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C O G N I T I V E  N E U R O S C I E N C E

An evolutionary conserved neural mechanism for 
interpersonal coordination in primates
Lucia Maria Sacheli1,2*†, Stefano Grasso3†, Laura Zapparoli1,2, Eros Quarta3, Fabiana Esposito1, 
Marika Mariano1, Margherita Adelaide Musco1, Carlo Toneatto1, Gianpaolo Basso4,5,  
Stefano Ferraina3, Alexandra Battaglia-Mayer3*‡, Eraldo Paulesu1,2‡

Interpersonal coordination is fundamental to social evolution. We investigate its phenomenology and neural un-
derpinnings in humans and macaques, examining the behavioral adaptations required for mutual coordination 
during motor interactions and the extent to which the underlying brain mechanisms are shared across species. 
Using a common interpersonal coordination paradigm, we conducted functional magnetic resonance imaging (fMRI) 
in humans and intracranial local field potential (LFP) recordings in macaques. Despite between-species behav-
ioral discrepancies, both monkeys and humans coordinate through adjustments that proved to be based on pro-
active adaptation of motor planning and execution. Evidence from fMRI and time-resolved decoding analysis of 
LFPs converged to show modulation of premotor brain activity associated with interpersonal coordination and its 
effectiveness. Moreover, a dynamic sequential coding emerged, whereby the action context is represented early 
during planning, and coordination features near movement onset. Our findings reveal an evolutionarily conserved 
cortical architecture across primates that supports cooperative motor behavior.

INTRODUCTION
Collaborative motor coordination is a core feature of human sociality 
that enables the achievement of goals that would otherwise be unattain-
able by individuals alone. Despite its ubiquity, the cognitive and 
neural architecture subserving our ability to coordinate with our con-
specifics remains to be defined. Even less known is whether interper-
sonal coordination in humans and nonhuman primates (NHPs) relies 
on the same basic neurocognitive architecture. Answering these ques-
tions would greatly enhance our understanding of how social cogni-
tion has evolved across species.

For human interindividual coordination, influential philosophical 
research (1, 2) suggests that possibly uniquely human psychological 
structures might be needed [(3, 4); but see (5, 6)]: These have been 
variously labeled as “shared,” “collective,” or “we-” intentions (1, 2). On 
the other hand, more reductionist cognitive (neuro)science views indi-
cate that interpersonal coordination may depend on low-level reactive 
perceptual and sensorimotor processes [e.g., entrainment, temporal 
adaptation, and task corepresentation (7–9)], which do not require any 
explicit intention to coordinate and may also occur in other species 
(10). However, one may hypothesize the middle-ground position that 
interpersonal coordination is not, or not only, a matter of higher-order 
cognitive representations such as shared intention nor is it reducible to 
automatic behavioral adjustments. One such third position posits that 
interpersonal coordination may entail the proactive generation of dy-
adic motor plans encoded within premotor regions (11–13). The term 
dyadic motor plan refers to a motor representation adapted to dyadic 

interactions, which takes into account not only the actions one must 
execute but also those their partner must perform to achieve the inter-
action goal. This modality of motor planning is expected to manifest as 
proactive adjustments in the spatiotemporal features of movement, 
thereby facilitating effective interpersonal coordination.

Could these representations serve as foundational elements of in-
terpersonal coordination in both humans and NHPs? To investigate 
this possibility, we used a cross-species and multiscale approach, ex-
amining pairs of human participants and two exemplars of Macaca 
mulatta as they engaged in the same experimental task. We analyzed 
the behavioral adjustments required for a collaborative visuomotor 
coordination task, contrasting this with the same task performed in-
dividually, and studied the neural mechanisms that underlie these 
coordination processes. Neural underpinnings were studied in humans 
through functional magnetic resonance imaging (fMRI; Fig. 1A), and 
in monkeys by analyzing the local field potentials (LFPs) recorded 
from the dorsal premotor cortex (PMd; F2) of two macaque brains 
simultaneously (Fig. 1B). Among the different intracortical signals 
recorded from monkeys, we focused on LFPs because they are the 
primary neural correlates of the blood oxygen level–dependent (BOLD) 
fMRI signal (14, 15). In both LFP and fMRI, the neural response was 
sampled by also including the motor planning phase.

Fifty young adult human participants and two adult male rhesus 
monkeys [M. mulatta; Monkey D (Mk D) and Monkey P (Mk P)] 
were tested in identical dyadic visuomotor tasks (Fig. 1, A and B), 
requiring interindividual motor coordination while using a joystick 
to guide a visual cursor on a computer screen. Humans performed 
the task with one participant lying in the MRI scanner and their part-
ner playing in an adjacent room (Fig. 1A). Monkeys performed the 
task sitting side by side with simultaneous LFP recordings from the 
two brains (Fig. 1B).

Each agent guided a visual object (a yellow circle) displayed on 
the computer screen from a central target toward a peripheral target 
(Fig. 1C), either individually (SOLO) or coordinating their actions 
with the partner in a joint action (JOINT). During SOLO trials, the 
center of the yellow circle coincided with the location of the cursor, 
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and only one participant was responsible for moving the yellow circle 
to the peripheral target. Meanwhile, the partner observed the cursor 
movement on the screen and kept their own cursor stationary in the 
central target (i.e., OBSSOLO condition for the partner). During the 
JOINT condition, the center of the yellow circle corresponded to the 
midpoint of the two participants’ cursor positions. In these trials, part-
ners had to coordinate their movements to guide the yellow circle to-
ward the peripheral target while maintaining both cursors not exceeding 
a maximal intercursor distance (ICD) beyond which the trial was 
aborted (Fig. 1, C and D; see the Materials and Methods section).

In humans only, an additional “observation” condition (OBSJOINT) 
was introduced as a perceptual baseline, in which both participants 
passively observed computer-simulated cursor movements based 
on the trajectories recorded during successful JOINT trials in pilot 

participants. The trial type (SOLO, JOINT, OBSSOLO, and, in humans, 
OBSJOINT) was preinstructed by a color change of the central cue pre-
sented before the peripheral target appeared (Fig. 1C and tables S1 
and S2). In the monkey experiment, each successful trial (SOLO, JOINT, 
or OBSSOLO) was rewarded with the same amount of juice. In JOINT 
trials, both monkeys received the same amount of reward upon suc-
cessful coordination; otherwise, neither animal was rewarded.

To measure interpersonal coordination, we calculated for each 
trial the mean intratrial ICD (<ICD>; Fig. 1D). Human participants 
were instructed (and the monkeys were trained) to bring the yellow 
circle to the peripheral target while keeping their cursors close together. 
The instantaneous ICD was constantly monitored during JOINT trials: 
Exceeding a maximum ICD threshold [9 degrees of visual angle 
(DVA) for humans and 5 DVA for monkeys] led to trial abortion. 

Fig. 1. Experimental setup. The experimental setup adopted with (A) human participants and (B) monkeys. (C) Behavioral task used in both humans and monkeys, with 
different trial types. Subj, subject (i.e., human participant or monkey). (D) Schematic representation of how the ICD was calculated in JOINT trials; green and blue dots 
represent the positions at different times (t) of the two cursors, each controlled by one agent. (E) Comparison of <ICD> values recorded during JOINT action execution 
and the one calculated by randomly pairing individual trajectories recorded within each pair (humans) and session (monkeys) during JOINT trials [SIMULATED (SIM) JOINT; 
see the Supplementary Materials for methodological details]. ***P < 0.001.
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Thus, spatiotemporal interpersonal coordination was required through-
out the JOINT task and represented the interaction goal for both 
humans and macaques.

We hypothesized that evidence for dyadic motor planning would 
emerge if humans and monkeys displayed signs of proactive adapta-
tions in their motor planning and execution. This would manifest as an 
alteration of their stereotypical motor patterns to enhance coordina-
tion, indicated by proactive adjustments of spatiotemporal movement 
parameters during JOINT trials to minimize their ICD. At the neural 
level, we tested the role of the PMd—a critical region for motor plan-
ning for the type of movement tested (13)—in supporting these coor-
dination processes in both species.

RESULTS
Evidence for interpersonal coordination in JOINT action 
(behavioral analysis #1)
To explore whether the results of the JOINT task provided behavioral 
evidence for a nonepiphenomenal interpersonal coordination in both 
humans and NHPs, we compared the <ICD> recorded during JOINT 
trials with “SIMULATED JOINT” data obtained by randomly pairing, 
within each dyad (in humans) and session (in monkeys), the trajecto-
ries of the two cursors in different JOINT trials in a given direction 
(e.g., nth trial of participant #1 with mth trial of participant #2, etc.). 
To calculate SIMULATED JOINT trials, we paired only successful 
trials in which the same peripheral target was reached, and the tra-
jectories were aligned on movement time onset (MTon). The results 
showed that the <ICD> was lower (Table 1; see “Comparison be-
tween JOINT and SIM data”), indicating better interpersonal coor-
dination, in the real JOINT than the SIMULATED JOINT data in 
both species (Fig. 1E). These results suggest that, in JOINT action, 
individuals were not merely acting simultaneously, guiding “in par-
allel” their cursors along their stereotypical individual trajectories, 
but actively modulated their behavior by minimizing the relative 
distance between their cursors with the aim of achieving effective 
online interpersonal coordination.

Behavioral adjustments in JOINT action (behavioral 
analysis #2)
To compare the motor behavior between JOINT and SOLO trials, we 
analyzed (i) reaction times (RTs), (ii) movement times (MTs), and 
(iii) the cursor’s trajectory deviations (TDs) from the linear pathway 
linking the starting position (center of the central target) to the center 
of the peripheral target (Table 1; see “Comparison between the SOLO 
and JOINT condition”).

Human participants overall showed longer RTs and MTs in the 
JOINT condition compared to the SOLO condition (Fig. 2, Aa and Ab), 
indicating that both motor preparation and execution were influenced 
by the need to coordinate with the partner, which required more time. 
This time increase may be due to the recruitment of additional/more 
demanding cognitive operations, or it may be a strategy that partici-
pants adopt to facilitate the coordination task by making themselves 
more predictable. Furthermore, these adjustments in the time domain 
were accompanied by spatial adjustments, whereby participants guided 
their cursors along more linear trajectories (smaller TD) than those 
typical of SOLO actions (Fig. 2Ac).

NHPs were also able to adapt their behavior to optimize the dyadic 
performance, in line with previous studies (16, 17). It is worth noting 
that, in the present experiment, the two animals in the SOLO condition 

showed significantly different timings: Mk D was naturally faster than 
the other animal (Mk P), in both RTs and MTs [RTs: t(1421.2) = 22.6, 
P < 0.001, mean difference (±SE) between animals equal to 114 ± 
5.07 ms; MTs: t(1421.4) = 11.5, P < 0.001, mean difference (±SE) 
between animals equal to 96.3 ± 8.37 ms)]. In JOINT trials, these inter-
individual differences had to be necessarily compensated to solve the 
task cooperatively. The slowest monkey (Mk P) showed pronounced 
adjustments to its partner, by reducing both RTs and MTs in the JOINT 
condition (Fig. 2, Ad and Ae). In contrast, the faster monkey (Mk D) 
did not change significantly its RTs, yet it showed a significant slow-
down during task execution (longer MTs). These behavioral changes 
collectively contributed to dyadic synchronization, with greater adapta-
tion by Mk P to its mate than vice versa. As in humans, both macaques 
reshaped their individual SOLO trajectories, adopting more linear paths 
in JOINT trials (Fig. 2Af).

Relationship between behavioral adjustments and better 
interpersonal coordination in JOINT action (behavioral 
analysis #3)
We then explored which of the behavioral adjustments shown in the 
JOINT compared with the SOLO trials were functional to improve 
joint performance. We first calculated normalized JOINT behav-
ioral indexes (J,norm) by estimating normalized deviations from the 
mean value recorded from the same participant in the SOLO con-
dition (〈s〉)

where jj is the value of the dependent variable (RT, MT, and TD) 
measured in each JOINT trial and 〈s〉 is the individual mean value 
of the dependent variable calculated in the SOLO condition.

Using linear mixed models, we tested whether J,norm values could 
predict trial-by-trial changes in the <ICD>, our behavioral index of 
interpersonal coordination. In this model, by-subjects (in humans) 
and by-session (in monkeys) random intercepts and slopes were in-
cluded to account for between-subjects (in humans) or between-
sessions (in monkeys) variability: We thus tested whether, within each 
pair of human participants and within each experimental session 
performed by each monkey, some specific behavioral adjustments 
trial-by-trial determined better interpersonal coordination.

In humans, changes in both MTs (MTJ,norm) and trajectory (TDJ,norm), 
but not in RTs (RTJ,norm), determined better interpersonal coordina-
tion, as indicated by lower <ICD> [Fig. 2, Ba and Bc, and Table 1; 
see “Regressions analyses (RTj,norm, MTj,norm, TDj,norm versus 
ICD)”]. In other words, although humans overall dedicated more time 
(and possibly cognitive resources) to plan JOINT actions, the pair 
performance in terms of interpersonal coordination was trial-by-
trial predicted by how much they slowed down during movement 
execution and adapted their cursor trajectory along a straighter line 
(as compared to the SOLO condition), thus maintaining their cur-
sors closer while reaching the target together. These results held 
even when considering the relationship between behavioral variables 
within a unique multiple regression model, as reported in the Supple-
mentary Materials. Moreover, as expected, the relationship emerged 
between J,norm values substantially differed from the one emerged 
between behavioral variables in SOLO trials, as reported in the Sup-
plementary Materials.

J , norm =

�
jj−⟨s⟩

�
�
jj+⟨s⟩
2

�
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As for NHPs, the dyad showed a “leader/follower” pattern in the 
behavioral adaptation during joint action, with optimization of the 
interindividual coordination mostly due to Mk P (the “follower”). For 
clarity, we use the terms leader and follower to denote relative contri-
butions to behavioral adjustments, reflecting the extent to which each 
monkey modified its performance to align with its partner’s behavior.

Mk P shortened its RTs and MTs, compared to its SOLO perfor-
mance, to adapt to the faster partner (Fig. 2, Ad and Ae, and Table 1; see 
“Comparison between the SOLO and JOINT condition”), and these 
changes predicted smaller <ICD> [Fig. 2, Bd and Be, and Table 1; see 
“Regressions analyses (RTj,norm, MTj,norm, TDj,norm versus ICD)”]. 
On the other hand, Mk D, identified as the “leader,” did not vary its RTs 
significantly but showed slower MTs compared with the SOLO baseline. 
However, the attempt to make its MTs more similar to the slower partner 

did not result in smaller <ICD>, suggesting a less effective adapta-
tion for Mk D. Last, both monkeys optimized their dyadic coordination 
(i.e., showed smaller <ICD>) by making their movement trajectories 
straighter during JOINT trials, replicating what was observed in humans 
[Fig. 2Bf and Table 1; see “Regressions analyses (RTj,norm, MTj,norm, 
TDj,norm versus ICD)”]. These results held even when considering the 
relationship between behavioral variables within a unique multiple 
regression model, as reported in the Supplementary Materials.

Adaptations to the history of the partner’s movement 
patterns (behavioral analysis #4)
Last, we also explored whether reciprocal behavioral adjustments to 
the partner’s preceding behavior might play a role. This, we reasoned, 
would have been a further demonstration of the proactive nature of 

Table 1. Behavioral results. The table reports the comparison between the <ICD> measured in JOINT and SIMULATED JOINT (SIM) data [human model: 
<ICD> ~ 1+ JOINT/SIM + (1+ JOINT/SIM|Participant); monkey model: <ICD> ~ 1+ JOINT/SIM + (1+ JOINT/SIM|Session)], the comparison between the SOLO and 
JOINT condition in different dependent variables (DVs) [human model: DV ~ 1+ SOLO/JOINT + (1+ SOLO/JOINT|Participant); monkey model: DV ~ 1+ SOLO/
JOINT + (1+ SOLO/JOINT|Session)], and the results of the regression analyses aimed to assess which behavioral adjustments (DVJ,norm) best predicted 
interpersonal coordination in the JOINT condition [human model: <ICD> ~ 1+ DVJ,norm + (1+ DVj,norm|Participant); monkey model: <ICD> ~ 1+ DVJ,norm + (1+ 
DVJ,norm|Session)]. To calculate DVJ,norm, we used the following formula: J,norm = (jj − 〈s〉)/[(jj − 〈s〉)/2], where jj is the value of the dependent variable measured 
in each JOINT trial and 〈s〉 is the individual mean value of the dependent variable calculated in the SOLO condition. The asterisks (*) indicate when the full 
model did not converge, and the random structure of the model was simplified by removing the random slopes (while maintaining the random intercepts). 
<ICD>, mean within-trial ICD; RT, reaction times; MT, movement times; TD, trajectory deviations. The human results refer to the participants who played the 
game while being fMRI scanned; these results were fully replicated by the analysis of the behavior of the partner sitting in the MRI control room (described in 
Supplementary Text in the Supplementary Materials).

 Comparison between JOINT and SIM data

t values df P Mean diff 
(JOINT/SIM)

SE 95% CI

Humans <ICD> −9.75 21.17 <0.001 −0.60 DVA 0.06 −0.72–−0.48

 Monkeys <ICD> −6.54 1397.8* <0.001 −0.27 DVA 0.04 −0.35–−0.19

 Comparison between the SOLO and JOINT condition

﻿ ﻿ t values df P Mean diff 
(JOINT/SOLO)

SE 95% CI

Humans     

RT 6.95 23.90 <0.001 145.02 ms 20.88 104.10–185.94

MT 9.18 23.94 <0.001 1312.85 ms 142.94 1032.69–1593.01

TD −2.23 23.72 0.036 −39.16 px 17.59 −73.63–−4.69

  Monkey D

RT 1.67 1415.56* 0.094 4.40 ms 2.63 −0.75–9.56

MT 2.87 1417.38* 0.004 21.74 ms 7.58 6.88–36.61

TD −1.95 1416.52* 0.052 −0.59 DVA 0.30 −1.18–0.00 

  Monkey P   

RT −11.99 1418.45* <0.001 −63.10 ms 5.26 −73.40–−52.77

MT −2.53 1418.33* 0.011 −22.74 ms 8.98 −40.35–−5.13

TD −3.23 1418.03* 0.001 −0.82 DVA 0.25 −1.32–−0.32

 Regressions analyses (RTj,norm, MTj,norm, TDj,norm versus ICD)

﻿ ﻿ t values df P B estimate SE 95% CI

Humans   

RTj,norm −0.62 616.85* 0.535 −0.06 DVA 0.10 −0.25–0.13

MTj,norm −2.36 22.38 0.027 −0.36 DVA 0.15 −0.66–−0.06

TDj,norm 7.04 23.56 <0.001 0.50 DVA 0.07 0.36–0.64

  Monkey D

RTj,norm −2.06 12.68 0.061 −0.33 DVA 0.16 −0.64–−0.02

MTj,norm 6.56 708.8* <0.001 0.38 DVA 0.06 0.26–0.49

TDj,norm 5.42 9.01 <0.001 0.38 DVA 0.07 0.24–0.51

  Monkey P   

RTj,norm 8.35 677.1* <0.001 0.99 DVA 0.12 0.76–1.22

MTj,norm 7.67 674.3* <0.001 0.56 DVA 0.07 0.42–0.70

TDj,norm 4.30 500.4* <0.001 0.20 DVA 0.05 0.11–0.29
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the motor adaptations as it would demonstrate that the participants/
monkeys incorporate the history of the partner’s motor behavior in 
its progressive unfolding. To do so, we calculated the absolute value 
of the difference between each participant/monkey’s RT or MT in a 
given trial and the partner’s average RT or MT calculated from all 
the previous JOINT trials, as follows

where RTa (MTa) refers to the RT (MT) recorded from one agent in 
each trial, and 〈RTb〉 (〈MTb〉) refers to the partner’s mean RT (MT) 
calculated on all previous JOINT trials. The ΔRTa,<b> and ΔMTa,<b> 
delta values thus indicate how much one agent’s RT or MT diverges 
from (or converges on) what the agent might have learned about the 
partner’s behavior. This analysis was restricted to the temporal pa-
rameters (RT and MT) because these are the ones showing signs of 
reciprocal adaptations in monkeys in analysis #2.

Using linear mixed models, we tested whether ΔRTa,<b> and 
ΔMTa,<b> values predict trial-by-trial changes in the <ICD>, the 
behavioral index of interpersonal coordination. In this model, by-
subjects (in humans) and by-session (in monkeys) random intercepts 

ΔRTa,<b> = ∣RTa − ⟨RTb⟩∣

ΔMTa,<b> = ∣MTa − ⟨MTb⟩∣

Fig. 2. Behavioral adaptations shown by humans and monkeys during JOINT action. (A) Comparisons made on kinematics variables (RTs, MTs, and TDs) between the 
SOLO and JOINT conditions in humans [(Aa), (Ab), and (Ac)] and monkeys [(Ad), (Ae), and (Af)]. (B) Results of the regression analyses showing which of the behavioral adjust-
ments shown in (A) predicted better interpersonal coordination, as indexed by lower <ICD> values, in humans [(Ba), (Bb), and (Bc)] and monkeys [(Bd), (Be), and (Bf )]; here, 
J,norm positive values indicate that JOINT values are higher than SOLO, whereas J,norm negative values indicate that JOINT values are smaller than SOLO. This latter 
analysis was run on JOINT trials only. *P < 0.05; **P < 0.01; ***P < 0.001.
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and slopes were included to account for between-subjects (in hu-
mans) or between-sessions (in monkeys) variability: We thus tested 
whether, within each pair of human participants and within each 
experimental session performed by the monkeys, the agents’ adjust-
ments to their partner’s preceding behavior determined better inter-
personal coordination.

In humans, whereas the analysis on ΔRTa,<b> showed no signifi-
cant effect [t(26.38) = −0.61, P = 0.55; fixed effect (B) estimate: 
−0.115 DVA; SE: 0.19 DVA; 95% confidence interval (CI): −0.49 to 
0.26 DVA], the results on MTs showed that the higher the between-
partners convergence (i.e., the lower the ΔMTa,<b>), the better the co-
ordination, as indicated by lower <ICD> [t(15.83) = 2.38, P = 0.03; 
fixed effect (B) estimate: 0.25 DVA; SE: 0.105 DVA; 95% CI: 0.04 to 
0.46 DVA].

In NHPs, as expected from previous findings, a higher convergence 
of RTs (i.e., lower ΔRTa,<b> values) predicted better interpersonal co-
ordination (i.e., smaller <ICD>) in the “follower” Mk P [t(675.7) = 6.24, 
P < 0.001; fixed effect (B) estimate: 2.68 DVA; SE: 0.43 DVA; 95% CI: 
1.84 to 3.52 DVA]; in the “leader” Mk D, this effect was not significant 
[t(52.8) = 0.56, P = 0.575; fixed effect (B) estimate: 0.42 DVA; SE: 
0.75 DVA; 95% CI: −1.04 to 1.88 DVA]. With regard to the MTs, the 
results showed a significant effect in Mk D [t(697.6) = −2.25, P = 0.025; 
fixed effect (B) estimate: −0.56 DVA; SE: 0.25 DVA; 95% CI: −1.05 to 
−0.07 DVA], which, nevertheless, was in the opposite direction than 
expected [but coherent with the results emerged from the analysis of 
J,norm values; see Table 1, “Regressions analyses (RTj,norm, MTj,norm, 
TDj,norm versus ICD)”]: It showed that the less the between-partners 
convergence (i.e., higher ΔMTa,<b>), the lower the <ICD> (i.e., the 
better the performance). In Mk P, the results showed no significant 
effect [t(693.2) = 1.29, P = 0.20; fixed effect (B) estimate: 0.25 DVA; SE: 
0.19 DVA; 95% CI: −0.13 to 0.62 DVA].

Overall, these results indicate that, in human participants, adapt-
ing one’s behavior to that shown by the partner in previous JOINT 
trials is beneficial for interpersonal coordination. This is especially 
true for the temporal features of movement execution, whereas ad-
aptations of RTs did not play any role. Instead, in NHPs, the “follower,” 
slower, and more adaptive monkey (Mk P) adapted its RTs to the ones 
shown by the partner in previous JOINT trials, and this adjustment 
was beneficial for interpersonal coordination. Adaptations in MTs, 
instead, had no similar beneficial effect.

A neural mechanism for interpersonal coordination
The aforementioned behavioral patterns were mirrored by the neu-
rophysiological findings obtained from fMRI in humans and LFP 
recording in monkeys.

As shown in Fig. 3A, the fMRI data revealed that similar cortical 
and subcortical neural resources were recruited during SOLO and 
JOINT trials in humans, when controlling for perceptual stimula-
tion (i.e., comparing SOLO and JOINT task execution with the re-
spective OBSSOLO and OBSJOINT conditions). These regions included 
primary sensorimotor, dorsal premotor, and the supplementary mo-
tor areas bilaterally, as well as the basal ganglia, the thalamus, and 
the cerebellum (table S4). However, we also found a significant inter-
action effect between task (execution or observation) and condition 
(JOINT or SOLO) whereby the execution of the JOINT condition 
was associated with stronger recruitment of the PMd and posterior 
parietal cortices bilaterally (Fig. 3, A to C, and table S5). In other words, 
the activation of dorsal frontoparietal brain regions—rather than 
other brain resources such as subcortical structures or the cerebellum, 

or visual-motion areas, associated with low-level entrainment (18)—
was stronger when the participants had to coordinate with the partner 
(JOINT) than when playing alone (SOLO) (Fig. 3, A to C).

We then explored the functional role of these stronger activations 
in guiding interpersonal coordination by combining fMRI data with 
behavioral measures. At the group level, a regression analysis revealed 
that the better the pairs’ coordination in the JOINT action, as indexed 
by lower <ICD>, the stronger the interaction effect (i.e., the stronger 
the brain activity in JOINT than SOLO, controlled for the respective 
observation tasks) in the PMd bilaterally (Fig. 3D).

Premotor mechanisms guiding joint actions were further exam-
ined through the LFPs recorded simultaneously from the area PMd 
(F2; Fig. 4A) of the two interacting NHPs.

Time-frequency analysis revealed that low-frequency bands be-
low 12 Hz were predominant during both SOLO and JOINT action 
tasks (Fig. 4B), about 250 ms before and 250 ms after MTon. To bet-
ter analyze task-related power modulations across recording sites, we 
studied power variations in different frequency bands. In both 
animals, frequency-domain analysis revealed power increase in the 
Theta (4 to 7 Hz) and Alpha (8 to 12 Hz) bands during JOINT behav-
ior compared with SOLO actions (Fig. 4C). We focused on these fre-
quency bands for two main reasons: First, Alpha power (8 to 12 Hz) 
has been shown to increase with task difficulty in motor tasks requir-
ing reactive control (19–23). Second, both Theta and Alpha bands 
encompass key LFP components (P1, N1, and P2; Fig. 4D) known to 
be modulated by kinematic parameters (e.g., target direction, veloc-
ity, and trajectory) as well as by the behavioral context (24).

To analyze task-related variations in the time domain, a grand-
averaged low-frequency LFP signal (1 to 12 Hz) was computed for 
Mk P, which showed traces with consistent polarity across sites (see 
the Supplementary Materials). We found a significant enhancement 
in signal amplitude during JOINT trials, emerging ~150 ms before 
movement initiation (MTon) (Fig. 4D; sliding-window t test, window 
width: 40 ms; step size: 20 ms; df = 3761; P < 0.001) and with maxi-
mum significance at the time window [−24, 16] ms relative to the 
MTon [t(3761) = −6.4].

We next applied time-resolved decoding with a support vector 
machine (SVM) to test whether low-frequency premotor LFPs carry 
information about action context (SOLO versus JOINT). To identify 
the most informative epoch, we used two distinct data alignments: RT 
onset (GO alignment) and MTon. Under GO alignment, classification 
accuracy displayed two pronounced peaks, reaching 80 to 90% across 
the RT interval beginning ~100 ms after the cue (Fig. 4E, left; permu-
tation test, P < 0.01). When realigned to MTon, the overall accuracy 
was slightly reduced but revealed an additional rise late in execution, 
coincident with goal attainment (Fig. 4E, right; permutation test, 
P < 0.01). The RT-locked maxima occurred near the canonical low-
frequency premotor components P1 and N1, indicating that activity 
in the range of 4 to 12 Hz (Theta-Alpha) conveys context-specific in-
formation about the impending motor plan.

To determine the temporal format of this representation, we per-
formed cross-temporal decoding (25–27), training and testing the 
classifier on all pairs of time bins with alignment to either RT or MT. 
This yields a time-by-time accuracy matrix, in which diagonal ele-
ments reflect time-resolved decoding when training and testing co-
incide (white trace in Fig. 4E), and off-diagonal elements quantify 
generalization across time. Broad off-diagonal accuracy would in-
dicate a static (time-invariant) code; confinement of accuracy to 
the diagonal indicates a dynamic, time-specific code; and narrow, 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversita Studi D

i M
ilano B

icocca on A
pril 22, 2026



Sacheli et al., Sci. Adv. 12, eaea1927 (2026)     17 April 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 20

short-lived diagonal bands indicate transient encoding with limited 
cross-time generalization.

The resulting matrices revealed a predominantly time-selective 
(dynamic) code for action context: Decoding emerged ~100 ms after 
GO and remained confined to a diagonal band throughout the RT 
period, with little off-diagonal generalization. Thus, premotor low-
frequency LFPs encode action context with a time-selective process 
belonging to the planning phase.

To examine the relationships between the level of partners’ coor-
dination (indexed by the <ICD>) during JOINT trials and PMd LFPs, 
trials were grouped into three datasets based on mean ICD values 
(large, medium, and small). LFP power increased progressively with 
higher coordination (lower <ICD>), particularly in Mk P across all 
bands <30 Hz, and in the 4- to 7-Hz range in Mk D (Fig. 5A). Tem-
poral analysis showed that LFP amplitude predicted the magnitude 

of the <ICD> ~150 ms before the onset of force application (MTon) 
(Fig. 5B; sliding-window t test, window width: 40 ms; step size: 20 ms; 
df = 1236; P < 0.001) and with maximum significance at the time 
window [−4, 36] ms relative to the MTon [t(1236) = −6.36].

Similar to the context-decoding analysis, we applied a time-resolved, 
cross-validated SVM to test whether premotor LFPs also predict the 
level of interindividual coordination, operationalized as Small versus 
Large ICD, our behavioral index of dyadic alignment. We found that 
low-frequency LFPs carried sufficient information to decode not only 
action context (SOLO versus JOINT) but also coordination level, albeit 
with distinct temporal profiles (Figs. 4E and 5C). Under MTon align-
ment, decoding accuracy for coordination quality exhibited clear peaks 
of ~80 to 90% centered on movement initiation (about 70 ms before and 
after MTon; permutation test, P < 0.01; Fig. 5C, right). By contrast, when 
aligned to the GO cue, classification performance was substantially 

Fig. 3. Human fMRI correlates of action context and interpersonal coordination. (A) Brain regions that were more active during the execution than observation of 
SOLO trials (blue; simple effect of “SOLO > OBSSOLO”) and JOINT trials (red; simple effect of “JOINT > OBSJOINT”); the lower map has been superimposed on the one (yellow) 
reporting the interaction effect “(JOINT > OBSJOINT) > (SOLO > OBSSOLO)”; all Ps < 0.001 at the voxel level, and PFWERcorr < 0.05 at the cluster level. (B) The same yellow map 
is shown on a 3D render together with the two subclusters (green) in which the strength of the interaction effect was significantly associated with the behavioral perfor-
mance indexed by the mean ICD (<ICD>), as shown by a regression analysis [left premotor cluster (k = 134) local maximum: Montreal Neurological Institute coordinates 
(MNI) −16, −12, 64, z-score = 2.42, and P = 0.008; right premotor cluster (k = 62) local maximum; MNI 22, −2, 60, z-score = 1.99, and P = 0.023]. (C) Plots of the BOLD effect 
(beta values) as measured in the SOLO (blue) and JOINT (red) execution and observation conditions, extracted from the local maxima of the left posterior parietal cortex 
(PPC) and PMd (dPMc) clusters showing a significant interaction effect. (D) Between-participants association between the strength of the interaction effect found signifi-
cant in the left PMd (dPMc) and the <ICD>.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversita Studi D

i M
ilano B

icocca on A
pril 22, 2026



Sacheli et al., Sci. Adv. 12, eaea1927 (2026)     17 April 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 20

reduced (Fig. 5C, left), indicating that coordination-related information 
emerges at the end of the planning phase, as movement begins.

These results suggest that premotor mechanisms supporting 
interpersonal coordination encode action context and goodness of 
coordination at different times in sequential order. Specifically, the 
former is represented early during the RT period and persists up to 
movement initiation, whereas coordination level emerges later, around 

MTon. These findings are consistent with prior studies (25, 26) that 
converge to a common principle of cortical information processing 
across areas, with task-critical cognitive computations mediated by 
rapid, time-specific population dynamics. This principle is especially 
evident in the PMd before movement initiation (28), where prepara-
tory neural states set the initial conditions that shape subsequent 
movement-related activity (29).

Fig. 4. NHP LFP correlates of action context. (A) Recording sites (PMd; F2) in Mk D and Mk P, contralateral to the used (preferred) limb. (B) Time-frequency spectrogram 
LFP from a representative PMd channel during SOLO and JOINT condition. (C) Mean (± SEM) band-limited power for Delta (1 to 4 Hz), Theta (4 to 7 Hz), Alpha (8 to 12 Hz), 
Beta (13 to 30 Hz), low-Gamma (31 to 60 Hz), and high-Gamma (61 to 100 Hz), averaged across trials and sites for SOLO (blue), JOINT (red), and OBSSOLO (gray) conditions. 
Theta and Alpha power increased during JOINT behavior compared to individual actions in both monkeys. (D) Grand-averaged low-frequency LFPs (1 to 12 Hz) in Mk P 
across trials and sites for SOLO, JOINT, and OBSSOLO, with characteristic components P1, N1, and P2, around movement time onset (MTon) (SOLO and JOINT; 0 ms). OBSSOLO 
trials are aligned to cursor motion onset. Dashed curves represent average cursor speed profiles for SOLO and JOINT tasks. Vertical lines indicate mean GO signal times 
(SOLO, blue; JOINT, red). Gray shading highlights time bins with significant differences (t test, P < 0.001) between SOLO and JOINT trials. deg, degrees. (E) Time-resolved 
and cross-temporal decoding of action context (SOLO versus JOINT) from PMd LFPs. SVM classification with cross-temporal accuracy matrices (heatmaps) assessed the 
static/dynamic nature of neural coding. Matrices show accuracy as a function of training and testing times, with neural activity aligned to GO (left) or MTon (right). The 
white trace shows time-resolved accuracy along the diagonal (training = testing). Higher accuracy peaks occurred with RT onset alignment, with evidence of dynamic, 
time-specific coding of contextual information during RT. An additional accuracy peak emerged with MT alignment, near action completion at goal achievement. Time 
bins exceeding chance (permutation test, P < 0.01) are marked with thick white bars. Thin lines indicate alignment and mean timing of task events. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.
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Fig. 5. NHP LFP correlates of interpersonal coordination. (A) Mean (± SEM) power in the six frequency bands, computed across trials and recording sites, for three 
levels of interindividual coordination based on the ICD (<ICD>; large, medium, and small; see Materials and Methods). (B) Grand-averaged low-frequency LFPs (1 to 12 Hz) 
in Mk P, grouped by the same <ICD> categories as in (A). Traces are aligned to movement time onset (MTon, 0 ms), with colored vertical lines indicating the mean GO 
signal times for each group of trials. (C) Decoding of interindividual coordination from premotor LFPs with cross-temporal analysis (see Fig. 4E for details). In contrast to 
the decoding of action context, higher accuracy peaks emerged when neural data were aligned to MTon, indicating that information about the level of coordination was 
primarily encoded around movement initiation (conventions and symbols as in Fig. 4E). (D) Pearson’s correlation between the mean LFP amplitudes during JOINT trials 
and the <ICD>; here, each data point represents one recording session. LFP amplitudes were computed from the movement direction that elicited the largest response 
in Mk P (similar results were obtained across all directions, in both monkeys; see the Supplementary Materials). (E) Interindividual differences in P1 and N1 latencies were 
computed in the two task conditions, on a trial-by-trial basis, by coupling signals from all possible combinations of active channel pairs, with each channel recording LFPs 
from one of the two animals. In the JOINT condition, latency differences were calculated by pairing simultaneously recorded signals from the two brains. In the SOLO 
condition, signals were paired by randomly selecting recordings from different repetitions, collected by a given channel and in one movement direction. A t test revealed 
a significantly greater synchronization of LFP peaks during JOINT than SOLO trials (P < 0.0001). *P < 0.05; **P < 0.01; ****P < 0.0001.
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Furthermore, in line with what has been found in humans, we 
observed a significant correlation between LFP amplitude and the 
<ICD> magnitude, as shown for Mk P (Fig. 5D).

Last, neural tuning between the two interacting brains was as-
sessed through a trial-by-trial analysis on the timing of P1 and N1 
peaks, recorded simultaneously from the two animals. We found that 
neural responses tended to synchronize during JOINT actions [Fig. 5E; 
t test, SOLO versus JOINT, P1: t(2699) = 13.62; N1: t(2699) = 15.66; 
both P < 0.0001]. This neural alignment paralleled animals’ behav-
ioral coordination in RTs (fig. S4), and it highlights the inextricable 
link between coagents’ temporal alignment and interbrain coupling 
in JOINT actions.

DISCUSSION
The present study aimed to investigate whether primates’ behavior 
during an interpersonal coordination task better aligns with reactive 
perceptual and sensorimotor processes, such as entrainment or be-
havioral mimicry, or it demonstrates proactive adjustments that indi-
cate the contribution of some form of dyadic motor planning. To this 
end, we examined whether agents adapt their motor behavior based 
on the fact that they are acting together rather than alone, and we 
explored the relationship between behavioral adaptations and the 
optimization of joint performance. Thus, at the behavioral level, we 
explored (i) whether coagents maximize their interpersonal coordi-
nation in JOINT trials, (ii) how they adjust their movement spatio-
temporal parameters in the JOINT compared to the SOLO condition, 
and (iii) how these adjustments relate to the mean intratrial ICD 
(<ICD>), our index of interpersonal coordination. In addition, we 
examined the neural correlates of these mechanisms by focusing on 
the role of the PMd, a crucial brain region involved in motor plan-
ning, in facilitating interpersonal coordination.

Overall, our data support the dominance of proactive, rather than 
purely reactive, motor adjustments during coordination. Although 
the comparison between the <ICD> calculated in the JOINT and 
SIMULATED JOINT trials suggests that online corrections may be 
also involved, all our results point to a prevalent role played by proac-
tive adaptations, as discussed below.

The comparison between the <ICD> measured in real JOINT trials 
and the one calculated by shuffling the coagents’ movement trajectories 
(within each pair and test session, thus creating a SIMULATED 
JOINT condition) demonstrated neither epiphenomenal nor stereo-
typical behavioral adjustments. Agents maximized interpersonal co-
ordination through dynamic minimization of the intratrial <ICD>. If 
individuals were merely acting simultaneously, guiding “in parallel” 
their cursors along a stereotypical, more linear trajectory in all JOINT 
trials, then the <ICD> in SIMULATED JOINT trials would be iden-
tical to the one calculated in real JOINT ones. Instead, we found evi-
dence for a reduced <ICD> (i.e., better coordination) in real JOINT 
trials. This result suggests that coagents actively adjusted their be-
havior by continuously minimizing the relative distance between 
their cursors. This was true for both humans and NHPs.

Then, we explored the modulations of spatiotemporal movement 
parameters that contributed to this trial-by-trial joint optimization. 
We showed that, although temporal adaptations followed distinct 
patterns in monkeys and humans (as discussed below), spatial adap-
tations were, in both species, directed toward remodeling the natural 
curvilinear trajectories into straighter pathways during JOINT action 
trials. Such adaptation, which possibly resulted in cursor trajectories 

that were more predictable for the partner, was nonetheless not stereo-
typical, but it was adapted trial-by-trial to minimize the <ICD>. 
This provides strong evidence in favor of a proactive adaptation of 
movement features to optimize joint performance in both humans 
and NHPs. JOINT actions were planned and executed in a qualita-
tively different manner than SOLO actions, prompting individuals 
to trial-by-trial alter their biomechanically SOLOistic way of perform-
ing the task to foster interpersonal coordination.

Last, both intracortical recordings in macaques and BOLD sig-
nals in humans indicate that activity in the PMd provides a neural 
signature of interpersonal coordination. Despite the different tempo-
ral resolutions of the two methodologies, the cross-species multiscale 
approach provides converging evidence for a premotor mechanism 
engaged before MTon. The precise LFP dynamics recorded in mon-
keys during the JOINT condition from the homologous PMd regions 
show an anticipatory modulation ~150 ms before MTon. This sup-
ports the interpretation that even the sluggish PMd BOLD signal in 
humans should reflect proactive motor planning, in line with the 
well-established association of PMd activity with the preparation 
phase of motor tasks (30, 31).

Our results also line up with previous evidence on the role of the 
PMd in guiding joint actions provided by previous fMRI studies in 
humans (32, 33) and by our single-unit study in monkeys (13), which 
showed the existence of neurons encoding joint performance, also 
through the integrated representations of self and others’ actions.

Notably, in both species, premotor activity during the JOINT con-
dition correlated with the ICD (<ICD>), which can be regarded as an 
index of the goodness of dyadic performance in the JOINT action. 
Overall, these findings suggest that the building blocks of interper-
sonal coordination are shared across humans and macaques and may 
not necessarily rely on inferential psychological structures [shared/
collective intentions (1, 2)] nor on purely reactive visuomotor track-
ing of the partner’s actions. Rather, interpersonal coordination may 
entail the generation of dyadic motor plans encoded by premotor 
regions (11, 12) well before movement initiation, as shown by our 
findings on LFPs. This enables individuals to proactively adapt their 
behavior to meet interactional demands in real-time. LFPs analysis in 
monkeys indicated that this proactive coordination process is also re-
flected in interbrain neural coupling during joint performance.

Furthermore, a decoding analysis confirmed that low-frequency 
LFP signals carried sufficient information to accurately decode not only 
contextual information (SOLO versus JOINT) but also the level of in-
terindividual coordination, albeit with distinct temporal patterns. 
Context-related signals emerged early in the RT period and persisted 
up to movement initiation, whereas information about the strength of 
coordination arose later, around the MT onset, marking the critical 
window for behavioral synchronization in macaques. Testing the sta-
bility of this coding through cross-temporal decoding analysis (26) 
revealed that these representations are time specific, following a se-
quential organization in which an early, dynamic code for action context 
is followed by a later code for coordination level around MTon. Together, 
these findings suggest that premotor activity supports a predictive-
corrective process, whereby a preparatory dyadic motor plan evolves 
into execution-phase control essential for achieving effective interindi-
vidual coordination. Within this line, a recent dual electroencephalog-
raphy (EEG) study demonstrated that, under task conditions like those 
of our study, the dynamic computations characterizing the preparatory 
phase of joint behavior primarily support the formation of shared col-
lective goals, rather than merely reflecting task complexity (34).
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The unconstrained whole-brain fMRI analysis performed in hu-
man participants revealed that, together with the PMd, the posterior 
parietal cortex was also more strongly recruited during JOINT com-
pared to SOLO execution. This result is in line with the well-established 
strong connectivity between these brain regions (35, 36) as well as with 
their role in the online control of visuomotor behavior (37), and it sug-
gests that the whole frontoparietal network is involved during JOINT 
action planning and execution. The fMRI data analysis also showed 
that the cerebellum and area MT/V5, regions involved in feedback-
based visually guided monitoring and entrainment (18), were overall 
recruited during task execution, yet not to a greater extent during 
JOINT than SOLO actions. This evidence suggests that feedback-based, 
visually guided monitoring or entrainment is not sufficient for efficient 
interpersonal coordination. Instead, JOINT action appears to rely on 
specific frontoparietal recruitment. Nonetheless, the activity of parietal 
regions did not show a significant brain-behavioral correlation.

Does the aforementioned evidence provide unequivocal proof of 
a dyadic motor plan for the form of coordination explored here? Some 
caution is warranted here. At present, we lack evidence of an “instruction 
code” that guides behavior on a moment-by-moment basis while simul-
taneously integrating both the individual’s and the coagent’s con-
tributions to joint action. The most parsimonious and unequivocal 
interpretation is that we have evidence of how primates adapt—
behaviorally and physiologically—to the demands of cooperation. How-
ever, our findings also indicate that such adaptations are largely proactive 
in nature. Humans and NHPs adapt their behavior in JOINT action 
since the planning phase (by modulating their RT) and plan their actions 
in a qualitatively different way (deviating from their stereotypical, more 
curvilinear trajectory) to trial-by-trial minimize the <ICD>. Viewed in 
this light, the boundary between the present results and the evidence 
fulfilling a dyadic motor plan hypothesis (11) becomes somewhat narrow.

As there were remarkable points of contact across species, the 
JOINT behavior of humans and NHP also differed in revealing ways. 
In all human participants, the RTs became significantly longer in 
JOINT than SOLO trials. On the contrary, in our NHPs pair, only the 
more adaptive and responsive monkey (Mk P) changed its RTs in 
JOINT compared to SOLO trials: It sped up (and not slowed down) its 
RTs in the JOINT condition, a result that replicates previous findings 
(16, 17). This behavior, possibly reflecting a “follower” strategy aimed 
to align with its (faster) partner (Mk D), resulted in better coordina-
tion. This difference between humans and monkeys is reminiscent of 
the developmental pathway shown by children and adults tested in a 
virtually identical task, as demonstrated in a previous study (38). Six- 
to 8-year-old children (unlike adults but like our monkeys) also re-
solve to shorter RTs to cope with interpersonal coordination demands. 
In adult humans, as shown by previous studies based on various social 
tasks (39–41), longer RTs may reflect the additional cognitive labor 
required to plan the action by considering the partner’s expected mo-
tor behavior. Adult humans (in contrast to monkeys) may also engage 
in feedback-based monitoring during joint action execution, a func-
tion that appears to mature around the age of 7 to 8 (38, 42). Behavior-
ally, this process is reflected by increased MTs and by the adjustment 
of one’s own MT toward the one observed from the partner in previ-
ous JOINT trials, leading to improved dyadic performance. From a 
neural perspective, it is supported by evidence of broader engagement 
of the whole frontoparietal network, which is responsible for inten-
tional action control (37, 43).

Our monkeys, instead, showed better interpersonal coordination 
(i.e., lower <ICD>) when moving faster (i.e., for shorter MTs). The 

more adaptive Mk P also demonstrated the ability to take the part-
ner’s past behavior into account, but only by adapting (speeding up) 
its RTs accordingly. Regarding the shortening of RTs during JOINT 
trials, NHPs [like children; see (38)] may rely on their implicit learn-
ing that initiating their movements faster and along straighter tra-
jectories is more likely to lead to successful (and rewarding) trials 
when acting together. This suggests that the motor representations 
that monkeys generate regarding the partner’s contribution might 
be less specified than the ones formed in humans. This interpreta-
tion is not based on a single dyad, as comparable behavioral adapta-
tions have been reported in other macaque pairs performing a similar 
joint action task (16, 17), suggesting that NHPs tend to speed up 
movement initiation as a coordination smoother (16). Overall, these 
data indicate that monkeys can form a model of their partner’s tem-
poral movement features and, in addition, a simpler model of how 
to make the interaction task easier for themselves when acting with 
the partner. From both a developmental and evolutionary perspec-
tive, adult humans may have refined additional and possibly more 
adaptive mechanisms that support interaction in increasingly complex 
social contexts, which nevertheless operate within the same primate 
premotor building blocks.

Our study also presents some limitations. We list a few here. First, 
for methodological reasons, we tested the monkeys when they were 
over-trained on the task at hand. Humans’ training was instead limited 
to a short training session before the fMRI task, but it was sufficient to 
achieve an overall performance that did not improve throughout the 
15-min session performed in the scanner (see Supplementary Text in 
the Supplementary Materials). Thus, future research might explore 
what learning processes support the optimization of joint perfor-
mance and whether monkeys and humans follow similar or divergent 
patterns in these learning curves. Second, the visuomotor task applied 
here was kept as simple as possible. Would our findings also hold for 
more complex forms of motor cooperation? For instance, one might 
want to explore in the future whether the assignment of specific inter-
acting roles results in similar leader-follower dynamics across species, 
and the possible engagement of premotor brain activity in these in-
stances. Third, inevitably, monkeys were trained through reward, an 
aspect that remains to be modeled in both primate species. Last, 
whereas behavioral adjustments showed remarkable similarity with 
regard to the spatial features, adaptations in the temporal domain di-
verged conspicuously. It is worth noting that our animals’ MTs were 
significantly faster than the 3-s threshold imposed for JOINT execu-
tion, suggesting an intrinsic emphasis on time efficiency that may ex-
tend beyond simply meeting the demands of the task. Future studies 
might explore whether between-species differences in the temporal 
features of joint action planning and execution reflect inherent strate-
gic preferences or qualitative differences in how the partner’s contri-
bution is represented by each coagent, for instance, by analyzing the 
agent’s reactions to a partner’s error that leads to an interaction failure.

MATERIALS AND METHODS
Experimental procedures (humans)
Participants
Fifty healthy volunteers from the University of Milano-Bicocca com-
munity were recruited to form 25 gender-matched pairs (13 female 
pairs and 12 male pairs; age range: 19 to 31; mean age: 22.46 ± 2.45). 
The sample size was established on the basis of our previous studies 
(12, 44) showing that a sample size of N ≃ 20 provides sufficient power 
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to detect interaction-specific modulations in the BOLD signal based 
on a 2 by 2 experimental design and applying a statistical threshold 
equal to Puncorr < 0.001 at the voxel level and PFWERcorr < 0.05 at the 
cluster level, a threshold recommended by Flandin and Friston (45). 
This sample size was also appropriate according to the results of a 
simulation-based power analysis for mixed models (46) run on the 
behavioral data collected from 22 gender-matched pairs of young 
healthy human participants (13 female pairs; age range: 20 to 29; 
mean age: 24.11 ± 1.90) who took part in a pilot behavioral study 
including the same JOINT execution condition used here. From 
these data, for each trial, we extracted an index of interpersonal co-
ordination, that is, the mean intratrial <ICD>. This index has been 
calculated as in the present experiment (see Behavioral data analysis 
paragraph below). The <ICD> was also trial-by-trial calculated in 
SIMULATED JOINT data obtained by randomly pairing within each 
dyad the trajectories of the two cursors in different JOINT trials in 
each direction (e.g., nth trial of participant #1 with mth trial of par-
ticipant #2, etc.; see also Behavioral data analysis paragraph below). 
By doing so, we obtained <ICD> values that were used to run a 
simulation-based power analysis for mixed models (46) based on the 
estimate of the effect of condition [JOINT versus SIMULATED (SIM) 
JOINT] on <ICD> [model: <ICD> ~ 1+ JOINT/SIM + (1+ JOINT/
SIM|Participant); intercept estimate: 1.433; fixed-effect estimate: 
0.565]. We chose this behavioral effect to run the power analysis 
because it is the one showing most direct evidence for nonepiphe-
nomenal interpersonal coordination (i.e., a genuine participants’ effort 
to coordinate) in the JOINT action condition. We run the power 
analysis by hypothesizing a reduction of this effect to the 30% (smallest 
effect size of interest: 0.1695); the critical t value was set at 2. Power 
estimates were obtained by simulating and then modeling 10,000 inde-
pendent experiments using the mixedpower package in R (47). The 
power analysis indicated that with n equal to the one we selected 
(25 pairs), the power estimate for the hypothesized effect was 0.80.

Volunteers were eligible if they met the following criteria: (i) 
right-handedness, as confirmed by the Edinburgh Handedness In-
ventory (48); (ii) no psychiatric nor neurological diseases; and (iii) 
age between 18 and 32 years. They had normal (or corrected to normal) 
vision. Students were recruited through a local SONA system (https://
milano-bicocca.sona-systems.com) and awarded with formative credits. 
All participants were naïve as to the purpose of the experiment.

Each pair was formed by participants who did not know each 
other to exclude the possible confounding effect of previous acquain-
tance on coordination.

The protocol was approved by the Ethics Committee of the Uni-
versity of Milano-Bicocca (protocol no. 562). Participants gave their 
written informed consent to take part in the study, in line with 
the ethical standards of the 1964 Declaration of Helsinki and later 
amendments. They were debriefed as to the purpose of the study at 
the end of the experimental procedures. The data collection took 
place at the RM3T Lab of the Monza San Gerardo Hospital (https://
bimr3t.unimib.it). The neuroradiologist screened all the participants 
who underwent the task in the fMRI scanner to exclude any contra-
indication to fMRI.
Experimental setup and behavioral task
Per each dyad of participants, only one of them underwent the task 
in the MRI scanner (Participant A), whereas the other one sat in 
front of a computer in the adjacent control room (Participant B). 
See Fig. 1A. During the fMRI scanning, the participants could not 
see each other but watched the same visual output. Participant A (in 

the scanner) could see the visual stimuli through a mirror placed 
over the head coil reflecting an MRI-compatible screen placed behind 
the scanner (40″; resolution: 3840 by 2160; refresh rate: 120 Hz). The 
MRI-compatible screen flipped the stimuli right-to-left so that 
Participant A could see the exact same visual scene as Participant 
B. Participant B watched the visual stimuli on a full-HD 24″ screen 
(resolution: 1920×1080; refresh rate: 60 Hz) placed ~50 cm from 
their eyes.

Both participants wore headphones that dampened the noise of 
the scanner (Participant A) or reproduced some white noise to fa-
cilitate concentration (Participant B).

During the experimental task, each participant controlled a col-
ored visual cursor moving on a black background on the screen by 
using the thumb of the right hand on an fMRI-compatible Celeritas 
joystick (Psychology Software Tools; https://pstnet.com/products/
celeritas/). Participant A controlled the green cursor and Participant 
B controlled the blue one.

Stimuli. All stimuli are shown in Fig. 1C. The visuomotor task re-
quired participants to move their colored cursors (filled circles having 
a diameter equal to 0.6 DVA) from the center of the screen to a pe
ripheral target, which was constituted by a white-border circle (3.0 DVA 
in diameter). The peripheral targets could appear in one of the four 
possible locations placed at 90 angular intervals and at an eccentricity 
of 18 DVA in the direction of the four corners of the screen (northwest, 
northeast, southeast, and southwest). Each trial started with the cursors 
placed in the middle of the screen, slightly misplaced to avoid over-
lapping (green cursor: 0.3 DVA on the left; blue cursor: 0.3 DVA on 
the right). After a variable delay (500 to 1000 ms), a circle (3.0 DVA in 
diameter) appeared around the cursors (‘social cue’) and preinstructed 
participants on the incoming experimental condition (SOLO or JOINT, 
to be executed or observed; see below). The border of this circle could 
be green, blue, red, or gray, depending on the incoming experimental 
condition (see table S1).

At each trial, as soon as one of the cursors started moving, a 
yellow-border circle (3.0 DVA in diameter) appeared and moved co-
herently with the cursors: In SOLO conditions, the center of the yel-
low circle coincided with the location of the moving cursor, whereas, 
during the JOINT condition, the center of the yellow circle corre-
sponded to the median position between the two partners’ cursors. 
Last, a red and a yellow isosceles triangles (~17 DVA) including an 
exclamation mark were used as warning stimuli: They were shown to 
participants when a false start or trial failure occurred (see below).

Experimental conditions. The task included four experimental 
conditions, indicated by the color of the “social cue” provided at the 
beginning of each trial, as also summarized in table S1 (see the Sup-
plementary Materials): A green (or blue) cue indicated a SOLO exe-
cution (from now on, SOLO) condition for Participant A and a SOLO 
observation (OBSSOLO) condition for Participant B (and vice versa in 
the case of a blue cue); a red cue indicated a JOINT execution (from 
now on, JOINT) condition for both participants; a gray cue indicated 
a JOINT observation (OBSJOINT) condition for both participants.

During Execution trials, the participants were required to move 
the yellow circle toward the target shown on a screen, either indi-
vidually (SOLO condition) or by coordinating their movements with 
their partner to reach the target together and maintain the cursor as 
close as possible (JOINT condition). The instantaneous ICD was 
constantly monitored during JOINT trials (Fig. 1D). If the ICD ex-
ceeded the threshold distance of 9 DVA, the trial was aborted. Dur-
ing all observation trials (OBSSOLO and OBSJOINT), the participants 
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had to rest and observe the screen: If participants moved during an 
observation trial, a warning stimulus (red triangle) was shown at the 
end of the trial, and the trial was discarded from the analyses (trial 
failure). In the OBSSOLO condition, the participant who was not in-
structed to move observed the partner perform the SOLO task. In 
the OBSJOINT condition, both partners observed the movements of 
cursors animated by prerecorded trajectories. These trajectories were 
randomly extracted from a pool of 224 trajectories of successful trials 
(see below for definition) executed by four pilot participants (two pairs) 
playing the JOINT task.

Participants played 32 trials per condition (SOLO, JOINT, OBSSOLO, 
and OBSJOINT, for a total of 128 trials) in a pseudorandomized order in 
which we ensured that the same experimental condition was never pre-
sented more than three times in a row. Thirty-two “filler” black screens 
having a randomized duration ranging from 3.5 to 4.5 s were added and 
used as implicit baselines in fMRI data analyses (see below).

Trial timeline. Figure 1C illustrates the trial timeline, which was 
identical in all conditions. Each trial started with a black screen on 
which the cursors were drawn in the center. After a variable delay 
ranging from 500 to 1000 ms, the “social cue” (green, blue, red, or 
gray; see Stimuli paragraph above) was shown for a random variable 
duration (500 to 1000 ms) and then disappeared. At the same time, 
the peripheral target appeared in one of the four possible locations 
(see Stimuli paragraph above): This was the GO signal for the par-
ticipant(s) to start moving. If one participant started moving before 
the GO signal (false start), a warning stimulus (yellow triangle) was 
shown, and the trial was aborted and immediately replayed. After the 
GO signal, as soon as one of the cursors started moving, the yellow 
circle appeared. As specified above, the center of the yellow circle 
coincided with the location of the moving cursor in SOLO trials; 
instead, it corresponded to the median position between the two 
partners’ cursors in JOINT trials. In successful trials, the trial end 
occurred when the cursor(s) successfully reached the target, that is, 
when the center of the yellow circle achieved a distance, from the 
center of the target, lower than 1.5 DVA, to be maintained for at least 
100 ms. The trial was aborted (unsuccessful trials) if the target was 
not reached within 6 s from the GO signal or when the ICD threshold 
(9 DVA) was exceeded.

At the end of the trial, a filler black screen was shown to ensure 
that, for each trial, the time interval between the GO signal and the 
beginning of the subsequent trial was equal to 6 s.

Procedure. Upon arriving in the lab, the participants read through 
the task instructions and underwent a training phase. During this 
phase, the participants sat side by side in front of a portable com-
puter while playing the task with standard videogame joysticks to 
familiarize themselves with it. This training included 8 trials for the 
SOLO execution condition, 8 OBSSOLO trials, 32 trials for the JOINT 
execution condition, and 4 OBSJOINT trials, in addition to 4 baseline 
trials in which only a black screen was shown. Then, Participant A of 
each pair entered the MRI scan, and a high-resolution T1-weighted 
MRI scan was acquired. Last, the participants started playing together. 
Before recording the fMRI data, the participants underwent a second 
short training (24 trials) aimed at familiarizing the participants with 
the MRI-compatible joysticks. This second training included 4 SOLO, 
4 OBSSOLO, 8 JOINT, 4 OBSJOINT trials, and 4 baselines (black screen).

Software. The task was run, and the behavioral data were recorded 
using MATLAB R2019b (toolboxes Psychtoolbox and Simulink) (The 
MathWorks Inc., Natick, MA).

Experimental procedure (monkeys)
Animals and surgery
Two male rhesus monkeys (M. mulatta; Mk D, 11.5 kg; Mk P, 11 kg) 
were used in this study. Animal care, housing, and experimental pro-
cedures were performed in conformity with European (Directive 
63-2010 EU) and Italian laws (DL. 26/2014) on the use of NHPs in 
scientific research, approved and authorized by the Italian Ministry of 
Health. After about 4 months of initial training, animals underwent 
surgery for headpost implantation. After preanesthesia with ketamine 
(10 mg/kg, intramuscular), they were anesthetized with a mix of oxy-
gen/isoflurane (1 to 3% to effect). A titanium headpost was implanted 
on the skull under aseptic conditions. Following surgery, the animals 
were allowed to fully recover for at least 7 days, under treatment with 
antibiotic and pain relievers, as from veterinary prescription. Then, 
after a further week they returned to daily training sessions until they 
reached a stable performance in all experimental tasks. This occurred 
about 7 months after the first surgery. At the completion of training, 
the recording chamber for intracortical multiple-electrode recording 
(Minimatrix 05, Thomas Recording) was implanted in each animal. 
For this purpose, each animal was preanesthetized and then anesthe-
tized as above to implant a circular chamber (18 mm in diameter) 
with four titanium bone screws on the skull, over the frontal lobe of 
the right hemisphere on Mk D and the left hemisphere on Mk P, to 
enable recordings from the PMd (F2). The two monkeys underwent 
all surgical procedures in 2 consecutive days. Recording of neural ac-
tivity started after 1 week of recovery, under strict veterinary control, 
and only when both animals were able to perform the tasks as in the 
immediate presurgery time. Single-unit and LFP recordings were ob-
tained from different layers by using linear arrays of up to five tungsten 
glass-coated electrodes (0.8 to 2.5 MΩ), with adjacent ones separated 
by 300 μm. The five-electrode arrays were placed each day in a different 
site within the recording chambers (everyday similar in the two 
animals), and the microdrives allowed independent control of elec-
trodes through the dura. Postmortem histological procedures were 
used to identify the exact location of recording sites.
Experimental setup and behavioral task
Animals were placed together in a darkened, sound-attenuated chamber 
and seated side by side on two primate chairs (Fig. 1B), in front of a 
40-inch monitor (100 Hz; resolution: 800 by 600; 32-bit color depth), 
located at distance of 150 cm from their eyes. They were trained to 
control a visual cursor on the screen by applying with their pre-
ferred hand a force on an isometric joystick (ATI Industrial Auto-
mation, Apex NC), which measured the forces in two dimensions 
on the horizontal plane with a sampling frequency of 1 kHz. The 
applied force was proportionally converted into a motion of the cur-
sors on the x and y axes of the vertical plane of the monitor. As for 
humans, the two cursors, 0.6 DVA in diameter, were presented on a 
black background and consisted each in a filled circle (blue cursor 
controlled by Mk D; green cursor controlled by Mk P). During the 
experiment, the animals used their preferred hand (left Mk D, right 
Mk P; see Fig. 1B), whereas their other arm was gently restrained. 
Recording was made from the hemisphere contralateral to the used 
limb (right for Mk D and left for Mk P; see Fig. 4A). A security dis-
tance of 60 cm between animals was always guaranteed to prevent 
physical contact. The experimental setup was conceived to mini-
mize, during data acquisition, any possible interaction outside the 
task to avoid potential sources of uncontrolled variables. The orien-
tation of the two chairs prevented direct visual contact.
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The behavioral task is also described in (17). The behavioral da-
taset used in this manuscript partially overlaps with the one presented 
in Lacal and colleagues (17); however, the analyzed variables and 
statistical approach diverge substantially in the two works to address 
different questions. Monkeys were trained to perform a visuomotor 
task virtually identical to the one adopted in the fMRI study per-
formed in humans (see above). Animals performed a directional 
center-out task consisting in moving a visual cursor from a central 
to a peripheral target by using an isometric joystick. Neural signals 
were recorded in three of the four experimental conditions described 
above for human participants, consisting in two executions (SOLO 
and JOINT) and one observation condition (OBSSOLO), in which the 
animal observed the outcome of the partner’s action during its SOLO 
trials (see below). Peripheral targets were located in one of the eight 
possible positions, at 45 angular intervals and at an eccentricity of 
8 DVA. The trial type (SOLO, JOINT, or OBSSOLO) was first prein-
structed during a dedicated variable time interval, through a specific 
color cue (“social cue”; see table S2 in the Supplementary Materials), 
similarly to what was done for the human participants.

The cue about the required action type was followed by a direc-
tional cue, consisting in a peripheral target toward which cursors were 
moved (see the next paragraph for more details). In the SOLO condi-
tion, one of the two monkeys was required to move its own cursor 
from the central to the peripheral target, by applying a dynamic hand 
force on its own isometric joystick. In the JOINT condition, instead, 
both monkeys had to coordinate their hand forces in intensity and 
direction to bring the yellow circle (see above) from the central target 
to the peripheral location. During the SOLO condition of one animal, 
the other had to keep its own cursor in the central target while observ-
ing the execution of the SOLO trials by its mate. Thus, the SOLO 
trials of one monkey corresponded to the OBSSOLO trials for the other 
animal. No specific eye movement requirements were imposed, allow-
ing animals to freely adopt their preferred gaze strategies throughout 
all task conditions. In the OBSSOLO, although monkeys were free to 
direct their gaze anywhere on the screen, if anything, the gaze devia-
tion from central fixation was predominantly oriented toward the 
task-relevant target during the observation of the partner’s SOLO 
trials (fig. S5), suggesting monitoring of the partner’s goal even when 
there was no direct involvement in a coordination task.

Trial timeline. The task began with the presentation of an outlined 
white circle (2 DVA in diameter) at the center of the screen, and the 
two cursors close, but outside, said circle. To start the trial, each ani
mal had to move its cursor inside the central target and hold it there 
for a variable control time [center holding time (CHT); 700 to 1000 ms]. 
The CHT was followed by a color change of the central circle, with 
color representing the “social cue” (see table S2), which instructed 
the monkeys on the future action condition to be performed, i.e., 
SOLO D (= OBSSOLO for Mk P), SOLO P (= OBSSOLO for Mk D), 
and JOINT. This preinstruction time lasted 1000 to 1500 ms, and the 
animals were required to maintain their cursors within the central 
target. When a peripheral target (white circle; 2 DVA in diameter) 
appeared (GO signal) in one of the eight possible positions, each 
animal had to move its cursor toward the peripheral location within 
an RT of 100 to 800 ms, individually or together, or it had to keep its 
cursor in the central target, as previously instructed by the color of the 
“social cue.” Once the peripheral target was reached, the animal was 
required to maintain the cursor in that position for a variable short 
target holding time (THT; 100 to 200 ms): This prevented the animal 
from hitting the circle and continuing to move the cursor beyond its 

edges. At the end of a successful trial, animals were rewarded with a 
constant amount of liquid reward (0.5 ml). During the SOLO condi-
tion of one animal, the partner who observed (OBSSOLO) had to keep 
holding its cursor inside the central target until the trial ended to gain 
the same liquid reward, irrespective of the partner’s action outcome 
(success or error). In JOINT action, for the entire duration of their 
cursors’ motion, monkeys were asked to maintain the cursors within 
a maximum ICD of 5 DVA, which was marked by the yellow circle 
encompassing the two cursors. As for human participants, exceeding 
the ICD threshold led to trial abortion and none of the two monkeys 
obtained the reward. Within each session, trials corresponding to dif-
ferent action conditions (SOLO, OBSSOLO, and JOINT) and different 
directions were presented in an intermingled manner and pseudo-
randomized within a session of a minimum of 192 successful trials 
(three conditions x eight directions x eight replications).

In monkeys, trials were classified as successful when temporal 
constraints (MT < 3000 ms) and spatial constraints (in JOINT trials 
only, ICD < 5 DVA) were fulfilled.

Software. The National Institutes of Health (NIH)–funded soft-
ware package REX was used to control stimuli presentation and to 
collect behavioral events, force-related data, and eye movements, us-
ing custom scripts. Eye data were sampled (at 220 Hz) through an 
infrared oculometer (Arrington Research) and stored together with 
joystick force signal and key events, which were sampled at 1 kHz.

Behavioral data analysis (humans and monkeys)
Both human and monkey behavioral data were computed using 
MATLAB (The MathWorks Inc., Natick, MA) and analyzed with 
JAMOVI v.2.3.28 (49), retrieved from https://jamovi.org. Whenever 
possible, we used the same behavioral measures and statistical tests 
for analyses of human and monkey data.

We analyzed the behavioral performance focusing on successful 
SOLO and JOINT trials only. As reported above, trials were classi-
fied as successful when temporal constraints (MT < 6 s for humans 
and 800 ms for monkeys) and spatial constraints (in JOINT trials 
only, ICD < 9 DVA in humans and 5 DVA in monkeys) were ful-
filled. From these trials, we extracted the following variables:

1) RT, i.e., the time interval between the appearance on the screen of 
the peripheral target (GO signal) and the instant when the participant(s)’s 
cursor(s) started moving [movement time onset (MTon)]; for mon-
keys, the MTon was identified as the instant at which the cursor’s veloc-
ity exceeded, by 3 SDs and for at least 90 ms, the average velocity signal, 
measured in the interval spanning from 50 ms before to 50 ms after the 
presentation of the peripheral target; for humans, the MTon was set as 
the first frame in which the cursor position changed coordinate on one 
of the two axis after the presentation of the peripheral target;

2) MT, i.e., the time interval between the instant when the 
participant(s)’s cursor(s) started moving (MTon; see above) and the 
instant when the peripheral target was reached (i.e., the yellow circle 
reached a distance of <1.5 DVA from the center of the peripheral 
target and this proximity was maintained for 100 ms);

3) TD, an index taken as a measure of the cursor trajectory dis-
tortion compared with an “ideal linear trajectory” running from the 
starting position of the cursor to the center of the peripheral target; 
to calculate this variable, we divided the cursor(s)’ positions sampled 
during movement execution [i.e., the cursor(s)’ trajectory] in 10 bins 
and calculated the mean position within each bin; then, we mea-
sured the Euclidean distance of each of these 10 positions with respect 
to the line linking the starting position of the cursor to the center of 
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the peripheral target, and we summed up these 10 values to obtain 
an overall measure of the distance of these checkpoints from the “ideal 
linear trajectory”;

4) Mean intratrial ICD (<ICD>), i.e., the mean of the instanta-
neous Euclidean distances (ICDs) between cursors, during JOINT 
trials, computed throughout the entire duration of the cursor MT, 
from the instant when the fastest cursor started moving toward 
the peripheral target to the instant when the target was reached, i.e., 
the yellow circle reached a distance of <1.5 DVA from the center of the 
peripheral target and this proximity was maintained for 100 ms; 
the <ICD> was also trial-by-trial calculated in SIMULATED JOINT 
data obtained by randomly pairing within each dyad the trajectories 
of the two cursors in different JOINT trials in each direction (e.g., nth 
trial of participant #1 with mth trial of participant #2, etc.).

For human data, RTs, MTs, TDs, and <ICD> were preprocessed 
to exclude, within each participant and each experimental condition, 
trials showing outlier values in at least one dependent variable. We 
considered as outliers the values that fell 3 SDs above or below the 
individual mean for each experimental condition. According to this 
criterion, we excluded a total of 32 successful trials (2.2%) of those 
executed by human participants playing as Participant A (i.e., in fMRI) 
and 29 successful trials (2.0%) of those executed by human partici-
pants playing as Participant B (i.e., outside the MRI scanner). From 
the monkey dataset, we did not exclude any successful trial.
Behavioral analysis #1: Evidence for interpersonal 
coordination in JOINT action
We first explored whether the results of the JOINT task provided evi-
dence for genuine interpersonal coordination in both humans and 
monkeys. To do so, we compared the <ICD> recorded in the JOINT 
condition with the one measured in SIMULATED JOINT trials, cre-
ated by randomly pairing the trajectories of the two cursors of the 
JOINT trials within each dyad (e.g., nth trial of participant #1 with 
mth trial of participant #2, etc.). To calculate SIMULATED JOINT 
trials, we paired only successful trials in which the same target direc-
tion was reached, and the trajectories were aligned on MTon. To as-
sess whether the <ICD> was lower (indicating better interpersonal 
coordination) in the real JOINT than SIMULATED JOINT trials, we 
ran a linear mixed model on the <ICD> data, considering as fixed 
effect the Condition (real JOINT versus SIMULATED (SIM) JOINT). 
Concerning the random effect structure, by-subjects (or by-session, 
in monkeys) random intercepts and slopes were included to account 
for between-subject (or between-session) variability. The linear mixed 
models applied in this analysis were the following (Table 1; see 
“Comparison between JOINT and SIM data”)

Behavioral analysis #2: Behavioral adjustments in 
JOINT action
Then, to assess the behavioral adaptations applied by participants in 
the real JOINT (as compared to the SOLO) trial types, we ran a se-
ries of linear mixed models on the dependent variables (DVs) listed 
above (i.e., RTs, MTs, and TDs), considering as fixed effect the Con-
dition (SOLO versus JOINT). Concerning the random effect structure, 

by-subjects (or by-session, in monkeys) random intercepts and slopes 
were included to account for between-subject (or between-session) 
variability. When convergence issues emerged, the random slope was 
removed, whereas the random intercept was always included. The 
linear mixed models applied in this analysis were the following (Table 1; 
see “Comparison between the SOLO and JOINT condition”)

Behavioral analysis #3: Behavioral adjustments leading to 
better interpersonal coordination in JOINT action
We explored which of the behavioral adaptations that emerged in 
analysis #2 promoted better interpersonal coordination (in terms of 
lower <ICD>). To do so, we first calculated normalized JOINT be-
havioral indexes (J,norm) by calculating normalized deviations from 
the mean value recorded from the same participant in the SOLO 
condition (〈s〉)

where jj is the value of the dependent variable measured during the 
execution of each JOINT trial and 〈s〉 is the individual mean value of 
the dependent variable collected during the execution of SOLO trials.

Then, we ran a series of linear mixed models to test whether 
these J,norm values (calculated for RTs, MTs, and TDs), added to 
separate linear mixed models as independent variables, could pre-
dict trial-by-trial changes in the <ICD>. In this model, by-subjects 
(in humans) and by-session (in monkeys) random intercepts and 
slopes were included to account for between-subject (in humans) or 
between-session (in monkeys) variability. When convergence issues 
emerged, the random slope was removed, whereas the random in-
tercept was always included. The linear mixed models applied in 
this analysis were the following [Table 1; see “Regressions analyses 
(RTj,norm, MTj,norm, TDj,norm versus ICD)”]

Behavioral analysis #4: Adaptations to the history of partner’s 
movement patterns 
We also explored whether reciprocal behavioral adjustments to the 
partner’s behavior might play a role. To do so, we calculated the ab-
solute value of the difference between each participant’s RT or MT 
in a given trial and the partner’s average RT or MT calculated from 
all the previous JOINT trials, as follows

Human model: < ICD> ∼1+ JOINT∕

SIM+
(
1+ JOINT∕SIM ∣Participant

)

Monkey model: < ICD> ∼1+ JOINT∕

SIM+(1+ JOINT∕SIM ∣Session)

Human model: DV∼1+SOLO∕JOINT+
(
1+SOLO∕JOINT ∣Participant

)

Monkey model: DV∼1+SOLO∕JOINT+

(1+SOLO∕JOINT ∣Session)

J , norm =

�
jj−⟨s⟩

�
�
jj+⟨s⟩
2

�

Human model: < ICD> ∼1+DVJ,norm+
(
1+DVJ,norm∣Participant

)

Monkey model: < ICD> ∼1+DVJ,norm+
(
1+DVJ,norm∣Session

)

ΔRTa,<b> = ∣RTa − ⟨RTb⟩∣

ΔMTa,<b> = ∣MTa − ⟨MTb⟩∣
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where RTa (MTa) refers to the RT (MT) recorded from one agent in 
a given trial, and 〈RTb〉 (〈MTb〉)refers to the partner’s mean RT (MT) 
calculated on all previous JOINT trials. The ΔRTa,<b> and ΔMTa,<b> 
delta values thus indicate how much one agent’s RT or MT diverges 
from (or converges on) what the agent might have learned about the 
partner’s behavior. This analysis was restricted to the temporal pa-
rameters (RT and MT) because these are the ones showing signs of 
reciprocal adaptations in monkeys in analysis #2.

Using a series of linear mixed models, we tested whether ΔRTa,<b> 
(ΔMTa,<b> ) values predict trial-by-trial changes in the <ICD>, our 
behavioral index of interpersonal coordination. In this model, by-
subjects (in humans) and by-session (in monkeys) random intercepts 
and slopes were included to account for between-subjects (in humans) 
or between-sessions (in monkeys) variability. When convergence 
issues emerged, the random slope was removed, whereas the random 
intercept was always included. The linear mixed models applied in 
this analysis were the following:

Human models

Monkey models

In all linear mixed models, the Satterthwaite method for degrees 
of freedom and the Wald method for CIs were applied. All tests of 
significance were based on an α level of 0.05.

For human participants, the behavioral results of the participants 
playing as Participant A (i.e., in the MRI scanner) are reported in the 
main text, whereas the behavioral results of the participants playing 
as Participant B, which fully replicated the ones emerged from the 
analysis of Participant A data, are reported as Supplementary Text in 
the Supplementary Materials.

As a control analysis, we also examined the potential influence of 
learning throughout the monkeys’ experimental sessions and across 
the trials of the single experimental session involving each pair of 
human participants. As described in the Supplementary Materials, 
no effect of session (for monkeys) or trial number (for human par-
ticipants) was found. This indicates that learning effects could not 
account for our results.

Human neuroimaging data analysis
Data acquisition
Whole-brain functional T2-weighted images were acquired using a 
Philips Ingenia 3.0T CX scanner (Philips S.p.A., Milan, Italy), equipped 
with gradient-echo echo-planar imaging (EPI; scan parameters: repe-
tition time (TR) = 2000 ms, echo time (TE) = 30 ms, 35 transversal 
slices, descending not interleaved acquisition, 4-mm slice thickness, 
with no interslice gap, flip angle (FA) = 75°, field of view = 240 mm, 
and matrix size = 80 by 80). Each voxel was 3 mm by 3 mm by 4 mm 
in dimensions. The total number of scans acquired varied between 
subjects because, whenever the participants made a false start (i.e., 

moved before the GO signal), the trial was aborted and immediately 
restarted, thus making data acquisition slightly longer. On average, 
564 (±17) volumes were acquired per each subject. The fMRI ses-
sion lasted about 20 min. The first five volumes recorded from each 
functional run were removed to allow for steady-state tissue magne-
tization. Magnetization-prepared rapid acquisition with gradient 
echo (MPRAGE) high-resolution T1-weighted structural images were 
also acquired [sagittal three-dimensional (3D) T1 TFE: acquisition 
matrix = 256 by 256, voxel size = 1 mm by 1 mm by 1 mm, Repeti-
tion Time (TR) = 8.1 ms, echo time (TE) = 3.7 ms, and flip angle 
(FA) = 8]. This structural scan was acquired before the fMRI session.
Preprocessing
We reconstructed images, and then we converted raw data from the 
DICOM to the NIfTI format using MRIConvert software (https://
softpedia.com/get/Science-CAD/MRIConvert.shtml). We adopted 
MATLAB R2019b (MathWorks) using Statistical Parametric Mapping 
software (SPM12, Welcome Department of Imaging Neuroscience) to 
perform the preprocessing of the data and univariate data analyses. We 
first realigned and unwarped fMRI scans to reduce the influence of head 
movements during the scan session and the effect of magnetic field dis-
tortions. The unwarped images were coregistered with the T1-weighted 
structural image of each participant, which was then segmented and ste-
reotactically normalized into the SPM12 template (tmp.nii) to allow for 
group analyses of the data. Last, deformation fields used for T1 segmen-
tation were applied to normalize the coregistered functional scans. We 
then interpolated the data matrix to produce voxels with a dimension of 
2 mm by 2 mm by 2 mm. The normalized scans were smoothed using a 
Gaussian filter of 10 mm by 10 mm by 10 mm to improve the signal-to-
noise ratio and permit the application of the family-wise error rate 
(FWER) correction at the cluster level in the second-level (group-level) 
univariate analyses, as suggested by Flandin and Friston (45).

The data of each participant were screened using Artifact Detection 
Tools (ART; Whitfield-Gabrieli; http://nitrc.org/projects/artifact_
detect) to identify outlier scans in global signal and movement. We 
marked time-points as outliers if scan-to-scan variations in the global 
signal overcame 3 SDs from the mean and if the compounded measure 
of movement parameters exceeded the 1-mm scan-to-scan movement 
average. The outlier time points were accounted for by adding regres-
sors of no interest in the single-subject analyses. Excluded volumes 
were 1.96 ± 1.39%. As subject exclusion criterion was >20% of outlier 
time points in each experimental condition, no participant was ex-
cluded due to excessive motion.
First-level (single-subject) analysis
In the first-level analyses, conducted at the individual level, the BOLD 
signal associated with each experimental condition (SOLO, OBSSOLO, 
JOINT, and OBSJOINT) was analyzed by convolution with a canonical 
hemodynamic response function (50). Global differences in the fMRI 
signal were removed from all voxels with grand-mean scaling. The 
time series was high-pass filtered at 128 s and prewhitened by means of 
an autoregressive model AR (1). The first-level analysis implied a fixed-
effect analysis in which condition-specific effects were calculated.

In an event-related design, we used the same onset as the one 
used to calculate the LFP in monkeys (see below), that is, 150 ms 
before MTon. To ensure that the same time window was considered 
in SOLO and JOINT trials, we characterized the BOLD response 
corresponding to the first part of the movement, and the event dura-
tion was set to 0. Separate regressors were also included to consider 
experimental confounds, including unsuccessful trials and the re-
alignment parameters calculated in the preprocessing step.

< ICD> ∼1+ΔRTa,<b>+
(
1+ΔRTa,<b>∣Participant

)

< ICD> ∼1+ΔMTa,<b>+
(
1+ΔMTa,<b>∣Participant

)

< ICD> ∼1+ΔRTa,<b>+
(
1+ΔRTa,<b>∣Session

)

< ICD> ∼1+ΔMTa,<b>+
(
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We then estimated neurofunctional activations associated with each 
experimental condition (SOLO, OBSSOLO, JOINT, and OBSJOINT) by cal-
culating the simple effects of each condition, i.e., the voxel-by-voxel dif-
ference between brain activity during the task and during the observation 
of a black screen (implicit baseline). These contrast images entered the 
group-level analyses. To estimate the relationship between the interac-
tion effect that emerged at the group level (see below) and the behavioral 
performance (indexed by the <ICD>; see the description of the re-
gression analysis below), we also calculated subject-by-subject the 
linear contrast measuring the brain activations that show a stronger 
“Execution > Observation” effect in the JOINT as compared to the SOLO 
condition, as follows: [(JOINT > OBSJOINT) > (SOLO > OBSSOLO)].
Second-level (group) analysis
At the group level, we first run a full-factorial analysis of variance 
(ANOVA), considering SOLO versus JOINT and Execution versus 
Observation as within-subject factors. We aimed to explore what neuro-
functional resources are needed to execute the JOINT as compared to 
the SOLO condition while controlling for differences in the visual 
stimulation (i.e., controlled for by the OBSJOINT and OBSSOLO condi-
tions, respectively). Thus, we calculated (i) the main effect of “Execu-
tion > Observation” and (ii) the interaction effects. These results are 
reported in tables S4 and S5. The simple effects of “Execution > 
Observation” were also calculated separately for the SOLO and JOINT 
conditions for visualization purposes (see Fig. 3A). These analyses 
were performed at the whole-brain level and applied a threshold of 
Puncorr < 0.001 at the voxel level and PFWERcorr < 0.05 at the cluster level.

The results showed a significant interaction effect [(JOINT > 
OBSJOINT) > (SOLO > OBSSOLO)], demonstrating that bilateral dorsal 
premotor and posterior parietal brain regions are more strongly re-
cruited during the JOINT as compared to the SOLO condition (see 
the Results section and table S5). To explore whether these activations 
were associated with better interpersonal coordination, we ran a re-
gression analysis on the related activation map by adding the indi-
vidual mean <ICD> of each pair as predictor and the single-subject 
interaction effect [(JOINT > OBSJOINT) > (SOLO > OBSSOLO)] as the 
dependent variable. These latter results are reported at Puncorr < 0.05 
at the voxel level in Fig. 3B.

Monkey electrophysiological recordings and data analysis
Neural recording
We recorded neural activity using two separate five-channel multiple-
electrode arrays for extracellular recording (Thomas Recording) si-
multaneously from the brains of the two monkeys by adjusting the 
depth of each electrode (quartz-insulated platinum-tungsten fibers; 
80 μm in diameter and 0.8- to 2.5-MΩ impedance), so as to isolate 
the single-unit activity. Electrodes were equidistantly disposed in a 
linear array with interelectrode distance of 0.3 mm and were guided 
through the intact dura into the cortical tissue (51) through a remote 
controller. The raw neural signal was recorded at ~24-kHz sampling 
frequency and amplified, digitized, and optically transmitted to a 
digital signal processing unit (RA16PA-RX5-2, Tucker-Davis Techno
logies) where it was stored together with the key behavioral events.

LFPs were recorded in 12 daily sessions, from 27 sites in Mk D 
and 32 sites in Mk P, with adjacent sites separated by at least 300 μm. 
To isolate LFP signals, offline preprocessing of neural data was 
implemented. First, the raw signals of each channel were centered at 
zero by subtracting their average over time for the entire session, 
and power line noise was removed by using a notch filter (zero-
phase Butterworth, second order, cutoff frequency = 50 Hz). LFPs were 

obtained by band-pass filtering the signal at 1 to 300 Hz (zero-phase 
Butterworth, fourth order) and downsampling to ≈1 kHz.

Time-frequency domain. For time-frequency decomposition (Fig. 4B), 
we adopted the wavelet analysis and instantaneous power definition, 
reported in (52, 53). In brief, LFP time series of each trial were convolved 
with a set of complex Morlet wavelets defined as

where t is the time, f is the frequency (which increased from 1 to 100 Hz 
in 100 logarithmically spaced steps), and σ defines the width of the 
wavelet in the time domain, set to 7/2πf (52–54). For our purposes, 
the value of 7 provided an adequate trade-off between temporal and 
frequency resolution. Other values in the range from 4 to 10 provided 
similar time-frequency maps.

After convolution, instantaneous power of the resulting complex 
signal Z(t) was defined as follows

Power was normalized with respect to a baseline power (powerb) 
and converted to a decibel (dB) scale as follows

with baseline defined as the neural activity recorded during the con-
trol epoch CHT.

As illustrated in the example in Fig. 4B, low-frequency bands be-
low 12 Hz dominated the period from 250 ms before to 250 ms after 
MTon, during the execution of both SOLO and JOINT action tasks. 
To more precisely identify the predominant bands within this time 
window across recording sites, we measured power variations across 
different frequency bands.

Frequency domain. We first proceeded with static power spectral 
analysis. We evaluated frequency-dependent variations across tasks, by 
subdividing the frequency range of 1 to 100 Hz into six bands: Delta 
(1 to 4 Hz), Theta (4 to 7 Hz), Alpha (8 to 12 Hz), Beta (13 to 30 Hz), 
Low Gamma (31 to 60 Hz), and High Gamma (61 to 100 Hz), and com-
puted the relative normalized powers for each channel in the three task 
conditions (SOLO, JOINT, and OBSSOLO), aligning the LFPs at the 
MTon. For each trial, the power of each band was extracted in the 
time window [−250 ms, 250 ms] around the MTon, using the Matlab 
function “bandpower.” For each frequency band, significant differ-
ences of the respective powers across conditions (SOLO, JOINT, and 
OBSSOLO) were assessed through a one-way ANOVA (P < 0.05; factor: 
task condition), followed by post hoc pairwise multiple comparisons 
with Bonferroni’s correction (Fig. 4C).

A similar approach was used to compare the LFPs powers in each 
frequency band, in relation to different values of <ICD>. To this aim, 
all trials were first subdivided into three equally populated groups 
(tertiles) based on the size of their <ICD> (small, medium, and large), 
computed separately for each session (Fig. 5A). Then, for each band, a 
one-way ANOVA (P < 0.05) was performed (factor: ICD size), fol-
lowed by post hoc pairwise multiple comparisons with Bonferroni’s 
correction, to detect power modulation in relation to <ICD>.

Time domain. Low-frequency LFPs were obtained for each trial by 
band-pass filtering the signals (zero-phase Butterworth, fourth order) 
at 1 to 12 Hz and down sampling them to ≈1 kHz. Signals were then 
normalized by subtracting the baseline, computed as the mean sig-
nal recorded during the control time CHT (see Animal experimental 
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setup and behavioral tasks). The main scope was to evaluate the over-
all changes in signal amplitude associated to different tasks condi-
tions, through a grand-average analysis of low-frequency LFPs, by 
pooling all trials from different channels and different sessions.

To this aim, we first averaged the signals recorded from a single 
channel within one recording session across different trials (minimum 
64 = 8 directions × 8 repetitions at least), after aligning the LFPs to 
MTon. Before averaging the signals across channels and sessions, we 
analyzed the LFP waveforms of each channel as a function of recording 
depth across cortical layers. LFP properties are known to be depth de-
pendent (55–58); thus, electrode positions were considered to accu-
rately describe LFP peak components near active neuronal populations. 
The dipolar nature of transmembrane currents underlying neural ac-
tivity generates negative and positive fields, leading to polarity inver-
sions across cortical layers, with minimal amplitudes at dipole centers. 
This polarity reversal was confirmed in Mk D data (fig. S2A), where 
recordings spanned a wider range of cortical depths (about 2 mm). In 
contrast, in Mk P this variability was less pronounced, with signals col-
lected from more superficial layers only (fig. S2B). Notably, the overall 
pattern of superficial low-frequency LFPs recorded from Mk D closely 
resembled the signals observed in Mk P, particularly in the sequence of 
their negative and positive components.

Therefore, for the purpose of analyzing the overall modulation of 
LFP amplitudes in the time domain at the population level, we aver-
aged signals that shared similar waveform characteristics, pooling for 
each monkey different channels and different sessions. Specifically, in 
Mk P we included all recorded signals, whereas for Mk D, we included 
only LFPs recorded from superficial layers. This approach was moti-
vated by three main reasons. First, it allowed a direct comparison of 
LFP waveforms between the two animals. Second, this selection cap-
tures the main components of evoked potentials, as previously de-
scribed in the PMd around MTon during motor tasks, with a positivity 
(P1) before MTon, a negativity around movement onset (N1), and a 
slower positive and negative (P2 and N2) component during and after 
movement (19, 21, 59). Third, decoding of movement motor goals is 
best at superficial depths and degrades substantially for signals recorded 
at cortical sites deeper than 1 mm (60). On the grand-averaged LFPs, 
to assess time-resolved differences in evoked potentials between the 
SOLO and JOINT conditions, we conducted a sliding-window t test 
(window width: 40 ms; step size: 20 ms; P < 0.001; Fig. 4D).

Similar procedures were followed to compare LFPs recorded during 
JOINT trial and associated with different values of <ICD>. For each 
session, trials were subdivided into three equally populated groups 
based on their <ICD>, which was categorized in tertiles (Small, 
Medium, and Large; Fig. 5B). For the low-frequencies band, because of 
the directionality of these signals (20), we also defined for each channel 
its preferred direction during JOINT action as the target direction with 
the largest trial-averaged LFP amplitude. We also evaluated the correla-
tion between LFP amplitude and <ICD> through a Pearson’s correla-
tion for each channel at its preferred direction (Fig. 5D) or considering 
for each channel the eight movement directions separately (fig. S1).

To relate the signal amplitude during JOINT trials to the corre-
sponding <ICD> (Fig. 5D), we quantified the overall amplitude of 
evoked potentials around MTon using the root mean square (RMS) 
of the LFP signal (20).

Thus, for a given channel ch and trial i, the RMS was computed as

where t denotes time bins within the analysis window spanning 
from −150 to +250 ms relative to MTon. This interval corresponds 
to the period in which the three main LFP components (P1, N1, and 
P2) are typically observed (21).

Cross-temporal decoding analysis. To determine whether task-
related variables could be decoded from LFP activity, we performed 
classification analyses using an SVM implemented in the Neural De-
coding Toolbox (61) together with the library LIBSVM (62). Two sep-
arate analyses were performed aimed at decoding: (i) action context 
(SOLO versus JOINT) and (ii) degree of interindividual coordination 
(Large versus Small ICD, defined as described above). For each chan-
nel and trial, LFP signals were averaged into nonoverlapping 5-ms 
bins. The decoder was run on the low frequency LFPs (1 to 12 Hz) 
using time windows aligned either to the GO signal (−0.1 to 0.5 s) 
or to the MT onset (−0.25 to 0.3 s). Trials were assigned labels corre-
sponding either to the task condition (SOLO/JOINT) or to the coor-
dination level (Large/Small ICD). To reduce variability and improve 
robustness of the decoding results, data were grouped into trial sets, 
with each set consisting of the average of four consecutive trials of the 
same type. Then we used a 10- and 4-fold cross-validation for the task 
condition and the coordination level, respectively. The classifier was 
trained using data from all but one of the sets, and it was tested on 
data from the remaining set. This procedure was repeated until each 
set had served as test data (as many times as the number of splits), and 
the prediction results were averaged across repetitions. To avoid bias 
from high-activity channels, z-score normalization was applied dur-
ing cross-validation, ensuring comparable contributions of all chan-
nels in both training and test trials. This entire decoding procedure 
was repeated 50 times, each using different training/test splits, and 
the results were then averaged. To assess significance, we performed 
a permutation test in which trial labels were randomly shuffled and 
the complete decoding procedure was repeated 100 times, generating 
a null distribution of accuracies. Decoding performance was deemed 
significant in each bin if it exceeded shuffled values (P < 0.01). Last, to 
evaluate the temporal evolution of information coding, we performed 
a cross-temporal decoding by training and testing classifiers on all 
possible combinations of time bins, yielding an accuracy matrix with 
diagonal values reflecting training and testing on the same time bin 
and off-diagonal values reflecting generalization across time. Further 
details on the procedure and the analysis code are available at https://
readout.info/.

Temporal coupling of neural signals. Last, we analyzed the timing 
of the P1 and N1 components, which are typical of low-frequency 
LFPs. Specifically, we first determined trial-by-trial the N1 latency, 
as the time of occurrence, relative to the GO cue, of the signal’s ab-
solute minimum during the RT and MT. The P1 latency was then 
identified as the time of the absolute maximum occurring within the 
preceding 150 ms, a time window selected to ensure the capture of 
this component (21). For direct interanimal comparison and meth-
odological consistency with prior analyses, latency calculations were 
also restricted to LFPs recorded at comparable cortical depths. Thus, 
all recording sites were included for Mk P, whereas analyses for Mk D 
were limited to superficial recording depths.

A trial-by-trial analysis was conducted to assess the temporal cou-
pling of neural signals between the two interacting brains. For each 
JOINT trial, we measured the latency differences of the P1 and N1 
components across all possible pairs of simultaneously recorded 
channels, with one channel from each monkey. As a control, analo-
gous latency differences were computed using SOLO trials by pairing 
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signals, again from one channel per monkey, that were randomly 
selected from the eight repetitions of the same movement direction 
(Fig. 5E and fig. S3).

We further investigated the relationship between interbrain syn-
chronization and dyadic behavior by analyzing the correlation be-
tween P1 and N1 latency differences during JOINT trials and (i) the 
differences in the monkeys’ RTs during the JOINT condition (fig. S4A) 
and (ii) the ICD (fig. S4B). In this analysis, each data point corre-
sponds to one session in a given movement direction, with signals 
averaged across channels and repetitions.

Supplementary Materials
This PDF file includes:
Supplementary Text
Tables S1 to S6
Figs. S1 to S5
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