, the
results of Chowdhury et al.’s study do indicate that GABAergic
inhibitory neural activity in M1 can potentially be used to
probe an individual’s ability to physiologically inhibit the
motor system, and ultimately, to stop an action. In the current
study, we attempt to capitalize on this utility of SICI to directly
test whether the stop-signal P3, as a purported index of inhibi-
tory control processing in frontal cortex, is related to the physi-
ological activity of GABAa neurons inM1.

To this end, we combined the SICI approach of Chowdhury
et al. (49) with additional recordings of scalp EEG during the
stop-signal task. This was done with the explicit goal of
directly relating each subjects’ SICI measurement to the two
core features of the fronto-central stop-signal P3, which have
been proposed to index inhibitory control activity: its onset
latency and its amplitude. Doing so achieves two overarch-
ing goals: first, using a direct index of the activity of inhibi-
tory neurotransmission in M1 will allow us to evaluate
whether the fronto-central stop-signal P3 ERP is related to
the physiological inhibition of the motor system. Second,
relating two measurements of brain activity that purport-
edly index inhibitory control without having to rely on a
latent behavioral variable (viz., SSRT) would provide a
direct validation of both measures and their purported
involvement in action stopping using overtly measurable
physiological variables.

Based on the aforementioned findings regarding the rela-
tionship between SICI, the P3, and stopping behavior, we
hypothesized that subjects with stronger GABAa activity would
show faster onset latencies and larger amplitudes of the stop-
signal P3. Furthermore, we also collected baseline estimates of
LICI to test whether GABAb activity is related to the behavioral
implementation of proactive inhibitory control.

MATERIALS AND METHODS

Data Availability

All data, analysis scripts, and task code can be found on
the OSF at https://osf.io/kqr3n/.

Participants

Forty-one healthy adult subjects participated in this study
(27 female, 14 male; mean age, 21.6yr, SD = 3.85, range 18–30;
all right-handed). Subjects were recruited either through
University of Iowa (UI)’s Department of Psychological and
Brain Sciences sign-up system or through a mass recruitment
email. Subjects signed written informed consent prior to
enrollment and were granted either class credit for their par-
ticipation or were compensated with $15/h. All procedures
were approved by the University of Iowa’s Institutional
Review Board (No. 201612707, No. 201511709). Before experi-
mentation, all subjects were screened for abnormal (noncor-
rected) vision or hearing, as well as for contraindications of
TMS (50).

Stimulus Presentation

All stimuli were presented on a 19-in. Dell flat screenmon-
itor connected to an IBM-compatible PC running Fedora
Linux and MATLAB 2015b. Stimuli were presented using
Psychtoolbox 3 (51). Responses were made using a standard
QWERTY USB keyboard.

Experimental Task

Our variant of the stop-signal task alternated between blocks
of the classic stop-signal paradigm and blocks of a pure-go task
(which was identical in layout and timing to the stop-signal
blocks but did not include any stop-signals, Fig. 1). In other
words, in half of the blocks, subjects performed the standard
variant of the stop-signal task, whereas in the other half, they
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performed a task that was exactly the same in layout, but did
not include any stop-signals. These pure-go blocks were
included in this study tomeasure proactive control behavior (i.
e., reaction time slowing on go-trials in stop- vs. pure-go
blocks), in addition to reactive control [for other studies using
this comparison, see Chikazoe et al. (52), Jahfari et al. (53),
Verbruggen and Logan (11)]. This was done to explore the pro-
posed association between LICI and behavioral indices of pro-
active inhibitory control (47), a secondary goal of the current
study.

Stimuli were presented on a gray background. Each trial
began with a black fixation cross (500ms), followed by a black
arrow (go-signal) pointing either left or right, displayed for
1,000 ms. Subjects were instructed to press the “q” key on the
keyboard with their left index finger in case of a left-facing
arrow and “p” with their right index finger in case of a right-
facing arrow. Responses were to be made within the 1,000 ms
window during which the stimulus was presented on the
screen. Each trial was followed by a 1,500ms intertrial interval
(ITI). If no response was made during the response window,
the first 1,000 ms of the ITI included a red “Too Slow!” mes-
sage presented on the screen. In stop-signal blocks, a stop-sig-
nal (i.e., the black go-signal arrow changing to red color) was
presented after the go signal on 25% of trials. The stop-signal
delay was initially set to 200ms and was then subsequently
adjusted in steps of 50ms (whichwere added to the stop-signal
delay after successful stop trials and subtracted after failed
stop trials) with the goal of achieving an overall P(stop) of
�0.5. Participants completed two blocks of practice with the
stop-signal task, and then performed 10 total blocks, alternat-
ing between stop-signal blocks (“There will be stop-signals.
Responding quickly on go-trials and stopping successful on
stop-trials are equally important.”) and pure-go blocks (“There
will be no stop-signals. Respond as fast as possible.”). We

altered the type of the first block after each subject to counter-
balance the order. Two blocks were removed from one partici-
pant who was pressing the wrong buttons toward the end of
the experiment. To achieve a balanced number of go trials
from each task context, each block contained 48 go trials. In
addition, the stop-signal blocks contained 16 stop trials. In
total, this resulted in 240 go trials from pure-go blocks, 240 go
trials from stop-signal blocks, and 80 stop trials per subject.

Procedure

Each subject participated in a one-time experimental visit,
lasting �3h, which consisted of 1) practicing the task, 2) pre-
task measurements of SICI/LICI, 3) EEG recording during
the task, and 4) posttaskmeasurements of SICI/LICI (Fig. 1).

TMS Protocol

Each subject had their right hand cleaned using alcohol
wipes and an abrasive pad, before two Ag/AgCl electrodes
were adhered parallel to the belly of the first dorsal interos-
seus (FDI) muscle, whereas a third electrode (reference) was
placed over the ulnar head. Electrodes were connected to a
Grass P511 amplifier (1,000Hz sampling rate, filters: 30Hz
high-pass, 1,000Hz low-pass, 60Hz notch). Amplified data
were sampled via a Micro 1401-3 sampler (Cambridge
Electronic Design) and visualized/recorded using Signal soft-
ware (v. 6; Cambridge Electronic Design).

Each subject adorned a Lycra cap before TMS stimulation
to mark TMS coil locations during hotspotting. TMS stimula-
tion was performed using a MagStim BiStim2 system with a
70-mm figure-of-eight coil. The coil was held 45� to the coro-
nal plane, over the left primary motor cortex (M1) of each
subject, inducing an anterior-posterior (AP) current (see Fig.
2). Hotspotting was performed while maintaining coil angle,

Figure 1. Study design, task diagram, and illustration of the TMS and EEG procedures. MEP, motor-evoked potentials; LICI, long-interval intracortical inhi-
bition; SICI, short-interval intracortical inhibition; TMS, transcranial magnetic stimulation.
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to locate the locus of optimal FDI stimulation, which was
then marked on the Lycra cap. Resting motor threshold
(RMT) was then defined as the minimum intensity required
to induce MEPs of amplitudes exceeding 0.1mV peak to
peak in 5 of 10 consecutive probes (27).

Short-/Long-Interval Intracortical Inhibition Protocols

All TMS/EMG data were collected while the participant
was at rest. We aimed to quantify both LICI and SICI. Hence,
data were collected in 9 blocks of 20 trials; with three blocks
dedicated to eachmeasurement (i.e., 3 blocks each of paired-
pulse SICI, paired-pulse LICI, and the single-pulse, uncondi-
tioned MEP). These blocks were acquired in randomized
order. For SICI, the conditioning pulse was sent at 80% RMT
and the test pulse sent at 120% RMT, with the interstimulus
interval (ISI) set at 2ms (54). For LICI, both the conditioning
and test pulse were sent at 120% RMT with 100ms ISI (29).
Unconditioned, single-pulse MEPs were elicited with a sin-
gle-pulse at 120% RMT. All MEPs were screened after collec-
tion using in-house MATLAB software. Trials were excluded
if the root mean square of the prestimulus baseline EMG
exceeded 0.1 mv or if either peak (negative or positive) of the
MEP was outside the range of �2.99mV to 2.99mV. This
lead to the retention of 54.9 trials on average for the uncon-
ditioned MEP (91.5% retention), 59.3 trials for SICI (98.8%
retention), and 54.3 trials for LICI (90.5% retention). SICI
and LICI were computed by using a following equation:

SICI; LICI ¼ Mean Paired Pulse MEP

Mean Single Pulse MEP
:

In other words, each subjects’ average MEP in the respec-
tive paired-pulse condition (2ms ISI for SICI, 100ms ISI for
LICI) was normalized by the unconditioned, single-pulse
MEP average for the same subject.

When comparing the amplitudes of the MEP before and af-
ter the task, it became evident that there was a significant dif-
ference between the pre- and posttask MEP amplitudes
[poststim MEPs larger; t(40)=2.86, P < 0.01]. Therefore, we
decided to focus our investigation on the pretask measure-
ments. This was done for two reasons: first, alertness and
sleep pressure may affect motor excitability (55, 56). Given
that the posttask TMS measurements were collected after an
extended period of performing a repetitive behavioral task,
those measurements were likely to be affected by these con-
founding variables, potentially explaining the discrepancy.
Second, inhibitory control training itself can also change the
amplitude of the MEP in the involvedmuscles (57). Therefore,
we believe the pretask measurements to be a more accurate
representation of GABA activity, unaffected by both fatigue
and potential inhibitory control training effects.

Behavior Analysis

Within the stop-blocks, go and failed stop-trial reaction
time were compared to ensure that the requirements of the
horse-race model were met [specifically, failed stop reaction
time had to be faster than go-trial reaction time (10)].
Furthermore, P(stop) was investigated to ensure that the
stop-signal delay staircase algorithm was effective in achiev-
ing an approximate stopping success rate of 0.5. SSRT was
calculated from the stop-block data using the integration
method with replacement of go-trial omission errors (12).
Lastly, to explore the purported relationship between LICI
and proactive control behavior, we also computed the
response delay effect between stop-signal and pure-go blocks
using the following equation:

Response delay effect ¼ Mean SST Go RT �Mean Pure Go RT

Mean Pure Go RT
:

EEG Recording

EEG data were recorded at a sampling rate of 500Hz (10 s
time-constant high-pass and 1,000Hz low-pass hardware fil-
ter) using a 64-channel active electrode cap connected to an
actiCHamp amplifier (BrainProducts, Garching, Germany).
The reference electrode was Pz and a ground electrode was
placed at Fz.

EEG Preprocessing

EEG data were preprocessed using MATLAB functions and
the EEGLab toolbox. Raw EEG data were bandpass filtered
(0.5–50Hz) using a Hamming windowed sinc FIR filter.
Following filtering, all participants’ continuous EEG data were
visually inspected and any segments that included nonstereo-
typical artifacts were removed. Data were then rereferenced to
the common average and submitted to a temporal infomax in-
dependent component analysis (ICA) decomposition algorithm
(58). The resulting component matrix was visually inspected to
identify independent components (ICs) that reflected stereo-
typical artifacts (blinks and saccades), which were removed
from the data bymeans of selective backprojection.

P3 Onset Calculation

The procedures to calculate the onset of the P3 ERP in
each participant were designed to match the methodology of

Figure 2. Average motor evoked potentials (MEPs) from all three stimula-
tion conditions. Orange: single pulse unconditioned MEP (spMEP). Green:
short-interval intracortical inhibition (SICI). Blue: long-interval intracortical
inhibition (LICI). Horizontal lines represent the group mean; the confidence
interval represents the standard error of the mean.
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Wessel and Aron (9). First, one IC was identified from each
participant’s ICA solution to represent the fronto-central P3.
To select this IC, we manually identified candidate ICs that
showed maximal IC weights around the fronto-central elec-
trodes (Cz, FCz) in the scalp topographies. We then back pro-
jected these candidate ICs into the channel space to
compute ERP using epochs time-locked to stop-signal onsets
to confirm that there was N2/P3 following stop signals. Using
this procedure, we identified a single IC for each participant
that fulfilled both criteria.

Subsequently, to validate that these chosen ICs showed
the previously demonstrated properties of the P3 in relation
to behavior in the SST, we tested 1) if the onset of the P3 was
faster in successful compared with failed stop trials within
subjects and 2) whether the successful stop P3 onset corre-
lated with SSRT across subjects. To this end, the thusly
selected IC was back projected into the channel space and
the resulting activity was averaged at the fronto-central elec-
trode sites FCz and Cz. Four types of events were time locked
(�300–700ms) for each epoch: successful stop (SS), failed
stop (FS), and go trials paired with each type of stopping.
Each stop trial was paired with a go trial in which a pseudoe-
vent was generated at the same stop-signal delay. This
approach allowed us to compare the stop-related activity
with matching time ranges on go trials (9). Within each sub-
ject, pairs of stop and matched go trials were compared for
each sample point using label shuffling permutation testing
(10,000 iterations, P = 0.01, corrected for multiple compari-
sons using the false-discovery rate (FDR) method (59). The
onset of P3 was identified by locating the P3 peak latency
first, then moving “backward” (i.e., toward the stop signal)
until there was no more significant difference between stop
and matching go trials. We then compared the P3 onsets of
SS versus FS trials using a paired-samples t test. The correla-
tion between the SS P3 onsets and SSRT estimates was tested
using Pearson’s product-moment correlation coefficient.

Brain-Behavior and Brain-Brain Correlations

All correlations were tested using Pearson’s correlation
coefficient. To test our main hypothesis, SICI was correlated
with the onset latency of the stop-signal P3 across subjects.
We predicted a positive correlation, signifying that partici-
pants with stronger GABAa activity (i.e., lower SICI values)
would also show faster neural stopping activity (i.e., lower P3
onset values inmilliseconds after the stop signal).

Moreover, we correlated each subject’s SICI measurement
with the amplitude of the trial-averaged ERP of the selected
IC (i.e., specifically, its backprojection at channels FCz and
Cz), which was quantified for each sample point in the
700ms time period immediately following the stop signal.
This was done to investigate a potential relationship
between the amplitude of the P3 (and potential additional
fronto-central ERPs represented in the same IC), without
making prior assumptions about the latency of the P3. These
analyses were performed separately for both the successful
and failed stop-trial waveforms. In addition, to explore
potential relationships between the amplitude of stop-
related ERPs other than the P3, we also performed this very
same analysis on both 1) the EEG signal at the same fronto-
central electrodes that was reconstructed using all

nonartifact ICs “except” the selected P3 IC, as well as 2) the
EEG signal at the same fronto-central electrodes that were
reconstructed using all nonartifact ICs “including” the
selected P3 IC. The analysis of these signals was conducted
exactly the same way that the sample-to-sample analysis for
the P3-IC was conducted.

Furthermore, we attempted to investigate two previously
reported associations between SICI/LICI. First, aimed to rep-
licate the previously reported correlation between baseline
SICI and SSRT (49). Second, we correlated the response delay
effect (i.e., the purported behavioral marker of proactive in-
hibitory control) with the LICI measurement, as previous
research has shown that LICI strength is modulated by task
related expectations of stopping (47).

RESULTS

Behavior

In the stop-signal blocks, all participants showed slower
go RT (mean = 554ms; SD = 119) compared with failed stop
trial RT (mean = 488ms; SD = 114), indicating that all data
were consistent with that assumption of the horse-race
model. Mean P(stop) was 0.53 (SD= 0.05; 0.45–0.71), which
validated the effectiveness of the staircase procedure. Mean
SSRT was 237ms (SD = 31). The mean response delay effect
between stop signal and pure-go blocks was 0.41 (SD = 0.27;
mean pure go RT: 393ms, SD: 50; mean SST go RT: 554ms;
SD: 119).

SICI and LICI

Across all subjects, the mean unconditioned single-pulse
MEP amplitude was 0.60mV (SD: 0.45). The SICI condi-
tioned paired-pulse MEP was 0.30 (SD: 0.29), which presents
a significant reduction from the single-pulse MEP [t(40)=
6.46, P = 5.33 � 10�8), reflecting the presence of SICI. The
mean reduction of the MEP due to SICI conditioning pulses
was 48.6%, and SICI was numerically present in 39 out of 41
subjects (nominal SICI MEP/MEP ratio< 1). The average LICI
conditioned paired-pulse MEP was 0.10 (SD: 0.13), which
presents a significant reduction from the single-pulse MEP [t
(40)= 7.68, P = 1.07 � 10�9), reflecting the presence of LICI.
The mean reduction of the MEP due to LICI conditioning
pulses was 82%, and LICI was found in 40 out of 41 subjects
(nominal LICI MEP/MEP ratio< 1). The MEP results can be
found in Fig. 2.

Validation of P3 Component Selection

Replicating Wessel and Aron (9), the P3 onset on success-
ful stop trials occurred significantly earlier compared with
failed stop trials [t(40)= 7.17; P < 0.001, Cohen’s d= 1.12) and
was positively correlated with SSRT (r=0.35, P = 0.028; one
participant removed from sample due to Cook’s distance>
4/N). These properties, alongside the grand-average ERP
waveform of the selected components, can be found in
Fig. 3.

SICI–P3 Correlations

In line with our primary hypothesis, SICI and the onset of
the fronto-central stop-signal P3 were positively correlated
(r=0.37, P = 0.017), in other words, subjects that showed
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greater GABAa activity in M1 (lower SICI values) also showed
faster fronto-central P3 ERPs (lower P3 onset values, Fig. 4).
This correlation remained significant (P = 0.013) when the
outlier from the P3-SSRT correlation (Fig. 3) was removed
from the analysis (there was no reason to exclude this data
point here as the data from that subject did not show Cook’s
d>4/N in this analysis). Moreover, although we used a
Pearson’s correlation to assess this relationship to replicate
Chowdhury et al. (49), SICI was not normally distributed.
However, the correlation remained significantly positive

even when tested with the nonparametric Kendall’s s coeffi-
cient (P = 0.041, one-sided), which does not require normally
distributed data. Finally, a control analysis revealed that this
relationship cannot be accounted for by the amplitude of the
unconditioned single-pulse MEP alone, as there was no sig-
nificant correlation between the amplitude of the single-
pulseMEP and P3 onset (r=0.041, P = 0.8).

In addition, our sample-to-sample amplitude analysis
showed that SICI was correlated with stop-related activity of
the selected independent component on both successful
(significant time period: 228–260ms after the stop signal)
and failed stop trials (significant time period: 264–268ms af-
ter the stop signal; Fig. 3A). No other time period showed a
significant correlation with SICI (neither in the selected in-
dependent component, nor in the ERP that remained after
removal of that component, nor in the “regular” ERP that was
reconstructed using all nonartifact-independent components,
Fig. 5). This was tested using the same sample-to-sample test-
ing method that was used to identify the P3-SICI relationship
in Fig. 3. No sample in either of the conditions (successful or
failed stop trials) showed any significant correlation in any of
the signal configurations (all nonartifact ICs, all nonartifact
ICs minus the P3 IC, P3 IC only). In an attempt to visualize the
absence of ERP-SICI correlations in response to a reviewer
suggestion, Fig. 5 highlights the resulting correlations for
manually selected mean amplitude measurements in select
time ranges of the overall nonartifact ERP that included visi-
ble stop signal-related ERP components in the successful
stop-trial waveform. However, the reader is again reminded
that, just like the main analysis in Fig. 3, this analysis was
actually performed on each individual sample point [and
moreover, not just on the all-nonartifact-IC ERP that is
depicted in Fig. 5, but also on the ERP of the selected P3 IC
(cf., Fig. 3, which shows no significant correlations for either
condition outside of the P3 time range), as well as the ERP of
all nonartifact ICs minus the P3 (not depicted)]. As it is

Figure 3. Validation of the selected component reflecting the stop-signal P3 ERP. A: grand-average of the back-projected channel ERP at fronto-central elec-
trodes (Cz and FCz), separately for successful and failed stop trials. Inset: mean component topography (rectified at Cz/FCz). Green and red bars on the bot-
tom of the plot highlight significant periods in which the ERP amplitude correlated with SICI. B: results of the single-trial based P3 onset identification. P3 onset
was significantly earlier for successful vs. failed stop trials. C: positive correlation between P3 onset latency (in ms) and SSRT (in ms), alongside confidence
interval. ERP, event-related potential; LICI, long-interval intracortical inhibition; SICI, short-interval intracortical inhibition; SSRT, stop-signal reaction time.

Figure 4. P3 onset and SICI are positively correlated across subjects; sub-
jects with faster P3 onset (lower ms values) also show stronger SICI effects
(lower paired-pulse MEP amplitudes). Magenta solid line shows best fit,
dotted line shows the confidence interval. ERP, event-related potential;
MEP, motor-evoked potential; SICI, short-interval intracortical inhibition.
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impossible to conveniently visualize the absence of a correla-
tion for several hundreds of individual time points across
three signal configurations and two trial conditions, we have
manually chosen time ranges that showed visible morpholog-
ical features in the successful stop-trial waveform of the over-
all nonartifact ERP, averaged the activity therein, and plotted
the resulting correlations alongside that same ERP (Fig. 5).

SICI/LICI–Behavior Correlations

Contrary to our expectations, we did not find any relation-
ship between SICI/LICI and behavior. Specifically, we did
not find a significant correlation between SICI and SSRT
(r=0.02, P = 0.92). Moreover, we did not find a significant
relationship between LICI and the proactive response delay
effect (r=0.21, P = 0.19).

DISCUSSION
In the current study, we combined EEG recordings and

paired-pulse TMS to investigate the relationship between a
physiological indicator of GABAa activity in primary motor
cortex (SICI) and a purported neural index of an inhibitory
control process underlying action stopping (the fronto-cen-
tral stop-signal P3). Based on previous findings that suggest
a relationship between a subject’s baseline M1 GABAa activ-
ity and their ability to stop an action (46, 48, 49), as well as
on the purported role of the fronto-central P3 as a neural
index of cortical processes underlying this ability (15), we
hypothesized to find a direct cross-subject correspondence
between SICI and the properties of the P3 to stop signals.

The hypothesis confirmed was as follows: participants with
stronger GABAa activity in M1 also showed faster and stron-
ger activations of the fronto-central P3.

These results indicate that there is a direct relationship
between the inhibitory activity of GABAa neurons in primary
motor cortex and the cortical processes that purportedly
index inhibitory control during action stopping. Notably,
correlation does not imply causation, and indeed, our inter-
pretation of this finding does not purport the existence of a
direct causal (or physiological) relationship between both
signals. Instead, we surmise that both stronger local GABA
activity in M1 (reflected by SICI), as well as more efficient in-
hibitory control-related fronto-central cortical processing af-
ter stop signals (reflected in a faster and larger P3 ERP)
indicate a superior functioning of an interconnected net-
work of regions underlying inhibitory control of action,
which includes cortical regions, inhibitory neurons in the
motor system, and the subcortical basal ganglia (1, 3, 60, 61).
In other words, we propose that this correlation is explained
by a third variable—the overall integrity or functioning of
the brain’s inhibitory control system. We believe that our
results suggest that subjects who generally show a faster/
stronger response to the cortical systems purportedly under-
lying the triggering of inhibitory control processes after sig-
nals to stop an action also show stronger inhibitory signaling
in motor cortex [i.e., the activity of inhibitory tone measured
by resting SIC (62, 63)]. This would indicate a superior func-
tioning of the distributed inhibitory motor control network
in these subjects, either as a result of practice, due to genetic
factors, or as a result of both. Indeed, previous research has

Figure 5. A: no other stop-signal related event-related potential (ERP) component showed a positive amplitude correlation with short-interval intracortical
inhibition (SICI; unlike the P3, which showed a significant correlation, cf., Fig. 3). B: the results of the analysis performed on the mean amplitude of any
visible voltage components in the successful stop-trial stop-signal locked ERP that was reconstructed using all nonartifact independent components
from the independent component analysis back-projected at fronto-central electrodes (Cz and FCz). Neither this ERP, nor the ERP that was recon-
structed using just the selected P3 independent component (cf., Fig. 3), nor the ERP that was reconstructed after removal of the P3 independent compo-
nent (but retaining all others) showed any significant correlations between the successful stop-trial ERP and SICI at any time point after the stop signal.
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shown that the ability to exert motor inhibition can both be
improved through repeated practice (64) and is partially at-
tributable to genetic variables (65, 66). As it is broadly agreed
upon that the precise timing of inhibitory control is para-
mount to action stopping, especially in tasks such as the
stop-signal task, which reflect a race between response prep-
aration and inhibitory control, it is likely that the individual
components of the neural network underlying inhibitory
control (cortical, subcortical, and motor system level) work
in tight accord with one another, resulting in subjects with
superior stopping abilities showing indicators of better neu-
ral functioning on several levels of measurement. Hence,
humans with superior abilities to implement inhibitory con-
trol likely do so through a concerted effort that results in a
tight relationship between cortical, subcortical, and motor
system signatures of inhibition, thereby explaining the cor-
relation we find in this study. However, the magnitude of the
observed correlation also suggests that there is ample
amount of variance that is not accounted for, suggesting that
there is also variability in the functioning of the individual
regions andmechanisms that work in concert to effect action
stopping. Indeed, despite the correlation observed here,
some subjects may rely more on stronger inhibitory GABA
networks in M1, whereas others may rely more on the frontal
cortical mechanisms that ostensibly trigger the cascade of
processing that ultimately results in successful action- top-
ping (as well as subcortical aspects that are not captured
here).

Crucially, the current findings directly link the fronto-cen-
tral P3 to a physiological marker of motor system inhibition
in M1. Recent studies have suggested that the fronto-central
P3 is related to the inhibitory demand of individual trials in
which actions were successfully stopped, indicated by the
activity found in (pre)motor cortex (25), as well as to reduc-
tions of the force with which responses were made on unsuc-
cessful trials (26). Although these studies suggested a direct
correspondence between motor system activity during stop-
ping and the fronto-central stop-signal P3, they had to rely
on an indirect inference to conclude that the processes
reflected in the fronto-central P3 relate to the “true” inhibi-
tion of motor activity. The current investigation goes beyond
these studies, but corroborates their interpretation: here, the
process(es) reflected in the fronto-central P3 were shown to
be directly related to the physiological inhibition of the
motor system.

However, a key question regarding the role of the process
reflected in the P3 remains unanswered: more and more
studies are showing that functional signatures of motor inhi-
bition (including at the level of the motor system and pri-
mary motor cortex itself) occur with much faster latency
after stop signals than would be indicated by, for example,
SSRT. Indeed, EMG and MEP recordings show that the first
signs of motor-system inhibition in these measures emerge
as early as�150 ms after the onset of a stop signal (67, 68). In
line with this, recent studies have shown that cortical signals
that are related to stopping success can also be found in sim-
ilar time ranges (20, 21, 67, 69). Just like the aforementioned
EMG and MEP measurements of functional motor inhibi-
tion, these cortical signatures often precede both SSRT, as
well as the typical onset latency of the fronto-central P3, by
several dozens of milliseconds. This begs the question of the

role of the P3, which likely emerges too late to be causally
underlying the implementation of the reported reductions of
MEP and EMG at the 150 msmark. This aspect is particularly
important in the context of the current set of results. This is
because the GABAergic neurons whose activity is captured
by SICI are purportedly underlying the early signatures of
motor system inhibition in the MEP and EMG. Given the
recency of these findings, theoretical developments and em-
pirical studies are still ongoing in this domain. However, it is
notable that low-latency reductions of cortico-spinal excit-
ability, such as the MEP suppression at 150ms following the
stimulus, are found not just after stop signals, but indeed af-
ter any sort of surprising (70–73) or even merely infrequent
events (74). This could suggest that instead of a single, mon-
olithic mechanism, stopping is implemented by a multistep
sequence of inhibitory processes, similar to what was pro-
posed in the “pause-then-cancel” model by Schmidt et al. (8,
14). According to this model, action stopping includes two
processes: an initial, rapid, broad “pause” process, which
temporarily halts all ongoing actions with the lowest latency
possible, followed by a more measured, selective “cancel”
process, which entirely shuts off the currently invigorated
motor program. Along those lines, we tentatively propose
that the initial “pause” process occurs after any meaningful
infrequent, salient, or surprising event, resulting in the low-
latency reductions of the MEP (and EMG) that have recently
been reported both inside and outside of the stop-signal par-
adigm. During outright action stopping in the stop-signal
task, the “pause” is then followed (or accompanied) by the
slower “cancel” process, which is more specific to stimuli
that explicitly instruct the outright cancellation of ongoing
action (such as a stop signal). Although a translation of this
theoretical framework in humans is still pending, we here
tentatively propose that the fronto-central P3, which likely
originates from medial frontal regions involved in motor
planning, such as the pre-SMA (75), may reflect the second,
“cancel” stage (which could more broadly be understood as a
reconfiguration of the active motor program). Although the
current study was not designed to test this interpretation,
the results do suggest that both the inhibition of movement
at the level of themotor system and the frontal cortical activ-
ity reflected in the fronto-central P3 are closely related, in
line with the proposal that both underlying processes con-
tribute to successful action stopping.

Although the SICI-EEG relationship in the current study
confirmed the primary hypothesis, our results notably did not
confirm a secondary hypothesis and failed to replicate some
prior work. Specifically regarding the latter, Chowdhury et al.
(49) had reported a positive relationship between SSRT and
SICI measured at baseline, representing the main finding that
motivated the hypothesis of the current study. Although we
did find a positive correlation between SSRT and P3 onset
[replicating previous work on the EEG-behavior relationship;
cf., Huster et al. (20) and Wessel and Aron (9)], and P3 onset
was in turn correlated with SSRT as well (the main result of
the current study), SICI and SSRT were not themselves corre-
lated in our data set. There are several potential reasons for
this. First, as mentioned in the INTRODUCTION, SSRT has sev-
eral weaknesses as a variable. In addition to the conceptual
criticisms that have recently been levied against SSRT, there
is also substantial variability in the algorithmic imple-
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mentation of SSRT calculations. Indeed, while Chowdhury et
al. used the mean method to calculate SSRT, our study imple-
mented a newly suggested integration procedure in which
missing go-trial reaction times due to absent responses (or
responses made after the response deadline) were replaced by
the slowest validly counted reaction time for that same sub-
ject. This technique has been suggested in a recent paper that
was not available at the time of the Chowdhury et al.’s study
(12). However, it has to be noted that even using Chowdhury
et al.’s SSRT calculation method, no correlation between
SSRT and SICI was found in the current data set (r=0.01, P =
0.95). Second, there were two notable ways in which our SICI
measurement deviated from Chowdhury et al.’s work as well.
First, our SICI estimates were collected before the perform-
ance of the task, whereas Chowdhury et al. measured SICI af-
ter the task. In the current data set, we found that MEPs
collected before and after the task differed significantly,
which is in line with the purported effects that both fatigue
(55, 56) and inhibitory control training (57) have on motor
excitability. We chose to omit the posttask TMS measure-
ments for this reason, as the pretask measurements should be
unaffected by these variables (thoughwe note that an explora-
tory post hoc analysis of the posttask TMSmeasurements, i.e.,
a closer replication of Chowdhury et al.’s procedure, also
revealed no significant correlation to SSRT; r = �0.04, P =
0.78). Perhaps more importantly, our SICI measurement pro-
cedure itself differed from the exact implementation of
Chowdhury et al. Specifically, while Chowdhury et al. (49)
used an interstimulus interval of 3ms between the condition-
ing pulse and the test pulse, we here used an interval of 2ms.
This interval was chosen because it has been shown to reliably
evoke SICI (28), while temporally avoiding unwanted I-wave
facilitation (40, 54, 76, 77). It is entirely possible that the two
procedures capture subtly different parts of the underlying
GABAa activity (54, 78), leading to the difference in findings
regarding the SICI-SSRT correlation. Finally, our implementa-
tion of the stop-signal task itself also differed from
Chowdhury et al. While Chowdhury et al. used the classic SST
implementation as programmed in the STOP-IT toolbox (79),
we collected SST blocks in alternation with pure-go blocks, in
which no stop-signals were presented. This was done to test a
secondary hypothesis about the potential role of LICI in the
implementation of proactive inhibitory control (see the
RESULTS). This could have, in principle, affected behavior in
the SST blocks in a way that influenced SSRT. Either way,
our study was designed to explicitly exclude SSRT as a
meaningfully variable from our comparisons, given that
we aimed to directly use signatures of physiological inhibi-
tion of the motor system to evaluate the relationship of the
fronto-central P3 to motor inhibition. Therefore, our study
was not optimized to directly replicate the purported SICI-
SSRT association demonstrated by Chowdhury et al. (49),
and we believe that our nonreplication does not bear on
the validity of those results (which the authors have since
conceptually replicated using an event-related SICI proto-
col, cf., Chowdhury et al. (80)).

In regards to the current study’s secondary hypothesis, we
also did not find a positive association between LICI at base-
line and the degree to which participants slowed down their
responding when anticipating potential stop-signals (in the
SST blocks) compared with when they respond without

restraint (in the pure go blocks). This analysis was originally
included for reasons of convenience (i.e., because of the ease
of implementation of this secondary hypothesis into the pri-
mary investigation). However, it is notable that the measure-
ment of LICI at baseline and its comparison to the response
delay effect is a substantial deviation from the original study
that had purported that GABAb neurotransmission in M1 may
be related to the implementation of proactive control. Indeed,
the proposition comes from a study by Cowie et al., (81) in
which theymeasured LICI during a bimanual response inhibi-
tion task, demonstrating larger inhibitory effects during
blocks with stop trials (compared with only go-trial blocks)
and which were positively correlated with the response delay
of the left hand, following response cancellation in the right
hand (47). This suggests that LICI could reflect the tone of in-
hibitory circuits in M1, which is increased during tasks that
may require rapid action cancellation; although this is not
always the case (82). Although the current study shows that
LICI at baseline does not relate to the specific behavioral phe-
nomenon of the response delay effect, other studies (espe-
cially those that measure LICI during event-related task
periods in which proactive control is exerted, rather than at
baseline) may well find different results.

CONCLUSIONS
In summary, we here used a unique and novel combina-

tion of paired-pulse TMS and scalp EEG to directly investi-
gate the relationship between inhibitory neuronal activity in
primary motor cortex and control signals purportedly under-
lying the inhibitory control of action in frontal cortex. In line
with our predictions, we found that local GABAa activity in
primary motor cortex was directly related to both the latency
and amplitude of the fronto-central P3 ERP. This suggests
that there is a direct correspondence between the properties
of this frontal control signal, which has been purported to
reflect a process related to the “horse-race” underlying action
stopping in the stop-signal task, and the ability of subjects to
physiologically inhibit motor signals. Although these results
do not, on their own, provide conclusive evidence for the P3-
inhibition hypothesis, they do represent further evidence to-
ward the relationship between the fronto-central P3 and
motor inhibition, though recent questions about the relative
timing of processes remain, and will have to be addressed
through sustained theoretical and empirical work.
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