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Short intracortical facilitation associates with motor-inhibitory control 
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A B S T R A C T   

The ability of motor-inhibitory control is important in daily life. Inhibitory control deficits are commonly 
observed in psychiatric conditions with enhanced impulsivity. The physiological mechanisms underlying the 
inhibitory control deficits are not well elucidated. We systematically investigated the relationship between 
resting-state intracortical inhibition or facilitation and inhibitory control (indicated by stop signal reaction time, 
SSRT) to determine whether reduced intracortical inhibition or increased intracortical facilitation was related to 
the poorer inhibitory control. Thirty-three healthy subjects (age: 21.46 ± 1.40 years) participated in this study. 
We used paired-pulse transcranial magnetic stimulation to induce short intracortical inhibition, intracortical 
facilitation, long intracortical inhibition, and short intracortical facilitation at rest. SSRT was derived from stop 
signal task. We performed all measurements in two repeat sessions conducted two weeks apart. A negative 
correlation between short intracortical inhibition and SSRT was only observed in session 1; however, the cor
relation did not persist after controlling for short intracortical facilitation. Positive correlation between short 
intracortical facilitation and SSRT was observed in both sessions, indicating that individuals with greater resting- 
state short intracortical facilitation tend to have less efficient stopping performance. Our results help explain the 
inconsistency with respect to the relationship between short intracortical inhibition and SSRT in the existing 
literature. Short intracortical facilitation may be used as a potential physiological biomarker for motor-inhibitory 
control, which may have clinical implications for disorders associated with inhibitory control deficits.   

1. Introduction 

The ability of motor-inhibitory control is important in daily life, 
which allows individual to inhibit inappropriate responses and express 
more appropriate responses [1]. The ability of motor-inhibitory control 
is commonly measured by stop signal task (SST) [2–4]. In SST, partici
pants are instructed to inhibit an already initiated action, and the la
tency to inhibit a prepotent response (i.e. stopping efficiency) can be 
estimated, which is known as stop-signal reaction time (SSRT). Pro
longed SSRT indicates poor ability of motor-inhibitory control [1]. 
Prolonged SSRT has been observed in many psychiatric conditions 
characterized by impaired urge control (i.e., impulsivity), such as 
attention deficit/hyperactivity disorder [5] and schizophrenia [6], 

suggesting a theoretical link between motor-inhibitory control deficits 
and impulsivity [2,7]. The physiological mechanisms underlying 
inhibitory control deficits are yet to be fully elucidated [2]. 

Single and paired-pulse transcranial magnetic stimulation (TMS) 
provides a safe, non-invasive approach for stimulating both cortico
spinal neurons and intracortical interneurons within the primary motor 
cortex (M1) [8]. When a suprathreshold stimulus is preceded by a sub
threshold conditioning stimulus, the resulting motor evoked potential 
(MEP) is either inhibited or facilitated depending on the interstimulus 
interval (ISI) [9]. Generally, short ISIs (1–5 ms) produce inhibition of the 
MEP, which is believed to be a GABAA-mediated phenomenon and is 
known as short intracortical inhibition (SICI) [9,10]. Longer ISIs (10− 15 
ms) produce facilitation of the MEP [9,10], which is believed to be 
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mediated by glutamatergic interneurons and is known as intracortical 
facilitation (ICF) [11,12]. A subthreshold stimulus applied after a 
suprathreshold stimulus at short ISIs (1–5 ms) produces facilitation of 
the MEP, which is known as short intracortical facilitation (SICF) [13, 
14]. SICF has been suggested to be related to the activity of both 
GABAA-ergic and dopaminergic neurons [15]. GABAB-ergic intracortical 
inhibition can be assessed by two suprathreshold stimuli with ISIs of 
50− 200 ms, which is known as long intracortical inhibition (LICI) 
[16–18]. Resting-state paired-pulse TMS has been suggested to reveal 
trait-like information about individual differences in neuronal activities 
within the motor cortex and may serve as a useful approach to investi
gate the physiological mechanisms for inhibitory control deficits [19]. 

Altered intracortical inhibition and facilitation has been reported in 
conditions with inhibitory control deficits [20–23]. For example, 
reduced SICI and increased ICF were observed in individuals with 
attention deficit/hyperactivity disorder [20,21] and individuals with 
obsessive compulsive disorder [22,23]. However, those studies did not 
investigate the relationship of the magnitude of intracortical inhibition 
and facilitation with inhibitory control deficits (i.e., prolonged SSRT) at 
the individual level. Till date, there are no effective physiological bio
markers for indicating the ability of motor-inhibitory control. Although 
a few studies have investigated the relationship of SSRT with intra
cortical inhibition and facilitation at the individual level, the results 
have been largely inconsistent [19,24–26]. For example, some studies 
found a negative correlation between resting-state SICI and SSRT [19, 
24,26]; however, this result was not replicated in another study [25]. 

Several possible reasons may explain these conflicting results. One 
reason could be that different approaches were used to estimate SSRT 
among studies. Some studies [19,25] used the mean method to estimate 
SSRT, while others used the integration method [24,26]. The in
teractions between intracortical inhibitory and facilitatory circuits could 
be another possible reason for the inconsistency. Due to the interaction 
between SICI and ICF, the correlation between ICF and SSRT dis
appeared after statistically controlling for SICI [19]. Similarly, the re
ported interaction between SICI and SICF [14,27,28] may influence 
their relationship with SSRT. However, to the best of our knowledge, 
SICI and SICF have never been measured at the same time in previous 
SSRT studies [19,24–26]. In addition, neuronavigation system was not 
used for TMS testing in any of the previous SSRT literature [19,24–26]. 
The use of neuronavigation system ensures reliable and consistent coil 
positioning over the hotspot throughout the experiment; the absence of 
neuronavigation system may introduce noise in the TMS data and render 
the results less convincing [29]. 

The present study sought to systematically investigate the relation
ship between resting-state intracortical inhibition (i.e., SICI and LICI) or 
facilitation (i.e., ICF and SICF) and the ability of inhibitory control. We 
used neuronavigation system throughout the TMS testing and performed 
all measurements in two repeated sessions to assess the test-retest reli
ability of the relationship. We estimated SSRT using both the mean and 
integration approach. We hypothesized that participants with reduced 
resting-state intracortical inhibition or increased intracortical facilita
tion would have less efficient stop performance (i.e., poor ability of 
inhibitory control). 

2. Materials and methods 

2.1. Participants 

A total of 33 healthy individuals [9 males; mean age: 21.46 ± 1.40 
years] participated in this study. Subjects were included if they were 
right-handed healthy adults without neurological diseases. Subjects 
were excluded if they were pregnant; using medications that reduce 
seizure threshold; had any disease, injury, or prior surgery that could 
affect upper limb motor function. Written informed consent was ob
tained prior to enrollment. All procedures were approved by the 
Guangzhou First People’s Hospital Human Research Ethics Committee. 

The study was performed in accordance with the Declaration of 
Helsinki. 

2.2. Self-report measure of general impulsivity 

The Barratt Impulsiveness Scale (BIS) was used to measure self- 
report impulsivity in this study [30,31]. This is a 30-item question
naire consisting of three subscales of impulsivity: motor, attentional and 
non-planning impulsiveness subscales [30]. The total score of impul
siveness was measured along with the scores of each subscale. 

2.3. Stop signal task 

SST was used to measure the ability of motor-inhibitory control [32]. 
A 13.5-inch Dell laptop running E-Prime v.3.0 (Psychological Software 
Tools Inc.) was used to present stimuli and record keypresses. At the 
beginning, participants were asked to read onscreen instructions. On 
‘Go’ trials, a black arrow was presented on the screen, and participants 
were instructed to press the left-arrow key for a leftward pointing arrow 
with their left index finger, and to press the right-arrow key for a 
rightward pointing arrow with their right index finger. On ‘Nogo’ trials, 
a red arrow was presented on the screen, and participants were 
instructed not to press any key. On ‘Stop’ trials, a ‘Stop’ signal (red 
arrow) would occur after the ‘Go’ signal (i.e., the black arrow turned red 
after a delay). Participants were asked to stop their initial response when 
the ‘Stop’ signal occurred. Participants were instructed to respond as 
quickly and accurately as possible to black arrows, and not to delay their 
response to wait in case the ‘Stop’ signal occurred. 

On each trial, a fixation cross was presented for 300 ms, followed by 
the ‘Go’ or ‘Nogo’ signal (i.e., a black or red arrow, respectively). The 
maximum response time was 1000 ms, and the intertrial interval was 
500 ms. On ‘Stop’ trials, the ‘Stop’ signal was delivered after the onset of 
the ‘Go’ signal. At the start of the session, the ‘Stop’ signal occurred 250 
ms after the ‘Go’ signal. In the trials where response inhibition was 
successful, the stop signal delay (SSD) was increased by 50 ms on the 
subsequent ‘Stop’ trial. In the trials where inhibition failed, SSD was 
decreased by 50 ms on the subsequent ‘Stop’ trial. This ensured an 
overall successful rate of inhibition (i.e., P (respond|signal)) close to 50 
%. There were 24 practice trials and 400 experimental trials, including 
70 % ‘Go’ trials, 10 % ‘Nogo’ trials and 20 % ‘Stop’ trials, administered 
in a completely random sequence. The illustration of SST is presented in 
Fig. 1. 

2.4. Transcranial magnetic stimulation 

TMS measurement was conducted after the completion of SST. Sur
face electromyography (EMG) was recorded from the left first dorsal 
interosseus (FDI) using the Surface EMG for Non-Invasive Assessment of 
Muscles guidelines for electrode placement [33]. Participants were 
seated in a comfortable chair with back support. The EMG raw signal 
was amplified and band-pass filtered (3 Hz to 3 kHz), digitized at a 
sampling rate of 2048 Hz with a 50 Hz notch filter enabled. EMG data 
were written to disc for offline analysis. 

TMS was performed using a NS5000 Magnetic Stimulator (YIRUIDE 
Medical Corporation, Wuhan, China). TMS was applied over M1 using a 
figure-of-eight-shaped coil (70 mm diameter) positioned tangentially 
45◦ from midline to induce a posterior-anterior current in the right 
hemisphere. Participants were asked to remain static while determining 
the optimal scalp position for eliciting maximal responses in the 
contralateral FDI. Resting motor threshold (RMT) was determined 
experimentally as the lowest stimulation intensity that produced MEPs 
≥ 50 u V in 50 % of consecutive stimulations at rest [10]. A neuro
navigation system (Visor2, ANT Neuro, Hengelo, Netherlands) was used 
to ensure reliable and consistent coil positioning over the hotspot 
throughout the experiment. Coil position error was controlled at < 5 mm 
displacement and < 3◦ relative to the target [34]. Stimulations were 
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delivered at every 5–8 s. 
To measure intracortical inhibition and facilitation, either paired- 

pulse or single-pulse TMS was delivered in 75 trials. There was a total 
of five conditions of stimuli, including single-pulse condition and four 
paired-pulse conditions; the TMS parameters for each condition are 
presented in Table 1. There were 15 trials of each condition conducted in 
a completely random sequence. An example of unconditioned MEPs (i.e., 
MEPunconditioned) of the single-pulse condition and four paired-pulse 
conditions is illustrated in Fig. 2. As shown in the figure, the peak-to- 
peak MEP amplitude of SICI and LICI (i.e., MEPSICI and MEPLICI, 
respectively) was reduced relative to MEPunconditioned, and the peak-to- 
peak MEP amplitude of ICF and SICF (i.e., MEPICF and MEPSICF, 
respectively) was increased relative to MEPunconditioned. 

2.5. Experimental procedures 

This study included two repeat sessions of experiment. In each ses
sion, participants were first asked to complete the BIS questionnaires, 
which was followed by SST. TMS testing was performed after the 
completion of SST. SICI, ICF, LICI, and SICF were tested followed by TMS 
parameterization to determine RMT. The second session was conducted 
after a gap of approximately 2 weeks (range, 12–16 days). 

2.6. Data analysis 

2.6.1. Data reduction 
MEPs were analyzed offline using custom written Matlab scripts 

(MATLAB R2013b, The MathWorks, Natick, Massachusetts, U.S.A.). 
EMG data was demeaned and signal averaged over 15 trials per condi
tion. SICI was calculated by the ratio of peak-to-peak amplitudes of 
MEPSICI/MEPunconditioned, and LICI was calculated by the ratio of peak- 
to-peak amplitudes of MEPLICI/MEPunconditioned. Larger values indicate 
greater disinhibition, and smaller values indicate greater inhibition. ICF 
was calculated by the ratio of peak-to-peak amplitudes of MEPICF/ 
MEPunconditioned, and SICF was calculated by the ratio of peak-to-peak 
amplitudes of MEPSICF/MEPunconditioned. Larger values indicate greater 
facilitation, and smaller values indicate weaker facilitation. 

The SSRT was estimated using both the mean method and the 

integration method with Go omission replacement [35]. In the mean 
method, SSRT (i.e., SSRTmean) was calculated by the mean SSD sub
tracted from the mean reaction time (RT). In the integration method, 
SSRT (i.e., SSRTintegration) was calculated by the mean SSD subtracted 
from the nth Go RT, where n represents a point on the Go RT distribution 
where the integral of the RT curve is equivalent to P(respond|signal). Go 
omissions (Go trials on which the participants did not respond before the 
response deadline) were assigned the maximum RT (i.e., 1000 ms) in 
order to compensate for the lacking response [35]. 

2.6.2. Statistical analysis 
Statistical analyses were performed using IBM SPSS Statistics 22 

(SPSS Inc., Chicago, IL, USA). Data were found to meet the normality 
assumption using the Kolmogorov-Smirnov test and the Shapiro-Wilk 
test. 

We first conducted preliminary analyses to determine whether par
ticipants had correctly performed the SST. Based on the horse race 
model, we compared RTs between Go trials and unsuccessful Stop trials 
using a paired-sample t test for each participant. SSRT was not estimated 
in participants for whom no significant difference was detected between 
Go trials and unsuccessful Stop trials [35]. 

We used Pearson correlation coefficient to assess the test-retest 
reliability of BIS, SST performance and TMS measures between ses
sions. Based on previous suggestions [24,36], correlations greater than 
0.75 were considered indicative of high test-retest reliability, correla
tions between 0.5 and 0.75 were considered indicative of moderate 
test-retest reliability, and correlations less than 0.5 were considered 
indicative of low test-retest reliability. Paired-sample t test was also used 
to compare each measure between sessions. 

To address the relationship between individual differences in resting- 
state intracortical inhibition and facilitation, SST performance and self- 
report impulsivity, a series of Pearson correlation analyses were con
ducted to determine whether variables relevant to SST performance (Go 
and Nogo accuracy, Stop accuracy, SSRT) and BIS scores were predicted 
by the individual differences in resting-state intracortical inhibition 
(SICI and LICI), and facilitation (ICF and SICF). P values < 0.05 were 
considered indicative of statistical significance. 

3. Results 

3.1. Self-report impulsivity 

Table 2 shows the data for total BIS score and the three subscales, 
including non-planning impulsiveness, motor impulsiveness, and 
attentional impulsiveness in the two sessions. Both the total BIS score 
and the subscales showed high test-retest reliability in the two sessions. 
There was no significant difference in the total BIS score or subscales 
between the two sessions (p’s > 0.05). 

Fig. 1. Schematic illustration of Stop Signal 
Task. There were three types of trials: ‘Go’, 
‘Nogo’ and ‘Stop’. For each trial, the fixation 
point was presented for 300 ms. In the ‘Go’ 
trials, participants were presented a black arrow 
and they were asked to press the arrow of the 
correct direction. In the ‘Nogo’ trials, partici
pants were asked not to press any key. In the 
‘Stop’ trials, participants were asked to stop 
pressing any key when they saw the arrow 
turned red. This figure was inspired by Fig. 1 in 
Verbruggen et al.’s [35] paper.   

Table 1 
The TMS parameters for single pulse condition and four paired-pulse conditions.    

S1 S2 ISI 

Single pulse – 120 % RMT – – 

Paired pulse 

SICI 80 % RMT 120 % RMT 2.5 ms 
ICF 80 % RMT 120 % RMT 10 ms 
LICI 120 % RMT 120 % RMT 100 ms 
SICF 120 % RMT 90 % RMT 2.5 ms 

S1, first stimulus of the paired pulse; S2, second stimulus of the paired pulse; ISI, 
interstimulus interval; RMT, resting motor threshold. 
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3.2. Behavioral data of stop signal task 

Table 3 shows the data for the SST measures, including Go accuracy, 
Nogo accuracy, probability of Go omission, reaction time of Go trials and 
its variability, RT of unsuccessful Stop trials, P (respond|signal), SSD, 
SSRTmean and SSRTintegration in the two sessions. SSRT was not calculated 
in two participants for whom no significant difference was observed 
between RT Go trial and RT unsuccessful Stop, which violates the horse 
race model [35]. 

For all measures, there was no significant difference between the two 
sessions (p’s > 0.05), except for SSRT calculated by the mean method, 
which was significantly shorter in session 2 (p = 0.04). Most measures 
showed high test-retest reliability (r’s > 0.75), while Go accuracy, 
probability of Go omission, P (respond|signal) and SSRTintegration 
showed moderate test-retest reliability. SSRTmean showed low test-retest 

reliability. 

3.3. Physiological data 

We observed strong evidence of inhibition for SICI and LICI mea
surements with most participants showing some suppression on paired- 
pulse trials relative to single-pulse trials. One-sample t-tests revealed 
significant difference when comparing the mean SICI and LICI ratio to a 
reference value of 1 (t(32) = -11.79 and -14.30, respectively, p’s < 0.001 
in session 1; t(32) = -7.18 and -15.16, respectively, p’s < 0.001 in ses
sion 2). These results suggest significant overall inhibition for SICI and 
LICI measurements in both sessions. 

There was also strong evidence of facilitation for ICF and SICF 
measurements with most participants showing some facilitation on 
paired-pulse trials relative to single-pulse trials. One sample t tests 

Fig. 2. Illustration of MEPs induced by single and paired-pulse TMS. Solid arrows refer to suprathreshold stimuli, and dashed arrows refer to subthreshold 
stimuli. The left panel shows the example of a single pulse MEP. The right panel shows examples of SICI, ICF, LICI and SICF, with increased MEPICF and MEPSICF 
relative to MEPunconditioned, and reduced MEPSICI and MEPLICI relative to MEPunconditioned. 

Table 2 
Self-report impulsivity in the two sessions.   

Session 1 Session 2 t-test significance correlation significance 

Total BIS Score 33.23 (7.63) 34.04 (8.61) t(32) = − 1.23 p = 0.82 r = 0.9 p < 0.001 
BIS-Non-Planning 36.67 (10.83) 36.97 (12.85) t(32) = − 0.22 p = 0.82 r = 0.8 p < 0.001 
BIS-Motor Impulsiveness 26.21 (12.57) 26.82 (12.86) t(32) = − 0.40 p = 0.69 r = 0.78 p < 0.001 
BIS-Attention 36.82 (9.40) 38.33 (10.31) t(32) = − 1.55 p = 0.23 r = 0.85 p < 0.001 

Data are presented as mean (standard deviation). Barratt Impulsiveness Scale (BIS) total score and the scores for each subscale are presented. 

Table 3 
Behavioral measures on Stop Signal Task in the two sessions.   

Session 1 Session 2 t-test significance correlation significance 

Go Accuracy (%) 97.09 (2.99) 96.77 (3.87) t(32) = 0.46 p = 0.65 r = 0.7 p < 0.001 
Nogo Accuracy (%) 95.14 (6.49) 95.15 (7.10) t(32) = − 0.22 p = 0.82 r = 0.8 p < 0.001 
P (Go omissions) (%) 1.17 (2.17) 1.66 (3.20) t(32) = − 1.11 p = 0.27 r = 0.69 p < 0.001 
Go RT (ms) 456.61 (78.60) 468.50 (97.59) t(32) = − 0.99 p = 0.33 r = 0.78 p < 0.001 
Go RT variability (ms) 104.73 (30.42) 102.65 (34.24) t(32) = − 0.74 p = 0.47 r = 0.78 p < 0.001 
RT unsuccessful Stop (ms) 401.01(60.78) 420.33 (93.06) t(32) = − 1.69 p = 0.10 r = 0.77 p < 0.001 
P (respond|signal) (%) 46.82 (7.25) 46.78 (6.47) t(32) = − 0.08 p = 0.94 r = 0.73 p < 0.001 
SSD (ms) 185.61 (84.60) 212.06 (124.50) t(32) = − 1.88 p = 0.07 r = 0.77 p < 0.001 
SSRTmean (ms) 271.00(29.09) 256.43 (37.05) t(30) = 2.16 p = 0.04 r = 0.43 p = 0.02 
SSRTintegration (ms) 250.56(32.80) 240.63 (37.02) t(30) = 1.56 p = 0.13 r = 0.57 p = 0.001 

Data are presented as mean (standard deviation). Go Accuracy, accuracy of Go trials; Nogo Accuracy, accuracy of Nogo trials; P (Go omissions), probability of Go 
omission; Go RT, reaction time of Go trials; Go RT variability, standard deviation of Go RT; RT unsuccessful Stop, reaction time of unsuccessful Stop trials; P (respond| 
signal), probability of successful Stop trials; SSD, stop signal delay. SSRTmean refers to the SSRT estimated by the mean approach; SSRTintegration refers to the SSRT 
estimated by the integration approach with Go omission replacement. 
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revealed significant difference when comparing the mean ICF and SICF 
ratio to a reference value of 1 (t(32) = 2.98 and 5.31, p’s = 0.005 and 
<0.001, respectively in session 1; t(32) = 3.65 and 6.98, respectively, 
p’s < 0.001 in session 2). These results suggest significant overall 
facilitation for ICF and SICF measurements in both sessions. 

Table 4 shows the paired-pulse TMS data in the two sessions. The test 
MEP amplitude was comparable between sessions (p > 0.05). There was 
no significant difference in SICI, ICF, LICI or SICF between the two 
sessions (p’s > 0.05). The test-retest reliability was moderate for ICF and 
LICI and was low for SICI and SICF; however, each TMS parameter 
showed a significant correlation with each other in the two sessions (p’s 
< 0.05). 

3.4. Correlation analyses 

There was no significant correlation between BIS scores and TMS 
parameters in either session (p’s > 0.05). There was also no significant 
correlation between BIS scores and behavioral measures in either session 
(p’s > 0.05). 

Fig. 3 shows the scatter plots for each participant’s SSRTintegration 
against SICI and SICF in both sessions. In session 1, there was significant 
positive correlation between SICF and SSRTintegration (r = 0.53, p =
0.002); this indicated that individuals with longer SSRT tend to have 
stronger SICF. There was significant negative correlation between SICI 
and SSRTintegration (r = 0.39, p = 0.03); this indicated that individuals 
with longer SSRT tend to have weaker SICI (i.e., greater disinhibition). In 
session 2, there was significant positive correlation between SICF and 
SSRTintegration (r = 0.51, p = 0.003); however, there was no significant 
correlation between SICI and SSRTintegration (p > 0.05). On combining 
data of both sessions, we observed a significant correlation between 
SICF and SSRTintegration (r = 0.42, p < 0.001), but no significant corre
lation between SICI and SSRTintegration (p > 0.05). There was no signif
icant correlation of ICF or LICI with SSRTintegration in either session (p’s >
0.05). 

In session 1, SICF correlated with SICI (r = 0.45, p = 0.009), while in 
session 2, SICF did not correlate with SICI (r = 0.06, p = 0.18). As the 
interaction between SICI and SICF has been reported before [14,27,28], 
we also performed partial correlations to eliminate potential in
teractions between SICI, SICF and SSRTintegration. In session 1, the cor
relation between SICF and SSRTintegration persisted even after controlling 
for SICI (r = 0.45, p = 0.012). After controlling for SICF, the correlation 
between SICI and SSRTintegration did not persist (r = 0.23, p = 0.23). In 
session 2, the correlation between SICF and SSRTintegration persisted even 
after controlling for SICI (r = 0.52, p = 0.003). After controlling for SICF, 
the correlation between SICI and SSRTintegration still did not exist (r =
0.12, p = 0.53). These results suggest that the correlation between SICI 
and SSRTintegration that was observed in session 1 may be driven by the 
correlation between SICF and SSRTintegration. As the interaction between 
SICI and ICF has been reported [19], we also performed partial corre
lations between SICI, ICF and SSRTintegration; however, the results were 
the same as bivariate correlations. 

Fig. 4 shows the scatter plots for each participant’s SSRTmean against 
SICI and SICF in both sessions. In both session 1 and 2, there were sig
nificant positive correlations between SICF and SSRTmean (r’s = 0.57 and 
0.48, and p = 0.0008 and 0.0067, respectively). On combining data of 

both sessions, we observed a significant correlation between SICF and 
SSRTintegration (r = 0.41, p < 0.001). There was no significant correlation 
between SICI and SSRTmean in either session (p’s > 0.05). 

We did not observe any significant correlation between other 
behavioral measures (e.g., Go accuracy, Nogo accuracy, reaction time 
and SSD, etc.) and TMS parameters (including SICI, ICF, LICI and SICF) 
in either session (p’s > 0.05). 

4. Discussion 

To the best of our knowledge, this is the first study to systematically 
investigate the relationship between resting-state intracortical inhibi
tion (i.e., SICI and LICI) or facilitation (i.e., ICF and SICF) and the ability 
of inhibitory control. We used neuronavigation system throughout the 
whole TMS testing to ensure stable coil position. We performed all 
measurements in two independent sessions to test the reliability of the 
observed correlations. It is worth noting that our results revealed 
moderate-to-low rest-retest reliability of TMS measures, although each 
TMS measure obtained in the two sessions showed a significant corre
lation with each other. The moderate-to-low reliability of paired-pulse 
TMS measures (i.e., SICI, ICF, and SICF) has also been reported in pre
vious studies [24,37–39]. The variability of TMS measures across ses
sions may be influenced by several factors, such as inherent changes in 
cortical excitability, the time of day, and menstrual cycle, etc. [24,37]. 
Because of the moderate-to-low rest-retest reliability of TMS measures, 
cautions are needed when interpreting the observed correlations be
tween SICI/SICF and SSRT. 

Our primary findings are (1) A negative correlation between SICI and 
SSRT was only revealed in session 1; however, this significant correla
tion disappeared after statistically controlling for SICF; (2) SICF strongly 
predicted SSRT in both sessions; (3) No significant correlation was 
observed between ICF or LICI and SSRT; (4) The reliability of SSRTinte

gration was greater than SSRTmean; and (5) No significant correlation was 
observed between BIS scores and behavioral or physiological measures. 

4.1. SICI and SSRT 

We observed a negative correlation between SICI and SSRTintegration 
only in session 1, but not in session 2. Importantly, this correlation did 
not persist after statistically controlling for SICF. Apart from the 
moderate-to-low test-retest reliability of SICI, the inconsistent relation
ship between SICI and SSRT was likely accounted for by the relationship 
between SICF and SSRT. The interaction between SICF and SSRT has 
been reported before [14,27,28]. Previous studies suggested that SICI 
can be contaminated by facilitatory components at SICF peaks and is 
likely to reflect net inhibition resulting from the summation of SICI and 
SICF [14,27,28]. To estimate the contribution of excess facilitation, 
studies have recommended measurement of SICF in addition to SICI 
[27]. However, none of the previous studies investigating the relation
ship between SICI and SSRT included SICF measurement [19,24–26]; 
this may explain the inconsistency of their results. In our study, the 
disappearance of the correlation between SICI and SSRTintegration after 
controlling for SICF suggests that the influence of SICF on SICI should be 
taken into consideration. 

SICI is a GABAA-mediated phenomenon [9] and has been used as a 

Table 4 
TMS measures in the two sessions.   

Session 1 Session 2 t-test significance correlation significance 

Test MEP (uV) 712.53 (454.67) 658.66 (516.25) t(32) = 0.67 p = 0.51 r = 0.56 p = 0.001 
SICI 0.45 (0.27) 0.57 (0.34) t(32) = − 1.28 p = 0.20 r = 0.37 p = 0.03 
ICF 1.44 (0.84) 1.70 (1.10) t(32) = − 1.67 p = 0.10 r = 0.60 p < 0.001 
LICI 0.22 (0.31) 0.15 (0.32) t(32) = 1.29 p = 0.21 r = 0.56 p = 0.001 
SICF 1.35 (0.38) 1.60 (0.50) t(32) = − 1.04 p = 0.30 r = 0.38 p = 0.03 

Data are presented as mean (standard deviation). Test MEP amplitude and four paired-pulse TMS measures are presented. 
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proxy for the functioning of GABAA-mediated inhibitory neurons [34, 
40,41]. GABAA-ergic neurons have been suggested to be involved in the 
process of response inhibition based on the observed modulation of SICI 
during SST [42]. The lack of consistent relationship between 
resting-state SICI and SSRT suggests that resting-state SICI may not be a 
good biomarker of the ability of inhibitory control. Therefore, the 
functioning of GABAA-mediated neurons may not be specifically related 
to an individual’s ability of inhibitory control, and that other active 
inhibitory mechanisms may be involved in suppressing the motor 
command [43]. 

4.2. SICF and SSRT 

To the best of our knowledge, this is the first study to investigate the 
relationship between SICF and inhibitory control. Despite the moderate- 
to-low test-retest reliability of SICF and SSRT between sessions, our re
sults revealed a robust positive correlation between SICF and SSRT in 
both sessions, even after controlling for SICI. This result suggests that 
individuals with stronger resting-state SICF tend to have poorer ability 
of inhibitory control. 

The mechanisms underlying the SICF development are yet to be fully 
elucidated. It has been proposed that facilitatory interactions of I-waves 
at the motor cortical level form the basis of SICF [14,28,44]. 

Fig. 3. Correlation between SICI and SICF and SSRTintegration. There were significant positive correlations between SICF and SSRTintegration in both sessions (A and 
B) and in combined data of the two sessions (C). There was significant negative correlation between SICI and SSRTintegration in session 1 (D), but not in session 2 (E) or 
in combined data of the two sessions (F). The shaded areas indicate the 95 % confidence intervals. 

Fig. 4. Correlations between SICI and SICF and SSRTmean. There were significant positive correlations between SICF and SSRTmean in both sessions (A and B) and 
the combined data of the two sessions (C); however, there was no significant correlation between SICI and SSRTmean in either session (D and E) or in the combined 
data of the two sessions (F). The shaded areas indicate the 95 % confidence intervals. 

Q. Ding et al.                                                                                                                                                                                                                                    



Behavioural Brain Research 407 (2021) 113266

7

Suprathreshold first stimulus (S1) leads to a variable and incomplete 
activation of motor cortical neurons [13], resulting in subliminal de
polarization of a subpopulation of cortical neurons. A subsequent sub
threshold stimulus (S2) applied at short ISIs causes the subliminally 
depolarized neurons to reach threshold, thereby facilitating the MEP 
[14]. There was no facilitation if electrical stimulation was used to elicit 
S2, suggesting that SICF originates in the cortical level [44]. SICF has 
three distinct peaks at ISI 1–1.5, 2.4–2.9, and > 4.5 ms [15,45,46]. The 
observed periodicity of SICF peaks that occur at ~1.5 ms (~660 Hz) is 
consistent with the I-wave frequency [47], which also supports the 
cortical origin of SICF [13,14]. Based on results from pharmacological 
studies, SICF is reduced by GABAA and dopamine agonist, such as lor
azepam and cabergoline, respectively [48], but not modulated by Na+

agonist, GABAB antagonist or NMDA receptor antagonist [49,50]. 
Therefore, SICF may be related to the activities of GABAA-ergic and 
dopaminergic neurons [48]. 

Studies have suggested the involvement of both GABAA and dopa
mine in the process of response inhibition [3,4,24,43,51,52]. Suppres
sion of an initiated voluntary movement involves a network of cortical 
and subcortical structures, including inferior frontal cortex, basal 
ganglia, and supplementary motor cortex, etc. [51]. Response inhibition 
induced by presentation of a Stop signal was suggested to be associated 
with a fast and global decrease in corticospinal excitability [53–56]. 
GABAA-ergic intracortical inhibition has been suggested to be involved 
in the active suppression of corticospinal excitability, based on the 
observation that SICI was stronger on Stop trials compared with Go trials 
[42]. 

However, suppression in motor output requires not only an increase 
in intracortical inhibition, but also a reduction in excitatory input from 
thalamus to M1 [43]. Efficient inhibitory performance was suggested to 
rely on a ‘hyperdirect’ pathway from the frontal cortex to the sub
thalamus nucleus (STN) in the basal ganglia, and this provides a 
mechanism of rapidly shut down motor output [43,51,57–60]. The STN 
transmits diffuse excitatory projections to the internal segment of the 
globus pallidus pars interna [61–63], which in turn transmits inhibitory 
output to thalamus, reducing the excitatory drive to the motor cortex, 
and thus inhibiting the motor system in a global manner [63–65]. 
Dopamine was suggested to be an important neurotransmitter in the 
cortico-basal ganglia network responsible for response inhibition [3,66]. 
Furthermore, prolonged SSRT was observed in individuals with Par
kinson’s disease [67]. As Parkinson’s disease is characterized by dopa
mine neuron loss, this observation supports the potential role of 
dopamine in response inhibition [67]. 

Our findings revealed that resting-state SICF strongly predicts an 
individual’s ability of inhibitory control. This not only supports the 
involvement of GABAA and dopamine in response inhibition, but also 
provides a potential physiological biomarker for inhibitory control. Our 
findings may potentially inform new therapeutic strategies for inhibi
tory control deficits that target both GABAA-ergic and dopaminergic 
neural pathways. Due to the moderate-to-low reliability of SICF between 
sessions, the findings of current study should be interpreted with 
caution. Further studies are required to assess the relationship between 
SICF and SSRT with larger sample sizes and in other populations (i.e., 
individuals with psychiatric conditions). 

4.3. ICF, LICI and SSRT 

In line with a previous study [19], our results did not reveal any 
significant correlation between resting-state ICF and SSRT. Similarly, in 
a previous study, no modulation of ICF was observed during Go and 
Nogo tasks in healthy adults [68]. ICF has been suggested to involve 
glutamatergic neurotransmissions [11,12]. Collectively, our results and 
results from previous studies suggest that intracortical glutamatergic 
interneurons may not be involved in the process of response inhibition. 

Consistent with the results of a previous study [25], we did not 
observe any significant correlation between LICI and SSRT. Sohn et al. 

[68] observed reduced LICI during both Go and Nogo conditions, sug
gesting that LICI does not respond selectively to motor inhibition. LICI 
has been suggested to reflect the activity of GABAB-ergic intracortical 
interneurons [16–18]. Therefore, it is possible that GABAB-ergic in
terneurons are only involved in voluntary muscle contraction [68], but 
not in the process of response inhibition. 

4.4. SSRTmean vs. SSRTintegration 

Our results revealed moderate test-retest reliability of SSRTintegration 
and low test-retest reliability of SSRTmean. The mean method is currently 
the most popular approach to estimate SSRT possibly due to its ease of 
use [35]. The mean method assumes that the mean RT equals SSRT +
mean SSD. As the mean RT is strongly influenced by the skewness of the 
Go RT distribution, SSRTmean is often inaccurate [35]. The integration 
method entails ‘integrating’ the RT distribution and identifying the 
point where the integral equals P(respond|signal); therefore, it is not 
influenced by the skewness of RT distribution. The use of integration 
method with Go omission replacement assigned the maximal RT to the 
Go omission trials and makes the estimated SSRT even closer to the true 
SSRT [35]. A recent simulation study suggested that the integration 
method with Go omission replacement is the most reliable and least 
biased non-parametric approach for estimation of SSRT [35]. Ours is the 
first clinical study that compares the test-retest reliability of these two 
methods and our results revealed higher test-retest reliability of 
SSRTintegration than SSRTmean. Therefore, the integration method with Go 
omission replacement is recommended for estimating SSRT compared 
with the mean method. 

4.5. BIS and behavioral or physiological measures 

We did not observe any significant correlation between self-report 
impulsivity (i.e., BIS scores) and SSRT. Lack of correlation between 
self-report impulsivity questionnaires and behavioral measures has 
often been reported in previous studies [2,19]. As the impulsivity 
construct is multidimensional in nature, the lack of correlation could be 
due to measurement of different aspects of impulsivity. BIS measures 
non-planning, attention and motor impulsivity, while SSRT only mea
sures motor impulsivity. However, this can only explain the absence of 
correlation between BIS total score and SSRT, but not the absence of 
correlation between BIS motor impulsivity subscale and SSRT. The lack 
of correlation between BIS motor impulsivity subscale and SSRT may be 
attributable to the subjectivity of self-report questionnaires, which can 
be biased by the subject’s self-perception and past experiences [2]. 

In line with a previous study [19], we did not observe any significant 
correlation between BIS scores and intracortical inhibition or facilita
tion. BIS may not be sensitive enough to differentiate the level of 
impulsivity, especially in healthy population in whom impulsivity does 
not spread over a wide range. Further studies are required to investigate 
whether intracortical facilitation or inhibition can predict an in
dividual’s level of impulsivity in other populations, especially in in
dividuals with psychiatric conditions. 

4.6. Limitations 

One of the limitations is that we used only ISI of 2.5 ms for SICI 
testing. The ISI that produces the maximal SICI (i.e., optimal ISI) was 
suggested to vary among individuals; therefore, studies have recom
mended the use of optimal ISI for each individual or use of multiple ISIs 
for SICI testing [34,69], especially in individuals with neuropathology in 
whom there is often considerable variability of optimal ISI [34]. As the 
present study included only healthy subjects, the variability of optimal 
ISI should not be large. Furthermore, previous studies suggested that 
with ISI of 2.5 ms SICI can be elicited in most healthy individuals [34,70, 
71]; therefore, we used ISI of 2.5 ms for SICI testing. Further studies are 
required to use individualized ISI or multiple ISIs to measure SICI and to 
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investigate the relationship between SICI and inhibitory control deficits, 
especially in individuals with neuropathology. 

In the present study, we only measured the second SICF peak (ISI =
2.5 ms), although SICF has three distinct peaks [15,45,46]. Different 
SICF peaks are likely to be related to interactions of different I-waves 
[28]. For example, the first SICF peak is likely attributable to the 
interaction between I2 waves from S1 and I1 waves from S2, while the 
second SICF peak is likely attributable to the interaction between I3 
waves from S1 and I1 waves from S2 [72]. Therefore, different SICF 
peaks may convey different neurophysiological information and 
possibly have different relationships with inhibitory control deficits. 
However, investigating how different ISIs of SICF affect their relation
ship with inhibitory control performance was beyond the scope of the 
current study. Further studies are required to measure all three peaks of 
SICF and investigate the relationship between SICF and the ability of 
inhibitory control. 

Finally, most TMS studies investigating SSRT tested the left motor 
cortex targeting the right FDI [19,24,25,52] or tested both hemispheres 
[26], while the current study only tested the right motor cortex targeting 
the left FDI. In the current study we chose to test the right motor cortex 
because the right motor cortex has been suggested to be possibly 
dominant in response inhibition in right-handed adults [26,47], as the 
GABAergic interneurons in the right motor cortex are more closely 
connected to key areas in the motor inhibitory network such as right 
inferior frontal gyrus and right pre-supplementary motor area [26]. We 
acknowledge that testing only the left motor cortex may prevent direct 
comparison of our results with those of other studies. Further studies are 
required to test both hemispheres and to investigate the effect of 
hemispheric lateralization on the motor inhibitory control. 

4.7. Conclusions 

Our study systematically investigated the relationship between 
resting-state intracortical inhibition or facilitation and the ability of 
inhibitory control. Individual differences in SICF strongly predicted 
stopping efficiency in two repeat sessions, while the relationship be
tween SICI and SSRT was weak and disappeared after controlling for 
SICF. Collectively, our results may explain the inconsistency with 
respect to the relationship between SICI and SSRT in existing literature. 
Our findings suggest that SICF may be used as a potential physiological 
biomarker for inhibitory control. Our findings may have clinical impli
cations for disorders associated with inhibitory control deficits. 
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