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Abstract
To advance knowledge on the psychophysiological markers of “coordination cost” in team settings, we explored differences 
in meta-communication patterns (i.e., silence, speaking, listening, and overlap), perceived psychological states (i.e., core 
affect, attention, efficacy beliefs), heart rate variability (i.e., RMSSD), and brain rhythms (i.e., alpha, beta and theta absolute 
power) across three studies involving 48 male dyads (Mage = 21.30; SD = 2.03). Skilled participants cooperatively played 
three consecutive FIFA-17 (Xbox) games in a dyad against the computer, or competed against the computer in a solo con-
dition and a dyad condition. We observed that playing in a team, in contrast to playing alone, was associated with higher 
alpha peak and global efficiency in the brain and, at the same time, led to an increase in focused attention as evidenced by 
participants’ higher theta activity in the frontal lobe. Moreover, we observed that overtime participants’ brain dynamics 
moved towards a state of “neural-efficiency”, characterized by increased theta and beta activity in the frontal lobe, and high 
alpha activity across the whole brain. Our findings advance the literature by demonstrating that (1) the notion of coordination 
cost can be captured at the neural level in the initial stages of team development; (2) by decreasing the costs of switching 
between tasks, teamwork increases both individuals’ attentional focus and global neural efficiency; and (3) communication 
dynamics become more proficient and individuals’ brain patterns change towards neural efficiency over time, likely due to 
team learning and decreases in intra-team conflict.

Keywords  Group dynamics · Team coordination · Heart rate variability · EEG

Different theoretical frameworks have been used to study 
teamwork across domains. From an evolutionary perspec-
tive, teamwork allows for super-efficiency in the natural 
world (Anderson and Franks 2001). That is, the outputs of 
teamwork are often greater than the sum of individuals’ out-
puts, akin to the gestalt notion that “the whole is greater than 
the sum of its parts”. Super-efficiency occurs because team-
work allows for adaptive specialization or division of labour 
(Duarte et al. 2012). Indeed, research has shown that social 
insects (e.g., ants and bees) rely on division of labour to 
generate greater outputs (Anderson and Franks 2001), geese 

migrate in flocks to conserve energy by catching each other’s 
updrafts (Weimerskirch et al. 2001), and wolf and lion packs 
engage in adaptive specialization (e.g., stalking and ambush) 
to take down large prey (Gable et al. 2018; Stander 1992). 
For humans, mega-projects, such as the international space 
station, would not be feasible without teamwork.

On the flip side, there is a cost to teamwork, often referred 
to as “coordination cost” (Becker and Murphy 1992). To 
be coordinated in space and time, teammates must invest 
time and energy to learn their distinct roles within the 
team (see Eccles, 2010), while also developing social bonds 
and trust with one another (Cooke et al. 2000; Filho 2019). 
In fact, congruent with the notion of reciprocal determin-
ism put forth by Bandura (1997), team coordination influ-
ences and is influenced by team performance and other team 
processes, such as cohesion and collective efficacy (Bone-
bright 2010; Filho et al. 2015a, b; Gabelica et al. 2016; 
Mathieu et al. 2000). More centrally, coordination is thought 
to depend upon teammates’ shared and complementary 

 *	 Edson Filho 
	 efilho@uclan.ac.uk

1	 School of Psychology, University of Central Lancashire, 
Darwin Building 114, Preston PR1 2HE, UK

2	 Social Interaction and Performance Science (SINAPSE) Lab, 
University of Central Lancashire, Preston, UK

http://orcid.org/0000-0002-8548-4651
http://crossmark.crossref.org/dialog/?doi=10.1007/s10484-020-09479-8&domain=pdf


	 Applied Psychophysiology and Biofeedback

1 3

knowledge types (i.e., knowledge of what, why, how, when 
and where; see Filho and Tenenbaum 2020). To this extent, 
multi-person physiological studies with interactive jugglers 
(e.g., Filho et al. 2015a, b; Filho et al. 2016; Filho et al. 
2017; Stone et al. 2019) and duet-guitar players (see Sänger 
et al. 2012, 2013) have revealed that team coordination is 
possible because teammates activate shared and comple-
mentary brain areas to sustain joint attention and action. 
For effective coordination to occur in the natural world, 
teammates must (a) share knowledge about each other, the 
task, the “team as a whole” and the context; and (b) possess 
complementary knowledge that allows for the resolution 
of complex problems that hinge on “distributed cognition” 
(Cooke et al. 2000; Filho 2019; Filho and Tenenbaum 2020).

The higher the quantity and quality of teammates’ shared 
and complementary knowledge, the higher the chance the 
team as a whole will show optimal coordination (Gabe-
lica et al. 2016; Mathieu et al. 2000). The development 
of team knowledge decreases coordination cost because 
teammates learn to communicate more effectively and save 
energy through the division of labour (Eccles 2010; Filho 
and Tenenbaum 2020). Indeed, research across domains, 
including studies with special police units (Boulton and Cole 
2016), emergency medical teams (Westli et al. 2010), hand-
to-hand circus acrobats (Filho and Rettig 2018), and inter-
active team sports (LeCouteur and Feo 2011), has revealed 
that over time teammates’ move from overt to covert com-
munication and learn to synchronise their actions.

Noteworthy, the bulk of research on team coordination 
thus far has been primarily field-based, as applied psycholo-
gists are mainly interested in capturing team dynamics in situ 
(Filho and Tenenbaum 2020; Mohammed et al. 2010, 2017). 
To advance understanding of the psycho-bio-social mecha-
nisms underpinning coordination cost, we conducted three 
experimental studies to explore changes in communication 
patterns and psycho-bio-social states within teams over time 
(Study 1 and 3), and between individual work and team-
work (Study 2). Theoretically, our work was grounded on 
the aforementioned notion that teamwork allows for super-
efficiency. Methodologically, we used a video game setting, 
which has been deemed a reliable and ecologically valid 
experimental platform, to study socio-cognition in general 
(Gray 2017), and teamwork in particular (Galantucci 2005). 
Furthermore, we adopted a multi-modal approach given that 
team processes possess several psycho-bio-social markers 
or reflective indicators (Cacioppo et al. 2007; Hannah et al. 
2013), and akin to the importance of data triangulation to 
prevent common methodological biases in applied research 
(Podsakoff et al. 2003; Thorson et al. 2018).

Study 1

Over three matches of a dyadic video game, we explored 
changes in performance, communication patterns, core 
affect (arousal and pleasantness levels), efficacy beliefs, 
attentional states, and cardiovascular responses. As team 
coordination and other team processes develop over time 
and as a sense of team evolves, teammates communicate 
better and show more positive affect, efficacy beliefs, and 
functional joint attentional patterns; and less physiologi-
cal stress (see Boulton and Cole 2016; Filho et al. 2015a, 
b, 2016, 2017; Filho 2019; LeCouteur and Feo 2011; 
Mohammed et al. 2010; Stone et al. 2019). Accordingly, 
over the three matches, we expected to observe improve-
ments  in performance, communication patterns, positive 
core affect, and efficacy beliefs, and a decrease in atten-
tional levels and cardiovascular responses.

Methods

Participants

Forty-eight male participants were assembled into 24 
dyads. This sample size was based on research suggest-
ing that data for at least 15 teams should be collected to 
allow for reliable parameter estimation in group dynamics 
research (Kerkhoff and Nussbeck 2019). The participants 
were twenty years old on average (M = 20.41, SD = 1.89) 
and had at least 30 h of experience playing FIFA 17, which 
is generally considered enough practice to secure learning 
in a motor task (see Ericsson 1998).

Measures

Performance Data

Performance measures included Total Points (win = 3 points; 
draw = 1 point; loss = 0 points), Ball Possession, Goal Dif-
ferential, and Number of Fouls, and were generated for every 
match by the video game software. All of these variables 
have been used as indicators of team performance (Lago-
Ballesteros and Lago-Peñas 2010).

Subjective Data

Single-item measures of core affect (arousal and pleasant-
ness), attentional states and efficacy beliefs (self-efficacy and 
others’ efficacy) were used to gather the participants’ subjec-
tive psychological states throughout the experimental task. 
Single-item measures have been used in applied psychology, 
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as they can be quickly and unobtrusively administered in 
laboratory settings (Blascovich et al. 2011).

Arousal and Pleasantness

An adapted version of the affect grid was used to measure 
the two dimensions of core affect, arousal and pleasantness, 
which have been linked to performance in motor and cogni-
tive tasks (Russell et al. 1989). Participants were asked to 
report their perceived arousal levels on a Likert scale rang-
ing from 0 (sleepiness) to 10 (highly aroused), and to report 
on “How pleasant you believe the task is?” on a Likert scale 
ranging from 0 (not pleasant) to 10 (very pleasant).

Attentional States

Attention influences the execution of motor skills, including 
video game playing (Gray 2017). Participants were asked 
to report their attentional states on a Likert scale ranging 
from 0 (distracted/unable to focus) to 10 (complete focus on 
task), congruent with previous research in applied psychol-
ogy (Basevitch et al. 2011).

Self‑efficacy and Others’ Efficacy

Efficacy beliefs are strong predictors of performance in 
individual and team tasks (Bandura 1997). As such, par-
ticipants were asked to rate “The belief you have in your 
own skills/abilities to win the match” and to state their oth-
ers’ efficacy by responding to the statement “The belief you 
have in your teammates abilities/skills to help you win the 
match” on a Likert scale ranging from 0 (no belief) to 10 
(complete belief). Both questions were designed in line with 
Bandura’s (2006) recommendation for the development of 
efficacy measures.

Communication Data

Throughout the experimental task, participants were asked 
to wear a sociometric badge (Sociometric Solutions 2013, 
USA), which has been shown to reliably record communi-
cation metrics over time (Kim et al. 2012). Specifically, the 
badges recorded, in an arbitrary unit, the amount of Total 
Silence (i.e., no spoken communication), Total Speaking 
(i.e., spoken communication), Listening (i.e., only one par-
ticipant speaking) and Overlap (i.e., one participant talking 
over the other).

Cardiovascular Data

A Polar H10 chest strap (Polar Electro QY 2017) was used 
to collect the participants’ cardiovascular responses, namely 
heart rate (HR) and the Root Mean Squared of Successive 

Differences (RMSSD), which is a heart rate variability 
(HRV) index. RMSSD is the main time-domain HRV index 
because it reflects beat-to-beat acute stress changes in HR 
(Laborde et al. 2017).

Experimental Task and Procedures

Participants were briefed on the study and written consent 
was obtained. Each participant was paired with another par-
ticipant, whom they had not met before (i.e., zero-acquaint-
ance tenure), to form a dyadic team. As recommended in the 
literature (Blascovich et al. 2011), a baseline assessment dur-
ing which the participants sat in silence for two minutes was 
recorded to ensure all equipment were working properly and 
that the participants’ physiological data were within normal 
ranges. The participants then played the video game FIFA 17 
using the XBOX ONE console system. The video game was 
played on a 44.17 × 23.77-inch screen, which was distanced 
two meters from the participants. Each dyad played three 
10 min games (i.e., 5 min per half) against the computer. 
All games were played with a pre-determined “professional 
difficulty level” with the computer playing as Barcelona and 
the participants as Real Madrid. During each game, both 
participants had their communication patterns (i.e., Total 
Speaking, Total Silence, Listening, Overlap) and physiologi-
cal responses (i.e., HR and HRV) monitored. Furthermore, 
each participant was asked to report on their perceived psy-
chological states (i.e., Arousal, Pleasantness, Attentional 
States, Self-Efficacy and Others’ Efficacy) at baseline, before, 
at half-time and after each game. The communication data 
was time-stamped to allow for posterior analysis. The data 
collection procedure lasted approximately 2 h.

Data Analysis

The unit of analysis consisted of one entire game. As such, 
mean scores for all dyads in each game (i.e., Game 1, Game 
2, and Game 3) and across all variables were computed. As 
detailed elsewhere, means scores allow for a more reliable 
“whole team estimate” of the variables of interest (Thor-
son et al. 2018). The communication metrics were exported 
using the Sociometric Lab software (Version 1.41, USA), 
and HR and HRV were both filtered and exported from 
Kubios (Version 3.1). All data were inputted into IBM Sta-
tistics SPSS 24.

Results

Single effects repeated measures ANOVA with a Green-
house–Geisser correction were computed for all variables 
and, where applicable, Bonferroni corrections were used for 
all post-hoc comparisons. Noteworthy, repeated measures 
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ANOVA is a robust and recommended approach for the 
analysis of team data when an equal time interval and 
equal number of data points are taken into consideration 
(Raudenbush 2004; Shin 2009). Cohen’s guidelines (2012) 
were used to classify effect sizes as small (d = .20), medium 
(d = .50) and large (d ≥ .80). Congruent with current stand-
ards of reporting (see Appelbaum et al. 2018), in addition to 
p-values, mean, standard deviation and effect size metrics for 
all variables are reported in Table 1. All moderate-to-large 
statistical effects (d > .50) observed across studies and vari-
ables are visually depicted in figures and graphs throughout 
the manuscript.

Performance and Subjective Data

No statistical effects were observed for all performance and 
subjective variables, except Pleasantness, which increased 
to a large extent from Game 1 to Game 3 (p < .01; d = 1.10), 
and from Game 2 to Game 3 (p < .01; d = 1.23), but did not 
statistically differ from Game 1 to Game 2 (Fig. 1, upper 
panel).

Communication Data

Standardized changes in all communication variables are 
illustrated in Fig. 1 (middle panel). Total Silence decreased 
slightly from Game 1 to Game 3 (p < .01; d = − .21), and 
from Game 2 to Game 3 (p < .01; d = − .16). Total Speaking 
decreased to a large extent from Game 1 to Game 2 (p < .01; 
d = .66) and increased to a moderate extent from Game 2 to 

Game 3 (p < .01; d = .47). Listening increased to a moderate 
extent from Game 2 to Game 3 (p < .01; d = .39). Overlap 
decreased to a large extent from Game 1 to Game 2 (p < .01; 
d = − .81) and from Game 1 to Game 3 (p < .01; d = -.93).

Cardiovascular Data

HR increased greatly from Game 1 to Game 3 (p < .01; 
d = .87; Fig. 1, lower panel). No statistical changes in HRV 
were observed.

Discussion

For brevity, in this section we highlight the significant 
effects observed in this study for the communication vari-
ables, pleasantness and HR. We elaborate upon the non-sig-
nificant effects observed for all other variables in the General 
Discussion at the end.

Changes in Communication Patterns, Pleasantness 
and HR Over Time

We observed changes in the communication patterns among 
teammates over time. By the third game, teammates were 
listening more and talking less, and consequently turn-
taking was more efficient (i.e., less overlap). These find-
ings coincide with research suggesting that as teammates 
practice together turn-taking improves and communi-
cation shifts from overt to covert means, which signals 

Table 1   Performance, subjective, communication and cardiovascular data across games

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour



Applied Psychophysiology and Biofeedback	

1 3

overall coordination efficiency gains (Boulton and Cole 
2016; LeCouteur and Feo 2011; Westli et al. 2010). Moreo-
ver, the observed increase in pleasantness is in line with 
previous research showing that core pleasantness levels 

fluctuate greatly over time in both individual and group 
tasks (di Fronso et al. 2020). More specifically, the observed 
increase in pleasantness over time reinforces research sug-
gesting that as teams develop, teammates move out of the 

Fig. 1   Changes in pleasantness 
(upper panel), communication 
patterns (middle panel) and HR 
(lower panel) across games
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so-called “storm stage”, with the result being more positive 
affect for the individuals and the emergence of a sense of 
“we/us” at the group-level of analysis (Bonebright 2010). 
Positive core affect has also been shown to increase over 
time. Finally, we suggest that the increase in pleasantness 
over time might be linked to the increase in HR from Game 
1 to Game 3, as positive affective valences (e.g., happiness, 
excitement) elicit parasympathetic withdraw and increase 
adrenaline levels (Laborde et al. 2017). Alternatively, this 
increase in HR might be due to fatigue, even though partici-
pants were given breaks between games.

Study 2

We expanded Study 1 by incorporating brain imaging meth-
ods to explore neural marks of coordination cost. Rather than 
merely replicating Study 1, we reasoned that it was impor-
tant to first examine immediate (acute) performance and psy-
cho-bio-social responses to team settings. The specific aim 
was to explore differences in performance and individuals’ 
perceived psychological states, cardiovascular responses and 
absolute brain power (i.e., alpha, beta and theta) in a single 
video game match across two conditions, namely individ-
ual playing and team dyadic playing. We expected that the 
dyadic condition would lead to lower performance and elicit 
more negative affective states and efficacy beliefs akin to the 
idea of coordination cost (Becker and Murphy 1992; Eccles 
2010) and research on the initial stages of team development 
(for a review see Bonebright 2010). Further, we anticipated 
that the dyadic condition would require higher attention, car-
diovascular stress, and brain power across frequency bands. 
In the early stages of team development, several team pro-
cesses that antecede and reinforce team coordination (e.g., 
cohesion, collective efficacy; see Filho et al. 2015b; Filho 
2019) are not developed yet, and thus individuals might exert 
more psycho-bio-social resources (the so-called coordina-
tion cost) to complete teamwork.

Methods

Participants

New participants were recruited for this study. An a priori 
power analysis (d = .50; 1 − β = .95; α = .05) based on pre-
vious research in performance psychology (Bertollo et al. 
2015) indicated that 12 participants were needed to detect 
a moderate-to-large effect on the variables of interest. We 
chose a moderate-to-large effect size because we were inter-
ested in non-trivial effects. Furthermore, our target sample 
involved skilled gamers, and the recruitment of skilled 
individuals across domains of human performance is a 

challenging task (Ericsson 1998). Accordingly, 12 individu-
als and one confederate participated in Study 2. Participants 
were assembled into 12 dyads, with the confederate being 
kept as a constant and thus playing in all dyads. All partici-
pants were in their twenties (M = 21.69, SD = 2.46), male, 
and had at least 30 h of experience playing FIFA 17. The 
confederate was 20 years old, had two years of experience 
playing FIFA 17, and reported practicing for approximately 
2 h a week. He was briefed on the methodology but was not 
aware of the overarching purpose of the study.

Measures

Performance Data

The same performance measures were used as in Study 1, 
namely, Total Points, Ball Possession, Goal Differential, and 
Number of Fouls.

Subjective Data

The same subjective reports were collected as in Study 1 
(i.e., Arousal, Pleasantness, Attentional States and Self-Effi-
cacy), except for Others’ Efficacy as data from the confeder-
ate was not considered in the analysis.

Cardiovascular Data

Each active player (AP) had his HR and HRV data collected 
in the same manner as in Study 1.

EEG Data

EEG data was continuously recorded throughout the experi-
mental task using the Nexus-32 biofeedback system (Mind 
Media B.V., Netherlands). Alpha, Beta and Theta Absolute 
Power were measured in microvolts squared (μV2) across 21 
different channels at a sampling frequency of 256 Hz. The 21 
Ag/AgCl electrodes were positioned over the scalp accord-
ing to the 10/20 system (Oostenveld and Praamstra 2001). 
EEG signals were recorded with the ground electrode in AFz 
positioned between Fpz and Fz. Low independence values 
were kept during the data collection (Z < 5 kO).

Experimental Task and Procedures

Before data collection, the goals and methods of the study 
were explained to the participants, and written consent was 
obtained. Participants were then placed into a dyad with the 
confederate. The experimental task consisted of two condi-
tions (i.e., individual and dyad) in which the participants 
played FIFA 17 using the XBOX ONE console system. Each 
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experimental condition was preceded by a baseline assess-
ment, during which the AP sat in silence for two minutes 
with his eyes open and then for an additional two minutes 
with his eyes closed, to ensure the equipment was working 
properly.

The AP played with the confederate (dyad condition) and 
without the confederate (individual condition). Each game 
lasted 10 min (i.e., 5 min per half) and was played using the 
same settings described in Study 1. Importantly, to minimize 
movement artifacts with the EEG data, no communication 
was allowed before, during, or after either condition. Also, 
akin to similar research (see Yuvaraj et al. 2014), the par-
ticipants were given a five-minute break between games to 
minimize potential feelings of fatigue.

For the individual condition, the AP played a game of 
FIFA 17 against the computer by themselves. For the dyad 
condition, the AP played together with the confederate 
against the computer using the same pre-determined teams 
and pre-established difficulty settings as explained in Study 
1. The two experimental conditions were counterbalanced. 
During both games, the AP had his cardiovascular and EEG 
activity recorded. Furthermore, the AP was asked to report 
on his perceived psychological states before, at half-time and 
after each game. The confederate was also asked to report 
on his psychological states during the dyad condition at the 
same intervals, but his data was not integrated in the data 
analysis. The entire data collection procedure lasted about 
2 h.

Data Analysis

As with Study 1, the unit of analysis was one entire game. 
The subjective and cardiovascular data was treated in 
the same way as in Study 1. All EEG data was visually 
inspected to remove artefacts, band-pass filtered and 
exported using the BioTrace+software built-in function. 
Event markers were used to segment the data into 6 s 
epochs akin to previous research suggesting that 6–15 s 
time windows should be used in the processing of bio-
signal data (Kim et al. 2004; Yuvaraj et al. 2014). These 
segments were exported to IBM Statistics SPSS 24, aver-
aged across each game, and then descriptively and infer-
entially analyzed.

Results

Mean and standard deviations values, Cohen’s d effect size 
differences, power, and p-values for the performance, sub-
jective, cardiovascular and EEG measures are reported in 
Tables 2, 3, 4 and 5.

Performance and Subjective Data

Attention increased to a large extent in the dyadic condition 
(p = .055; d = .89; see Fig. 2, left panel). No other statistical 
differences were observed for all performance and subjec-
tive variables.

Table 2   Performance, subjective and cardiovascular data for the individual and dyad conditions

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour
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Cardiovascular Data

Statistical differences were observed for HR and HRV, with 

magnitude effect size analyses suggesting that HR decreased 
slightly (d = − .12), whereas HRV decreased moderately 
(d = − .57; Fig. 2, right panel) in the dyad condition.

Table 3   Alpha power for the individual and dyad conditions

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour

Table 4   Beta power (μV2) for the individual and dyad conditions

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour
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EEG Data

Inferential and descriptive statistics for alpha, beta and 
theta absolute power are reported in Tables 3, 4 and 5, 
respectively. Topographic head models were generated 
based on the raw absolute power for each frequency band 
(see Fig. 3), revealing that, for the most part, similar brain 
areas where activated in both conditions; however, the 
intensity of this activation differed. Indeed, changes of 
small-to-medium magnitude (.20 < d > .50) were observed 
in all frequency bands, and changes of moderate-to-large 
magnitude (d ≥ .50) are illustrated in Fig. 4. Together, 
these findings suggest that individual work and teamwork 
hinge on different neural activation patterns as elaborated 
upon in Discussion.

Discussion

In this section, we highlight the observed significant 
changes in attention, HRV and brain rhythms. We elab-
orate upon the non-significant findings observed for all 
other variables in the General Discussion.

Changes in Attention, HRV, and Brain Rhythms 
in Teamwork

Congruent with our expectations grounded on the afore-
mentioned notion of “coordination cost”, we observed an 
increase of large magnitude in perceived attention for the 
dyadic condition. We suggest that greater focus, rather than 
diffused attention, is needed for teamwork because teamwork 
relies on division of labour (Eccles 2010; Gable et al. 2018; 

Table 5   Theta power (μV2) for the individual and dyad conditions

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour

Fig. 2   Significant changes of moderate-to-large magnitude (d ≥ .50) in attentional levels (left panel) and HRV-RMSSD (right panel) between the 
individual and the dyadic conditions
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Stander 1992), and thus individual team members must 
pay greater attention to fewer things. In the dyadic condi-
tion, individuals are responsible for specific sub-tasks (i.e., 
adaptive specialization), which in turn allows for a greater 
focus as it decreases the cost of switching between tasks, 
and ultimately increases individual efficiency. This expla-
nation is congruent with the large decrease in HRV and the 
large increase of frontal theta brain activity (Fp1, Fz, F8) 
observed in the dyadic condition, as such general cardiovas-
cular and neural patterns signal deep (“flow-like”) concen-
tration in the execution of both motor and cognitive tasks 
(Katahira et al. 2018; Laborde et al. 2017). Participants’ 
higher perceived levels of attention also coincides with the 

large increase of alpha activity and the large decrease of 
theta activity observed in the dyadic condition for T4 and 
T6, respectively. Specifically, increased alpha activity in T4 
and decreased theta activity in T6 have been associated with 
internally-focused attention during task execution (Benedek 
et al. 2014), and the mnemonic encoding of new information 
(Fellner et al. 2016), respectively. Furthermore, the large 
increase of theta activity in C3, an area related to sensory-
motor specialization (see Strack et al. 2011), suggests that 
the AP was making a conscious effort to assimilate the new 
sensory-motor demands imposed by the dyadic condition.

Whereas the dyadic task required greater focused atten-
tion as indicated by the increased theta activity in C3 and 

Fig. 3   Heat map for absolute 
power (μV2) of alpha (upper 
panel), beta (middle panel) 
and theta (lower panel) for the 
individual and dyad condition 
showing an overall higher pat-
tern of activation in the dyadic 
condition across frequency 
bands. The range set for alpha 
(14.60–31.33), beta (1.98–5.04) 
and theta power (1.99–18.57) 
were established based on the 
observed values in the data set
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frontal areas, it required less motor activity and decision-
making processing, as indicated by the large decreases 
observed in theta power for the CZ and beta power for the 
Fp1 sites, respectively. Thus, in teams, more focused atten-
tion for the learning and execution of a specialized task is 
needed but, in turn, less decision-making processing and 
motor effort is required. Therefore, if for a given task team-
work is advantageous by nature, such advantage might not 
be clear at the initial stages of team development, as this 
study shows and previous research has documented (Bone-
bright 2010; Filho et al. 2015a, b; Filho 2019; Gabelica et al. 
2016) because other team properties that precede coordina-
tion are not well-developed yet.

Study 3

To expand upon Study 1 and Study 2, we compared team 
performance and individuals’ perceived psychological states, 
cardiovascular responses and alpha, beta and theta power 
over three games. As teammates develop shared and com-
plementary knowledge over time (see Filho and Rettig 2018; 
Filho and Tenenbaum 2020; Mohammed et al. 2010; 2017), 
we expected positive increases in performance, core affect 
and efficacy beliefs from Game 1 to Game 3. Furthermore, 
due to adaptive task specialization (i.e., teamwork saves 
individuals’ energy through division of labour) that comes 
with team development over time (Duarte et al. 2012; Eccles 
2010), we expected a decrease in attention, cardiovascular 
responses, and absolute brain power from Game 1 to Game 
3.

Methods

Participants

New participants were recruited for this study. An a priori 
power analysis (d = .50; 1 − β = .95; α = .05) was used to 
establish the minimum sample size (N = 12) needed to detect 
a moderate to strong effect size on the variables of interest. 
All participants (N = 24) were in their twenties (M = 21.79, 
SD = 1.74), had at least 30 h of experience playing FIFA 17, 
and were assembled into 12 dyads.

Measures

The same performance, subjective, cardiovascular and 
EEG data collected in Study 2 were gathered, namely: Total 
Points, Ball Possession, Goal Differential, Number of Fouls, 
Arousal, Pleasantness, Attentional States, Self-Efficacy, Oth-
ers’ Efficacy, HR, HRV, and Alpha, Beta and Theta Absolute 
Power.

Experimental Task, Procedures, and Data Analysis

In Study 3 participants played three consecutive games 
against the computer, and there was no confederate. One 
participant from each dyad was randomly chosen to be 
the AP, from who physiological and EEG recordings were 
taken during the experiment, while the other participant 
(“Participant B”) only responded to the subjective reports. 
The data was analyzed following the same step-by-step 
procedure used for Study 2.

Fig. 4   Significant changes of moderate-to-large magnitude (d ≥ .50) in alpha (left panel), beta (middle panel) and theta (right panel). Solid (red) 
lines indicate an increase in the dyad condition. Dashed (blue) lines indicate a decrease in the dyad condition
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Results

Performance and Subjective Data

Number of Fouls increased greatly from Game 1 to 
Game 2 (p =  < .01; d = .92) and from Game 1 to Game 3 
(p ≤ .01; d = 2.61; see Fig. 5, right panel). No other statis-
tical differences were observed (see Table 6).

Cardiovascular Data

HR increased from Game 1 to Game 2 (p = .02; d = .25). 
HRV increased to a moderate extent from Game 1 to Game 
3 (p ≤ .01; d = .56), and from Game 2 to Game 3 (p ≤ .01; 
d = .54; see Fig. 5, right panel).

EEG Data

Inferential and descriptive statistics for alpha, beta, and theta 
absolute power are reported in Tables 7, 8 and 9, respec-
tively. Topographic head models (see Fig.  6) revealed 
changes in absolute brain power from Game 1 to Game 3 
across all frequency bands. Similar to Study 2, changes of 
small-to-medium magnitude (.20 < d > .50) were observed in 
all frequency ranges across all games. Changes of moderate-
to-large magnitude (d ≥ .50) are illustrated in Fig. 7. Collec-
tively, these findings suggest that over time, as team mem-
bers learn to work in teams, individuals’ brain states move 
towards a neural efficiency state, as elaborated upon next.

Fig. 5   Significant changes of moderate-to-large magnitude (d ≥ .50) in the number of fouls and HRV (RMSSD) from game 1 to game 3

Table 6   Performance, subjective and cardiovascular data for game 1, game 2, and game 3

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour
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Discussion

In this section, we highlight the significant effects 
observed in this study for performance data (number of 
fouls), cardiovascular responses and brain rhythms. We 

comment on the non-significant findings observed for all 
other variables in the General Discussion.

Table 7   Alpha power (μV2) across game 1, game 2 and game 3

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour

Table 8   Beta power (μV2) across game 1, game 2 and game 3

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour
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Changes in Performance (Number of Fouls), 
Cardiovascular Responses, and Brain Rhythms Over 
Time

We observed a large increase in the number of fouls over 
time. We suggest that this increase is because teammates 
were not allowed to communicate, which likely decreased 
coordination and increased frustration, ultimately lead-
ing to instrumental aggression in the video game play (see 
the frustration-aggression hypothesis in Berkowitz 1989). 
Although the amount of spoken communication tends to 
decrease over time, language evolved in the natural world to 
allow for improved team coordination and super-efficiency, 
as research across domains has consistently shown (Ander-
son and Franks 2001; Boulton and Cole 2016; Duarte et al. 
2012; LeCouteur and Feo 2011; Westli et al. 2010).

Moreover, we observed a decrease in HRV in Game 3, 
compared with Game 1 and Game 2, suggesting that less 
psycho-bio-social stress and mental workload was required 
in Game 3, likely because teammates developed shared 
and complementary knowledge and engaged in division 
of labour. Importantly, we observed an increase in HR 
from Game 1 to Game 2. Similar to our interpretation for 
the findings for Study 1, we argue that this increase might 
reflect fatigue or parasympathetic withdraw. Notably, this 
increase cannot be attributed to the fact that individual work 
is more demanding than teamwork, given that in Study 2 we 
observed a decreased in HR in the dyadic condition.

In Game 3, we also observed a global increase in alpha 
activity and decrease in beta cortical activity, which are 
indicative of less brain “busy-ness” and skilled motor per-
formance, akin to the neural efficiency hypothesis (see Ber-
tollo et al. 2016; Grabner et al. 2006; Pacheco 2016). In this 
regard, previous research suggests that peaks of alpha activ-
ity (more relaxation) and less beta power (increased auto-
maticity) are observed across the whole brain as individuals 
become more proficient in a given task and/or are subjected 
to less work overload (Bertollo et al. 2016; Pacheco 2016). 
We also observed large increases of theta power activity 
across the whole brain from Game 1 to Game 2 to Game 3, 
further suggesting that more focused attention is needed over 
time likely because teammates develop task and team-related 
knowledge (Cooke et al. 2000; Filho and Rettig 2018; Filho 
and Tenenbaum 2020; Mohammed et al. 2010, 2017), which 
form the basis for team coordination.

General Discussion

We expected to observe positive changes in communica-
tion patterns (i.e., speaking, silence, listening, and over-
lap), core affect (i.e., arousal and pleasantness), efficacy 
beliefs (i.e., self and other’s), attentional levels, cardio-
vascular responses (i.e., HR and HRV), and brain rhythms 
(i.e., alpha, beta and theta absolute power) over time 
(Study 1 and Study 3), and when comparing individual to 

Table 9   Theta power (μV2) across game 1, game 2 and game 3

Significant small effects (.20 ≤ d > .50) are highlighted in light grey, medium effects (.50 ≤ d < .80) are in darker grey, and large effects (d ≥ .80) 
are bolded and highlighted in the darkest grey colour
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team work (Study 2), akin to an evolutionary perspective 
on teamwork.

Contrary to our expectations, we did not observe a posi-
tive change in individuals’ arousal levels, efficacy beliefs, 
and performance variables across studies. All studies were 
conducted in 1 day and over a maximum of three 10-min 
video game matches, and thus we might not have been able 
to capture changes in efficacy beliefs and performance, as 
these take time to develop in both individuals and team set-
tings (see Bandura 1997). Arousal levels, on the other hand, 
have been shown to be highly idiosyncratic as discussed in 

the Individual Zones of Optimal Functioning framework 
(Hanin 2000).

For the most part, however, the generally expected pattern 
of results was observed. The pattern is complex, as discussed 
throughout, and akin to the notion that team processes and 
individuals’ that psycho-bio-social states share a many-to-
many basis relationship and thus should be analysed by the 
whole rather than by the parts (Cacioppo et al. 2007). More 
specifically, congruent with the aforementioned research on 
team dynamics and coordination, our findings suggest that 
over time teammates develop more efficient communication 
patterns, characterized by less talking, more listening and 

Fig. 6   Heat map for absolute power of alpha (upper panel), beta 
(middle panel) and theta (lower panel) for games 1–3 showing 
changes in the activation pattern over time across frequency bands. 

The range set for alpha (1.97–12.28), beta (3.34–11.49) and theta 
power (1.64–27.31) were established based on the observed values in 
the data set
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less overlap (Study 1). As such, precluding teammates from 
communicating freely has potential implications for aggres-
sive behaviour and performance (i.e., increased number of 
fouls) in team settings, as observed in Study 3. Moreover, as 
observed in Study 2, an increased focused attention, likely 
reflecting adaptive task specialization, is the cost of team-
work in the early stages of team development. Finally, over 
time individuals experience whole brain functional changes 
across frequency bands and an increase in HRV, highlighting 
that less mental overload (neural efficiency) and less cardio-
vascular stress (psychomotor efficiency) are the benefits of 
teamwork (Study 3).

Limitations and Future Research

Across studies our focus on skilled individuals precluded us 
from gathering a larger sample. Novice video game players 
would likely confound the findings as individuals’ skill-level 

is implicated in individual and group psychology (Ericsson 
1998; Filho et al. 2015a, b). Larger sample sizes are war-
ranted in future research if we are to model the relationship 
among individuals’ psycho-bio-social states and team pro-
cesses and outcomes using multi-level statistical methods. 
Moreover, our study was descriptive in nature. Whereas 
descriptive experimental research is needed to reach what 
Chomsky (1965) has called “descriptive adequacy” in the-
oretical reasoning, future research is needed to test clear 
means-ends relations among (i.e., explanatory adequacy) 
variables of interest. To this point, in Study 3, we have 
speculated that lack of communication lead to poor coordi-
nation which then lead to aggressive behaviour; this input-
throughout-output relation can be tested in future research.

In Study 1, we used sociometric badges to capture the 
meta-features of the participants’ communication exchanges. 
We choose not to video-record the participants’ communica-
tion exchanges partially to prevent EEG artifacts, because 
this has been done before (e.g., LeCouteur and Feo 2011), 

Fig. 7   Significant changes of 
moderate-to-large magnitude 
(d ≥ .50) in alpha (upper panel), 
beta (middle panel) and theta 
(lower panel) brain power from 
game 1 to game 3. Solid (red) 
lines indicate an increase in 
absolute power and dashed 
(blue) lines indicate a decrease 
in absolute power



Applied Psychophysiology and Biofeedback	

1 3

and to avoid them to become self-conscious and change their 
most natural behaviour. Future research recording partici-
pants verbal and non-verbal communication, while monitor-
ing their psycho-bio-social states and potentially brain waves 
(if movement artifacts can be accounted for with portable 
EEG systems) can add complementary and potentially alter-
native responses to our questions on coordination cost and 
super-efficiency in teamwork.

Finally, in Study 2 and Study 3, we only looked at data 
from one randomly chosen participant due to material con-
straints. Multi-person peripheral physiological monitoring 
in general, and hyper-brain studies in particular, are war-
ranted to advance understanding of the neural markers of 
team coordination and other team processes (see Filho et al. 
2015a, 2016, 2017; Sänger et al. 2012, 2013; Stone et al. 
2019). To this extent, alpha, beta and theta activity is related 
to several cognitive processes (e.g., selective attention; sen-
sorimotor integration; drowsiness; see Başar and Güntekin 
2012; Bazanova and Vernon 2014; Cheron et al. 2016) and 
hyper-brain studies are needed to further clarify the neural 
markers of team coordination.

Conclusions

We advanced previous research by exploring team coor-
dination dynamics through a multimodal methodological 
approach, and particularly by incorporating brain imaging 
methods to shed light on the notion of coordination cost and 
super-efficiency in teamwork. Overall, our findings suggest 
that there is a trade-off between coordination cost and super-
efficiency. First, teamwork might increase individuals’ atten-
tional focus and global neural efficiency by decreasing the 
costs of switching between tasks. More generally, for some 
tasks individual work might be better because one must pay 
less focused attention to specific roles, whereas for other 
tasks teamwork might be better because there is less motor 
effort and decision fatigue involved. At the earliest stages 
of team development, the trade-off between coordination 
cost and super-efficiency is less clear. It is only over time 
(perhaps long periods of evolution) that the so-called “bal-
ance of nature”, at the core of Darwinism, becomes clear. 
In light of these findings, scholars and practitioners should 
address team dynamics over time through different means, 
including interventions targeting communication dynamics, 
attentional focus and core affect, cardiovascular responses, 
and neurofeedback training aimed at different brain rhythms.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 

were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Anderson, C., & Franks, N. R. (2001). Teams in animal societies. 
Behavioral Ecology, 12, 534–540. https​://doi.org/10.1093/behec​
o/12.5.534.

Appelbaum, M., Cooper, H., Kline, R. B., Mayo-Wilson, E., Nezu, A. 
M., & Rao, S. M. (2018). Journal article reporting standards for 
quantitative research in psychology: The APA Publications and 
Communications Board task force report. American Psychologist, 
73(1), 3–25. https​://doi.org/10.1037/amp00​00191​.

Bandura, A. (1997). Self-efficacy: The exercise of control. New York, 
NY: W. H. Freeman.

Bandura, A. (2006). Guide for creating self-efficacy scales. In F. 
Pajares & T. Urdan (Eds.), Self-efficacy beliefs of adolescents (pp. 
307–337). Greenwich, CT: Information Age Publishing.

Başar, E., & Güntekin, B. (2012). A short review of alpha activity in 
cognitive processes and in cognitive impairment. International 
Journal of Psychophysiology, 86, 25–38. https​://doi.org/10.1016/j.
ijpsy​cho.2012.07.001.

Basevitch, I., Thompson, B., Braun, R., Razon, S., Arsal, G., … Tokac, 
U. (2011). Olfactory effects on attention allocation and perception 
of exertion. The Sport Psychologist, 25(2), 144–158. https​://doi.
org/10.1123/tsp.25.2.144.

Bazanova, O. M., & Vernon, D. (2014). Interpreting EEG alpha activ-
ity. Neuroscience & Biobehavioral Reviews, 44, 94–110. https​://
doi.org/10.1016/j.neubi​orev.2013.05.007.

Becker, G. S., & Murphy, K. M. (1992). The division of labor, coordi-
nation costs, and knowledge. The Quarterly Journal of Econom-
ics, 107(4), 1137–1160.

Benedek, M., Schickel, R. J., Jauk, E., Fink, A., & Neubauer, A. C. 
(2014). Alpha power increases in right parietal cortex reflects 
focused internal attention. Neuropsychologia, 56, 393–400. https​
://doi.org/10.1016/j.neuro​psych​ologi​a.2014.02.010.

Berkowitz, L. (1989). Frustration-aggression hypothesis: Examination 
and reformulation. Psychological Bulletin, 106(1), 59–73. https​://
doi.org/10.1037/0033-2909.106.1.59.

Bertollo, M., Di Fronso, S., Filho, E., Lamberti, V., Ripari, P., Reis, V. 
M., Comani, S., Bortoli, L., & Robazza, C. (2015). To focus or not 
to focus:Is attention on the core components of action beneficial 
for cycling performance?. The Sport Psychologist, 29, 110–119.

Bertollo, M., Di Fronso, S., Filho, E., Conforto, S., Schmid, M., Bor-
toli, L., et al. (2016). Proficient brain for optimal performance: 
The MAP model perspective. PeerJ. https​://doi.org/10.7717/peerj​
.2082.

Blascovich, J., Vanman, E., Mendes, W. B., & Dickerson, S. (2011). 
Social psychophysiology for social and personality psychology. 
Thousand Oaks, CA: Sage Publications.

Bonebright, D. A. (2010). 40 years of storming: A historical review 
of Tuckman’s model of small group development. Human 
Resource Development International, 13(1), 111–120. https​://
doi.org/10.1080/13678​86100​35890​99.

Boulton, L., & Cole, J. (2016). Adaptive flexibility: Examining the role 
of expertise in the decision making of authorized firearms officers 
during armed confrontation [Special issue]. Journal of Cognitive 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/beheco/12.5.534
https://doi.org/10.1093/beheco/12.5.534
https://doi.org/10.1037/amp0000191
https://doi.org/10.1016/j.ijpsycho.2012.07.001
https://doi.org/10.1016/j.ijpsycho.2012.07.001
https://doi.org/10.1123/tsp.25.2.144
https://doi.org/10.1123/tsp.25.2.144
https://doi.org/10.1016/j.neubiorev.2013.05.007
https://doi.org/10.1016/j.neubiorev.2013.05.007
https://doi.org/10.1016/j.neuropsychologia.2014.02.010
https://doi.org/10.1016/j.neuropsychologia.2014.02.010
https://doi.org/10.1037/0033-2909.106.1.59
https://doi.org/10.1037/0033-2909.106.1.59
https://doi.org/10.7717/peerj.2082
https://doi.org/10.7717/peerj.2082
https://doi.org/10.1080/13678861003589099
https://doi.org/10.1080/13678861003589099


	 Applied Psychophysiology and Biofeedback

1 3

Engineering and Decision Making. https​://doi.org/10.1177/15553​
43416​64668​4.

Cacioppo, J. T., Tassinary, L. G., & Berntson, G. G. (2007). Psycho-
physiological science: Interdisciplinary approaches to classic 
questions about the mind. In J. T. Cacioppo, L. G. Tassinary, & 
G. Berntson (Eds.), Handbook of psychophysiology (3rd ed., pp. 
1–24). New York, NY: Cambridge University Press.

Cheron, G., Petit, G., Cheron, J., Leroy, A., Cebolla, A., … Ceval-
los, C. (2016). Brain oscillations in sport: toward EEG biomark-
ers of performance. Frontiers in Psychology, 7, 246. https​://doi.
org/10.3389/fpsyg​.2016.00246​.

Chomsky, N. (1965). Aspects of the theory of syntax. Cambridge, MA: 
MIT Press.

Cooke, N. J., Salas, E., Cannon-Bowers, J. A., & Stout, R. J. (2000). 
Measuring team knowledge. Human Factors, 42(1), 151–173. 
https​://doi.org/10.1518/00187​20007​79656​561.

di Fronso, S., Aquino, A., Bondár, R., Montesano, C., Robazza, C., & 
Bertollo, M. (2020). The influence of core affect on cyclo-ergome-
ter endurance performance: Effects on performance outcomes and 
perceived exertion. Journal of Sport and Health Science. https​://
doi.org/10.1016/j.jshs.2019.12.004.

Duarte, A., Scholtens, E., & Weissing, F. J. (2012). Implications of 
behavioral architecture for the evolution of self-organized division 
of labor. PLoS Computational Biology, 8, e1002430.

Eccles, D. (2010). The coordination of labour in sports teams. Interna-
tional Review of Sport and Exercise Psychology, 3(2), 154–170. 
https​://doi.org/10.1080/17509​84X.2010.51940​0.

Ericsson, K. A. (1998). The scientific study of expert levels of perfor-
mance: General implications for optimal learning and creativity. 
High Ability Studies, 9(1), 75–100. https​://doi.org/10.1080/13598​
13980​09010​6.

Fellner, M. C., Volberg, G., Wimber, M., Goldhacker, M., Greenlee, M. 
W., & Hanslmayr, S. (2016). Spatial mnemonic encoding: Theta 
power decreases and medial temporal lobe BOLD increases co-
occur during the usage of the method of loci. eNeuro, 3(6), 1–16. 
https​://doi.org/10.1523/ENEUR​O.0184-16.2016.

Filho, E. (2019). Team dynamics theory: Nomological network among 
cohesion, team mental models, coordination, and collective effi-
cacy. Sport Sciences for Health, 15, 1–20. https​://doi.org/10.1007/
s1133​2-018-0519-1.

Filho, E., Bertollo, M., Robazza, C., & Comani, S. (2015a). The jug-
gling paradigm: A novel social neuroscience approach to identify 
neuropsychophysiological markers of team mental models. Fron-
tiers in Psychology. https​://doi.org/10.3389/fpsyg​.2015.00799​.

Filho, E., Bertollo, M., Tamburro, G., Schinaia, L., Chatel-Goldman, 
J., Di Fronso, S., et al. (2016). Hyperbrain features of team mental 
models within a juggling paradigm: A proof of concept. PeerJ. 
https​://doi.org/10.7717/peerj​.2457.

Filho, E., Pierini, D., Robazza, C., Tenenbaum, G., & Bertollo, M. 
(2017). Shared mental models and intra-team psychophysi-
ological patterns: A test of the juggling paradigm. Journal of 
Sports Sciences, 35, 112–123. https​://doi.org/10.1080/02640​
414.2016.11584​13.

Filho, E., & Rettig, J. (2018). Team coordination in high-risk cir-
cus acrobatics. Interaction Studies, 19, 500–519. https​://doi.
org/10.1075/is.16035​.fil.

Filho, E., & Tenenbaum, G. (2020). Team mental models: Taxon-
omy, theory, and applied implications. In G. Tenenbaum & R. 
C. Eklund (Eds.), Handbook of sport psychology (4th ed., pp. 
611–631). Hoboken: Wiley Publication.

Filho, E., Tenenbaum, G., & Yang, Y. (2015b). Cohesion, team mental 
models, and collective efficacy: Towards an integrated framework 
of team dynamics in sport. Journal of Sports Sciences, 33, 641–
653. https​://doi.org/10.1080/02640​414.2014.95771​4.

Gabelica, C., Van den Bossche, P., Fiore, S. M., Segers, M., & Gijse-
laers, W. H. (2016). Establishing team knowledge coordination 

from a learning perspective. Human Performance, 29(1), 33–53. 
https​://doi.org/10.1080/08959​285.2015.11203​04.

Gable, T. D., Stanger, T., Windels, S. K., & Bump, J. K. (2018). Do 
wolves ambush beavers? Video evidence for higher-order hunt-
ing strategies. Ecosphere, 9(3), e02159. https​://doi.org/10.1002/
ecs2.2159.

Galantucci, B. (2005). An experimental study of the emergence of 
human communication systems. Cognitive Sciences, 29, 737–767. 
https​://doi.org/10.1207/s1551​6709c​og000​0_34.

Grabner, R. H., Neubauer, A. C., & Stern, E. (2006). Superior per-
formance and neural efficiency: The impact of intelligence and 
expertise. Brain Research Bulletin, 69(4), 422–439. https​://doi.
org/10.1016/j.brain​resbu​ll.2006.02.009.

Gray, W. (2017). Game-XP: Action games as experimental paradigms 
for cognitive science. Topics in Cognitive Science, 9(2), 289–307. 
https​://doi.org/10.1111/tops.12260​.

Hanin, Y. L. (Ed.). (2000). Emotions in sport. Champaign, Illinois: 
Human Kinetics.

Hannah, S. T., Balthazard, P. A., Waldman, D. A., Jennings, P. L., 
& Thatcher, R. W. (2013). The psychological and neurological 
bases of leader self-complexity and effects on adaptive decision-
making. Journal of Applied Psychology, 98(3), 393–411. https​
://doi.org/10.1037/a0032​257.

Kerkhoff, D., & Nussbeck, F. W. (2019). The influence of sample size 
on parameter estimates in three-level random-effects models. 
Frontiers in Psychology, 10, 1067.

Katahira, K., Yamazaki, Y., Yamaoka, C., Ozaki, H., Nakagawa, 
S., & Nagata, N. (2018). EEG correlates of the flow state: A 
combination of increased frontal theta and moderate fronto-
central alpha rhythm in the mental arithmetic task. Frontiers in 
Psychology, 9, 1–11. https​://doi.org/10.3389/fpsyg​.2018.00300​.

Kim, K. H., Bang, S. W., & Kim, S. R. (2004). Emotion recognition 
system using short-term monitoring of physiological signals. 
Medical and Biological Engineering and Computing, 42(3), 
419–427.

Kim, T., McFee, E., Olguin, D. O., Waber, B., & Pentland, A. S. 
(2012). Sociometric badges: Using sensor technology to capture 
new forms of collaboration. Journal of Organizational Behav-
ior, 33(3), 412–427. https​://doi.org/10.1002/job.1776.

Laborde, S., Mosley, E., & Thayer, J. F. (2017). Heart rate vari-
ability and cardiac vagal tone in psychophysiological research: 
Recommendations for experiment planning, data analysis, and 
data reporting. Frontiers in Psychology, 8, 213. https​://doi.
org/10.3389/fpsyg​.2017.00213​.

Lago-Ballesteros, J., & Lago-Peñas, C. (2010). Performance in team 
sports: Identifying the keys to success in soccer. Journal of 
Human Kinetics, 25(1), 85–91. https​://doi.org/10.2478/v1007​
8-010-0035-0.

LeCouteur, A., & Feo, R. (2011). Real-time communication during 
play: Analysis of team-mates’ talk and interaction. Psychology 
of Sport and Exercise, 12(2), 124–134. https​://doi.org/10.1016/j.
psych​sport​.2010.07.003.

Mathieu, J. E., Heffner, T. S., Goodwin, G. F., Salas, E., & Cannon-
Bowers, J. (2000). The influence of shared mental models on 
team process and performance. Journal of Applied Psychology, 
85, 273–283. https​://doi.org/10.1037/0021-9010.85.2.273.

Mohammed, S., Ferzandi, L., & Hamilton, K. (2010). Metaphor 
no more: A 15-year review of the team mental model con-
struct. Journal of Management, 36(4), 876–910. https​://doi.
org/10.1177/01492​06309​35680​4.

Mohammed, S., Hamilton, K., Sánchez-Manzanares, M., & Rico, 
R. (2017). Team cognition: Team mental models and situa-
tion awareness. In E. Salas, R. Rico, & J. Passmore (Eds.), The 
psychology of team working and collaborative processes (pp. 
369–392). Hoboken, NJ: Wiley Blackwell.

https://doi.org/10.1177/1555343416646684
https://doi.org/10.1177/1555343416646684
https://doi.org/10.3389/fpsyg.2016.00246
https://doi.org/10.3389/fpsyg.2016.00246
https://doi.org/10.1518/001872000779656561
https://doi.org/10.1016/j.jshs.2019.12.004
https://doi.org/10.1016/j.jshs.2019.12.004
https://doi.org/10.1080/1750984X.2010.519400
https://doi.org/10.1080/1359813980090106
https://doi.org/10.1080/1359813980090106
https://doi.org/10.1523/ENEURO.0184-16.2016
https://doi.org/10.1007/s11332-018-0519-1
https://doi.org/10.1007/s11332-018-0519-1
https://doi.org/10.3389/fpsyg.2015.00799
https://doi.org/10.7717/peerj.2457
https://doi.org/10.1080/02640414.2016.1158413
https://doi.org/10.1080/02640414.2016.1158413
https://doi.org/10.1075/is.16035.fil
https://doi.org/10.1075/is.16035.fil
https://doi.org/10.1080/02640414.2014.957714
https://doi.org/10.1080/08959285.2015.1120304
https://doi.org/10.1002/ecs2.2159
https://doi.org/10.1002/ecs2.2159
https://doi.org/10.1207/s15516709cog0000_34
https://doi.org/10.1016/j.brainresbull.2006.02.009
https://doi.org/10.1016/j.brainresbull.2006.02.009
https://doi.org/10.1111/tops.12260
https://doi.org/10.1037/a0032257
https://doi.org/10.1037/a0032257
https://doi.org/10.3389/fpsyg.2018.00300
https://doi.org/10.1002/job.1776
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.2478/v10078-010-0035-0
https://doi.org/10.2478/v10078-010-0035-0
https://doi.org/10.1016/j.psychsport.2010.07.003
https://doi.org/10.1016/j.psychsport.2010.07.003
https://doi.org/10.1037/0021-9010.85.2.273
https://doi.org/10.1177/0149206309356804
https://doi.org/10.1177/0149206309356804


Applied Psychophysiology and Biofeedback	

1 3

Oostenveld, R., & Praamstra, P. (2001). The five percent electrode 
system for high-resolution EEG and ERP measurements. Clini-
cal Neurophysiology, 112(4), 713–719.

Pacheco, N. C. (2016). Neurofeedback for peak performance train-
ing. Journal of Mental Health Counseling, 38(2), 116–123. 
https​://doi.org/10.17744​/mehc.38.2.03.

Podsakoff, P. M., MacKenzie, S. B., Lee, J. Y., & Podsakoff, N. 
P. (2003). Common method biases in behavioral research: A 
critical review of the literature and recommended remedies. 
Journal of Applied Psychology, 88(5), 879–903. https​://doi.
org/10.1037/0021-9010.88.5.879.

Raudenbush, S. W. (2004). HLM 6: Hierarchical linear and nonlin-
ear modeling. Scientific Software International.

Russell, J. A., Weiss, A., & Mendelsohn, G. A. (1989). Affect grid: 
A single-item scale of pleasure and arousal. Journal of Per-
sonality & Social Psychology, 57(3), 493–502. https​://doi.
org/10.1037/0022-3514.57.3.493.

Sänger, J., Müller, V., & Lindenberger, U. (2012). Intra- and inter-
brain synchronization and network properties when playing gui-
tar in duets. Frontiers in Human Neuroscience, 6, 1–19. https​://
doi.org/10.3389/fnhum​.2012.00312​.

Sänger, J., Müller, V., & Lindenberger, U. (2013). Directionality in 
hyperbrain networks discriminates between leaders and followers 
in guitar duets. Frontiers in Human Neuroscience, 7, 1–14. https​
://doi.org/10.3389/fnhum​.2013.00234​.

Shin, J. H. (2009). Application of repeated-measures analysis of vari-
ance and hierarchical linear model in nursing research. Nursing 
Research, 58(3), 211–217. https​://doi.org/10.1097/NNR.0b013​
e3181​99b5a​e.

Stander, P. E. (1992). Cooperative hunting in lions: The role of the 
individual. Behavioral Ecology and Sociobiology, 29, 445–454. 
https​://doi.org/10.1007/BF001​70175​.

Stone, D., Tamburro, G., Filho, E., di Fronso, S., Robazza, C., Bertollo, 
M., et al. (2019). Hyperscanning of interactive juggling: Exper-
tise influence on source level functional connectivity. Frontiers in 
Human Neuroscience. https​://doi.org/10.3389/fnhum​.2019.00321​.

Strack, B., Linden, M., & Wilson, V. S. (Eds.). (2011). Biofeedback & 
neurofeedback applications in sport psychology. Association for 
Applied Psychophysiology and Biofeedback.

Thorson, K. R., West, T. V., & Mendes, W. B. (2018). Measuring physi-
ological influence in dyads: A guide to designing, implementing, 
and analyzing dyadic physiological studies. Psychological Meth-
ods, 23(4), 595–616. https​://doi.org/10.1037/met00​00166​.

Weimerskirch, H., Martin, J., Clerquin, Y., Alexandre, P., & Jiraskova, 
S. (2001). Energy saving in flight formation. Nature, 413, 697–
698. https​://doi.org/10.1038/35099​670.

Westli, H., Johnsen, B., Eid, J., Rasten, I., & Brattebø, G. (2010). 
Teamwork skills, shared mental models, and performance in simu-
lated trauma teams: An independent group design. Scandinavian 
Journal of Trauma, Resuscitation and Emergency Medicine, 18, 
1–8. https​://doi.org/10.1186/1757-7241-18-47.

Yuvaraj, R., Murugappan, M., Ibrahim, N. M., Omar, M. I., Sunda-
raj, K., … Mohamad, K. (2014). On the analysis of EEG power, 
frequency and asymmetry in Parkinson’s disease during emotion 
processing. Behavioral and Brain Functions, 10(1), 12–30. https​
://doi.org/10.1186/1744-9081-10-12.

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.17744/mehc.38.2.03
https://doi.org/10.1037/0021-9010.88.5.879
https://doi.org/10.1037/0021-9010.88.5.879
https://doi.org/10.1037/0022-3514.57.3.493
https://doi.org/10.1037/0022-3514.57.3.493
https://doi.org/10.3389/fnhum.2012.00312
https://doi.org/10.3389/fnhum.2012.00312
https://doi.org/10.3389/fnhum.2013.00234
https://doi.org/10.3389/fnhum.2013.00234
https://doi.org/10.1097/NNR.0b013e318199b5ae
https://doi.org/10.1097/NNR.0b013e318199b5ae
https://doi.org/10.1007/BF00170175
https://doi.org/10.3389/fnhum.2019.00321
https://doi.org/10.1037/met0000166
https://doi.org/10.1038/35099670
https://doi.org/10.1186/1757-7241-18-47
https://doi.org/10.1186/1744-9081-10-12
https://doi.org/10.1186/1744-9081-10-12

	Coordination Cost and Super-Efficiency in Teamwork: The Role of Communication, Psychological States, Cardiovascular Responses, and Brain Rhythms
	Abstract
	Study 1
	Methods
	Participants
	Measures
	Performance Data
	Subjective Data
	Arousal and Pleasantness
	Attentional States
	Self-efficacy and Others’ Efficacy

	Communication Data
	Cardiovascular Data
	Experimental Task and Procedures
	Data Analysis

	Results
	Performance and Subjective Data
	Communication Data
	Cardiovascular Data

	Discussion
	Changes in Communication Patterns, Pleasantness and HR Over Time

	Study 2
	Methods
	Participants
	Measures
	Performance Data
	Subjective Data
	Cardiovascular Data
	EEG Data

	Experimental Task and Procedures
	Data Analysis

	Results
	Performance and Subjective Data
	Cardiovascular Data
	EEG Data

	Discussion
	Changes in Attention, HRV, and Brain Rhythms in Teamwork

	Study 3
	Methods
	Participants
	Measures
	Experimental Task, Procedures, and Data Analysis

	Results
	Performance and Subjective Data
	Cardiovascular Data
	EEG Data

	Discussion
	Changes in Performance (Number of Fouls), Cardiovascular Responses, and Brain Rhythms Over Time

	General Discussion
	Limitations and Future Research
	Conclusions
	References




