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Intersubject electroencephalogram (EEG) coherence of 11 couples was measured during an indi-
vidual and joint practice of a guided mindful breathing exercise. Additionally, the relationship of per-
sonality dimensions of agreeableness and extraversion with intersubject coherence was examined. 
There were four male-male pairs, five female-female pairs, and two male-female pairs. The age of 
the participants ranged between 18 and 28 (M = 22.3, SD = 2.9). During the counterbalanced joint 
and individual conditions, the same mindfulness listening tape (3 min) was played, while during the 
individual task, a screen was placed between the two participants. Results showed an increase in 
intersubject coherence during joint practice compared to individual practice in frontal (F8) and tem-
poral (T5 and T6) electrodes in the alpha band. With respect to personality characteristics, higher 
agreeableness of a dyad was associated with an increase in intersubject coherence in in temporal 
(T6) theta band. The increase in intersubject coherence in the theta band in high agreeableness sub-
jects during joint practice might be associated with theory of mind activation. This study provides 
new insights concerning brain coherence in healthy people during joint mindful breathing, includ-
ing the association with personality characteristics.
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INTRODUCTION

Humans are social creatures with a natural desire for social interac-

tion (Baumeister & Leary, 1995). When two individuals interact, they 

become a coupled unit by continuously and mutually adapting their 

own actions to those of their partner. In the past, research on social 

cognition has focused mainly on single individuals in passive social 

contexts, such as observing pictures of social or emotional stimuli on a 

computer screen. However, this approach has shortcomings, with the 

most obvious one being that these passive social contexts do not take 

into account how social cognition is regulated during live, dynamic 

interactions with actual people. To solve this problem, Duane and 

Behrendt (1965) introduced the concept of measuring several subjects 

simultaneously using electroencephalography (EEG) to assess their 

common brain activities during social interactions. Although their 

idea of simultaneous multisubject scanning was quickly forgotten, it 

was revived by Montague et al in 2002 and renamed hyperscanning.. 

Hyperscanning has been performed using various neuroimaging 

techniques, including EEG (Astolfi, Toppi, De Vico Fallani, et al., 2011; 

Astolfi et al., 2010; Babiloni, Astolfi, et al., 2007; Babiloni, Cincotti, et 

al., 2007; Babiloni et al., 2006; De Vico Fallani et al., 2010; Dumas et al., 

2010; Labooy-Speksnijder et al., 2018; Lindenberger et al., 2009; Sanger 
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et al., 2012, 2013; Szymanski et al., 2017; Tognoli et al., 2007). For ex-

ample, in an EEG hyperscanning study, brain oscillations were found 

to synchronize between listeners and speakers interacting through 

speech (Pérez et al., 2017).

Other hyperscanning studies used functional magnetic resonance 

imaging (fMRI, Fair et al., 2007; King-Casas et al., 2005; Krill & Platek, 

2012; Montague et al., 2002; Saito et al., 2010; Tanabe et al., 2012) and 

functional near-infrared spectroscopy (fNIRS, Cui et al., 2012; Funane 

et al., 2011; Holper et al., 2012; Jiang et al., 2012; Liu et al., 2016). In 

one study using fNIRS, the synchronization of specialized, across-

brain, neural processors during eye-to-eye contact between dyads 

was examined. Results revealed a left frontal, temporal, and parietal 

long-range network mediating neural responses during eye-to-eye 

contact, providing insight into mechanisms of social and interpersonal 

interactions (Hirsch et al., 2017). In another study, prefrontal neural 

activity was measured in parents and children with fNIRS hyperscan-

ning. Results indicated that during cooperation, the parents’ and chil-

dren’s brain activities synchronized in the dorsolateral prefrontal and 

frontopolar cortex, whereas no brain-to-brain synchrony was observed 

during parent-child competition, stranger-child cooperation, and 

stranger-child competition (Reindl et al., 2018).

Although EEG has a limited ability to localize deeper brain 

structures, it has the advantage of a high temporal resolution, which 

makes it possible to capture social dynamics at the temporal scale in 

which they occur (Scholkmann et al., 2013). A significant novelty of 

the hyperscanning two-brain approach (Konvalinka & Roepstorff, 

2012) is that the neural markers of any form of interpersonal interac-

tion can be measured in both brains at the same time (Dumas, 2011). 

Consequently, the degree of similarity in EEG dynamics of two inter-

acting individuals can be measured, which can be referred to as inter-

subject brain coherence. These interindividual connections appear to 

be correlated with successful interactions and may therefore be crucial 

for identifying the mechanisms underlying continuous and dynamic 

social interactions. It is thought that these synchronized neural pat-

terns reflect not only similarities in perceptual input or motor output, 

but also the synchronization of core aspects of social cognition. For 

instance, in one study, simultaneous EEG brain activity from a class of 

high school students during regular classroom activities was recorded 

by portable EEG devices. Student class engagement as well as social 

dynamics appeared to be associated with the extent to which brain 

activity was synchronized across students (Dikker et al., 2017). 

Thus, the sustained presence of an increase in intersubject co-

herence during social cooperative tasks compared to either social 

competitive tasks or individual tasks suggests that in both interacting 

individuals, there is a specific cognitive process necessary for social 

(cooperative) behavior. These social aspects include the ability to at-

tribute mental states to partner(s), to predict the behavior motives of 

partner(s) and to adapt behavior to that of the partner(s.) These abili-

ties are often referred to as theory of mind (ToM, Baron-Cohen, 1995; 

Schurz et al., 2014). Many previous hyperscanning studies have taken 

advantage of social cooperative tasks, as cooperation typically involves 

activating ToM based on the shared goals to which participants are 

committed (Decety & Sommerville, 2003). During social cooperative 

tasks – compared to control tasks such as an obstructive task or defec-

tive task – increases in intersubject coherence have consistently been 

observed in prefrontal cortices (PFC), temporal and parietal regions, 

in the alpha and theta frequency bands (Astolfi, Toppi, Borghini, et al., 

2011; Astolfi, Toppi, De Vico Fallani, et al., 2011; Babiloni, Astolfi, et al., 

2007; Kawasaki et al., 2013; Lindenberger et al., 2009; Liu et al., 2016; 

Muller et al., 2013; Toppi et al., 2016). Thus, increases in intersubject 

coherence in frontal, temporal, and parietal regions in alpha and theta 

bands that are seen during social cooperative tasks can partly be at-

tributed to increased involvement of ToM. 

For example, Kawasaki et al. (2013) performed an EEG study in 

which dyads carried out a turn-taking speech task by alternately pro-

nouncing letters of the alphabet. As a control, the dyads performed 

the same alternating speech task, but with a machine. They found an 

increase in intersubject coherence during the turn-taking task in theta 

and alpha frequency bands, in temporal and parietal lateral brain re-

gions (Kawasaki et al., 2013). A recent meta-analysis showed that upon 

ToM activation, a specific brain network becomes active, including 

the medial PFC and the temporal-parietal junction (TPJ, Schurz et al., 

2014). Since ToM is also closely related to cognitive empathy (Grezes 

& Decety, 2001; Hein & Singer, 2008), the anterior cingulate cortex 

(ACC) and limbic areas (Hein & Singer, 2008) may also be important 

during social interactions. 

An increasingly popular meditation technique to improve physi-

cal and mental health and to relieve stress is mindfulness. Previous 

studies have shown that mindfulness plays a role in ToM and that 

mindfulness may even improve ToM (Tan et al., 2014). Mindfulness 

has been integrated into several clinical intervention programmes, 

often summarized as mindfulness-based therapies (MBT). MBT is 

usually given in group form as mindfulness practitioners argue that 

group mindfulness makes participants more connected to others, cre-

ating a sense of harmony. In experienced mindfulness practitioners, 

increases in frontal midline alpha and theta power have been observed, 

which reflects ACC and medial PFC activity (Asada et al., 1999; Cahn 

& Polich, 2006; Chiesa & Serretti, 2010; Ishii et al., 1999). In another 

study, experienced mindfulness practitioners showed increased alpha 

power in posterior regions and increased theta power in frontal and 

temporal-central regions compared to a rest condition (Lagopoulos et 

al., 2009).

However, an increase in alpha activity does not necessarily reflect 

mindfulness, but may also reflect relaxation, mind-wandering, or a 

resting state with closed eyes (Aftanas & Golocheikine, 2001; Morse et 

al., 1977), especially during self-absorption, as suggested by a study on 

joint musical action and alpha oscillations (Novembre et al., 2016). In 

this study, pairs of pianists performed short musical items while behav-

ioral synchronization was manipulated. High behavioral synchroniza-

tion was associated with a decrease and low behavioral synchronization 

with an increase of alpha power in right centro-parietal regions. These 

findings suggest that merely a lower level of behavioural interaction is 

associated with increase in alpha power. The above evidence suggests 

that an increase in theta, rather than alpha, in ACC and medial PFC 
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areas should be used as a biomarker for the meditative state (Aftanas & 

Golocheikine, 2001; Dunn et al., 1999). 

Social interactions are influenced by the way people experience and 

behave in certain situations (Cloninger & Svrakic, 2016). Therefore, the 

personality of the interacting individuals may also be of interest while 

studying social interaction. For instance, the personality dimension of 

extraversion has proved to be a credible predictor of occupations that 

involve social interaction (Barrick & Mount, 1991). Moreover, both the 

personality dimensions of extraversion and agreeableness have been 

shown to be the best predictable dimensions of childhood peer rela-

tionship outcomes, including friendship and peer acceptance (Jensen-

Campbell et al., 2002), while the personality dimension of neuroticism 

has a negative impact on the quality of relationships (Donnellan et al., 

2005). Notably, agreeableness has been found to be correlated with 

social-cognitive ToM performance and agreeable individuals exhibit 

more social reactivity (Adadu et al., 2012) as they seem to be more 

perceptive to the mental states of others (Nettle & Liddle, 2008). In 

a study on social reactivity (Knyazev et al., 2019), the association 

between emotional stimuli (e.g., angry, neutral, or happy faces) and 

behavioral response was mediated by event-related theta activity in the 

right temporo-parietal junction. As the strength of the mediation was 

associated with agreeableness, brain mechanisms underlying reactive 

social behaviour appear more active in agreeable individuals. In an 

earlier study (Roslan et al., 2017), higher activation in the right lateral 

prefrontal cortex in response to fearful faces was found in individu-

als scoring higher on agreeableness. With respect to extraversion, no 

consistent results have been found concerning the relation between ex-

traversion and EEG spectral power or event-related potentials (ERPs). 

A study by Cuperman and Ickes (2009) showed that similarity in 

personality traits resulted in good initial social interactions when cou-

ples consisted of two extraverts or two introverts compared to conflict-

ing couples consisting of one extravert and one introvert. On the other 

hand, similar personalities resulted in poor initial social interactions 

when couples consisted of two disagreeable people.

The primary aim of the present study was to assess intersubject 

coherence during dyadic mindfulness. We compared the inter-subject 

coherence during this dyadic task to a well-considered, matched con-

trol task in which merely the social interaction was missing. For the 

joint mindfulness task, participants were seated in the same room, 

face-to-face to create the feeling of meditating together, while during 

the control mindfulness task, a screen was placed between the partici-

pants in order to generate the feeling of meditating alone. Thus, during 

joint mindfulness, subjects were aware of each other practicing mind-

fulness at the same time. As indicated above, practicing mindfulness 

increases temporal and frontal alpha and/or theta power, while social 

cooperation has been found to increase intersubject coherence in alpha 

and theta band in the same regions. Therefore, we hypothesized that 

this perceived interaction would result in an increase in intersubject 

coherence of theta and alpha frequencies in frontal and temporal brain 

regions during the joint mindfulness task compared to the individual 

mindfulness task. 

Finally, we investigated whether dyads with higher average agreea-

bleness or extraversion show a larger increase in intersubject coherence 

during the joint mindfulness task. Based on the results of the above-

cited studies (Haas et al., 2007; Knyazev et al., 2019), we expected 

increased theta band coherence in right prefrontal or temporal areas 

in higher agreeableness dyads. As no consistent relations between ex-

traversion and EEG have been reported (Roslan et al., 2017), we could 

not predict relations between extraversion and intersubject coherence 

in specific brain regions. 

MATERIALS AND METHODS

Participants
A total of 26 healthy volunteers were recruited via a student database, 

forming 13 nonoverlapping pairs: four male-male pairs, five female-

female pairs, and four male-female pairs. Two male-female pairs had 

to be excluded from all further analyses due to technical problems 

during EEG recording, leaving a total of 11 pairs for the analyses. The 

age of the participants included in the analyses ranged between 18 

and 28 (M = 22.3, SD = 2.9). All pairs were acquaintances with the 

length of friendship in years ranging between 1 and 14 (M = 3.82, SD 

= 3.87). None of the participants had (a history of) psychiatric disor-

ders. Written informed consent was given prior to participation in this 

study. This study was carried out in accordance with the ethical regula-

tions of the Vrije Universiteit Amsterdam and with a positive advice of 

the Scientific and Ethical Review Board.

Materials
The mindfulness listening tape (3 min) contained a Dutch woman’s 

voice in which she instructs the listeners to focus on the breathing, 

to be aware of the present moment and to acknowledge any feelings, 

thoughts or bodily sensations. The tape also contained two 40-second 

stretches of silence, during which participants were instructed to con-

tinue focusing on the breathing. 

The HEXACO Personality Inventory Revised (HEXACO-PI-R) 

was used to measure participants’ personality traits (de Vries et al., 

2008). The 104 items included in this survey are designed to measure 

six personality traits including honesty-humility, emotionality, extra-

version, agreeableness, conscientiousness, and openness to experience. 

Participants filled in the questionnaires on a laptop, taking up an aver-

age duration of ±15 minutes. 

A custom-made trigger device was used, which was provided with 

three buttons: one button to simultaneously start the EEG record-

ing on both devices (latency 1 ms, jitter 2-3 ms), one button to add 

synchronized markers to the acquisitioning EEG (latency 1 ms), and 

one button to play the auditory tapes from VLC Media Player software 

(latency 1 ms, jitter 2-3 ms). The device was connected via USBs to 

both acquisitioning computers. The individual earphones were also 

connected to the acquisitioning computers. Via the trigger device, the 

auditory listening tapes and EEG markers could be controlled simulta-

neously for both computers at once. 
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Procedure
Prior to EEG preparation, participants were asked to fill in the 

HEXACO-PI-R. Participants were instructed to keep both feet on the 

ground and to sit comfortably, yet upright in their chair. Before start-

ing the experimental conditions, a simultaneous baseline rest-EEG was 

measured for each dyad (3 min). Dyads completed the tasks while their 

EEG was simultaneously recorded.

The experimental design consisted of a joint mindfulness task 

condition and a matched control condition (referred to as the individ-

ual mindfulness task). Throughout the experiment, participants were 

seated together in the same room, in the same position: face-to-face in 

a normal chair, approximately 90 cm away from each other. Conditions 

lasted 3 min and were separated by a 3 min break. The order of joint 

and individual conditions was counterbalanced over dyads. During the 

individual and joint mindfulness tasks, the same mindfulness listening 

tape was played. During the individual task, a screen (1.5 × 1.5 m) was 

placed between the two participants and the instruction was presented 

through earphones. In the individual task condition, participants were 

aware of the presence of the other participant at the other side of the 

screen, which only separated the participants visually, while they were 

still able to hear each other. To ensure that they were not aware of the 

other participant practicing mindfulness, they were told that the other 

participant had to perform an auditory attention task. During joint 

mindfulness, there was no screen and the listening tape was played 

through room stereos. This distinction was made to enlarge the notion 

of practicing joint mindfulness compared to the individual condition. 

However, during the actual task performance, all participants were 

instructed to close their eyes.  

Electroencephalograph Processing
The EEG dynamics of all dyads was recorded using two Deymed 

Truscan 32-channel EEG amplifiers in combination with two 19-chan-

nel Ag/AgCl electrode caps, one for each participant. The electrodes 

were placed according to the International 10/20 System. Electrode 

skin impedance was kept below 10 kΩ. The raw 1024 Hz signal was 

downsampled to 128 Hz, while using a Notch filter 50/60 Hz, an an-

tialiasing filter of 50 Hz, and a 1-40 Hz bandpass filter. Extra electrodes 

were placed on the left earlobe to serve as the ground and on the right 

earlobe to serve as the reference. In addition, electrodes were placed on 

the left and right upper ear helix, which were used for offline linked-ear 

reference. Each EEG system was connected to a separate portable com-

puter from which the EEG dynamics were recorded using the Deymed 

Acquisitioning programme. Thus, for each dyad, two EEG systems and 

two portable computers were used.

Selection of artefact-free EEG data for further analysis was done 

by an EEG expert after screening for seizure activity and/or abnormal 

EEG patterns. Data files were screened for eye blinks, eye movement in 

vertical and lateral ways, technical flaws, and distortion by frontal and 

temporally located muscle contractions. To this end, the EEG expert 

visually inspected the EEG data and additionally used the program 

Persyst 14 (Persyst Development Corporation, San Diego) with the 

automated built in tool for spike analysis. For artifact rejection, the 

automated selection tool of another program (Neuroguide V3.0.0) was 

used. The default for eye movement and drowsiness selection is "high," 

which is the most sensitive setting, and 1.5 SDs threshold for the ampli-

tude multiplier. The selection tool was set to use a normative database 

to select artefact free data. The z score of 1.5 SDs means that if at least 

one second of successive instantaneous z scores are equal to or less 

than 1.5 SDs, then a selection is made (Applied Neuroscience, 2018). 

After this process, the EEG expert visually checked for inconsistencies 

and false positives or negatives. This process was repeated by a second 

EEG expert for control. There were no signs of any abnormality. Data 

of individual EEG recordings were included only when there was a 

minimum of 20 seconds artifact-free data. Five different electrodes (F7, 

F8, Fz, T5, and T6) were analysed within the theta (4-8 Hz) and alpha 

(8-12 Hz) frequency band. We selected these electrodes to limit the 

number of tests and because they seem appropriate to represent frontal 

and temporal brain activity. To determine the intersubject coherence, 

the fast fourier transformation (FFT) analysis was used. The calcula-

tion of inter-subject coherences using FFT was done by measuring the 

degree of consistency in phase differences between two signals. The 

FFT spectrum is computed with 0.5 Hz resolution with the centre fre-

quency at 0.25 Hz within a given frequency 0.5 Hz band. The frequency 

bands in the Neuroguide software do not have any gaps or overlaps, for 

example, frequency band 1.0 Hz to 2.0 Hz = 1.0 to 1.5 Hz + 1.5 Hz to 

2.0 Hz. The adjacent frequency band: 2.0 to 3.0 = 2.0 to 2.5 Hz + 2.5 Hz 

to 3.0 Hz. The calculation was performed by the Neuroguide (V3.0.0) 

software. This application used the following formula to calculate in-

terelectrode coherence:

 

N and the summation sign represent averaging over frequencies 

in the raw spectrogram, averaging replications of a given frequency, 

or both. The numerator and denominator of coherence always refer 

to smoothed or averaged values, and when there are N replications or 

N frequencies, then each coherence value has 2N degrees of freedom. 

Note that if spectrum estimates were used, which were not smoothed 

or averaged over frequencies nor over replications, then coherence = 1. 

(Bendat & Piersol, 1980; Benignus, 1968; Otnes & Enochson, 1972). In 

order to compute coherence, averaged cospectrum and quaspectrum 

smoothed values with degrees of freedom > 2 and error bias = 1/N is 

used. (Thatcher et al., 2004)

In our study, these two signals originated from two exact same 

electrodes, yet from different subjects. Average FFT intersubject coher-

ence was calculated for each condition, separately per electrode and 

frequency band. 

Statistical Analyses
Two separate repeated-measures analyses of variance (ANOVA) 

were applied with personality trait (extraversion and agreeableness) 

as the between-subjects factor and condition (individual/joint) as well 

as electrode locations (F7, F8, T5, T6, Fz) as repeated measures. One 
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analysis was applied for the theta and one for the alpha band. These 

analyses aimed to test whether the intersubject coherence during the 

joint mindfulness task was significantly different from the intersubject 

coherence during the matched individual mindfulness task condition 

and to test for the interaction between condition (joint/individual) and 

personality trait (high/low). In case of a multivariate main or interac-

tion effect, post-hoc analyses were applied to test which specific loca-

tion was significant. Post-hoc tests were one-tailed for the hypotheses 

specifying higher intersubject coherence during the joint condition 

and in higher agreeableness dyads. The between-subjects factors of 

agreeableness and extraversion were created by the SPSS procedure of 

visual binning. We used the visual binning option of equal percentiles, 

which resulted in one group consisting of subjects with high scores and 

one equally large group consisting of subjects with low scores. As the 

distribution of the intersubject coherence data was not normal, we ap-

plied a log-transformation, resulting in a normal distribution.

To ascertain that our 11 datasets provided enough power to detect 

the hypothesized effects, we conducted a power analysis for repeated-

measures ANOVA using the program G*Power 3.1.9.4 (Faul et al., 

2007). After applying an effect size η2 = 0.3 (similar to f = 0.65), correla-

tion = 0.2, two conditions (individual and joint), and 10 measurements 

(2 conditions, 5 electrode locations), the obtained power was 0.97 for 

a sample size of 6. The level of significance was set at p ≤ .05. For all 

ANOVAs, we controlled the false discovery rate (FDR). We applied 

Benjamini-Hochberg correction with an FDR of 0.05. The FDR can be 

applied in smaller studies and has the advantage of increasing power 

when analyzing multiple tests. The practical implications and benefits 

of applying an FDR as compared to Bonferroni adjustments are de-

scribed in an extensive review (Glickman et al., 2014).

As there appeared to be a number of outliers, we replaced 6 out-

liers by the nearest nonoutlier value. Outliers were defined as 1.5 × 

interquartile range. Out of the 10 dependent variables, one dyad had 

three outliers and three dyads had one outlier each. The procedure of 

replacing the values of extreme observations by the nearest unaffected 

values is called Winsorizing (Tukey, 1962). This practice results in esti-

mators of the mean that are scarcely distinguishable from those of best 

linear estimators. Moreover, the obtained Winsorized means appear 

to be more stable than trimmed means. Specifically, under normal-

ity, the Winsorized mean is more efficient, as reflected by the ratios 

of variances of corresponding estimators than the trimmed mean for 

sample sizes 10 and 20 (Dixon, 1960; Dixon & Yuen, 1974). In line 

with this view, a computer simulation study on patient measurements  

(Bietenbeck et al., 2020) indicated that Winsorization of outlying val-

ues often led to a better performance than simple outlier removal. In 

addition, in relatively small sample sizes with three or more outliers 

present, Winsorizing offers a more accurate control of Type I error 

rates than a nonparametric test (Liao et al., 2016). Notably, Winsorizing 

has been applied in EEG studies regarding functional connectivity in 

infants (Haartsen et al., 2019), the detection of P300 potentials (Lotte 

et al., 2009), and the averaging of event-related potentials (Leonowicz 

et al., 2005).

Additionaly, with respect to frequency power, two separate re-

peated-measures ANOVAs were applied on the data of the individual 

participants (n = 22) with agreeableness as the between-subjects factor 

and condition (individual/joint) as well as spectral power (μVsq) at 

fivee electrode locations (F7, F8, T5, T6, Fz) as repeated measures. As 

the distribution of the individual spectral power data was not normal, 

we applied a log-transformation resulting in a normal distribution. 

One analysis was applied for the theta and one for the alpha band. 

These analyses aimed to test whether the spectral power during the 

joint mindfulness task was significantly higher than that during the in-

dividual mindfulness condition and to test for the interaction between 

condition (joint/individual) and agreeableness. In case of a multivari-

ate main or interaction effect, post-hoc analyses were applied to test 

which specific location was significant. Post-hoc tests were one-tailed 

for the hypotheses specifying higher spectral power during the joint 

condition and in higher agreeable dyads.   

RESULTS

Kolmogorov-Smirnov tests of normality indicated that all data were 

normally distributed within the factors of agreeableness and extraver-

sion (p < .05), except for electrode Fz in the low agreeable group under 

the joint condition (p = .007).

A significant multivariate interaction between agreeableness and 

condition was found for the theta band of the five electrode locations, 

F(1, 7) = 6.13, p = .042, partial η2 = .47. Also, with respect to the alpha 

band, a significant multivariate interaction between agreeableness and 

condition was found, F(1, 7) = 5.92, p = .045, partial η2 = .46. As inter-

actions between agreeableness and condition were significant for the 

theta and alpha bands as well, we performed an additional repeated-

measures ANOVA with all 10 electrode locations as dependent vari-

ables.  Results indicated a significant interaction between agreeableness 

and condition, F(1, 7) = 11.24, p = .012, partial η2 = .62. For most loca-

tions, the high agreeableness group showed an increase in intersubject 

coherence, which was opposite to the coherence change in the low 

agreeableness group (see Figure 1) 

In addition, results indicated a significant multivariate main effect 

for condition on the alpha band, F(1, 7) = 6.49, p = .038, partial η2 = .48. 

Tests on the separate electrode locations indicated significant interac-

tion effects between agreeableness and condition for electrode T6 in 

the theta band, F(1, 9) = 7.59, p = .01, partial η2 = .46 and for electrode 

Fz in the theta band, F(1, 9) = 5.05, p = .05, partial η2 = .36. After the 

Benjamini-Hochberg correction, only the interaction effect for elec-

trode T6 remained significant. No significant interaction effect was 

found for any of the separate electrodes in the alpha band. Results 

indicated that particularly in the high agreeableness group, EEG theta 

coherence in the joint condition was larger than in the individual con-

dition (see Figure 2). The log-transformed coherence of the individual 

dyads is shown in Figure 3. Levene's test of equality of error variances 

indicated that for all analyses, the error variance of the dependent vari-

able was equal across groups (p > .05).
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With respect to the main effect of condition, tests on the separate 

electrode locations indicated significant main effects of an increase in 

intersubject coherence during the joint mindfulness task compared to 

the individual mindfulness task for electrode F8 in the alpha band, F(1, 

9) = 6.56, p = .02, partial η2 = .42, for electrode T5 in the alpha band, 

F(1, 9) = 5.93, p = .02, partial η2 = .40, and for electrode T6 in the alpha 

band, F(1, 9) = 5.42, p = .02, partial η2 = .38. The mean, SDs and ps for 

all main effects are shown in Table 1.

In addition, a repeated-measures ANOVA revealed no significant 

interaction effects between the factors of extraversion (high/low) and 

condition (individual/joint mindfulness) on EEG coherence. 

With respect to frequency power, Kolmogorov-Smirnov tests of 

normality indicated that all log spectral power data were normally 

distributed (p < .05), except for electrode T6 in the theta band under 

the joint condition (p = .03). Results indicated a significant multivari-

ate main effect for condition on the alpha band, F(1, 20) = 4.37, p = 

.05, partial η2 = .18. With respect to the separate electrode locations, 

a significant main effect of an increase in spectral power during the 

joint mindfulness task compared to the individual mindfulness task 

was found for electrode F8, F(1, 20) = 4.16, p = 0.03, partial η2 = .17. 

After the Benjamini-Hochberg correction, this effect for electrode F8 

was not significant any more. As is shown in Figure 4, except for F7, 

spectral power values (μVsq) were higher in the joint condition. In ad-

dition, a repeated-measures ANOVA revealed no significant main ef-

fect for condition on the theta band nor any interaction effect between 

agreeableness (high/low) and condition (individual/joint mindfulness) 

on alpha or theta band power. 

DISCUSSION

The main objective of this study was to evaluate the effects of the joint 

mindfulness task on intersubject coherence. We were interested in 

whether we could find neurophysiological arguments for joint mind-

fulness, a therapy method that is increasingly being used for stress 

reduction. Interestingly, we have indeed found an increase in inter-

subject coherence during the joint mindfulness task compared to the 

FIGURE 1.

Mean coherence under the individual and joint condition for all electrodes and frequency bands in low (Left) and high (Right) agreeable groups.

FIGURE 2.

Mean coherence (+ SE) for electrode T6 theta band under the 
individual and joint mindfulness condition for low and high 
agreeable groups.

FIGURE 3.

Mean log coherence for electrode T6 theta band under the 
individual and joint mindfulness condition for individual low 
(dashed lines) and high (solid lines) agreeable subjects
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individual mindfulness task in frontal and temporal electrodes in the 

alpha band. The finding that joint mindfulness increases intersubject 

coherence particularly with respect to the alpha band is partly in agree-

ment with results of studies using social cooperative tasks (Astolfi, 

Toppi, Borghini, et al., 2011; Astolfi, Toppi, De Vico Fallani, et al., 2011; 

Babiloni, Astolfi, et al., 2007; Kawasaki et al., 2013; Lindenberger et al., 

2009; Liu et al., 2016; Muller et al., 2013; Toppi et al., 2016). In these 

studies, increases in intersubject coherence were not only observed in 

the alpha but also in theta frequency bands in frontal and temporal 

regions. 

It may be argued that the present results are only the consequence 

of the face-to-face setting, while the mindfulness training itself has 

(hardly) any additional effect. However, it should be stated that, ir-

respective of the impact of the listening tape, participants were actu-

ally performing the mindfulness instructions. Thus, the present results 

are at least associated with some kind of mindful breathing exercise. 

Moreover, as mentioned in the Introduction section, mindfulness 

seems to be associated with an increase in theta, while an increase 

in alpha activity may, in addition to mindfulness activity, reflect re-

laxation, mind-wandering, a resting state with closed eyes, and a lower 

level of social interaction (Aftanas & Golocheikine, 2001; Morse et al., 

1977; Novembre et al., 2016). As In the present study participants were 

facing each other with eyes closed, the observed increase of coherence 

in the alpha band during the joint mindfulness task may indicate that 

the listening tape leads to an increase in shared relaxation, instead of 

an increase in shared mindfulness. It may be true that the mindful-

ness listening tape that we used in the present study did not induce 

mindfulness but only relaxation in a subgroup of participants. As a 

consequence, a mutual increase of alpha power as a result of increased 

relaxation may have led to an increase in coherence in the alpha band. 

Thus, the present results averaged across all dyads suggest an increased 

intersubject coherence in the alpha band as a result of an increased 

shared relaxation. It may also be claimed that the intersubject coher-

ence simply reflects joint respiration within dyads. However, in the first 

place, participants were instructed to focus on their own breathing, and 

there was no instruction on how to breathe. So, each participant could 

maintain their own specific breathing frequency. Furthermore, respira-

tion has been found to modulate the power of gamma oscillations, that 

is, increases in the power of gamma oscillations (40–100 Hz) during 

certain phases of  the respiratory cycle (Heck et al., 2017). In addition, 

slow breathing has been found to decrease higher beta activity (15-32 

Hz) in frontal brain areas, while delta, theta, and alpha activity did not 

change (Chen et al., 2017). In contrast to these two studies, no modu-

lation of EEG bandpower was found in high-density EEG recordings 

from twelve healthy subjects, who were instructed to alternate between 

fast and slow breathing (Chaoul & Grosse-Wentrup, 2015). Thus, as 

we focussed on theta and alpha activity and only examined changes 

in coherences in these frequency bands, we may conclude that the 

observed increases in coherence are not merely reflecting joint respira-

tion. In addition, we aimed to assess whether the personalities of the 

interacting dyads had an influence on intersubject coherence during 

the joint mindfulness task. We decided to investigate two personality 

dimensions, agreeableness and extraversion, as they have been shown 

FIGURE 4.

Mean log spectral power (μVsq) values (+ SE) for the alpha 
band under the individual and joint mindfulness condition.

TABLE 1.  
Mean coherence values, SD and ps (one-tailed) for the individual and joint 
mindfulness condition.

Individual mindfulness Joint mindfulness
Electrode Frequency M SD M SD N pa

F7 Theta 0.55 0.62 0.23 0.21 11 0.37
F7 Alpha 0.50 0.56 0.34 0.31 11 0.40
F8 Theta 0.23 0.24 0.24 0.23 11 0.43
F8 Alpha 0.23 0.28 0.40 0.26 11 0.02
Fz Theta 0.32 0.41 0.28 0.28 11 0.57
Fz Alpha 0.17 0.18 0.36 0.34 11 0.10
T5 Theta 0.29 0.40 0.60 0.75 11 0.63
T5 Alpha 0.29 0.32 0.53 0.45 11 0.02
T6 Theta 0.31 0.31 0.22 0.16 11 0.76
T6 Alpha 0.13 0.13 0.30 0.27 11 0.02

Benjamini-Hochberg significant p value is shown in bold
a = Based on repeated measures ANOVA between the individual and joint mindfulness 
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to be associated with friendship and positive interpersonal interactions 

(Jensen-Campbell et al., 2002). With respect to extraversion, no inter-

action with intersubject coherence was found. However, we found that 

higher agreeableness within a dyad was associated with an increase 

in coherence in the temporal theta band, which may reflect a shared 

increase in theta activity as a result of induced mindfulness. These 

findings suggest that only in the high agreeableness group, the mind-

fulness tape induced a state of mindfulness, which in turn resulted in 

higher intersubject coherence in the theta band. The present finding 

of an increase in intersubject coherence in temporal theta and alpha 

band is supported by a number of studies on social cooperative tasks, 

which found increases in intersubject coherence in temporal alpha and 

theta frequency bands (Astolfi, Toppi, Borghini, et al., 2011; Astolfi, 

Toppi, De Vico Fallani, et al., 2011; Kawasaki et al., 2013; Lindenberger 

et al., 2009; Liu et al., 2016; Muller et al., 2013; Toppi et al., 2016). The 

increase we found in intersubject coherence in the frontal and tem-

poral theta and/or alpha band might be associated with ToM activa-

tion, as this network includes frontal and temporal areas and seems 

to be involved in social interactions (Schurz et al., 2014). Moreover, 

as was mentioned in the Introduction section, intersubject coherence 

appeared to increase in frontal and temporal alpha and theta frequen-

cies during the performance of cooperative tasks which require ToM 

abilities. Finally, as agreeableness is correlated with social-cognitive 

ToM performance, the finding that particularly agreeableness within a 

dyad was associated with an increase in intersubject coherence in theta 

band may suggest the involvement of ToM. Notably, the increased 

alpha spectral power at the multivariate combination of frontal and 

temporal electrodes in the joint condition provides some support for 

the activation of ToM areas. As we did not find an interaction effect of 

agreeableness and condition on spectral power, we could not prove the 

association of ToM with agreeableness.

CONCLUSIONS

We may conclude that intersubject coherence increases during joint 

mindful breathing. This is especially true concerning subjects with 

high agreeableness. However, it must be stressed that the approach of 

the present study had some exploratory features. The objective was to 

get an impression of the most important changes in intersubject co-

herence under different conditions. The present results should be con-

firmed in future studies that test more specified hypotheses to clarify 

or falsify our results.

ACKNOWLEDGEMENTS
The authors declare that they have no competing financial 

interests or personal relationships that could have influenced the 

work reported in this paper.

We would like to thank Cor J.J. Stoof for his indispensable and 

inventive technical support and Matthieu Beaumont for critically 

reading the manuscript.

REFERENCES
Adadu, P. M., Iyaji, T. O., & Okon, A. E. (2012). The predictive effect of 

big five factor model on social reactivity among adolescents in Cross 

River State, Nigeria: Personality assessment and basis for counselling. 

African Research Review, 6, 1–12. doi: 10.4314/afrrev.v6i2.1 

Aftanas, L. I., & Golocheikine, S. A. (2001). Human anterior and fron-

tal midline theta and lower alpha reflect emotionally positive state 

and internalized attention: High-resolution EEG investigation of 

meditation. Neuroscience Letters, 310, 57–60. doi: 10.1016/S0304-

3940(01)02094-8 

Applied Neuroscience, I. (2018). NeuroGuide Manual.

Asada, H., Fukuda, Y., Tsunoda, S., Yamaguchi, M., & Tonoike, 

M. (1999). Frontal midline theta rhythms reflect alternative 

activation of prefrontal cortex and anterior cingulate cortex in 

humans. Neuroscience Letters, 274, 29–32. doi: 10.1016/S0304-

3940(99)00679-5 

Astolfi, L., Toppi, J., Borghini, G., Vecchiato, G., Isabella, R., De Vico 

Fallani, F., ... & Babiloni, F. (2011). Study of the functional hypercon-

nectivity between couples of pilots during flight simulation: An EEG 

hyperscanning study. 2011 Annual International Conference of the 

IEEE Engineering in Medicine and Biology Society, 2338–2341. doi: 

0.1109/IEMBS.2011.6090654 

Astolfi, L., Toppi, J., De Vico Fallani, F., Vecchiato, G., Cincotti, F., 

Wilke, C. T., ... & Babiloni, F. (2011). Imaging the social brain by 

simultaneous hyperscanning during subject interaction. IEEE 

Intelligent Systems, 26, 38–45. doi: 10.1109/MIS.2011.61 

Astolfi, L., Toppi, J., De Vico Fallani, F., Vecchiato, G., Salinari, S., 

Mattia, D., ... & Babiloni, F. (2010). Neuroelectrical hyperscanning 

measures simultaneous brain activity in humans. Brain Topography, 

23, 243–256. doi: 10.1007/s10548-010-0147-9 

Babiloni, F., Astolfi, L., Cincotti, F., Mattia, D., Tocci, A., Tarantino, A., 

& De Vico Fallani, F. (2007). Cortical activity and connectivity of 

human brain during the prisoner's dilemma: An EEG hyperscan-

ning study. 2007 29th Annual International Conference of the IEEE 

Engineering in Medicine and Biology Society, 4953–4956. doi: 10.1109/

IEMBS.2007.4353452 

Babiloni, F., Cincotti, F., Mattia, D., De Vico Fallani, F., Tocci, A., 

Bianchi, L., ... & Astolfi, L. (2007). High resolution EEG hyperscan-

ning during a card game. 2007 29th Annual International Conference 

of the IEEE Engineering in Medicine and Biology Society, 4957–4960. 

doi: 10.1109/IEMBS.2007.4353453 

Babiloni, F., Cincotti, F., Mattia, D., Mattiocco, M., De Vico Fallani, 

F., Tocci, A., ... Astolfi, L. (2006). Hypermethods for EEG hyper-

scanning. 2006 International Conference of the IEEE Engineering 

in Medicine and Biology Society, 3666–3669. doi: 10.1109/

IEMBS.2006.260754 

Baron-Cohen, S. (1995). Mindblindness: An essay on autism and theory 

of mind. MIT Press.

Barrick, M., & Mount, M. (1991). The big five personality dimensions 

and job performance: A meta‐analysis. Personnel Psychology, 44, 

1–26. doi: 10.1111/j.1744-6570.1991.tb00688.x 

Baumeister, R. F., & Leary, M. R. (1995). The need to belong: Desire 

http://www.ac-psych.org


ADVANCES IN COGNITIVE PSYCHOLOGYRESEARCH ARTICLE

http://www.ac-psych.org2021 • volume 17(4) • 250-260258

for interpersonal attachments as a fundamental human motivation. 

Psychological Bulletin, 117, 497–529. 

Bendat, J. S., & Piersol, A. G. (1980). Engineering applications of correla-

tion and spectral analysis. Wiley. 

Benignus, V. (1968). Computation of coherence and regression spectra 

using the FFT [Conference presentation]. Houston Meeting.  

Bietenbeck, A., Cervinski, M. A., Katayev, A., Loh, T. P., van Rossum, 

H. H., & Badrick, T. (2020). Understanding patient-based real-time 

quality control using simulation modeling. Clinical Chemistry, 66, 

1072–1083. doi: 10.1093/clinchem/hvaa094 

Cahn, B. R., & Polich, J. (2006). Meditation states and traits: EEG, ERP, 

and neuroimaging studies. Psychological Bulletin, 132, 180–211. doi: 

10.1037/0033-2909.132.2.180 

Chaoul, A. I., & Grosse-Wentrup, M. (2015). Is breathing rate a 

confounding variable in brain-computer interfaces (BCIs) based 

on EEG spectral power? [Conference presentation]. 37th Annual 

International Conference of the IEEE Engineering in Medicine and 

Biology Society (EMBC).

Chen, T. C., Lin, I. M., Chen, Y. J., Tsai, H. Y., Wang, S. Y., Hung, Y. 

T., ... & Ko, C.-I. (2017). The effect of slow breathing training on 

electroencephalogram [Conference presentation]. International 

Society for Neurofeedback and Research (ISNR) 25th Conference, 

Mashantucket, Connecticut, USA.

Chiesa, A., & Serretti, A. (2010). A systematic review of neurobiologi-

cal and clinical features of mindfulness meditations. Psychological 

Medicine, 40, 1239–1252. doi: 10.1017/S0033291709991747 

Cloninger, C., & Svrakic, D. (2016). Personality disorders. In S. Hossein 

Fatemi, & P. J. Clayton (Eds.), The medical basis of psychiatry. 

Springer.

Cui, X., Bryant, D. M., & Reiss, A. L. (2012). NIRS-based hyperscan-

ning reveals increased interpersonal coherence in superior frontal 

cortex during cooperation. Neuroimage, 59, 2430–2437. doi: 

10.1016/j.neuroimage.2011.09.003 

Cuperman, R., & Ickes, W. (2009). Big Five predictors of behavior and 

perceptions in initial dyadic interactions: Personality similarity 

helps extraverts and introverts, but hurts "disagreeables." Journal 

of Personality and Social Psychology, 97, 667–684. doi: 10.1037/

a0015741 

De Vico Fallani, F., Nicosia, V., Sinatra, R., Astolfi, L., Cincotti, F., 

Mattia, D., ... & Babiloni, F. (2010). Defecting or not defecting: How 

to "read" human behavior during cooperative games by EEG meas-

urements. PLoS One, 5, e14187. doi: 10.1371/journal.pone.0014187 

de Vries, R. E., Lee, K., & Ashton, M. C. (2008). The Dutch HEXACO 

Personality Inventory: Psychometric properties, self-other agree-

ment, and relations with psychopathy among low and high acquaint-

anceship dyads. Journal of Personality Assessment, 90, 142–151. doi: 

10.1080/00223890701845195 

Decety, J., & Sommerville, J. A. (2003). Shared representations between 

self and other: A social cognitive neuroscience view. Trends in 

Cognitive Science, 7, 527–533. doi: 10.1016/j.tics.2003.10.004 

Dikker, S., Wan, L., Davidesco, I., Kaggen, L., Oostrik, M., McClintock, 

J., ... & Poeppel, D. (2017). Brain-to-brain synchrony tracks real-

world dynamic group interactions in the classroom. Current Biology, 

27, 1375–1380. doi: 10.1016/j.cub.2017.04.002 

Dixon, W.  J. (1960). Simplified estimation from censored normal sam-

ples. The Annals of Mathematical Statistics, 385–391. 

Dixon, W. J., & Yuen, K. K. (1974). Trimming and winsorization: A 

review. Statistische Hefte, 15, 157–170. 

Donnellan, M. B., Larsen-Rife, D., & Conger, R. D. (2005). Personality, 

family history, and competence in early adult romantic relation-

ships. Journal of Personality and Social Psychology, 88, 562–576. doi: 

10.1037/0022-3514.88.3.562 

Dumas, G. (2011). Towards a two-body neuroscience. Communicative 

& Integrative Biology, 4, 349–352. doi: 10.4161/cib.4.3.15110 

Dumas, G., Nadel, J., Soussignan, R., Martinerie, J., & Garnero, L. 

(2010). Inter-brain synchronization during social interaction. PLoS 

One, 5, e12166. doi: 10.1371/journal.pone.0012166 

Dunn, B. R., Hartigan, J. A., & Mikulas, W. L. (1999). Concentration 

and mindfulness meditations: Unique forms of consciousness? 

Applied Psychophysiology and Biofeedback, 24, 147-165. doi: 

10.1023/A:1023498629385 

Fair, D. A., Schlaggar, B. L., Cohen, A. L., Miezin, F. M., Dosenbach, 

N. U., Wenger, K. K., ... & Petersen, S. E. (2007). A method for us-

ing blocked and event-related fMRI data to study "resting state" 

functional connectivity. Neuroimage, 35, 396–405. doi: 10.1016/j.

neuroimage.2006.11.051 

Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: 

Aflexible statistical power analysis program for the social, behav-

ioral, and biomedical sciences. Behavior Research Methods, 39, 

175–191. doi: 10.3758/BF03193146 

Funane, T., Kiguchi, M., Atsumori, H., Sato, H., Kubota, K., & Koizumi, 

H. (2011). Synchronous activity of two people's prefrontal cortices 

during a cooperative task measured by simultaneous near-infrared 

spectroscopy. Journal of Biomedical Optics, 16, 077011. doi: 

10.1117/1.3602853 

Glickman, M. E., Rao, S. R., & Schultz, M. R. (2014). False discovery 

rate control is a recommended alternative to Bonferroni-type ad-

justments in health studies. Journal of Clinical Epidemiology, 67, 

850–857. doi: 10.1016/j.jclinepi.2014.03.012 

Grezes, J., & Decety, J. (2001). Functional anatomy of execution, 

mental simulation, observation, and verb generation of ac-

tions: A meta-analysis. Human Brain Mapping, 12, 1–19. doi: 

10.1002/1097-0193(200101)12:1<1::aid-hbm10>3.0.co;2-v 

Haartsen, R., Jones, E. J., Orekhova, E. V., Charman, T., & Johnson, M. 

H. (2019). Functional EEG connectivity in infants associates with 

later restricted and repetitive behaviours in autism: A replication 

study. Translational Psychiatry, 9, 1–14. doi: 10.1038/s41398-019-

0380-2 

Haas, B. W., Omura, K., Constable, R. T., & Canli, T. (2007). Is auto-

matic emotion regulation associated with agreeableness? A perspec-

tive using a social neuroscience approach. Psychological Science, 18, 

130–132. doi: 10.1111/j.1467-9280.2007.01861.x 

Heck, D. H., McAfee, S. S., Liu, Y., Babajani-Feremi, A., Rezaie, R., 

http://www.ac-psych.org


ADVANCES IN COGNITIVE PSYCHOLOGYRESEARCH ARTICLE

http://www.ac-psych.org2021 • volume 17(4) • 250-260259

Freeman, W. J., ... & Kozma, R. (2017). Breathing as a fundamental 

rhythm of brain function. Frontiers in Neural Circuits, 10, 115. doi: 

10.3389/fncir.2016.00115 

Hein, G., & Singer, T. (2008). I feel how you feel but not always: The em-

pathic brain and its modulation. Current Opinion in Neurobiology, 

18, 153–158. doi: 10.1016/j.conb.2008.07.012 

Hirsch, J., Zhang, X., Noah, J. A., & Ono, Y. (2017). Frontal temporal 

and parietal systems synchronize within and across brains during 

live eye-to-eye contact. Neuroimage, 157, 314–330. doi: 10.1016/j.

neuroimage.2017.06.018 

Holper, L., Scholkmann, F., & Wolf, M. (2012). Between-brain con-

nectivity during imitation measured by fNIRS. Neuroimage, 63, 

212–222. doi: 10.1016/j.neuroimage.2012.06.028 

Ishii, R., Shinosaki, K., Ukai, S., Inouye, T., Ishihara, T., Yoshimine, 

T., ... & Masatoshi, T. (1999). Medial prefrontal cortex gener-

ates frontal midline theta rhythm. Neuroreport, 10, 675–679. doi: 

10.1097/00001756-199903170-00003 

Jensen-Campbell, L., Adams, R., Perry, D. G., Workman, K. A., 

Furdella, J. Q., & Egan, S. K. (2002). Agreeableness, extraversion, 

and peer relations in early adolescence: Winning friends and de-

flecting aggression. Journal of Research in Personality, 36, 224–251. 

doi: 10.1006/jrpe.2002.2348 

Jiang, J., Dai, B., Peng, D., Zhu, C., Liu, L., & Lu, C. (2012). 

Neural synchronization during face-to-face communica-

tion. Journal of Neuroscience, 32, 16064–16069. doi: 10.1523/

JNEUROSCI.2926-12.2012 

Kawasaki, M., Yamada, Y., Ushiku, Y., Miyauchi, E., & Yamaguchi, Y. 

(2013). Inter-brain synchronization during coordination of speech 

rhythm in human-to-human social interaction. Scientific Reports, 3, 

1692. doi: 10.1038/srep01692 

King-Casas, B., Tomlin, D., Anen, C., Camerer, C. F., Quartz, S. R., & 

Montague, P. R. (2005). Getting to know you: Reputation and trust 

in a two-person economic exchange. Science, 308(5718), 78–83. doi: 

10.1126/science.1108062 

Knyazev, G., Merkulova, E., Savostyanov, A., Bocharov, A., & Saprigyn, 

A. (2019). Personality and EEG correlates of reactive social behav-

ior. Neuropsychologia, 124, 98–107. doi: 10.1016/j.neuropsycholo-

gia.2019.01.006 

Konvalinka, I., & Roepstorff, A. (2012). The two-brain approach: How 

can mutually interacting brains teach us something about social 

interaction? Frontiers in Human Neuroscience, 6, 215. doi: 10.3389/

fnhum.2012.00215 

Krill, A. L., & Platek, S. M. (2012). Working together may be better: 

Activation of reward centers during a cooperative maze task. PLoS 

One, 7, e30613. doi: 10.1371/journal.pone.0030613 

Labooy-Speksnijder, C., Deijen, J. B., & Engelbregt, H. (2018). 

Persoonlijkheid en Hersenconnectiviteit, een nieuwe uitdaging? 

[Personality and Brain Connectivity, a new challenge?]. GGZ 

Vaktijdschrift, 1, 29–40.

Lagopoulos, J., Xu, J., Rasmussen, I., Vik, A., Malhi, G. S., Eliassen, 

C. F., ... & Ellingsen, Ø. (2009). Increased theta and alpha EEG 

activity during nondirective meditation. Journal of Alternative 

and Complementary Medicine, 15, 1187–1192. doi: 10.1089/

acm.2009.0113 

Leonowicz, Z., Karvanen, J., & Shishkin, S. L. (2005). Trimmed 

estimators for robust averaging of event-related potentials. 

Journal of Neuroscience Methods, 142, 17–26. doi: 10.1016/j.jneu-

meth.2004.07.008 

Liao, H., Li, Y., & Brooks, G. (2016). Outlier impact and accommoda-

tion methods: Multiple comparisons of Type I error rates. Journal 

of Modern Applied Statistical Methods, 15, 23. doi: 10.22237/

jmasm/1462076520 
Lindenberger, U., Li, S. C., Gruber, W., & Muller, V. (2009). Brains swing-

ing in concert: Cortical phase synchronization while playing guitar. 

BMC Neuroscience, 10, 22. doi: 10.1186/1471-2202-10-22 

Liu, N., Mok, C., Witt, E. E., Pradhan, A. H., Chen, J. E., & Reiss, A. L. 

(2016). NIRS-based hyperscanning reveals inter-brain neural syn-

chronization during cooperative Jenga game with face-to-face com-

munication. Frontiers in Human Neuroscience, 10, 82. doi: 10.3389/

fnhum.2016.00082 

Lotte, F., Fujisawa, J., Touyama, H., Ito, R., Hirose, M., & Lécuyer, A. 

(2009). Towards ambulatory brain-computer interfaces: A pilot study 

with P300 signals. Proceedings of the International Conference on 

Advances in Computer Enterntainment Technology (pp. 336–339). 

Montague, P. R., Berns, G. S., Cohen, J. D., McClure, S. M., Pagnoni, 

G., Dhamala, M., et al. (2002). Hyperscanning: Simultaneous fMRI 

during linked social interactions. Neuroimage, 16, 1159–1164. doi: 

10.1006/nimg.2002.1150 

Morse, D. R., Martin, J. S., Furst, M. L., & Dubin, L. L. (1977). A physio-

logical and subjective evaluation of meditation, hypnosis, and relax-

ation. Psychosomatic Medicine, 39, 304–324. doi: 10.1097/00006842-

197709000-00004 

Muller, V., Sanger, J., & Lindenberger, U. (2013). Intra- and inter-brain 

synchronization during musical improvisation on the guitar. PLoS 

One, 8, e73852. doi: 10.1371/journal.pone.0073852 

Nettle, D., & Liddle, B. (2008). Agreeableness is related to social‐cogni-

tive, but not social‐perceptual, theory of mind. European Journal of 

Personality, 22, 323–335. doi: 10.1002/per.672 

Novembre, G., Sammler, D., & Keller, P. E. (2016). Neural alpha oscilla-

tions index the balance between self-other integration and segrega-

tion in real-time joint action. Neuropsychologia, 89, 414–425. doi: 

10.1016/j.neuropsychologia.2016.07.027 

Otnes, R., & Enochson, L. (1972). Fourier series and fourier transform 

computations. Applied time series analysis. John Wiley & Sons.

Pérez, A., Carreiras, M., & Duñabeitia, J. A. (2017). Brain-to-brain en-

trainment: EEG interbrain synchronization while speaking and listen-

ing. Scientific Reports, 7, 1–12. doi: 10.1038/s41598-017-04464-4 

Reindl, V., Gerloff, C., Scharke, W., & Konrad, K. (2018). Brain-to-brain 

synchrony in parent-child dyads and the relationship with emotion 

regulation revealed by fNIRS-based hyperscanning. NeuroImage, 

178, 493–502. doi: 10.1016/j.neuroimage.2018.05.060 

Roslan, N. S., Izhar, L. I., Faye, I., Saad, M. N. M., Sivapalan, S., & Rahman, 

M. A. (2017). Review of EEG and ERP studies of extraversion per-

sonality for baseline and cognitive tasks. Personality and Individual 

http://www.ac-psych.org


ADVANCES IN COGNITIVE PSYCHOLOGYRESEARCH ARTICLE

http://www.ac-psych.org2021 • volume 17(4) • 250-260260

Differences, 119, 323–332. doi: 10.1016/j.paid.2017.07.040 

Saito, D. N., Tanabe, H. C., Izuma, K., Hayashi, M. J., Morito, Y., 

Komeda, H., ... & Sadato, N. (2010). "Stay tuned:" Inter-individual 

neural synchronization during mutual gaze and joint attention. 

Frontiers in Integrative Neuroscience, 4, 127. doi: 10.3389/fn-

int.2010.00127 

Sanger, J., Muller, V., & Lindenberger, U. (2012). Intra- and interbrain 

synchronization and network properties when playing guitar in 

duets. Frontiers in Human Neuroscience, 6, 312. doi: 10.3389/fn-

hum.2012.00312 

Sanger, J., Muller, V., & Lindenberger, U. (2013). Directionality in hy-

perbrain networks discriminates between leaders and followers in 

guitar duets. Frontiers in Human Neuroscience, 7, 234. doi: 10.3389/

fnhum.2013.00234 

Scholkmann, F., Holper, L., Wolf, U., & Wolf, M. (2013). A new me-

thodical approach in neuroscience: Assessing inter-personal brain 

coupling using functional near-infrared imaging (fNIRI) hyper-

scanning. Frontiers in Human Neuroscience, 7, 813. doi: 10.3389/

fnhum.2013.00813 

Schurz, M., Radua, J., Aichhorn, M., Richlan, F., & Perner, J. (2014). 

Fractionating theory of mind: A meta-analysis of functional brain 

imaging studies. Neuroscience and Biobehavioral Reviews, 42, 9–34. 

doi: 10.1016/j.neubiorev.2014.01.009 

Szymanski, C., Pesquita, A., Brennan, A. A., Perdikis, D., Enns, J. 

T., Brick, T. R., ... & Lindenberger, U. (2017). Teams on the same 

wavelength perform better: Inter-brain phase synchronization con-

stitutes a neural substrate for social facilitation. NeuroImage, 152, 

425–436. doi: 10.1016/j.neuroimage.2017.03.013 

Tan, L. B., Lo, B. C., & Macrae, C. N. (2014). Brief mindfulness medita-

tion improves mental state attribution and empathizing. PLoS One, 

9, e110510. doi: 10.1371/journal.pone.0110510 

Tanabe, H. C., Kosaka, H., Saito, D. N., Koike, T., Hayashi, M. J., Izuma, 

K., ... & Sadato, N. (2012). Hard to "tune in:" Neural mechanisms of 

live face-to-face interaction with high-functioning autistic spectrum 

disorder. Frontiers in Human Neuroscience, 6, 268. doi: 10.3389/fn-

hum.2012.00268 

Thatcher, R. W., Biver, C. J., & North, D. (2004). EEG coherence and 

phase delays: Comparisons between single reference, average 

reference, and current source density, Unpublished manuscript, 

NeuroImaging Lab, VA Medical Center, Bay Pines, FL. http://

appliedneurosciencecom.siteprotect.net/COMPARISONS-

COMMONREF-AVE-LAPLACIAN.pdf

Tognoli, E., Lagarde, J., DeGuzman, G. C., & Kelso, J. A. (2007). The 

phi complex as a neuromarker of human social coordination. 

Proceedings of the National Academy of Sciences, 104, 8190–8195. 

doi: 10.1073/pnas.0611453104 

Toppi, J., Borghini, G., Petti, M., He, E. J., De Giusti, V., ... & Babiloni, 

F. (2016). Investigating cooperative behavior in ecological settings: 

An eeg hyperscanning study. PLoS One, 11, e0154236. doi: 10.1371/

journal.pone.0154236 

Tukey, J. W. (1962). The future of data analysis. The Annals of 

Mathematical Statistics, 33, 1–67. 

RECEIVED 09.11.2020 | ACCEPTED 27.09.2021

http://www.ac-psych.org

	Button 1004: 
	Button 9057: 
	Button 9058: 
	Button 9059: 
	Button 9060: 
	Button 9061: 
	Button 9062: 
	Button 9063: 
	Button 9064: 
	Button 9065: 
	Button 9066: 
	Button 9067: 
	Button 9069: 
	Button 9070: 
	Button 9072: 
	Button 9074: 
	Button 9075: 
	Button 9076: 
	Button 9077: 
	Button 9078: 
	Button 90129: 
	Button 9079: 
	Button 9080: 
	Button 9081: 
	Button 9082: 
	Button 9083: 
	Button 9084: 
	Button 9085: 
	Button 9086: 
	Button 9087: 
	Button 9088: 
	Button 9089: 
	Button 9090: 
	Button 9091: 
	Button 9092: 
	Button 9093: 
	Button 9094: 
	Button 9095: 
	Button 9096: 
	Button 9097: 
	Button 9098: 
	Button 9099: 
	Button 90100: 
	Button 90101: 
	Button 90102: 
	Button 90103: 
	Button 90105: 
	Button 90106: 
	Button 90107: 
	Button 90108: 
	Button 90109: 
	Button 901010: 
	Button 90110: 
	Button 90111: 
	Button 90112: 
	Button 90113: 
	Button 90114: 
	Button 90115: 
	Button 90116: 
	Button 90117: 
	Button 90118: 
	Button 90119: 
	Button 90120: 
	Button 90121: 
	Button 90122: 
	Button 90123: 
	Button 90124: 
	Button 90125: 
	Button 90126: 
	Button 90127: 
	Button 90128: 


