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Abstract  15 

Action-stopping is a canonical executive function thought to involve top-down control 16 

over the motor system. Here we aimed to validate this stopping system using high temporal 17 

resolution methods in humans. We show that, following the requirement to stop, there  was an 18 

increase of right frontal beta (~13 to 30 Hz) at ~120 ms, likely a proxy of right inferior frontal 19 

gyrus; then, at 140 ms, there was a broad skeletomotor suppression, likely reflecting the impact 20 

of the subthalamic nucleus on basal ganglia output; then, at ~160 ms, suppression was detected 21 

in the muscle, and, finally, the behavioral time of stopping was ~220 ms. This temporal cascade 22 

confirms a detailed model of action-stopping, and partitions it into subprocesses that are isolable 23 

to different nodes and are more precise than the behavioral speed of stopping. Variation in these 24 

subprocesses, including at the single-trial level, could better explain individual differences in 25 

impulse control. 26 

 27 

 28 
The ability to control one’s actions and thoughts is important for our daily lives; for 29 

example: changing gait when there is an obstacle in the path1, resisting the temptation to eat 30 

when on a diet2, overcoming the tendency to say something hurtful3. While many processes 31 

contribute to such forms of control, one important process is response inhibition – the prefrontal 32 

(top-down) stopping of initiated response tendencies4. In the laboratory, response inhibition is 33 

often studied with the stop-signal task5. On each trial, the participant initiates a motor response, 34 

and then, when a subsequent Stop signal occurs, tries to stop. From the behavioral data one can 35 

estimate a latent variable; the speed of stopping known as Stop Signal Reaction Time (SSRT), 36 

which is typically 200-250 ms in healthy adults5. SSRT has been useful in neuropsychiatry 37 

where it is often longer for patients vs. controls6–11. The task has also provided a rich test-bed, 38 
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across species, for mapping out a putative neural architecture of prefrontal-basal-ganglia-regions 39 

for rapidly suppressing motor output areas6,12,13. Given this rich literature, this task is one of the 40 

few paradigms included in the longitudinal Adolescent Brain Cognitive Development study14 of 41 

10,000 adolescents over 10 years.  42 

Against this background, a puzzle is that the relation between SSRT and ‘real-world’ 43 

self-reported impulsivity is often weak15–20. One explanation is that SSRT may not accurately 44 

index the brain’s true stopping speed. Indeed, recent mathematical modelling of behavior during 45 

the stop-signal task suggests that standard calculations of SSRT may overestimate the brain’s 46 

stopping speed by ~100 ms15 [also see21]. Further, in a recent study22, electromyographic (EMG) 47 

recordings revealed an initial increase in EMG activity in response to the Go cue, followed by a 48 

sudden decline at ~150 ms after the Stop signal. This decline in EMG could be because of the 49 

Stop process ‘kicking in’ to cancel motor output – but the striking thing is that this was 50 ms 50 

before the SSRT of 200 ms. This timing is also consistent with experiments using transcranial 51 

magnetic stimulation (TMS) to measure the motor evoked potential (MEP) during the stop-signal 52 

task (the MEP indexes the excitability of the pathways from motor cortex to muscle). The MEP 53 

in the muscle that was-to-be-stopped reduced at ~150 ms23,24. Further, other studies that 54 

measured the MEP from muscles that were not needed for the task, show there is ‘global 55 

suppression’ also at ~150 ms25–28 (i.e. corticospinal activity was suppressed for the broader 56 

skeletomotor system). This ‘global MEP suppression’ has been linked to activation of the 57 

subthalamic nucleus of the basal-ganglia29, which is thought to be critical for stopping, and might 58 

broadly inhibit thalamocortical drive30. 59 

The potential overestimation of the brain’s true stopping speed by SSRT could arise for 60 

several reasons. First, the race model assumes that the Stop process is “triggered” on every trial. 61 
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But recent research shows that this is not the case15, and that failing to account for  “trigger 62 

failures” inflates SSRT. Second, while the standard “race model” assumes that the Go and Stop 63 

processes are independent5, recent research show that violations of this independence can also 64 

inflate SSRT21. Finally, the standard ways of computing SSRT likely do not account for 65 

electromechanical delays between muscle activity and the response. In any event, overestimating 66 

the brain’s stopping speed would add variance to SSRT which could potentially weaken the 67 

above-mentioned across-participant associations between stopping speed and self-report 68 

scores15–17. Furthermore, if the true stopping speed is ~150 ms, the timing of activation of nodes 69 

in the putative response inhibition network should precede this time-point for those nodes to play 70 

a causal role in action stopping – and this is important for the interpretation of neuroscience 71 

studies. For instance, in electrocorticography and electroencephalography (EEG) studies, 72 

successful stopping elicits increased beta band power over right frontal cortex in the time period 73 

between the Stop signal and SSRT31–33. Whether this, and other, neurophysiological markers of 74 

the Stop process occur sufficiently early to directly contribute to action-stopping (if SSRT is 75 

overestimated) is unknown; yet this is fundamental to our understanding of brain networks 76 

underlying response inhibition. 77 

Here we leveraged the insight from the above-mentioned study22 which used EMG of the 78 

task relevant muscles. We now tested whether we could derive a single trial estimate of stopping 79 

speed from EMG (referred to as CancelTime). More specifically, we hypothesized that ‘partial’ 80 

EMG bursts on the Successful Stop trials (i.e. small EMG responses that begin but do not reach a 81 

sufficient amplitude to lead to an overt response)34 would carry information about the latency of 82 

stopping and tested this in two studies. In a third study we tested if CancelTime would 83 

correspond with the measure of putative basal ganglia-mediated global motor suppression, 84 
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measured with single-pulse TMS. In studies four and five we turned to the cortical process 85 

thought to initiate action–stopping, using the above-mentioned proxy of right frontal beta31,32. 86 

We measured scalp EEG, derived a right frontal spatial filter in each participant, and then 87 

extracted beta bursts35 in the time period between the Stop signal and SSRT. We tested how the 88 

timing of these beta bursts related to CancelTime. 89 

 90 

Results 91 

Study 1 (EMG). 10 participants performed the stop-signal task (Fig. 1a). On each trial they 92 

initiated a manual response when a Go cue occurred, and then had to try to stop when a Stop 93 

signal suddenly appeared on a minority of trials. Depending on the stop signal delay, SSD, 94 

participants succeeded or failed to stop, each ~50% of the time). We measured EMG from the 95 

responding right index and little fingers (Fig. 1b inset). Behavioral performance was typical, with 96 

SSRT (referred to as SSRTBeh) of 216±8 ms, and action-stopping on 51±1 % of Stop trials (Table 97 

1). EMG analysis was performed on the trial-by-trial root-mean-squared EMG (EMGRMS; Fig. 98 

1b). On 53±6 % of Successful Stop trials (i.e. where no keypress was made) there was a small 99 

but detectible EMG response (Partial EMG trials; see Supplementary Fig. 1a, b for EMG-RT 100 

correlation), while on the remainder of Successful Stop trials there was no detectible EMG 101 

response (No EMG trials). The amplitude of EMG responses (mean peak EMG voltage) in the 102 

Partial EMG trials was 48±3% smaller than in trials with a keypress (Fig. 2a).  103 
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 109 

Table 1: Behavior (mean±s.e.m.; All values in ms) 110 

 Study 1 

(EMG) 

Study 2 

(EMG) 

Study 3 

(TMS) 

Study 4 

(EEG) 

Study 5 

(EEG) 

Go RT 470 (15) 493 (15) 430 (17) 427 (15) 405 (6) 

Failed Stop RT 416 (11) 447 (14) 391 (12) 384 (12) 370 (5) 

Correct Go % 97 (1) 98 (0) 99 (0) 99 (0) 99 (0) 

Correct Stop % 51 (1) 52 (1) 49 (1) 48 (1) 50 (0) 

Mean SSD 237 (20) 280 (17) 194 (18) 191 (21) 170 (7) 

SSRTBeh 216 (8) 204 (4) 219 (6) 214 (9) 219 (6) 

 111 

We hypothesized that the time when the Partial EMG response starts declining after the 112 

Stop signal is a readout of the time when the Stop process is implemented in the muscle 113 

(hereafter ‘CancelTime’). We observed that, first, CancelTime is much earlier than SSRTBeh (see 114 

Fig. 2c (left) for all CancelTimes in an exemplar participant; mean CancelTime = 146±3 ms, 115 

Figure 1 | Behavioral task and EMG recording. (a) Stop-signal task. (b) EMGRMS on a Successful 

Stop trial (Partial EMG) in an exemplar participant, aligned to the Go cue. CancelTime refers to the 

time from the Stop signal (dotted red line) to when the EMGRMS starts decreasing (blue line). The green 

and purple line represent the detected onset and offset of the EMG response. (Inset) Recording set-up 

with a vertical and a horizontal keypad to record keypresses from the FDI and ADM muscles. 
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SSRTBeh = 203 ms); and second, across participants, CancelTime was positively correlated with 116 

SSRTBeh (Fig. 2d; study 1: mean CancelTime = 152±11 ms, mean SSRTBeh = 216±8 ms; r = 117 

0.71, p = 0.020, BF10 = 3.6). This suggests that CancelTime might index the time when Stopping 118 

is implemented at the muscle.  119 

 120 

 121 

 122 

 123 

 124 

Figure 2 | EMG responses in study 1 and 2. (a) Normalized EMGRMS voltage in Failed Stop 

(orange), Partial EMG (brown), and No EMG trials (purple), aligned to the Stop signal. The lines and 

the shaded area represent the mean±s.e.m. across participants. The dotted cyan line and shaded area 
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 133 

Study 2 (EMG). We then ran a new sample (n = 32; see Table 1 for behavioral results). Again, 134 

we observed partial EMG responses on 49±2 % of Successful Stop trials; where the EMG 135 

amplitude was 54±1 % smaller than the amplitude in trials with a keypress (Fig. 2b). Fig. 2c 136 

(right) shows the distribution of CancelTimes in an exemplar participant (mean CancelTime = 137 

156±4 ms, SSRTBeh = 218 ms). Again, across participants, mean CancelTime was positively 138 

correlated with SSRTBeh (Fig. 2d; mean CancelTime = 146±4 ms, mean SSRTBeh = 204±4 ms; r 139 

= 0.59, p < 0.001, BF10 = 71.7). Intriguingly, in each study, CancelTime was ~60 ms less than 140 

SSRTBeh. To further explore this, we pooled the data across the 2 studies. 141 

 142 

Pooled studies 1 and 2. Mean CancelTime (147±5 ms) was 60±3 ms shorter than SSRTBeh 143 

(t(41) = 18.4, p < 0.001, d = 2.5, BF10 > 100).  We then tested whether we could calculate SSRT 144 

using the presence of EMG responses (SSRTEMG) instead of the keypress responses (SSRTBeh). 145 

We considered Partial EMG trials as Failed Stop trials and used EMG onset time on Correct Go 146 

trials to recalculate SSRT (i.e. instead of using P(Respond|Stop) from behavior and Go RT as is 147 

represent the mean±s.e.m of SSRTBeh across participants. The dots and cross-hairs represent the 

mean±s.e.m. of the Go cue in a participant. Note that the time between the Go cue and the Stop signal 

(i.e. the SSD) is shortest for the No EMG (purple), then the Partial EMG (brown), and then the Failed 

Stop trials (orange). (b) Same as (a) but for Study 2. (c) (Right) Beeswarm plot of the CancelTime in 

an exemplar participant from Study 1. Each dot represents a trial. The dotted cyan line represents the 

SSRTBeh. (Left) Same as right but for Study 2. (d) Correlation between CancelTime and SSRTBeh in 

Study 1 (light red) and Study 2 (yellow). The brown dot, lines and arrows represent the means, while 

the black dotted line represents the unity line. The linear regression fit and its 95% confidence interval 

(pooled study 1 and 2) is shown as a brown line and shaded region respectively. 
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typical for SSRTBeh calculations; see Methods; see Fig. 3a for an exemplar participant). We then 148 

performed 1-way repeated measures ANOVA with “Stop Time” as the dependent measure and 149 

the method of estimation as a factor (SSRTEMG, SSRTBeh, and CancelTime). There was a 150 

significant main effect of the estimation method on “Stop Time” (FGG(1.4, 56.1) = 66.3, p < 151 

0.001, 𝜂"# = 0.6). Pairwise comparisons showed that SSRTEMG (157±7 ms) was significantly 152 

faster than SSRTBeh (209±3 ms) (Fig. 3b; t(41) = 8.2, pBon < 0.001, d = 1.3, BF10 > 100), but 153 

importantly, not significantly different from mean CancelTime (t(41) = 1.5, pBon = 0.270, d = 0.2, 154 

BF10 = 0.5). This suggests that SSRTBeh might be protracted by a peripheral delay and that 155 

CancelTime might be a better metric of the time of implementation of the Stop process.  156 

Next, we examined in more detail the EMG profile on Partial EMG trials. Across all 157 

participants, the EMG response in the Partial EMG trials (when aligned to the EMG onset) had a 158 

profile similar to the EMG response in the Correct Go and Failed Stop trials, but diverged ~55 159 

ms after EMG onset (55 ms compared to Correct Go, and 56 ms compared to Failed Stop trials, 160 

Fig. 3c). We surmised that if the Partial EMG trials reflect responses that have been actively 161 

cancelled at the muscle-level, then the amplitude of these responses should increase with SSD. 162 

The rationale was that, at shorter SSDs, the Go process will have been active for a shorter 163 

duration, meaning EMG activity will not have increased much before being inhibited, while at 164 

longer SSD, the Go process will have been active for a longer duration, meaning EMG activity 165 

will have increased much more before being inhibited. Indeed, the amplitude of the Partial EMG 166 

responses increased with SSD (Supplementary Fig. 1c). A 1-way repeated measures ANOVA 167 

with amplitude as the dependent variable and the SSD as the independent variable showed 168 

significant effect of SSD on amplitude (F(4,24) = 3.7, p = 0.018, 𝜂"# = 0.4) [also see23]. This 169 
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suggests that the Partial EMG trials represent inhibited Go responses and not merely a weak Go 170 

process (which would presumably not increase across SSDs).  171 

To further validate CancelTime, we modelled the behavior using BEESTS (Bayesian 172 

Estimation of Ex-gaussian STop-Signal reaction time distributions; see Table 2 for model 173 

estimates). While SSRTBeh produces a single estimate per person, BEESTS uses a Bayesian 174 

parametric approach to estimate the distribution of SSRTs36. Also, for each participant, it 175 

provides an estimate of the probability of trigger failures (i.e. stop trials where the stopping 176 

process was not initiated36). Across participants, mean CancelTime was positively correlated 177 

with the mean SSRTBEESTS (205±3 ms; r = 0.54, p < 0.001, BF10 > 100; Fig. 3d). More 178 

interestingly, the SD of CancelTime (33±2 ms) was positively correlated with the SD of 179 

SSRTBEESTS (48±5 ms; r = 0.42, p = 0.005, BF10 = 6.9; Fig. 3e). Further, the percentage of trigger 180 

failures (4±1%) was positive correlated with mean CancelTime (r = 0.57, p < 0.001, BF10 > 100) 181 

suggesting that participants who fail to “trigger” the Stop process more often, have longer 182 

CancelTimes (Fig. 3f). These relationships between CancelTime and model estimates give 183 

further credence to our interpretation that CancelTime on Partial EMG trials reflects a single-trial 184 

measure of the time of implementation of the Stop process. 185 
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 192 
 193 
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 195 
 196 
 197 
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 202 
 203 

Figure 3 | Peripheral delay associated with SSRTBeh and relationship between CancelTime and 

BEESTS parameters. (a) P(Respond|Stop) in an exemplar participant calculated using the behavioral 

response (dark green dots) and the EMG response (cyan dots). The lines represent the cumulative 

Weibull fit as 𝑊(𝑡) = 	𝛾 − (𝛾 − 	𝛿)𝑒[/(0 1⁄ )3]  where where t is the SSD, 𝛼 is the time at which the 

function reaches 64% of its full growth, 𝛽 is the slope, 𝛿 is the minimum value of the function, and 𝛾 

is maximum value of the function. The difference between 𝛿 and 𝛾 marks range of the function. 

(Inset) Beeswarm plot of the EMG onset (dark green) and the behavioral responses (cyan) used to 

calculate SSRTEMG and SSRTBeh respectively. (b) Comparison of the SSRTBeh (cyan), CancelTime 

(brown), and SSRTEMG (dark green) across all participants. Each dot represents a participant, while the 

bar and cross-hair represents the mean±s.e.m. in a group. (c) The normalized EMG responses aligned 

to the detected EMG onsets in the Correct Go (dark green), Failed Stop (orange), and Partial EMG 

(brown) trials. The line and shaded region represent the mean±s.e.m. in a group. The dots and cross 
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 205 
 206 
 207 
 208 
 209 
 210 
 211 
 212 
 213 
 214 
 215 
 216 
 217 
Table 2: BEESTS estimates (mean±s.e.m.; All values in ms) 218 
 219 

Estimated parameters Pooled study 1 & 2 

Mean Go RT 483 (13) 

SD Go RT 94 (5) 

Mean SSRT 205 (3) 

SD SSRT 48 (5) 

%Trigger Failures 4 (1) 

 220 

Study 3 (TMS). To further validate CancelTime and relate it to brain processes we turned to a 221 

different method – single-pulse TMS over a task-irrelevant muscle representation in the brain. As 222 

mentioned above, the reduction of MEPs from task-irrelevant muscles on Successful Stop 223 

trials25–27, is thought to reflect a basal ganglia-mediated global suppression29. Eighteen new 224 

participants (see Table 1 for behavioral results) now performed the task with their left hand, 225 

while TMS was delivered over the left motor cortex and MEPs were recorded from a task-226 

irrelevant, right forearm muscle. MEPs were recorded at different times after the Stop signal on 227 

different trials: 100 – 180 ms in 20 ms intervals, as well as during the inter-trial interval which 228 

served as a baseline. Concurrently, we recorded EMG from the task-relevant left-hand muscles 229 

as for studies 1 and 2 above (Fig. 4a).  230 

hairs represent the mean±s.e.m. of the keypress in a participant. (d) Correlation between CancelTime 

and mean SSRTBEESTS estimate. Each dot and cross-hair represent the mean±s.e.m. in a participant. 

The brown line and the shaded area represent the linear regression fit and its 95% confidence 

interval. The unity line is represented as a dotted black line. (e) Correlation between CancelTime and 

SD of the SSRTBEESTS estimate. Other details same as (d). (f) Correlation between percentage Trigger 

Failures estimated from BEESTS and CancelTime. Other details same as (d). 
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The key TMS finding, in keeping with earlier studies25–27, was of suppression of MEPs in 231 

the task-irrelevant forearm, indicating global motor system suppression, beginning ~140 ms 232 

following the Stop signal in Successful Stop trials (Fig. 4b) [see Supplementary Fig. 2 for MEP 233 

amplitudes for Partial EMG and No EMG trials separately]. A 2-way repeated measures 234 

ANOVA with MEP amplitude as the dependent measure and the factors of trial-type (Correct 235 

Go, Successful Stop, Failed Stop) and time (100, 120, 140, 160, 180 ms after the Stop signal) 236 

showed main effects of both trial-type (F(2,32) = 7.2, p = 0.003, hp2= 0.3) and time (FGG(2.5, 237 

40.7) = 4.8, p = 0.008, hp2 = 0.2), as well as an interaction of trial-type by time (F(8, 128) = 3.4, 238 

p = 0.002, hp2 = 0.2). Post hoc t-tests across Successful Stop and Correct Go trials showed no 239 

difference at 100 ms (t(16) = 0.7, pBon = 1.0, BF10 = 0.3), 120 ms (t(16) = 2.5, pBon = 0.066, BF10 240 

= 2.8), and 160 ms (t(16) = 2.1, pBon = 0.159, BF10 = 1.4).  However, MEP amplitudes were 241 

significantly suppressed on Successful Stop trials at 140 ms (t(16) = 4.1, pBon = 0.003, BF10 = 242 

39.8) and 180 ms (t(16) = 4.4, pBon < 0.001, BF10 = 65.2) after the Stop signal. Therefore, we 243 

estimate the onset of the global motor suppression to be ~140 ms after the Stop signal, which 244 

places it ~15 ms prior to the mean CancelTime (155±7 ms). There were no significant 245 

differences in MEP amplitudes between Failed Stop and Correct Go trials at any time point, 246 

though MEP amplitudes on Successful Stop trials were also suppressed compared to Failed Stop 247 

trials at 160 ms (t(16) = 2.9, pBon = 0.033, BF10 = 4.9). 248 

It makes sense that global motor suppression occurs before CancelTime as motor cortical 249 

output takes time to be transmitted along the corticospinal pathway to the muscles. To verify 250 

whether the ~15 ms discrepancy in timings could be accounted for by corticospinal conduction 251 

delays, we estimated this corticospinal conduction time in a separate phase of the current study 252 

by delivering TMS over the hand representation to evoke MEPs in the left, task-relevant, FDI 253 
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muscle (Fig. 4c). This was 23± 0.3 ms. Thus, a decline in muscle activity would be expected to 254 

be preceded by a reduction in motor cortical output by ~23 ms, which is very similar to the ~15 255 

ms difference between global motor suppression and CancelTime. 256 

To further elaborate the temporal relationship between global motor suppression and 257 

CancelTime, we performed a trial-by-trial analysis whereby MEP amplitudes were sorted 258 

according to the time at which TMS was delivered, relative to the time at which EMG decreased 259 

on Successful Stop, Failed Stop and Correct Go trials (Fig. 4d). The suppression of MEPs in 260 

Successful Stop trials compared to Correct Go trials began in the 30 ms prior to the EMG decline 261 

(-30 to 0 ms: Z = 3.12, pBon = 0.005; 0 to 30 ms: Z = 4.48, pBon < 0.001; 30 to 60 ms: Z = 2.45, 262 

pBon = 0.045). This lag in the time of EMG decrease relative to the time of the MEP suppression 263 

on Successful Stop trials can again be accounted for by the corticospinal conduction time. Thus, 264 

these results imply that the brain output to task-relevant muscles declines at approximately the 265 

same time as the global motor suppression begins.  266 
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Figure 4 | Relationship between global motor system suppression and CancelTime. (a) 

Experimental set up and TMS stimulus timings for study 3. Participants performed the Stop signal 

task with the left hand with concurrent EMG measurement of CancelTime from task-relevant muscles 

FDI and ADM muscle. On a given trial, a single TMS stimulus over left M1 was delivered at one of 6 

possible times to elicit a motor evoked potential (MEP) in the task-irrelevant extensor carpi radialis 

(ECR) muscle of the right forearm.  (b) Global motor system suppression begins at 140 ms after the 

Stop signal, and thus ~15 ms prior to the mean CancelTime. Paired t-tests: *, pBon < 0.05 Successful 

Stop (red) vs. Correct Go (green); #, pBon < 0.05 Successful Stop vs. Failed Stop (orange). The black 
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 284 

Study 4 (EEG). Having established that CancelTime reflects the time of an active stopping 285 

process at the muscle (Studies 1 and 2, EMG/behavior), which also related tightly with the 286 

timing of global motor suppression (Study 3, TMS), we then tested whether this EMG measure 287 

was also related to the timing of a prefrontal correlate of action-stopping, specifically the 288 

increase of beta power (13-30 Hz) before SSRTBeh at right frontal electrode sites32,33.  We now 289 

measured scalp EEG as well as EMG from the hand, in 11 participants (see Table 1 for 290 

behavioral results). We derived beta bursts rather than beta power per se, as bursts have richer 291 

features37, such as burst timing and duration. 292 

 To identify right frontal electrodes of interest in each participant (i.e. a spatial filter), we 293 

used Independent Components Analysis38 [see32,33]. We selected a participant-specific 294 

independent component (IC) based on two criteria; First, the scalp topography (right-frontal, and 295 

if not present, frontal); and Second, an increase in beta power on Successful Stop trials (from 296 

Stop signal to SSRTBeh; StopWin) compared to activity prior to the Go cue [-1000 to -500 ms 297 

dotted line shows amplitude of MEPs normalized to those at the inter-trial interval. (c) (Top) Schematic 

representation of an MEP. (Bottom) Beeswarm plot of the mean corticospinal conduction time to a hand 

muscle was established by measuring the onset latency of MEPs in the hand, and was ~23 ms on 

average. Each dot represents a participant. This conduction time is included in CancelTime. (d) Trial-

by-trial analysis of MEP amplitudes organized into 30 ms time bins reflecting the time of TMS 

expressed relative to the CancelTime. Global motor system suppression begins in a window 30-0 ms 

prior to the CancelTime (gray shaded region). Wilcoxon rank sum test: *, pBon < 0.05 Partial EMG 

(brown) vs. Correct Go (green); #, pBon < 0.05 Partial EMG vs. Failed Stop (orange); ^, pBon < 0.05 

Failed Stop vs. Correct Go. The black dotted line shows amplitude of MEPs normalized to those at the 

inter-trial interval. 
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aligned to the Stop signal; see Methods; Supplementary Fig. 3]. The average scalp topography 298 

across all participants is shown in Fig. 5b inset. For each participant, we estimated beta bursts; 299 

First, by filtering the data at the peak beta frequency; and Second, by defining a burst threshold 300 

based on the beta amplitude in a baseline period after the Stop signal (500-1000 ms after Stop 301 

signal in the Stop trials, and 500-1000 ms after the mean SSD in the Correct Go trials) (see 302 

Methods; Supplementary Fig 4).  303 

In an exemplar participant, the burst % increased for Successful Stop compared to both 304 

Failed Stop and Correct Go trials prior to SSRTBeh (Fig. 5a). To quantify this across participants, 305 

we compared the mean burst % among the 3 trial-types, and for the time window from the Stop 306 

signal to the SSRTBeh of a participant (StopWin) and the baseline period before the Stop signal 307 

(BaseWin; Go to Stop signal in Stop trials and Go to mean SSD in Correct Go trials). We 308 

performed a 2-way repeated measures ANOVA with mean burst % as the dependent measure, 309 

with trial-type (Successful, Failed Stop, and Correct Go trials) and time-window (StopWin and 310 

BaseWin) as factors. There was a significant main effect of trial-type (F(2,20) = 4.5, p = 0.025, 311 

hp2 = 0.3) and a trial-type by time-window interaction (F(2,20) = 4.0, p = 0.034 hp2 = 0.3), but no 312 

main effect of time-window (F(1,10) = 3.8, p = 0.088, hp2 = 0.3). Post hoc t-tests showed that in 313 

the StopWin there was a significant increase in burst % for Successful Stop (14.6±1.7 %) 314 

compared to both its baseline (9.9±1.7 %; t(10) = 3.3, pBon = 0.022, BF10 = 7.6), and Correct Go 315 

(9.6±1.3 %; t(10) = 3.7, pBon = 0.015, BF10 = 11.8), but not to Failed Stop (10.3±1.6 %; t(10) = 316 

2.1, pBon = 0.198, BF10 = 1.2) (Fig. 5b). Thus, burst % increased for the Successful Stop trials.  317 

To further clarify the temporal relationship between beta activity and our EMG measure 318 

of action-stopping, we quantified the mean burst time (BurstTime in the StopWin) for each 319 

participant. Across participants, the mean BurstTime (115±6 ms) was significantly shorter than 320 
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mean CancelTime (169±10 ms; t(10) = 8.2, p < 0.001, BF10 > 100) and there was also a strong 321 

positive relationship between them (r = 0.76, p = 0.006, BF10 = 10.6; Fig. 5d) [see 322 

Supplementary Fig. 5 for correlation between CancelTime and other burst parameters]. Further, 323 

we show that the observed correlation was not merely an artifact of varying StopWin across 324 

participants (permutation test, p < 0.05; see Methods). Thus, these results show that participants 325 

with an early frontal beta burst also had an early CancelTime.  326 

 327 

 328 

 329 
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 341 

Study 5 (EEG replication): We ran a new sample of 13 participants (see Table 1 for behavioral 342 

results). As above a right frontal IC was extracted for each participant (average topography Fig. 343 

5c inset, see Supplementary Fig 3) and the burst % was compared for the 3 trial-types 344 

(Successful Stop, Failed Stop, and Correct Go) in the two time-windows (StopWin and BaseWin). 345 

Again, a 2-way repeated measures ANOVA with burst % as the dependent measure revealed that 346 

there was a significant main effect of trial-type (F(2,24) = 6.9, p = 0.004, hp2 = 0.4) and a trial-347 

type by time-window interaction (F(1,12) = 5.8,  p = 0.009, hp2 = 0.3; Fig. 5c). Here there was 348 

also a significant effect of time-window on burst % (F(1,12) = 16.1, p = 0.002, hp2 = 0.6). Post-349 

hoc t-tests confirmed that the burst % was greater for Successful Stop (16.2±2.2 %) compared to 350 

its baseline (11.3±1.4 %; t(12) = 3.3, pBon = 0.021, BF10 = 7.6), and Correct Go  (12.0±1.4 %; 351 

t(12) = 3.0, pBon = 0.030, BF10 = 5.3) but not compared to Failed Stop (15.4±1.4 %; t(12) = 1.0, 352 

Figure 5 | Relationship between scalp EEG beta bursts and CancelTime (study 4 and 5). (a) Burst 

% across time for Successful Stop (red), Failed Stop (orange), and Correct Go (green) trials for an 

exemplar participant in study 4 from the right frontal spatial filter. The shaded region represents 

mean±s.e.m. The CancelTime is shown in brown and the SSRTBeh as a cyan line. (b) The mean burst 

probability across all participants for Successful Stop (red), Failed Stop (orange), and Correct Go 

(green) trials and their respective baselines (gray). The bars and cross-hairs represent the mean and 

s.e.m across participants, while the dots represent individual participants. (Inset top right) The 

average scalp topography of all the right frontal ICs across all participants. (c) Same as (b) but for 

study 5. (d) Correlation between mean BurstTime and mean CancelTime. The yellow dots and cross-

hairs represent the participants in study 4, while the light red ones represent participants in study 5. The 

brown line and the shaded area represent the linear regression fit and its 95% confidence interval 

(pooled study 4 and 5). Other details same as Fig. 2d.  
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pBon = 0.957, BF10 = 0.34). Across participants, the mean BurstTime (129±7 ms) was again 353 

significantly shorter than CancelTime (166±8 ms; t(10) = 5.0, p < 0.001 , BF10 > 100) and there 354 

was a significant positive relationship (r = 0.57, p = 0.045, BF10 = 1.9; Fig. 5d). Again, a 355 

permutation test suggested that this correlation was unlikely to result from mere variation in the 356 

length of StopWin across participants (p < 0.05). Combining data from studies 4 and 5 confirms 357 

the strong relationship between right frontal beta BurstTime and CancelTime (r = 0.66, p < 358 

0.001, BF10 = 29.4).  359 

 360 

Discussion 361 

This set of studies provides detailed information about the timing of subprocesses in 362 

human action-stopping. We started with the recently published observations that the standard 363 

behavioral measure of action-stopping (SSRT) is, an over-estimate of stopping speed15,21,22. To 364 

more precisely delve into this, we developed and validated a trial-by-trial method for estimating 365 

stopping speed from EMG. We focused on Successful Stop trials with small impulses (partial 366 

bursts) in EMG activity. The amplitude of such partial EMG activity was ~50% of the amplitude 367 

of EMG activity for outright keypresses, and this decreased at ~160 ms after the Stop signal 368 

(CancelTime). While, one interpretation of this partial EMG activity is that it merely reflects 369 

‘weak’ Go activation that did not run to completion, several lines of evidence strongly suggest it 370 

is a muscle manifestation of the stopped response. First, CancelTime had a strong positive 371 

correlation with SSRTBeh. Second, the variability of CancelTime was positively correlated with 372 

the variability of SSRT estimated from the BEESTS modeling framework. Third, the partial 373 

EMG activity had a profile which was initially similar to the EMG profile seen when actual 374 

keypresses were made, and only diverged at ~55 ms after EMG onset. This initial similarity 375 
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would not be expected if it were a weak Go activation – since previous research has 376 

demonstrated that weak and strong muscle activations have distinct profiles that diverge soon 377 

after onset39. Fourth, our TMS experiment demonstrated that, CancelTime coincided well with 378 

the timing of a putative basal ganglia-mediated global motor suppression25–30. This implies that 379 

the smaller amplitude and earlier decline of the partial EMG activity on Successful Stop was due 380 

to an active suppression of motor output. Fifth, across participants, on Successful Stop trials, 381 

CancelTime correlated strongly with the time of right frontal beta bursts (BurstTime) from scalp 382 

EEG. This is consistent with response inhibition being implemented via right prefrontal cortex12, 383 

and with previous research showing an increase of beta at right frontal electrode sites before 384 

SSRTBeh32,33. Taken together, our results strongly suggest that CancelTime reflects the time of 385 

implementation of an active Stop process at the muscle-level. These results have striking 386 

theoretical and practical implications for response inhibition research and, more widely, our 387 

understanding of impulse control. 388 

 Notably, CancelTime was ~60 ms earlier than SSRTBeh. To better understand this 389 

discrepancy, we calculated SSRT based on the EMG response rather than behavior. We saw that 390 

SSRTEMG better matched CancelTime than did SSRTBeh. Thus, SSRTBeh could be an over-391 

estimation of the duration of the Stop process in the brain. This extra time in SSRTBeh probably 392 

reflects a ‘ballistic stage’ in generation of the button press40,41. We suggest that the maximum 393 

CancelTime reflects the last point at which a Stop process can intervene to prevent responses. 394 

We note that CancelTime (a muscle measurement) is an overestimation of the brain’s stopping 395 

speed since it does not include the corticospinal conduction time, which we estimated at ~20 ms. 396 

Indeed, our TMS results show that global motor suppression, which we take as the time at which 397 

motor areas of the brain are suppressed, is ~140 ms (which is ~15 ms less than CancelTime). 398 
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One important consequence of our observation that the brain’s stopping speed is ~140 ms is that 399 

neural events that mediate stopping need to occur before this time. Indeed, we found that right 400 

frontal beta activity increased ~120 ms after the Stop signal on Successful Stop trials, and also 401 

that, across participants, there was a strong positive relationship between mean BurstTime and 402 

mean CancelTime.  403 

Taken together, these studies motivate a detailed model of the temporal events of action-404 

stopping (Fig. 6). First, we suppose the right frontal beta bursts relate to activity of right inferior 405 

frontal gyrus12,31, and this happens in ~120 ms, which then leads via basal ganglia29 to global 406 

suppression of the primary motor cortex25–28,30 at ~140 ms. After a corticospinal conduction 407 

delay of ~20 ms, this suppression of motor output is then reflected at ~160 ms as a decline in 408 

muscle activity (CancelTime). Finally, SSRTBeh occurs at ~220 ms, after, what we suppose is an 409 

electromechanical delay of ~60 ms.  410 

 411 

 412 

 413 
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 415 
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 418 

 419 

 420 

 421 

This model specifies the chronometrics of stopping in more detail than extant human 422 

models, and, more generally, raises questions about the timing reported in some other studies. 423 

For example, other research has shown that movement neurons in monkey Frontal Eye Field 424 

decrease activity <10 ms before SSRT42, dopaminergic neurons in rodent substantia nigra and 425 

striatum increase activity 12 ms prior to SSRT43, TMS at ~25 ms before SSRT over human 426 

Intraparietal Sulcus prolongs SSRT44, and that P300 human EEG activity ~300 ms after the Stop 427 

signal relates to stopping speed45. Our observations of shorter latencies for prefrontal bursts, 428 

TMS-MEP and muscle CancelTime, raise questions about what is reflected in these late neural 429 

activities. 430 

Our results have several important implications. First, as just noted, they provide 431 

temporal constraints on neuroscience studies of stopping in the brain. They suggest that methods 432 

with high temporal resolution need to focus on the time after the Stop signal and before 433 

CancelTime (indeed CancelTime minus conduction time) rather than before SSRTBeh, and we 434 

provide a novel single-trial metric of stopping. Second, our results have clinical implications. 435 

Whereas meta-analysis shows that SSRTBeh is longer for patients (e.g. ADHD, OCD, and 436 

Figure 6 | Hypothetical model of the temporal cascade of processes underlying human action-

stopping. Following the Stop signal, the right PFC including the rIFC and the preSMA gets activated 

at ~120 ms. These region/s activate the STN of the basal ganglia which in turn activates the globus 

pallidus interna which via its inhibition on the motor regions of the thalamus cuts down the ‘drive’ of 

the motor cortex. This results in a global motor suppression at ~140 ms after the Stop signal. This 

suppression is reflected in the hand muscle at ~160 ms which is measured as the CancelTime. There 

is a delay of ~60 ms at the muscle level which gets added to the behavioral estimate of SSRT. 
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substance use disorder) vs. controls6–11, not all such studies show differences8,46–48. We predict 437 

that our new single-trial method of CancelTime will be more sensitive than SSRTBeh. 438 

Furthermore, future studies can easily estimate within-subject variability in CancelTime, which 439 

will likely discriminate patients from controls. Third, our results provide insight into why 440 

SSRTBeh might only have a modest relationship with more ‘real-world’ measures of 441 

impulsivity15–20. As we show, the SSRTBeh includes not only CancelTime but an extra, and 442 

variable, 60 ms ballistic stage. We expect that future studies may show stronger correlations 443 

between CancelTime and self-report than that seen between SSRTBeh and self-report (also see15); 444 

likewise we predict that right frontal beta burst time might also correlate more tightly with self-445 

report measures. More generally, the detailed timing information of frontal beta at ~120 ms, 446 

global motor suppression at ~140 ms, and CancelTime at ~160 ms points to subprocesses of 447 

action-stopping that provide potential biomarkers that could better explain individual differences 448 

in impulse control.  449 

In conclusion, we provide a detailed timing model of action-stopping that partitions it 450 

into subprocesses that are isolable to different nodes and are surely more precise than the 451 

behavioral speed of stopping. At the core of this timing model is a novel method of measuring 452 

the speed of stopping from the muscles. This provides a single-trial estimate of stopping speed 453 

that could be easily measured with minimal equipment in any lab that studies human 454 

participants. 455 

 456 

Methods  457 
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Participants. All were adult, healthy, human volunteers who provided written informed consent 458 

and were compensated at $20/hour. The studies were approved by the UCSD Institutional 459 

Review Board.  460 

Study 1. Ten participants (4 females; age 22±1 years; all right-handed).  461 

Study 2. Thirty-six participants (19 females; age 19±0.4 years; all right-handed). Two 462 

were excluded for bad behavior (violating the assumptions of the independent race model - 463 

Failed Stop RT < Correct Go RT, and P(Stop) increasing monotonically as a function of SSD), 464 

and two were excluded for noisy EMG data.  465 

  Study 3 (TMS): Eighteen participants (11 females; age 19 ± 0.4 years; 15 right-handed, 2 466 

left-handed) with no contraindications to TMS49. One was excluded for bad behavior.  467 

Study 4 (EEG). Eleven participants (6 females, age 19 ± 0.4 years, all right-handed) 468 

participated. 469 

 Study 5 (EEG): Fifteen participants (9 females, age 21±0.4 years, all right-handed) 470 

participated. Two were excluded from analysis, one for misaligned EEG markers due to a 471 

technical issue, while the other lacked a right frontal brain IC, based on our standard method32,33.   472 

 473 

Stop-signal task. This was run with MATLAB 2014b (Mathworks, USA) and Psychtoolbox50. 474 

Each trial began with a white square appearing at the center of the screen for 500±50 ms. Then a 475 

right or left white arrow appeared at the center. When the left arrow appeared, participants had to 476 

press a key on a vertically oriented keypad using their index finger, while for a right arrow they 477 

had to press down on a key on a horizontally oriented keypad with their pinky finger (Fig. 1b 478 

inset), as fast and as accurately as possible (Go trials). The stimuli remained on the screen for 1 479 

s. If participants did not respond within this time, the trial aborted, and ‘Too Slow’ was 480 
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presented. On 25% of the trials, the arrow turned red after a stop signal delay (SSD), and 481 

participants tried to stop the response (Stop trials). The SSD was adjusted using two independent 482 

staircases (for right and left directions), where the SSD increased and decreased by 50 ms 483 

following a Successful Stop and Failed Stop respectively. Each trial was followed by an inter-484 

trial interval (ITI) and the entire duration of each trial including the ITI is 2.5 s (Fig. 1a).  485 

Study 1 and 2. Participants performed the task with their right hand. They performed 40 practice 486 

trials before the actual experiment, where their baseline SSD was determined and was 487 

subsequently used as the starting SSD in the main experiment. In study 1 and 2, the experiment 488 

had 600 trials divided in 15 blocks, such that each block had 40 trials (450 Go trial and 150 Stop 489 

trials). At the end of each block the participants were presented a figure showing their mean 490 

reaction times (RT) in each block. Participants were verbally encouraged to maintain their mean 491 

reaction time constant across the different blocks and between 0.4 – 0.6 s.  492 

Study 3. Participants performed the task with their left hand. Following 48 practice trials without 493 

TMS, participants performed 12 blocks of the experiment with TMS, with each block consisting 494 

of 96 trials each (72 Go trials and 24 Stop trials).  495 

Study 4. Participants performed the task with their right hand. Following 160 practice trials, 496 

participants performed 4 blocks of 80 trials (240 Go trials and 80 Stop trials).  497 

Study 5. Participants performed the task with their right hand. Following 80 practice trials, 498 

participants 24 blocks of 80 trials each (1440 Go trials and 480 Stop trials).  499 

 500 

EMG recording. EMG data were acquired using a Grass QP511 AC amplifier (Glass 501 

Technologies, West Warwick, RI) with a frequency cut-off between 30 and 1000 Hz.  A CED 502 

Micro 1401 mk II acquisition system sampled the data at 2 kHz. The EMG data were acquired by 503 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 14, 2019. ; https://doi.org/10.1101/700088doi: bioRxiv preprint 

https://doi.org/10.1101/700088
http://creativecommons.org/licenses/by/4.0/


   
 

   
 

27 

CED Signal v4 software (Cambridge Electronic Design Limited, Cambridge, UK) for 2 s 504 

following the fixation cue. The data acquisition was triggered from MATLAB using a USB-505 

1208FS DAQ card (Measuring Computing, Norton, MA). In all 5 experiments, surface EMG 506 

was recorded from both the first dorsal interossei (FDI) and the abductor digiti minimi (ADM) 507 

muscles of the hand (Fig. 1b inset). In the TMS experiment, surface EMG was also recorded 508 

from the task-irrelevant right extensor carpi radialis (ECR) muscle (Fig. 5a). 509 

 510 

TMS. MEPs were evoked using a TMS device (PowerMag Lab 100, MAG&More GMBH, 511 

Munich, Germany) delivering full sine wave pulses, and connected to a figure-of-eight coil (70 512 

mm diameter, Double coil PMD70-pCool; MAG&More GMBH, Munich, Germany). During the 513 

task, the coil was positioned on the scalp over the left primary motor cortex representation of the 514 

ECR muscle and oriented so that the coil handle was approximately perpendicular to the central 515 

sulcus, i.e. at ~45° to the mid-sagittal line, and the initial phase of current induced in the brain 516 

was posterior-to-anterior across the central sulcus. Prior to the experiment, the motor hot spot 517 

was determined as the position on the scalp where slightly supra-threshold stimuli produced the 518 

largest and most consistent MEPs in ECR. The position was marked on a cap worn by the 519 

participants. Resting motor threshold (RMT) was defined as the lowest intensity to evoke an 520 

MEP of at least 0.05 mV in 5 of 10 consecutive trials while participants were at rest. We then 521 

established the test stimulus intensity to be used during task, which was set to produce a mean 522 

MEP amplitude of approximately 0.2 - 0.5 mV whilst the participant was at rest. 523 

MEPs were also evoked in the left FDI muscle prior to beginning the main experiment 524 

for the purpose of recording the corticospinal conduction time. The motor hot spot for the FDI 525 

was defined in a manner similar to that for the ECR. The active motor threshold (AMT) was 526 
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defined as the lowest intensity to evoke a discernible MEP in 5 of 10 consecutive trials, while 527 

participants maintained slight voluntary contraction (~10% of maximum voluntary EMG 528 

amplitude during isometric finger abduction). Then, 10 stimuli were delivered at 150% AMT 529 

during slight voluntary contraction (again 10% of maximum), with the coil oriented to induce 530 

lateral-medial current in the brain in order to obtain estimates of corticospinal conduction time.  531 

During the task, TMS stimuli were delivered on every Stop trial and on 50% of Go trials. 532 

On every Stop trial, a single TMS stimulus at the test stimulus intensity was delivered at one of 533 

six time points: inter-trial interval (100 ms prior to fixation; ITI), 100 ms, 120 ms, 140 ms, 160 534 

ms and 180 ms after the Stop signal (Fig. 4a). On the Go trials, TMS stimuli were yoked to the 535 

time of the Stop signal on the previous Stop trial. Thus, there were 48 trials per TMS time point 536 

on Stop trials and 96 trials per time point on Go trials.  537 

 538 

EEG. 64 channel EEG (Easycap, Brainvision LLC) was recorded in the standard 10/20 539 

configuration at 1 kHz. 540 

 541 

Data analysis. All analyses were performed using MATLAB (R2016b, R2018b, R2019a).  542 

Stop Signal Reaction Time. SSRT from the behavioral responses (SSRTBeh) was determined 543 

using the integration method5. When calculating SSRT using the EMG responses, SSRTEMG, as 544 

the P(Respond|Stop) was often much more than 0.5, we calculated the SSRT individually for the 545 

3 most frequent SSDs and then averaged it51. 546 

EMG data analysis. EMG data were filtered using 4th order Butterworth filter (roll-off 24 547 

dB/octave) to remove 60 Hz noise and its harmonics at 120, and 180 Hz. EMG data were full-548 

wave rectified and the root-mean square (RMS) of the signal was computed using a centered 549 
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window of 50 ms. Any EMG activity which was greater than 8 SD of the mean EMG activity in 550 

the baseline period (Fixation to Go cue) was marked, on a trial-by-trial basis. Starting from the 551 

peak of that EMG activity, the onset was marked at the point where the activity dropped below 552 

20% of the peak for 5 consecutive ms. This method of adjusting the threshold based on the peak 553 

EMG activity, allowed better onset detection than a fixed threshold, especially when the 554 

amplitude of the EMG activity was small. The time when EMG started to decline was 555 

determined as the time when, following the peak EMG activity, the activity decreased for 5 556 

consecutive ms. Visual inspection of individual trials showed that this method provided a reliable 557 

detection of both EMG onsets (see Supplementary Fig. 1a, 1b for EMG onset vs. RT correlation) 558 

and decline. Any detected EMG timing which was beyond 1.5 times the inter-quartile range 559 

(IQR) of the first and third quartile (Q3) of that particular timing distribution was deemed an 560 

outlier. This removed <4% trials. CancelTime was marked as the time of the decline following 561 

the Stop signal. For outlier rejection, CancelTimes had a lower cutoff of 50 ms and higher cutoff 562 

of Q3+1.5´IQR. This removed <3% trials. 563 

 As the peak EMG amplitude for the FDI and ADM muscle were quite distinct, before 564 

averaging the two EMG activities, we normalized the muscle activity by the peak activity in that 565 

particular muscle (VoltageNorm in Fig. 2a, 2b, 3c, Supplementary Fig. 1c). 566 

Global MEP suppression. MEP amplitudes were measured on a trial-by-trial basis. Data were 567 

included for analysis if the following criteria were met: (i) the amplitude of the ECR EMG signal 568 

in a 90 ms period prior to the TMS stimulus was < 0.05 mV; (ii) the amplitude of the MEP fell 569 

within the mean±1.5×IQR of values for the same time point and trial type (Correct Go, Failed 570 

Stop, Successful Stop). Thereafter, MEP amplitudes measured at the ITI were collapsed across 571 

trial type (Correct Go, Failed Stop and Successful Stop), averaged and used as a baseline against 572 
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which to compare other TMS time points. For each of the other TMS time points (100, 120, 140, 573 

160, 180 ms following the Stop signal), data were averaged within each trial type (Correct Go, 574 

Failed stop, Successful Stop) and expressed as a percentage of the mean ITI MEP amplitude. 575 

Corticospinal conduction time. Corticospinal conduction time was determined by delivering 576 

TMS over the hand representation of left FDI and measuring MEP from the muscle (Fig. 4c). 577 

The earliest MEP onset latency across 10 trials was identified by visual inspection of the EMG 578 

traces52–54.  579 

Trial-by-trial analysis of the time of the CancelTime and time of global motor suppression. To 580 

compare the temporal association between the EMG decline and MEP suppression, we 581 

performed a trial-by-trial analysis of stop-signal task data only on trials where an EMG burst was 582 

detected. We first normalized the time of TMS on a given trial by subtracting the time of EMG 583 

decline from the time of the TMS pulse. Hence, negative values mean that TMS was delivered 584 

before the EMG decline and positive values mean that TMS was delivered after. We then plotted 585 

MEP amplitudes for each of the three response types (Correct Go, Failed Stop, and Successful 586 

Stop) against the normalized times binned into 30 ms windows. This analysis meant that for a 587 

given individual there were relatively few trials per time bin, and some bins would occasionally 588 

contain no data. Therefore, we combined data across all individuals. Prior to this, MEP 589 

amplitudes for each individual were normalized to the mean MEP amplitude at the inter-trial 590 

interval, to account for inter-individual variability in absolute MEP amplitudes at baseline. We 591 

restricted our analysis to time bins that contained at least 50 trials, which resulted in time range -592 

90 ms to 60 ms.   593 

EEG Preprocessing. We used EEGLAB55 and custom-made scripts to analyze the data. The data 594 

were downsampled to 512 Hz and band-pass filtered between 2-100 Hz. A 60 Hz and 180 Hz 595 
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FIR notch filter were applied to remove line noise and its harmonics. EEG data were then re-596 

referenced to the average. The continuous data were visually inspected to remove bad channels 597 

and noisy stretches.  598 

ICA analysis. The noise-rejected data were then subjected to logistic Infomax ICA to isolate 599 

independent components (ICs) for each participant separately38. We then computed the best-600 

fitting single equivalent dipole matched to the scalp projection for each IC using the DIPFIT 601 

toolbox in EEGLAB55,56. ICs representing non-brain activity related to eye movements, muscle, 602 

and other sources were first identified using the frequency spectrum (increased power at high 603 

frequencies), scalp maps (activity outside the brain) and the residual variance of the dipole 604 

(greater than 15%) and then, subtracted from the data. A putative right frontal IC was then 605 

identified from the scalp maps (if not present then we used frontal topography) and the channel 606 

data were projected onto the corresponding right frontal IC. The data on Successful Stop trials 607 

were then epoched from -1.5 s to 1.5 s aligned to the Stop signal. We estimated the time-608 

frequency maps from 4 to 30 Hz, and -100 to 400 ms using Morlet wavelets with 3 cycles at low 609 

frequencies linearly increasing by 0.5 at higher frequencies. The IC was selected only if there 610 

was a beta power (13 to 30 Hz) increase in the window between the Stop signal and SSRTBeh 611 

compared to a time-window prior to the Go cue (-1000 to -500 ms aligned to Stop signal). In 612 

each participant, the beta frequency which had the maximum power in this time window was 613 

used in the beta bursts computation (Supplementary Fig. 3).  614 

Beta Bursts. To estimate the beta bursts, the epoched data were first filtered at the peak beta 615 

frequency using a frequency domain Gaussian window with full-width half-maximum of 5 Hz. 616 

The complex analytic envelope was then obtained by Hilbert transform, and its absolute value 617 

provided the power estimate. In each participant, to define the burst threshold, the beta amplitude 618 
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within a period of 500 to 1000 ms (i.e. after the Stop signal in the Stop trials, and after the mean 619 

SSD in the Correct Go trials) was pooled across all trials [compared to the ICA analysis here we 620 

picked a different time-window to estimate the burst threshold to keep the analysis unbiased. 621 

However, picking the same time-window also yielded similar results]. The threshold was set as 622 

the median + 1.5 SD of the beta amplitude distribution (Supplementary Fig. 4). Once the burst 623 

was detected, the burst width threshold was set as the median + 1 SD. We binary-coded each 624 

time point where the beta amplitude crossed the burst width threshold to compute the burst % 625 

across trials. For each detected burst, the time of the peak beta amplitude was marked as the 626 

BurstTime. 627 

 628 

Statistical analysis. For pairwise comparisons, the data were first checked for normality using 629 

Lilliefors test, and if normally distributed a two-tailed t-test (t-statistic) was performed, else a 630 

Wilcoxon signed rank test (Z-statistic) was performed. We interpret the effect sizes as small 631 

(Cohen’s d: 0.2-0.5; Bayes Factor in favor of the alternate hypothesis, BF10: 1-3), medium (d: 632 

0.5-0.8; BF10: 3-10), large (d > 0.8; BF10 > 10). For comparisons across multiple levels, repeated-633 

measures ANOVA was used, followed by Bonferroni corrected t-tests for pairwise comparisons 634 

(Bonferroni corrected p-value: pBon). The Greenhouse-Geisser correction was applied where the 635 

assumption of sphericity in ANOVA was violated (corrected F-statistic: FGG). Effect sizes for 636 

ANOVAs were interpreted as small (partial eta-squared, hp2: 0.01-0.06), medium (hp2: 0.06-637 

0.14), and large (hp2 > 0.14). For correlational analyses, Pearson’s correlation coefficient (r) was 638 

usually used, but Spearman’s correlation coefficient (r) was used when the data bounded in a 639 

closed interval. All data are presented as mean±s.e.m. 640 
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In testing the relationship between BurstTime and CancelTime, we performed a 641 

permutation test. We sampled BurstTimes randomly from a uniform distribution between 0 and 642 

SSRTBeh for a given participant for 3000 iterations. For each iteration, we then computed the 643 

correlation (r) between the mean BurstTime and the mean CancelTime across participants. This 644 

generated a distribution of r ranging between -1 and 1. The p-value for our analysis was 645 

determined as the P(r³rObs|H0) in the permuted data.  646 

 647 

Bayesian modelling of behavioral data 648 

We used the BEESTs model developed by Dora Matzke and colleagues (run in R Studio 649 

1.1.463) which assumes a race between two stochastically independent process, a Go and a Stop 650 

processes. This model estimates the distribution of the SSRT by using the participant’s Go RT 651 

distribution, and by considering the Failed Stop RTs as a censored Go RT distribution. The 652 

censoring points are sampled randomly from the SSRT distribution on each Stop trial. The RT 653 

distributions underlying the Go and Stop process is assumed to have a Gaussian and an 654 

exponential component and is described 3 parameters (µGo, sGo, tGo and µStop, sStop tStop). For 655 

such ex-Gaussian distributions, the mean and variance of the RT distribution are determined as µ 656 

+ t and µ2 + t2, respectively. The model also estimates the probability of trigger failures for each 657 

participant. The model uses Bayesian Parametric Method (BPE) to estimate the parameters of the 658 

distributions. We used a hierarchical BPE, where individual subject parameters are modeled with 659 

the group-level distributions. This approach is thought to be more accurate than fitting individual 660 

participants and is effective when there is less data per participant57. We pooled the subjects 661 

across both study 1 and 2 to estimate the individual parameters. The priors were bounded 662 

uniform distributions (µGo, µStop: U(0,2);  sGo, sStop: U(0,0.5) tGo, tStop: U(0,0.5); pTF: U(0,1)). 663 
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The posterior distributions were estimated using the Metropolis-within-Gibbs sampling and we 664 

ran multiple chains. We ran the model for 5000 samples with a thinning of 5. The Gelman-Rubin 665 

(R̂) statistic was used to estimate the convergence of the chain. Chains were considered 666 

converged if R̂ < 1.1. 667 
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