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 ABSTRACT 26 

Accurate visually guided reaching requires transformation of target-related photoreceptor 27 
responses into precisely coordinated activation of trunk and arm muscles. The cerebral cortex 28 
is widely believed to compute the requisite kinematic and musculoskeletal dynamics 29 
strategies in humans 1-3, even though vertebrates lacking a cerebral cortex achieve 30 
sophisticated visuomotor control 4-6, and brainstem circuits executing coordinated eye and 31 
head gaze shifts perform analogous sensorimotor computations in non-human primates 7. 32 
Here we used a visuomotor reaching task that yields extremely rapid, “express”, target-33 
directed muscle activations 8-10 to test whether a putative subcortical sensorimotor network 34 
can compute musculoskeletal dynamics to initiate reaching in humans. We found coordinated 35 
express visuomotor responses (EVRs) in task-relevant shoulder, elbow, and bi-articular 36 
muscles that reflected both starting posture and target direction in similar patterns to longer 37 
latency, presumably cortically mediated, muscle responses. When the task goal was to reach 38 
away from the stimulus (i.e. an “anti-reach”; 11) the EVR involved coordinated muscle 39 
activation to initiate the hand toward the stimulus location, opposite to the subsequent goal-40 
directed response. The results suggest a unified theory of visuomotor control for reaching and 41 
gaze shifts, in which subcortical systems compute musculoskeletal dynamics based on 42 
sensory target information and cortically derived context. The results imply that the 43 
transformation from motor goals in extrapersonal space into musculoskeletal dynamics can 44 
be performed by neural circuitry in humans that does not involve the sensorimotor cortex. 45 
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MAIN BODY 51 

 The capacity for fast and accurate visually-guided movements emerged at a primitive 52 

stage of animal evolution. Consider the impressive prey capture behaviours of early diverging 53 

vertebrates such as frogs and archerfish, which lack a cerebral cortex and yet can catch a fly 54 

with apparent ease. The brainstem and spinal circuits that drive such behaviour have been 55 

phylogenetically conserved in primates 5,6, where they are known to account for both 56 

voluntary and express orienting behaviours of the eyes and head 7,12. Despite long-standing 57 

evidence for multiple descending systems that converge upon spinal interneuron circuits and 58 

are capable of considerable sensorimotor integration 13-15, studies of visually guided human 59 

limb movement have usually considered only the role of the corticospinal system. This likely 60 

stems from the difficulty in experimentally accessing brainstem structures in humans with 61 

sufficient spatiotemporal resolution to provide evidence about their functional roles. 62 

Striking, but generally overlooked, parallels exist between the control networks for 63 

gaze and limb movements. The frontal and supplemental cortical eye fields are adjacent to 64 

the primary and secondary motor cortices and both cortical systems are necessary for 65 

planning kinematic trajectories for voluntary behaviours such as tracking objects for the eye 66 

fields and reaching to objects for the motor cortex 16-18. Both eye and limb related cortical 67 

areas have strong projections to the superior colliculus and brainstem premotor nuclei 19-21, 68 

which also receive multimodal sensory information about potential targets directly via 69 

subcortical pathways, thereby enabling express behaviours 22,23. The muscle activations 70 

required for dynamic control of gaze require coordination between eye and head movement 71 

and are computed in those subcortical structures rather than relying on direct 72 

corticomotoneuronal projections 7.  73 

Here we examine the capacity of human subcortical control systems to compute the 74 

dynamic patterns of muscle activations needed to accurately drive the limb toward visual 75 

targets. We do this via a behavioural manipulation that yields extremely rapid target-directed 76 

muscle activations that are unlikely to be generated cortically 9,10,12,24-28. We term these short 77 

latency muscle activations “express visuomotor responses” (EVRs), to draw a parallel with 78 

express saccades. EVRs appear as brief bursts of electromyographic (EMG) activity at a 79 

narrow set of onset times locked to target appearance (~70-120ms), irrespective of the latency 80 

of subsequent EMG bursts (i.e. long latency responses; LLRs) or mechanical reaction times 81 

(RTs), suggesting that two distinct control signals reach the muscle. Larger EVRs are 82 

associated with faster movement initiation 9,24,25, but EVRs lack strategic flexibility in that 83 

they are always directed to the physical location of the stimulus, even if the instruction is to 84 

reach in the opposite direction (i.e. for anti-reaches 25). Thus, express visuomotor responses 85 

closely parallel express saccades, which are exclusively stimulus-directed rather than goal-86 
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directed in the well-studied anti-saccade task 29,30. Here we test whether EVRs exhibit the 87 

same multi-muscle, posture-dependent coordination patterns as the longer latency, 88 

presumably cortically mediated, LLRs. If so, it would support the hypothesis that similar 89 

subcortical systems are used to compute the dynamics of the required muscle activations for 90 

both voluntary and express gaze and reach behaviours. 91 

 92 

Distribution of Express and Voluntary Muscle Activity 93 

We first asked whether the control system for express visuomotor behaviour can 94 

account for limb mechanics to produce muscle activity that drives the hand toward visual 95 

targets under a diverse range of conditions. Our hypothesis was that EVRs reflect a fully 96 

coordinated control signal that appropriately drives all the major shoulder and elbow muscles 97 

required for target-directed reaches in different directions in extrapersonal space and from 98 

different starting postures. We recorded the activity of eight proximal and distal arm muscles 99 

while participants performed reaches to eight radial targets, using a moving target protocol 100 

that is known to promote EVRs (24,28; Figure 1b). The same eight reaches were performed in 101 

two different shoulder postures (abducted and adducted; Figure 1a) that were expected to 102 

require small but systematic differences in muscle activation patterns for the same hand 103 

trajectories 18. 104 

Figure 1 shows EMG traces from muscles acting at the shoulder (Pectoralis Major 105 

clavicular head; PEC-ch, Figure 1c-f) and at the elbow (Triceps Brachii lateral head; TRI-lh, 106 

Figures 1g-j) during target-directed reaches for an exemplar participant. Express visuomotor 107 

responses appear as a vertical band of muscle activations when the muscle was agonist for the 108 

movement (figure 1c,g), or inhibitions when the muscle was antagonist (figure 1d,h). The 109 

onset time of express responses (brown scatters in figure 1c,d,g,h) was consistently at ~90-110 

100ms from the target presentation, irrespective of the RT defined by the initiation of hand 111 

motion (see the blue vs magenta traces for RTs greater or less than the median RT in figure 112 

1e,i), which is the signature of two distinct control signals reaching the muscle. The mean 113 

EMG amplitude in the express response window was substantial compared to subsequent 114 

“voluntary” muscle activity, for trial subsets with both early and late hand movement onset 115 

times. Across participants and muscles, the average prevalence of trials in which target-116 

directed muscle activity was detected in the EVR window was 51±5%, and the mean onset 117 

latency ranged from 88ms to 93ms for proximal to distal muscles (see supplementary table 118 

1). This indicates that the express visuomotor control network can rapidly and substantially 119 

recruit both proximal and distal arm muscles at short and consistent latency, as would be 120 

expected for a short neural pathway linking visual inputs to target-directed reaches. 121 
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 122 
Figure 1: a, Schematic of the abducted and adducted shoulder postures. In the abducted-shoulder 123 
posture, the upper limb was supported on a custom-built air sled positioned under the right elbow to 124 
minimize arm-on-table sliding friction (not shown here). b, Schematic of the moving target paradigm. 125 
The reaching hand position was virtually represented via a cursor (blue dot) displayed on the monitor 126 
and projected into the (horizontal) plane of hand motion via a mirror. To start the trial, participants 127 
had to keep the cursor at the ‘home’ position resisting the direction-dependent robot-force (black 128 
arrow), which preloaded the arm muscles and approximately cued the two possible target locations on 129 
each trial. In this example, the robot force has a 45° orientation so the target could appear only at 45° 130 
(toward the load) or -135° (away from the load). c,d Raster plots of surface EMG activity of the 131 
PECch muscle of an exemplar subject who performed target-directed reaches toward a -45º target (c), 132 
or a 135º target (d) in the adducted shoulder posture. The robot pre-loaded the upper-limb with a force 133 
oriented to the 135º direction. Greater EMG amplitude is shown by lighter shading in each raster, the 134 
white vertical line at 0ms indicates the target onset time, the orange scatters represent the initiation 135 
times of express muscle responses, red scatters show EMG onsets outside the express window, blue 136 
scatters indicate hand movement onsets with RT<median, and the magenta scatters shows hand onsets 137 
with RT>median. e, shows the average EMG activity when the muscle was agonist (thick traces) or 138 
antagonist (thin traces) for the required target-directed reach for the slow (magenta) and fast (blue) 139 
trial subsets (+/- median RT). The grey patch defines the express response time window (i.e. 70-140 
120ms after the stimulus onset) and the dashed vertical lines represent the average RTs for each 141 
subset. f, histogram of muscle activation onsets (orange = express, red = non-express) and hand RTs 142 
(blue). g-j, same as c-f but for the TRI-lah during reaches toward a 0º target or a 180º target while the 143 
robot loaded the upper-limb in the 180º direction. 144 

 145 

We found similar modulation of normalised (see methods) EVR and LLR muscle 146 

activity across targets for each of the eight recorded muscles (six are shown in Figure 2), 147 

suggesting that similar patterns of agonist-antagonist muscle coordination were recruited 148 
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during the two temporally-distinct epochs. Because EVRs are facilitated by muscle 149 

preloading 9,25,31, we were primarily interested in trials in which the target location was 150 

opposite to the direction of background force applied by the robot (figure 2). However, the 151 

target could randomly appear either toward or opposite to the robot force direction to prevent 152 

target predictability, so we also measured EVRs in the trials when muscles were not pre-153 

loaded (supplementary figure 1).  Notably, muscle activity patterns were similar between 154 

EVRs and LLRs irrespective of whether the muscle was loaded prior to target appearance, 155 

thus excluding the possibility that the direction of preload bias drove the target-dependent 156 

muscle activity. Note also that EVRs in a single muscle are tuned to stimulus direction when 157 

the upcoming target is unpredictable among eight radial targets 9,32,33. 158 

We next asked whether the pattern of multi-muscle coordination for express responses 159 

was functionally modulated by the starting posture of the limb (see figure 2b versus 2c). As 160 

expected 18, we found that some, but not all, muscles showed changes in directional tuning 161 

with posture shifts for muscle activity in the long latency response window. Specifically, the 162 

preferred direction of the normalised LLR amplitude (i.e. from the vector sum from the 8 163 

directions) was significantly different between the adducted and abducted postures for five of 164 

the eight muscles sampled (Pectoralis clavicular and sternal heads, Posterior Deltoid, 165 

Brachioradialis, Triceps lateral head; Watson-Williams test 34; see supplementary table 2). 166 

There was a significant corresponding change in EVR preferred direction for three of these 167 

five muscles (Pectoralis clavicular head, Brachioradialis, Triceps lateral head), and the trend 168 

in preferred direction changes was the same for EVRs and LLRs in all eight muscles (see 169 

figure S1). 170 

 171 

 172 
173 
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Figure 2 a, Schematic of the location and function of the six muscles used to illustrate target- and 174 
posture-specific muscle activation patterns for express and long latency muscle responses. b, Express 175 
(blue) and long-latency (green) muscle activity for each target direction in the abducted posture. Each 176 
radial plot shows average (+/- SE) target-dependent tuning curves across the twenty participants. 177 
Express and long-latency activation values are normalised to the maximal EVR and LLR amplitudes 178 
respectively across target directions. The outer ring indicates the normalised value (1) and the inner 179 
ring represents the reference background activity (0) for each direction. Thus, excitations with respect 180 
to baseline lie between the two rings, and inhibitions from baseline fall within the inner ring. Blue 181 
(EVR) and green (LLR) circles show the preferred direction of each tuning curve. c, Same as b, 182 
except for the adducted posture. PEC-ch: Pectoralis Major clavicular head, PD: Posterior Deltoid, BB: 183 
Biceps Brachii, TRI-loh: Triceps Brachii long head, BR: Brachioradialis, TRI-lah: Triceps Brachii 184 
lateral head. 185 

 186 

We next ran a principal components analysis (PCA) to formally test whether the 187 

patterns of multi-muscle coordination observed in the EVR were comparable to those evident 188 

in the LLR for the same limb posture. We reasoned that if the EVR embodies a fully 189 

coordinated control signal that appropriately drives all the major shoulder and elbow muscles 190 

to targets, then it should be possible to reconstruct the muscle activities observed in the LLR 191 

using a low-dimensional subspace that was computed from the EVR. Crucially, if the EVR is 192 

appropriately modulated to compute the muscle coordination patterns needed for specific 193 

starting limb postures, then reconstructions of the LLR activity from the EVR in the same 194 

posture should be more accurate than reconstructions of EVRs or LLRs from the alternative 195 

posture. To test this, we ran a PCA on EVR muscle activities recorded in the abducted 196 

posture and compared how well this low-dimensional subspace could account for muscle 197 

coordination observed in the LLR in abduction and both the LLR and EVR in adduction. The 198 

first four principal components (PCs) extracted from the abduction EVR accounted for over 199 

95% of the variance (VAF) in the sampled EMG activity on average across the group (See 200 

figure 3a). A 2-way rmANOVA revealed that the VAF was significantly modulated by the 201 

posture condition (abducted vs adducted; F1,19=41, p <0.001) and the interaction of posture 202 

with response type (F1,19=40.6, p <0.001), whereas there was no statistically significant effect 203 

for response type (express vs long-latency; F1,19=2.2, p = 0.15). The post-hoc analysis showed 204 

that the low-dimensional subspace extracted from the EVR interval was sufficient to explain 205 

~90% of the variance of long-latency muscle activity in the same posture (Figure 3a), yet 206 

significantly less capable of reconstructing either the express or long-latency muscle activity 207 

in the adducted shoulder posture. To exclude the possibility that these results simply arise 208 

from short RT trials where the EVR window is contaminated by EMG from a long-latency 209 

control signal, we confirmed that similar results were found for data subsets with more 210 

restrictive minimum RT cut-offs (i.e. RT > 170 and RT > 200ms, see fig S2). To exclude the 211 

possibility that background load related EMG could explain the observed EVR coordination 212 
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patterns, we confirmed that similar results occurred for muscle responses recorded in 213 

unloaded muscle conditions (see fig S3). Overall, the results confirm that posture-dependent 214 

muscle coordination patterns were similar for express and long latency responses.  215 

 216 

 217 

 218 

Figure 3 a, Variance accounted for (VAF) by the top 4 principal components extracted from the 219 
EVRs across stimulus directions in the abducted shoulder posture, for LLRs in both postures and 220 
EVRs in the adducted posture in experiment 1. b, VAF by the top 4 principal components extracted 221 
from EVRs in the anti-reach condition, for LLRs and EVRs at the same stimulus location in the pro-222 
reach condition, and LLRs in the opposite direction for the anti-reach condition in experiment 2. EVR 223 
means are blue, LLR means are green. The brackets and asterisks indicate the statistically significant 224 
(* p<0.05, ** p<0.01, *** p<0.001,) post-hoc pairwise contrasts. 225 

 226 

The most rigorous test of the functional capacity of the control system for express 227 

behaviour is when the goal of the reach is different from the target stimulus location. In this 228 

way, the tuning of both the EVR and the LLR can be tested against either the stimulus or the 229 

goal location. If the multi-muscle coordination of the EVR is accurately tuned towards visual 230 

stimuli in multiple directions irrespective of the goal location, it would provide strong 231 

evidence that a low-level system that is incapable of abstract stimulus-response mappings can 232 

nonetheless compute complex musculoskeletal dynamics. We therefore ran an experiment in 233 

which we asked participants to reach either toward (pro-reach) or in the opposite direction 234 

from (anti-reach) a set of eight stimulus locations. The pro-reach and anti-reach trial subsets 235 

were randomly intermixed and designated on each trial by cursor colour changes ~1s before 236 

stimulus presentation. Unsurprisingly, the higher complexity of the anti-reach task led to 237 
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longer RTs relative to pro-reach conditions (Supplementary figure 2; group-level RT results: 238 

pro-reach 236±23ms, anti-reach 292±23ms, paired t-test p<0.001). Crucially, however, the 239 

onset-time of express responses was independent of the task requirements (~85ms for PECch, 240 

~100ms for TRIlah, in the exemplar participant in Figure 4). Whereas both express and long-241 

latency muscle responses accurately encoded stimulus locations in all directions under pro-242 

reach conditions, the anti-reach trials led to opposite tuning directions for express and long-243 

latency responses (Figure 4). The results show that the sensorimotor control system that 244 

generates EVRs strictly converts hand-to-stimulus discrepancies into stimulus-directed 245 

muscle activation at short-latency, irrespective of the task rules. This provides further 246 

evidence that express and long-latency responses reflect distinct motor control signals; an 247 

early signal that invariably encodes the stimulus location (EVR) and a later signal that is 248 

flexible to contextual task rules (LLR). We presume that the LLR is cortically mediated 249 

because humans with frontal lobe lesions including the cortical eye fields are incapable of 250 

correctly performing anti-saccades 35. In non-human primates, the supplementary eye fields 251 

appear crucial for the transformation from a stimulus location into a spatially incongruent 252 

goal location for anti-saccades 36, and the dorsal pre-motor cortex likely contributes an 253 

analogous function for anti-reaches 37,38.   254 

 255 

We next asked if the express muscle activity that appeared oriented to the physical 256 

stimulus location in the anti-reach conditions represents a functionally coordinated response 257 

across all muscles (Figures 3b, 4k). We tested if the express and long-latency muscle 258 

coordination of pro-reaches could be reconstructed using the PCs extracted from the anti-259 

reach EVR for the same visual targets. We also tested if the anti-reach LLR muscle 260 

coordination could be reconstructed from the anti-reach EVR PCs for targets in the opposite 261 

direction. Although the VAF was significantly modulated by task condition (pro-reach vs 262 

anti-reach; F1,19=9.8, p =0.006) and response (express vs long-latency; F1,19=16.8, p <0.001), 263 

and the task*response interaction was marginal (F1,19=9.4, p =0.006), in all cases the VAF 264 

from the EVR-ANTI trials explained over 90% of the variance for the other trial types. The 265 

small drop in VAF seen across the different trial conditions in Experiment 2 (Figure 3b) is 266 

comparable to the drop observed between EVRs and LLRs within the same posture in 267 

Experiment 1, and far less than that observed across postures (Figure 3a). The results show 268 

that 1) similar patterns of muscle activation and inhibition were recruited for each visual 269 

stimulus location during the EVR response phase irrespective of the ultimate reach goal, and 270 

2) these muscle activity patterns were similar to those associated with the subsequent LLR 271 

muscle activation that initiated the limb towards the corresponding goal location (i.e. when 272 

reach directions are inverted for the LLR in the anti-reach condition).  273 
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 274 

  275 

Figure 4 Raster plots of surface EMG from the PEC-ch muscle of an exemplar subject who 276 
performed goal-directed reaches toward a -45º reach target (a,e), or a 135º reach target (b,f) in pro-277 
reach (a,b) and anti-reach (e,f) conditions (same format as figure 1). Thus, the visual stimulus 278 
locations were opposite for the pro- and anti-reach conditions in these plots. The orange vertical line 279 
at 100ms gives a visual reference to illustrate express response onset-time. i average EMG for pro-280 
reach (blue) and anti-reach (red) trials for visual stimulus locations when the PEC-ch was agonist 281 
(thick traces) and antagonist (thin traces). c,d,g,h,j same for the TRIlah muscle during reaches toward 282 
a 0º reach target or a 180º reach target while the robot loaded the upper-limb in the 180º direction. k, 283 
Express (solid lines) and long-latency (dotted lines) target-dependent muscle activity in six shoulder 284 
and elbow muscles (same format as Figure 2). Red lines represent anti-reach trials and blue lines show 285 
pro-reach trials. 286 
 287 

  288 
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DISCUSSION 289 

Neural Substrates of the Express Visuomotor Response 290 

The data show that whatever neural circuits underlie EVRs, they are capable of 291 

producing coordinated muscle activity in shoulder, elbow and bi-articular muscles to 292 

accurately reach towards visual stimuli: irrespective of starting posture, whether or not the 293 

muscles are pre-loaded, or whether the task goal is to reach towards or away from the 294 

stimulus location. We propose that these computations are performed by the tecto-reticulo-295 

spinal system, in a direct parallel with the role of subcortical control components of the 296 

oculomotor control system for saccadic gaze shifts 7,12,39. Here we briefly summarize three 297 

convergent lines of evidence for this hypothesis (see 8-10,24-28,31,40-42 for detailed arguments).  298 

First, the short latency of EVRs (~90ms on average in this study) implies a short 299 

transmission path that precludes extensive processing within sensorimotor cortex. The 300 

minimal latency for target-related activity within motor cortex is difficult to estimate 301 

precisely in humans but is likely to be ~50ms in non-human primates 43-45. When compared to 302 

express muscle activation in rhesus monkeys ranging from 48-91ms (mean ~65ms) on deltoid 303 

muscles during reaching 42, or 56-97ms (mean ~73ms) in the neck during gaze shifts 41, it is 304 

clear that opportunity for motor cortical processing of visual inputs prior to EVR onset is 305 

minimal. Note that a ~30ms loop time, from receipt of sensory input in M1 to the onset of 306 

muscle activity, is required for cortical contributions to the long latency stretch reflex 46, and 307 

that closer to 100ms from stimulus onset is required for reliable decoding of visual target 308 

direction within M1 (125 ± 28, 47,48), or occupation of visual target related dimensions within 309 

the execution subspace of neural state (71-114ms, 49).  310 

Second, there are striking similarities between the properties of eye and neck 311 

components of express gaze shifts and limb EVRs, in terms of timing, preferred stimulus 312 

features, and limitations in flexibility to task context 8,10,24,25,27,28,30,40-42,50-52. There is 313 

definitive evidence in non-human primates that express saccades are driven by the earliest 314 

arrival of visual input to the superior colliculus and subsequent recruitment of the brainstem 315 

oculomotor system 39,51,53,54, prior to contributions from frontal or supplementary eye fields. 316 

Similarly, visual responses in the superior colliculus precede neck muscle EVRs by a latency 317 

that resembles the efferent lag from the superior colliculus rather than frontal eye fields 55-57. 318 

It also appears that a retino-tecto-reticular pathway remains functionally viable for saccade 319 

modulation in humans following hemidecortication 58.  320 

Third, the brainstem and spinal cord have the computational capacity to convert motor 321 

goals into musculoskeletal dynamics. At the spinal cord alone, neuromechanical simulations 322 

show that muscle afferents and associated spinal interneuronal circuitry are sufficient to 323 
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transform discrete “set” and “go” input signals into coordinated time-varying muscle 324 

activations for target-specific multi-joint reaching 59. Physiologically, the tecto-reticulo-spinal 325 

control system is the dominant system for visually-guided behaviour in early diverging 326 

vertebrates that lack a cerebral cortex 4,5,60, but it has also long been known that subcortical 327 

pathways are sufficient to generate goal-directed behaviours in mammals. Decorticate dogs 328 

and cats execute goal-directed movements of their head and limbs in response to stimuli of 329 

various sensory modalities 61,62. More recent work using powerful genetic and viral tracing 330 

techniques has identified specific brainstem circuits sufficient for complex forelimb 331 

movements in mice 63,64, including those involving the superior colliculus 65. Crucially, the 332 

brainstem is capable of coordinating visually-guided limb function in primates; macaque 333 

monkeys can run, jump and climb within days of complete bilateral pyramidotomy 66,67. In 334 

humans with strokes and macaques with pyramidal tract lesions, recovery of motor function 335 

is associated with changes in the reticulospinal subsystem 68-70. These have been identified 336 

using transcranial magnetic stimulation 71 and magnetic resonance imaging 72 based on 337 

ipsilateral reticulospinal projections (as opposed to the contralateral projections of motor 338 

cortex). Finally, similar to the EVRs presented here, startling acoustic stimuli accompanying 339 

a reaching cue shorten RTs at latencies that preclude a cortical pathway 73. This StartReact 340 

effect increases following stroke 70 and has been used to argue for an involvement of the 341 

reticulospinal subsystem in primate reaching 74. Crucially, combining startling acoustic 342 

stimuli with visual targets for reaching increases the magnitude of EVRs without affecting 343 

their latency 26, suggesting a spatiotemporal summation of visual and auditory signals within 344 

the brainstem (see also 75).  345 

Accounting for Cortical Activity in a Distributed Movement Control System 346 

If the musculoskeletal dynamics of at least some visually guided behaviours are 347 

computed subcortically, then what is the role of cortex in those behaviours? Neural activity in 348 

motor cortex appears to anticipate musculoskeletal dynamics 1,18,76, and such activity is 349 

widely interpreted to define the state of a dynamical system that generates movement 350 

commands (e.g.1,14,76-78). However, the current data show that the transformation from motor 351 

goals in extrapersonal space into musculoskeletal dynamics can occur at latencies that likely 352 

preclude a typical evolution of motor cortical neural state through preparatory and execution 353 

sub-spaces 49. This fits our proposal that EVRs are generated subcortically, but it is an open 354 

question whether the presumably cortically driven long-latency responses exert their effects 355 

1) in parallel to the putatively subcortical control system that produces EVRs (e.g. via the 356 

corticospinal tract), or 2) through the control system responsible for EVRs (i.e. via a cortico-357 

reticulo-spinal pathway), as is the case for gaze saccades. 358 
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The functional sophistication of the EVR control system emphasises that the motor 359 

cortex is part of a hierarchical 13,15,79 (or heterarchical 14) dynamical system that includes 360 

subcortical networks capable of complex sensorimotor transformation. Crucially, this system 361 

is bi-directional, in that each module both sends and receives information to and from 362 

interconnected areas 79. Thus, one role of preparatory cortical activity might be to alter the 363 

states of subcortical modules in anticipation of subsequent sensory or voluntary movement 364 

initiation inputs (e.g. an alternative interpretation of 80), while one cause of execution-related 365 

cortical activity might be efference copy from subcortical command centres in anticipation of 366 

anticipated afferent feedback 81. Indeed, rapid externally imposed movement that generates 367 

spinal stretch reflexes results in phasic excitation of neurons in both M1 and reticular 368 

formation that is modulated by the spinal reflex magnitude independently from the stimulus 369 

magnitude 82. Such efference copy information of the spinal reflex output would be 370 

invaluable to inform subsequent, cortically mediated corrective responses. Crucially, for long 371 

latency responses from motor cortex to be accurate, whether to imposed limb perturbations or 372 

the visual stimuli considered here, they must take into consideration the anticipated and 373 

actual direct contributions of subcortical centres such as the spinal cord and reticular 374 

formation. Such effects occur within the oculomotor system, where efference copy outputs 375 

from superior colliculus are transmitted to the cortical eye fields to allow cortical 376 

compensation for initial saccade endpoints during double step saccade tasks 83. Parsimony 377 

would suggest similar corollary inputs to motor cortex should be expected from the circuits 378 

generating the EVRs observed here. 379 

Previous studies of EVRs in humans documented how contextual information about 380 

reaching tasks can modulate the behaviour of the putative tecto-reticulo-spinal system, 381 

presumably via cognitive cortical output projections 10,24,31. Cortical areas such as the frontal 382 

eye fields and pre-frontal cortex provide similar cognitive modulation of the tectal pathways 383 

responsible for gaze behaviours 29,84. Memory of prior performances and the efforts and 384 

rewards associated with them would motivate strategic decisions about participating in new 385 

tasks and seeking improved performance. The current results emphasise that the human 386 

cerebral cortex implements such strategic decisions by altering the states of relevant 387 

subcortical control systems, rather than just the final common pathway of the motoneurons.  388 

 389 

  390 
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MATERIALS AND METHODS 391 

Participants 392 

Twenty-five healthy adults were recruited for this study, which involved two 393 

experiments. Fifteen people completed both experiments, and each experiment had a total 394 

sample of 20 (Experiment 1: 11 males, 9 females; mean age: 27.4±5.7 years; Experiment 2: 395 

10 males, 10 females; mean age: 27.3±7.6 years). All participants were right-handed, had 396 

normal or corrected-to-normal vision, and reported no current neurological or 397 

musculoskeletal disorders. They provided informed consent and were free to withdraw from 398 

the experiment at any time. All procedures were approved by the University of Queensland 399 

Medical Research Ethics Committee (Brisbane, Australia) and conformed to the Declaration 400 

of Helsinki. 401 

 402 

Experimental set-up and task design  403 

The participants performed target-directed reaches using a two-dimensional planar 404 

robotic arm (vBOT) 85. The task paradigm was created in Microsoft Visual C++ (Version 405 

14.0, Microsoft Visual Studio 2005) using the Graphic toolbox, and projected to the 406 

participants via a mirror that reflected an LCD computer monitor (120Hz refresh rate) and 407 

occluded direct vision of the arm (Figure 1a). In the vBOT display, the reaching-hand 408 

position was virtually represented by a cursor (1 cm diameter) whose apparent position 409 

coincided with the actual hand position in the plane of the robot motion. For the first 410 

experiment, the cursor was coloured blue, and the participants performed target-directed 411 

reaches from abducted and adducted shoulder postures (Figure 1a). In the abducted posture 412 

condition, the reaching arm was supported on a custom-built air sled positioned under the 413 

elbow to minimize arm-on-table sliding friction. For the second experiment, the participants 414 

were asked to perform either pro-target or anti-target reaches from the abducted shoulder-415 

posture. The cursor color-coding cued the contextual task rule (green → pro-reach; red → 416 

anti-reach) from the trial start (Figure 4), approximately 1.5s before target onset. 417 

For all experiments, target stimuli were a filled black circle of 3 cm diameter 418 

presented against a light grey background that could appear at one of eight possible radial 419 

locations 7 cm from a central ‘home’ position (Figure 1b). The target was presented via a 420 

moving target paradigm (Figure 1C) 24,28. In this paradigm, the target was initially displayed 421 

at the top of the monitor concurrently with a blue ring of 2 cm in diameter at the centre of the 422 

monitor, which indicated the starting “home” position of the hand. To start the trial, the 423 

subjects had to bring the cursor at the home position and to keep it there for ~200ms as the 424 

robot gradually applied a load to the reaching arm (see below for details). Note that an 425 

additional period of 500ms was provided in the second experiment to ensure unambiguous 426 
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extrapolation of the cursor color-coded task instructions. The participants had to counteract 427 

the robot force by keeping the cursor as stable as possible at the home position for ~1s. The 428 

target then dropped at 30cm/s for 13cm along a vertical track (433ms), disappeared for 389 429 

ms, and briefly reappeared (for 1 screen frame - ~8 ms) at the stimulus location for reaching. 430 

This allowed us to generate a transient and temporally predictable stimulus that has proven 431 

effective to facilitate EVRs 24. The time at which the stimulus physically appeared (time 0 in 432 

all results) was recorded with a photodiode that detected a secondary light that appeared 433 

simultaneously with the target at the bottom-left corner of the monitor. The photodiode fully 434 

occluded the secondary light, thus making it invisible for the participants. 435 

The pre-target loading force exerted by the robot had constant magnitude (5N 436 

maximum) and was modulated to account for direction-dependent force capability 86. Note 437 

that the robot-force direction cued the possible target locations, such that the final target 438 

could appear with equal probability either congruently with or opposite to the robot-force 439 

direction (Figure 1b). The preload, therefore, enhanced the background activity of the agonist 440 

or antagonist muscles required to reach the target. Importantly, both muscle preload and 441 

temporal predictability of the target are relevant features that facilitate the generation of 442 

detectable express visuomotor responses 25,40. EVRs for individual muscles are also tuned 443 

appropriately when targets are randomly drawn from larger sets of target locations 9,32,33.  444 

The participants were instructed to start reaching to the target as soon as they saw it. 445 

“Too fast”, or “Too slow”, errors were shown if participants left the home position before 446 

target presentation or more than 500ms after target presentation, and the trial was repeated at 447 

the end of the trial block. We also asked the participants to end their movements at the target 448 

location because we recently found that express behaviour is impaired by deliberately 449 

overshooting or undershooting the target 10. 450 

For the first experiment, participants completed two sessions, one for each posture. 451 

Each session involved 800 reaches comprised of 10 trial blocks (80 reaches/block). Each trial 452 

block contained 10 reaches to each of the eight target-locations, half of which had the robot 453 

pre-load aligned with target direction, and half with the pre-load opposite the target direction. 454 

All trials were randomly intermingled within blocks. For the second experiment, subjects 455 

completed 20 identical trial blocks in the adducted posture across two separate sessions. Each 456 

trial block contained six repetitions to each of the eight target-locations (half with pre-load 457 

aligned, half with pre-load opposite) for both pro- and anti-reach conditions, with all trials 458 

randomly intermingled (i.e. 96 reaches/block or 960 reaches each for the pro- and anti-reach 459 

conditions across the two sessions). 460 

 461 

 462 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 26, 2025. ; https://doi.org/10.1101/2025.11.26.690644doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.26.690644


Data recording and analysis 463 

Kinematic data recording and reaction time detection 464 

Reaching kinematic data were recorded via the vBOT optical encoders at a sampling 465 

rate of 1 KHz. To identify the movement reaction time (RT), we first defined the first hand-466 

velocity peak exceeding the average value across the 100 ms prior to the target presentation 467 

by more than five standard deviations. We then fitted a line to the hand-velocity data 468 

enclosed between 25% and 75% of the peak velocity and indexed the RT as the time point 469 

when this line crossed the baseline (zero) velocity value 10. We also defined the initial reach 470 

direction by taking the slope of a line connecting the hand position coordinates at the RT and 471 

at 75% of the peak velocity. For the first experiment, we discarded trials in which the RT was 472 

<140 ms (3.5±3.9%) to minimise the possibility of temporal overlap between EVR and LLR 473 

signals, or the initial reach direction diverged by ±30° from the reach goal location 474 

(3.2±2.3%). For the second experiment, the trials were respectively classified as correct pro-475 

reach, or anti-reach, if the hand-velocity vector at the peak velocity was directed toward, or 476 

away from, the target. We discarded trials in the incorrect direction (pro-reach: 2.8±2.1%; 477 

anti-reach: 5.9±3%) and with RT<140 ms (2.4±2.9%). 478 

 479 

EMG data recording 480 

Surface EMG activity was recorded from eight upper-limb muscles including four 481 

monoarticular shoulder muscles (clavicular head of the pectoralis major, PMch; sternal head 482 

of the pectoralis major, PMsh; anterior deltoid, AD; posterior deltoid, PD), two bi-articular 483 

arm muscles (biceps brachii, BIC; long head of the triceps brachii, TRIloh) and two 484 

monoarticular elbow muscles (brachioradialis, BR; lateral head of the triceps brachii, 485 

TRIlah). Surface electrodes with inbuilt pre-amplification and filtering (10x, 20-450Hz; 486 

Delsys Inc. Bagnoli-8 system, Boston, MA, USA) were used to record the EMG signals. The 487 

raw signal was further amplified by 100x in the “Delsys Bagnoli-8 Main Amplifier Unit” and 488 

sampled at 2 kHz using a 16-bit analog-digital converter (USB-6343-BNC DAQ device, 489 

National Instruments, Austin, TX). The quality of the EMG signal was checked online with 490 

an oscilloscope. The EMG data were then filtered with a 20–300 Hz bandwidth filter and full-491 

wave rectified during offline analysis. 492 

 493 

 494 

Identification of express visuomotor responses 495 

For the first experiment, EVRs were identified trial-by-trial via a procedure that we 496 

recently developed and validated 31. Briefly, we first down sampled the EMG data to 1 kHz 497 

and computed the trace integral between 100 ms before and 300 ms after the target onset 498 
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time. We then detrended the integrated signal by subtracting the linear regression function of 499 

the background period (i.e. from 100 ms before to 70 ms after the stimulus presentation) from 500 

the entire 400 ms window. We indexed the “candidate” muscle response onset time as the 501 

first time the detrended-integrated signal exceeded the average background value by more 502 

(i.e. earliest muscle activation), or less (i.e. earliest muscle inhibition), than five standard 503 

deviations. Finally, we ran a linear regression analysis around the candidate muscle response 504 

onset time and indexed the time point at which the linear trendline intercepted the zero value 505 

in the detrended-integrated signal. Consistent with previous work, we classified a muscle 506 

response as “express” if it was initiated within 70-120 ms after the target presentation 507 
24,25,31,40. Results from experiment 1 relied on the subset of trials in which EVRs were 508 

detected via this method. 509 

Note that the anti-reach task of the second experiment required directing the reach 510 

toward a non-veridical location opposite to the visual stimulus location. Consistent with 511 

previous work 25, we found smaller express responses in the anti-target than pro-target 512 

reaching conditions. Given this, only a limited proportion of express responses could be 513 

detected via the trial-by-trial detection method. Thus, to quantify any subtle changes in 514 

muscle activity from baseline within the express response time in the second experiment, we 515 

simply took the mean EMG relative to baseline for all trials within a pre-defined time period 516 

(90-100ms post stimulus). We used this narrow window, that coincided approximately with 517 

the mean EVR onset time in experiment 1, to create a conservative measure of EVR signals 518 

that was least likely to be contaminated by LLR activity. EVR results from experiment 2 519 

therefore relied on the mean EMG measured in the EVR window for all trials. 520 

 521 

Target-dependent muscle activity and preferred reaching direction 522 

For the first experiment, the target-dependent express muscle activity was computed by 523 

normalizing the response magnitude across the eight target directions. More precisely, for 524 

each detected express-response trial, we computed the express response magnitude by 525 

subtracting the average background value from the average EMG activity recorded in the 526 

10ms after the muscle response initiation time. We then normalized the target-dependent 527 

response amplitudes to the largest and smallest values across the eight target locations, such 528 

that the tuning curve ranged ±1 for each muscle and subject.  On the same trials, we also 529 

computed the target-dependent muscle activity in the long-latency epoch by taking the EMG 530 

signal recorded during the 10ms before the mechanical RT. For both express and long-latency 531 

visuomotor responses, we also defined the muscle preferred reaching direction (PRD) by 532 

computing the vector sum of the eight target-oriented express and long-latency muscle 533 

responses. 534 
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For the second experiment, the express response magnitude was calculated across all 535 

correct trials (see previous section) by averaging the EMG signal enclosed between 90ms and 536 

100ms after the target presentation, which was the time-window in which most express 537 

responses were most prominent in the first experiment. For each task condition, we then 538 

averaged the magnitude of express and long-latency muscle responses across all trials. 539 

 540 

Muscle coordination analysis  541 

This study tested the idea that a putative subcortical sensorimotor network can compute 542 

musculoskeletal dynamics strategies needed to drive goal-directed reaches. If so, then EVRs 543 

should reflect the same muscle synergies as those recruited to voluntarily reach the target 544 

(LLRs). To this aim, we calculated the muscle synergies using PCA.  For the first 545 

experiment, we initially defined a low-dimensional subspace of muscle synergies from EVRs 546 

in the abducted-shoulder posture condition. Specifically, for each possible number of 547 

synergies (i.e. 1:7), we ran the PCA to decompose the reference target by muscle (8x8) 548 

matrix and then reconstruct the target-dependent muscle activity. Subsequently, we computed 549 

the “variance accounted for” (VAF) score between the original and reconstructed muscle 550 

activity and took the minimum number of components (4) that returned >95% VAF across all 551 

subjects. Finally, we used the low-dimensional subspace of EVR-derived muscle synergies to 552 

reconstruct the LLR muscle activity in the abducted posture condition, as well as the EVR 553 

and LLR muscle activity recorded in the adducted posture condition. We reasoned that if the 554 

express and long-latency responses reflect similar sensory-to-motor transformation of the 555 

hand-to-target position, then the low-dimensional subspace should be more accurate to 556 

reconstruct the muscle activity across responses than postures.   557 

For the second experiment, we assessed how well EVR and LLR muscle activity 558 

observed in the pro-reach task could be reconstructed via a low-dimensional subspace of 559 

muscle synergies that was computed from EVRs for the same stimulus-locations during the 560 

anti-target reaches. We reasoned that if a subcortical sensorimotor network can coordinate 561 

muscles for a reaching action, then EVR muscle synergies generated by presentation of a 562 

visual stimulus in the anti-reach task should accurately reconstruct the muscle activity 563 

required to reach targets, even when the subsequent reach is directed in the opposite direction 564 

from the stimulus.   565 

 566 

Statistical analysis 567 

Standard statistical analyses were performed in Jamovi (v. 2.2.5). Results were 568 

analysed with repeated measures ANOVA analysis with Bonferroni correction (normality of 569 

the distributions was verified by the Shapiro–Wilk test), unless otherwise stated. Where 570 
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appropriate, we ran Bonferroni corrected post-hoc tests. For all tests, the statistical 571 

significance was designated at P < 0.05. Circular statistics were calculated in Matlab using 572 

the CirsStat toolbox 87. For both the express and long-latency visuomotor responses, we 573 

defined the muscle preferred reaching direction by computing the vector sum of the eight 574 

target-dependent muscle responses. Circular statistics were run on each muscle sample and 575 

response epoch to test the influence of initial upper-limb posture on the muscle tuning 576 

direction. Specifically, we calculated the circular mean and 95% confidence interval of the 577 

muscle preferred direction, the circular variance as 1-R (where R = resultant vector length) 578 

such that circular variance values close to 0 indicate uniform preferred directions with respect 579 

to the circular mean. To test whether the muscles were directionally tuned, we ran both the 580 

Rayleigh and Omnibus uniformity tests that assess whether the muscle preferred reaching 581 

directions could have been drawn from a normal Von Mises distribution. Finally, we tested 582 

whether differences in muscle tuning direction between the two postures were statistically 583 

significant via the Watson-Williams test. 584 
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Supplementary materials 591 

 592 

 593 

Supplementary figure 1 – Responses when target muscle is unloaded 594 

 595 

Figure S1 a, Schematic of the location and function of the six muscles used to illustrate target- and 596 
posture-specific muscle activation patterns for express and long latency muscle responses. b, Express 597 
(blue) and long-latency (green) muscle activity for each target direction in the abducted posture when 598 
muscles were not loaded prior to target presentation. Each radial plot shows average (+/- SE) target-599 
dependent tuning curves across the twenty participants. Express and long-latency activation values are 600 
normalised to the maximal EVR and LLR amplitudes respectively across target directions. The outer 601 
ring indicates the normalised value (1) and the inner ring represents the reference background activity 602 
(0) for each direction. Thus, excitations with respect to baseline lie between the two rings, and 603 
inhibitions from baseline fall within the inner ring. Note that inhibitions are minimal due to a lack of 604 
pre-loading forces. Blue (EVR) and green (LLR) circles show the preferred direction of each tuning 605 
curve. c, Same as b, except for the adducted posture.  606 

 607 

 608 

 609 

610 
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Supplementary figure 2 – PCA results for alternative reaction time exclusion thresholds 611 
in Exp 1 612 

 613 

 614 

Figure S2. PCA summary data for 170ms and 200ms reaction time cutoffs for EVR inclusion. a, 615 
Variance accounted for (VAF) by the top 4 principal components extracted from EVRs, extracted 616 
when trials with reaction times less than 170ms were excluded, across stimulus directions in the 617 
abducted shoulder posture, for LLRs in both postures and EVRs in the adducted posture in experiment 618 
1. b, VAF by the top 4 principal components extracted from EVRs, extracted when trials with 619 
reaction times less than 200ms were excluded, across stimulus directions in the abducted shoulder 620 
posture, for LLRs in both postures and EVRs in the adducted posture in experiment 1. EVR means are 621 
blue, LLR means are green. The brackets and asterisks indicate the statistically significant (* p<0.05, 622 
** p<0.01, *** p<0.001,) post-hoc pairwise contrasts. 623 

  624 
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Supplementary figure 3 – PCA results for alternative EVR measures in Exp 1 625 

 626 

 627 

Figure S3 a, PCA summary data for EVRs extracted from muscles that were not pre-loaded. 628 
Variance accounted for (VAF) by the top 4 principal components extracted from EVRs, across 629 
stimulus directions in the abducted shoulder posture, for LLRs in both postures and EVRs in the 630 
adducted posture in experiment 1. b, PCA summary data for average EMG recorded in the EVR 631 
window for all trials, irrespective of whether an EVR was identified by our onset detection algorithm. 632 
VAF by the top 4 principal components extracted from EVRs in the abducted shoulder posture, for 633 
LLRs in both postures and EVRs in the adducted posture in experiment 1. EVR means are blue, LLR 634 
means are green. The brackets and asterisks indicate the statistically significant (* p<0.05, ** p<0.01, 635 
*** p<0.001,) post-hoc pairwise contrasts. 636 

  637 
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 638 

 639 

Supplementary figure 4 – Mean reaction times by condition 640 

 641 

 642 

Figure S4: Dependency of the volitional RT on (A) the postural conditions of experiment 1 and (B) the task 643 
conditions of experiment 2. For each plot, the thin lines represent single participants, and the thick lines 644 
represent the average across participants. The black and blue lines represent the conditions in which the robot 645 
force was directed toward and against the target, respectively.   646 

 647 

REACTION TIME ANALYSIS 648 

Experiment 1: RM 2-way ANOVA with posture (abd and add) and preload direction (toward 649 
target and against target) as within subject factors. The RT was significantly modulated by 650 
the preload direction (F1,19=20.74, p <0.001) and posture*preload interaction (F1,19=4.66, p = 651 
0.044). The post-hoc analysis showed that the RT was significantly earlier when the robot 652 
force was directed toward the target rather than away from the target for both the abducted 653 
(p<0.001) and adducted (p=0.033) shoulder postures. 654 

Experiment 2: RM 2-way ANOVA with task (pro-target and anti-target reaches) and preload 655 
direction (toward target and against target) as within subject factors. The RT was 656 
significantly modulated by the task condition (F1,19=224.45, p <0.001). The post-hoc analysis 657 
showed that the RT was significantly later (p<0.001) when the reach was directed away from 658 
the target rather than toward the target. 659 

 660 

 661 

 662 

 663 
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Supplementary table 1 – EVR prevalence and onset times 665 

 666 

Muscle 
EVR prevalence 
(%) 

EVR onset time 
(ms) 

PEC-ch 59 (7.5) 89 (3.4) 

PEC-sh 55 (10) 88 (2.7) 

AD 51 (7.1) 92 (2.4) 

PD 56 (6.7) 92 (2.9) 

BIC 46 (5.9) 93 (2.8) 

TRI-loh 48 (5.7) 91 (2.6) 

BR 46 (5.7) 92 (2.5) 

TRI-lah 49 (5.6) 92 (3.1) 
 667 
Table S1: Muscle-dependent prevalence and onset time of express visuomotor responses for experiment 1. The 668 

data are shown as mean (standard deviation). Abbreviations: PEC-ch, pectoralis major clavicular head; PEC-sh, 669 
pectoralis major sternal head; AD, anterior deltoid; PD, posterior deltoid; BIC, biceps brachii; TRI-loh, triceps 670 
brachii long head; BR, brachioradialis; TRI-lah, triceps brachii lateral head. 671 

 672 
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Supplementary table 2 – Circular statistics summary for muscle preferred directions 674 

 675 

 676 

Table S2: Dependency of the muscle tuning direction on the response epoch and initial posture condition. The 677 
asterisks indicate statistically significant findings. Abbreviations: CI, confidence interval; PECch, pectoralis 678 
major clavicular head; PECsh, pectoralis major sternal head; AD, anterior deltoid; PD, posterior deltoid; BIC, 679 
biceps brachii; TRIloh, triceps brachii long head; BR, brachioradialis; TRIlah, triceps brachii lateral head. 680 

 681 

Results 682 

Table S2 shows the summary results of the circular statistics analysis. For all muscles, 683 
response epochs, and postural conditions we found a circular variance <0.5, except for the 684 
anterior deltoid EVR in the abducted shoulder posture (0.57). These results indicate that the 685 
muscle activity was consistently tuned across the eight different target directions and were 686 
corroborated by the statistically significant results of the Rayleigh and Omnibus test, thus 687 
showing that the muscles preferred direction was clustered around the circular average.     688 

We found that the directional tuning of five muscles changed across the posture condition, 689 
and the change was in the same direction for both the express and long-latency responses 690 
(Table S2). For three of these muscles, the effect of posture on the tuning direction was 691 
statistically different for both the express and long-latency epochs; for two other muscles, a 692 
significant effect of posture was observed only for the long-latency epoch.    693 

 694 

 695 

 696 

 697 

  698 

Response Muscle 

Abducted shoulder posture  Adducted shoulder posture  
Abducted 

VS 
Adducted 

(p) 
Circular mean º 

(95% CI) 
Circular 
variance 

Rayleigh 
test (p) 

Omnibus 
test (p) 

 Circular mean º 
(95% CI) 

Circular 
variance 

Rayleigh 
test (p) 

Omnibus 
test (p) 

 

Ex
pr
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s v
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uo

m
ot
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re
sp
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se

 

PECch -82 (-78, -86) 0.01 <0.001* <0.001*  -77 (-73, -80) 0.01 <0.001* <0.001*  0.03* 
PECsh -92 (-88, -95) 0.01 <0.001* <0.001*  -88 (-81, -96) 0.04 <0.001* <0.001*  0.39 

AD -10 (35, -55) 0.57 0.02* 0.03*  -27 (-15, -40) 0.09 <0.001* <0.001*  0.34 
PD 89 (94, 83) 0.02 <0.001* <0.001*  94 (100, 89) 0.02 <0.001* <0.001*  0.14 
BIC -125 (-108, -142) 0.13 <0.001* <0.001*  -112 (-94, -131) 0.18 <0.001* <0.001*  0.24 

TRIloh 75 (84, 67) 0.05 <0.001* <0.001*  61 (82, 40) 0.25 <0.001* <0.001*  0.18 
BR -173 (-161, -186) 0.09 <0.001* <0.001*  118 (136, 100) 0.18 <0.001* <0.001*  <0.001* 

TRIlah 56 (77, 36) 0.24 <0.001* <0.001*  15 (34, -4) 0.19 <0.001* <0.001*  0.003* 

 
 

           

Lo
ng

-la
te

nc
y 

vi
su

om
ot
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PECch -85 (-83, -88) 0.004 <0.001* <0.001*  -77 (-75, -79) 0.003 <0.001* <0.001*  <0.001* 
PECsh -89 (-86, -93) 0.01 <0.001* <0.001*  -84 (-80, -88) 0.01 <0.001* <0.001*  0.041* 

AD -8 (18, -35) 0.37 <0.001* <0.001*  -26 (-18, -34) 0.04 <0.001* <0.001*  0.18 
PD 86 (90, 83) 0.01 <0.001* <0.001*  98 (102, 93) 0.01 <0.001* <0.001*  <0.001* 
BIC -142 (-134, -150) 0.04 <0.001* <0.001*  -141 (-129, -153) 0.09 <0.001* <0.001*  0.9 

TRIloh 57 (65, 48) 0.05 <0.001* <0.001*  58 (70, 45) 0.10 <0.001* <0.001*  0.89 
BR 177 (187, 168) 0.06 <0.001* <0.001*  134 (146, 122) 0.09 <0.001* <0.001*  <0.001* 

TRIlah 52 (71, 34) 0.19 <0.001* <0.001*  24 (42, 6) 0.17 <0.001* <0.001*  0.02* 
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