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 2 

Abstract 36 

 37 

Sudden and surprising sensory events trigger neural processes that swiftly adjust behavior. 38 

To study the phylogenesis and the mechanism of this phenomenon, we trained two male 39 

rhesus monkeys to keep a cursor inside a visual target by exerting force on an isometric 40 

joystick. We examined the effect of surprising auditory stimuli on exerted force, scalp 41 

electroencephalographic (EEG) activity, and local field potentials (LFP) recorded from the 42 

dorso-lateral prefrontal cortex. Auditory stimuli elicited (1) a biphasic modulation of isometric 43 

force: a transient decrease followed by a corrective tonic increase, and (2) EEG and LFP 44 

deflections dominated by two large negative-positive waves (N70 and P130). The EEG 45 

potential was maximal at the scalp vertex, highly reminiscent of the human ‘vertex potential’. 46 

Electrocortical potentials and force were tightly coupled: the P130 amplitude predicted the 47 

magnitude of the corrective force increase, particularly in the LFPs recorded from deep rather 48 

than superficial cortical layers. These results disclose a phylogenetically-preserved cortico-49 

motor mechanism supporting adaptive behavior in response to salient sensory events.  50 

 51 

Significance Statement  52 

 53 

Survival in the natural world depends on an animal’s capacity to adapt ongoing behavior to 54 

unexpected events. To study the neural mechanisms underlying this capacity, we trained 55 

monkeys to apply constant force on a joystick while we recorded their brain activity from the 56 

scalp and, invasively, from the prefrontal cortex contralateral to the hand holding the joystick. 57 

Unexpected auditory stimuli elicited a biphasic force modulation: a transient reduction followed 58 

by a corrective adjustment. The same stimuli also elicited EEG and LFP responses, dominated 59 

by a biphasic wave that predicted the magnitude of the behavioral adjustment. These results 60 
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 3 

disclose a phylogenetically-preserved cortico-motor mechanism supporting adaptive behavior 61 

in response to unexpected events.  62 

 63 

Keywords: Electroencephalography (EEG), local field potentials (LFP), event-related 64 

potentials (ERPs), monkey, saliency, force.   65 
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Introduction 66 

 67 

Survival in the natural world depends heavily on an animal’s capacity to identify sudden threats 68 

or affordances, and to quickly adapt ongoing behavior accordingly, with none or scarce 69 

influence of volition. We recently referred to this as Reactive Adaptive Behavior (RAB): sudden 70 

sensory stimuli elicit swift involuntary behavioral responses that are, however, flexible on the 71 

basis of the current environmental context (Novembre and Iannetti 2021). 72 

 73 

There are multiple examples of RAB in the literature. One is cortico-muscular resonance 74 

(CMR), which consists of a series of fast modulations of muscular activity in response to 75 

sudden and task-irrelevant sensory stimuli [(Novembre et al. 2018, 2019) see also (Somervail 76 

et al. 2021; Rangel et al. 2023)]. When humans exert a constant isometric force on a 77 

transducer held between the index finger and the thumb, such stimuli elicit an initial force 78 

decrease (d1, peaking ~100 ms post-stimulus) followed by two consecutive force increases 79 

(i1, peaking at ~250 ms; i2, starting ~300−350 ms and lasting for ~2 s). These force 80 

modulations are tightly coupled, both on a trial-by-trial basis and across-subjects, to the large 81 

EEG ‘vertex potential’ elicited by the same stimuli evoking the CMR (Bancaud et al. 1953; 82 

Walter 1964; Mouraux and Iannetti 2009; Novembre et al. 2018). EEG responses like the 83 

vertex potential, as well as other responses such as the mismatch negativity and the P300, 84 

are believed to capture the violation of an internal model of the sensory environment (Picton 85 

1992; Näätänen et al. 2007; Luck 2014). As such, the coupling between such EEG responses 86 

– classically associated to sensory systems – and motor output is intriguing. It suggests that 87 

updating a model of the sensory environment might often and automatically trigger an action 88 

(or RAB), as it is indeed predicted by several models of saliency detection and orienting 89 

behavior (Sokolov 1963; Neumann 1990; Engbert and Kliegl 2003; Menon and Uddin 2010).  90 

 91 
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 5 

The CMR falls within the definition of RAB: it is elicited in an automatic and unconscious 92 

manner, i.e. participants are unaware of producing a response, yet the force modulations is 93 

enhanced when the eliciting stimulus has high behavioral relevance (Novembre and Iannetti 94 

2021).  95 

 96 

Thus the CMR, as well as RABs in general, are likely to be important for animal survival. As 97 

such, one would guess that these behavioral responses are well conserved phylogenetically. 98 

Yet, whether CMR is also observable in other species besides humans is unknown. 99 

Nevertheless, other RABs such as stimulus-locked responses (Corneil et al. 2004, 2008; 100 

Pruszynski et al. 2010; Goonetilleke et al. 2015), online motor corrections (Lee and Tatton 101 

1975; Battaglia-Mayer et al. 2013, 2014; Scott 2016) or action stopping (Boehler et al. 2009; 102 

Schevernels et al. 2015; Wessel and Aron 2017; Giarrocco et al. 2021), exist in both humans 103 

and non-human primates, suggesting that CMR might also be observable in non-human 104 

primates.  105 

 106 

Therefore, the first aim of the current study was to investigate whether the CMR is present in 107 

non-human primates. To do so, across two Experiments, we exploited a well-established 108 

behavioral task that requires rhesus monkeys (Macaca mulatta) to control the position of a 109 

cursor on a screen using a hand-held force-sensitive isometric joystick (Fig. 1a) (Ferrari-110 

Toniolo et al. 2015; Satta et al. 2017). Animals were trained to hold the cursor inside a central 111 

target, an action that implied the production of a small, constant force, while isolated fast-rising 112 

and task-irrelevant auditory stimuli were presented in a minority of the trials (Beep Trials).  113 

 114 

The second aim of this study was to investigate the neurophysiology of the CMR. In 115 

Experiment 1, based on the previous demonstration of a tight coupling between saliency-116 

related vertex potentials and CMR in humans, we used 29 active electrodes to record 117 
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 6 

electroencephalographic (EEG) activity in awake monkeys performing the task described 118 

above (Fig. 1a,c). We examined event-related EEG potentials elicited by the salient stimuli 119 

and their relationship with the CMR. In Experiment 2 we repeated the above procedure 120 

recording intracortically local field potentials (LFP) from the right dorso-lateral prefrontal cortex 121 

(dlPFC, putatively Brodmann Area 9, BA9) – a cortical area that has been shown to be involved 122 

in hand force control in both human (Ehrsson et al. 2000; Vaillancourt et al. 2007) and non-123 

human primates (Badoud et al. 2017). Notably, BA9 lesioning leads to a bilateral impairment 124 

of fine hand force control, leaving general motor behavior intact (Badoud et al. 2017). 125 

Furthermore, the LFP recordings allowed us to compare the effect of responses measured at 126 

different cortical depths. This latter notion might shed light upon the specific circuits through 127 

which BA9 might contribute to the CMR.  128 

 129 

Figure 1 about here 130 

 131 

Materials and Methods 132 

 133 

Animals and surgical procedures 134 

 135 

Two male rhesus monkeys (Macaca mulatta) participated to the experiments: Monkey M (9 136 

years old, 9.1 Kg) and Monkey T (9 years old, 9.4 Kg). One headpost was mounted on the 137 

skull in each animal. In between experiment 1 (EEG) and 2 (LFP), a circular chamber 138 

(diameter = 18 mm) was implanted for intracranial recording. The chamber was placed on the 139 

right hemisphere, centered at stereotaxic coordinates A +35; L +6 (Monkey 1) and A +35; L 140 

+7 (Monkey 2), in both cases corresponding to dorso-lateral prefrontal cortex (specifically BA 141 

9). During the surgical procedures, the animals were pre-anaesthetized with ketamine (10 142 
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 7 

mg/kg, i.m.) and then anaesthetized with a mix of Oxygen/Isoflurane (1-3% to effect). Skull 143 

implants were performed under aseptic conditions. After surgery, the animals were allowed to 144 

recover for at least 7 days, while being treated with antibiotic and pain relievers, according to 145 

veterinary prescriptions. All efforts were made to minimize animals’ pain and distress. Animal 146 

care, housing and surgical procedures were in agreement with European (EU Directive 63-147 

2010) and Italian (DL. 26/2014) laws on the use of non-human primates in scientific research.  148 

 149 

Experimental setup 150 

 151 

The experimental setup is illustrated in Fig. 1a. Each monkey was placed in a soundproof 152 

chamber, seating on a primate chair in front of a 40-inch monitor (100 Hz, 800-600 resolution, 153 

32-bit color depth; monitor-eye distance: 150 cm). Each animal was trained to control a colored 154 

circular cursor by applying a hand force on an isometric joystick [consisting of a 1.5-6.5-cm 155 

metal cylinder mounted on top of a force transducer: FTS-Gamma (Calibration SI-32-2.5) ATI 156 

Industrial Automation, Apex NC]. The cursor [0.6 degrees of visual angle (DVA)] was displayed 157 

on a black screen. The force exerted on the transducer was sampled (at 1 kHz) on both the x- 158 

and y-axes, corresponding to hand force exerted towards the left/right (x axis) and 159 

towards/away from the animal’s body (y axis) (Fig. 1a). Each animal faced the monitor from 160 

one out of two personalized primate chairs placed one next to the other. Consequently, 161 

Monkey M had the monitor slightly on its right side (approximately 30 degrees from the midline, 162 

i.e. at 1 o’clock) while Monkey T slightly on its left-side (approximately at 11 o’clock).  163 

 164 

The force exerted on the transducer was used to control the position of the cursor on the 165 

monitor, so that a force of 20N applied on the y axis (away from the animal’s body) was 166 

necessary to hold the cursor in the central target (Fig. 1). Sudden and unexpected auditory 167 

stimuli were produced using a beeper placed behind the monitor, ~160 cm away from the 168 
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 8 

monkey’s head (Fig. 1a). Stimuli presentation and data sampling were controlled using the 169 

software package REX (Ferrari-Toniolo et al. 2019). 170 

 171 

Both monkeys were required to use the left hand to perform the task, while the right arm was 172 

gently restrained. The joystick was controlled using the left hand because both monkeys 173 

appeared to prefer this configuration during the early stages of their training. We prevented 174 

the monkeys to reach their head with their arms by means of a 3D printed ‘safety box’ 175 

(designed using Autodesk Fusion 360), i.e. a nylon-12 surface that surrounded the animals’ 176 

neck and thus kept the EEG cap and electrodes away from the animals’ reach. Throughout 177 

the experiment, the monkey’s head was restrained using a titanium headpost.  178 

 179 

Behavioral task and paradigm 180 

 181 

The task begun with the presentation of the target (an outlined grey circle, 2 DVA in diameter) 182 

placed in the center of the screen, together with the visual cursor (a white dot, 3 DVA 183 

diameter), placed below the target when no force was exerted on the isometric joystick (Fig. 184 

1b). The monkey was required to bring the cursor inside the target, by exerting a force of 20N 185 

on the isometric joystick (on the y-axis, i.e. away from the body, Fig. 1a). The animal had to 186 

reach the target within 2 s from trial onset (i.e. presentation of the target), and keep the cursor 187 

within the target until the end of the trial (i.e. disappearance of the target). Trial duration ranged 188 

from 7 to 10 s (rectangular distribution). If the monkey did not reach the target within 2 s from 189 

its appearance or did not hold the cursor inside it for the whole trial duration, the trial was 190 

aborted. Otherwise, the trial was considered successful, and the animal received 1.75 ml of 191 

liquid reward (Fig. 1b).  192 

 193 
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 9 

Experimental paradigm 194 

 195 

While holding the cursor within the target, monkeys experienced two types of trials. On 1/3 of 196 

the trials, an auditory stimulus was presented (1 m distance, frequency 3.3 kHz, duration 50 197 

ms). These trials are hereafter called “Beep trials”.  The stimulus was always presented at 198 

least 3 s after the cursor had entered the target and not later than 3 seconds before the target 199 

disappearance. Within this time range, the timing of the stimulus was randomly assigned. On 200 

the remaining 2/3 of the trials, no auditory stimuli were presented, and monkeys were required 201 

to hold the cursor within the target for a comparable amount of time. These trials are hereafter 202 

called “No-Beep trials”. Beep and No-Beep trials were presented in a randomized order, within 203 

mini-blocks of 6 trials (2 Beep and 4 No-Beep trials), with the only caveat that no more than 2 204 

Beep trials could be presented consecutively across successive mini-blocks.  205 

 206 

EEG equipment and montage (Experiment 1) 207 

 208 

We recorded the electroencephalogram (EEG) using 29 active electrodes placed on the scalp 209 

(BioSemi Active-2 system). The data were sampled at 1024 Hz. The electrodes were mounted 210 

on two custom-made caps (http://www.easycap.de), tailored to fit each animal’s head, 211 

according to the layout displayed on Fig. 1c.  212 

 213 

The BioSemi system replaces the ground electrodes with two electrodes named CMS 214 

(Common Mode Sense, active electrode) and DRL (Driven Right Leg, passive electrode). 215 

According to the system’s guidelines, CMS should (ideally) be placed in the centre of the 216 

measuring electrodes, while DRL should be placed relatively away from them. While placing 217 

CMS, we also had to consider the position of the headpost, being approximately over Cz in 218 
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 10 

monkey M, and over Cpz in monkey T. Therefore, CMS was placed on Cz (in monkey T) and 219 

on Cpz (in monkey M). DRL was always placed on frontal-left side of the animal’s head (see 220 

the layout displayed on Fig. 1c, CMS and DRL are highlighted using grey dots).  221 

 222 

Intracortical recordings (Experiment 2)  223 

 224 

Neural raw signals were recorded from area BA9, using a 5-channel linear multiple-electrode 225 

array system for extracellular recording (Minimatrix 05. Thomas Recording, Germany). Inter-226 

electrode distance was 0.3 mm.  Each electrode (quartz-insulated platinum-tungsten fibers 227 

80 mm diameter, 0.8–2.5 MOhm impedance) was guided through the intact dura into the 228 

cortical tissue (one specific recording site per session) through a remote controller. The raw 229 

neural signal was amplified, digitized at 24 kHz, and transmitted through optical fibers to a 230 

digital signal processing unit (RA16PA-RX5–2, Tucker-Davis Technologies) where it was 231 

stored.  232 

 233 

Data analysis (Experiment 1) 234 

 235 

In Experiment 1 we collected 327 successful Beep trials for monkey M (12 recording sessions, 236 

27.25 ± 16.33 trials per session) and 365 successful Beep trials for monkey T (8 recording 237 

sessions, 45.62 ± 8.44 trials per session). These data were analysed by applying the same 238 

pipeline (described hereafter) to the two datasets (one for each monkey) separately. This 239 

approach was preferred over the alternative ‘pooling’ over the two datasets (Fries and Maris 240 

2021) because the latencies of the force responses observed in the two animals were not 241 

always overlapping in time (see below).  242 

 243 
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 11 

Force analysis. Continuous force data were low-pass filtered (35 Hz, Butterworth, third order) 244 

and then segmented into epochs of 3 s. For Beep trials, the epochs started 0.4 s prior to 245 

stimulus onset and ended 2.6 s following it. For No-Beep trials, equally long epochs were 246 

extracted relatively to randomly-assigned time points comprised within the interval during 247 

which a stimulus could have been presented (i.e. at least 3 s after the cursor had entered into 248 

the target and not later than 3 s before the disappearance of the target). Force data comprised 249 

two channels Fx and Fy (associated with the force components exerted on the x and y axes of 250 

the transducer, respectively) and its magnitude F (which was computed using the following 251 

formula).  252 

 253 

𝐹 =  √𝐹𝑥
2 + 𝐹𝑦

2 254 

 255 

Trials contaminated by artifacts (i.e. deviating >4 SDs from the animal’s mean exerted force F 256 

across all trials) were excluded from further analyses (Novembre et al. 2018, 2019). The 257 

corresponding EEG timeseries were also excluded. These trials constituted 3.01% (monkey 258 

T) and 4.28% (monkey M) of the total number of trials. Epochs were baseline corrected using 259 

the -0.05 to 0 s prestimulus interval (Novembre et al. 2018, 2019). Beep and No-Beep trials 260 

were compared using two-sample t-tests (one for each timepoint).  261 

 262 

EEG analysis. Continuous EEG data were band-pass filtered (1-35 Hz, Butterworth, third 263 

order) and then segmented into Beep and No-Beep epochs of 5 s (-1.4 s to 3.6 s). Because 264 

the datasets contained several movement artifacts, data pre-processing was assisted by a 265 

validated algorithm for automatic artifact-correction: Artifact Subspace Reconstruction (ASR, 266 

threshold value = 5) (Kothe and Makeig 2013; Plechawska-Wojcik et al. 2018). ASR is an 267 

adaptive algorithm based on principal component analysis. It estimates clean portions of data 268 
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 12 

to determine thresholds that are later used to reject large-variance components. The use of 269 

ASR was preferred over conventional ‘data cleaning’ procedures because of its automaticity, 270 

implying lower computational time and lesser (potentially arbitrary) decision-making 271 

(Somervail et al. 2023). We note that we also compared the current results to those obtained 272 

following a traditional ‘data cleaning’ procedure, which yielded similar results at the cost of 273 

several trials being rejected. 274 

 275 

Following ASR, the EEG epochs were cropped to match the force epochs (i.e. -0.4 to 2.6 s). 276 

Noisy or faulty electrodes were interpolated by replacing their voltage with the average voltage 277 

of the neighbouring electrodes. Data were re-referenced using a common average reference 278 

(Nunez and Srinivasan 2006). Artifacts due to eye blinks or eye movements were subtracted 279 

using a validated method based on an independent component analysis (Jung et al. 2000). In 280 

all datasets, independent components related to eye movements had a frontal scalp 281 

distribution. We also estimated the voltage at electrodes Cz and Cpz (used for CMS and for 282 

the headholder) by computing the average voltage of the neighbouring electrodes. Finally, the 283 

EEG epochs were baseline corrected using the -0.2 to 0 s prestimulus interval. Beep and No-284 

Beep trials were compared using paired-sampled t-tests (one for each timepoint). 285 

 286 

The trial-by-trial correlation between EEG and force magnitude (F) epochs was computed 287 

consistently with our previous work (Novembre et al. 2018, 2019). Specifically, we first 288 

smoothed the signals using a moving average (sliding window = 20 ms). The signals were 289 

then resampled to 250 Hz to reduce computation time. Finally, the trial-by-trial correlation 290 

coefficient (Spearman’s r) was computed between EEG amplitude and force magnitude, for 291 

all possible pairs of time points between the interval -50 to 400 ms of the EEG time course 292 

(i.e., the interval encompassing all EEG modulations) and the interval -50 to 2000 ms of the 293 

force time course (i.e., the interval encompassing all force modulations). This resulted in 29 294 
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 13 

correlation matrixes (one for each EEG electrode). Significant correlations were thresholded 295 

by extracting clusters encompassing at least two consecutive significant timepoints (p<0.05) 296 

associated to at least two neighbouring electrodes.  297 

 298 

Data analysis (Experiment 2) 299 

 300 

In Experiment 2 we collected 393 successful Beep trials for monkey M (28 recording sessions, 301 

14.04 ± 4.05 trials per session) and 339 successful Beep trials for monkey T (25 recording 302 

sessions, 13.56 ± 1.90 trials per session).  303 

 304 

Behavioural data from Experiment 2 were analysed by applying the same pipeline described 305 

for Experiment 1. Trials contaminated by artifacts (i.e. deviating >4 SDs from the animal’s 306 

mean exerted force F across all trials) were excluded from further analyses. The 307 

corresponding LFP timeseries were also excluded. These trials constituted 3.20% (monkey 308 

M) and 4.78% (monkey T) of the total number of trials. 309 

 310 

Continuous extracellular LFP data were band-pass filtered (1-35 Hz, Butterworth, third order), 311 

polarity-inverted (for comparability with the EEG signal), and then segmented into Beep and 312 

No-Beep epochs of 5 s (-1.4 s to 3.6 s). LFP data were recorded from 5 electrodes, each with 313 

a single recording site. Within each recording session, a variable number of electrodes failed 314 

to penetrate the dura and did not reach the target cortical depth. These electrodes were 315 

considered ‘non-active’, and their corresponding LFP timeseries were excluded from the 316 

analyses [69 out of 140 (49.29%) for monkey M, and 15 out 125 (12.00%) for monkey T]. The 317 

remaining ‘active’ electrodes were classified as ‘superficial’ or ‘deep’ by applying a median 318 

split on the cortical depth from which recordings were taken. 319 
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 14 

 320 

The trial-by-trial correlation between LFP and force epochs was computed as in Experiment 321 

1. Correlation matrixes were calculated by pooling all ‘active’ electrodes together or by pooling 322 

‘superficial’ or ‘deep’ electrodes separately. Significant correlations were thresholded for 323 

significant time intervals (p < 0.05). 324 

 325 

Results 326 

 327 

Stimulus-induced Force modulations (Experiment 1)   328 

 329 

In both monkeys, auditory stimuli elicited a consistent biphasic modulation of force magnitude 330 

(F; Fig. 2a third row): an initial force decrease was followed by a force increase. This pattern 331 

was strongly evocative of that previously observed in humans (Novembre et al 2018; 2019), 332 

even though the latency of the current modulations was somehow inconsistent across animals 333 

and species, as we discuss below in more detail. Notably, when considering behavioural 334 

responses, a certain degree of both inter-individual and inter-species difference is to be 335 

expected, consequent to the presence of unique individual strategies and perceptual-motor 336 

styles (Vidal and Lacquaniti 2021). 337 

 338 

T-tests comparing the exerted force across Beep and No-Beep trials (i.e. trials during which 339 

there was no auditory stimulus, see Methods) confirmed the across-trial consistency of the 340 

observed biphasic modulation of force magnitude, in each animal. To assist interpretability of 341 

these modulations with respect to their human equivalents, the initial force decrease and the 342 

following increase will be hereafter referred to as d1 and i2, respectively.  343 
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 344 

The latency of the force modulation, particularly the initial d1, was slightly different across 345 

animals. In monkey T d1 peaked at ~150 ms, while in monkey M it peaked at ~270 ms post-346 

stimulus. In contrast, the subsequent i2 was more similar across animals: it began ~400-450 347 

ms post-stimulus and lasted nearly the whole trial duration. Notably, and paralleling human 348 

observations (Novembre et al 2018; 2019), in both animals d1 had a more transient character, 349 

while i2 was more tonic.  350 

 351 

Examining the simultaneous modulations of force separately on the x and y axes (Fig. 2a, first 352 

and second row), we reconstructed the average cursor trajectory before and after the 353 

presentation of the auditory stimulus (Fig. 2b). In both monkeys, prior to stimulus presentation, 354 

the cursor slowly drifted towards the bottom of the screen (black arrow, Fig. 2b). Bearing in 355 

mind that a force resulting in an upward movement on the y axis had to be exerted to keep 356 

the cursor inside the target, this observation is consistent with the well-known fatigue effect in 357 

isometric force tasks [which we and others also observed in humans; (Nazir et al. 2017; 358 

Novembre et al. 2018)]. Immediately after stimulus onset, the first force decrease (d1) resulted 359 

in a transient enhancement of the above-described pre-stimulus drift (blue arrow, Fig. 2b). The 360 

subsequent force rebound (i2) moved the cursor in the opposite direction, bringing it above 361 

the pre-stimulus position (red arrow, Fig. 2b).  362 

 363 

Comparing the direction of these motion trajectories across monkeys, we noticed that they 364 

were consistent along the vertical y axis, but somehow different along the horizontal x axis: in 365 

monkey T the cursor drifted towards the right side of the monitor, while in monkey M it drifted 366 

to the left. This difference is possibly explained by the different position of each monkey 367 

relative to the monitor (slightly on the right-side of monkey M and on the left-side of monkey 368 
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T; see experimental setup). Thus, the different drifting along the x axis might be trivially 369 

explained by the different hand and arm posture adopted by the two animals. 370 

 371 

Figure 2 about here 372 

 373 

Stimulus-induced EEG modulations (Experiment 1) 374 

 375 

The EEG modulation elicited by the auditory stimuli is displayed on Figure 3. The modulation 376 

of EEG voltage consisted of a triphasic pattern including an early positivity (P30), a negativity 377 

(N70) and a second longer lasting positivity (P130). The negative-positive N70 and P130 378 

complex constitutes the well-known vertex potential that can be measured in human and non-379 

human primates (Bancaud et al. 1953; Neville and Foote 1984; Pineda et al. 1989; Mouraux 380 

and Iannetti 2009; Gil-Da-Costa et al. 2013; Milne et al. 2016) 381 

 382 

Both latencies and topographies of these EEG modulations were remarkably consistent 383 

across animals. Specifically, the P30, which had central and frontal distribution, peaked at 35 384 

and 30 ms post-stimulus in T and M, respectively. The N70 had broader and more posterior 385 

distribution over the scalp, and it peaked at 75 and 80 ms in T and M, respectively. Finally, the 386 

early part of the P130 exhibited a central-frontal topography, peaking at 120 and 130 ms in T 387 

and M, respectively. Notably, the P130 lasted longer than the previous P30 and N70, and its 388 

initial frontal topography changed slightly throughout time, to become more widespread and 389 

centrally distributed ~180-200 ms post stimulus, particularly in monkey M (Fig. 3b). The t-tests 390 

comparing the EEG voltages associated to Beep and No-Beep trials confirmed the high 391 

across-trial consistency of all the described components (Fig. 3a, bottom).  392 

 393 
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Notably, monkey T exhibited a mild slow-rising negativity anticipating the stimulus. This 394 

component is most likely a contingent negative variation (CNV) (Walter et al. 1964; Borda 395 

1970). 396 

 397 

Figure 3 about here 398 

 399 

Trial-by-trial correlation between force and EEG modulations (Experiment 1) 400 

 401 

The trial-by-trial correlation between force and EEG modulations revealed several interesting 402 

relationships, which are outlined in Figure 4. 403 

 404 

First, both monkeys exhibited a robust correlation between the P130 EEG wave and the force 405 

increase i2 (cluster A, Fig. 4). This implies that trials in which the P130 had large amplitude 406 

were also associated with a large force increase. It is also important to examine where across 407 

the scalp this correlation occurred [i.e. where trial-by-trial fluctuations of EEG amplitude were 408 

more strongly coupled with fluctuations of i2 magnitude, see (Novembre et al. 2018)]. In both 409 

animals, this correlation was stronger over the right hemisphere, i.e. contralaterally to the (left) 410 

hand exerting the force (Fig. 4, inset). Remarkably, both the correlation between the positive 411 

vertex potential and the i2, and the topography of such correlation were similar to what we 412 

previously observed in humans (Novembre et al. 2018, 2019).  413 

 414 

We also observed two additional relationships between EEG and force modulations that, 415 

however, were not consistent across the two animals (clusters B, Fig. 4). First, in monkey M, 416 

the amplitude of the N70 correlated negatively with the magnitude of the force increase 417 
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following d1 (i.e. with the ascending branch of d1 and the initial part of i2) – another result that 418 

parallels what we observed in humans (Novembre et al. 2018). Second, in monkey T, the 419 

amplitude of the CNV correlated negatively with the magnitude of i2.  420 

 421 

Figure 4 about here 422 

 423 

Trial-by-trial correlation between force and LFP modulations 424 

 425 

Experiment 2 revealed a pattern of force modulation broadly similar to the one observed in 426 

Experiment 1 (compare Figs. 2 and 5). In both monkeys, auditory stimuli elicited modulations 427 

of the overall force magnitude (F) in a biphasic pattern composed of an initial force decrease 428 

(d1) followed by a force increase (i2). In monkey M, d1 peaked at 148 ms post-stimulus, while 429 

i2 peaked at 359 ms post-stimulus. In monkey T, d1 showed a double peak (at 163 and 409 430 

ms post-stimulus), due to an additional force increase peaking at 281 ms post-stimulus. The 431 

late force increase i2 started ~400 ms post-stimulus and peaked >1 s post-stimulus. The 432 

morphology of these force responses, specifically that of the i2, was comparable to that 433 

described above (Figs. 2 and 5).  434 

 435 

The auditory stimuli also elicited LFP modulations markedly similar to the EEG modulations 436 

described above (compare Experiment 1 and 2, Fig. 3 and 5). Specifically, these modulations 437 

entailed a triphasic pattern consisting of an early positivity (36 ms post-stimulus in both M and 438 

T), a negativity (78-79 ms in both M and T) and a second longer lasting positivity. In monkey 439 

M, this last positivity was very similar to what observed in Experiment 1 and peaked at 127 ms 440 

post-stimulus. In monkey T, this positive component appeared to be split into two halves 441 

(peaking at 106 and 215 ms post-stimulus, respectively), due to an additional negative 442 
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deflection peaking at 151 ms post-stimulus. Looking more closely to the results from 443 

Experiment 1, this negativity embedded within the last P wave was also present in the EEG 444 

data (Figs. 3 and 4, left), although less clearly than in the LFP data (Fig. 5).  445 

 446 

Most compellingly, the correlation between LFP and Force data was extremely similar to that 447 

observed between EEG and Force (compare Figs. 4 and 5). Specifically, the late positivity 448 

evoked by the auditory stimulus correlated, on a trial-by-trial level, with the late force increase 449 

i2, in both animals (Cluster A, Fig. 5). When we looked at this correlation as a function of 450 

cortical depth, i.e. considering selectively deep and superficial recording sites, we found that 451 

the correlation between LFP and Force was clearer for deep electrodes (Fig. 6). 452 

 453 

Figure 5 and 6 about here 454 

 455 

  456 
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Discussion 457 

 458 

In this study we investigated (1) whether the CMR – a multiphasic modulation of isometric 459 

force elicited by salient sensory stimuli – is present in non-human primates, and (2) its neural 460 

correlates. In the next sections we compare the CMR observed in monkeys and humans, and 461 

describe the neural responses elicited by the stimuli causing the CMR in monkeys, with 462 

particular emphasis on their tight coupling.  463 

 464 

Force modulations: CMR in rhesus monkeys? 465 

 466 

In humans, sudden stimuli evoke a complex modulation of constantly-applied isometric force 467 

(CMR; Novembre et al. 2018, 2019; Somervail et al. 2021). An initial force decrease at 100 468 

ms post-stimulus (d1) is followed by two force increases: one peaking at 250 ms post-stimulus 469 

(i1) and the other starting at ~350 ms and lasting for nearly 2 seconds (i2) (see Fig. 7). The 470 

current experiments show that monkeys exhibit force modulations reminiscent of the human 471 

CMR, with some differences that we discuss in detail. We particularly focus on the force 472 

increase, because of its (1) reproducibility across animals and experiments, and (2) tight 473 

correlation with electrocortical activity.  474 

 475 

In both humans and monkeys, salient stimuli evoked an initial force decrease, followed by a 476 

force increase. However, while in humans we were able to distinguish two distinct force 477 

increases, this was mostly not the case in monkeys (Fig. 7): either they show only one increase 478 

(i2), or this difference is consequent to holding a joystick using the whole hand (power grip) 479 

rather than a transducer between the index and the thumb (i.e. a precision grip; Fig. 7). 480 

 481 
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The i2 observed in monkeys started ~300-400ms post-stimulus and lasted 1s (monkey T) and 482 

1.5s (monkey M), remarkably similar to the human i2 (onset: ~350ms, duration: ~2s (Fig. 7)). 483 

Because of this similarity, we labelled the monkey force increase as i2. The human i1 (onset: 484 

250ms, duration: 200ms, Fig.7) does not have an homologous in monkeys in the context of 485 

the current task. 486 

 487 

To study the functional significance of the monkey CMR, we reconstructed the cursor 488 

trajectory and made several intriguing observations that might clarify the function of d1 and i2 489 

(Fig. 2). The downward cursor drift before stimulus likely reflects the well-known isometric 490 

force fatigue (Nazir et al. 2017; Novembre et al. 2018). Therefore, d1 could be a further 491 

transient reduction of the tonic corticospinal output subserving task execution. Similarly, i2 492 

could be a corrective rebound, bringing the cursor back to its original pre-stimulus position, 493 

but overshooting: cursor position at the end of i2 (red dots, Fig. 2) is higher than 400 ms before 494 

stimulus onset (black dots, Fig. 2). This is consistent with the idea that the CMR is a both 495 

reactive and adaptive behavior (RAB; Novembre and Iannetti 2021). 496 

 497 

Figure 7 about here 498 

 499 

EEG/LFP modulations: the Vertex Potential in rhesus monkeys 500 

 501 

Sudden auditory stimuli evoked transient modulations of both EEG and LFP recordings, highly 502 

consistent within- and across-animals (Figs. 3,4,5). An early positivity (P30) was followed by 503 

a negativity (N70) and a final positivity (P130), consistent with previous recordings (Gil-Da-504 

Costa et al. 2013; Milne et al. 2016; Neville and Foote 1984; Pineda et al. 1989). 505 

 506 
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Sudden auditory stimuli evoke a similar triphasic pattern in humans, although with longer 507 

latencies (P50-N100-P200). The latter two components, often labelled N1 and P2, constitute 508 

the widely-studied ‘vertex potential’, which indexes ‘surprise’ in response to isolated stimuli 509 

regardless of their sensory modality (Bancaud et al. 1953; Mouraux and Iannetti 2009; 510 

Somervail et al. 2021). The EEG/LFP responses in monkeys are highly reminiscent of the 511 

human vertex potential, with the shorter latencies explained by the shorter fiber tracts in 512 

macaques (Ringo et al. 1994; Caminiti et al. 2009; Woodman 2012). Notably, despite the 513 

coupling with motor behavior (further discussed below), the vertex potential should not be 514 

confused with other ERPs classically associated with action preparation such as the 515 

lateralized readiness potential (LRP). Indeed, the LRP is constituted by a single monophasic 516 

component, with different topography and timescale, besides being elicited in different  517 

experimental paradigms (Kornhuber and Deecke 1965; Vaughan et al. 1968). 518 

 519 

Despite the thick muscles surrounding the ears and neck of macaques (Woodman 2012) we 520 

obtained remarkably neat EEG topographies, extremely similar to those observed in humans 521 

(Mouraux and Iannetti 2009; Luck 2014). By combining well-established with recently-522 

developed EEG denoising algorithms (independent component analysis and artifact subspace 523 

reconstruction (Jung et al. 2000; Kothe and Makeig 2013; Plechawska-Wojcik et al. 2018) we 524 

provide one of the most comprehensive characterizations of event-related potentials in awake 525 

monkeys (Fig. 3).  526 

 527 

Neurophysiology of the CMR 528 

 529 

Second objective of this study was to investigate the neurophysiology of the CMR. In humans 530 

the CMR modulations are tightly coupled to the electro-cortical responses elicited by the same 531 

sudden and unexpected stimuli (Novembre et al. 2018, 2019): the trial-by-trial amplitude of 532 

JN
eu

ros
ci 

Acc
ep

ted
 M

an
us

cri
pt



 23 

both the negative and positive vertex potential waves (N100, P200) strongly predicts the 533 

magnitude of CMR force increases. Here we show a similar coupling in monkeys (Fig. 7). 534 

 535 

The P130 in EEG/LFP (equivalent to the human P200) was positively trial-by-trial correlated 536 

with the force i2, in both animals (clusters A, Figs. 4,5). It is worth noting that while the P130 537 

scalp distribution was symmetrical (Fig. 3b), the scalp distribution of this correlation had a hint 538 

of lateralization towards the hemisphere contralateral to the hand exerting the force (Fig. 4, 539 

insets). This suggestion of a discrepancy between voltage and correlation topographies, 540 

together with the clearer dissociation previously observed in humans (Novembre et al. 2018), 541 

suggests that corticospinal projections originating in the frontal cortex contralateral to the hand 542 

performing the task might be modulated by the vertex potential. This possibility is not 543 

conclusive, and we refer to Novembre et al. 2018 for a discussion on the possible existence 544 

of a third structure modulating both the vertex potential and the motor cortex producing the 545 

CMR. Still, the possibility of a cortical origin of the CMR cannot be ruled out especially when 546 

considering that LFPs were measured from the right dorsolateral prefrontal cortex 547 

contralateral to the limb performing the task (Figs. 1,5). Thus, EEG/force and LFP/force 548 

correlations in monkeys replicate and extend human observations, providing strong evidence 549 

that cortical and muscular responses elicited by sudden and unexpected environmental events 550 

are strongly coupled.  551 

 552 

Other correlations should be interpreted with caution, as they were inconsistent across 553 

animals, although sometimes consistent with human results (clusters B, Figs. 4,7). 554 

Consistently with human results, in monkey M the trial-by-trial amplitude of the N70 555 

(homologous of the human N100) correlated negatively with the i2 magnitude: a larger N70 556 

predicted a stronger subsequent i2. Observing the N70-i2 correlation in one animal and the 557 

P130-i2 correlation in both animals is consistent with the less robust N100-i2 correlation 558 
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(p=0.019) and the stronger P200-i2 correlation (p<0.001) in humans (Novembre et al. 2018). 559 

Unexpectedly, in monkey T the CNV amplitude correlated negatively with the i2 magnitude. 560 

Given that this result was observed only in one animal, and that several equally-valid post-hoc 561 

explanations could be put forward, we prefer to be cautious and report it without providing 562 

potentially-incorrect interpretations.  563 

 564 

Given that we only used correlational techniques, it is difficult to identify the circuits potentially 565 

mediating the CMR. We recorded from BA9, a high-order associative region shown to control 566 

hand force in both monkeys and humans (Ehrsson et al. 2000; Vaillancourt et al. 2007; Badoud 567 

et al. 2017). Unilateral lesioning BAs 9/10 impairs hand force control, leaving other motor 568 

behaviors intact. Human studies have shown that this area is part of a network subserving grip 569 

force control (Ehrsson et al. 2000, 2001; Vaillancourt et al. 2007; Neely et al. 2013), important 570 

for real-time monitoring of force control accuracy, taking into account sensory feedback 571 

(Ehrsson et al. 2001; Neely et al. 2013). These observations and our results make BA9 a 572 

suitable candidate region mediating the CMR. Notably, other RABs (online motor correction, 573 

action stopping) have been associated to dlPFC activity (Cisek 2007; Scott 2012; Wessel and 574 

Aron 2017; Novembre and Iannetti 2021). The role of BA9 might unify these distinct lines of 575 

research, and suggest a unified neural network mediating fast modulations of motor output in 576 

response to sudden environmental stimuli (Novembre and Iannetti 2021). Still, whether and 577 

through which pathway BA9 might influence the motor output and lead to the observed force 578 

modulations remains an open question to be addressed in future studies using causal 579 

approaches. 580 

 581 

Furthermore, it is important to highlight that recording from a single area limits result 582 

interpretability, particularly given that sudden stimuli activate large and widespread cortical 583 

territories (Fig. 3; Mouraux and Iannetti 2009; Liang et al. 2010). We cannot therefore 584 
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exclude that BA9 does not specifically modulate the motor output, and that other cortical 585 

areas would show similar LFP responses and correlation with CMR components. Studies 586 

entailing multiple intraparenchymal recordings will be necessary to test this likely alternative 587 

possibility. 588 

 589 

  590 
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Figure Legends 736 

 737 

Figure 1. Experimental materials and methods. (A) Experimental paradigm. Two macaques 738 

were trained to exert a force on an isometric joystick using the left hand. The force 739 

applied on the x and y axes of the joystick was used to control the position of a cursor 740 

moving on a monitor. During a period of static force application, sudden task-irrelevant 741 

auditory stimuli were delivered through a beeper placed behind the monitor. (B) Task 742 

timeline. The task begun with presentation of the target on the center of the screen. 743 

Monkeys had 2 seconds to bring the cursor (white dot) inside the target (white circle) 744 

and were required to hold the cursor there for a variable time interval (ranging between 745 

7 and 10 seconds). In 33% of the trials, auditory stimuli were unexpectedly delivered 746 

during this interval. If the cursor remained inside the target, the trial was considered 747 

successful, and a liquid reward was given. Trials were separated by a 2-2.5 second 748 

(jittered) interval (during which monkeys were not required to exert force and therefore 749 

the cursor was likely to be back to the start position). (C) EEG and LFP recording. In 750 

Experiment 1, we recorded EEG signals using 29 active electrodes (black dots) and 2 751 

“zero-reference” electrodes (grey dots), mounted on custom-made EEG caps tailored to 752 

fit each animal’s head. In Experiment 2, local field potentials (LFP) were recorded from 753 

the right dorso-lateral prefrontal cortex (Brodmann area 9), through a 5-channel 754 

multiple-electrode array system for extracellular recording. 755 

 756 

Figure 2. Stimulus-induced Force modulations. A: Stimulus-induced modulations of force 757 

magnitude over the x (first row) and y (second row) axes. A composite index of force 758 

(F), representing the overall force magnitude regardless of its x-y directionality, is 759 

displayed in the third row. The coloured background represents t values yielded after 760 

comparing Beep (black line) and No-Beep (grey line) trials. B: Illustrative representation 761 
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of the position of the cursor (dot) with respect to the target (circle) over time, at four 762 

different time points: baseline onset (black), stimulus presentation (grey), peak of force 763 

decrease (blue) and peak of force increase (red). The density maps represent all 764 

positions held by the dot over the course of all trials.  765 

 766 

Figure 3. Stimulus-induced EEG modulations. A (top): Single-trial modulations (at electrode 767 

Cz). Trials are sorted by their order of occurrence. The coloured background represents 768 

amplitude. (bottom): across-trial averages of EEG modulations (at electrode Cz). The 769 

coloured background represents t values yielded after comparing Beep (black line) and 770 

No-Beep (grey line) trials. B: EEG topographies of the main modulations. Time points of 771 

each topography are marked with vertical grey lines crossing the EEG average 772 

waveform (shown in panel A, bottom). 773 

 774 

Figure 4. Trial-by-trial correlation between force and EEG modulations. Trial-by-trial 775 

correlations between stimulus-induced force and EEG modulations. Bidimensional plots 776 

represent the significant trial-by-trial correlation coefficients (cluster-corrected 777 

Spearman’s r) between EEG and force, for all possible pairs of time points, at electrode 778 

Cz. The topographies of the main correlation clusters are also plotted. The EEG 779 

timeseries (plotted vertically) and the force timeseries (plotted horizontally) are shown 780 

to assist interpretability of the correlations. Note that the correlation between the EEG 781 

positive wave (P130) and the force increase (i2) is slightly lateralized towards the right 782 

scalp regions, i.e. contralateral to the (left) arm that exerted the force. 783 

 784 

Figure 5. Trial-by-trial correlation between force and LFP modulations. Trial-by-trial 785 

correlations between stimulus-induced force and LFP modulations (recorded from the 786 

dorso-lateral Prefrontal Cortex, dlPFC). The bidimensional plots represent the 787 
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significant trial-by-trial correlation coefficients (cluster-corrected Spearman’s r) between 788 

LFP and force, for all possible pairs of time points (pooling all ‘active’ electrodes). The 789 

LFP timeseries (plotted vertically) and the force timeseries (plotted horizontally) are 790 

shown to assist interpretability of the correlations. The correlation between the LFP 791 

positive wave (equivalent to the EEG P130) and the force increase (i2) is highlighted.  792 

 793 

Figure 6. Trial-by-trial correlations between stimulus-induced force and LFP modulations at 794 

different cortical depths. The bidimensional plots represent the significant trial-by-trial 795 

correlation coefficients (cluster-corrected Spearman’s r) between LFP and force for all 796 

possible pairs of time points, for either superficial (A) or deep (B) recording sites. The 797 

LFP timeseries (plotted vertically) and the force timeseries (plotted horizontally) are 798 

shown to assist interpretability of the correlations. The correlation between the LFP 799 

positive wave (equivalent to the EEG P130) and the force increase (i2) is highlighted. 800 

Note the clearer LFP-force correlations in deep recording sites.  801 

 802 

Figure 7. Comparison of stimulus-induced EEG-force correlations in monkeys and humans. 803 

Data are from the current study (Monkey M, left) and from Novembre et al., 2018 (28 804 

human participants, right). The bidimensional plots represent the significant trial-by-trial 805 

correlation coefficients (cluster-corrected Spearman’s r [monkey, left], and t-values 806 

comparing participants’ Pearson’s r [human, right]) between EEG and force for all 807 

possible pairs of time points, at electrode Cz (topographies of the highlighted clusters 808 

are plotted). The EEG timeseries (plotted vertically) and the force timeseries (plotted 809 

horizontally) are shown to assist interpretability of the correlations. Note that the 810 

correlation between the positive vertex wave (occurring earlier in monkeys [P130] than 811 

in humans [P250]) and the force increase (i2) is slightly lateralized towards the scalp 812 

regions contralateral to the hand that exerted the force (left hand in monkeys; right 813 
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hand in human participants). Note that the two datasets were re-referenced differently, 814 

likely explaining the more focal (monkey) and global (human) topographies.  815 

 816 
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