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Abstract 46 
 47 

Movement inhibition is an aspect of executive control that can be studied using the countermanding 48 
paradigm, wherein subjects try to cancel an impending movement following presentation of a stop-49 
signal. This paradigm permits estimation of the stop-signal reaction time (SSRT), or the time needed 50 
to respond to the stop signal. Numerous countermanding studies have examined fast, ballistic 51 
movements like saccades, even though many movements in daily life are not ballistic, and can be 52 
stopped at any point during their trajectory. A benefit of studying the control of non-ballistic 53 
movements is that antagonist muscle recruitment, which serves to actively brake a movement, 54 
presumably arises in response to the stop signal. Here, nine human participants (2 female) 55 
performed a center-out whole-arm reaching task with a countermanding component, while we 56 
recorded the activity of upper-limb muscles contributing to movement generation and braking. The 57 
data show a clear response on antagonist muscles to a stop signal, even for movements that have 58 
barely begun. As predicted, the timing of such antagonist recruitment relative to the stop signal co-59 
varied with conventional estimates of the stop-signal reaction time, both within and across subjects. 60 
The timing of antagonist muscle recruitment also attested to a rapid reprioritization of movement 61 
inhibition, with antagonist latencies decreasing across sequences consisting of repeated stop trials; 62 
such reprioritization also scaled with error magnitude. We conclude that antagonist muscle 63 
recruitment arises as a manifestation of a stopping process, providing a novel, accessible, and within-64 
trial measure of the SSRT.  65 
 66 

 67 

 68 

Significance Statement 69 
The countermanding or stop-signal paradigm permits estimation of how quickly subjects cancel an 70 
impending movement. Traditionally, this paradigm has been studied using simple movements like 71 
saccadic eye movements or button presses. Here, by measuring upper limb muscle activity while 72 
human subjects countermand whole-arm reaching movements, we show that movement 73 
cancellation often involves prominent recruitment of antagonist muscles that serves to actively brake 74 
the movement, even on movements that have barely begun. The timing of antagonist muscle 75 
recruitment correlates with traditional estimates of movement cancellation. Since they can be 76 
detected on a single trial basis, muscle-based measures may provide a new way of characterizing 77 
movement cancellation at an unprecedented within-trial resolution.  78 

 79 

 80 

 81 

 82 

  83 



 

 2 

Introduction 84 
Sudden events often require the abrupt cancelation of an impending movement. Movement 85 

cancelation is an aspect of executive control that can be studied using the countermanding (or stop-86 

signal) paradigm (Logan et al., 1994), which requires subjects try to cancel an impending movement 87 

following presentation of a stop-signal. The countermanding paradigm permits estimation of the 88 

time needed to react to the stop signal (the stop signal reaction time: SSRT; (Logan et al., 1984)). 89 

Although the SSRT cannot be empirically measured, its estimation provides a temporal marker to 90 

which neural activity can be related, differentiating neural activity plausibly involved in movement 91 

cancelation (Hanes et al., 1998; Paré and Hanes, 2003; Mirabella et al., 2011) from that related to 92 

involved in performance monitoring or other aspects of executive control (Scangos and Stuphorn, 93 

2010; Stuphorn et al., 2010). SSRT estimation also has clinical relevance in psychiatric disorders 94 

characterized by poor inhibitory control, such as obsessive-compulsive disorder, schizophrenia, or 95 

Parkinson's disease (Gauggel et al., 2004; Lipszyc and Schachar, 2010).  96 

 Movement cancellation has been best studied using rapid, seemingly ballistic, movements 97 

like saccades (Hanes and Schall, 1995; Hanes and Carpenter, 1999), button press responses (Logan 98 

and Cowan, 1984; Logan and Irwin, 2000), or utterances (Xue et al., 2008). Stop signal performance 99 

on such tasks is easily categorized into canceled or non-canceled subtypes. However, many 100 

movements are not ballistic. For example, whole-arm reaching moves a multi-segmental body part 101 

that is endowed with considerable inertia; the motion itself also lasts long enough to permit the 102 

opportunity for modification. Reaching movements are under control throughout their entire 103 

trajectory (Georgopoulos et al., 1981), meaning that an ongoing movement can either be arrested or 104 

superseded by a new movement in midflight (for review see (Battaglia-Mayer et al., 2014; Gaveau et 105 

al., 2014)). Accordingly, the definition of cancellation with these and other manual movements is 106 

arbitrary (De Jong et al., 1990; McGarry and Franks, 2003): is a successfully canceled movement one 107 

that is stopped just prior to reaching the movement goal, or one that features absolutely no sign of 108 

an overt movement? Complicating matters further, even overtly canceled movements where no 109 
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obvious movement occurs may exhibit initial patterns of muscle recruitment, meaning that the 110 

movement commands were not fully inhibited (De Jong et al., 1990; Burle et al., 2002; McGarry and 111 

Franks, 2003). 112 

 There are potential benefits for studying cancellation of non-ballistic movements. Chief 113 

amongst these is that cancellation often requires active braking via recruitment of antagonist 114 

muscles (Kudo and Ohtsuki, 1998; Goonetilleke et al., 2010). If one presumes that antagonist muscle 115 

recruitment arises in response to the stop signal, then time between the stop signal and the onset of 116 

antagonist recruitment, which we term the antagonist latency, provides a within-trial measure of the 117 

SSRT. In support of this, during head-free gaze shifts, SSRT estimates for gaze shift cancellation 118 

correlate with the timing and variance of the antagonist latency measured from neck muscles 119 

(Goonetilleke et al., 2010; Goonetilleke et al., 2012). Such neck muscle antagonist latencies also vary 120 

with immediate trial history (Corneil et al., 2013), showing proactive adjustments of movement 121 

cancellation at a single trial resolution that surpasses what could be gained via SSRT estimates.  122 

 Here, we investigate the relationships between SSRT estimates of movement cancellation 123 

and antagonist latencies during whole-arm reaching movements, targeting muscles of the upper limb 124 

that contribute to movement generation and active braking. Reaching movements offer a novel 125 

platform for studying the correlates of movement cancellation in the periphery, given the well-126 

known proximal-to-distal muscle recruitment sequence during whole arm reaching (Karst and Hasan, 127 

1991).  We present a rich dataset consisting of quantifiable responses to the stop signal in the motor 128 

periphery, even on trials where movements have barely begun. Moreover, an analysis of immediate 129 

trial history shows an unexpected weighting of error magnitude, with larger post-error adjustments 130 

occurring after larger-magnitude errors. 131 

 132 

Methods 133 

Participants. Nine subjects (2 female, aged 30.2 ± 8.7 (mean ± STD) years old, all right-handed) 134 

participated with informed consent and received payment. This sample size is somewhat lower than 135 
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that typically found in stop-signal studies in humans, owing to the use of intramuscular fine-wire 136 

electrodes. Participants did not report any neurological deficits and all had normal or corrected-to-137 

normal vision. All procedures were approved by the University Research Ethics Board for Health 138 

Science Research at the University of Western Ontario and were in accordance with the Declaration 139 

of Helsinki. Participants were aware that they could terminate testing at any time. Two participants 140 

(pp3 and pp7, BDC and JA respectively) were authors and hence were knowledgeable about the 141 

specific goals of the experiment. Their results did not differ from the remaining participants who 142 

were naïve to the experimental goals. Five subjects had also never participated previously in either a 143 

stop-signal or a whole-arm reaching study, and their results also did not differ from those of other 144 

subjects. 145 

 146 

Apparatus. The reaching apparatus and electromyographic (EMG) recording setup have been 147 

described previously (Wood et al., 2015; Gu et al., 2016). Briefly, participants performed leftward or 148 

rightward reaching movements in the horizontal plane while holding the handle of a robotic 149 

manipulandum (InMotion Technologies) with the right arm (Fig. 1A). The x- and y- positions of the 150 

manipulandum were recorded at 600Hz at a sub-millimeter resolution. Stimuli were generated using 151 

Tool Command Language. A custom build air sled was positioned under the right elbow to reduce 152 

friction. Real-time feedback of hand position was displayed as a red dot (2.9mm radius) on a white 153 

background by a downward facing LCD (Sony Bravia KDL-46V3000, output 150Hz, input 60Hz), 154 

viewed via an up facing mirror that obscured view of the hand and manipulandum. A photodiode 155 

placed at target height at the right edge of the display, recorded target and stop-signal onset times. 156 

No background loading force was applied to the arm.  157 

 158 

Electromyography (EMG). EMG activity from the clavicular head of the right pectoralis major (PEC) 159 

and posterior deltoid (DELT) were recorded using two pairs of intramuscular fine-wire electrodes and 160 

one surface electrode per muscle. Both muscles are proximal muscles that span the shoulder joint 161 
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and are recruited very early during whole-arm reaching movements (Karst and Hasan, 1991). In our 162 

setup, PEC and DELT are active prior to leftward or rightward movements of the right arm, 163 

respectively (Wood et al., 2015). In this manuscript, we focus primarily on intramuscular EMG 164 

recordings as its higher signal-to-noise ratio promotes improved detection of rapid changes in muscle 165 

recruitment, although surface EMG recordings lead to similar conclusions. We had to rely on surface 166 

recordings of DELT in participants pp1 and pp4, as the intramuscular recordings were lost during 167 

their session. For each intramuscular recording, we inserted two monopolar electrodes (A-M 168 

Systems) staggered by ~1 cm to enable recording of multiple motor units. For PEC, insertions were 169 

aimed ~1 cm inferior to the inflection point of the clavicle. For DELT, insertions were aimed at the 170 

middle belly of the posterior deltoid. Intramuscular EMG activity was recorded with a Myopac Junior 171 

system (Run Technologies, low-pass filter modified to 2 kHz). Surface EMG was recorded with 172 

doubled-differential electrodes (DE-2.1, Delsys Inc., Natick, MA, USA), placed on the same muscle 173 

fiber belly, but displaced from the intramuscular electrodes. Both the surface and intramuscular EMG 174 

signals were digitized at 4kHz.  175 

 176 

Behavioral Task. Subjects performed a center-out reaching task with a countermanding component, 177 

which required them to move to a peripheral target on 70% of all trials (no-stop trials), but to try to 178 

cancel this movement when a stop signal appeared (stop trials; 30% of all trials). Subjects began each 179 

trial by reaching to black central stimulus (8.2mm radius) that served as the central starting position. 180 

After a randomized delay (1-2 s), a peripheral black target (8.2mm radius) appeared randomly 0.2 m 181 

to the left or right of the central position, at a visual angle of roughly 20° relative to the central 182 

starting position (derived from the geometry of the apparatus). On no-stop trials, subjects were 183 

instructed to reach as soon as possible to the target, and had 1.5s in which to do so. On stop trials, 184 

the black central stimulus re-appeared after a pre-determined delay (stop signal delay; SSD). Subjects 185 

were instructed to try to keep the hand at the central position on stop trials, and hence they 186 
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returned their hand to the central position after small errors. The next trial began after another 187 

randomized delay (1-2s).  188 

 A stop trial was considered successfully canceled when the hand remained within the 0.01 m 189 

radius of the starting position, and non-canceled when the hand crossed the 0.01 m radius (Figure 190 

1B). No feedback was given regarding the outcome of a stop trial. The SSD was varied adaptively via a 191 

1-up/1-down staircase with a step size of ~28 ms, so that participants were able to cancel 192 

movements within these constraints on approximately half of all stop trials. This stair-casing method 193 

will preferentially sample SSDs where p(move) ~ 0.5, and will rarely sample p(move) < 0.2 or p(move) 194 

> 0.8. SSDs were constrained between 50 and 500 ms, and the first SSD was set to 150 ms. Because 195 

the input and output refresh rate of the display did not match, there was some scatter in SSD timings 196 

(standard deviation ~15 ms). The actual SSD presented to the subject was used whenever possible 197 

(e.g., for calculation of measures related to antagonist muscle recruitment). However, since this 198 

scatter would have occasionally reduced the number of observations from a given SSD below that 199 

needed for the integration method of calculating SSRT, SSDs were binned (16.7 ms width) for the 200 

construction of the inhibition function (see below).  201 

Each participant completed one session with a total of 1600 trials, preceded by at least 100 202 

practice trials. After each block of 200 trials, the experiment was paused for at least two minutes. 203 

The experiment, including electrode placement, took about two hours.  204 

 205 

Analysis of movement kinematics. Data analyses were performed offline. Hand position recordings 206 

were analyzed in the left-right dimension only. Movement reaction time (RT) was defined as the 207 

interval between target onset and the moment the hand departed from a circle of 0.01 m radius, 208 

centered around the starting position. Note that for both the RT measure and the classification of 209 

stop trials the same, albeit arbitrary, criterion was used. To quantify movement amplitude for all 210 

trials (including canceled stop trials) we computed the maximum deviation of hand position, relative 211 

to the position at target onset, in the direction of the target within one second after target onset.  212 
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 213 

Independent Race model. Performance in the countermanding paradigm can be analyzed within the 214 

framework of an independent race model (Logan and Cowan, 1984). In this model, the outcome of a 215 

stop trial depends on which process finishes first: a 'go process' initiated upon target presentation 216 

which results in movement generation toward the target, or a 'stop process' initiated by stop signal 217 

presentation which results in movement inhibition. The two processes are assumed to proceed 218 

independently. 219 

 One way the SSRT can be inferred is via the “integration method” (Logan et al., 1994), which 220 

requires the RT distribution from no-stop trials, and the inhibition function that plots the proportion 221 

of non-canceled trials as a function of SSD (Figure 1C). At each SSD, the SSRT is determined by 222 

subtracting the SSD from the point that subdivides the RT distribution into the proportion of non-223 

canceled trials from the inhibition function. The rationale here, given the assumed independence of 224 

the stop and go processes, is that this point differentiates those trials that would have escaped 225 

inhibition on stop trials (which lie below the point of subdivision) from those that would have been 226 

canceled (above the point of subdivision) had a stop-signal been provided. As suggested elsewhere 227 

(Logan et al., 1994), we avoided SSDs where the probability of movement fell below 0.1 or exceeded 228 

0.9. SSRT mean and variance are then derived from SSRTs estimated at qualifying SSDs. Another way 229 

of estimating the SSRT is to fit a cumulative Weibull function to the inhibition function (similar to that 230 

used in Scangos and Stuphorn, 2010), and the SSD at which P(move) = 0.5 is extracted (we term this 231 

the “Weibull method”). This SSD is then subtracted from the mean of the RT distribution to extract 232 

the SSRT. In theory, SSRTs estimated via both methods are equivalent. Consistent with this, SSRT 233 

estimates calculated via either method were very similar within a subject (Table 1). With the 234 

exception of some tests of the independent race model that require SSRT estimates at each SSD, 235 

reported SSRTs are the average of that obtained via the two methods. 236 

 237 
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Determining the onset and offset of muscle recruitment. Central to our experimental aim is the timing 238 

of changes in muscle recruitment. Defining both the onset and offset of bursts of EMG activity within 239 

a single trial at a high temporal resolution is not straightforward, given the variability of background 240 

EMG activity before target onset, and the fact that recruitment on canceled stop trials can be both 241 

brief and small. Rather than adopting a simple thresholding approach (e.g., based on transitions 242 

across 2-3 standard deviations above mean baseline activity), we adopted an algorithm for detecting 243 

recruitment timing based on the work by Liu and colleagues (2015). This work characterizes the 244 

logarithmic distribution of the EMG signal as a mixture of Gaussian normal distributions, including 245 

low-power baseline distributions and a high-power 'burst' distribution (Fig. 2). Using this Gaussian 246 

mixture model, at each time point (0.25ms steps) a burst presence probability was estimated for 247 

several frequency bands in parallel, and together with a clustering algorithm the burst of interest was 248 

extracted (see next section for full details). The algorithm was run from 110 ms after target onset to 249 

avoid the stimulus-locked response (SLR), which is a burst of EMG recruitment time-locked to 250 

peripheral stimulus onset (Pruszynski et al., 2010; Wood et al., 2015; Gu et al., 2016). All detected 251 

onset and offset times were visually inspected by a trained observer, using a custom written Matlab 252 

program, and corrected where needed (6.7% of instances). Figure 1D provides an overview of the 253 

within-trial measures. The agonist latency is defined as the interval between target onset and the 254 

start of the detected agonist burst. The antagonist latency is defined as the interval between stop 255 

signal onset and the start of the detected antagonist burst. We also defined the agonist offset latency 256 

as the interval between stop signal onset and the end of the agonist burst, as an alternative measure 257 

to the antagonist latency. Agonist offset was less pronounced and therefore less reliable than the 258 

antagonist onset.   259 

 260 

Gaussian Mixture Model (GMM). The log power signal obtained from differential EMG electrodes can 261 

be modeled by a mixture of Gaussian normal distributions (Liu et al., 2015). We estimated EMG 262 

power by applying a Discrete Fourier transform (4ms, 16 sample Hamming window, with 0.25ms 263 
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overlap) to produce 9 distinct frequency bands (0, 250...2000Hz). Power values were expressed in 264 

decibels referenced to the band's mean power: . We analyzed EMG activity in the 265 

frequency domain since EMG activity can oscillate in a broad range of frequencies, some of which 266 

contain more information that others regarding the presence of a burst. Each band was Initially 267 

analyzed separately, with information being combined only at a later step for frequency bands that 268 

best informed about burst presence or absence (see below).  269 

 One difference from the method proposed by Liu et al. (2015) is that we defined three, not 270 

two, states of muscle activity: rest ( , low power), baseline activity ( , intermediate power), 271 

and burst ( , high power). Having three states provided a better characterization of EMG 272 

activity, particularly during the baseline period where EMG activity consisted of brief occasional 273 

bursts of activity. Thus, our GMM consists of three components: 274 

 
(1) 

where  is the a priori probability of state , which is modeled by parameter  (with 275 

), and  is the conditional probability distribution of observing log power 276 

value  given state , modeled by a normal probability density function: 277 

 
(2) 

where  and  are the mean and variance of the Gaussian distribution for the given hypothesis 278 

. Using Bayes rule, we can infer the probability of state  given  as follows: 279 

 
(3) 

This forms the basis for estimating the burst probability . The parameter set 280 

, , and  is estimated for every trial in a series of steps, 281 

which follow from the following assumptions: 282 
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1) In the 500ms ‘baseline’ period preceding target onset, the state of the muscle is either 283 

rest ( ) or baseline ( ), but never burst ( ). Thus, the probability density of 284 

 in the baseline period can be estimated with a two component GMM.  285 

2) If an arm movement is made towards the target, then the probability density of  in the 286 

2000ms period after target onset resembles the GMM of the baseline period, but with a 287 

third component added ( ) with . The 2000 ms duration ensures that 288 

muscle activity related to both the outgoing and return movement is included. 289 

3) We expect the burst state parameters , , and  to change slowly over time (e.g. 290 

fatigue), while the baseline parameters are expected to change more rapidly from trial to 291 

trial (e.g. because of posture changes).  292 

 293 

Fits were performed using Matlab's fminsearch function by maximizing the log likelihood of the signal 294 

under the model. The baseline fit provided the trial's ,  and preliminary weights  and 295 

 (with ). These weights are termed preliminary, because they were lowered once  296 

was known. Note that not all trials contain movements: a muscle may never reach state 3 on a stop 297 

trial. Thus, to estimate the third component ( , , and ) we used the previous three no-stop 298 

trials, as the muscle must have reached the burst state at some point on these trials. Using the 299 

previous three no-stop trials instead of a single no-stop trial resulted in more robust fits. For these 300 

three reference trials, the baseline periods were taken together and fitted using a two-component 301 

GMM. Then, for these trials the 2000ms periods after target onset were taken together and fitted 302 

with the three-component GMM in which the first two components were adopted from the two-303 

component fit with their weights ( ) fixed proportionally to each other. Now the full GMM for the 304 

reference trials is known, only , , and  are transferred to the current trial's GMM fit with the 305 

first two weights now being:  and . 306 

 Once the three-component GMM for a given trial is established, the probability of the muscle 307 

being in burst state at the i'th time point,  can be computed using equation 3. However, 308 
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this ignores the variability between samples that are close in time. For example, we assume that 309 

muscles will transition into or out of a burst state intermittently. Accordingly, our analysis of burst 310 

state probability not only includes sample , but also a few nearby samples to make the state 311 

estimate more reliable. Recall however that EMG activity was Fourier-transformed with a 16 sample 312 

window, hence samples that are too close in time will already be highly correlated. Instead, we found 313 

that including , , and  into the computations at time point  provided reliable results. The 314 

burst probability at  is now given by: 315 

 
(4) 

 316 

The parameter and state estimations were carried out for all 9 frequency bands independently. The 317 

inferred weighting parameter  provided information regarding which frequency bands best 318 

differentiated the presence or absence of a burst. If < .005 or ≥ .3, we excluded the band for 319 

that trial, because it is unlikely that the muscle was in a burst state less than 0.5% or more than 30% 320 

of the time in the previous go trials. 321 

 Next, the overlap of the distribution  with the combined distribution 322 

 was estimated for each frequency band. The frequency bands showing the least 323 

overlap were included for the actual burst detection, as these could dissociate best between the 324 

burst and no-burst states (up to three bands were included). The burst probability vectors of the 325 

included frequency bands were then averaged, and transformed into a binary vector: 326 

.  327 

 Because hand kinematics were also recorded, we used the time at which hand velocity 328 

crossed 0.01 m/s in the direction of the target to constrain the timing of acceptable bursts. The 329 

window for acceptable agonist or antagonist onsets began 150 ms or 80 ms before this velocity 330 

crossing, respectively. If hand velocity did not cross 0.01 m/s within a trial (as on canceled stop trials), 331 

agonist and antagonist onsets that occurred up to 1 s after target onset were considered. In addition, 332 
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the antagonist onset was only accepted if it occurred after the agonist onset. To remove noise from 333 

the binary vector, sequential bursts (a cluster of adjacent ones) that totaled less than 4 ms were 334 

removed. Subsequently, bursts were concatenated if they were less than 50 ms apart. The first 335 

detected burst was considered the burst of interest, taking into account the constraints noted above.  336 

 337 

Data exclusion. A trial was excluded from the analyses when the antagonist latency was higher than 338 

350ms (1.0% of all stop trials) or when the agonist offset latency was negative (i.e. agonist 339 

withdrawal occurred before stop signal onset) (1.0% of all stop trials), because these occurrences are 340 

not linked to prompt processing of the visual stop signal. Furthermore, when on visual inspection the 341 

burst onset appeared ambiguous because of a gradual increase in muscle recruitment, or when an 342 

initial small movement was followed by a larger movement a few hundred milliseconds later, the trial 343 

was excluded (3.8%). For one participant (pp8) agonist onsets could not be determined reliably 344 

because of tonic co-contraction before movement onset. Therefore, agonist onset markers of this 345 

participant were discarded. 346 

 347 

Model simulations. We tested aspects of our observed data against that predicted by an independent 348 

race between manifestations of the go and stop process. To do this, bootstrapping simulations were 349 

conducted by taking random samples from the observed agonist latency (relative to the go signal), 350 

antagonist latency (relative to the stop signal), and the sampled SSD. Each sample of these three 351 

values then produced an interval between agonist and antagonist burst onset, which as an example 352 

we could use to predict the movement amplitude that would be associated with such an interval 353 

(using a fitted cumulative Gaussian).  354 

 355 

Experimental design and statistical analysis: All statistical analyses were performed in Matlab 356 

(version R2104b). When applicable, results are expressed as mean ± STD, unless otherwise noted. 357 

Comparisons of within-subject or across-subject results were conducted via paired or two-sample t-358 



 

 13 

tests, respectively. Pearson’s correlation was used to correlate various measures, as reported in the 359 

results. The level of significance was set to p < 0.05. Effect sizes are reported as Cohen’s d for t-tests 360 

and partial 2 for ANOVAs. 361 

 362 

Results 363 

We studied muscle recruitment during whole-limb reaching movements in a countermanding task. 364 

We hypothesized that the timing of antagonist muscle recruitment arises from the completion of the 365 

stop process, and hence should relate to both stop signal onset and the estimated SSRT. First we 366 

describe behavior on the basis of hand position recordings in the conventional manner used in 367 

countermanding studies. Then we present the patterns of muscle recruitment on agonist and 368 

antagonist muscles. We conclude with an investigation of the agonist and antagonist recruitment 369 

latencies with trial history, to examine if they provide evidence for proactive and opposing 370 

adjustments in processes related to movement generation and inhibition, as has been reported 371 

previously in neck muscles during control of orienting eye-head gaze shifts (Corneil et al., 2013). 372 

 373 

Continuous control of reaching 374 

Figure 3 shows the horizontal component of hand movement traces of a representative participant. 375 

In this plot, each trace represents a single trial, aligned to the onset of either the right or left target. 376 

In the no-stop trials (Fig. 3A), movement amplitudes scatter around the target (rotated histograms to 377 

the right of the movement traces). As expected, there is substantial variance in movement RT, as 378 

summarized by the respective RT distributions above or below the movement traces.  379 

 In stop trials, the target suddenly jumps back to the central position after a variable SSD, 380 

instructing the participant to try to withhold the movement. The data in Fig. 3B and C are further 381 

segregated based on whether the participant generated a movement beyond the 0.01 m criterion 382 

(Fig. 3B, non-canceled trials) or not (Fig. 3C, canceled trials). For this participant, the SSD ranged 383 

between 125 and 425 ms (color-coded SSD histograms just above position traces; note preferential 384 
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sampling of intermediate SSDs). A substantial proportion of non-canceled movements failed to attain 385 

the target, but were arrested in midflight (e.g., compare movement amplitude histograms in Fig. 3A 386 

and B). Furthermore, non-canceled trials have shorter RTs than no-stop trials (compare RT 387 

histograms in Fig.  3A and B; no-STOP RTs = 501  77 ms, non-canceled RTs = 463  75 ms; two-tailed 388 

t-test t1250 = 6.56, p < 10-10, Cohen’s d = 0.51), suggesting that presumably long RT movements can be 389 

canceled on trials with long SSDs. The color-coding of the movement RT distributions support this 390 

supposition: for short SSDs (red/orange), only movements with short RTs escape inhibition. In 391 

contrast, the movement traces on canceled trials barely deviate at all (Fig. 3C), and there are more 392 

canceled trials with early SSDs compared to non-canceled trials, and more non-canceled trials with 393 

late SSDs than canceled trials. Thus, as expected, the probability of successfully canceling a 394 

movement increases the earlier the stop signal is presented. 395 

 As mentioned, the reach behavior of this participant was representative of our sample. To 396 

show this, Fig. 4 illustrates the movement amplitudes of all participants on no-stop trials (Fig. 4A) 397 

versus non-canceled stop trials (Fig. 4B). Note how movement amplitude for non-canceled trials 398 

ranged from the target location down to the 0.01 m boundary between canceled and non-canceled 399 

movements. This observation reinforces the non-ballistic nature of these whole-arm reaching 400 

movements, so that ongoing movements can be canceled at any point before reaching the target. 401 

 In Fig. 5, we quantify a number of other observations both for the representative participant 402 

(top row), and across our sample (bottom row). The inhibition functions (Fig. 5A,B) show the 403 

proportion of non-canceled stop trials as a function of SSD, and as expected, the proportion of non-404 

canceled trials increases with longer SSDs (Lappin, 1966). All participants exhibited this pattern, 405 

although there was substantial inter-subject variability in where this function was centered along the 406 

x-axis (Fig. 5B), in part due to how quickly subjects reacted on no-stop trials. Note that these 407 

inhibition functions are primarily centered near p(move) = 0.5 and did not extend to p(move) < 0.1 or 408 

p(move) > 0.9; this is due to our use of the one-up/one-down stepping procedure used to determine 409 

the SSD on the next trial. The inhibition function can be used along with the RT distributions to 410 
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estimate the SSRT, or the time needed to react to the stop signal. Across our sample, SSRTs derived 411 

from the integration method and Weibull method were very similar (Table 1; Linear regression, r = 412 

0.970, t(7) = 16.235, p < 10-6), justifying averaging. SSRTs averaged 244 ± 28 ms (mean ± standard 413 

deviation), ranging from 215 to 295 ms, which conforms well with previously reported SSRTs for a 414 

variety of manual responses (Mirabella et al., 2006; Boucher et al., 2007; Brunamonti et al., 2012). 415 

 416 

Movements conform to the independent race model 417 

The independent race model makes a number of predictions about reaching behavior that we can 418 

test against our observations. For example, the independent race model predicts that SSRTs should 419 

decrease for longer SSDs, since only those stop processes that proceed faster can produce movement 420 

inhibition in such cases (Logan and Cowan, 1984). To test this, we used the integration method to 421 

estimate the SSRT at each SSD, and plotted this as a function of SSD. As shown for our representative 422 

participant (Fig. 5C) and across our sample (Fig. 5D), SSRTs did decrease as a function of SSD (a 423 

significantly negative correlation was observed in 7 of 9 subjects, at p < 0.05).  424 

 According to the independent race model, the RT on non-canceled trials at a particular SSD 425 

should be predicted by subdividing the no-stop RTs into the proportion of trials that would or would 426 

not have escaped inhibition, had a stop signal been provided at that particular SSD (see Fig. 1C; 427 

(Logan and Cowan, 1984); a corollary of this test is that RTs on non-canceled trials should increase for 428 

longer SSDs, since longer SSDs permit more slowly proceeding go processes to still escape inhibition. 429 

Across our sample, the observed RTs of non-canceled trials did increase with SSD (Fig. 5E,F, linear 430 

regression, r = 0.855, slope = 0.614, t(86) = 15.29, p < 10-25; a significantly positive correlation was 431 

observed in 7 of 9 subjects, at p < 0.05), although we found that the trend in observed RTs was 432 

generally steeper than predicted, with RTs at higher SSDs being particularly underestimated (Fig. 5E). 433 

 Finally, our observation of highly variable amplitudes for non-canceled movements is 434 

consistent with both the non-ballistic nature to these movements and the continued processing of 435 

the stop signal after the movement is launched. We found a straightforward relationship between 436 
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movement amplitude and SSD: movement amplitudes tended to be greater for longer SSDs, both in 437 

our representative participant (Fig. 5G) and across our sample (Fig. 5H; all positive correlations, p < 438 

.05). The relationship between movement amplitude and SSD was accurately captured with our 439 

simulation of the independent race model for 8 of our 9 subjects (lines in Fig. 5H show the simulation 440 

results. All correlations between observed and simulated data were significant at p < 0.005; r-values 441 

exceeded 0.9 for 8 subjects, but was 0.75 for the subject shown by the brown line).  442 

 443 

Muscle recruitment on no-stop trials 444 

Having established that participants performed in a manner consistent with an independent race 445 

model, we now turn to the profile of muscle recruitment accompanying this task. In particular, we 446 

address whether changes in muscle recruitment provide a proxy of movement cancelation. 447 

 We measured surface and intramuscular EMG activity of the right PEC and DELT muscles, 448 

which in our setup contribute to either leftward or rightward planar movements of the right upper 449 

limb as an agonist muscle, respectively, and would be expected to actively brake movements 450 

proceeding in the opposite direction as an antagonist muscle. Figures 6 and 7 respectively show 451 

intramuscular PEC and surface DELT activity recorded from the same subject during the classified 452 

trials types (no-stop, non-canceled and canceled), vertically stacked by either movement RT (A-D) or 453 

movement amplitude (E, F). These figures are organized in a muscle- rather than direction-specific 454 

fashion, hence the appreciation of how the muscles work together can be gained by comparing the 455 

left column of Fig. 6 with the right column of Fig. 7, or vice-versa. Surface EMG recordings are shown 456 

for DELT in this example because intramuscular recordings were lost with this participant; we also 457 

wish to emphasize that similar observations can be made using either intramuscular or surface 458 

recordings.  459 

 We focus first on the recruitment of these muscles during no-stop trials, aligned to target 460 

onset and vertically sorted by movement RT. As expected of agonist muscles, large bursts of activity 461 

preceded movement onset, leading leftward movements by 123 ms for PEC (Fig. 6A) and leading 462 
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rightward movements by 112 ms for DELT (Fig. 7A). Across our sample, the lead between agonist 463 

onset and RT tended was greater for PEC than DELT (157 ± 32 and 137 ± 26 ms, respectively, paired t-464 

test, t8 = 4.37, p = 0.002). For each subject, the burst onset in both muscles was highly correlated 465 

with the direction-appropriate RT on a trial-by-trial basis (linear regressions, r2 = .86 ± .17 (PEC) and r2 466 

= .92 ± .076 (DELT), all p < 10-58). Similarly, when these muscles served as antagonists on no-stop 467 

trials, they both exhibited a prominent burst of activity that led movement offset across our sample 468 

by 254 ± 38 ms (PEC; Fig. 6B) or 262 ± 33 ms (DELT; Fig. 7B). These profiles of recruitment resemble 469 

the first two phases of the triphasic profile of activation that accompany rapid goal-directed 470 

movements of an inertial object (Hallett et al., 1975); the third phase of agonist muscle recruitment 471 

is visible for the shortest latency movements in Figs 6A and 7A.  472 

 One other aspect of PEC muscle recruitment that is apparent on no-stop trials is the banding 473 

that begins ~100 ms after target presentation, with activity increasing (Fig. 6A) or decreasing (Fig. 6B) 474 

after leftward or rightward target presentation respectively, before progressing through a series of 475 

~15 Hz oscillations in advance of the main burst of muscle recruitment. This feature is the stimulus-476 

locked response (SLR) (Pruszynski et al., 2010; Wood et al., 2015; Gu et al., 2016). An SLR was 477 

observed in 8 of 9 participants on PEC and in 2 of 9 participants on DELT. Note that our analyses of 478 

agonist and antagonist burst onsets began after the SLR (> 110 ms after target onset).  479 

 480 

Muscle recruitment on stop trials 481 

We now examine the profiles of muscle recruitment observed on stop trials (Figs. 6C-F and 7C-F), 482 

subdividing such data based on target direction and into non-canceled or canceled stop trials (above 483 

and below the dashed line, respectively). Stop trial data in Figs. 6 and 7 are aligned either to target 484 

(C,D; cyan lines or dots) or stop signal onset (E,F; red lines or dots). On non-canceled trials, we 485 

observed a straightforward relationship between stop signal onset and agonist muscle recruitment: 486 

late non-canceled movements escaped inhibition only when the stop signal was late (Fig. 6C and 7C). 487 

On such trials, agonist muscle activity commenced as expected, but exhibited a shorter burst 488 
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duration compared to no-stop trials (123 ± 30 ms compared to 207 ± 83 ms, mean and std across 489 

participants, paired t-test, t8 = 3.61, p = 0.007); on such trials, antagonist muscle activity relative to 490 

the agonist onset also started earlier compared to no-stop trials (149 ± 26 ms compared to 242 ± 75 491 

ms). These features (foreshortening of the agonist burst, earlier antagonist recruitment) are 492 

consistent with the arm movements being arrested in mid-flight. 493 

 Two further observations of muscle recruitment on stop trials are important to note. First, as 494 

is particularly apparent in Figs. 6C and D, the SLR preceded stop signal appearance, and hence 495 

persisted regardless of whether a stop signal was present or not. Second, there were a number of 496 

instances of detectable muscle recruitment even on canceled trials, in which the hand did not leave 497 

the starting position (traces below dashed lines in panels C-E of Figs. 6 and 7). This was a consistent 498 

observation across all subjects in our sample, as shown in Table 2. A cessation of the agonist 499 

recruitment was detected on 39 ± 15% (PEC, mean ± standard deviation across participants) and 35 ± 500 

19% (DELT) of canceled trials, while antagonist activation was detected on 67 ± 10% (PEC) and 41 ± 501 

24% (DELT) of canceled trials; the magnitudes of such recruitment can be quite subtle on canceled 502 

trials, when aligned to target onset (panels C and D). Clearly, despite the absence of overt movement 503 

of the limb, both PEC and DELT are being recruited on just over half of all canceled stop trials. Thus, 504 

movement cancellation does not imply the absences of changes in muscle recruitment; however, 505 

changes in muscle recruitment did not always accompany movement cancellation.  506 

 Next, we asked whether the timing of muscle events, and in particular the timing of 507 

antagonist onset, relate to the timing of the stop signal. To examine this, we realigned stop-trial data 508 

on stop signal onset (panels E and F of Figs. 6 and 7). This tightened the trial-by-trial variability in the 509 

timing of antagonist muscle onset (e.g., magenta histograms in panel F) and agonist muscle offset 510 

(e.g., orange histograms in panels E), compared to the variability observed when these features are 511 

aligned to target onset (panels C and D). Realigning the data in this way also makes the level of 512 

antagonist muscle recruitment on canceled trials more apparent (Fig. 6F). Across our sample, 513 

realigning data to stop signal onset reduced the standard deviations of the antagonist onset 514 
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distributions by a factor of 1.78 ± 0.91 for PEC (paired t-test, t8 = 4.47, p = 0.002) and 1.85 ± 1.05 for 515 

DELT (t8 = 4.74, p = 0.002). The agonist offset distributions were reduced in a similar way (PEC: 1.79 ± 516 

1.01, t8 = 4.87, p = 0.002; DELT: 1.60 ± 0.61, t8 = 4.01, p = 0.004). Across participants, the average 517 

antagonist latencies relative to stop signal onset were 182 ± 16 ms for PEC and 195 ± 18 ms for DELT. 518 

Average agonist offset latencies were 165 ± 22 ms for PEC and 164 ± 18 ms for DELT. Although the 519 

agonist offset relative to the stop signal may theoretically provide another measure of movement 520 

cancellation, in practice this measure was less reliable than that provided by antagonist onsets in our 521 

experimental configuration. Evidence for this point can be found by comparing the proportion of 522 

trials from which a given muscle can yield a quantifiable change in muscle recruitment when acting 523 

as an agonist or antagonist (Table 2); across our sample, measures of antagonist muscle recruitment 524 

were available on a larger proportion of trials (paired t-test, t17 = 4.69, p = 0.0002). When both 525 

agonist offset and antagonist onset were present on the same trial for canceled and small non-526 

canceled trials (< 0.05 m), the duration between these measures was 25  18 ms, with 93% of these 527 

observations being greater than zero. Thus, the agonist and antagonist muscles were rarely co-528 

activated, perhaps due to spinal circuits that prevent co-contraction in this task. 529 

 The trials in panels E and F of Figs. 6 and 7 have been stacked in order of increasing 530 

movement amplitude; this is possible even for canceled trials, which featured movements that did 531 

not exceed the position threshold. Ordering trials this way re-emphasizes how larger movements are 532 

associated with earlier agonist onsets (blue dots) relative to the stop signal (i.e., note how agonist 533 

muscle bursts start earlier for larger non-canceled trials). In contrast, both agonist offsets and 534 

antagonist onsets related to movement amplitude in a reciprocal way: the earlier the antagonist 535 

onset, the less motion occurred (Figs. 6F and 7F). Further, note as well that the antagonist onsets 536 

relative to the stop signal do overlap for noncanceled and canceled trials (Fig. 6F); we attribute this 537 

overlap to the variability in reacting to both the target and to the stop signal, the SSD, to the 538 

ambiguity in differentiating noncanceled from canceled trials, and to the continued processing of the 539 

STOP signal after movement onset.  540 
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 Although not visible in Figs. 6 and 7 because of the chosen grayscale, we also observed that 541 

antagonist muscle recruitment on stop trials was more brisk than on no-stop trials, ramping up more 542 

quickly to the peak level of within-trial recruitment. This is illustrated in Fig. 8, which shows the 543 

average burst profile of the agonist (Fig. 8A) and antagonist (Fig. 8B) muscles, pooled across 544 

participants, for no-stop trials and for stop trials associated with a variety of different movement 545 

amplitudes. The initial ~100ms of agonist muscle recruitment (Fig. 8A) was largely similar on no-stop 546 

trials and larger non-canceled movements (red and green traces), but muted for smaller non-547 

canceled movements (blue traces). In contrast, the initial ~100 ms of antagonist muscle recruitment 548 

was gradual on no-stop trials, peaking ~80 ms after burst onset, but sharp on non-canceled 549 

movements regardless of movement amplitude, peaking within ~30 ms (Fig. 8B). The peak of 550 

antagonist muscle recruitment was also largest on the non-canceled movements of intermediate 551 

amplitudes (green lines in Fig. 8B). Our interpretation of this result is that antagonist muscle 552 

recruitment actively brakes the ongoing limb movement on trials altered in mid-flight in an 553 

acceleration- and/or velocity-dependent manner, requiring more recruitment on intermediate (green 554 

traces) versus small (blue traces) non-canceled. However, since some of the larger (red traces) are 555 

nearing completion, they may already be decelerating at the time a braking pulse is required, which 556 

is why there is a smaller recruitment peak on larger-amplitude non-canceled trials. To further 557 

support our contention that antagonist muscle recruitment actively brakes the ongoing limb 558 

movement on many stop trials, and is not simply linked to the triphasic pattern of recruitment seen 559 

on no-stop trials, we calculated the slope from burst onset to peak EMG activity. When examining 560 

the agonist muscle activity, we found no different in the slope for no-stop trials compared to the 561 

average slope of the stop trials across different movement amplitudes (paired t-test, t(8) = 0.51, p = 562 

0.62). However, we did find a steeper slope for antagonist muscle recruitment on stop trials 563 

compared to no-stop trials (t(8) = 3.83, p = .005). 564 
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 Taken together, these finding support our hypothesis that characteristics of muscle 565 

recruitment, such as the antagonist onset, provide a proxy measurement of the stop signal reaction 566 

time.  567 

 568 

Antagonist latencies relate to SSRTs 569 

We now turn to relationships between the antagonist latency and the SSRT, testing the 570 

hypothesis that the antagonist onset provides a proxy measurement for stopping. If so, one would 571 

predict that similar variations in SSRT and antagonist latency across and within subjects. As 572 

predicted, mean antagonist latencies correlated with SSRT estimates on a subject-by-subject basis 573 

(Fig. 9A; linear regression, r = 0.852, slope = 0.828, t(7) = 4.31, p < 0.005): subjects with longer SSRTs 574 

tended to have longer antagonist latencies. On average, antagonist latency preceded the estimated 575 

SSRT by 45 ± 5 ms (mean ± SEM). While it may seem curious that SSRT exceeds the antagonist 576 

latency, changes in muscle recruitment can precede SSRTs in manual response tasks (Scangos and 577 

Stuphorn, 2010), and as mentioned in the Discussion, SSRTs vary depending on the criterion 578 

separating canceled from non-canceled movements on stop trials.  579 

 We also wished to examine how the antagonist latency related to the SSD, since as predicted 580 

by the independent race model (and as seen for the relationship between SSRT and SSD shown in Fig. 581 

5D), longer SSDs permit less time for stopping. However, conducting this analysis is potentially 582 

confounded by movement amplitude, since as noted above smaller amplitude movements tend to be 583 

associated both with shorter SSDs (Fig. 4G, H) and with shorter antagonist latencies (e.g., position of 584 

pink dots relative to red line in Fig. 6F, stacked as a function of movement amplitude). To circumvent 585 

this potential confound, we examined the relationship between antagonist latency and SSD for 586 

movements binned into 0.025 m amplitude bins, and then averaged the antagonist latencies across 587 

all participants. As shown in Fig. 9B (with SSDs grouped into quartiles for convenience), antagonist 588 

latency tended to decrease with increasing SSDs over most movement amplitudes, although we did 589 

not test the significance of this correlation since there were only four datapoints. Thus, providing one 590 
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accounts for how much the hand moves prior to being stopped, the antagonist latency appeared to 591 

decrease for later SSDs.  592 

 To directly compare antagonist latency and SSRT, we split the SSDs into quartiles, and then 593 

plotted the observed antagonist latency against the estimated SSRT at each quartile. As shown in Fig. 594 

9C, doing so revealed a positive relationship between antagonist latency and SSRT in 7 of 9 595 

participants, although we did not test the significance of this correlation since there were only 4 596 

datapoints. 597 

 Finally, we wished to examine whether there were relationships between the SSRT and 598 

antagonist latency. We found that the antagonist latency and SSRT tended to co-fluctuate through 599 

time, as participants shifted priority between going and stopping over the course of the experiment 600 

(Bissett and Logan, 2011; Corneil et al., 2013). To analyze this aspect of our data, we compared the 601 

estimated SSRT and the mean antagonist latency in each of the eight blocks of 200 trials. In all 602 

participants, we observed a positive relationship between antagonist latency and SSRT (Fig. 9D; this 603 

correlation reached significance in 1 of 9 subjects, at p < 0.05), meaning that blocks with longer SSRTs 604 

tended to have longer antagonist latencies.  605 

 606 

Opposing and scaled post-error adjustments across different movement sequences 607 

We now turn to analyses that would not be possible using conventional estimates of SSRT, given that 608 

such estimates require many trials. A well-documented effect in countermanding tasks is post-error 609 

slowing of the RT on no-stop trials (Emeric et al., 2007; Enticott et al., 2009; Bissett and Logan, 610 

2012b). Previous work on countermanding eye-head gaze shifts has shown that the antagonist 611 

latency on neck muscles is also adjusted based on recent trial history, but in a direction opposite to 612 

that observed for RTs (Corneil et al., 2013). Such results were attributed to strategic and opposing 613 

shifts in the balance between movement generation and inhibition. Here we looked for a similar trial 614 

history effect on both movement generation and inhibition using a ‘triplet analysis’ (Nelson et al., 615 

2010) that allows assessment of the change in agonist latency relative to target onset, or antagonist 616 
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latency relative to stop signal onset, across different trial sequences (Fig. 10A). The triplet analysis 617 

permits pooling of results across participants since all measures are referenced to the n-1 trial.  618 

 The effect of trial history on movement generation was assessed via the change in the 619 

agonist latency (blue bars in Fig. 10B). In agreement with previous studies (Nelson et al., 2010; 620 

Corneil et al., 2013), agonist latency decreases across a nostop-nostop-nostop sequence (left side of 621 

Fig. 10B; one-sample t-test, t(4074) = -14.7, p < 10-46), reflecting a hastening in movement generation 622 

across no-stop trials with an intervening no-stop trial. In contrast, if the intervening trial was a stop 623 

trial, agonist latency increased (one-sample t-test, t(1813) = 6.04, p < 10-8). Moreover, this post-error 624 

slowing across such sequences scaled with movement amplitude (right side of Fig. 10B), being 625 

moderate for small movements (which would include canceled and small-amplitude non-canceled 626 

trials) and progressively larger for larger-amplitude non-canceled movements (linear regression; r = 627 

.14, t(1812) = 6.05, p < 10-8). Thus, not only was the movement generation process delayed after an 628 

intervening stop trial, but the magnitude of the delay scaled with the magnitude of any error that the 629 

subject made on the intervening trial. 630 

 We conducted a similar analysis on antagonist latency. We found that the antagonist latency 631 

tended to decrease across an intervening stop trial, with this larger decreases occurring when the 632 

subject produced a larger error on the intervening stop trial (right side of Fig. 10B; linear regression; r 633 

= -0.26, t(127) = -3.21, p = 0.002). Thus, in contrast to what was seen with the movement generation 634 

process, the movement inhibition process was expedited after an intervening stop trial, with the 635 

magnitude of such an adjustment scaling with error magnitude on the intervening trial. Finally, in 636 

contrast to previous findings (Corneil et al., 2013), the antagonist latency decreased if an intervening 637 

trial was a no-stop trial (left side of Fig. 10B; one-sample t-test, t(414) = -2.30, p = 0.022). Our failure to 638 

replicate previous findings may relate to the effect of movement amplitude on the n-1 and n+1 stop 639 

trials on the antagonist latency, which could obscure any effects on trial history. 640 

 In sum, we found evidence for opposing trial-to-trial adjustments in both the agonist and 641 

antagonist latency across trial sequences with an intervening stop trial, in line with opposing 642 
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reprioritization of movement generation or inhibition with immediate trial history. The opposing 643 

directions of these scaled adjustments on measures of movement generation and inhibition across 644 

an intervening stop trial can be best appreciated in the right side of Fig. 10B, as the adjustments of 645 

agonist or antagonist latency increase or decrease, respectively. 646 

 647 

Fewer trials are required to assess the latency of stopping using antagonist latency versus the SSRT 648 

In the final analysis, we examine how many trials are required to obtain accurate measures of either 649 

the antagonist latency or SSRT. To address this, we performed post-hoc simulations in which “x” 650 

number of trials was randomly taken from the dataset. Under the assumption that after 1600 trials 651 

(with 30% stop trials) we obtained the true value of the SSRT or antagonist latency, we asked how 652 

many trials would be required to obtain measures than lay within an arbitrary 10 ms of this true 653 

value. Across our sample, 440 ± 98 total trials (mean ± SEM, with 30% stop trials, or ~132 stop trials 654 

across all SSDs) were required to derive SSRTs within 10 ms of the true value. This finding compares 655 

favorably to the simulation results reported by Band and colleagues (2003), where it was shown that 656 

~50 stop trials per SSD are required to yield SSRT estimates with 95% confidence intervals of ~10 ms. 657 

In contrast, only 64 ± 14 total trials (or ~19 stop trials) were required to obtain average antagonist 658 

latencies within 10 ms of the true value. This analysis illustrates that the antagonist latency could be 659 

used to provide a more rapid assessment of inhibitory control than that currently used via estimation 660 

of the SSRT. 661 

 662 

Comparing results from surface versus intramuscular recordings 663 

Our analysis largely, although not exclusively, relied on EMG recordings made via intramuscular 664 

electrodes. The output of the burst detection algorithm was also screened on a trial-by-trial basis. 665 

Given that intramuscular recordings are invasive (which limited our sample size) and trial-by-trial 666 

screening time-consuming, we investigated whether similar conclusions could have been reached 667 

from surface recordings, and without manual screening. To do this, we took advantage of the fact 668 
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that PEC was recorded via two sets of intramuscular recordings (the “selected” and the “unselected” 669 

channel; for the selected channel, we reverted to measures obtained directly from the burst 670 

detection algorithm, prior to manual screening) and one surface recording. We then compared the 671 

mean antagonist latency obtained from each of these three channels to each other, and to the SSRT. 672 

As expected, all muscle measures correlated well with each other on a subject-by-subject basis (Table 673 

3), hence subjects with longer antagonist latencies with the selected intramuscular recording tended 674 

to have longer antagonist latencies with unselected surface recording (Linear regressions, r > 0.76, p 675 

<= 0.01 for the three possible comparisons). Antagonist latencies measured via surface recordings 676 

tended to be longer than those obtained from the selected (paired t-test, t8 = 4.71, p = 0.0015) but 677 

not unselected (paired t-test, t8 = 2.11, p = 0.07) intramuscular recordings, and the values from the 678 

selected and unselected intramuscular recordings did not differ significantly (paired t-test, t8 = 1.30, p 679 

= 0.22). Finally, the positive correlation between SSRT and the antagonist latency remained 680 

regardless of whether the antagonist latency was derived from the selected intramuscular recording 681 

(Fig. 11A, linear regression, r = 0.75, slope = 0.31, t(7) = 3.01, p = 0.02), unselected intramuscular 682 

recording (Fig. 11B; linear regression, r = 0.78, slope = 0.43, t(7) = 3.30, p = 0.01) or the surface 683 

recording (Fig. 11C; linear regression, r = 0.67, slope = 0.36, t(7) = 2.38, p = 0.05; compare both to Fig. 684 

9A). 685 

 686 

Using agonist muscle offset to assess movement cancellation  687 

As mentioned above, movement cancelation was often associated with a cessation of agonist muscle 688 

recruitment that preceded antagonist muscle onset, on average by ~25 ms. The analyses shown in 689 

Figs. 9 and 10 relied on the timing of antagonist muscle recruitment relative to the stop signal, given 690 

that this measure was obtained on a higher proportion of stop trials. We repeated the same analyses 691 

using the timing of agonist muscle offset, and observed many of the same tendencies, although these 692 

tendencies approached but did not reach significance. Briefly, the mean of the agonist offset latency 693 

correlated on a subject-by-subject basis with the SSRT (subject-by-subject correlation of means: r = 694 
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0.76, slope = 0.78, t(7) = 2.15, p = 0.018; compare to Fig. 9A). However, presumably due to the fewer 695 

observations from which an agonist offset latency could be derived, block-by-block correlations 696 

between agonist offset and SSRT trended upward in only 6 of 9 subjects (as opposed to 9 of 9 697 

subjects when using the antagonist onset, Fig. 9D), and the agonist offset latency did not trend 698 

downward across a stop trial in a manner that depended on the movement amplitude in the 699 

intervening trial, as was the case for the antagonist onset in Fig. 10B. Thus, although aspects of 700 

movement cancelation appear accessible with agonist muscle offset, antagonist muscle onset 701 

provided a more reliable measure in our experimental configuration that permitted a finer-grained 702 

assessment of movement cancelation. 703 

 704 

Discussion 705 

We studied the cancelation of whole-arm reaching movements in humans while recording upper 706 

limb activity from agonist and antagonist muscles. The timing of changes in muscle recruitment 707 

relative to a stop signal provides a within-trial measure of the stopping latency. Such measures can 708 

be obtained via surface recording techniques, converge on stable values within <100 total trials, and 709 

enable examination of the prioritization of stopping at an unprecedented resolution.  710 

 711 

Mid-flight cancellation of an inertial body segment 712 

The limb has considerable inertia, which imposes a lag between the changes in muscle recruitment 713 

and changes in movement kinematics. Moreover, the whole-arm reaching movements studied here 714 

lasted ~300 ms. Accordingly, such whole-arm reaching movements can be stopped at any point in 715 

mid-flight, ranging from instances where the movement has barely begun to those where the stop 716 

signal was presented after agonist muscle onset (Fig. 4B). Clearly, the stop signal continues to be 717 

processed after movement commitment. Movement duration may be a crucial factor determining 718 

whether a movement is ballistic or not; while small amplitude saccades offer limited time for control, 719 
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larger eye-head gaze shifts can be arrested or adjusted in mid-flight (Corneil et al., 1999; Corneil and 720 

Elsley, 2005).  721 

The wide range of amplitudes on stop trials emphasizes the arbitrariness of the criterion 722 

dividing stop trials into canceled or non-canceled subtypes. Our 1 cm criterion (~5% of movement 723 

amplitude on no-stop trials) produced SSRT estimates similar to those reported previously (Mirabella 724 

et al., 2006; Boucher et al., 2007; Brunamonti et al., 2012). Post-hoc analysis showed that SSRTs 725 

would have increased by 42 ± 17 ms (mean ± STD) or 72 ± 34 ms had we used a stopping criterion of 726 

either 50% of 95% of the entire movement amplitude, respectively. Shorter SSRTs that match or 727 

precede the antagonist latency could be obtained by constraining the stopping criterion even further. 728 

The arbitrariness of what constitutes success in a non-ballistic system, and the associated changes in 729 

SSRT estimates, are relevant for neurophysiological studies of stopping, where the SSRT 730 

differentiates whether candidate neural activity could be involved in movement control or not. The 731 

confidence one has in applying this logic depends on how closely the SSRT matches central processes 732 

related to movement inhibition. Measuring changes in muscle recruitment offers an alternative, 733 

empirical measure of movement inhibition that is less prone to arbitrariness: any central stopping 734 

process must necessarily precede changes in peripheral muscle recruitment for it to contribute to 735 

movement control. 736 

While our SSRT estimates compare favorably to previous reports, the types of manual 737 

responses are quite different. Manual responses studied in the countermanding framework include 738 

squeezes of a dynamometer (De Jong et al., 1990), keyboard presses (Logan and Irwin, 2000), 739 

deflections or movements of a joystick or manipulandum (Boucher et al., 2007; Scangos and 740 

Stuphorn, 2010), pointing movements on a touchscreen or toward a pushbutton (Mirabella et al., 741 

2006; Mirabella et al., 2011), single-joint deflections of the elbow (McGarry and Franks, 1997; Kudo 742 

and Ohtsuki, 1998), or some combination thereof (Brunamonti et al., 2012). Distinct profiles of EMG 743 

activity are needed to control distinct manual responses, reflecting differences in the specific 744 

biomechanics and force requirements of the task. For some manual responses, cancellation may 745 
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entail the absence of departure from a starting position, accomplished perhaps by withdrawing or 746 

cancelling agonist muscle recruitment without requiring antagonist muscle recruitment; Scangos and 747 

Stuphorn (2011) did not observe any antagonist muscle recruitment in a task requiring translation of 748 

a horizontal manipulandum. In our setup, antagonist muscle recruitment on proximal limb muscles 749 

was detected on ~50% of successfully canceled trials even when the hand stayed within a 1-cm 750 

radius window (Table 2).  751 

Thus, successful cancelation in our task may or may not produce quantifiable changes in 752 

muscle recruitment. De Jong and colleagues (1990) forwarded the notion of central or peripheral 753 

cancelation, and our work and that of others (Burle et al., 2002; Servant et al., 2015) extends this to a 754 

single-trial resolution. The presence of trials where quantifiable changes in muscle recruitment were 755 

absent does not detract from the value of such measures, when available, in characterizing the stop 756 

process. Further, more advanced analytical methods may be able to extract peripheral signatures of 757 

cancelation on an even higher proportion of canceled trials, perhaps by assessing recruitment across 758 

multiple agonist and antagonist muscles (Corneil et al. 2010) or within a higher-dimensional space 759 

(Shenoy et al. 2013). 760 

 761 

Using a trial-by-trial measure of movement cancellation to study effects of trial history 762 

 Our results supported the hypothesis that the antagonist latency is a manifestation of the 763 

stop process. We also found a relationship between trial history and the recruitment timing of both 764 

agonist (relative to target onset) and antagonist (relative to stop signal onset) muscles. These 765 

measures trended in opposing directions after a stop trial, with antagonist latencies decreasing and 766 

agonist latencies increasing across sequences with an intervening stop trial. Such results are 767 

suggestive of proactive and opposing adjustments that shift priority to expedite stop processes at the 768 

expense of slowing go processes (Bissett and Logan, 2012a; Corneil et al., 2013; Marcos et al., 2013). 769 

A novel finding of our study is that the magnitude of such adjustments scales with the magnitude of 770 

the intervening error, with larger adjustments occurring following larger errors. Thus, not only is the 771 
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balance of stopping versus going affected by the presence of a stop trial, but adjustments depend on 772 

the performance on that stop trial in a continuous as opposed to binary fashion.  773 

 In contrast, both agonist and antagonist latencies decreased across no stop-trial sequences, 774 

in contrast to that observed in the oculomotor domain, where agonist latencies decreased while 775 

antagonist latencies increased across a no-stop trial sequence (Corneil et al., 2013). Our failure to 776 

replicate these previous results may be because antagonist latencies on the neck were derived from 777 

a small set of “head-only” errors when the head moved even though gaze remained stable 778 

(Goonetilleke et al., 2010; Goonetilleke et al., 2012). Alternatively, the effects of trial history may be 779 

obscured by the effect of movement amplitude on the n-1 and n+1 stop trials on the antagonist 780 

latency, or to the need to pool antagonist latencies across PEC and DELT to obtain a sufficient 781 

number of stop-nostop-stop sequences, even though antagonist latencies were ~13 ms shorter on 782 

PEC. More precise analysis of how antagonist latencies during manual responses change across a no-783 

stop trial sequence may require a unidirectional task to generate enough such sequences with similar 784 

error amplitudes on the n-1 and n+1 trials.  785 

  786 

Challenges associated with assessing movement control with EMG  787 

Measuring antagonist latencies can advance the understanding of movement inhibition, 788 

revealing for example, evidence for proactive adjustments of inhibition based on trial history. 789 

Further, providing a movement task is chosen that features prominent antagonist muscle 790 

recruitment (in our case, occurring on ~75% of all stop trials, or ~50% of canceled stop trials), 791 

accurate assessments of inhibition via the antagonist lateny can be obtained in < 100 total trials, 792 

rather than the several hundreds or more required for accurate SSRT estimations (Band et al., 2003; 793 

Teichert and Ferrera, 2015). Requiring fewer trials may help assessment of clinical or pediatric 794 

populations not amenable to performing a large number of trials. Study of such populations is also 795 

potentiated by our findings that antagonist recruitment can be recorded via surface EMG. 796 
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 Assessing inhibition via EMG measurements does present challenges. Single-trial EMG 797 

measures are noisy, requiring complex algorithms to detect burst onset or offset and separate signal 798 

from noise. The limb is also a complex and asymmetric motor plant, requiring informed choices of 799 

agonist and antagonist muscles. In our study, PEC and DELT were not recruited symmetrically as 800 

agonist-antagonist pairs, as was the case for bilaterally recorded neck muscles (Goonetilleke et al., 801 

2010); instead, PEC served more of a prime mover than DELT, being recruited sooner relative to 802 

target onset when serving as an agonist, and sooner relative to stop signal onset when serving as an 803 

antagonist. The magnitude and timing of control exerted through these muscles is not identical, 804 

complicating analysis of trail history. Finally, antagonist EMG signals associated with active braking 805 

may only occur in conjunction with the motion of body parts endowed with significant inertia like 806 

whole-arm reaching movements or orienting head movements, and hence may be absent during 807 

simpler joystick-, button-, or touchscreen-based movements. For such movements, within-trial 808 

measures of cancellation may be accessible via recordings of the withdrawal of agonist muscle 809 

recruitment.  810 

These challenges aside, the application of EMG within a countermanding framework provides 811 

a rich dataset suited to trial-by-trial examination that can advance the neurophysiological and 812 

theoretical understanding of movement inhibition. We note as well that our use of EMG within the 813 

countermanding framework parallels the rise of using EMG recordings, down to the level of single 814 

trials, to advance the understanding of how the brain arrives at decisions (Burle et al., 2002; Servant 815 

et al., 2015; Jana et al., 2017).  816 
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FIGURE LEGENDS 927 

 928 

Figure 1. Experimental setup, countermanding task, and analysis. A. Participants held a robotic manipulandum 929 

with the right hand. Surface and intramuscular EMG recordings were made from the clavicular head of the 930 

pectoralis muscle, and from the posterior deltoid muscle. Stimuli and virtual hand position were viewed via a 931 

mirror. B. Each trial started by fixating a central starting position. After 1-2 seconds a target appeared either to 932 

the left or right. Subjects moved their hands so that the cursor representing hand position intersected the 933 

target stimulus as quickly as possible. In 30% of the trials, the target jumped back to the starting position after 934 

a stop signal delay (SSD), instructing participant try to withhold the planned movement. If the hand remained 935 

within 0.01 m of the start location, the stop trial was classified as successfully canceled, otherwise it was 936 

classified as non-canceled. C. Depiction of the integration method for estimating SSRT. D. Overview of the 937 

kinematic and EMG measures. Movement RT is defined as the time at which the hand crosses the 0.01 m radius 938 

around the starting location, relative to the time of target presentation. The antagonist latency is the time from 939 

presentation of the stop signal to the onset of antagonist muscle activation. 940 

 941 

Figure 2. Burst detection algorithm. A Discrete Fourier Transform was applied to get EMG power in several 942 

frequency bands (one band is shown here). The power distribution was parameterized using three normal 943 

distributions: two baseline distributions (blue) which are fitted on the baseline period (500ms before target 944 

onset), and one burst distribution with higher power (red) which complements the baseline fit to describe the 945 

trial period (which runs for 2 s after target onset). At each trial, these distributions were fitted anew using the 946 

previous three no-stop trials (one trial shown). From this fit only the burst distribution was used, together with 947 

the baseline fit of the current trial, to compute the burst probability over time. The burst probability vectors of 948 

the three frequency bands that dissociated best between burst and baseline were averaged to get to a single 949 

p(burst) vector. Finally, using a low pass filter the burst of interest was extracted. See Methods for further 950 

details.  951 

 952 

Figure 3. Movement traces on no-stop (A) and stop trials (subdivided into non-canceled (B) and canceled (C) 953 

subtypes). Traces are drawn until the point of maximum deviation towards the target. Stop trials are color 954 
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coded by SSD. SSD histograms indicate the proportion of times a given SSD was sampled. A. On no-stop trails, 955 

movement amplitudes are ~0.2 m (tilted histograms on the right). B. Movement amplitudes on non-canceled 956 

trials varied considerably. Note how earlier stop signals are accompanied with earlier but smaller movements, 957 

as indicated by the histograms. C. When the movement was successfully canceled, amplitudes are typically less 958 

than 0.01 m. 959 

 960 

Figure 4. Histogram of movement amplitudes with all participants stacked for no-stop trials (A) and non-961 

canceled stop trials (B). Vertical dashed line indicates target position. 962 

 963 

Figure 5. Variation in countermanding performance as a function of SSD. Top row shows data from the 964 

representative subject (color codes as in Fig. 3; disc radius proportional to number of samples); bottom row 965 

shows data across all subjects (color codes as in Fig. 4). A, B. Inhibition function, expressing movement 966 

probability versus SSD. C, D. SSRTs estimated via the integration method are negatively correlated with SSD. E, 967 

F. RTs on non-canceled trials increase as a function of SSD, although as shown in E such increases are greater 968 

than that predicted by the independent race model (thin line). G, H. The amplitude of non-canceled trials 969 

increases with SSD; this increase was well predicted by a bootstrapping simulation of movement amplitude 970 

based on independent sampling of agonist and antagonist onsets (see Methods; lines in H show predictions of 971 

simulations).  972 

 973 

Figure 6. Rectified intramuscular EMG data from PEC from the representative participant, smoothed with a 40 974 

ms Gaussian for display purposes. EMG voltage above baseline is proportional to the darkness of the grey 975 

shade. Colored dots show the timing of variety of events (see legend). Trials are vertically stacked based on 976 

movement RT (A-D) or movement amplitude (E, F).  977 

 978 

Figure 7. Surface activity recorded from the DELT muscle of the representative subject. Same format as Fig. 6. 979 

Note that left column represents rightward movements, for which DELT acts as an agonist. 980 

 981 
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Figure 8. Averaged rectified EMG activity aligned to burst onset for no-stop (black traces) and stop trials with 982 

large (red), intermediate (green), and small (blue) movement amplitudes, for either the agonist muscle (A) or 983 

antagonist muscle (B). The contours subtend the mean +/- standard error of EMG activity, and are normalized 984 

to the peak movement-related activity on no-stop trials, pooled across movement direction, averaged across all 985 

trials within a participant, and then averaged across participants.  986 

 987 
Figure 9. Relationships between SSRT and antagonist latency. Color codes as in Fig. 4. A. Mean antagonist 988 

latency correlates with SSRT across subjects. B. Across subjects, the antagonist latency is negatively correlated 989 

with SSD over the whole range of movement amplitudes. C. Positive relationship between SSRT and antagonist 990 

latency within and across subjects (stop trial data divided into quartiles based on SSD). D. Same as A, but now 991 

for each participant the mean observation from each block of 200 trials is depicted (dots). Lines show linear 992 

fits, all with positive slopes, meaning that blocks with longer SSRTs tended to have longer antagonist latencies. 993 

 994 

Figure 10. Triplet analysis. A. Graphical depiction of the logic of the analysis, wherein the change in the agonist 995 

or antagonist latency across the n-1 and n+1 trial is assessed as a function of the intervening trial (e.g., whether 996 

trial n was a stop or no-stop trial). B. When the intervening trial was a no-stop trial (left of dashed line), both 997 

agonist latency (blue) and antagonist latency (magenta) decreased. When the intervening trial was a stop trial 998 

(right of dashed line), agonist latency increased but antagonist latency decreased as a function of movement 999 

amplitude on the intervening trial.  1000 

 1001 

Figure 11. Comparison of the relationship between SSRT and the antagonist latency for PEC, with the latter 1002 

extracted from the selected intramuscular recording (A), the unselected intramuscular recording (B), or the 1003 

surface recording (C). Note that A differs from Fig. 9A since the latter combined antagonist latencies across 1004 

both PEC and DELT, after manual screening. Same format as Fig. 9A. 1005 

  1006 

1007 
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 Table 1: SSRT values computed for each subject via the Integration method or extracted via the 1008 
Weibull fit. The right-most column represents the average of these two values. 1009 

 SSRT (ms) 
Subject Integration method Weibull fit Average 

1 234 ± 13 235 235.5 
2 265 ± 31 283 274.0 
3 251 ± 15 249 250.0 
4 217 ± 34 213 215.0 
5 216 ± 51 215 215.5 
6 260 ± 29 266 263.0 
7 225 ± 24 223 224.0 
8 291 ± 14 299 295.0 
9 225 ± 53 225 225.0 

  1010 



 

 40 

Table 2: Number of movement sequences on stop-trials, and the number and proportion of trials from 1011 
with either agonist offset or antagonist muscle onset could be extracted on cancelled stop trials. Data is 1012 
presented in a muscle-specific fashion, following the convention in Figs. 6 and 7. Recall that PEC acts 1013 
as an agonist on leftward movements and an antagonist on rightward movements (vice versa for 1014 
DELT). Summary data presented as mean +/- SD. Data in italics show data extracted from surface 1015 
recordings. 1016 

 PEC as agonist (leftward movement)  PEC as antagonist (rightward movements) 
Subj. # stop 

trials 
# non 
canc. 

# 
canc. 

# ag. 
offset 

% ag 
offset 

 # stop 
trials 

# non 
canc. 

# 
canc. 

# antag 
offset 

% antag 
offset 

1 234 110 124 45 36.2  235 115 120 72 60.0 
2 217 94 123 49 39.8  223 110 113 74 65.4 
3 229 185 44 17 38.6  236 130 106 84 79.2 
4 219 91 128 41 32.0  225 110 115 68 59.1 
5 224 86 138 50 36.2  236 127 109 74 67.8 
6 231 100 131 43 32.8  235 126 109 66 60.5 
7 229 79 150 48 32.0  232 142 90 47 52.2 
8 231 122 109 85 77.9  236 107 129 107 82.9 
9 232 97 135 37 27.4  240 127 113 82 72.5 
     39 +/- 15      67 +/- 10 
            
 DELT as agonist (rightward movements)  DELT as antagonist (leftward movements) 

Subj. # stop 
trials 

# non 
canc. 

# 
canc. 

# ag. 
offset 

% ag 
offset 

 # stop 
trials 

# non 
canc. 

# 
canc. 

# antag 
offset 

% antag 
offset 

1 235 115 120 23 19.1  234 110 124 42 33.8 
2 223 110 113 35 30.9  217 94 123 46 37.3 
3 236 130 106 61 57.5  229 185 44 29 65.9 
4 225 110 115 21 18.2  219 91 128 21 16.4 
5 236 127 109 38 34.8  224 86 138 66 47.8 
6 235 126 109 21 19.2  231 100 131 17 12.9 
7 232 142 90 34 37.7  229 79 150 67 44.6 
8 236 107 129 95 73.6  231 122 109 95 87.1 
9 240 127 113 29 25.6  232 97 135 28 20.7 
     35 +/- 19      41 +/- 24 

 1017 

  1018 
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Table 3: Mean antagonist latencies from canceled trials (in ms) for the selected and unselected 1019 
intramuscular (IM) recording, and the unselected surface recording. All recordings obtained from 1020 
PEC. 1021 

Subject Selected IM Unselected IM Unselected Surface 
1 174 172 193 
2 188 191 210 
3 181 181 191 
4 172 167 184 
5 167 162 171 
6 181 192 194 
7 178 191 182 
8 188 198 193 
9 152 154 157 

 1022 
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