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KEY POINTS 34 

● A startling acoustic stimulus (SAS) shortens reaction times by releasing fully prepared motor 35 

programs (the StartReact effect), but can also hasten responses in reflexive tasks without any 36 

movement preparation 37 

● Here we measure the effect of a SAS on reaction times and upper limb muscle recruitment in 38 

a reflexive reaching task, focusing on express visuomotor responses that are evoked by visual 39 

target presentation and demarcate activity along a subcortical tectoreticulospinal pathway 40 

● A SAS robustly increased the magnitude of express visuomotor responses without changing 41 

their timing, and this increase was tightly related to the subsequent reaction time even in the 42 

absence of motor preparation 43 

● Our results attest to intersensory facilitation within the tectoreticulospinal pathway, which 44 

provides the shortest pathway mediating visuomotor transformations for reaching 45 

● These results reconcile discrepant findings by emphasizing the importance of intersensory 46 

facilitation in SAS-induced hastening of reaction times in reflexive tasks 47 

ABSTRACT 48 

Responding to an external stimulus takes ~200 ms, but this can be shortened to as little as ~120 ms 49 

with the additional presentation of a startling acoustic stimulus. This phenomenon is hypothesized to 50 

arise from the involuntary release of a prepared movement (a StartReact effect). However, a startling 51 

acoustic stimulus also expedites rapid mid-flight, reactive adjustments to unpredictably displaced 52 

targets which could not have been prepared in advance. We surmise that for such rapid visuomotor 53 

transformations, intersensory facilitation may occur between auditory signals arising from the 54 

startling acoustic stimulus and visual signals relayed along a fast subcortical network. To explore this, 55 

we examined how a startling acoustic stimulus shortens reaction times in a task that produces 56 

express visuomotor responses, which are brief bursts of muscle activity that arise from a fast 57 

tectoreticulospinal network. We measured express visuomotor responses on upper limb muscles in 58 

humans as they reached either toward or away from a stimulus in blocks of trials where movements 59 

could either be fully prepared or not, occasionally pairing stimulus presentation with a startling 60 

acoustic stimulus. The startling acoustic stimulus reliably produced larger but fixed-latency express 61 

visuomotor responses in a target-selective manner, and also shortened reaction times, which were 62 

equally short for prepared and unprepared movements. Our results provide insights into how a 63 

startling acoustic stimulus shortens the latency of reactive movements without full motor 64 

preparation. We propose that the reticular formation is the likely node for intersensory convergence 65 

during the most rapid transformations of vision into targeted reaching actions.  66 
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Introduction 67 

Initiation of voluntary movements to visual stimuli typically takes >200 ms. Yet, when a visual ‘Go’ 68 

stimulus is paired with a startling acoustic stimulus (SAS), reaction times (RTs) can be speeded up to a 69 

presumed ‘reactive’ mode of control with RTs of ~80-120 ms (depending on whether EMG- or 70 

movement velocity-based readouts are reported; (Valls-Solé et al., 1995; Carlsen et al., 2004)). This 71 

shortening of RTs has been demonstrated in many simple reaction tasks involving single or multi-72 

segmental arm and leg movements where movements can be fully prepared (for review see (Carlsen 73 

et al., 2012; Nonnekes et al., 2015)). However, the effect of a SAS  is more nuanced in a choice 74 

reaction task which involves selecting between multiple responses. In such choice reaction tasks, a 75 

SAS typically does not generate ‘reactive’ RTs, and any large RT reductions in choice reaction tasks 76 

often come at a cost of increased errors or inaccuracies (Carlsen et al., 2004, 2009; Forgaard et al., 77 

2011; Maslovat et al., 2012; Marinovic et al., 2017). The dependence on partial or full preparation 78 

prior to stimulus presentation has led to a mechanistic explanation of why a SAS shortens RTs, 79 

termed the StartReact effect, wherein the movement is involuntarily ‘released’ by the SAS (Valls-Solé 80 

et al., 1999; Carlsen et al., 2012; Carlsen & Maslovat, 2019). 81 

However, there are reports of a SAS shortening RTs in choice reaction times, producing RTs just as 82 

fast to those observed for ‘prepared’ movements in simple reaction tasks, with neutral (Reynolds & 83 

Day, 2007; Queralt et al., 2008). Thus, under certain circumstances, a SAS facilitates rapid visuomotor 84 

transformations, even without a fully or partially prepared movement. Are such results also due a 85 

StartReact effect? One distinctive feature of these studies is that they both involved online 86 

movement corrections, in this case of the lower limb. Online movement corrections may represent a 87 

special class of reactive movements where visual input is directly mapped onto motor outputs via a 88 

fast subcortical network involving the tecto-reticulo-spinal system (Day & Lyon, 2000; Perfiliev et al., 89 

2010; Kozak et al., 2019). Consistent with this, RTs of online corrections are very short even in the 90 

absence of a SAS (Soechting & Lacquaniti, 1983), such movements are initially directed invariably 91 

toward a visual stimulus (Day & Lyon, 2000), and their RTs do not follow Hick’s law as they remain 92 

fixed regardless of the number of possible alternatives (Reynolds & Day, 2012). Other reactive 93 

responses like express saccades are also invariably stimulus-driven and do not follow Hick’s law (Paré 94 

& Munoz, 1996), and are known to rely critically on the subcortical superior colliculus (Schiller et al., 95 

1987; Edelman & Keller, 1996; Dorris et al., 1997). Rather than relying on the purported StartReact 96 

mechanism of involuntary movement release, could the hastening of RTs due to a SAS in reactive 97 

movements like online corrections arise instead from intersensory facilitation within the reticular 98 

formation between the SAS and visual signals relayed along a tecto-reticulo-spinal pathway? If so, 99 
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then in some scenarios the effect of a SAS may not be to release a prepared motor program, but 100 

instead strengthen rather than expedite the rapid transformation of vision into action. 101 

Recent work on intersensory facilitation across multiple sensory modalities suggests that a SAS may 102 

indeed strengthen the output of the fast visuomotor network (Glover & Baker, 2019). In the context 103 

of center-out visually-guided reaches from a stationary position in a choice reaction task, a SAS 104 

increased the mean magnitude of short-latency (~80-120 ms) recruitment of upper limb muscles 105 

without drastically impacting its timing. Such recruitment may reflect what are termed express 106 

visuomotor responses (EVR; formerly termed stimulus-locked responses), which provide another 107 

measure of the output of the fast visuomotor network. The EVR is a brief increase/decrease in the 108 

target-selective recruitment of agonist/antagonist muscles that is relatively time-locked to the visual 109 

stimulus at a latency of ~80-100 ms, and is spatially and temporally distinct from the longer-duration 110 

burst of muscle activity associated with the generation of the voluntary arm movement (Pruszynski 111 

et al., 2010; Wood et al., 2015; Gu et al., 2016; Atsma et al., 2018). Larger but fixed-latency EVRs 112 

precede shorter RTs, and there is compelling evidence that EVRs reflect tecto-reticulo-spinal 113 

processing (Pruszynski et al., 2010; Gu et al., 2016; Kozak et al., 2019; Contemori et al., 2021a, 2023; 114 

Kearsley et al., 2022; Selen et al., 2023; Billen et al., 2023). EVRs also precede and share many 115 

characteristics with the first phase of on-line corrections (Day & Lyon, 2000; Fautrelle et al., 2010; Gu 116 

et al., 2016; Kozak et al., 2019), consistent with the forces arising from the EVR serving to initiate on-117 

line corrections. However, as Glover and Baker (2019) reported a generic enhancement of muscle 118 

recruitment with SAS across all target directions, it cannot be ruled out that this enhanced 119 

recruitment reflected generalized startle reflex-related potentiation, rather than target-selective 120 

facilitation of the EVR itself. If this were true, one would expect these SAS-enhanced EVRs to result in 121 

faster RTs for movements towards the body, but slower and with more frequent directional errors 122 

for those away from the body, due to the preferential recruitment of flexor muscles in the startle 123 

reflex (Brown et al., 1991b, 1991a). In contrast, in the event of intersensory facilitation of the fast 124 

visuomotor network itself, where the SAS presumably acts as an accessory stimulus to increase the 125 

excitation arising from the visual signal, RT shortening is expected in all directions in the absence of 126 

drastically increased errors. As the Glover and Baker (2019) study did not focus on movement 127 

initiation times, it is not known how the observed facilitation of the SAS on EVRs would compare 128 

across Choice and Simple reaction tasks, nor how trial-by-trial EVRs relate to the ensuing reactive 129 

RTs. 130 

Here, we tested the hypothesis that simultaneous presentation of a SAS with a salient visual stimulus 131 

shortens the RTs of reactive reaching movements by strengthening the magnitude of EVRs without 132 

changing their latency. We used an emerging target paradigm that increases the generation of EVRs 133 
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and reactive reaches, even in a choice reaction task on trials without a SAS (Kozak et al., 2020; 134 

Contemori et al., 2021b; Kozak & Corneil, 2021). In this task, EVRs are initiated when the subjects 135 

have not yet started to move, simplifying the quantification of muscle activity compared to an on-line 136 

correction task where the EVR evolves in concert with muscle recruitment associated with an 137 

ongoing movement. We also interleaved trials where subjects reached toward or away from the 138 

emerging stimulus, to better separate the EVR from ensuing voluntary recruitment and to further 139 

delineate the target-selective nature of the expected EVR strengthening with SAS. Finally, we also 140 

examined EVRs and RTs on a simple reaction task where a movement could be fully prepared prior to 141 

stimulus emergence, enabling comparison to results from the choice reaction task.  142 

 143 

Materials and methods 144 

Ethical Approval 145 

A total of 17 subjects (10 females, 7 males; mean age: 22.6 years SD: 5.7) participated in these 146 

experiments. Subjects were volunteers who were mainly undergraduate students recruited by word 147 

of mouth. Two of the 17 subjects are the lead authors of this manuscript, and we observed no 148 

evidence that their results differed from those naive to the experimental goals.  All subjects provided 149 

informed written consent, were paid for their participation, and were free to withdraw at any time. 150 

All but 3 subjects were right-handed, and all subjects had normal or corrected-to-normal vision, with 151 

no current visual, neurological, or musculoskeletal disorders. All procedures were approved by the 152 

Health Science Research Ethics Board the University of Western Ontario (HSREB 103341) and 153 

conformed to the Declaration of Helsinki.  154 

 155 

Apparatus and experimental design 156 

Subjects were seated and performed reaching movements with their right arm in a KINARM End-157 

point lab, moving the end-point of a robotic manipulandum in response to the appearance of visual 158 

stimuli that were occasionally accompanied by a loud auditory stimulus. Visual stimuli were 159 

computer-generated images produced by a projector (PROPixx project by VPixx, Saint-Bruno, QC, 160 

Canada) integrated into the KINARM setup, and projected onto an upward facing mirror. A shield 161 

below the mirror occluded direct vision of the hand, and hand position was represented by a real-162 

time cursor (1 cm radius) projected onto the screen. Subjects were instructed to generate arm 163 

movements as quickly and as accurately as possible in response to stimulus emergence in an 164 

emerging target task (Kozak et al., 2020), moving either toward (a pro-reach) or away from (an anti-165 

reach) the stimulus depending on an instructive cue provided at the start of each trial (see below). To 166 

ensure that all kinematic and electromyographic (EMG) data are aligned to the exact time of stimulus 167 
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emergence and to control for possible delays in stimulus presentation by the projector, the precise 168 

time of stimulus emergence below the barrier was synchronous with the presentation of an 169 

accessory visual stimulus below a photodiode. This accessory stimulus was not seen by the 170 

participant, and photodiode output was fed to the KINARM platform. All kinematic and EMG data 171 

were aligned to photodiode onset. Throughout the entire experiment, a constant load of 2 Nm 172 

towards the participant and 5 Nm to the right was applied through the manipulandum in order to 173 

increase the activity of the right pectoralis muscle, so that the activity of this muscle would increase 174 

or decrease, respectively, following stimulus presentation in the preferred or non-preferred direction 175 

of the muscle. The same load was applied for all participants.  176 

 177 

On a subset of trials, a loud acoustic stimulus was presented at the same time as the emergence of a 178 

visual target. The acoustic stimulus consisted of a 40 ms white noise burst delivered at an intensity of 179 

between 119 and 120 dB. A bilateral sound file was played through a digital output channel in the 180 

Kinarm setup and fed into a Rolls stereo line mixer/headphone amplifier, (model RM219) and then 181 

delivered bilaterally to Beyerdynamic CT 240 Pro headphones worn by the subject. This output was 182 

also routed to an analog in-channel on the KINARM platform, allowing us to confirm the 183 

synchronization of the auditory stimulus with visual stimulus emergence measured by the 184 

photodiode. Prior to the experiment, the sound intensity from each earpiece was calibrated by 185 

placing the earpiece on top of a GRAS Ear Simulator (model RA0039) with a 1 ⁄ 2 '' microphone and 186 

held in place by 500g weight. Sound files were recorded with an M-Audio Fast Track Ultra audio 187 

interface and analyzed in Praat analysis software (Boersma, 2001). The sound intensity produced by 188 

the right and left earpiece was measured at 119.6 dB and 119.1 dB, respectively.  189 

 190 

Subjects performed a number of variants of this task in different blocks of trials, and we will describe 191 

the results from two such blocks. The order of the blocks was randomized across subjects. Both 192 

blocks were variants of the emerging target task (Kozak et al., 2020), which increases the probability 193 

of observing EVRs on upper limb muscles (Contemori et al., 2021b, 2021a; Kozak & Corneil, 2021; 194 

Kearsley et al., 2022). The structure of this paradigm is provided in Fig. 1. Trials were separated by a 195 

1.5s inter-trial interval. At the start of each trial, the configuration shown at the top of Fig. 1 was 196 

presented, with a barrier colored either red or green. The color of the barrier instructed the subject 197 

to prepare to make a pro- (toward) or anti- (away from) reach, relative to the side of stimulus 198 

emergence below the barrier. Subjects moved the cursor (1 cm radius) representing their hand 199 

position into a start location (1 cm radius), at which point a visual stimulus (1 cm radius) was placed 200 

above a barrier. After a 1000 ms hold period, during which subjects were required to maintain the 1 201 

cm radius hand position cursor over the 1 cm radius start location (if not, the trial was reset; the 202 
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tolerance was such that any portion of the hand position cursor had to touch the start location), the 203 

stimulus was depicted to travel as if it was following down an inverted “y” path at a speed of 15 cm/s 204 

for 500 ms before disappearing behind the barrier. The paradigm emulates a scenario where the 205 

junction of the y was obscured by a barrier, hence the stimulus appears to first disappear behind the 206 

barrier, and then emerge from beneath the barrier at either the right or left outlet. The outlets were 207 

approximately 20 cm lateral to and slightly above the starting position of the hand. Stimulus 208 

emergence was timed as if it was moving at a constant velocity behind the barrier, thus it appears to 209 

the participant that the stimulus was obscured behind the barrier for a fixed period of 500 ms on all 210 

trials. During the time the stimulus appeared to be behind the barrier, subjects were instructed to 211 

keep their hand at the start location, and to fixate a small notch at the bottom of the barrier (eye 212 

movements were not measured). At the time of what appears to be stimulus emergence, the 213 

stimulus was drawn as a full circle that continued to move along the inverted y path, and hence 214 

moved obliquely toward/lateral relative to participant midline. Upon stimulus emergence, subjects 215 

were instructed to respond as quickly and as accurately as possible and move to intercept the target 216 

on pro-trials with a 2-dimensional movement of the manipulandum, or move in the diametrically 217 

opposite direction on anti-trials. The trial ended if the hand cursor made contact with the stimulus on 218 

pro-trials, reached the diametrically opposite location on anti-trials, or if the stimulus moved off 219 

screen. On 25% of all trials, stimulus emergence was accompanied by a non-directional SAS. 220 

 221 

In a block of Choice reaction task trials, the stimulus could emerge either to the left or right, and 222 

subjects were instructed to respond with either a pro-reach toward the stimulus (green barrier) or an 223 

anti-reach away from the stimulus (red barrier). Thus, there were 8 unique trial conditions: stimuli to 224 

the left or right, requiring a pro- or anti-reach, with or without a SAS. Subjects completed 1 block of 225 

240 pseudorandomized trials. 60 (25%) trials contained a SAS, and 180 (75%) of trials had no SAS. 226 

Thus, there were 15 or 45 unique repeats of trials with or without a SAS, respectively.  227 

 228 

In a block of Simple reaction task trials, the stimulus always appeared to the left, and subjects were 229 

instructed to either respond with a pro- or anti-reach. Subjects were explicitly informed of the left-230 

sided stimulus presentation in this block, and they were told that this resulted in 100% certainty of 231 

whether a pro-reach to the left or an anti-reach to the right would be required at stimulus 232 

emergence. This task thus allowed for full preparation of the requested leftward or rightward hand 233 

movement. There were 4 unique trial conditions: a leftward stimulus requiring either a pro- or anti-234 

reach, with or without a SAS. Subjects completed 1 block of 120 pseudorandomized trials, 30 (25%) 235 

or 90 (75%) of which contained a SAS or not, respectively. Thus, there were 15 or 45 unique repeats 236 

of trials with or without a SAS, respectively.  237 
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 238 

 239 

 240 
Figure 1. Behavioral paradigm. At the start of each trial, participants acquired the central start position with 241 
their hand (grey circle), and fixated a small notch at the bottom of the barrier. The barrier color conveyed the 242 
instruction to reach toward (green barrier, a pro-reach) or away from (red barrier, an anti-reach) the stimulus 243 
(white circle) upon its emergence below the barrier. On 25% of trials, a starting acoustic stimulus (SAS; 119-120 244 
dB) was presented at the time of stimulus emergence. In a block of Choice reaction task trials, the stimulus 245 
could emerge at either the left or right outlet with equal probability. In a block of Simple reaction task trials, 246 
the stimulus only emerged at the left outlet.  247 

 248 
 249 
Data acquisition and analysis 250 

Surface electromyographic (EMG) recordings were made from the following targets: the clavicular 251 

head of the right pectoralis major muscle, the sternal head of the right pectoralis major muscle and 252 

right and left sternocleidomastoid (SCM) muscles. In all cases, recordings were made with double-253 

differential surface electrodes (Delsys Inc., Bagnoli-8 system, Boston, MA). We found that the 254 

recordings from the clavicular and sternal heads of pectoralis major were essentially equivalent, so 255 

report the results from the clavicular head.  EMG signals were sampled at 1 kHz, amplified by 1000, 256 

full-wave rectified off-line, and smoothed with a 7-point smoothing function. 257 

 258 

Kinematic data were sampled at 1 kHz by the KINARM platform. RTs were detected based on 259 

acceleration and velocity criteria. For a given trial, we first found the point in time where the arm 260 

exceeded 10% of its tangential peak velocity. We then searched back in time for the latest point 261 

relative to stimulus presentation where the arm’s acceleration fell within a 99% confidence interval 262 

of arm accelerations when the arm was supposed to be stable. This 99% confidence interval was 263 

determined from all trials from the given subject based on the arm’s minor accelerations during a 264 

timeframe spanning from 100 ms before to 50 ms after stimulus appearance. Trials with RTs below 265 

80 ms were excluded as anticipatory, which is supported by an analysis in the Choice reaction task 266 

showing that Pro-reach trials with RTs greater than this value were correct more than 80% of the 267 

time, whereas those started earlier were not. Trials with RTs exceeding 600 ms were excluded due to 268 

presumed inattentiveness. Overall, a total of 3.38% of trials were excluded in the Choice reaction 269 
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task using the RT cutoffs, with the vast majority of being anticipatory movements. We applied the 270 

same RT criteria to data from the Simple reaction task, and rejected 34.4% off all trials, with virtually 271 

all such exclusions being anticipatory movements. All trials were also inspected by an analyst in a 272 

graphical user interface, which permitted rejection of trials with clearly anomalous movement 273 

sequences. Such rejected trials included those where the subject did not respond, where the limb 274 

was moving well before the stimulus appeared below the barrier, where the participant failed to 275 

reach the goal by moving less than half of the way toward the correct location, or produced multi-276 

component movement sequences composed of three or more components. 3.1 ± 2.3% (mean ± SD) 277 

of all trials were rejected by the analyst for these reasons.  278 

 279 

We retained movement sequences where subjects first moved in the wrong direction before 280 

correcting the reach to attain the goal. These movement sequences were termed wrong-way errors, 281 

and were more prevalent on anti- vs pro-reach trials (see Results). For such trials we determined the 282 

onset latencies in the incorrect as well as the correct directions. The former was determined as 283 

explained above, whereas the latter was determined as the time when the reach started to proceed 284 

in the correct direction. As detailed in the Results, for some analyses of EMG activity on anti-reach 285 

trials, we restricted analyses to those trials where subjects either moved directly away from the 286 

emerging stimulus, or moved no more than 50% of the distance toward the emerging stimulus, 287 

relative to where they landed on pro-reach trials, before correctly reversing the reach in the opposite 288 

direction. Our rationale here is that such mid-flight reversals indicate that subjects had consolidated 289 

the anti-reach instruction. We note that this 50% cutoff is arbitrary, and to satisfy ourselves that our 290 

results and conclusions were not due to this particular value, we re-ran all analyses after changing 291 

this cutoff to 25% (which excludes more anti-reach trials) or 75% (which excludes fewer anti-reach 292 

trials). In both cases, the qualitative nature of the results presented below, particularly regarding the 293 

latency and magnitude of the EVR on anti-reach trials, remained the same regardless of which cutoff 294 

was used.  295 

 296 

As described previously (Corneil et al., 2004), we used a time-series receiver-operating characteristic 297 

(ROC) analysis to determine the presence and latency of the EVR in the Choice reaction task. Briefly, 298 

we conducted an ROC analysis for each point in time from 100 ms before to 300 ms after stimulus 299 

presentation. For each point in time, the area under the ROC curve indicates the likelihood of 300 

discriminating the side of stimulus presentation based only on EMG activity alone; a value of 0.5 301 

indicates chance performance, whereas a value of 1.0 indicates perfect discrimination. While our 302 

past work (Wood et al., 2015; Kozak et al., 2021) determined the presence or absence of an EVR by 303 

conducting separately time-series ROC curves for the shorter- and longer-than-average RT subsets, 304 
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this was not practical in the current dataset given the fewer number of repeats of each unique 305 

stimulus condition, and the relatively small variance in RTs. Instead, we found the time at which the 306 

slope of the time-series ROC changed by using the matlab function ischange; if this time fell within 70 307 

and 120 ms, then we determined that an EVR was present, and the time at which the slope changed 308 

was determined to be the EVR latency. EMG magnitude in the EVR time window was calculated as 309 

the mean activity over the 80-120 ms interval post stimulus onset. Following subtraction of baseline 310 

activity, defined as the 500ms of activity prior to stimulus onset, these EMG magnitudes were 311 

normalized with respect to the maximum value of the ensemble-averaged PEC activity on left pro-312 

reach trials without an SAS. Note that these EMG magnitudes were determined regardless of 313 

whether an EVR was identified. We note that this time-series ROC analysis is not possible in the 314 

Simple reaction task, since the stimulus is always presented to the left. While there are alternative 315 

methods for EVR detection that could have been used (Contemori et al., 2022; Kearsley et al., 2022), 316 

for the sake of simplicity we do not calculate EVR latencies for the Simple reaction task, and quantify 317 

EMG recruitment during the predefined interval of 80-120 ms after stimulus presentation. 318 

 319 

Statistical analysis 320 

Unless otherwise stated, linear mixed models were used to investigate main effects and interactions. 321 

Linear mixed models were chosen over repeated-measures analysis of variance (ANOVA) because 322 

unlike ANOVAs, linear mixed models do not use list-wise deletion in the case of missing data points, 323 

allowing us to maximize the power and reduce the bias of our analysis. This applies where a 324 

participant may exhibit an EVR in one condition but not another (e.g., on trials with or without a 325 

SAS). The Satterthwaite method was applied to estimate degrees of freedom and generate p-values 326 

for the mixed model analyses. We investigated the effect of stimulus presentation side (left vs right), 327 

instruction (pro-reach vs anti-reach) and startle (no-SAS vs SAS), specifying these as fixed effects and 328 

participant ID as a random effect in the linear mixed models. Post hoc orthogonal contrasts with the 329 

Bonferroni correction method for multiple comparisons were used to investigate significant 330 

interactions between predictor variables, with an alpha of 0.05. We used paired t-tests to determine 331 

whether the SAS influenced EMG activity in an interval preceding the EVR, and to compare RT and 332 

EVR magnitude on trials based on Startle activity. We used a linear regression to correlate EVR 333 

magnitude versus RT across our sample. Data processing was done in MATLAB (R2021a), and 334 

statistical analyses were performed using jamovi (version 2.3, 2022), and MATLAB (R2021a). 335 

 336 

Results 337 
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Choice reaction task - performance and movement RTs 338 

Following trial exclusion, we retained a total of 3708 trials (90.9 ± 3.8%; mean ± SD) for further 339 

analysis (see Methods for exclusion criteria and frequency of different exclusion types). ‘Wrong-way’ 340 

error rates and RTs for each of the experimental conditions are displayed in Figure 2A and 2B, 341 

respectively. Participants made more mistakes on anti-reach trials than pro reach trials (15.2 ± 6.6% 342 

vs 3.4 ± 3.5% of trials, respectively) resulting in a main effect of instruction (instruction; β = 0.117, p = 343 

1.43e-15, 95% CI [0.0926, 0.1422]). Participants also made more wrong-way errors on SAS than non-344 

SAS trials (13.3 ± 7.5% vs 5.3 ± 3.1% respectively; SAS, β = 0.080,  p =4.68e -9, 95% CI [0.0555, 345 

0.1051]), which depended on the instruction given (instruction x SAS; β = 0.125, p =2.86e-6, 95% CI 346 

[0.0751, 0.1742]). A post hoc comparison showed that in anti-reach trials there were more wrong-347 

way errors with SAS than without (22.3± 11.4% vs 8.0± 4.5%; p = 8.37e-12), but this was not the case 348 

with pro-reach trials (4.3 ± 5.4% vs 2.5± 2.7%; p = 1.000). There was no evidence that these results 349 

differed significantly as a function of the side of the target appearance (p>0.435 for all main or 350 

interaction effects involving side).  351 

 352 

 353 

Figure 2. Behavioral results from Choice reaction task. Depiction of error rates (A) and RTs (B), for all 17 354 
participants. Errors are defined as anti-reach trials where participants initially moved incorrectly toward the 355 
emerging stimulus, and then corrected the movement in mid-flight to reach in the opposite direction. In all 356 
cases, x-axis labels provide the response the subjects should have generated. For the RTs of anti-reach trials 357 
shown in B, the middle panel shows the RTs for the correct movement away from the simulus, whereas the 358 
right panel shows the RTs for the incorrect movement toward a stimulus on error trials. A given subject had to 359 
generate at least 2 such errors to be included in this panel. For boxplots, the black, horizontal line depicts the 360 
median across the sample, the coloured portion spans the 25th to 75th percentile, the error bars depict the 361 
span of data not considered outliers, the asterisks depict the mean of the observations from individual 362 
subjects, and the faint gray lines connect data from a given subject across trials with and without a SAS, where 363 
both values are available. 364 
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 365 
 366 

 367 

Movement onset latencies were shorter in pro- than in anti-reach trials (148±15 ms vs 198±18ms, 368 

respectively; instruction, β = 50.239, p= 5.28e-39, 95% CI [45.35, 55.13]).  Note that for the wrong-369 

way trials for anti-reaches, we included the onset latency of the movement away from the target (i.e. 370 

the instructed direction). The SAS significantly shortened movement onset latencies by, on average, 371 

12 ms in pro-reach trials (142±16 vs 154±16 ms without SAS) and by 6 ms in anti-reach trials (195±20 372 

vs 201±21 ms without SAS; SAS, β = -9.443, p = 2.50e-4, 95% CI [-14.34, -4.55]). There was no 373 

evidence for an interaction effect between the effect of the SAS and instruction (instruction x SAS, β 374 

= 6.4505, p =0.199 , 95% CI [ -3.33, 16.23]), and no evidence for a main or interaction effect involving 375 

the side of target appearance (p > 0.3 for main or interaction effects involving side). 376 

Across participants, the latencies of wrong-way movements (i.e. the RT of the movement towards 377 

the target) in anti-reach trials were shorter for SAS than non-SAS trials (122±20 and 146±31 ms, 378 

respectively; SAS, β =-21.21,  p =0.002,  95% CI [-34.9, -9.48]) with no evidence for an effect of target 379 

side (side, β =2.55, p =0.701 , 95% CI [-10.4, 15.46] ). The maximum hand displacement in the wrong 380 

direction did not significantly differ between SAS and non-SAS trials (11.9±6.2% vs 10.7±5.3% of the 381 

distance to target; SAS, β =1.135, p =0.380 , 95% CI [-1.65, 4.375]) but was significantly larger for 382 

wrong way movements to the left (13.5± 6.1%, relative to movement amplitude on pro-reach trials) 383 

than right (9.5 ± 5.1%;  side, β =-3.55, p =0.030 , 95% CI [-6.62, -0.477]). 384 

 385 

Choice reaction task – Effects of SAS on EVR Latency and response magnitude 386 

Figure 3a-d shows the EMG responses in the pectoralis (PEC) muscle of a representative subject for 387 

each of the reaching conditions with and without a SAS. As the characteristic feature of the EVR, a 388 

band of increased PEC activity can be seen in the trials where the stimulus was presented on the left 389 

side (i.e left column) at 80-120 ms post stimulus onset, whereas in trials where the stimulus was 390 

presented at the right side (i.e. right column) a decrease in activity occurs in this time window. In 391 

pro-reaches (i.e. top row) this contrast in PEC activity between left and right stimulus presentation is 392 

more pronounced than in anti-reaches (i.e. bottom row). Figures 3b and 3d show the respective 393 

time-series ROC analyses for identifying the presence and latency of the EVR (see methods).  394 

 395 

 396 
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 399 

 400 

Figure 3. Representative EMG activity from the pectoralis muscle of an exemplar participant from Choice 401 
reaction task. EMG activity is shown in trial-by-trial heatmaps for pro-reach (A) and anti-reach trials (C). In each 402 
heat map, color conveys the magnitude of EMG activity aligned to stimulus emergence, with each row 403 
depicting an individual trial with trials ordered by the RT of the movement in the correct direction (white 404 
circles). Red circles on rows for anti-reach trials depict the RT of a wrong-way movement toward the emerging 405 
stimulus, which preceded the onset of the correctly-directed reach. Separate heat maps are depicted from 406 
trials with or without a SAS. B, D: Lines in the upper subplots depict the mean EMG activity for the four trial 407 
types. Lower subplots depict time-series ROC, calculated separately for trials with or without a SAS. Vertical red 408 
lines depict the time at which a change in time-series ROC was detected (values provided in each subplot).409 

 410 
All participants had a significant EMG discrimination time in the EVR window (70-120 ms), indicating 411 

the presence of an EVR in at least one condition. In pro-reach conditions we observed significant 412 

discrimination times in 12/17 participants with the SAS present and 16/17 participants in non-SAS 413 

conditions. 12/17 participants had a significant discrimination time in the non-SAS anti-reach 414 

condition, and 11/17 in SAS anti-reach condition. The Linear Mixed Model yielded no main effect of 415 

SAS on EVR latency (SAS, β = 2.25, p = 0.120, 95% CI [-0.526, 5.02]). Note that this model did not 416 
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include side because to evaluate the EVR, right reaches are already compared to left reaches to 417 

determine the ROC curve and subsequently the EVR timing. Discrimination times (Fig. 4A) in pro-418 

reaches (89±6ms) were slightly but significantly shorter than in anti-reaches (93±7 ms; instruction, β 419 

= 3.87, p = 0.010, 95% CI [1.085, 6.65]), irrespective of the SAS (SAS x instruction, β = 1.28, p = 0.645, 420 

95% CI [-4.131 , 6.70]). This small effect seems to be driven by the smaller-magnitude EVR on anti-421 

reach trials, as well as by differences in the EVR detection using the change of slope detection 422 

method (see methods), as the method appears to be less sensitive in anti-reaches when the time-423 

series ROC briefly increases before decreasing. 424 

 425 

 426 

Figure 4. Quantification of the EVR in the Choice reaction task (Task A). Depiction of the latency (A) and 427 
magnitude (B) of the EVR for the 17 subjects in the sample. Same format as Fig. 2. Recall that EMG activity 428 
initially decreases following rightward stimulus presentation, which is why values may fall below zero 429 
(horizontal dashed line) in B. 430 

 431 

Figure 4B shows the magnitude of PEC recruitment during the EVR window (80-120 ms), normalized 432 

relative to the maximum level of PEC recruitment aligned to reach onset averaged across all non-SAS 433 

left pro-reach trials. As expected for the EVR, PEC activity was significantly larger when targets were 434 

presented to the left than to the right (side, β = -30.32,  p =4.37e-22, 95% CI [-35.22, -25.41]), and 435 

more so in pro- than anti-reaches (side x instruction, β = 39.73, p=1.75e-12, 95% CI [29.91, 49.54]).  436 

PEC activity was significantly larger with a SAS than without SAS (SAS,  β = 14.38, p=8.07e-8, 95% CI 437 

[9.47, 19.28]). This effect of the SAS depended on the side of target presentation (SAS x side, β = -438 

14.96, p =0.003, 95% CI [-24.77, -5.144]), but not on instruction (SAS x instruction; β = 1.00, p = 0.842, 439 

95% CI [-8.81, 10.8161]). Post hoc analyses revealed that the SAS significantly increased PEC 440 

recruitment in leftward targets (p =6.57e-8) but not in rightward targets (p = 0.323).  441 

Relating EVR magnitude to movement RTs across SAS and non-SAS trials 442 

Our task design in the Choice reaction task ensured that participants knew to generate a pro- or anti-443 

reach on a given trial, but remained uncertain about whether the stimulus would emerge to the right 444 
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or left. Despite this, participants generated pro-reaches with very short RTs (on average 142 ms or 445 

154 ms with or without a SAS, respectively). When taking into account the electromechanical delay 446 

between the EMG signal and reach onset, this indicates that the forces arising from muscle 447 

recruitment during the EVR interval contributed to movement initiation. Across our sample, a SAS on 448 

pro-reach trials lowered RTs by 12 ms on average, ranging from a maximum reduction of 37 ms (168 449 

or 131 ms on trials without or with a SAS) to a reduction of -3 ms (152 or 155 ms on trials without or 450 

with a SAS). Pro-reach data from these two subjects, along with the time-series ROC analyses, are 451 

shown in Fig. 5A and B. The subject in Fig. 5B with the smallest RT reduction had an EVR on pro-reach 452 

trials with or without a SAS and, as in the representative subject (Fig. 3), the SAS strengthened the 453 

magnitude of the EVR without changing its timing. In contrast, the subject with the largest RT 454 

reduction (Fig. 5A) is the only subject that did not have an EVR on pro-reach trials without a SAS. In 455 

this subject, the SAS produced a very prominent EVR, the timing of which resembled that observed in 456 

the rest of our sample. Thus, EVRs remained the earliest detectable change in muscle recruitment 457 

that depended on the side of stimulus emergence in the Choice reaction task. 458 

 459 

 460 

Figure 5. Negative relationship between RT and EVR magnitude. A, B. Mean EMG (top row) and time-series 461 
ROC (bottom row) for subjects where the SAS elicited either the largest (A) or smallest (B) reduction in RTs on 462 
Pro-reach trials, showing that a SAS provoked an EVR in both cases. Same format as Fig. 3B,D. C. Negative 463 
correlation between reaction time plotted as a function of normalized recruitment in the EVR window, for all 464 
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17 subjects for Pro-reaches in the Choice reaction task. Each symbol denotes the mean observation from a 465 
subject, with thin gray lines connecting observations with and without a SAS. Dashed or solid black line shows a 466 
linear regression for pro-reach trials without (r = -0.53, p = 0.028) or with (r = -0.60, p = 0.010) a SAS, 467 
respectively. D. Reaction time plotted as a function of binned EVR magnitude, for pro-left reach trials without 468 
(left subplot) or with (right subplot) a SAS. For all subjects, we derived the median RT associated with the 469 
normalized EVR magnitude within 3 equal sized bins of EVR magnitude. Same format as Fig. 2. 470 

 471 

Prior research has established a negative correlation between EMG recruitment in the EVR interval 472 

and the RT on pro-reach trials (Pruszynski et al., 2010; Gu et al., 2016). These considerations lead us 473 

to question the degree to which the shortened RTs on SAS trials were associated with concomitant 474 

increases in EVR magnitude. Our hypothesis of intersensory facilitation of the SAS and a visual signal 475 

relayed through subcortical circuits predicts that RTs and EVR magnitudes should be related by a 476 

uniform relationship, with SAS trials leading to shorter RTs on average simply because of larger EVRs. 477 

To put it another way, a trial with a given magnitude EVR should have the same RT, regardless of 478 

whether a SAS was presented or not. 479 

We addressed this question in a number of ways. First, we conducted an across-participant analysis 480 

where we plotted the mean magnitude of normalized muscle recruitment during the EVR interval as 481 

a function of mean reaction time, doing so separately for trials with or without a SAS. As shown in 482 

Fig. 5C, this revealed the expected normalized relationship, with the EVR magnitude being negatively 483 

correlated with the RT for pro-reach trials with (r = -0.60, p = 0.010) or without a SAS (r = -0.53, p = 484 

0.028). Although the slope of these negative correlations were shallower for trials with a SAS, such a 485 

difference may be due to a basement effect where RTs could not go lower on SAS trials despite a few 486 

examples of large magnitude EVRs. Second, we conducted a within-participants analysis for leftward 487 

pro-reach trials, comparing the RTs on SAS and non-SAS trials that are matched for EVR magnitudes. 488 

For each participant, we binned the trials with respect to EVR magnitude (3 bins, bin width = 33%). 489 

Providing that there were sufficient SAS and non-SAS trials in a given bin (at least n = 1 of both), we 490 

derived the median RT for SAS and non-SAS trials in that bin. We then used a Wilcoxon signed-rank 491 

test to RTs across participants and bins (Fig. 5). RTs became faster with greater EVR magnitudes, but 492 

there were no significant differences between SAS and non-SAS trials (adjusted alpha = 0.05/3 = 493 

0.0167; Bin 0-33, p = 0.622; Bin 34-66, p = 0.058; Bin 67-100, p = 0.097).  494 

 495 

Generalized startle reflex activity in upper limb and neck muscles that precedes the EVR 496 

While the finding of enhanced EVR magnitudes with SAS in leftward but not rightward targets (Fig. 4) 497 

argues against a generic effect on PEC recruitment in this time window of interest, we further 498 

explored whether the SAS elicited a reflexive startle response before the EVR. Here, we took 499 
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advantage of our recordings not only from PEC, where activity is related to the reaching task, but also 500 

from our recordings of bilateral sternocleidomastoid (SCM). Although SCM recordings are commonly 501 

used to assess the presence or absence of startle reflexes during StartReact experiments (for review 502 

see (Carlsen & Maslovat, 2019)), the typical time interval of up to 120 ms after the SAS in such 503 

assessments overlaps with the EVR interval (80-120 ms after stimulus emergence); thus we cannot 504 

use traditional methods to assess the presence or absence of startle reflexes on a trial-by-trial basis. 505 

We explored the time course of averaged activity from PEC and bilateral SCM after stimulus 506 

emergence, pooling across pro- and anti-trials and side of stimulus emergence, but doing so 507 

separately for SAS and non-SAS trials. We normalized the average activity of these muscles to the 508 

activity in the 500 ms preceding stimulus presentation, and then subtracted the activity on non-SAS 509 

from SAS trials. This analysis produces a difference curve where any increase in EMG activity in the 510 

time after stimulus emergence is attributable to the presence of the SAS. As shown in Fig. 6, the 511 

presence of the SAS increased activity in two intervals, one soon after the SAS (starting at ~20 ms for 512 

bilateral SCM, and ~30 ms for PEC), and another later on in the EVR interval. On PEC, this latter 513 

response during the EVR interval is expected because of the asymmetric effect of the SAS, as it 514 

increases recruitment more following left stimulus than it decreases it following right stimulus 515 

emergence (Fig. 4). A similar pattern of recruitment is also apparent in L-SCM starting at around 100 516 

ms, although such recruitment was less common than in PEC and was observed in only a few 517 

subjects. We therefore focus on the earlier change in muscle recruitment, as such activity evolved 518 

well before the EVR. To assess the significance of these results across our sample, we ran sample-519 

wise signed-rank tests to identify where this excess activity was significantly different from 0 (p < 520 

0.05) for at least 10 consecutive samples. In PEC we found significant SAS-induced activity for a brief 521 

interval between 30 and 50 ms after stimulus emergence, well before the EVR (Fig. 6A). In bilateral 522 

SCM, there was also brief and very early (starting at ~25 ms) increased EMG activity in SAS trials (Fig. 523 

6B, C).   524 

We explored the trial-by-trial influence of such early recruitment on subsequent muscle recruitment 525 

and behaviour in a few ways. First, on each trial, we determined whether EMG recruitment in this 526 

early interval exceeded by two standard deviations the mean activity in a baseline interval 527 

determined from the 200 ms preceding stimulus emergence. Trials with or without significant activity 528 

are termed PEC+/PEC- or SCM+/SCM- trials, respectively, depending on which muscle is being 529 

assessed for this early startle activity.  We ran this for all trials (regardless of whether a SAS was 530 

presented or not), and found that a SAS slightly but significantly increased the proportion of trials 531 

where significant activity was detected on either SCM muscle in an interval from 20 to 50 ms after 532 

stimulus emergence (SCM+ trials: 14.0 +/- 4.4% on trials without a SAS vs 20.0 +/- 7.3% of trials with 533 
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a SAS; one-way paired t-test Bonferroni-corrected for multiple comparisons, p =4.80e-3, t(16) = -534 

2.94), or on PEC muscle 30 to 60 ms after stimulus emergence (PEC+ trials: 44.4 +/- 7.0 % on trials 535 

without a SAS vs 52.2 +/- 14.1% of trials with a SAS; p = 0.017, t(16) = -2.33). On SAS trials, the 536 

presence of activity in this early interval did not relate to significantly shorter pro-reach reaction 537 

times using either SCM (Pro-reach RTs in either direction = 133.1 +/- 13.4 ms vs 130.6 +/- 16.6 ms on 538 

SCM- vs SCM+ trials; p = 0.171, t(15) = 0.983; excluding one subject within insufficient SCM+ trials) or 539 

PEC activity (Pro-reach RTs to the left  = 130.6 +/- 19.3 ms vs 125.9 +/- 15.3 ms on PEC- vs PEC+ trials; 540 

p = 0.112, t(16) = 1.264). Consistent with this, the magnitude of PEC recruitment in the EVR interval 541 

on pro-reach trials to the left did not increase in the presence of significant startle activity for either 542 

SCM (relative to the EVR on SCM- trials, EVR on SCM+ trials = 1.27 +/- 1.06, p = 0.299, t(14) = 0.541; 543 

excluding two  subjects with insufficient SCM+ or SCM- trials since only leftward trials were analyzed) 544 

or PEC (relative to the EVR on PEC- trials, EVR on PEC+ trials = 0.86 +/- 0.25, p = 0.999, t(16) = -3.618). 545 

Thus, although a SAS increased the recruitment of bilateral SCM and right PEC in a brief ~30 ms 546 

interval that preceded the EVR, such recruitment had little influence on the magnitude of 547 

recruitment in the subsequent EVR interval, or on the ensuing reach reaction time.  548 

 549 

 550 

551 
Figure 6. A SAS increases recruitment of right PEC and bilateral SCM activity before the EVR. Time-series of 552 
the difference in baseline-normalized EMG activity immediately after stimulus emergence due to the SAS, 553 
conducted separately for right-PEC (A), left-SCM (B), and right-SCM (C). In each subplot, thin lines show data 554 
from individual subjects, and red lines denote periods where significantly greater EMG activity was observed 555 
across our sample on SAS vs non-SAS trials.  556 

 557 

Simple reaction task - performance, movement RTs, and EVR magnitudes 558 

The shortening of RTs in the presence of a SAS due to the StartReact effect is most commonly 559 

observed in experiments where subjects have foreknowledge of the requested response. In a 560 

separate block of trials, we therefore collected behavioral and EMG data from a Simple reaction task 561 

where stimuli always emerged to the left, to which participants responded with a left (pro-reach) or 562 
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right (anti-reach) response, depending on the conveyed instruction. Compared to the Choice reaction 563 

task, we observed a large number of anticipatory responses (RTs < 80 ms; 36.9% vs 3.4% in Simple vs. 564 

Choice reaction task, respectively). Some subjects produced anticipatory responses more than half 565 

the time, hence we analyzed data only from the remaining 11 subjects that produced anticipatory 566 

responses on less than half of all trials. 567 

We show data from a representative participant in Figure 7 (same participant as in Fig. 3). 568 

Behaviorally, the RTs on anti-trials are quite similar to those on pro-reach trials, and this participant 569 

did not generate wrong-way reaches toward the emerging stimulus on anti-reach trials (compare 570 

heatmaps and RTs in left columns of Figs. 3 and 7). Second, while prominent EMG recruitment during 571 

the EVR interval is apparent on pro-reach trials in the simple task (Fig. 7A,B), EMG recruitment during 572 

the EVR interval is absent on anti-reach trials (Fig. 7C,D). Thus, it appears that this participant fully 573 

prepared the motor program for the pro- or anti-reach before stimulus emergence. Finally, while the 574 

SAS further shortened RTs for both pro- and anti-reach trials, the SAS only augmented EMG activity 575 

during the EVR interval on pro-reach trials; we observed little to no increase in EMG activity in this 576 

interval following leftward stimulus emergence on anti-reach trials. 577 

 578 
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 579 

Figure 7. Representative EMG activity from the pectoralis muscle of an exemplar participant from Simple 580 
reaction task. Same participant and format as FIg. 3, excepting that a time-series ROC plot was not generated 581 
given the absence of trials with the stimulus emerging to the right. 582 

 583 

We quantified the RTs and magnitude of EMG activity in the EVR interval across those 11 subjects 584 

that did not routinely anticipate stimulus emergence. The SAS significantly shortened RTs by 26 ms 585 

on average (Fig. 8A; 129± 21ms and 155±20ms for SAS and nonSAS respectively; SAS, β = -20.54, p = 586 

3.76e-8, 95% CI [-27.05, -14.0]), irrespective of the instruction (SAS x instruction,  β = 1.98, p = 0.767, 587 

95% CI [-11.05, 15]) or the task (SAS x task,  β = 10.58, p =0.116, 95% CI [-2.44, 23.6]). There was an 588 

interaction effect between task and instruction (task x instruction, β = 48.06,, p = 4.71e-10, 95% CI 589 

[35.04, 61.1]); a post hoc analysis showed that, in contrast to the Choice reaction task, we observed 590 

no significant difference between the RTs of pro- vs anti-reach trials in the Simple reaction task (Fig. 591 

8A; 141±22 ms in pro- vs 142±19ms in anti-reaches; p = 1.000). Further, RTs for both pro- and anti-592 

reaches in the Simple reaction task were comparable to the RTs for pro-reaches in the Choice task (p 593 

= 1.000), whereas the choice anti-reaches showed significantly different RTs (Fig. 8A, p = 3.73e-16).  594 
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 595 

 596 

Figure 8. Quantification of behavior and EMG activity in Simple reaction task, compared to Choice reaction 597 
task. Depiction of RTs (A) and EMG magnitude in EVR interval (B), shown for the 11 subjects with sufficient 598 
data in the Simple reaction task (hence the subtle differences with Figs. 2 and 4). Same format as Fig 2. 599 

 600 

In terms of EMG activity, PEC recruitment in the EVR interval across both tasks was significantly 601 

larger in pro- than in anti-reaches (instruction, β = -36.8, p = 4.34e-12, 95% CI [-45.49, -28.174]). Yet, 602 

this effect was dissimilar between tasks (task x instruction;  β = 20.3, p = 0.025, 95% CI [2.97, 603 

37.595]). While post-hoc tests showed that PEC recruitment was significantly different between pro- 604 

and anti-reaches in both tasks, the difference was greater in the Simple than the Choice reaction task 605 

(Choice; p =  3.58e-4, Simple; p = 8.38e-10). Post hoc tests revealed differences between almost all 606 

conditions, the only comparisons that did not show significant differences for the effect of task x 607 

instruction were simple and choice pro-reaches (p = 0.224), and simple pro-reach versus choice anti 608 

reach trials (p = 0.209). PEC recruitment was significantly larger in trials with SAS (SAS, β = 18.1, p = 609 

1.10e-4, 95% CI [9.46, 26.769]) and during the Choice task (task, β = 23.4, p =1.30e-6, 95% CI [14.74, 610 

32.050]), with a significant interaction (task x SAS; β = 18.7, p = 0.038, 95% CI [1.37, 35.994]). The SAS 611 

increased EVR magnitudes on pooled Choice task trial types (p= 2.32e-4), but its pooled effect across 612 

Simple task trial types was neutral (p = 0.988). Finally, there was an interaction effect between SAS 613 

and instruction (SAS x instruction; β = -17.8, p = 0.048, 95% CI [-35.12, -0.495]). The SAS had a 614 

potentiating effect on pro-reach trials when pooled across tasks (p = 2.98e-4), while its pooled effect 615 

in anti-reaches across both tasks was neutral (p = 0.870). While this neutral effect appears to be 616 

driven by opposing effects of the SAS in Simple vs. Choice task anti-reach trials (see figure 8B), the 617 
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three-way interaction did not reach significance (SAS x instruction x task; β = 28.4, p = 0.113, 95% CI 618 

[-6.26, 62.997]). In sum, and in contrast to the Choice task, the effect of the SAS on anti-reaches in 619 

the Simple task (i.e., stimulus left, reach right) suppressed PEC recruitment during the EVR interval 620 

and produced RTs comparable to those observed on pro-reach trials. 621 

 622 

Discussion 623 

We examined the effect of a SAS on behavior and upper limb muscle activity as human participants 624 

made pro- or anti-reaches in an Emerging Target task. The task promoted reactive RTs and the 625 

generation of short-latency bursts of muscle activity termed EVRs, even on trials without a SAS. In 626 

separate blocks of trials, the side of stimulus emergence could be varied (a Choice reaction task 627 

where responses could not be fully prepared) or be fixed (a Simple reaction task permitting full 628 

response preparation). The SAS lowered RTs in both tasks, and increased the magnitude of EVRs 629 

without altering its timing. Our results affirm that a SAS can reliably shorten RTs of reactive 630 

movements in select Choice reaction tasks. We surmise that the subcortical visuomotor pathway that 631 

produces EVRs is sufficiently primed prior to stimulus emergence in the Emerging Target task. In such 632 

scenarios, the hastening of RTs arises from intersensory facilitation within the reticular formation 633 

between the SAS and visually-derived signals relayed along a subcortical visual pathway; advanced 634 

preparation of a specific motor response and its release by the SAS, as in the StartReact effect, is not 635 

required. 636 

Our RT results in a Choice reaction task (Fig. 2B) complement similar reports of how a SAS can 637 

shorten RTs of on-line lower limb corrections to displaced targets or obstacles (Reynolds & Day, 638 

2007; Queralt et al., 2008), and demonstrate that the influence of the SAS can be observed for 639 

reactive movements of the upper limb initiated from a stable posture. Importantly, given that EVRs 640 

can also be observed on the lower limb (Billen et al., 2023), we suggest that past RT effects for on-641 

line corrections of the lower limb may have arisen from strengthening rather than shortening 642 

signalling along a fast subcortical visuomotor pathway (Reynolds & Day, 2007). Given that a 643 

hastening effect of a SAS on RTs is generally not observed in Choice reaction tasks initiated from a 644 

stable posture (Carlsen et al., 2004, 2009; Forgaard et al., 2011; Maslovat et al., 2012; Marinovic et 645 

al., 2017)), what is distinct about the Emerging Target task? The Emerging Target task promotes a 646 

readiness to respond via strong top-down priming of a subcortical visual pathway due to implied 647 

motion and temporal certainty about the timing of stimulus emergence (Kozak et al., 2020; 648 

Contemori et al., 2021b). Consequently, pro-reach RTs with or without a SAS were essentially 649 

identical in both the Choice and Simple reaction tasks (Fig. 8). Similar facilitating effects of a SAS are 650 
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also seen in launching interceptive actions (Tresilian & Plooy, 2006), and in promoting accurate 651 

responses in a forced RT paradigm (Heckman et al., 2023). All of these paradigms promote a degree 652 

of response urgency which may be an important factor in dictating reactive responses even without a 653 

SAS. As seen in the work by Heckman and colleagues (2023), a SAS in such scenarios can facilitate 654 

congruent movements directed toward a stimulus (pro-reaches in our case) or voluntary movements 655 

directed elsewhere (e.g., the RTs on correct anti-reach trials).  656 

Is it possible that subjects in the choice reaction task prepared alternative motor programs in parallel 657 

in advance, which were then influenced, or perhaps even released, by the SAS? Evidence from 658 

multiple motor systems clearly shows that humans or primates can prepare a limited number of 659 

alternatives in advance that need not affect motor output (Basso & Wurtz, 1997; Dorris & Munoz, 660 

1998; Cisek & Kalaska, 2005; Quoilin et al., 2019), so a systematic test of the influence of preparing 661 

multiple alternatives would require introducing more potential target locations. However, numerous 662 

considerations suggest that neither advanced preparation of parallel motor programs nor the SAS 663 

itself explains our results and those in the literature. First, while the phenomena of EVRs and SAS-664 

induced effects on RT in reactive tasks benefit from the preparation of specific motor programs, such 665 

preparation is not critical; robust EVRs can be evoked even in the scenarios with up to twelve 666 

potential reach target (Selen et al., 2023) or when either limb could be used to reach to up to seven 667 

potential targets (Kearsley et al., 2022), and a SAS facilitates accurate responses in conditions of 668 

multiple potential targets in forced RT paradigm (Heckman et al., 2023). Our data also show that a 669 

SAS did influence neck and upper limb muscle activity within 20-40ms, which we attribute to a non-670 

specific acoustic startle reflex (Brown et al., 1991b, 1991a). However, this phase of recruitment was 671 

not direction specific even on PEC; direction specificity only emerged later, i.e. during the EVR 672 

interval, and even then the timing of the EVR was not influenced by the SAS. This absence of SAS 673 

effects on EVR discrimination time is consistent with the findings of Glover and Baker (2019). In the 674 

EVR interval in the Choice reaction task, we also found that the SAS selectively increased PEC activity 675 

for leftward, but not rightward targets, regardless of whether participants were instructed to reach 676 

towards or away from the target. Thus, we saw no evidence of the SAS releasing a default motor 677 

program in the Choice reaction task. Our results speak to the SAS acting as an accessory stimulus that 678 

increases the excitation of the fast visuomotor network, such that it facilitates phases of muscle 679 

recruitment influenced by the emerging visual stimulus after the earliest startle reflexes. The fixed 680 

timing of the EVR reinforces our supposition that the pathway underlying the EVR represents the 681 

shortest pathway capable of transforming visual inputs into target-directed reaching actions (Gu et 682 

al., 2018; Contemori et al., 2023).  683 
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Our recordings of upper limb muscle activity demonstrate a consistent relationship between the 684 

earlier phase of stimulus-directed recruitment, the EVR, and subsequent RT. In the Choice reaction 685 

task, the SAS enhanced EVR magnitude but not timing. Such enhancement correlated with reduced 686 

RTs (Fig. 2B; Fig. 5C&D), and related to the increased propensity for wrong-way errors on anti-reach 687 

trials (Fig. 2A). Importantly, these lower RTs and increased wrong-way errors on anti-reaches were 688 

independent of target direction, which again speaks to the target-selective nature of EVR 689 

enhancement. These results affirm that the EVR, while brief in duration, leads to the production of 690 

relevant forces capable of initiating limb motion (Gu et al., 2016). Indeed, a subject-by-subject (Fig. 691 

5C) and trial-by-trial comparison (Fig. 5D) of the relationship between EVR magnitude and RT shows 692 

that a given EVR relates well to a given RT, regardless of the presence or absence of a SAS. While 693 

there are undoubtedly non-linearities in how muscles generate force, in the context of the Choice 694 

reaction task experiment there appears a fairly straightforward explanation that the effect of the SAS 695 

on RTs is largely due to the production of a larger EVR. This was true even in the one subject (Fig. 5A) 696 

that did not produce an EVR on trials without a SAS, but had both large EVRs and the largest degree 697 

of RT shortening when a SAS was presented. Our interpretation from this example is that 698 

intersensory facilitation between the SAS and signaling from the visual stimulus was sufficiently 699 

strong to evoke an EVR in the periphery, whereas signaling from the visual stimulus alone was not. 700 

We surmise that a true StartReact effect, wherein a SAS led to the involuntary ‘release’ of a prepared 701 

motor program, did occur in our Simple reaction task. Here, depending on instruction, left stimulus 702 

emergence requires a leftward pro-reach or a rightward anti-reach. Consistent with subjects 703 

preparing a specific motor program in advance of stimulus emergence, RTs on anti-reaches were 704 

~50ms faster than in the Choice reaction task, and as fast as those on pro-reaches. Furthermore, the 705 

strong recruitment in the EVR interval that was augmented by the SAS on pro-reach trials is 706 

completely absent on anti-reach trials, regardless of the presence or absence of the SAS (Figs. 7, 8). 707 

In the Simple reaction task, subjects had more than 2 seconds to consolidate the instruction to 708 

prepare for pro-reach responses to the left or anti-reach responses to the right, which apparently 709 

provides sufficient time on anti-reach trials to fully suppress the EVR to the leftward stimulus, which 710 

in this case acts as a signal to reach to the right. Such contextual suppression of the EVR resembles 711 

that observed in delayed reaching tasks (Pruszynski et al., 2010), and how EVRs from a given stimulus 712 

can be mapped onto different responses depending on task-relevant parameters (Gu et al., 2018; 713 

Contemori et al., 2023).  714 

The reticular formation has been strongly implicated in both the StartReact effect (Valls-Solé et al., 715 

1999; Nonnekes et al., 2015; Carlsen & Maslovat, 2019) and the phenomenon of EVRs (Corneil & 716 

Munoz, 2014; Contemori et al., 2023). Indeed, the reticular formation has the requisite connections 717 
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to the motor periphery to detail the task-appropriate motor commands that are hastened by 718 

presence of a SAS in the case of the StartReact effect, or augmented in the case of intersensory 719 

facilitation. In the Choice reaction task used here, the reticular formation is a likely node for 720 

intersensory convergence between signals arising from the SAS and the emerging visual stimulus. 721 

Intersensory effects are also possible within the intermediate and deep layers of the superior 722 

colliculus, given its role in multisensory integration (Stein & Meredith, 1993) and inputs into startle 723 

circuitry (Fendt et al., 2001). Previous work examining multisensory integration in the SC of awake 724 

behaving monkeys has attributed the reductions in saccadic RT largely to changes in the timing 725 

and/or magnitude of saccade-related rather than visually-related signals (Frens & Van Opstal, 1998; 726 

Bell et al., 2005). However, such studies have used localizable acoustic stimuli with intensities <= 60 727 

dB, hence the effect of a much louder SAS on visually-derived transients within the intermediate and 728 

deep layers of the primate SC is unknown. 729 

There are a number of implications of our results. First, the magnitude of RT reduction alone cannot 730 

be used to differentiate behavioural effects due to a StartReact effect from intersensory facilitation. 731 

Tasks with a degree of response urgency, such as the one we used, engender shorter RTs on non-SAS 732 

trials to begin with, limiting the degree to which a SAS can further shorten the RTs of accurate 733 

movements. Indeed, the RT reductions we observed were similar in the Choice reaction task (~12 ms) 734 

and the Simple reaction task (~20 ms), both of which are in the range of reductions usually attributed 735 

to intersensory facilitation (Nickerson, 1973). However, the EMG results were consistent with 736 

intersensory facilitation for the Choice reaction task but a StartReact effect for the Simple reaction 737 

task. Second, EMG recordings from multiple muscles revealed that the SAS was sufficiently intense to 738 

provoke early, generic startle-related activity that was not dependent on the side of target 739 

presentation. The fact that such activity had little trial-by-trial influence on subsequent muscle 740 

recruitment in the EVR interval or on behaviour in the Choice reaction task is not what would have 741 

been expected of a StartReact mechanism (McInnes et al., 2021), but is consistent with intersensory 742 

facilitation and with previous results in the lower limb (Reynolds & Day, 2007). Third, such early 743 

startle-related activity was more prevalent on the pectoralis rather than the sternocleidomastoid 744 

muscle, despite the latter being the customary target for a trial-by-trial indicator of startle-based 745 

recruitment. Thus, there may be value in examining muscles in addition to, or perhaps other than, 746 

SCM depending on postural demands. Regardless, given the very rapid responses engendered by the 747 

emerging target task, the assessment window for startle-related recruitment necessarily had to be 748 

constrained to an interval preceding the EVR. Ultimately, future studies with a SAS in clinical or 749 

neurophysiological settings may benefit from incorporating paradigms that promote a degree of 750 

response urgency. Conversely, presentation of a SAS may increase the probability of observing EVRs 751 
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in stroke patients, given the facilitating effect of a SAS on upper limb movements in this population 752 

(Honeycutt & Perreault, 2012; Honeycutt et al., 2015; Marinovic et al., 2016).  753 

Taken together, our results provide compelling evidence that the observed RT shortening with SAS in 754 

the Choice task arise from intersensory facilitation of the fast visuomotor network, rather than a 755 

StartReact effect that invokes release of a partially or fully prepared motor program. EVR timing in 756 

the Choice task remained unaffected by a SAS, and enhanced PEC recruitment was selective to left-757 

sided target presentation, indicating that lateralized PEC recruitment was not triggered by the SAS, 758 

but by the emerging visual target. A limitation of this study is that we did not record EMG from 759 

agonist muscles for rightward reaches (e.g. posterior deltoid). Yet, the behavioural results suggest 760 

that such recordings in the Choice reaction task would mirror those from PEC, given the similar 761 

overall RTs as well as the similar SAS effects on RTs and wrong-way errors between leftward and 762 

rightward targets. Given our supposition of intersensory facilitation being the underlying mechanism 763 

of the observed RT shortening with SAS, why then have previous reports largely failed to observe an 764 

influence of the SAS on RTs in Choice reaction tasks? A number of possible, and not mutually 765 

exclusive, explanations arise. First, a low level of response readiness in past tasks, perhaps due to the 766 

number of potential targets and/or uncertainty about the exact time of stimulus onset, engendered 767 

longer RTs which were generated after the SAS’ influence had dissipated. Second, in the context of 768 

reaching movements, it is possible that the SAS did facilitate small or subthreshold signaling along a 769 

fast subcortical visuomotor pathway, but such signaling was not sufficient to produce forces to 770 

overcome the arm’s inertia. Third, previous studies that did observe very fast RTs with SAS under 771 

Single but not Choice task conditions involved finger, wrist or elbow movements (Carlsen et al., 2004, 772 

2009; Forgaard et al., 2011; Maslovat et al., 2012; Marinovic et al., 2017). As axial muscles are known 773 

to express stronger EVRs than distal muscles (Pruszynski et al., 2010), these movements may not 774 

equally benefit from SAS-induced facilitation of the fast visuomotor network. As such, and in 775 

agreement with the views expressed in recent review papers (Nonnekes et al., 2015; Marinovic & 776 

Tresilian, 2016; Carlsen & Maslovat, 2019), there is not a single unifying mechanism that explains 777 

how a startling acoustic stimulus expedites reactions times across all paradigms and effectors.   778 

  779 
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FIGURE LEGENDS 780 

Figure 1. Behavioral paradigm. At the start of each trial, participants acquired the central start 781 

position with their hand (grey circle), and fixated a small notch at the bottom of the barrier. The 782 

barrier color conveyed the instruction to reach toward (green barrier, a pro-reach) or away from (red 783 

barrier, an anti-reach) the stimulus (white circle) upon its emergence below the barrier. On 25% of 784 

trials, a starting acoustic stimulus (SAS; 119-120 dB) was presented at the time of stimulus 785 

emergence. In a block of Choice reaction task trials, the stimulus could emerge at either the left or 786 

right outlet with equal probability. In a block of Simple reaction task trials, the stimulus only emerged 787 

at the left outlet.  788 

 789 

Figure 2. Behavioral results from Choice reaction task. Depiction of error rates (A) and RTs (B), for all 790 

17 participants. Errors are defined as anti-reach trials where participants initially moved incorrectly 791 

toward the emerging stimulus, and then corrected the movement in mid-flight to reach in the 792 

opposite direction. In all cases, x-axis labels provide the response the subjects should have 793 

generated. For the RTs of anti-reach trials shown in B, the middle panel shows the RTs for the correct 794 

movement away from the simulus, whereas the right panel shows the RTs for the incorrect 795 

movement toward a stimulus on error trials. A given subject had to generate at least 2 such errors to 796 

be included in this panel. For boxplots, the black, horizontal line depicts the median across the 797 

sample, the coloured portion spans the 25th to 75th percentile, the error bars depict the span of data 798 

not considered outliers, the asterisks depict the mean of the observations from individual subjects, 799 

and the faint gray lines connect data from a given subject across trials with and without a SAS, where 800 

both values are available. 801 

 802 

Figure 3. Representative EMG activity from the pectoralis muscle of an exemplar participant from 803 

Choice reaction task. EMG activity is shown in trial-by-trial heatmaps for pro-reach (A) and anti-reach 804 

trials (C). In each heat map, color conveys the magnitude of EMG activity aligned to stimulus 805 

emergence, with each row depicting an individual trial with trials ordered by the RT of the movement 806 

in the correct direction (white circles). Red circles on rows for anti-reach trials depict the RT of a 807 

wrong-way movement toward the emerging stimulus, which preceded the onset of the correctly-808 

directed reach. Separate heat maps are depicted from trials with or without a SAS. B, D: Lines in the 809 

upper subplots depict the mean EMG activity for the four trial types. Lower subplots depict time-810 

series ROC, calculated separately for trials with or without a SAS. Vertical red lines depict the time at 811 

which a change in time-series ROC was detected (values provided in each subplot). 812 

 813 
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Figure 4. Quantification of the EVR in the Choice reaction task (Task A). Depiction of the latency (A) 814 

and magnitude (B) of the EVR for the 17 subjects in the sample. Same format as FIg. 2. Recall that 815 

EMG activity initially decreases following rightward stimulus presentation, which is why values may 816 

fall below zero (horizontal dashed line) in B. 817 

Figure 5. Negative relationship between RT and EVR magnitude. A, B. Mean EMG (top row) and 818 

time-series ROC (bottom row) for subjects where the SAS elicited either the largest (A) or smallest (B) 819 

reduction in RTs on Pro-reach trials, showing that a SAS provoked an EVR in both cases. Same format 820 

as Fig. 3B,D. C. Negative correlation between reaction time plotted as a function of normalized 821 

recruitment in the EVR window, for all 17 subjects for Pro-reaches in the Choice reaction task. Each 822 

symbol denotes the mean observation from a subject, with thin gray lines connecting observations 823 

with and without a SAS. Dashed or solid black line shows a linear regression for pro-reach trials 824 

without (r = -0.54, p = 0.026) or with (r = -0.55, p = 0.021) a SAS, respectively. D. Reaction time 825 

plotted as a function of binned EVR magnitude, for pro-left reach trials without (left subplot) or with 826 

(right subplot) a SAS. For all subjects, we derived the median RT associated with the normalized EVR 827 

magnitude within 3 equal sized bins of EVR magnitude. Same format as Fig. 2. 828 

Figure 6. A SAS increases recruitment of right PEC and bilateral SCM activity before the EVR. Time-829 

series of the difference in baseline-normalized EMG activity immediately after stimulus emergence 830 

due to the SAS, conducted separately for right-PEC (A), left-SCM (B), and right-SCM (C). In each 831 

subplot, thin lines show data from individual subjects, and red lines denote periods where 832 

significantly greater EMG activity was observed across our sample on SAS vs non-SAS trials.   833 

Figure 7. Representative EMG activity from the pectoralis muscle of an exemplar participant from 834 

Simple reaction task. Same participant and format as FIg. 3, excepting that a time-series ROC plot 835 

was not generated given the absence of trials with the stimulus emerging to the right.  836 

Figure 8. Quantification of behavior and EMG activity in Simple reaction task, compared to Choice 837 

reaction task. Depiction of RTs (A) and EMG magnitude in EVR interval (B), shown for the 11 subjects 838 

with sufficient data in the Simple reaction task (hence the subtle differences with Figs. 2 and 4). Same 839 

format as Fig 2.  840 

 841 

  842 
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