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Team flow is a unique brain state associated with enhanced information 77 

integration and inter-brain synchrony 78 

 79 

ABSTRACT 80 

 81 

Team flow occurs when a group functions in a high task engagement to achieve a goal, commonly seen 82 

in performance and sports. Team flow can enable enhanced positive experiences, as compared to individual flow 83 

or regular socializing. However, the neural basis for this enhanced behavioral state remains unclear. Here, we 84 

identified neural correlates of team flow in human participants using a music rhythm task with 85 

electroencephalogram hyperscanning. Experimental manipulations held the motor task constant while disrupting 86 

the corresponding hedonic music to interfere with the flow state or occluding the partner's positive feedback to 87 

impede team interaction. We validated these manipulations by using psychometric ratings and an objective 88 

measure for the depth of flow experience, which uses the auditory-evoked potential of a task-irrelevant stimulus. 89 

Spectral power analysis at both the scalp sensors and anatomical source levels revealed higher beta-gamma 90 

power specific to team flow in the left middle temporal cortex. Causal interaction analysis revealed that the left 91 

middle temporal cortex is downstream in information processing and receives information from areas encoding 92 

the flow or social states. The left middle temporal cortex significantly contributes to integrating information. 93 

Moreover, we found that team flow enhances global inter-brain integrated information and neural synchrony. We 94 

conclude that the neural correlates of team flow induce a distinct brain state. Our results suggest a neurocognitive 95 

mechanism to create this unique experience. 96 

 97 

SIGNIFICANCE STATEMENT 98 

 99 

This report presents neural evidence that teams falling into the flow state (team flow), a highly positive 100 

experience, have a unique brain state distinct from ordinary flow or social states. We established a new objective 101 

neural measure of flow yet consistent with subjective reports. We identified neural markers of team flow at the left 102 
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middle temporal cortex. We showed the left middle temporal cortex had a unique causality and contributed to 103 

information integration during team flow. Finally, we showed that team flow is an independent inter-brain state 104 

with enhanced information integration and neural synchrony. The data presented here suggest a neurocognitive 105 

mechanism of team flow. 106 

 107 

INTRODUCTION 108 

 109 

Flow state, or “getting into the zone”, is a psychological phenomenon that develops when balancing the 110 

performance with the challenge of a task and providing clear goals and immediate feedback (Csikszentmihalyi, 111 

1975; Nakamura and Csikszentmihalyi, 2002). The flow state is characterized by intense task-related attention, 112 

effortless automatic action, a strong sense of control, a reduced sense of external and internal awareness, and a 113 

reduced sense of time
 
(Nakamura and Csikszentmihalyi, 2002). The flow state is intrinsically rewarding and can 114 

positively affect subsequent experiences (Csikszentmihalyi, 1975; Nakamura and Csikszentmihalyi, 2002; 115 

Csikszentmihalyi, 2014; Harmat, 2016). Because of these characteristics, flow is intensely-studied topic in sports, 116 

music, education, work, and gaming. The flow state can develop during an individual (solo) activity or a group 117 

activity. There is a growing interest in studying flow in group activities, i.e., group flow, among several fields 118 

including psychology, sociology, organizational behavior, and business. (Sawyer, 2007; Walker, 2010; Hart and Di 119 

Blasi, 2013; Salanova et al., 2014; Hari et al., 2015; Pels et al., 2018). Team flow is a specific case of group flow 120 

in which the group forms a team that is characterized by a common purpose, complementary skills, clear 121 

performance goals, strong commitment, and mutual accountability (Katzenbach and Smith, 1993a; Katzenbach 122 

and Smith, 1993b; van den Hout et al., 2018). The positive subjective experience during team flow, as in sports 123 

teams, music ensembles, dance squads, business teams, or video gaming teams, is superior to everyday social 124 

interaction or experiencing individual flow  (Sato, 1988; Hari et al., 2015; Pels et al., 2018).  125 

A simplistic assumption is that team flow is a simple combination of the flow and the social states. These 126 

two states are disparate, in other words, acting in a social context is not necessarily sufficient to get into the flow 127 

state, and vice versa. In prior reports, the neural mechanisms underlying the individual flow state and social 128 

experience have been studied in isolation. For social information processing, several networks have been 129 
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implicated. Social perception, empathy, mentalization, and action observation networks may provide partially 130 

overlapping brain regions in conjunction with the amygdala, anterior cingulate cortex (ACC), prefrontal cortex 131 

(PFC), inferior frontal gyrus (IFG), and the inferior and superior parietal lobule (IPL/SPL), respectively (Ongur and 132 

Price, 2000; Dodell-Feder et al., 2011; Lamm et al., 2011; Molenberghs et al., 2012; Stanley and Adolphs, 2013; 133 

Yang et al., 2015). Meanwhile, several studies of individual flow have shown increased activity in the IFG and the 134 

IPL/SPL, and decreased activity in the PFC (Klasen et al., 2012; Ulrich et al., 2014; Ulrich et al., 2016a, b; Harris 135 

et al., 2017). We cannot hypothesize that any of the aforementioned brain regions contribute to team flow since 136 

there are concordant and discordant overlaps. Hence, we posit that team flow is more than a combination of 137 

these two states and may arise from a unique interaction among these brain regions, which would reveal new 138 

neural correlates that create this unique team flow brain state.  139 

Phenomenologically, the experience of team flow is subjectively more intense than the individual flow 140 

state and ordinary social state. However, the underlying neural mechanism is still unclear. This study directly 141 

examines the underlying neural activity patterns, emerging at both the intra-brain and inter-brains levels during 142 

team flow. Using an exploratory approach, we identified the intra-brain correlates in team flow that are distinct 143 

from ordinary flow or social experiences. Using causality analysis, integrated information and neural synchrony 144 

data, we propose a model of the neural mechanisms that underlie team flow.  145 

 146 

 147 

MATERIALS AND METHODS 148 

Participants  149 

We recruited 78 participants for the screening process. In the main EEG experiment, 15 participants (5 150 

males; age: 18-35 years) attended and formed 10 pairs (3 male pairs), of which 5 participants (1 male) were 151 

paired twice.  Written informed consent was acquired from all participants. Human subjects were recruited at a 152 

location which will be identified if the article is published. All the procedures were approved by the Institutional 153 

Review Board of [Author University].  154 

 155 

Task  156 
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We used a commercial music rhythm game called “O2JAM U” (version 1.6.0.11, MOMO Co., South Korea) played 157 

on an iPad air (model No. MD786LL/B, system, iOS 10.3.2). The basic structure of this game follows the most 158 

common structure in the music rhythm genre. Two consecutive screenshots of the game are shown in Fig. 1A. 159 

Visual cues (notes) moves in lanes from the top to the bottom of the screen where the tapping area is located. 160 

There are two kinds of cues: short and long ones. A player's task is to tap when a short cue reaches the tapping 161 

area, and to tap and hold for the duration a long cue is at the tapping area. The cues are designed to give the 162 

impression of playing a musical instrument, which produces much of the positive experience of the game. The 163 

game displays two types of real-time feedback on the players’ performance. The first feedback type includes a 164 

semantic judgement expression (“EXCELLENT”, “GOOD”, or “MISS”) together with a numerical score presented 165 

at the center and the top corners of the screen (Fig. 1-1A). We made the first feedback type invisible to the 166 

participants, using a privacy screen protector, to enhance participants’ focus on the tapping area. The second 167 

feedback type is a flashing visual effect that appears at the tapping area each time the player taps at the correct 168 

timing with the cue (Fig. 1-1A). We kept this feedback type visible to the participants as positive reinforcement 169 

(Movie 1-1). The game provides two modes of play: a 2-lane or 4-lane mode, in which either 2 or 4 lanes of 170 

moving cues are presented. We used the 2-lane mode during individual screening with the participant responsible 171 

for both lanes. We used the 4-lane mode during the main experiment in which a pair of participants played with 172 

each participant responsible for two adjacent lanes. 173 

After playing each song (trial), the game displays a performance report on the screen, including a final 174 

numerical score, the total number of cues, and the number of missed cues. The performance report of each trial 175 

was hidden from the participants until they finish answering their subjective experience psychometric ratings. The 176 

percentage of the missed cues per the total number of cues was used as a metric for the performance of each 177 

pair of participants. 178 

Manipulations 179 

To create the Team Flow condition, the iPad was tilted and positioned, using a custom-made holder, 180 

equidistant from the pair of participants. Participants were instructed to sit on two chairs at a fixed distance, to 181 

keep their heads on chin rests, and to minimize their body movements except for finger movement. The iPad was 182 
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connected to a pair of stereo speakers placed horizontally and equidistant from the iPad and the pair of 183 

participants. A pair of participants played in the 4-lane mode. 184 

Previous studies controlled the flow experience by manipulating the skill-challenge level in the 185 

experimental setup, either passively by free task performance and retrograde classification of certain time periods 186 

into several flow levels (Klasen et al., 2012) or by actively controlling the task level to be either too easy 187 

(boredom), adaptive (flow), or too hard (overload) (Ulrich et al., 2014; Ulrich et al., 2016a, b). One of the issues 188 

with modifying the skill-challenge level to study flow is that this changes other cognitive functions, such as 189 

attention, sensory information processing, and cognitive load necessary to perform each task, as well as gross 190 

changes in motor behavior. Therefore, manipulating the skill-challenge level complicates the ability to distinguish 191 

the neural mechanisms underlying team flow interaction. To avoid this complexity, we kept the task identical in all 192 

conditions using the same sequence of tapping cues. We manipulated the intrinsic reward/enjoyment dimension 193 

of flow by scrambling the game music and hence disrupting the pleasant experience (Table 1). 194 

To create the Team Only condition, participants played the same song (i.e., an identical sequence of 195 

moving cues) as the Team Flow using the same setup; however, a reversed and shuffled version of the music 196 

was played from the same speakers (Table 1). The music for each song was reversed through an online audio 197 

editing website (https://audiotrimmer.com/online-mp3-reverser/) and then cut into 5-second fragments through an 198 

online audio cutter (http://mp3cut.net/). We randomly shuffled the fragments and rejoined them through an online 199 

audio joiner (http://audio-joiner.com/). 200 

To create the Flow Only condition, participants played the same song (i.e., an identical sequence of 201 

moving cues) as the Team Flow using the same setup; however, a black foam board (1 cm x 1.5 m x 75 cm) was 202 

placed between the chairs to completely block the participants’ view of each other, and a black piece of cardboard 203 

was placed across the iPad screen with an opening to show the visual cues but not the tapping area (Fig. 1-1A).   204 

 Screening process 205 

The participants were first tested using a selected song (269 cues per the 2 lanes) in the 2-lane mode to 206 

exclude unexperienced participants. Participants were qualified to complete the study if they missed no more than 207 

10 cues. Out of the 78 participants recruited for the first screening test, 54 participants were qualified and the 208 
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remaining 24 participants were excluded. The 54 qualified participants were also tested using other selected 209 

songs with a higher number of cues to confirm their skill level. Because the positive experience of this game 210 

depends on individual preference for the music rhythm, we prepared 11 songs (500 to 960 cues per the 4 lanes) 211 

in various genres. The 54 qualified participants were asked to rate their preferences for all the 11 songs 212 

separately on a 7-point scale (1 for “not like it at all”, 7 for “like very much”). Although the duration of the songs 213 

varied from 110 to 160 seconds, each song was played only for 1 minute, which was long enough to ensure that 214 

participants had heard the main rhythm of the song. We fixed the duration for all songs to ensure the accuracy of 215 

preference ratings. To avoid possible influence from the experimenter, the experimenter maintained a neutral 216 

attitude by avoiding eye contact with participants or a physical response to the music. Participants were paired 217 

based on their skill level and song preference rating.   218 

The second step of the process was to screen paired participants for their preference to the team set-up 219 

(Team Flow) versus playing in the team with board set-up (Flow Only ) or a single-player set-up (Solo Flow) in a 220 

behavior pilot experiment. For the Solo-Flow condition, we used the 2-lane mode of the game. At the end of the 221 

pilot experiment, we presented the following question: “Based on how much you enjoyed the performance and 222 

you want to play it again, please rank the following experiences: single-player set-up, team set-up, the team with 223 

board set-up.” We presented a scale from 1 (least preferred) to 7 (strongly preferred) in front of each set-up, and 224 

the ranking was not a forced-choice one. We excluded participants who ranked the team with board set-up or 225 

single-player set-up higher than the team set-up. Out of the 54 participants from the first screening step, 38 pro-226 

social participants were invited for the main experiment on another day, and the remaining 24 participants were 227 

excluded. For both the screening and the main experiment, we paired only same gender participants, and the 228 

main pairing criteria for qualified participants were their skill level and song preferences. As friends were 229 

encouraged to pair up to participate in this experiment, we preferred pairing friends into the main experiment if 230 

they satisfied the main criteria. Participants reported their relation with the partner by answering the question 231 

“Generally, how much time do you spend with the other player?”. Pairs who answered “First time to meet” or 232 

“Only meet in the last experiment” were categorized as strangers; pairs who answered “Less than 5 hours per 233 

week”, “5-20 hours per week”, or “More than 20 hours per week” were categorized as friends. In total, 17 234 

participants consisted of 6 pairs of strangers and 5 pairs of friends. 235 
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 236 

Main experiment 237 

After setting the EEG cap, the electrode positions were co-registered with the T1-MRI images using the 238 

Brainsight TMS Navigation system (Rogue Resolutions Ltd, United Kingdom). Then the paired participants, 239 

seated on two chairs at a fixed distance, underwent a beep-only trial. In this trial, they were instructed to passively 240 

listen to the task-irrelevant beep stimulus for 2.5 minutes, to keep their heads on chin rests and their eyes open, 241 

and to minimize their body movements. This trial was to check the EEG recording quality and verify that we could 242 

obtain a clear AEP response. The paired participants then performed a practice trial in the Flow Only condition to 243 

become familiarized with the procedure. Then each pair of participants was required to play 6 songs each at the 244 

Team Flow, Team Only, or Flow Only conditions forming 18 trials (Fig. 1 C and D). One pair played only 5 songs 245 

due to time availability. The sequence of songs and conditions were pseudo-randomized (Fig. 1 D). To keep 246 

participants’ continuous interest, the consecutive songs were always different (Fig. 1 D). To control practice and 247 

carryover effects, we arranged each condition to have an equal chance of being before or after the other 2 248 

conditions (Fig. 1 D). All trials included a resting phase and a playing phase (Fig. 1 C). During the resting phase, 249 

participants were instructed to passively listen to the task-irrelevant beep sound and the game background music 250 

for 30 seconds, to keep their heads on chin rests and their eyes open, and to minimize their body movements. 251 

Then, the experimenter asked participants to click the game-play icon on the iPad to start the playing phase.  252 

During the playing phase, participants were instructed to keep their heads on chin rests, to minimize their 253 

body movements except for finger movement, and to minimize vocal sounds that could distract their partner. The 254 

participants were allowed to give verbal comments related to the game. The participants did not comment while 255 

playing the game. They were only allowed to give verbal comments after answering the psychometric ratings and 256 

revealing the participants' final scores. We video recorded a top-view of the iPad and the participants’ hands using 257 

an iPhone fixed approximately 50 cm above the iPad where all the types of feedbacks were visible. After the 258 

playing phase of each trial, participants were given access to private screens and keyboards to freely answer the 259 

psychometric ratings on the flow experience and team interaction experience. Then, the pair were allowed to 260 

jointly view the performance report. The experimenter asked the participants whether they wanted to proceed to 261 
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the next trial or if they needed some rest to minimize the effect of fatigue on performance or EEG recording 262 

quality.  263 

Task-irrelevant stimulus 264 

A task-irrelevant auditory stimulus (a beep sound) was pseudo-randomly presented to probe the strength 265 

of the participants’ selective-attention to the game and was used as an objective measure of flow. We presented 266 

beep trains played at 5 Hz for 1 second (i.e., each train consisted of 5 beeps). Each beep was at 500 Hz and 267 

lasted for 10 milliseconds. The beep trains simulated the sound of someone knocking on a door to make the 268 

stimulus as natural as possible. The interval between the beep train varied from 4 - 8 seconds. The beeps were 269 

generated by Matlab 2012 (The MathWorks, Inc., Natick, Massachusetts, United States) and delivered through 270 

another pair of speakers placed equidistant from the iPad. 271 

 272 

Anatomical MRI acquisition 273 

To increase the accuracy of source estimation for cortical activity, individual head anatomy from each 274 

participant, who passed the screening and agreed to participate in the main experiment, was acquired with 275 

magnetic resonance imaging (MRI). A 3 Tesla Siemens Trio (Erlangen, Germany) scanner and standard radio 276 

frequency coil was used for the entire MRI scanning. High resolution structural images were collected using a 277 

standard MPRAGE pulse sequence, providing full brain T1-weighted 3-dimensional structural images. 278 

 279 

Psychometric ratings and calculation of experience indices  280 

From subjective reports, we calculated the flow, team, and team flow indices, by calculating the arithmetic 281 

mean of the ratings for each trial, to estimate subjective experience for flow state, positive team interaction, and 282 

team flow, respectively (Fig. 2-1). For assessing flow experience, we used psychometric ratings related to the 283 

skill-demand balance (Q1 and Q2), feeling in control (Q3), automaticity (Q4), enjoyment (Q5), and time perception 284 

(Q6) dimensions of flow (Nakamura and Csikszentmihalyi, 2002). For assessing team interaction, we used 285 

psychometric ratings related to awareness of partner (Q7), teamwork (Q8), and coordination (Q9) dimensions of 286 

positive team interaction. Psychometric ratings assessing competition (Q10) and distraction (Q11) were used to 287 

confirm the absence of negative team interactions and were not included in any index. The team flow index was 288 
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calculated by averaging the flow and team indices. In addition, we tested the effect of friendship between the two 289 

players (friend or stranger) on the subjective rating of flow. There was no significant difference between friend-290 

pairs and stranger-pairs in flow index, team index or team flow index (two-way repeated measures ANOVA, main 291 

effect of relation for flow index, F(1,18) = 0.6853, p = 0.4186; for team index, F(1,18) = 0.1557, p = 0.6978; for 292 

team flow index, F(1,18) = 1.4992, p = 0.2366). Therefore, we combined friend-pairs and stranger-pairs in the 293 

following analysis. 294 

 295 

Hyperscanning EEG recording and preprocessing 296 

Electroencephalogram (EEG) was recorded simultaneously from both participants using a dual BioSemi 297 

ActiveTwo system (BioSemi Inc., Amsterdam, The Netherlands). Each participant wore a cap holding 128 scalp 298 

Ag/AgCl electrodes. Signals were amplified by two daisy-chained ActiveTwo AD boxes where one AD box was 299 

connected to the control PC and worked as a master controlling the other AD box to ensure synchronization. 300 

Electrode impedance was kept below 10 kΩ. For each cap, an active Common Mode Sense (CMS) electrode and 301 

a passive Driven Right Leg (DRL) electrode positioned near the vertex served as the ground electrodes. EEG 302 

signals were recorded at a sampling rate of 2048 Hz (later down-sampled to 256 Hz). During recording, the A1 303 

electrode, or A2 electrode in 3 participants served as a reference. In the ABC layout (a Biosemi designed 304 

equiradial system), these electrodes overlap with the Cz location of the international 10–20 system. Signals were 305 

recorded and saved using ActiView/LabView software (version 8.04, BioSemi Inc., Amsterdam, The Netherlands) 306 

installed on the control PC. Another master PC was used to generate the task-irrelevant beep sound and to send 307 

signals to the EEG data receiver marking the onset of each beep train (event triggers). The event triggers were 308 

used to align the EEG data with the resting and the playing phases by using a real-time projection of the top-view 309 

video recording to the control PC. The experimenter confirmed that all the onsets of the beep trains happened 310 

during the resting or the playing phase periods.  311 

To analyze the auditory-evoked potentiation (AEP), EEG data were epoched -0.5 sec to 1 sec (1.5 sec 312 

total) flanking the beep train onsets (AEP epochs). To analyze the neural correlates (NC) of game play 313 

experience, EEG data were epoched 2 sec to 5 sec (3 secs total) after the beep train onset (NC epochs; Fig. 1 314 

C). EEG data was band-pass filtered at 0.5-50 Hz, using the Parks-McClellan FIR filter, and re-referenced to the 315 

average of all channels. After this initial preprocessing, we did a visual inspection for artifacts, including EMG, 316 
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then performed artifact-rejection using automatic independent component analysis (ICA) rejection using the 317 

FASTER toolbox (Nolan et al., 2010). Bad channels showing line noise noted during recording sessions were 318 

rejected and interpolated during the FASTER preprocessing. 319 

 320 

Auditory evoked potential analysis 321 

To select the channels maximally responsive to the task-irrelevant auditory stimuli, we analyzed the AEP 322 

epochs during the resting phase. We calculated the event-related spectral perturbation (ERSP) and the inter-323 

epoch coherence (IEC) using the EEGLAB toolbox (version 14.1.1) (Brunner et al., 2013). Both ERSP and IEC 324 

showed changes in theta activity (3 – 7 Hz) at 100 – 350 ms post-onset, with a peak increase at 150 – 250 ms 325 

post-onset (Fig. 2-2 A,B). Topographical analysis in the theta band showed strong positive activity in the 14 326 

central channels from 200 - 260 ms post-onset (Fig. 2-2 C). The frequency, time, and topographical frames of our 327 

AEP were consistent with previous reports (van Driel et al., 2014; Stropahl et al., 2018). For each trial, we used 328 

IEC in the theta band during the resting phase to select channels showing stable AEP. IEC was averaged across 329 

the 14 central channels, and channels showing IEC lower than one standard error below the mean were excluded 330 

from further AEP analysis for that trial. We then analyzed theta power from -200 ms to 500 ms flanking the beep 331 

train onsets during the resting and the playing phase (Fig. 2-2 A,B). AEP peak amplitude was calculated 332 

according to the method described by a previous simulation report showing that event-related potential measured 333 

based on the mean amplitude surrounding the group latency is the most robust against background noise 334 

(Clayson et al., 2013). Therefore, we calculated the N1, P2, and N2 peak latencies averaged across all conditions 335 

during the resting phase (Fig. 2-2 D). The individual N1, P2, and N2 mean peak amplitudes ± 40 ms surrounding 336 

the calculated peak latencies were obtained during the playing phase (Fig. 2-2 E). This resulted in the following 337 

time windows: N1 (110 – 150 ms), P1 (210 – 250 ms), and N2 (310 – 350 ms). The amplitude peaks at these time 338 

windows were averaged, considering polarity (i.e., (P2-N1-N2)/3), and used as AEP (Fig. 2 F,G).  339 

 340 

Anatomically-defined source estimations  341 

FreeSurfer
 
(Reuter et al., 2012) was used for automatic segmentation and reconstruction of the MRI 342 

images. MRI images were used to compute each individualized head model using the boundary element model 343 

(BEM) implemented in OpenMEEG withinthe BrainStorm software package (version 3.4) using the default 344 
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parameters (Gramfort et al., 2010; Tadel et al., 2011). MRI registration with EEG electrode-positions were aligned 345 

with each participant’s BEM model, and sources were computed (version 2018) using BrainStorm for each NC 346 

epoch in the playing phase. Maps of cortical activity density were obtained across the BEM mesh using the 347 

distributed minimum-norm estimate (MNE) method, with constrained dipole orientations and no baseline noise 348 

correction. For cortical region-based analysis, brain regions were defined according to the anatomical parcellation 349 

of the Destrieux atlas as implemented in FreeSurfer and available in BrainStorm (Destrieux et al., 2010). The time 350 

series of source activities from the 15002 vertices and the averaged activity of the predefined 148 regions of 351 

interest (ROIs) were exported for further analysis. 352 

 353 

Power spectrum analysis 354 

The power spectral density (PSD) estimate was calculated using Welch's overlapped segment averaging 355 

estimator as implemented in the MATLAB 2016a signal processing toolbox within the EEGLAB toolbox using 356 

default parameters (Welch, 1967; Brunner et al., 2013). The normalized PSD was calculated for each NC epoch 357 

then averaged within each trial yielding trial PSD data at each of the 128 channels, the 148 brain region sources, 358 

and the 15002 mesh vertex sources. For each song played, the individual’s mean PSD across the three 359 

conditions was calculated. The normalized power was calculated by subtracting the individual’s mean PSD from 360 

the PSD at each condition. The normalized power was averaged within the following frequency bands: delta (1 – 361 

3 Hz), theta (4 – 7 Hz), alpha (8 -12 Hz), beta (13 – 30 Hz), gamma (31 – 120 Hz), and lower gamma (31 – 50 362 

Hz). We started with exploratory analysis by checking the normalized power grand-averaged across all channels 363 

for each frequency band (Fig. 3-1). We found significant differences across conditions in the gamma (31 – 120 364 

Hz; one-way repeated measures ANOVA, F(2,57) = 5.1445, p = 0.0105) band, and showing a trend in the alpha 365 

(8 -12 Hz; one-way repeated measures ANOVA, F(2,57) = 2.3661, p = 0.1075) and beta (13 – 30 Hz; one-way 366 

repeated measures ANOVA, F(2,57) = 2.0504, p = 0.1427) bands. The delta (1 – 3 Hz; one-way repeated 367 

measures ANOVA, F(2,57) = 0.5378, p = 0. 5884) and theta (4 – 7 Hz; one-way repeated measures ANOVA, 368 

F(2,57) = 0.1129, p = 0.8936) bands were not significant. For the topographical analysis, the normalized power for 369 

the 128 channel data and the permutation statistics with Bonferroni multiple comparison correction were projected 370 

to topographical maps using EEGLAB toolbox. As detecting high-gamma power (> 50 Hz) using noninvasive EEG 371 

might be prone to artifacts (Volker et al., 2018), we only considered the combined beta and low-gamma (beta-372 



 

14 

 

gamma) band (13-50 Hz) for further analysis. We used one-way repeated measures ANOVA across conditions for 373 

determining the significance in each anatomical-source beta-gamma power effect. We set the significance 374 

threshold to p < 0.00034 (i.e. 0.05 / 148 ROIs) to correct for multiple comparisons (Bonferroni-corrected critical 375 

value). 376 

 377 

Unsupervised clustering analysis 378 

We clustered the 15002 mesh vertex sources based on their beta-gamma power. We used scikit-learn, a 379 

Python machine learning library, and implemented the unsupervised agglomerative clustering approach (Abraham 380 

et al., 2014). Agglomerative clustering uses a bottom-up hierarchical approach where vertices are progressively 381 

linked together into clusters based on their feature similarity.  We used 3 features for clusters which are the grand 382 

averaged beta-gamma normalized power at each of the 3 conditions. We used the Euclidean distance as a 383 

similarity measure and the complete linkage criteria, which minimizes the maximum distance between 384 

observations of pairs of clusters. We have tried setting the number of clusters into 3 – 40 clusters. We selected 385 

the minimum number of clusters, 7 in our case, that shows trends for flow- and team-related clusters. When we 386 

set the number of clusters to 3 up to 6 clusters, the anatomical resolution was not clear. When we set the number 387 

of clusters to more than 7 clusters, the anatomical resolution was more clear, and we obtained higher significant 388 

clusters even after multiple comparison. When we set the number of clusters to 7 clusters (Fig. 4-2), we detected 389 

two clusters (cls) distributed over the anterior part of the frontal cortex, where the beta-gamma power was higher 390 

in the Team Only condition than the other conditions (Fig. 4-2 C and D; cls 1 and 2). This pattern was significant 391 

in cl 2 (one-way repeated measures ANOVA, F(2,57) = 3.6125, p = 0.033), while cl 1 showed a trend (one-way 392 

repeated measures ANOVA, F(2,57) = 1.5916, p = 0.2125). The suppressed activity in these clusters is specific to 393 

the flow experience, regardless of the social context, which is consistent with a neural representation of the 394 

automaticity-dimension of flow (Klasen et al., 2012; Ulrich et al., 2014). We also detected two clusters distributed 395 

mostly over the middle and inferior frontal cortex and the left occipital cortex, where the beta-gamma power was 396 

lower in the Flow Only condition than the other conditions (Fig. 4-2 C and D; cls 3 and 4). This pattern was 397 

significant in cl 4 (one-way repeated measures ANOVA, F(2,57) = 7.4841, p = 0.0013), while cl 3 showed a trend 398 

(one-way repeated measures ANOVA, F(2,57) = 2.4288, p = 0.0972). The increased activity in these clusters is 399 

specific to team interactions, regardless of the flow state. The remaining clusters were distributed mostly over the 400 
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temporal, parietal, and occipital cortices, where the beta-gamma power was higher in the Team Flow condition 401 

than the other conditions (Fig. 4-2, C and D; cls 5 - 7). This pattern was significant in all three cls: cl 5 (one-way 402 

repeated measures ANOVA, F(2,57) = 11.8753, p = 0.000049), cl 6 (one-way repeated measures ANOVA, 403 

F(2,57) = 9.548, p = 0.00027), and cl 7 (one-way repeated measures ANOVA, F(2,57) = 6.9256, p = 0.002). The 404 

increased activity in these clusters was specific to team flow.  405 

 406 

Grouping of ROIs   407 

Firstly, the anatomically-defined ROIs that showed significant beta-gamma normalized power across 408 

conditions, as shown in Fig. 3-2 A-C, were grouped as RG7 regardless of their cluster composition. Second, for 409 

the remaining anatomical-defined ROI, we calculated the cluster composition as the percentage of the flow-410 

related clusters (cls1-2), team-related clusters (cls3-4), and team flow-related clusters (cls5-7). We checked if the 411 

anatomically-defined ROIs can be spatially subdivided into smaller ROIs with clear tendencies for a certain 412 

activity-dependent cluster composition (Fig. 4-1A). This check was done by calculating a cumulative cluster 413 

composition curve to define a threshold for subdividing the ROIs (Fig. 4-1B). We presented the superior frontal 414 

cortex as an example of the subdivided ROIs (Fig. 4-1A,B). Finally, we grouped anatomically-defined ROIs or 415 

their subdivisions into 6 regions (RGs) per hemisphere based on the major activity-dependent cluster composition 416 

(Fig. 4-1C). Therefore, the total number of RGs was 14 RGs (7 RGs per hemisphere). For each of the 14 RGs, 417 

the activity-dependent cluster composition is summarized in Figure 4-3 and the anatomical composition is 418 

summarized in Figure 4-4. The time series from all the 15002 vertices were averaged based on the new 14 RGs 419 

and hence reduced into 14 time series for each trial per participant.  420 

 421 

Intra-brain causal interactions analysis 422 

We used the Source Information Flow Toolbox (SIFT) to fit an adaptive multi-variate autoregressive 423 

(AMVAR) model for the 14 RGs activities for each subject’s trial using the Vieira–Morf algorithm (Delorme et al., 424 

2011). We fitted the NC epoch with a sliding window length of 500 ms and a step size of 25 ms (Wang et al., 425 

2014). Model order was selected by minimizing the Akaike Information criterion. We validated each fitted model 426 

using tests included in SIFT for consistency, stability, and whiteness of residuals. To estimate causal interactions, 427 

we used three directed model-based linear frequency-domain Granger-causality measures (Wang et al., 2014). 428 
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These measures are the normalized Partial Directed Coherence (nPDC)(Baccala and Sameshima, 2001), the 429 

direct Directed Transfer Function (dDTF)(Korzeniewska et al., 2003), and the Granger- Geweke Causality 430 

(GGC)(Geweke, 1982; Bressler et al., 2007). For each connectivity measure, we averaged across trials for each 431 

participant per condition, then averaged across the NC epoch time interval (3 secs) and across the beta-gamma 432 

(13 – 50 Hz) frequency. Finally, to quantify the degree by which an RG sends or receives information, we 433 

calculated the ratio of sending (To) divided by receiving (From) for each RG-RG interaction and then average 434 

these ratios for each RG per condition per participant (To/From ratio). A two-way repeated measures ANOVA was 435 

used as statistical test. To calculate the information senders for RG-RG causal interactions, we used the Log 436 

To/From GGC ratio for each RG-RG connection. Top information senders were calculated by setting a threshold 437 

with a p-value of 0.064. The RG-RG connections above this threshold were represented on a circular graph.        438 

 439 

Integrated Information analysis 440 

Integrated Information (II) was used as a measure of inter-RG bidirectional causal interaction. For every 441 

pair of time courses of the RGs activities, within and between participants, we operationalized the “state” of the 442 

pair of RGs by discretizing time-samples into binary values. To roughly match the frequency range of 13-50 Hz, 443 

we first down-sampled the RGs activities to give timesteps of 12.8, 17.1, 25.6Hz or 51.2Hz (that is, a time step of 444 

19.5, 39.1, 58.6, or 78.1 ms). Using the down-sampled RGs activities, we then converted each pair of consecutive 445 

time samples to “on” if the RGs activity’s voltage was increasing over two time steps and “off” otherwise. Using 446 

the time series of binarized states, we computed the probabilities of each state transitioning into each other state, 447 

constructing a transition probability matrix (TPM) which describes the evolution of the pair of RGs activities across 448 

time. To ensure accuracy of transition probabilities, we computed these across all trials.  As lower time resolutions 449 

give fewer observations with which to compute the probabilities, we repeated the down-sampling for each 450 

possible “start” (i.e., for each time-sample in the first time-bin) and used all transitions from all shifted-down-451 

sampled time series to build the TPM. We then submitted the TPM to PyPhi (1.2.0) (Mayner et al., 2018), which 452 

then constructs a minimally reducible version of the TPM, assuming independence of RGs activities, and 453 

compares the original TPM to the minimally reducible version to compute Integrated Information (Oizumi et al., 454 

2014; Mayner et al., 2018). For each actual pair, we calculated the normalized Integrated Information value by 455 

subtracting the absolute value from the average across all conditions for each RG-RG connection. A three-way 456 
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repeated measures ANOVA (condition × RG1 x RG2) was used as a statistical test for normalized Integrated 457 

Information at each RG-RG connection. The Global normalized Integrated Information was calculated through 458 

averaging normalized Integrated Information values across all possible RG-RG connections. A one-way repeated 459 

measures ANOVA was used as a statistical test for Global normalized Integrated Information.    460 

 461 

Phase synchrony analysis  462 

The phase-locking value (PLV), or inter-site phase clustering (ISPC), was used as an index of neural 463 

synchrony. The distribution of the phase angle differences between sources was generated at each time point 464 

(within the NC epoch 3 sec window) then averaged over (ISPC-trial) (Lachaux et al., 1999; Cohen, 2014). ISPC-465 

trial was calculated at each frequency and then averaged across the frequency band of 13 – 50 Hz. For each 466 

condition, we calculated the ISPC-trial between all sources for the actual pairs or for each of 10 randomly-467 

assigned pairs. For each actual or random pair, we calculated the normalized PLV value by subtracting the PLV 468 

value from the average across all conditions for each RG-RG connection. The Global normalized PLV was 469 

calculated through averaging normalized PLV values across all possible RG-RG connections. A two-way 470 

repeated measures ANOVA was used as a statistical test. 471 

 472 

Statistical analysis 473 

All statistics were done using the Statistics and Machine Learning Toolbox within MATLAB 2016a and 474 

JASP (Version 0.14.1). We compared non-overlapping dependent correlations, as described in the article 475 

(https://garstats.wordpress.com/2017/03/01/comp2dcorr/), using the Robust Correlation Toolbox in Matlab 476 

(http://sourceforge.net/projects/robustcorrtool/) which was validated for Spearman’s correlation (Wilcox, 2016). In 477 

this section, we give a parameter justification for each analysis based on the rationale for doing the analysis.  478 

Screening process: the screening process is necessary in this study to attain reasonable team flow behavioral 479 

response. In the first screening process, we needed to assure that participants who signed up for this study have 480 

enough skill to fall into the flow state. In the second screening process, we needed to match participants based on 481 

their skill and song preference. We assumed that this screening would maximize the chances of finding pairs of 482 

participants who can reach the team flow state. Sample size: The final number of participants was mainly 483 

constrained by availability after the screening process. We tried to kept the final number of participations similar to 484 
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the sample sizes reported in similar publications (Yun et al., 2012). Note: during the main experiment, the data 485 

collection process for one male pair of participants was interrupted due to a technical error, and the collected data 486 

was excluded from data analysis. Trial numbers: we limited the number of trials to 6 per condition to avoid fatigue 487 

which might have compromised the possibility of falling into the flow state in later trials. For one pair, we could 488 

only collect 5 trials per condition due to time constraints. For another pair, one of the trials contained excessive 489 

noise, and hence, we excluded this trial and all corresponding trials in the other conditions. Units of analysis: 490 

Unless otherwise described, the unit of analysis is participant, i.e. n = 15. For the 5 participants invited twice, we 491 

averaged the results from the two experiments giving one data point. In some analyses, the unit of analysis was 492 

participation, i.e., n = 20. For the performance analysis, the unit of analysis was the final score for the pair, i.e., n 493 

= 10. Data collection was not performed blind to the conditions of the experiment. Experimental blinding was not 494 

possible due to the overt and obvious nature of the experimental setup for each manipulation. Data in all 495 

conditions were subjected to identical analysis algorithms.  496 

 497 

Data Availability 498 

Analysis codes used in the preparation of this article are available at https://osf.io/3b4hp.  499 

 500 

RESULTS 501 

 502 

Behavioral paradigm for team flow 503 

 504 

We designed a behavioral paradigm to assess team flow, in which a pair of participants played a popular 505 

music rhythm game. The game’s task required responses by tapping a touch screen when animated visual cues 506 

reached a designated area and delivered instantaneous positive feedback. The game created the impression of 507 

playing a musical instrument, which increases the likelihood of entering a flow state. Each pair of participants 508 

played as a team by splitting the tapping area and sharing in task completion with the common goal of obtaining 509 

the best score for the team.  We simultaneously recorded their brain activities using electroencephalogram (EEG) 510 
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(Fig. 1 A, Fig. 1-1 and Movie 1-1). Participants were screened to select prosocial highly-skilled participants in this 511 

game and were matched according to their skill level and song preference (see methods for more details).   512 

In the primary experimental condition, the Team Flow condition, teams played the unmodified songs in an 513 

open interpersonal setting to maximize the team flow experience (Fig. 1 B left panel). To fulfill the team 514 

characteristics: 1- common purpose: we instructed each pair of participants (team) to get the highest score for the 515 

team., 2- complimentary skills: we matched participants based on skill and song preference., 3- clear performance 516 

goals: we provided the performance feedback at the end of each trial., 4- keep a strong commitment: we allowed 517 

for the visibility of teammate’s instant feedback., and 5- mutual accountability: we explained that a decrease in 518 

performance from any teammate would affect the total score. We designed two control conditions to manipulate 519 

either the flow or the social states. To disrupt the flow state, we manipulated the Team Only condition by 520 

modulating the intrinsic reward/enjoyment dimension for flow by scrambling the game’s music. This procedure 521 

then interrupted the sense of immersion and the continuity of the game (Fig. 1 B middle panel). To disrupt the 522 

social state in the Flow Only condition, we used an occlusion board between the two participants that occluded 523 

the partner’s positive feedback and bodies while leaving all of the cues visible to both players (Fig. 1 B right panel, 524 

and Fig. 1-1 A). We designed the manipulations to disrupt one component of team flow per condition to ensure 525 

that any discovered neural correlate for team flow did not arise from only one of these components.  526 

To control for stimuli-related neural activities, we kept all stimuli constant across conditions by asking the 527 

teams to play the same song at the three conditions (Fig. 1 C). For each song, the visual stimulus (cue 528 

sequence), the total auditory stimulus presented, task difficulty, and the sequence of the task-irrelevant beeps 529 

were kept constant across conditions (Table 1). Then we normalized the neural signals per song. The only 530 

remaining variables across conditions were the song’s pleasance and the visibility of the partner’s positive 531 

feedback. There were no differences in the participants’ performances across conditions (repeated measures 532 

one-way repeated measures ANOVA, F(2,27) = 0.02437, p = 0.976), which ensure no differences in gross motor 533 

responses.  534 

 535 

Subjective assessment of team flow 536 

 537 
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To validate our manipulations, participants performed psychometric ratings after each trial (Fig. 1 D and 538 

Fig. 1-1 B). To assess the dimensions of the flow state, we presented the participants with the following 539 

psychometric ratings: (1) “I had the necessary skill to play this trial successfully.”, (2) “I will enjoy this trial more if it 540 

has less/more notes.”, (3) “I felt in control while playing this trial.”, (4) “I made correct movements automatically 541 

without thinking.”, (5) “I love the feeling of this trial and want to play it again.”, and (6) “How time flies during this 542 

trial. ”. To assess positive social interaction for teams, we presented the following: (7) “I was aware of the other 543 

player's actions.”, (8) “I felt like I was playing with the other person as a team.”, and (9) “I was coordinating my 544 

fingers with the other player’s fingers.” (Fig. 2-1). Responses were collected on a 7-point Likert scale and 545 

averaged into a flow index by averaging responses across (1) to (6), a team index by averaging across (7) to (9), 546 

and a team flow index by averaging across (1) to (9). As expected, the flow index decreased significantly in the 547 

Team Only condition than the other two conditions (Friedman Test, non-parametric repeated measures ANOVA, 548 

chi-square = 20.133, p < 0.001, n = 15; Fig. 2 A). The team index decreased significantly in the Flow Only 549 

condition than the other two conditions (Friedman Test, chi-square = 20.373, p < 0.001, n = 15; Fig. 2 B). The 550 

team flow index was significantly higher in the Team Flow condition more than the other two conditions (Friedman 551 

Test, chi-square = 22.933, p < 0.001, n = 15; Fig. 2 C). The results of the psychometric assessment confirmed 552 

effectiveness of our manipulations to achieve the desired subjective experience for each condition.  553 

 554 

Objective assessment for the depth the flow state  555 

 556 

To provide objective evidence for the flow state, we developed a novel neurophysiological measure of 557 

flow. We utilized the intense task-related attention and the reduced sense of external awareness dimensions of 558 

flow (Nakamura and Csikszentmihalyi, 2002), and the well-known effect of selective attention on the auditory-559 

evoked potential (AEP) (Picton and Hillyard, 1974). During each trial, we presented task-irrelevant beeps to the 560 

participants (Fig. 1 D, and Fig. 1-1 B). The more the participants were immersed in the game, the weaker the 561 

strength of the AEP in response to the task-irrelevant beeps. Thus, this AEP constitutes an objective measure for 562 

flow (Fig. 2 D-E and Fig. 2-2). The mean AEP response was significantly higher in the Team Only (mean = 0.29, 563 

95%CI [0.22, 0.35]) condition more than the other two conditions (Team Flow mean: 0.19, 95%CI [0.13, 0.25]; 564 

Flow Only mean: 0.17, 95%CI [0.11, 0.24]) (one-way repeated measures ANOVA, F(2,42) = 6.149, p = 0.006, 565 
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η
2
=0.305; Fig. 2 D). The higher AEP in the Team Only condition indicated that the participants where not fully 566 

engaged, and hence their brains responded more to the task-irrelevant beep sound. Notably, the AEP was 567 

negatively correlated with the flow index in the Team Flow condition (Spearman’s Rho = -0.48 [-0.76, -0.03], P = 568 

0.03), while it was only weakly (Spearman’s Rho = -0.29 [-0.66, 0.14], P = 0.22) or not correlated (Spearman’s 569 

Rho = 0.11 [-0.35, 0.55], P = 0.64) with the flow index in the Flow Only and the Team Only condition, respectively 570 

(Fig. 2 E). The negative correlation of AEP with the flow index was significantly stronger in the Team Flow 571 

condition than the Team Only condition (Spearman’s Rho difference = 0.59 [-1.05, -0.05], p = 0.04). These results 572 

indicate that the experimental manipulations did produce a deeper flow state in the Team Flow and Flow Only 573 

conditions than the Team Only condition. 574 

 575 

Beta-gamma power at the middle temporal cortex as a neural signature for team flow  576 

 577 

To detect specific neural correlates for team flow, we used power spectral analysis at various domains 578 

(Fig. 1-1B). In the frequency domain, we started with exploratory analysis by checking the normalized power 579 

grand-averaged across all channels for each frequency band. We found significant differences across conditions 580 

in the alpha (8 - 12 Hz), Beta (13 - 30 Hz) and gamma (31 – 120 Hz) bands (check the Power spectrum analysis 581 

section in the Materials and Methods for details, Fig. 3-1). At the topographical domain level, alpha-power 582 

analysis did not show specific surface channels significantly different across conditions (data not shown). 583 

Topographical beta- and gamma-power analysis showed four channels at the left temporal area with significantly 584 

higher beta and gamma power in the Team Flow condition, more than the other two conditions (Fig. 3 A and B). 585 

The power spectral analysis, averaged from these four channels, showed a clear higher normalized beta- and 586 

gamma-power in the Team Flow condition than the other conditions (Fig. 3 C). As there are some limitations in 587 

the capability of EEG to accurately detect high-gamma ( > 50 Hz) power, we used the combined beta and low-588 

gamma (beta-gamma) band (13-50 Hz) for further analysis. The beta-gamma band showed significantly higher 589 

normalized power in the Team Flow condition, more than the other two conditions (Fig. 3 D, one-way repeated 590 

measures ANOVA, F(2,42) = 6.335, p = 0.005, η
2
=0.312; Team Flow mean: 0.77, 95%CI [0.32, 1.23]; Team Only 591 

mean: - 0.27, 95%CI [-0.72, 0.19]; Flow Only mean: - 0.51, 95%CI [-0.96, -0.06]).  592 
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At the anatomical-source domain level, we performed a cortical source localization method, using co-593 

registration with the individual’s structural MRI. The brain was segmented into 148 regions of interest (ROIs) 594 

based on the Destrieux brain atlas (Destrieux et al., 2010). The anatomical-source beta-gamma power analysis, 595 

after multiple comparison correction, showed 16 ROIs in the left and right temporal areas with a significantly 596 

higher beta-gamma power in the Team Flow condition compared to the other two conditions (Fig. 3-2 A and B). 597 

As a representative example, the normalized beta-gamma power for the left middle temporal gyrus (L-MTG) is 598 

shown in Fig. 3 F (one-way repeated measures ANOVA, F(2,42) = 6.744, p = 0.004, η
2
=0.325; Team Flow mean: 599 

0.76, 95%CI [0.32, 1.2]; Team Only mean: - 0.2, 95%CI [-0.63, 0.24]; Flow Only mean: - 0.56, 95%CI [-1.0, -600 

0.12]). Also, the beta-gamma power of these brain regions showed higher correlation tendencies with the team 601 

flow index only in the Team Flow condition. The L-MTG showed the highest beta-gamma power correlation with 602 

the team flow index in the Team Flow condition (Spearman’s Rho = 0.59 [0.21, 0.84], p = 0.006) but not in the 603 

Team Only (Spearman’s Rho = -0.19 [-0.67, 0.34],  p = 0.43) or the Flow Only (Spearman’s Rho = -0.02 [-0.46, 604 

0.42], P = 0.95) conditions (Fig. 3G). The positive correlation of the beta-gamma power with the team flow index 605 

was significantly higher in the Team Flow condition than the Team Only condition (Spearman’s Rho difference = 606 

0.78 [-0.01 1.40], p = 0.05) and the Flow Only condition (Spearman’s Rho difference = 0.61 [0.00, 1.16], p = 0.05). 607 

We note that some ROIs showed a trend unique to the Team Only or the Flow Only conditions, but they 608 

did not survive after the multiple comparison correction. Since the anatomical-source localization averages source 609 

vertices based on a predefined parcellations method, we developed a method to give more weight to the 610 

distribution of activity rather than anatomy. We used unsupervised machine learning to cluster (cl) the source 611 

vertices based on their similarity in the beta-gamma power pattern (Fig. 3-2, C and D). Using the unsupervised 612 

clustering analysis, we detected clusters (cls) specific to Team Flow, Team Only and Flow Only conditions (check 613 

the Unsupervised clustering analysis section in the Materials and Methods section for details). These results 614 

indicate that even during team flow, the brain shows neural activities related to each isolated experience: the flow 615 

and the social states.  616 

The results from the power spectral analyses at every tested domain provided the first neural evidence 617 

that the team flow experience is a qualitatively different brain state distinguishable from the flow or social states. 618 

In other words, the team flow state does not result from a simple combination of the flow and the social states, but 619 

it has its own neural signature, which we posit accounts for the superiority in the subjective experience. Next, we 620 
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checked for possible unique interactions between these brain regions during team flow. Before performing further 621 

analyses, we grouped the 148 ROIs into 14 brain regions, 7 per hemisphere, using a combination of the standard 622 

anatomical definition and the functional activity revealed through the cluster analysis (Fig. 3-2 C and D, Fig. 4-1, 623 

Table 4-1 and 4-2). These 14 brain regions (RGs) are: the prefrontal cortex (PFC; RG1), the anterior cingulate 624 

cortex (ACC, RG2), the inferior frontal cortex (IFC, RG3), the superior temporal cortex (STC, RG4), the central 625 

and parietal cortex (CPC, RG5), the occipital cortex (OC, RG6), and the middle temporal cortex (MTC, RG7). The 626 

MTC included all the ROIs that showed a significant effect on team flow (Fig. 3-2 B), regardless of the cluster 627 

composition. 628 

 629 

The left middle temporal cortex receives and integrates information from brain areas encoding flow or 630 

social states 631 

 632 

We tested whether the neural signature of team flow detected in the MTC upstream or downstream in 633 

information processing. We analyzed the causal information interactions across all the brain regions (RGs), using 634 

three frequency-domain Granger-causality (GC) measures: the Granger- Geweke Causality (GGC), the direct 635 

Directed Transfer Function (dDTF), and the normalized Partial Directed Coherence (nPDC) (Wang et al., 2014). 636 

In all GC measures, the causal interaction matrix showed that MTC receives information (From) more than 637 

sending information to (To) other RGs (Fig. 4-2 A). Also, we quantified the global To/From ratio for each RG per 638 

condition. In all GC measure, global To/From ratio for the left MTC (L-MTC) was significantly less than any other 639 

RG except for the right MTC (R-MTC) (Fig. 4-2 B) (for GGC, two-way repeated measures ANOVA, F(26,494) = 640 

2.9768, p = 0). Hence, the detected beta-gamma power in L-MTC is a downstream in information processing 641 

during the team flow experience. We then checked the most important upstream brain regions that sent 642 

information to L-MTC. For each RG-RG causal interaction, we applied a global threshold to leave only the top 643 

(approximately 10%) information senders (Fig. 4 A). Only in the Team Flow condition, the top information senders 644 

to L-MTC include the contralateral R-PFC and R-IFC. The Team Only and Flow Only conditions showed a similar 645 

causality pattern, yet different from the Team Flow condition, in which the top information senders to L-MTC 646 

include the contralateral R-CPC. Interestingly, the differences between the conditions were observed in the inter-647 

hemispheric connectivity rather than the intra-hemispheric one.  648 
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The results above indicate that the beta-gamma power detected in the L-MTC during Team Flow might 649 

arise from information processing that happened earlier in time, and the sources of this information include brain 650 

areas that encodes flow state (namely, PFC) and social state (namely, IFC). We suspected that a downstream 651 

brain region plays a role in integrating information from the brain regions encoding each isolated experience. To 652 

test this hypothesis, we used the integrated information theory (Tononi, 2004; Oizumi et al., 2014). We calculated 653 

the normalized Integrated Information value (Norm II) as a metric for the integrated information. In both intra-brain 654 

and inter-brain calculations, there was a general tendency for Norm II to be higher in the Team Flow condition 655 

than the other conditions (Fig. 4 B). When we averaged the Norm II across all the RG-RG connections (Global 656 

Norm II) from the left hemisphere, the Team Flow condition showed significant higher inter-brain Global Norm II 657 

than other conditions (one-way repeated measures ANOVA, F(2,42) = 9.310, p < 0.001, η
2
=0.399; Team Flow 658 

mean: 0.56, 95%CI [0.3, 0.83]; Team Only mean: - 0.33, 95%CI [- 0.6, - 0.06]; Flow Only mean: - 0.23, 95%CI [- 659 

0.5, 0.04]), while showing a similar trend at the intra-brain level (one-way repeated measures ANOVA, F(2,42) = 660 

2.496, p = 0.101, η
2
=0.151) (Fig. 4 C).  661 

Next, we checked for the specific RG-RG connections that showed a significant Nom II at the Team Flow 662 

condition compared to other conditions using the three-way repeated measures ANOVA with Bonferroni’s multiple 663 

comparison correction (condition x RG x RG interaction for intra-brain: F(26,10133) = 4.7622, p = 0, and for inter-664 

brain: F(26,10959) = 3.676, p = 0). Among all RG-RG connections, we detected significant connections only at 665 

the left hemisphere. These connections formed an intra-brain L-IFC-STC-CPC-MTC subnetwork and an inter-666 

brain L-MTC-to-L-MTC link that showed significantly higher Norm II in the Team Flow than the other conditions 667 

(Fig. 4 D). These results indicate that during team flow, the team members exhibited higher information 668 

integration not only within each player’s brain, but also between their brains. More specifically, L-MTC was the 669 

only brain region that showed significantly higher inter-brain integrated information during team flow. These 670 

results indicates that L-MTC plays a critical function in information integration during the team flow state.  671 

 672 

Team flow is associated with higher inter-brain neural synchrony 673 

Enhanced inter-brain integrated information might concur with enhanced neural synchrony between the 674 

team’s brain regions. To test for this hypothesis, we calculated the inter-brains Normalized Phase-Locking Values 675 
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(Norm PLV) across all the RG-RG connections for each condition (Fig. 5 A). The results showed a general 676 

tendency for Norm PLV to be higher in the Team Flow condition than other conditions. The inter-brain Norm PLV 677 

calculated using a randomly shuffled pairs did not show any difference across conditions (Fig. 5 A). To quantify 678 

this effect, we averaged the Norm PLV for all RG-RG connections (Global Norm PLV) in the left hemisphere. The 679 

Team Flow showed a significantly higher Global Norm PLV than other conditions only in the actual paired 680 

participants but not in randomized pairs (Fig. 5 B, two-way repeated measures ANOVA, condition x randomness 681 

interaction F(2,84) = 3.317, p = 0.05, η
2
=0.092; condition effect p = 0.015, η

2
=0.135, Team Flow mean: 0.002, 682 

95%CI [0.0007, 0.003]; Team Only mean: - 0.001, 95%CI [- 0.002, 0.0003]; Flow Only mean: - 0.001, 95%CI [- 683 

0.002, 0.0003]). Collectively, these results indicate that during team flow, the team members exhibited higher 684 

integration and neural synchrony between their brains. This enhancement in information integration and neural 685 

synchrony is consistent with the phenomenological experience during team flow, and it might be the 686 

neurocognitive basis for the superior subjective experience of team flow. 687 

 688 

DISCUSSION  689 

In summary, we established a new objective neural measure of flow, consistent with subjective reports. 690 

We identified unique neural correlates of team flow in the beta-gamma band at the L-MTC. We showed that L-691 

MTC is downstream in information processing and plays a role in information integration in team flow. Finally, 692 

team flow is characterized by higher information integration and neural synchrony. The data from this report 693 

present a proof of concept that team flow is indeed a distinct brain state and suggests a neurocognitive 694 

mechanism of team flow.  695 

 696 

Measuring the depth of the flow experience with parametric tools 697 

 698 

To date, studies identified the flow state using only subjective psychometric ratings, which we have 699 

reproduced in this report (Fig. 2 A-C and Fig. 2-1) (Klasen et al., 2012; Ulrich et al., 2014; Ulrich et al., 2016a, b). 700 

Although psychometric ratings provided some evidence that the participants reached some aspects of the flow 701 

experience, they did not indicate the depth of the flow state (Harris et al., 2017). Using the task-irrelevant AEP, we 702 
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confirmed that our task did attain enough depth of flow experience to alter a key flow dimension: attenuated 703 

consciousness to an external stimulus. We note that this measure is not specific to team flow, as it can also 704 

measure the general flow state. The task-irrelevant AEP correlated with the Flow Index only in the Team Flow 705 

condition and showed only a trend in the Flow Only condition. This  result suggests that the observed level of flow 706 

state in the Team Flow condition can be stronger than the Flow Only condition. The flow experience is 707 

hypothesized to be either an abrupt discrete zone or a gradual continuum (Ulrich et al., 2014; Harris et al., 2017). 708 

Solving this ambiguity will significantly advance our mechanistic understanding of how the flow experience 709 

develops and functions. Our newly developed method for measuring the flow depth will be a useful parametric 710 

tool for further studies in this area.  711 

 712 

Neural correlate of  team flow 713 

 714 

The most prominent neural correlate for team flow state that we identified was the higher beta-gamma 715 

power in the TMC, as shown in Figs. 3. Beta and gamma oscillations are involved in several cognitive functions, 716 

including attention, memory, and awareness, with evidence of abnormalities in brain disorders (Uhlhaas and 717 

Singer, 2006). In general, these functions are consistent with higher team interactions and enhancing many flow 718 

dimensions. Moreover, our data agree with other reported neural activities that study flow state or social 719 

interaction using different tasks. For example, in the PFC, the beta-gamma power was lower in the flow conditions 720 

compared to the non-flow conditions (Fig. 3-2 C and D). These data agree with the reduced activities in the 721 

medial PFC in an arithmetic task (Ulrich et al., 2014; Ulrich et al., 2016b). In the IFG, the beta-gamma power was 722 

higher in the team conditions compared to the non-team conditions (Fig. 3-2 C and D). These data agree with the 723 

involvement of the IFG in social interaction in a plethora of different tasks (Kennedy and Adolphs, 2012; Stanley 724 

and Adolphs, 2013).  725 

Our data also show that L-MTC falls downstream of other brain areas and receives information from brain 726 

areas encoding flow and social states. Also, L-MTC was the only significant region showing higher integrated 727 

information during team flow at both the intra- and inter-brain levels. Previous reports also suggest an integration 728 

function for the temporal cortex in different contexts. For example, the middle and inferior temporal gyrus have 729 

been reported to play a role in cognitive-affective integration in schizophrenia (Tseng et al., 2015). Thus, our 730 
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results and past reports fall in line to suggest a neural model during team flow where the L-MTG is involved in 731 

integrating the flow and social information to serve the team flow experience. 732 

 733 

Team flow as an independent inter-brain state 734 

 735 

Recent social neuroscience studies measured the interactions between the brains of team members 736 

using inter-brain synchronization (e.g., phase synchrony). Group activities can enhance this synchrony during 737 

intense social states, body or speech coordination, music production, dancing, student-teacher interactions in 738 

classrooms, touch-mediated pain reduction, creativity in cooperative tasks, and even in socially interacting bats 739 

(Lindenberger et al., 2009; Dumas et al., 2010; Sanger et al., 2012; Yun et al., 2012; Kawasaki et al., 2013; 740 

Dikker et al., 2017; Goldstein et al., 2018; Poikonen et al., 2018; Lu et al., 2019; Zhang and Yartsev, 2019). 741 

Importantly, teams exhibit higher inter-brain synchrony compared to solo performers (Reinero et al., 2021). We 742 

posit that inter-brain synchrony can be a metric for more effective group interactions. Similarly, integrated 743 

information, which measures the amount of information generated by the system compared to its individual parts, 744 

is another metric of group interaction (Oizumi et al., 2014). The inter-brain Integrated information may predict 745 

effective group interaction and complexity, and may serve as a measure of collective intelligence (Engel and 746 

Malone, 2018). Based on both metrics, our data indicate that team flow creates a hyper-cognitive state between 747 

the team members, as reflected in significantly higher inter-brain information integration and neural synchrony 748 

during team flow (Fig. 6 and 7). Based on our findings, we cannot conclude that the high value of integrated 749 

information correlates with a modified form of consciousness (Koch and Tononi, 2013), for instance, “team 750 

consciousness.” Its consistency with neural synchrony (PLV) raises intriguing and empirical questions related to 751 

inter-brain synchrony and information integration and altered state of consciousness. 752 

 753 

Limitations 754 

 755 

In this study, we used strict selection criteria to ensure that participants experienced team flow. During 756 

pilot studies, we observed the expression of anti-social behavior by some participants during the game. As these 757 

participants were likely on the population extremes and preferred solo rather than team play, we excluded such 758 
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participants in our team-based experiment. We reasoned that excluding anti-social participants removes noise 759 

without biasing the data. A limitation in the strict selection criteria is the generality of the conclusions to the 760 

general population. Future studies should test both the social and anti-social participants and compare their 761 

neural data during team flow. Another related limitation is the critical question: whether the neural correlates of 762 

team flow are general regardless of the task or only apply to the task, we employed here, i.e., the music rhythm 763 

game. Based on the agreement with previous reports as mentioned above, the neural correlates seem to be not 764 

constrained to a specific task but instead support functions related to team flow. However, only future studies 765 

utilizing a variety of tasks can confirm this hypothesis. Another limitation in this study is that we did not detect a 766 

difference in the participants' performance across conditions, even though the psychometric ratings showed 767 

significant changes in the Flow Index. The decreased performance likely did not occur, as the two flow conditions 768 

flanked the Team Only condition, with one trial duration being short. We think in the future, it is better to 769 

implement a block design so the participants can experience an accumulation of experience over time which will 770 

have a substantial impact on performance. 771 
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FIGURES AND MULTIMEDIA: 906 

 907 

Figure 1. Behavioral establishment of team flow.  908 

A, Diagram of the finger-tapping music rhythm game. Participants must tap when animated cues moving from the 909 

top of the screen reach the tapping area. B, Manipulations: team flow is predicted when the participants are 910 

playing the unmodified song and they can see the partner’s positive feedback (Team Flow). The flow state is 911 

disrupted through scrambling the music (Team Only). Team interaction is disrupted by hiding the partner’s 912 

positive feedback using an occlusion board (Flow Only). See Table 1 for details. C, Sequence of the trials, 913 

showing which song and condition per trial was assigned during the main experiment. D, Trial analysis: 914 

Participants were sitting still while listening to a background music during the resting phase and played the game 915 

in the playing phase. The electroencephalogram was epoched for objective assessment of flow i.e. the auditory-916 

evoked potential (AEP) analysis of the task-irrelevant beeps (orange bar) and for the neural correlates analysis 917 

(green bar). After each trial, participants answered the questionnaire for the subjective assessment of flow. Figure 918 

1-1 shows detailed analysis pipeline. 919 

 920 

Figure 2. Assessment of the flow state. A-C, Subjective assessment of flow: Psychometric rating indices as 921 

a measure of subjective flow (Flow Index, A), team interaction (Team Index, B), or team flow (Team Flow Index, 922 

C) experiences (Figure 2-1 shows the detailed psychometric ratings for each question). Friedman test with 923 

Conover’s post-hoc test. * P < 0.05, ** P < 0.01, *** P < 0.001. Error bars represent mean ± s.e.m.; n = 15. D-E, 924 

Objective assessment of flow: D, The mean auditory-evoked potential (AEP) calculated by averaging the following 925 

time windows: N1 (110 – 150 ms), P1 (210 – 250 ms), and N2 (310 – 350 ms), considering polarity. The non-flow 926 

condition (Team Only) showed statistically significant higher AEP than the flow conditions. One-way repeated 927 

measures ANOVA with Bonferroni post-hoc test. * P < 0.05. Error bars represent mean ± s.e.m.; n = 15. E, 928 

Spearman’s correlation between AEP and flow index. AEP is negatively correlated with the flow index in the Team 929 

Flow condition (Spearman’s Rho = -0.48, P = 0.03), showing a negative correlation trend in the Flow Only 930 

condition (Spearman’s Rho = -0.29, P = 0.22), and no correlation in the Team Only condition (Spearman’s Rho = 931 



 

35 

 

0.11, P = 0.64). The lines indicate the regression lines. Shaded areas indicate a 95% confidence interval; n = 20. 932 

Figure 2-2 shows the detailed AEP analysis. 933 

 934 

Figure 3. Higher beta-gamma power at the left middle temporal cortex (L-MTC) revealed as a unique 935 

neural signature for team flow.  936 

A, The topographies of the beta and gamma frequencies (13 – 120 Hz) computed as the average over normalized 937 

power. B, Permutation statistical significance across conditions with Bonferroni multiple comparison corrections. 938 

The black crosses indicate channels with p < 0.05. C, The normalized power spectral analysis averaged from the 939 

four channels in the left temporal area identified in B. Shaded area represent mean ± s.e.m; n = 20. Figure 3-1 940 

shows the power difference spectral analysis grand averaged across all the 128 channels. D, Averaged 941 

normalized power for the beta-gamma (13 – 50 Hz) frequency band showing power enhancement in the Team 942 

Flow condition. One-way repeated measures ANOVA with Bonferroni post-hoc test. * P < 0.05. Error bars 943 

represent mean ± s.e.m.; n = 15. E, The brain regions (highlighted in green), as defined by the Destrieux atlas 944 

and showing significant beta-gamma normalized power difference across conditions. Extended Data Figure 3-2 945 

shows the average normalized beta-gamma power for each significant region. F, The average normalized beta-946 

gamma power at the left middle temporal gyrus (L-MTG). One-way repeated measures ANOVA with Bonferroni 947 

post-hoc test. ** P < 0.01. Error bars represent mean ± s.e.m.; n = 15. G, Condition-specific Spearman’s 948 

correlations between beta-gamma power and team flow index at L-MTG as a representative region. Positive 949 

correlation was found in the Team Flow condition (Spearman’s Rho = 0.56, p = 0.006), but not in the Team Only 950 

condition (Spearman’s Rho = -0.19, p = 0.43) or in the Flow Only condition (Spearman’s Rho = -0.02, p = 0.95). 951 

The lines indicate the regression lines. Shaded areas indicate a 95% confidence interval; n = 20.  952 

 953 

 954 

  955 
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 956 

Figure 4. Causality and integrated information analyses during team flow. A, Causality analysis showing the 957 

top information senders among all RG-RG causal interactions. For each RG-RG connection, the line color 958 

matches the color of the RG name which sends the information. Notably, only in the Team Flow condition, L-MTC 959 

receives information from R-PFC and R-IFC. Figures 4-1, 4-3 and 4-4  show the method for grouping of ROIs. 960 

Figure 4-2 shows detailed causality analysis. B, The mean normalized Integrated Information value (Norm II) 961 

connectivity matrix for the brain regions (RG1-7). Normalized Integrated Information is calculated by subtracting 962 

the mean per condition from the average Integrated Information across conditions for each RG-RG connection 963 

across conditions. C, The mean Global Norm II averaged across all RG-RG connections showing significantly 964 

higher inter-brain (left panel) and intra-brain (right panel) mean during Team Flow condition. One-way repeated 965 

measures ANOVA with Bonferroni post hoc test. ** p < 0.01. Error bars represent mean ± s.e.m.; n = 15. D, RG-966 

RG connections that shows significant (p < 0.05) Norm II in the Team Flow condition compared to other 967 

conditions. Three-way repeated measures ANOVA with Bonferroni post hoc test. Black lines indicate intra-brain 968 

and green line indicates inter-brain RG-RG connections. D-L, dorsal-left.  969 

 970 

 971 

Figure 5. Phase-locking values show enhanced inter-brain synchrony during team flow. A, The mean 972 

phase-locking value (PLV) connectivity matrix for the brain regions (RG1-7). Normalized PLV is calculated by 973 

subtracting the mean per condition from the average PLV across conditions for each RG-RG connection across 974 

conditions. "Paired" indicates the actual experimental pair; "Random" indicates randomly selected pairs. B, The 975 

mean Global normalized PLV averaged across all RG-RG connections showing significantly higher inter-brains 976 

during the Team Flow condition. Two-way repeated measures ANOVA for inter-brain comparison with Bonferroni 977 

post hoc test. * p < 0.05. Error bars represent mean ± s.e.m.; n = 15.   978 

 979 

 980 

 981 

  982 
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Legend for Movie 1 983 

A few seconds of game-play in the Inter-SyncA and Inter-ScrA conditions. The “Beeps” word at the bottom right 984 

indicates the timing of the task-irrelevant beep sound presentation. These words are overlaid in the video for 985 

illustration and were not present during the experiment. The scores and other indicators at the center and at the 986 

top right and left corners were hidden from the participants.  987 

 988 

Tables: 989 

Table 1. Comparison of the stimuli across the experimental conditions:990 

 991 

 992 

  993 

 

Conditions 
Team 
Flow 

Team 
NoFlow 

NoTeam 
Flow 

Cues sequence  
(visual stimulus) 

Self Constant (visible to both participants) 

Partner Constant (visible to both participants) 

Positive Feedback 
Self Visible (Performance-dependent) 

Partner Visible Visible Not visible 

Song (auditory stimulus) Original Scrambled Original 

Beeps (task-irrelevant stimulus) Constant 
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Extended data legends: 994 

 995 

Figure 1-1. Experimental design 996 

 A, A screenshot of the game showing feedback and position of the card board. The first type of feedback was 997 

invisible to participants. The second type of feedback was visible to participants in the Inter-SyncA and Inter-ScrA 998 

conditions. The cardboard (red dashed line) occluded the tapping area, the second type of feedback, and the 999 

whole bodies of participants including fingers. The cardboard kept the visual cues visible to participants (green 1000 

dashed rectangle). B, Trial and analyses details: Participants were sitting still while listening to a background 1001 

music during the resting phase. The electroencephalogram was epoched for the auditory-evoked potential (AEP) 1002 

analysis of the task-irrelevant beep sound (AEP epochs; orange) and for the neural correlates analysis (NC 1003 

epochs; green). All neural correlate analyses, with the corresponding figure or table, are summarized in steps (3)-1004 

(6). 1005 

 1006 

Figure 2-1. Summary of subjective ratings for assessing the flow state and team interaction. The flow index 1007 

was calculated by averaging responses for (1) to (6), the team index was calculated by averaging (7) to (9), and 1008 

the team flow index was calculated by averaging (1) to (9). Psychometric ratings description: (1) “I had the 1009 

necessary skill to play this trial successfully.”; (2) “I will enjoy this trial more if it has less/more notes.”; (3) “I felt in 1010 

control while playing this trial.”; (4) “I made correct movements automatically without thinking.”; (5) “I love the 1011 

feeling of this trial and want to play it again.”; (6) “How time flies during this trial.”; (7) “I was aware of the other 1012 

player's actions.”; (8) “I felt like I was playing with the other person as a team.”; (9) “I was coordinating my fingers 1013 

with the other player’s fingers.”; (10) “I felt like I was competing with the other player.”; (11) “I was distracted by 1014 

the other player’s actions.”; [for (2), rating 7 = more notes and 1 = less notes; for (6), rating 7 = fast and 1 = slow; 1015 

for the rest, rating 7 = strongly agree and 1 = strongly disagree]. Error bars represent mean ± s.e.m.; n = 20. 1016 

 1017 

  1018 
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Figure 2-2.  A-B, Time-frequency analysis of the auditory-evoked potential (AEP) locked to the task-irrelevant 1019 

beep onsets, presented as the event-related spectral perturbation (ERSP) in A and the inter-epoch coherence 1020 

analysis (IEC) in B. Both ERSP and ITC showed changes in theta activity at 100 – 350 ms post-onset (upper 1021 

panel). An increase in theta activity (3 – 7 Hz) was prominent at 150 – 250 ms post-onset (lower panel). C, 1022 

Topographies of the event-related potential (ERP), bandpass-filtered in the theta range (3 – 7 Hz), at the indicated 1023 

timepoints (ms) from the task-irrelevant beeps showing enhanced potential at the central channels. D-E, The 1024 

potential, pass-filtered in the theta range (3 – 7 Hz), at central channels locked to the task-irrelevant beep onsets 1025 

during the resting (D) and playing (E) phases.     1026 

 1027 

Figure 3-1. A, The power difference spectral analysis for the three conditions grand averaged for all the 128 1028 

channels. B, Averaged individual power difference for the alpha (8 – 12 Hz), the beta (13 – 30 Hz) and gamma 1029 

(31 – 120 Hz) frequency bands. One-way repeated measures ANOVA with Bonferroni post-hoc test. * p < 0.05. 1030 

Error bars represent mean ± s.e.m.; n = 20.  1031 

 1032 

Figure 3-2. Localization of the higher beta-gamma power during team flow. A, The brain regions (highlighted 1033 

in green), as defined by the Destrieux atlas and showing significant beta-gamma normalized power difference 1034 

across conditions.  B, The average normalized beta-gamma power at the significant region of interests (ROIs). 1035 

Bonferroni-corrected critical value one-way ANOVA with Bonferroni post-hoc test. C and D, Unsupervised 1036 

hierarchical vertices clustering based on beta-gamma power difference between conditions. C, Clustered-vertices 1037 

projected to a standard brain to visualize cluster localization. The black lines indicate the boundaries of the ROIs 1038 

shown in B. D, The cluster-averaged normalized power of the beta-gamma power at each cluster. One-way 1039 

repeated measures ANOVA with Tukey-Kramer’s post hoc test. Flow-related (cl1-1-2), social-related (cls3-4), or 1040 

team flow-related (cls5-7) clusters are indicated in the same color scheme as in D. * p < 0.05, ** p < 0.01, # p = 1041 

0.077. Error bars represent mean ± s.e.m.; n = 20. B, bottom view; R, right; L, left; AOS, anterior occipital sulcus; 1042 

PLF, posterior lateral fissure; ITS, inferior temporal sulcus; MTG, middle temporal gyrus; STS, superior temporal 1043 
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sulcus; PT, superior plannar-temporal gyrus; TPJ, temporal parietal junction, LTS, lateral temporal sulcus; ITG, 1044 

inferior temporal gyrus; CLS, collateral and lingual sulcus. 1045 

 1046 

Figure 4-1. Activity-dependent anatomically-defined grouping of ROIs (RGs). A, A medial view of the left 1047 

superior frontal cortex (area inside the red boundary/transparent contour) before (left panel) and after (right panel) 1048 

subdivision. B, The cumulative cluster composition curve for the left superior frontal cortex. The subdivision 1049 

thresholds are shown as two vertical black lines subdividing this ROI into three subdivisions: flow-related 1050 

subdivision (cls1-2), team-related subdivision (cls3-4), and team flow-related subdivision (cls5-7). C, Transparent 1051 

contours showing the brain regions which are also summarized in Table 4-2. B, bottom; D, dorsal; L, left; R, right; 1052 

T, top; V, ventral. 1053 

 1054 

Figure 4-2. Information causality analysis showing the middle temporal cortex (MTC) receives information 1055 

from other brain regions. A, The mean causal interaction matrix for the brain regions (RGs). "To" indicates 1056 

sending information; "From" indicates receiving information. The Granger- Geweke Causality (GGC, top), direct 1057 

Directed Transfer Function (dDTF, middle), and the direct Directed Transfer Function (dDTF, bottom). L, left 1058 

hemisphere; R, right hemisphere.  B, The mean causal To/From ratio for GGC (top), dDTF (middle), and 1059 

nPDC(bottom). In all GC measure, L-MTC (L-RG7) is a significant information receiver. Two-way repeated 1060 

measures ANOVA with Tukey’s post hoc test. * p < 0.05, *** p < 0.001, **** p < 0.0001. Dashed line indicates p > 1061 

0.05. Error bars represent mean ± s.e.m.; n = 20.  1062 
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 1063 

Figure 4-4. Anatomical composition of the activity-dependent anatomically-defined groups (RGs). 1064 

Figure 4-3. Cluster composition (percentage) of the activity-dependent anatomically-defined groups 1065 

(RGs). 1066 

 1067 

 1068 












