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Abstract 

 

Theory of mind (ToM) is proposed to allow agents to theorize about others' internal states (e.g., 

beliefs and intentions). In this way, it facilitates dynamic behavioral adjustment and enables tacit 

coordination for achieving mutual goals. Working memory (WM) is considered a fundamental 

part of ToM, as it maintains and actively manipulates social information. However, to what 

extent WM affects multi-person social coordination on a behavioral, cognitive and neural level is 

still unknown. To explore this, we employed EEG hyperscanning to simultaneously measure two 

participants playing a pure coordination game while performing an n-back task. We evaluated 

differential effects of low and high cognitive load on behavioral coordination and 

electrophysiologically. We examined WM effects both on single participants by measuring 

event-related potentials (ERPs) and dyads by estimating a-band interbrain synchronization (IBS), 

which is said to indicate the formation of shared representations and information transferring 

between individuals. Linear mixed model analysis revealed that coordinating performance 

deteriorates under high WM load as compared to low load, an effect that corresponded to 

significantly less IBS in the right prefrontal and frontal regions. Both regions have been 

suggested to play a primary role in cognitive control. Additionally, ERP analysis highlighted a 

P3 component in parietal areas that is often correlated with WM updating. P3 amplitude was 

significantly decreased under high versus low cognitive load. This result is in line with the idea 

that WM resources were depleted by the non-social n-back task in the high load condition and 

thus the effective processing of interpersonal information was impeded. Taken together, our 
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results demonstrate that WM is crucial for processing social information and can hamper a-band 

IBS in the brain areas involved in cognitive control of social processing. 

Keywords: tacit coordination, theory of mind, working memory, interbrain synchrony, 

hyperscanning, P3 component, social interactions  
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Effects of working memory load on tacit coordination and inter-brain synchrony 

 

Introduction 

“Ὁ ἄνθρωπος φύσει πολιτικὸν ζῷον, καὶ ὁ ἄπολις διὰ φύσιν καὶ οὐ διὰ τύχην ἤτοι 

φαῦλός ἐστιν, ἢ κρείττων ἢ ἄνθρωπος” [Man is by nature a social animal, and a man that is by 

nature and not merely by fortune unsocial is either low in the scale of humanity or above it] — 

 — Aristotle. Politics, Book I, 1253a.1-4. 

Human nature has always been recognized as innately social. This sociality is often 

expressed by individuals preferring more often than not to cooperate (Jagau & van Veelen, 2017; 

Rand, 2016; Rand & Nowak, 2013; Zaki & Mitchell, 2013) in order to achieve a goal that would 

otherwise be unattainable (Bruin et al., 2019). Successful cooperative activities, i.e., joint 

actions, are based on effective social interactions, in which the interacting agents are committed 

not only to the mutual goal but also to supporting each other and be responsive to each other’s 

behavior (Bratman, 1992). Social interactions are based on the synchronous exchange of 

information and require consolidation of the available resources to guide the interacting 

individuals to coordinating their actions (Giraldo & Passino, 2017). In other words, efficient 

cooperation is achieved by collaborating individuals that dynamically adjust their strategies 

according to other’s intentions and actions.  

This is regularly seen in pure coordination games in which players interests perfectly 

align (Alberti et al., 2011; Colman, 1997; Mehta et al., 1994; Schelling, 1960). In these 

situations, players usually start with a focal point, i.e., a usually salient feature that leads in the 

prediction of the coplayer’s choice of strategy (Alberti et al., 2011; Colman, 1997; Mehta et al., 

1994; Schelling, 1960; Sugden, 1995). These focal points enable the players to follow implied 
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“coordination rules” (Kwaadsteniet & Dijk, 2012) that over time lead to similar strategy 

selections and identical actions that ultimately maximize their pay-off (Crawford & Haller, 

1990). However, there are many situations in real life where cooperation becomes challenging. 

People are repeatedly confronted with ambiguous situations in which no salient points can 

immediately be detected and/or overt communication may be seriously impeded. Under such 

circumstances, often referred to as “weak” (Van Lange et al., 2007), the game’s smooth 

progression becomes complicated as no obvious cues guide strategy selection (Alberti et al., 

2011). Notably, under such circumstances, people manage to tacitly coordinate and succeed in 

cooperating to accomplish their goals (Kwaadsteniet et al., 2012; Kwaadsteniet & Dijk, 2012; 

Schelling, 1960; van Dijk et al., 2009). These cases only highlight the fact that there must be a 

deeper basis on which humans succeed in coordination.  

 Several studies from the game theory field and socioeconomic sciences have been 

preoccupied with such questions. In particular, when players are confined to such 

communication-deprived situations, it is necessary to be able to engage in a learning process 

through which every gaming act guides and dictates the formulation of the upcoming choice of 

action (Alberti et al., 2011; Crawford & Haller, 1990). In other words, players solely by 

observing their partner’s previous actions, manage to adjust their own gaming behavior over time 

to match their partners. This can be achieved by dynamically inferring others’ mental states via 

understanding their perspective and underlying motives (Todd & Galinsky, 2014), adjusting prior 

beliefs and making predictions on the most probable future actions (Koster-Hale & Saxe, 2013; 

Premack & Woodruff, 1978). Theorizing about people’s internal states is often referred to as 

mentalizing or Theory of Mind (ToM; Baron-Cohen et al., 1985; Frith, 2012; Wimmer & Perner, 
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1983). ToM is considered fundamental for successful social interactions (Colman, 1997; Freitas 

et al., 2019; Galinsky et al., 2005; Kwaadsteniet & Dijk, 2012; van Dijk et al., 2009). 

Being able to attribute mental states to oneself and others has been closely related to 

communication patterns and social efficiency (Resches & Pérez Pereira, 2007; Sidera et al., 

2018). For example, people who score higher at ToM tasks, such as false-belief understanding 

(Wimmer & Perner, 1983), seem to better adapt their behavior to match their partners’ 

communicative system (Resches & Pérez Pereira, 2007). Additionally, ToM is considered crucial 

for social skills necessary in game play such as creativity (Grant & Berry, 2011), coordination 

(Galinsky et al., 2005), collaboration and problem solving (Hesse et al., 2015). Even though the 

importance of such an ability in social contexts is prominent, little attention has been given in its 

underlying cognitive and neural mechanisms (Bradford et al., 2015; Saxe & Baron-Cohen, 

2006), especially not with real-life multi-participant tasks. ToM has often been criticized as a 

highly complex phenomenon that lacks definition of its explicit constituents, thus making it hard 

to investigate. Hence, it becomes necessary to delineate and identify the unique contribution of 

cognitive mechanisms involved in ToM.  

ToM has been argued to deploy several subcomponents of Executive Functioning (EF; 

Austin et al., 2014; Doherty, 2009; Leslie et al., 2004; Miyake et al., 2000; Pellicano, 2007; 

Perner & Lang, 1999). EF refers to several cognitive processes that are responsible for cognitive 

control and goal-directed behavior (Diamond, 2013). Even though executive functions are 

considered essential for the proper functioning of ToM capacities, they are often treated as a 

unitary variable whose composite study becomes problematic as it fails to account for its 

multifactorial nature (Aboulafia-Brakha et al., 2011; Gibbons et al., 2007). Without elucidating 

the specific EF components involved in ToM, it is difficult to clarify how exactly this skill 
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supports social functioning and how it might be involved in disorders in which people experience 

social deficits such as autism (Baron-Cohen et al., 1985; Kanner, 1943) and attention-

deficit/hyperactivity disorder (ADHD; Fahie & Symons, 2003; Gonzalez-Gadea et al., 2013; 

Pineda-Alhucema et al., 2018; Tatar & Cansız, 2020). Miyake et al. (2000) attempted to delineate 

this intricacy by performing a factorial analysis on ToM’s underlying cognitive mechanisms. The 

analysis yielded three main factors that were subsequently confirmed by several studies; 

inhibition of self-perspective representations (Petrashek & Friedman, 2011), attention shifting 

towards another’s subjective experience and mental state (Pellicano, 2007) and retention of key 

information in working memory while continuously updating to make appropriate inferences 

about future events (H. L. Davis & Pratt, 1995; Lecce & Bianco, 2018). Even though there is still 

a debate on the EF subcomponents’ relevance in ToM (Aboulafia-Brakha et al., 2011; Lecce et 

al., 2017; Lecce & Bianco, 2018; Leslie et al., 2004; Saxe & Baron-Cohen, 2006), one of the 

most prominent factors influencing ToM skills is Working Memory (WM).   

WM has been repeatedly reported to play a pivotal role in perspective-taking contexts 

(Austin et al., 2014; H. L. Davis & Pratt, 1995; Lecce et al., 2017; Lecce & Bianco, 2018; Mutter 

et al., 2006; Qureshi & Monk, 2018). This cognitive system is known for retaining and 

manipulating multiple pieces of task-relevant information simultaneously in order for more 

complex cognitive tasks to be realized (Baddeley, 2010; Chai et al., 2018; Miyake & Shah, 

1999). Accordingly, WM’s role is considered to be fundamental for functioning in social 

environments as it allows an individual to follow the unfolding of a social interaction over time, 

to track the differences between individuals’ perspectives, and finally, to effectively update and 

adjust one’s mental model (Lecce & Bianco, 2018; Meyer & Lieberman, 2012). Another key 

element of WM is its limited capacity (Baddeley, 1986, 2010; Cowan, 2001; Vergauwe et al., 
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2012). WM is a limited pool of cognitive resources which can be easily depleted by preceding or 

simultaneous tasks (Cowan, 2010; Vergauwe et al., 2012).  

Following this line of reasoning, studies report a consistent relation between WM 

impairments and degraded ToM abilities as well as deficient social interactions. Experiments 

using concurrent tasks show that cognitive load depletes working memory resources a result that 

correlates with poor individuals’ ability to understand others’ mental states, i.e. mentalizing, 

(Bull et al., 2008; M. H. Davis et al., 1996; Roxβnagel, 2000; Schneider et al., 2012). For 

example, in a study by (Lin et al., 2010), participants under high WM load, significantly 

underperformed in a communication task by both taking more time to reach a decision and 

making more mistakes, i.e. asking for extra clarifications or making more mistakes. The authors 

suggested that the employment of ToM heavily depends on WM resources. Similarly, (Mills et 

al., 2015) examined how cognitive load affects multitasking and perspective taking in social 

interactions with adults and adolescents. The performance of both target groups was significantly 

affected by WM load. Under high cognitive load, multitasking accuracy declined and 

participants became slower in social responses when perspective-taking was required implying 

that exhausting cognitive resources deteriorates the processing of and responding to social cues. 

These results suggest that considering someone else’s perspective is cognitively draining and 

interferes with other cognitively demanding tasks. In support of these findings, (Qureshi & 

Monk, 2018) showed that WM is implicated both in the mentalization of another’s perspective 

(“calculation”) as well as in the decision of the most suitable mental model that can explain 

others’ behaviour (“selection”). The above findings highlight the primary role of WM in ToM by 

facilitating interpersonal mentalization. 



EFFECTS OF WM LOAD ON TACIT COORDINATION & IBS 10 

  In this study, we aim to explore how tacit coordination develops over time and how WM 

affects this ability of dynamically coordinating over time within contexts that require the 

engagement of ToM. For this reason, we had dyads of participants playing a repeated tacit 

coordination task. Additionally, to examine the role of working memory, participants had to 

simultaneously perform a N-back task in which we manipulated cognitive load (Gevins & 

Cutillo, 1993; Kirchner, 1958a; Owen et al., 2005; Sweet, 2011). In one condition, participants 

were playing the coordination game under low load, while in the second under high load. We 

expected that in conditions of high cognitive load as compared to low load, performance in the 

tacit coordination task would decrease implying impairments in ToM functioning due to WM 

load interference. 

To further investigate what neural mechanisms underlie dynamic tacit coordination and 

WM in ecologically valid settings, we used inter-brain synchrony (IBS). IBS can be measured in 

a hyperscanning setup that involves measuring brain activity from two or more interacting 

individuals by means of a brain imaging technique such as electroencephalography (EEG) and 

functional magnetic resonance imaging (fMRI; Czeszumski et al., 2020; Montague, 2002). 

Usually, an estimate of oscillatory phase synchronization is being calculated that represents 

brain-to-brain coupling. As such, hyperscanning allows for discovering common neural patterns 

among interacting individuals (Balconi & Vanutelli, 2017) that have been suggested to facilitate 

the transferring of information and the creation of shared representations (Astolfi et al., 2020; 

Hasson et al., 2012; Redcay & Schilbach, 2019). Co-representation between partners is said to 

underly joint actions by enabling the simulation and incorporation of other’s actions into one’s 

own action planning that leads in continuous adaptation of one’s own behavior to match their 

partner’s (Astolfi et al., 2020; Sebanz et al., 2006). Therefore, investigating interbrain coupling is 
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a promising method for exploring the mental processes involved in joint actions and capturing 

the complex dynamics of social interactions as a system (Astolfi et al., 2020; Hasson et al., 2012; 

Kingsbury & Hong, 2020; Redcay & Schilbach, 2019).  

Researchers have shown that inter-brain oscillatory synchronization is correlated with 

various behaviours that promote or underlie social competence. In particular, IBS has been found 

to emerge over time in individuals performing coordinated actions (Dumas et al., 2010; 

Lindenberger et al., 2009; Yun et al., 2012) or in cooperating partners (Lu & Hao, 2019), to 

increase when individuals decide to cooperate (Astolfi et al., 2011; Fallani et al., 2010; Jahng et 

al., 2017; Mu et al., 2016; Yun et al., 2012), and even predict group efficiency by means of 

mutual prosociality (Hu et al., 2017; Reinero et al., 2021). Notably, the reported neural 

synchronization has been detected in areas suggested to be involved in the mentalising network 

(Dumas et al., 2010; Fallani et al., 2010; Gallagher & Frith, 2003; Jahng et al., 2017, 2017; Lu & 

Hao, 2019; Mu et al., 2016; Saxe & Baron-Cohen, 2006). For instance, by EEG hyperscanning 

and estimating phase-locking values (PLV; i.e. a measure of neural synchrony) it was shown that 

interacting individuals unconsciously mimicking or imitating each other demonstrate increased 

synchrony over time in the beta and theta frequency band at the inferior frontal gyrus (IFG) and 

the ventromedial prefrontal cortex (vmPFC ; Yun et al., 2012) as well as in the alpha band in the 

right temporoparietal region (RTP; Dumas et al., 2010). Similarly, (Mu et al., 2016) found 

increased EEG alpha-band IBS synchronization during coordination in central and posterior 

brain regions that was predictive of coordinating performance. Additionally, in a study by Jahng 

et al. (2017) participants facing each other while playing a variation of the Prisoner’s Dilemma 

Game exhibited greater IBS in the EEG alpha frequency of the RTP, a result that was predictive 

of  strategy selection (i.e., cooperation or defection). Finally, other studies have shown that 
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behavioral coordination is associated with synchronized activation in frontal (Hu et al., 2017) 

and prefrontal regions (Funane et al., 2011; Nozawa et al., 2019; Zhang et al., 2020). 

Consequently, IBS seems a plausible neuromarker of effective interpersonal coordination and 

could thus be used to test WM effects on a neuronal level within dynamic social exchanges that 

require ToM.  

Given these points, in the present study, we recorded simultaneously brain activity in two 

collaborating participants using EEG. The choice of EEG hyperscanning is not arbitrary. On the 

contrary, EEG is generally praised for its high temporal resolution as opposed to other brain 

imaging techniques, which can be extremely beneficial in tracking over trials the unfolding of 

cognitive processes in social interactions (Czeszumski et al., 2020).  In addition, since the brain 

areas of interest are mostly cerebral and not subcortical, EEG measurements are considered 

adequate to detect localized brain activity (Abreu et al., 2018). Furthermore, EEG allows for 

more mobility and, thus, contributes to a more naturalistic experimental setting for exploring 

dynamic social exchanges. Hence, by using EEG hyperscanning, we tested the differential effects 

WM load has on IBS in the alpha band frequency. Even though, different studies have found 

supportive evidence of IBS in various frequencies, we focus on alpha oscillations as they seem to 

be more tightly linked with mental processes such as attention, WM and inhibitory control 

(Crespo-Garcia et al., 2013; Klimesch, 2012), essential cognitive components underlying the 

mentalising system (Miyake et al., 2000). Indeed, Guan et al. (2018) using a false belief task to 

explore the brain oscillations correlated with ToM found increased alpha power in settings 

requiring understanding another’s person perspective. Additionally, alpha band oscillations are 

more robustly found in brain-to-brain synchronization studies. They have been suggested to 

constitute a social coordination index (Dumas et al., 2010; Tognoli et al., 2007) by capturing the 
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neural dynamics of co-learning (Davidesco et al., 2019). Therefore, we hypothesized that under 

high cognitive load as opposed to low load, IBS in the alpha band frequency will be reduced 

most prominently in frontoparietal areas associated with WM and ToM, such as the 

temporoparietal junction, the ventromedial and dorsolateral prefrontal cortex.  

Taken together, the aim of the present study is to elucidate on the role of WM as a 

determinant component of ToM on tacit coordination and identify neurodynamic signatures of 

naturalistic human interactions. In the tacit coordination task, participants’ coordinating 

performance is expected to overall improve over time. However, high cognitive load as opposed 

to low load is anticipated to interfere with the typical progression of the game and hamper 

optimal coordination. Lastly, we presuppose that IBS will correspondingly decline under high 

cognitive load as compared to low load. 

Methods 

Ethics Statement 

Experiments were approved by the Research Ethical Review Committee (CETO) of the 

Faculties of Arts, Philosophy, and Theology and Religious Studies of the University of 

Groningen. Participants gave written consent according to the declaration of Helsinki and were 

paid for their participation in the study. All data was anonymized.  

Participants 

Eighty-six healthy young adults (68 females and 18 males) between 18-35 years old (M = 

23.14, SD = 4.06) were recruited for this study by advertisement. Only participants of the same 

sex were paired since previous studies have indicated gender-specific differences in mentalizing 

capacity (Adenzato et al., 2017) and IBS associated with cooperating performance (Baker et al., 

2016; Cheng et al., 2015). Individuals had no prior knowledge of each other. They were all right-
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handed, had normal or corrected-to-normal vision and reported having no history of diagnosed 

psychiatric disorder or neurological injury or illness.  

Materials and Apparatus 

We used a repeated tacit coordination game to explore coordination over time. As 

compared to one-shot tacit coordination games, repeated games allow for monitoring the 

unfolding of ToM (Crawford & Haller, 1990). In essence, starting off with absolutely no 

knowledge about one’s partner’s preferences, participants pave the path by trial and error 

towards a mutual chosen game strategy. In other words, each player chooses an image based on a 

decision rule that can be updated in each trial according to the choices her partner made in the 

previous round. In this way, past experiences seem to communicate strategy selection between 

players and, thus, guide behavioral adaptation that leads to achieving the common goal (Sebanz 

et al., 2006; Van Huyck et al., 2002). 

 The stimulus consisted of four abstract randomly-generated images of a chequered 

pattern of squares with colors or shapes, as shown in Figure 1, adapted by (Alberti et al., 2011). 

The abstract nature of the images ensured that no cultural bias would influence the selection of 

one over the others as suggested by (Alberti et al., 2011). Therefore, the selection process was 

mainly dependent on each participant’s subjective aesthetic. The different type of elements (i.e., 

color and shape) in the images ensured that no carry-over effects would appear between the two 

cognitive load conditions. This manipulation had an additional goal; to give the chance of a “re-

start effect”. In other words, in case participants failed to successfully coordinate in a task with 

the specific type of stimulus, then the usage of a different one could inspire of undertaking a 

different approach to accomplish the goal, i.e. choosing the same image (Alberti et al., 2011). 

Each image was an 8x8 array of squares with two fixed elements and one alternating within each 
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trial. The position of the varying component was randomized across trials. No image was 

repeated within the experimental session. Finally, the position of the images appeared in a 

different random order between the two participants to prevent the creation of decision rules 

based on location, e.g., each time selecting the left-most image. 

Figure 1 

Sample of experimental stimuli used in the coordination game 

  

Note. Abstract images adapted from Alberti et al., 2011 among which participants had to choose in the coordination game. Top 

row displays an example of the color-based stimuli used in the color block, while the lower row shows an example of shape-

based stimuli used in the corresponding block.  

 

To test the role of WM in tacit coordination, we employed a classic N-back task 

(Kirchner, 1958b). In this task, a series of stimuli, usually numbers, are presented to the 

participant and she needs to respond whenever a stimulus from n previous trials reoccurs. The 

more trials pass before the reoccurrence of the stimulus, the greater the cognitive demands and 

thus the harder the task. In the current setting, participants viewed random digits from 1 to 9 at 

the middle of the screen between the game trials. There were two levels of difficulty: an easy 
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condition with low-load (0-back), in which participants had to indicate whether the current digit 

was an odd or even number, and a difficult condition, with high load (2-back), in which they had 

to answer whether the present digit was identical to the digit presented two trials before. The 

experiment followed a 2x2 factorial design (high vs. low load and shape vs. color stimuli). 

Experimental events were presented on two separate computer monitors at a viewing distance of 

approximately 75 cm in an experimental room.  

Procedure 

The participant dyads came to the laboratory, where they were comfortably seated in 

front of a computer monitor, while having no visual or verbal contact. After receiving a detailed 

description of the task in written form, they gave written informed consent. Before the start of 

the experimental phase, the attendees completed three self-report questionnaires assessing 

personality traits of social anxiety, empathy and autism: Interaction Anxiousness Scale (IAS; 

(Leary, 1983), Interpersonal Reactivity Index (IRI; M. H. Davis & Davis, 1980), and Autism 

Spectrum Quotient (ASQ; Baron-Cohen et al., 2001), respectively. IAS assesses subjective affect 

in social interactions by requiring responders to state how characteristic of themself each 

statement is, e.g. “I seldom feel anxious in social situations.”, on a scale from 1 (not at all 

characteristic) to 5 (extremely characteristic). IRI is comprised of four main subscales with seven 

items each answered on 5-Likert scale that account for the multi-dimensional concept of 

empathy: perspective-taking (PT; e.g. “I try to look at everybody's side of a disagreement before 

I make a decision”), empathetic concern (EC; e.g. “I am often quite touched by things that I see 

happen”), fantasy scale (FS; e.g. “I really get involved with the feelings of the characters in a 

novel”), and personal distress (PD; e.g. “When I see someone get hurt, I tend to remain calm. ").  

The ASQ includes 50 self-descriptive statements that can be answered on a 4-Likert scale and 
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assess five dimensions related to the autism spectrum disorder phenotype: social skill, attention 

switching, attention to detail, communication and imagination. All three questionnaires have 

been validated as reliable psychometric tools with high internal consistency and retest reliability 

(Allison et al., 2012; Corte et al., 2007; Hoekstra et al., 2008; Leary & Kowalski, 1993). After 

the completion of the questionnaires and before continuing to the actual experiment, the EEG 

set-up was realized. The experimenters remained present throughout the experimental session to 

ensure that participants followed the instructions and to monitor the proper functioning of the 

EEG recording. 

Dual Behavioral Data Acquisition 

The experimental session consisted of one practice phase and two experimental blocks of 

90 trials. The tacit coordination’s goal was for participants to choose the same image without any 

communication.  The trial, as presented in Figure 2, would start by presenting a set of four 

abstract images and asking the participant to select one by pressing the corresponding key. After 

their selection, they would get feedback by seeing the choices of their partner and themselves. 

The feedback in this way allows the participants to firstly understand their co-player’s stimulus 

preferences and then create certain decision rules, or “emerged conventions” (Alberti et al., 

2011) that facilitate achieving their common goal.  

In-between the gaming trials, participants would see a number and depending on which 

block they were on the N-back task, they would have to answer within 3 seconds whether the 

number was the same as the one presented two trials ago (high load) or if it was an odd or even 

number (low load). The choice was followed by feedback (correct or wrong). In the high load 

condition, there was a 33% chance of a 2-back match. Each stimulus was followed by a central 

fixation cross for a varying duration chosen from the set of numbers from 1000ms to 3000ms in 
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500ms intervals. Depending on their overall performance, they could get an extra monetary 

bonus. 

Figure 2 

Schematic depiction of experimental procedure  

 

Note. Each trial started with a fixation cross at the middle of the screen for an average of 1.5 seconds. Then, participants would 

see the images among which they had to guess their partner’s choice and choose the same. Once both players had made their 

choice, feedback would be given showing what they and their partner chose. After 4 seconds, a fixation cross would appear 

again, and subsequently the number to be judged. If participants where in the high load condition, they had to answer if the 

number was the same as the one presented two trials ago. Otherwise, they had to indicate if it is an odd or even number. Finally, 

they would get feedback on their answer and an estimate of overall accuracy. 

 

Dual-EEG Data Acquisition 

While the participants were performing the experiment, each brain’s electrical activity 

was recorded by a 32-channels headcap. Two active electrodes for each pair were used as 

reference using a BioSemi ActiveTwo system (BioSemi B.V., Amsterdam, Netherlands) in 

Daisy-chain mode, which allowed for simultaneous recording of two individuals. The sampling 

rate was set to 512Hz. The electrodes’ location followed the international 10–20 system. 

Additionally, for EEG reference, 2 external electrodes were placed at the mastoids of each 
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participant. Another 4 electrodes, 2 at the outer canthi of the eyes and 2 infraorbital and 

supraorbital to the right eye aligned to the pupil, were used to record horizontal and vertical eye 

movements electrical activity, i.e., electrooculography (EOG). To reduce motion artifacts, 

participants were advised to move as little as possible.  

Data Analysis 

All statistical analysis was performed in R version 4.0.2 (R Core Team, 2020). We used 

the package lme4 (Bates et al., 2015) for fitting linear mixed models (LMMs) through which we 

aimed to determine which factors were able to best explain behavioral performance and neural 

activity. Dyad was introduced as a random-intercept term in each model. In all models, 

parameters were optimized based on Maximum Likelihood. The usual approach to using LMMs 

is creating models following an ascending order of complexity and, then, making comparisons 

between those models. Accordingly, we sequentially added new components to the model and 

compared it against previous models. We evaluated the models based on the Akaike information 

criterion (AIC) and likelihood ratio test (LRT) and only kept components that significantly 

improved model fitness. A model was retained when the associated p-value was lower than .05. 

Visual inspection of residuals plots did not reveal any obvious deviations from homoscedasticity 

or normality. Due to time constraints, the questionnaire data was not included in the present 

analysis.  

Behavioral Data  

For the behavioral results, a correct response, coded as 1, was considered when the two 

participants chose the same image. In contrast, incorrect responses consisted of participants 

having different image choices and were coded as 0. To be able to observe changes of time, we 

divided each experimental block into 9 trial bins with each bin containing 10 trials and collapsed 
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blocks according to the experimental condition. We then took the mean of the binary responses 

for each pair within each bin and calculated a coordination index depicting the proportion of 

identical choices. This measure of successful coordination was then included as the dependent 

variable in our models. Bin was entered in the model as a continuous predictor, controlling for 

the effect of time on coordination behavior. Time was expected to have a systematic positive 

influence on the coordination, since participants were anticipated to develop shared coordination 

rules over time. Stimulus type (color vs shape) and cognitive load (high vs low), were entered in 

the model as categorical predictors with the latter as the main factor of interest. Finally, upon 

visual inspection, no influential points were obvious in the data. This was supported by the fact 

that no coordination indexes were over 3 standard deviations from the overall mean (M = 0.64, 

SD = 0.11).   

 Electrophysiological Data  

For the pre-processing and the analysis of the EEG signal, we used the Fieldtrip 

MATLAB-toolbox (Oostenveld et al., 2011). In this way, we obtained the Phase Locking Value 

for investigating IBS and conducted ERP analysis focusing on the P3 component for examining 

the effect of working memory. All statistical analysis was performed in R. From the 43 pairs that 

participated in the experiment, session 1 and 26 failed to successfully record EEG signal due to 

technical problems. Therefore, they were excluded from the analysis.  

Preprocessing 

Raw data were re-referenced to the mastoid electrodes. A band-pass filter of 0.1 - 50Hz 

was applied to padded data for the removal of slow voltage drifts and muscle artifacts. All 

channels were visually inspected and rejected if noisy or drifting throughout the experiment. 

After cleaning the data, we segmented it from -1000ms to 1500ms from stimulus onset, i.e., the 
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period of the images’ presentation. All segments were baseline-corrected with reference to the 

pre-stimulus interval to remove any arbitrary DC offsets and detrended to clear any linear trends 

from the data. Noisy trials were manually rejected after visual inspection. Additionally, single 

problematic channels were identified and interpolated. As a last step, Independent Component 

Analysis (ICA; (Lisha Sun et al., 2005) was performed to deal with a wide variety of artifacts, 

such as eyeblinks and muscle movements. Data from sessions 32 and 43 had too many artifacts 

and, thus, was excluded from the analysis. 

Interbrain Synchrony Analysis 

To evaluate interbrain synchrony, we firstly subjected the artifact-free EEG signal to 

time-frequency analysis by means of a convolution operation. A Hanning taper of four cycles per 

time window was applied. The Hanning taper is commonly used to EEG signal processing as it 

has the best signal-to-noise ratio (SNR; (Hassan & Mahmoud, 2015), it presents adequate 

frequency resolution while it preserves amplitude accuracy (Wickramarachi, 2003) and can 

handle minor edge artifacts (Cohen, 2014). Frequency of interest was determined as the alpha 

band, 9-14Hz (van Vugt et al., 2010, 2012). In this way, we were able to capture the dynamic 

phase changes within a trial for both time and frequency domains.  

Then, we examined phase synchrony by calculating the Phase Locking Value (PLV; 

(Lachaux et al., 1999). PLV is a widely used method to measure brain-to-brain coupling as it has 

been found quite robust in depicting the information flow between social interactions (Burgess, 

2013). It depicts the consistency of phase difference between two channels at a specific 

frequency. The PLV values fall within the range of [0,1], with 0 implying no phase synchrony at 

all and 1 perfect phase synchrony between the two signals. To quantify phase synchronization 

and obtain the PLVs, we computed the average phase angle for each EEG segment across time 
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for all paired channels between the two participants on all frequencies within the alpha band. 

This computation provided 5 different PLVs corresponding to each frequency. To obtain one 

index value per pair and trial, we averaged them across all frequencies in the alpha band to 

produce one PLV estimate. Finally, the unique time-averaged PLVs, or PLVs (Burgess, 2013), 

were matched to their corresponding experimental condition, trial number and behavioral 

response.  

In order to find whether the PLV values are statistically significant, we performed LMMs 

in R as explained in previous sections. Firstly, we divided the data into the same 9 bins as used 

for the behavioral analysis and took the average of the PLV value per channel. We additionally 

matched them to the corresponding behavioral coordination index. Then, separate LMMs were 

performed for each channel. We started with null models and sequentially moved to more 

complex models. Bin was again entered as a continuous factor to control for the effect of time, 

while stimulus type and load condition were included as categorical predictors. All reported areas 

approximately correspond to the Broadman areas based on the cortical cartography by (Kaiser, 

2010). No source localization was realized.  

Analysis of event-related potentials (ERPs) 

To further assess whether experimental manipulation on working memory load was 

successful, we ran an ERP analysis. As the P3 component is a relevant EEG component sensitive 

to working memory load (Luck, 2014; Polich, 2007), we focused on this component. This 

component has two main subcomponents; P3a peaking at around 200 to 300ms with a frontal 

maximum that is said to reflect initial evaluation & categorization of the stimulus, and P3b with 

a parietal maximum peaking at approximately 300 to 500ms post-stimulus suggested to reflect 

information maintenance and updating in WM (Donchin & Coles, 1988; Hruby & Marsalek, 
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2003; Luck, 2014; Polich, 2007, 2011). For the purpose of our investigation, we focused on the 

second component, P3b, which will be for simplicity henceforward referred to as P3. The period 

selected for this component was between the onset of the images’ presentation and prior to the 

participants’ overt expression of decision. During this interval, we expected that subjects were 

evaluating the outcome of the previous round and making their choice for the next one, while 

either holding information of the numbers (high load) or not (low load).  

From the already pre-processed EEG signal we calculated the average of single-trial EEG 

epochs to create an ERP waveform per participant per condition. Subsequently, we visually 

inspected grand-averaged waveforms for the P3 or other potential components. Then, to quantify 

the P3 amplitude, we averaged the voltage values within a time window of 300ms to 500ms post-

stimulus and got a mean amplitude value for each channel. These values were then entered into 

LMM models as the dependent variable. Stimulus type and load condition were once again 

entered in the models sequentially as fixed predictors. As opposed to the previous LMMs, instead 

of entering dyad as a random intercept term, since we had single data points per individual, we 

used nested models following the nested experimental design. Therefore, subject was entered as 

a nested-random term. Finally, outlier detection identified one subject’s data to be 2 standard 

deviations away from the mean (M = 2.11, SD = 8.76) and thus this subject was excluded from 

further analysis. 

Results 

Behavioral Data 

To assess the influence of cognitive load on coordination performance, we started with an 

intercept-only model. To control for the effect of time during the task on coordination, we added 

trial bin as a fixed factor. The temporal predictor significantly improved model fitness (χ2(1) = 
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151.19, p < .001). As displayed in Figure 3, there is a general upward trend showing that 

coordination performance increases as a function of time by 0.03 ± 0.002 (SE) per bin. This 

implies that players manage to better coordinate their image choices over time.   

Figure 3 

Coordination performance over time

 

Note. Coordination performance as a function of time with a loess curve and 95% predictive CIs (surrounding grey area). On the 

x axis, time is represented by the time bins consisting of nine trials each and on the y axis coordination index is capturing mean 

performance. Each randomly jittered data point represents a pair’s mean coordination accuracy per bin.   

Based on this model, we then assessed the contribution of additional factors. Firstly, we 

evaluated the contribution of stimulus type on coordination performance. The likelihood test 

indicated that adding this factor did not improved model fit (χ2(1) = .39, p = .53). Therefore, 

stimulus type was excluded from further analysis. Subsequently, we added cognitive load in the 

previously supported model. This factor marginally improved our model (χ2(1) = 3.58, p = .058), 

with a positive, linear increase in coordination performance in the conditions of low cognitive 
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load by 0.06 ± 0.03 (SE), as shown in Figure 4.  

Figure 4 

Coordination performance by cognitive load over time

 

 

Note. Coordination performance as a function of cognitive load and time with two fitted loess curves and 95% predictive CIs 

(surrounding grey areas). On the x axis, time is represented by the same time bins as displayed before and on the y axis 

coordination index is capturing mean pairs’ performance. Randomly jittered data points represent single pairs’ means on 

coordination accuracy per bin for the two different WM load conditions. 

  

Electrophysiological Data 

Interbrain Synchrony 

To estimate whether there is interbrain synchrony between cooperating individuals, we 

began with the intercept only model. To this model we added bin as a fixed predictor to examine 

the effect of time. From the separate LMM models and the corresponding likelihood ratio 
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comparisons, it emerged that for 5 channels model fit improved, as shown in Table 1. It appears 

that interbrain synchrony significantly decreases with time spent in the experiment in the left 

dorsolateral prefrontal areas, i.e., F3 channel, (b = -.0008, SE = .0004, p = .033) and left pre-

motor cortex (FC1, b = -.0008, SE = .0004, p = .046). On the contrary, IBS seems to significantly 

increase in the primary visual cortex (OZ; b = .001, SE = .0004, p = .005), the right anterior 

inferior frontal gyrus, i.e., rIFG, (FC6; b = .0008, SE = .0004, p = .045), and in the posterior rIFG 

(F8; b = .001, SE = .0004, p = .003).   

Table 1 

IBS Model Comparisons: Channels showing a significant improvement in model performance by 

including an effect of time. 

Channel χ2(df = 1) p-values 

F3 4.55 0.033 

FC1 3.99 0.046 

OZ 7.82 0.005 

FC6 4.03 0.045 

F8 8.73 0.003 

Note. This table demonstrates the results from the model comparison ANOVAs that were conducted between the intercept-only 

and time models for only the significant channels. Reported here is the channel with the corresponding chi-square (χ2) value and 

degrees of freedom (df) as well as p-values of the models’ comparisons.  

Subsequently, to assess the influence of stimulus type on the data, we increased models’ 

complexity by adding stimulus type as a fixed effect. Model comparisons were performed 

between the previously built models that included the effect of time and the models that included 

both time and stimulus type. No model was improved by the stimulus type factor, implying that 

stimulus type did not have any statistically significant effect on IBS. Therefore, this predictor 

was omitted from further analysis.  
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Next, working memory load was added to the models. Model fitness improved only for 

channels F4 (χ2(1) = 5.58, p = .018) and F8 (χ2(1) = 6.25, p = .012). Figure 3 depicts the mean 

PLV values as a function of time and cognitive load for the above-mentioned channels. In the 

right pre-supplementary motor area, i.e., pre-SMA, (F4), phase synchrony significantly 

decreased by - .0004 ± 0.005 (SE) when being in the high load condition compared to the low 

load condition. A similar pattern appeared in the right IFG (F8) in which interbrain 

synchronization decreased by - .0004 ± 0.005 (SE) under high load as opposed to low load. 

Figure 5 

Mean IBS by cognitive load over time 

 

Note. Mean PLV values as a function of time and cognitive load in the two significant channels. Fitted loess curves reflecting the 

relationship of the different cognitive load conditions and mean PLVs (A) for channel F4 and (B) channel F8. The 95% 

predictive CIs are depicted by the surrounding grey area. Jittered dots represent the predicted mean PLV-values per session and 

bin. 

Finally, to match the IBS results with the behavioral performance and examine whether 

brain-coupling is influenced by how well two players can coordinate, we added the coordination 
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index as a fixed predictor to the previously best models. Model fit improved only for the left 

prefrontal cortex (FP1; χ2(1) = 4.05, p = .044), where the more coordinated participants were, the 

less IBS they displayed by 0.001 ± 0.005 (SE). 

ERPs 

To test whether the cognitive load had any electrophysiological effect, we investigated 

whether a P3 component was significantly different between the two load conditions.  

 Upon visual inspection via a difference wave topography plot, a maximum mean 

amplitude difference emerged between high and low cognitive load at the central parietal area, as 

shown in Figure 4B. We then plotted grand average ERP waveforms for the low versus the high 

cognitive load condition at the PZ channel, usually reported to have a greater maximum(Hruby 

& Marsalek, 2003). As displayed in Figure 4A, mean amplitude within the P3 time window (300- 

500ms) is lower for the high load condition (red line) in comparison to the low load (blue line).  

Figure 6 

ERP Waveforms for low versus high cognitive load and difference topographic plot.  
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Note. A) Stimulus-locked, grand average ERP waveforms reflecting the P3 components elicited by the high/low WM load 

conditions and their difference wave at the PZ channel. Shaded area indicates variability around the mean difference wave. Blue 

rectangle represents the analysis window and time period plotted in the topographic plot. Dotted line at 0 indicates stimulus 

onset. B) Topographic plot within the P3 window representing the difference in mean amplitude (μV) between high/low WM 

load.  

To statistically test whether the P3 amplitudes are significantly different between the 

experimental manipulation of cognitive load condition, we conducted LMMs, starting with an 

intercept-only model. First, stimulus type was added to the models. ANOVA tests revealed that 

adding this factor improved model fitness for all channels apart from the occipitals, Oz and O2. 

Specifically, when the stimulus was shape, the mean P3 amplitude decreased at frontal electrodes 

by on average 1.05 ± 0.24 (SE), at the temporal channels by 0.69 ± 0.25 (SE), at the O1 by 0.77 

± 0.29 (SE) and at the parietal by a mean value of 1.19 ± 0.30 (SE). Since the P3 component 

depicting memory updating is usually reported in the mid-parietal electrodes, detailed results are 

reported in Table 2 including model comparisons and beta estimates for each parietal electrode. 

Then, cognitive load conditions further improved model fitness in some frontal electrodes (AF4, 
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F4, FC2, FC1, FZ), the central midline (CZ) and in all parietal channels. In detail, when being in 

a condition of high WM load, the mean ERP amplitude significantly decreased at the frontal 

channels by a value of 0.51 ± 0.22 (SE), at the central midline by 0.65 ± 0.25 (SE) and within the 

parietal regions the mean ERP amplitude decreased by a mean value of 0.79 ± 0.29 (SE).  

Table 2 

ERP Model Comparisons on all parietal channels and beta estimates.  

 Models including stimulus type  Models including stimulus type & WM load 

Channel χ2(df = 1) p-values b estimate ± SE χ2(df = 1) p-values b estimate ± SE 

CP1 21.49 0.000 - 1.57 ± 0.31 8.49 0.004 - 0.89 ± 0.30 

CP5 15.39 0.000 - 1.06 ± 0.26 4.61 0.032 - 0.54 ± 0.25 

P7 8.13 0.004 - 0.79 ± 0.27 4.86 0.027 - 0.58 ± 0.26 

P3 16.70 0.000 - 1.40 ± 0.32 5.91 0.015 - 0.77 ± 0.31 

PZ 

PO3 

PO4 

P4 

P8 

CP6 

CP2 

19.82 

11.02 

9.65 

16.63 

4.86 

11.08 

24.01 

0.000 

0.001 

0.002 

0.000 

0.027 

0.001 

0.000 

- 1.57 ± 0.32 

- 1.09 ± 0.32 

- 1.08 ± 0.34 

- 1.34 ± 0.31 

- 0.70 ± 0.31 

- 0.96 ± 0.28 

- 1.55 ± 0.29 

9.73 0.002 - 0.99 ± 0.31 

5.33 0.021 - 0.72 ± 0.30 

7.63 0.006 - 0.91 ± 0.32 

8.72 0.003 - 0.89 ± 0.29 

4.88 0.027 - 0.67 ± 0.30 

10.26 0.001 - 0.86 ± 0.26 

9.68 0.002 -0.88 ± 0.28 

Note. The above table demonstrates the results from the model comparison ANOVAs that were conducted between 

the intercept-only and stimulus type models as well as the stimulus type models and models including both stimulus 

type and cognitive load. Only parietal channels are displayed. Reported here is channel with the corresponding chi-

square (χ2) value and degrees of freedom (df), p-values of the models’ comparisons and the beta estimates shape in 

stimulus type and high WM load.  

 

Discussion 

The aim of the current study was to investigate the differential effects of WM on tacit 

coordination behaviorally and electrophysiologically within dynamic social exchanges. The key 

findings of our research demonstrate that even though tacit coordination increases over time, this 
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learning process can be hampered by WM load. The positive regression weight associated with 

low cognitive load indicates that pairs can better coordinate their choices when they are not 

preoccupied with task-irrelevant information.  

Additionally, IBS in the alpha band frequency between coordinating subjects decreases in 

conditions of high WM load within the right pre-SMA and right IFG. This outcome is in line 

with our hypothesis that neural synchronization, especially in areas involved in cognitive control 

and perspective taking, would be disrupted by high extraneous working memory demands. 

Examination of the P3 component corroborated to these findings by revealing a lowered mean 

amplitude in the high load condition at the interval preceding the overt expression of the 

subjects’ decisions. This outcome is suggestive of subjects’ preoccupation with the N-back task 

to which cognitive resources are being drained by the active maintenance of the arithmetic 

information. Therefore, there is little availability for creating and manipulating representations 

capturing partners’ perspective.  

This study is the first to our knowledge that used a multi-participants design to explore 

how WM affects tacit coordination behaviorally and neurophysiologically. Firstly, our analysis 

yielded that pairs of unknown people significantly learn to cooperate over time in an abstract 

matching game without having any communication. This finding illustrates that people are 

willing to consider a stranger’s perspective possibly by applying ToM skills to reach a 

convergent strategy that will mutually benefit them. Several studies have demonstrated that 

efficacy on ToM tasks associates with coordination and communication (Etel & Slaughter, 2019; 

Ferreira et al., 2021; Imuta et al., 2016). Coordinated action requires players to reason about 

others preferences, intentions and future actions and progressively update their beliefs to adjust 

their behavior to their partner’s (Crawford & Haller, 1990; de Weerd et al., 2015; Kwaadsteniet 
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& Dijk, 2012; Van Huyck et al., 2002). ToM seems the most plausible way to optimize 

individual behavior and facilitate coordination in two-person communication-deprived scenarios. 

Therefore, the temporal dynamics of collective action studied here reveal that previous choices 

and outcomes play a crucial role in forming coordinated decisions. 

Behavioral coordination improvement over time is additionally supported by the 

synchronous examination of the two interacting brains. As increased brain-to-brain coupling has 

been reported under conditions of coordination and cooperation (Dumas et al., 2010; Fallani et 

al., 2010; Jahng et al., 2017; Lindenberger et al., 2009; Lu & Hao, 2019; Reinero et al., 2021; 

Toppi et al., 2016; Yun et al., 2012), our results corroborate by showing that IBS in the alpha 

band in key areas for social functioning is gradually increasing. Specifically, we noted an 

increase the primary visual cortex and the right IFG. Regarding the IBS increase in the primary 

visual cortex, a possible explanation could entail that participants over time develop a 

mechanism that helps them coordinate their actions, often referred to as joint attention (Sebanz et 

al., 2006). As partners form a decision rule, they tend to search for the stimulus abiding to that 

rule. For example, if participants implicitly come to converge into selecting the reddest image or 

the sharpest shape, then it could be possible that they both look for the same stimuli and share 

the same image processing. Evidence on the function of the primary visual cortex argue that 

apart from low level image processing (Huff et al., 2021), it can be part of more complex 

cognitive processes that integrate top-down attentional information (Albers et al., 2013; Kok et 

al., 2012; Kosslyn et al., 1995; Tong, 2013). In particular, it has been found that the primary 

visual cortex is significantly influenced by prior expectations that seem to reduce neural activity 

of bottom-up sensory signals, while acuminate certain visual representations following 

perceptual adaptation (Kok et al., 2012). Consequently, it seems reasonable to postulate that IBS 
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increase in this area implies successful integration of previously observed behavior with prior 

beliefs that lead to a corresponding update of early sensory representations and reflects the 

formation of shared representations that allows joint attention. In other words, top-down control 

may facilitate people to gradually attend and/process the same stimuli in a similar manner.  

To further support the previous argument, we additionally found that over time along 

with the improvement in behavioral coordination, IBS in the alpha band also increases in a 

structure of the ventrolateral prefrontal cortex; the rIFG. The rIFG is a commonly cited area 

involved in ToM (Carrington & Bailey, 2009; Hartwigsen et al., 2019; Mahy et al., 2014; van der 

Meer et al., 2011), mostly to provide inhibition of automatic and unsuitable responses (Cieslik et 

al., 2015; Saxe & Baron-Cohen, 2006). A recent meta-analysis by Hartwigsen et al. (2019) 

functionally differentiated the region to two subdivisions; the anterior rIFG -corresponding to 

channel FC6- is involved in more abstract cognitive processes such as mental reasoning, conflict 

management as well as social and emotional processing, while the more posterior parts -

corresponding to channel F8- are responsible for action-related imagery and response inhibition. 

Therefore, it is no surprise that over time not only do people coordinate better, but also brain 

activity associated with inhibiting initial egoistic preferences and inferring mental states becomes 

more synchronous.  

Nevertheless, a significant decrease of inter-subject brain activity was noted in the left 

dorsolateral prefrontal and frontal areas. The noted decrease in IBS might imply a boredom 

effect that naturally occurs in repetitive tasks (Danckert & Merrifield, 2018; Wagenmakers et al., 

2004; Ward, 2002) and results in more off-task thoughts, that are usually self-centered (Turnbull 

et al., 2019). As Astolfi et al. (2011) reported, more individualistic processes exhibit greater 

cortical activity in the individual and a corresponding lower neural synchrony between the 
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partners. Therefore, possible off-task thought could yield out-of-synch signals between the two 

participants.  

With respect to the WM manipulation, significant results emerged both in behavior and in 

electrophysiology. We found that the high demands of WM load casually led to coordination 

difficulties, as proven by a general pattern in which high WM load interfered with optimal 

coordination. This finding could be assumed to reflect a systematic disruption in mentalising 

about the other’s perspective. Although this result is marginally significant, it is still indicative of 

a general trend according to which for people to accomplish optimal coordination WM resources 

need to be devoted in the processing of social information (Mills et al., 2015). Various studies 

argue that mentalizing is an effortful and cognitively demanding process (M. H. Davis et al., 

1996; Lin et al., 2010; Spunt & Lieberman, 2013) which can be interrupted by simultaneous 

irrelevant tasks (Cane et al., 2017; Lin et al., 2010; Mutter et al., 2006; Roxβnagel, 2000; 

Schneider et al., 2012). Therefore, it is plausible that when the limited WM resources are drawn 

in another task, the necessary inhibition of automatic self-referential thoughts and the adoption of 

another’s point of view (Bradford et al., 2015; M. H. Davis et al., 1996; Lecce & Bianco, 2018; 

Lin et al., 2010; Mutter et al., 2006; Roxβnagel, 2000) are impaired. Disrupting the proper 

functioning of ToM skills, consequently undermines efficient coordination.  

In addition, the decreased PLV values under high cognitive load in the alpha band 

frequencies yield that WM load also affects IBS. Notably, interpersonal synchrony declined in 

high cognitive load in the right pre-SMA and the posterior part of the rIFG. As increased alpha 

oscillations have been related to the suppression of task-irrelevant information (Riddle et al., 

2020; Sauseng et al., 2009), both observed regions have accordingly been reported to actively 
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engage in situations requiring high cognitive control (Cieslik et al., 2015; Cole & Schneider, 

2007; Hartwigsen et al., 2019).  

The right pre-SMA, specifically, seems to be involved in a plethora of functions such as 

shifting from more automatic responses to more volitional (e.g., Hikosaka & Isoda, 2008), 

directing actions and conflict resolution (e.g., Usami et al., 2013). Most importantly, though, as 

reported by (Obeso et al., 2013), this area together with the rIFG specializes in inhibitory control 

and is strongly associated with WM (Getzmann et al., 2018; L Traverso et al., 2015). In 

particular, increased activity in the pre-SMA is correlated with response preparation regardless of 

task characteristics while holding information in WM (Petit et al., 1998; Pollmann & von 

Cramon, 2000). Moreover, Boucher et al. (2021) provided scientific evidence on how normal 

inhibitory functioning is negatively affected by high WM demands. Particularly, they found that 

under high cognitive load, when response inhibition is required, reaction times become 

prolonged. Other studies also highlight the interdependent role between WM and inhibition. For 

example, (Kane et al., 2001), by measuring eye movements and saccades, found that individuals 

with low WM capacity are not only slower in their saccadic responses, but also make more 

mistakes. In conjunction with the finding of decreased IBS under high load in the rIFG, which as 

we described earlier is a constituent of the neural basis underlying ToM, it further argues for an 

interference effect of WM in ToM. Therefore, it seems safe to assume that high WM demands in 

a non-social task impair efficient suppression of more automatic and “egoistic” representations 

during dynamic social exchanges and impede successful mentalizing processes. This in turn 

seems to lead to a decrease in joint actions that are said to base on the ability of forming co-

representations (Astolfi et al., 2020; Sebanz et al., 2006).  
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From the ERP analysis, additional evidence verified the manipulation of cognitive load 

by an elicited P3 component mostly located in the parietal region. Specifically, we found that 

mean P3 amplitude in the low load condition was greater as compared to high load just after the 

onset of the stimulus presentation and before the overt expression of a decision. Since the P3 is 

often ascribed as a neuromarker for content manipulation in WM (Donchin & Coles, 1988), this 

finding could imply that participants under low cognitive load are better at dynamically updating 

their representations to match their partners’ beliefs. In a study by (Kourtis et al., 2013), they 

found P3’s amplitude just before joint actions to be enlarged over the mid-parietal electrodes. 

Their interpretation entailed that greater amplitude reflects adept WM updating for both one’s 

own perspective and their partner’s. Moreover, by measuring ERPs on a Go/NoGo task in 

different social contexts, (Tsai et al., 2006) discovered that the P3 amplitude of the NoGo was 

greater in the joint action context. They suggested that the NoGo P3 reflects anticipation and 

greater action monitoring and inhibition when playing with another individual. Following this 

line of reasoning, we could also presume that when cognitive resources are drawn into an 

unrelated task, which is evident in a lowered P3 amplitude, WM cannot effectively handle social 

information. Taken together, it seems that the role of WM is significant in interpersonal 

exchanges as it mediates efficient inhibitory functioning and allows for adequate processing of 

social information.  

One surprising finding after adding coordination accuracy to the previously best fitted 

model was the decrease in IBS. Even though coordinating performance was increasing over time 

and correspondingly IBS, we couldn’t establish a relationship between the two variables. Neural 

synchronization in the left frontopolar cortex (FP1) decreased as a function of coordination 

accuracy. In other words, the more coordinated the individuals became, the more IBS decreased 



EFFECTS OF WM LOAD ON TACIT COORDINATION & IBS 37 

in the left foremost part of the prefrontal cortex. This brain area has been found to be involved in 

explorative as opposed to exploitive behavior (Daw et al., 2006; Mansouri et al., 2017; Raja 

Beharelle et al., 2015). Exploration is an information seeking mode of behavior for optimizing 

survival when needs aren’t met by the exploitation of the current environmental offers. It 

requires entertaining and assessing new or alternative options (March, 1991). One explanation, 

thus, could be that in the current study’s tacit coordination task rewards were steadily given by 

following or exploiting similar decision rules. Therefore, we could postulate that this paradoxical 

result of decreased inter-subject brain activity might actually reflect a decreased need for 

exploring the environment for drastically new information to update decision rules. However, 

this interpretation remains highly susceptible and would require further investigation.  

Limitations and future advancements 

A limitation of this study stems from the hyperscanning method used. Measuring 

simultaneous neural activity from two or more individuals is a relatively new approach and with 

this a lot of uncertainty over its validity follows (Nam et al., 2020). In particular, Burgess (2013) 

analyzed different methods for evaluating IBS measurements among which was PLV values we 

have used in this study. What they noted was that even though this method is widely used as an 

index for brain-to-brain coupling, caution should be taken as it may frequently reveal spurious 

hyper-connections. PLV values by depicting the degree of consistency in phase-difference do not 

control for the nature of the noted phase difference, i.e., coincidental or related to actual 

information exchange. Hence, it is advisable the reader to take this into consideration. Future 

research could potentially use multiple hyperscanning analyses such as the circular correlation 

co-efficient (CCorr) or mutual information via Kraskov’s Mutual Information estimator (KMI) 

that have been proposed to be less biased (Burgess, 2013). 
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Another issue to consider concerns the statistical analysis of both the behavioral and IBS 

data. As described in the Data Analysis section, in order to understand the temporal dynamics of 

behavioral and cognitive processes, we split the data into manually decided bins of trials and 

calculated their mean. However, this practice is not optimal as the definition of bin boundaries is 

arbitrary and different bin sizes might yield different results (Wainer et al., 2006). In other words, 

larger bins are smoother and lose detailed information about small fluctuations in the data, 

whereas smaller bins might be too sensitive in these variations and thus hard to handle and 

interpret. Additionally, this could potentially lead to misleading outcomes or important loss of 

information (van Leeuwen et al., 2019; Wainer et al., 2006). For instance, some bins, especially 

in the IBS, were missing data due to the EEG pre-processing. Therefore, not all bins contained 

the same amount of signal input and as such distortions might have been introduced (van 

Leeuwen et al., 2019). Taking this into account, future research could use better alternatives to 

examine the temporal dynamics of interpersonal cognitive process such as polynomial models or 

splines, e.g., generalized additive models (Flom, 2018).  

Additionally, in this study we only focused on the alpha band frequency since it the one 

mostly associated with cognitive processes (Crespo-Garcia et al., 2013; Klimesch, 2012; Riddle 

et al., 2020; Ward, 2003) and has been said to support false belief processing (Guan et al., 2018).  

Notwithstanding, evidence also indicate that other frequencies could be involved and therefore 

would worth to be explored. For example, gamma frequencies are suggested to reflect attentional 

and memory processes (Başar, 2013; Ward, 2003) or theta oscillations that have been supported 

to play a role in manipulating content in WM (Herweg et al., 2020; Riddle et al., 2020). Another 

interesting suggestion for future studies could also be the examination ERP latencies. Especially, 

given our results, it would be interesting to inspect if there is a significant differentiation between 
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the cognitive load conditions in the onset latency of the P3. P3 onset latency has been reported to 

reflect inhibitory control (Wessel & Aron, 2015). Accordingly, studying P3 onset latency could 

be considered as a neurophysiological proxy of response inhibition. In this way, since our IBS 

results under high WM load indicated significant decrease in brain areas involved in inhibitory 

control, P3 latency could help establish a putative mediating role of WM between efficient 

inhibition and successful interpersonal exchanges.  

Finally, our results are of great significance since they show that WM is an essential 

cognitive process for social interactions. Follow-up studies could extend these results and 

investigate what is the role of WM in social exchanges in people suffering from various disorders 

such social anxiety and schizophrenia. In particular, anxiety consists of an interesting 

phenomenon as, on the one hand, it seems to improve accuracy in perspective-taking 

mentalization (Knight et al., 2019; Zainal & Newman, 2018), while, on the other hand, it 

impedes working memory performance (Darke, 1988; Moran, 2016; Oei et al., 2006; but also 

see, Lukasik et al., 2019). Therefore, this experimental paradigm could be useful in delineating 

the underlying cognitive and neural components that sustain certain disorders and help create 

effective applications that apart from the individual recognize the dynamic social context in 

which she lives. 

Conclusion 

Taken together, this study provided evidence supporting the idea that different individuals 

can over time learn to cooperate without having direct communication by coordinating their 

behaviors to achieve a mutual goal. This outcome was also reflected in emerging interbrain 

synchrony in mentalizing areas between the interacting individuals, a result that argues in favor 

of the creation of shared representations for the accomplishment of mutual benefit. Importantly, 
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cognitive control processes play a pivotal role in the successful completion of such tasks. As 

working memory demands increase, verified by a decreased P3 amplitude component, 

coordination deteriorates and the neural activity between the pair members falls out of synch in 

areas crucial for inhibitory control. To the best of our knowledge, this is the first study that 

investigated the role of WM in dynamic, real-time dyadic interactions 
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